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ABSTRACT: Fluorescent nanoparticles with multiplex distinct emission signatures and high brightness by a single wavelength excitation
are substantially needed in multiplex bioassays and imaging. In this study, we synthesized fluorescent polymeric nanoparticles incor-
porated with three polymerizable organic dyes via a one-pot miniemulsion. By altering the doping ratio of three tandem dyes, the
nanoparticles display abundant multiple fluorescence such as blue, cyan, green, orange, pink, red etc., together with distinguishable
emission signatures under a single wavelength excitation, which were arising from the effective fluorescence resonance energy transfer
(FRET) between the three energy-matched dyes. Meanwhile, a large Stokes shift (up to 250 nm) can be generated by taking place
multiple FRET cascade mechanism between donor and acceptor fluorophores in nanoparticles, which also suggests broad applications
in biological labeling and imaging. Moreover, these nanoparticles are uniform in size, highly bright, excellently photostable, and
shown prominent longterm stability. Overall, the novel multicolor fluorescent polymeric nanoparticles augur well for their potential

applications in multiplexed bioanalysis and emitting displays. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41492.
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INTRODUCTION

Recently, elaboration of nanomaterials which emit multi distin-
guishable fluorescence signals under a single wavelength excita-
tion have attracted considerable attention in many fields
including multiplexed bioassay,' cell labelling,? detection of can-
cer cells,” monitoring of bacteria,® ratiometric sensor,” and
emitting displays® etc. Generally, the known pathways toward
fabrication of multicolor fluorescent system mainly concern
quantum dots (QDs), which possess tunable emission wave-
length and wide absorption bands.”® Ideally, by using QDs with
six colours in 10 different intensities, a library of approximately
one million optically encoded polymer microspheres were gen-
erated for parallel and high throughput analysis." Moreover,
QDs as multiplexed imaging probes have also revealed signifi-
cant potential for in vivo applications. For example, QDs were
evaluated for in vivo multiplex imaging of mouse embryonic
stem cells and lymphatic basins,”'® However, application of
QDs as probes is often hindered by their sporadic blink, unsure
long-term cytotoxicity and tedious surface functionalization.'""?

Nowadays, other fascinating routes involve multicolor fluores-
cent nanoparticles (MFNs) assembled from materials like poly-
mer, gold, silica and other inorganic materials have also been
investigated.”®'*~> Most of these nanoparticles were designed
with the encapsulation of three or more tandem organic/inor-
ganic fluorophores, to construct a cascade fluorescence reso-
nance energy transfer (FRET) system upon excitation.” ®'?72¢
By varying the choice, the amount and the ratio of incorporated
dyes, the MFN could reveal desired multicolor as well as fine-
tuned emission spectra under a single wavelength excitation.
For example, Tan et al."> synthesized novel FRET-mediated mul-
ticolor silica nanoparticles, which exhibit tunable multi emis-
sions by combination of three tandem fluorescent dyes, and
further used them for simultaneous multiplexed monitoring of
cancer cells and bacterial pathogens with the desired degree of
sensitivity and selectivity.>* Law et al.'* prepared a series of bio-
compatible fluorescent polymer nanoparticles with multi dis-
tinct emission signatures by doping with combinations of four
carbocyanine-based fluorophores, and used them for multi-
plexed imaging. Liu et al.'” reported the fabrication of
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amphiphilic and thermoresponsive diblock-copolymer-based
luminescent micelles exhibiting three-state switchable multicolor
fluorescence emission by external stimuli-modulated FRET pro-
cess. The fluorescent nanoparticles not only exhibit multiple
colors under a single wavelength excitation, but also reveal
reversible photoswitch'”'®* via irradiating upon UV/visible
light. However, most of these reported MFNs required time-
consuming synthesis and relatively strict conditions, or existed
questionable dye leakage, which limited the probes applica-
tion.””™ In this regard, the development of versatile MFNs
with not only high brightness, excellent chemical stability and
photostability and adjustable emission signatures but also sim-
plicity in synthesis with low cost is urgently desired.

To resolve some of above issues, miniemulsion polymerization
technique provides a relatively promising way. Miniemulsions
are small (50~500 nm) and stable oil droplets, which are dis-
persed in water and generally prepared by using ultrasonication
devices.”” Due to the negligible micellar or homogeneous nucle-
ation during the whole polymerization process, every droplet is
like an individual batch reactor. It can introduce a variety of
functional materials, such as inorganic substances, magnetic
nanoparticles, especially for dye molecules etc., into individual
miniemulsions to form various functional polymer particles
(i.e., fluorescent or magnetic polymeric nanoparticles) after
polymerization.”®**?® On the other hand, as comparing with
other popular dye-encapsulation strategy like doping or swelling
pathway,>'*?* covalently incorporating dyes into nanoparticles
can greatly reduce potential problems such as leakage and
aggregation of dyes, which substantially improved the chemical
stability and photostability of the whole MFNs system,'?!”~'%2¢

Based on the above considerations, in this work, the new multi-
color fluorescent polymeric nanoparticles (MFPNs) were elabo-
rated by covalently introducing three tandem polymerizable
fluorescent dyes: 4-ethoxy-9-allyl-1,8-naphthalimide (EANI),
allyl-(7-nitro-benzo[1,2,5]-oxadiazol-4-yl)-amine (NBDAA) and
10- (diethylamino)-5-oxo-5H-benzo-[a] phenoxazin-2-yl-methacr
ylate (NRME), into the polymeric nanoparticles via a facile
one-pot miniemulsion polymerization. By varying the incorpo-
rating variety and ratio of three energy-matched dyes (EANI,
NBDAA and NRME), the nanoparticles exhibit abundant multi-
ple fluorescence such as blue, cyan, green, orange, pink, red etc.,
as well as distinguishable emission signals under a single wave-
length excitation. Moreover, the as-prepared novel MFPNs also
exhibit uniform in size, excellent photostability and long-term
stability, as well as extremely high brightness. Meanwhile, seven
particles that display distinct luminescence were utilized in
transparent fluorescent ink for fluorescent writing. Overall, these
MFPNs will be quite useful for fluorescent patterning, in vitro
multiplexed bioassays and in vivo studies.

EXPERIMENTAL

Materials

The surfactant sodium dodecyl sulfate (SDS, 99%, Sigma-
Aldrich), n-hexadecane (HD, 99%, Sigma-Aldrich), 4-bromo-
1,8-naphthalic anhydride (99%, TCI Shanghai), 4-chloro-7-
nitrobenzofurazan (NBD-Cl, 99%, TCI Shanghai), allylamine
(99%, Aladdin), methacryloyl chloride (95%, Aladdin) was used
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as received. Dichloromethane (A.R.) was washed with sulfuric
acid and then distilled from CaH,. Potassium persulfate (KPS,
99.99%, Sigma-Aldrich) was recrystallized from water and dried
under vacuum. Methyl methacrylate (MMA, Sigma-Aldrich)
was purified by distillation under vacuum to remove inhibitors.
The water used in this work is the double-distilled water which
was further purified with a Milli-Q system. Tetrahydrofuran
(THE A.R.) and Triethylamine (A.R.) were distilled over CaH,.
Petroleum ether, and other reagents were analytical reagents and
used without further purification. EANI and NBDAA comono-
mers were achieved as described elsewhere.'®*%~**

Synthesis of NRME Comonomer

First, 9-Diethylamino-2-hydroxy-5H-benzo[a]phenoxazin-5-one
(NROH) was synthesized in two steps following literature pro-
cedures.*> Subsequently, NROH (1.2 mmol, 401 mg) and trie-
thylamine (3 equivalent, 3.6 mmol, 548 mg) were dissolved in
50 mL of anhydrous dichloromethane, under argon equipped
with a CaCl, moisture trap. Then methacryloyl chloride (1.5
equivalent, 1.8 mmol, 190 mg) is added to the dark-red solu-
tion. The mixture is stirred at room temperature during 24 h,
until disappearance of the NROH trace on TLC. The mixture
was concentrated and the residue was purified by chromatogra-
phy on silica gel (ethyl acetate/petroleum ether: 1/3), affording
421 mg of product (80% yield). '"H NMR spectrum for the
product is shown in Supporting Information Figure S1 (500
MHz, DMSO-ds, 25°C). ¢ (ppm): 8.26 (1H, s), 8.17 (1H, d),
7.61 (1H, d), 7.52 (1H, d), 6.84 (1H, d), 6.68 (1H, s), 6.37 (1H,
d), 6.29 (1H, dd), 5.98 (1H, d), 3.51 (4H, q), 2.06 (3H, s), 1.17
(6H, 1).

Preparation of Novel MFPNs

A mixture containing the monomer (MMA, 0.625 g) hydropho-
bic dyes (EANI, NBDAA and NRME, see Table I), and hydro-
phobe (HD, 0.038 g) was added to 10 mL water solution with
emulsifier (SDS, 0.025 g) and stirred (1000 r/min) for 15 min,
then, the mixture was ultrasonicated for 15 min (JY92-IIN) to
obtain a stable miniemulsion. The mixture was cooled in an
ice-bath during ultrasonication to avoid overheated. The result-
ing miniemulsion was put into a 50 mL flask equipped with a
condenser, which was immersed in an oil bath with a thermo-
stat. The polymerization was started by adding an aqueous solu-
tion of KPS (0.022 g) and preceded at 75°C for 180 min. After
the polymerization, the as-prepared nanoparticle dispersions
were dialyzed three times to remove uncombined dyes or
monomers. Finally, the purified nanoparticles dispersions were
obtained.

Characterization

"H NMR spectra were recorded on a Bruker Avance 500 MHz
NMR spectrometer. The nanoparticle diameters were deter-
mined by a Malvern Nano-ZS90 instrument and their morphol-
ogy was observed with a JEM-100CXII TEM at 60 kV. UV-Vis
spectra were recorded on a Shimadzu UV-2501PC spectropho-
tometer at room temperature (298 K). Fluorescence spectra
were recorded on a Shimadzu RF-5301PC fluorescence spectro-
photometer at room temperature (298 K). Fluorescence quan-
tum yield (®p) was measured on an Edinburgh FLS920 (UK)
fluorescence spectrometer equipped with an integrating sphere
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Dye? Jabs/NM Jeminm ¢ (x10"4)/Lmol ™t cm™? O °/ns B4 (x10™%)/L mol~* ecm™?
EANI 363 432 1.30 0.92 7.2 1.19
NBDAA 446 511 1.90 0.94 9.8 1.79
NRME 543 605 4.40 0.90 4.7 3.96

#Recorded in dichloromethane at 25°C.
b Obtained from Edinburgh Instruments FLS920.

°Decay fitted with a monoexponential function (ie, = 405 nm; for EANI, Jem

trations for all dyes in dichloromethane are 0.01 mg/mL).
9Molecular brightness, B=¢ X ®f.

detector. Fluorescence lifetime (t) measurements were carried
out with a time correlated single photon counting (TCSPC)
nanosecond fluorescence spectrometer (Edinburgh FLS920) at
ambient temperature (298 K). For fluorescent dyes, data analysis
was performed by simple tail fit method and fitted with a
monoexponential decay function. The goodness of fit was esti-
mated by using y* values (between 1.0 and 1.2).

For multiexponential fluorescent decays (nanoparticles), no fit
was attempted and the average fluorescence lifetimes were calcu-
lated by integrating the area below the decay curve as:**

(r)= ot (t)dt

Jo 1(t)dt L

RESULTS AND DISCUSSION

Synthesis of Three Tandem Fluorescent Dyes

According to the principle of FRET,*” an efficient FRET system
was determined by two key factors: First, the donor’s emission
spectrum need to well overlap with the acceptor’s absorption
spectrum; then, the distance of donor—acceptor’s pair should be
within the effective Forster effective radius (generally, 1-10 nm).
For typical fluorescence modulation systems, the distance of
donor—acceptor’s pair can be controlled by inserting a spacer
between them or modulating their amount and ratio in size-
defined nanoparticles."®** In this work, three tandem fluoro-
phores [EANI, NBDAA, and NRME, Figure 1(a)] were elabo-
rately synthesized to make for constructing efficient cascade
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=432 nm; for NBDAA, Jem =511 nm; for NRME, /¢y, = 605 nm, concen-

FRET system. As showed in Figure 1(b), EANI was a well-
matched donor for NBDAA and partly matched donor for
NRME, while NBDAA acted as both an acceptor for EANI and
a donor for NRME. In addition, the spectroscopic properties of
the three tandem dyes recorded in dichloromethane are given in
Table 1. All of the three dyes exhibited a similar Stokes shift
around 60 nm, and showed a high quantum yield (®y) at 0.92,
0.94, and 0.90. Furthermore, time-resolved fluorescence meas-
urements of all dyes were made in dichloromethane. Fluores-
cence decays of three dyes could be fitted by a monoexponential
function (Supporting Information Figures S2) and lifetimes
were estimated to be 7.2, 9.4, and 4.8 ns. These results revealed
the selected candidates for fabrication of FRET-mediated multi-
color nanoparticles system are very appropriate.

Preparation of Novel MFPNs

To prevent possible dye leakage or aggregation, two or three flu-
orescent dyes (EANI, NBDAA, and NRME) were covalently
encapsulated into the FRET-based multicolor nanoparticle sys-
tems via one-pot miniemulsion polymerization. Typical proce-
dures are attached as follows. First, a solution containing the
monomer (MMA), hydrophobic polymerizable dyes (EANI,
NBDAA, and NRME), hydrophobes (HD), and initiator (AIBN)
was dispersed into water with surfactant (SDS) to form a stable
miniemulsion by ultrasonication; then, the polymerization can
be achieved by increasing temperature to 75°C for 180 min,
after further purification process, the as-prepared MFPNs were
obtained. Certainly, this strategy can effectively enhance the
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Figure 1. (a) The chemical structures of EANI, NBDAA, NRME; (b) A comparison of the normalized absorption and fluorescence emission spectra

among the three fluorophores in dichloromethane. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Scheme 1. Schematic illustration of novel MFPNs under excitation at a
single wavelength. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

chemical stability and photostability of prepared MFPNs.*®
More importantly, the as-prepared fluorescent nanoparticles dis-

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

power and time,”*”” as determined by dynamic light scattering

(DLS, Table II). Table 2 also exhibits that the presence of dyes
had little effect on the particle size, which was ascribed to the
low amount of the feed dyes (from 0.1 to 0.7 wt %) when com-
pared to the monomer. Figure 2(a) shows a TEM graph for a
typical nanoparticle sample (NP-B1). It can be seen that most
of the polymer particles of the sample were discrete and regular
with diameters ranging from 40 to 55 nm, in good agreement
with the size distribution determined by DLS (Supporting
Information Figure S3), which indicates that the miniemulsion
polymerization is a promising method to fabricate fluorescent
polymeric nanoparticles with defined size.

Spectroscopic Characterization of the MFPNs

Absorption and fluorescence emission spectra of the MFPNs
with two dyes incorporated are presented in Figure 3. As shown
in Figure 3(a), the MFPNs appear two prominent absorption
for EANI (Amax = 366 nm) and NBDAA (/. = 448 nm) after

play abundant multicolor fluorescence under a single wave-
length excitation by simply varying the choice and the feed
ratio of EANI-NBDAA-NRME, as illustrated in Scheme 1.

the covalent integration of EANI and NBDAA dyes, which are
close to that for EANT and NBDAA in dichloromethane, respec-
tively [Figure 1(b) and Table I]. Figure 3(a) also displayed the
absorbance of NBDAA in nanoparticles gradually increases with
the addition of NBDAA dye’s feed, which revealed that the load-
ing ratio of dyes can be well controlled. In addition, the color
of MFPNs also changed gradually from blue to green as showed
in Figure 2(b). Furthermore, as exhibited in Figure 3(b), by
varying the ratio of EANI and NBDAA in MFPNs, the fluores-
cence emission of the MFPNs can be correspondingly varied
under a single wavelength excitation, which was attributed to
the adjustable FRET efficiency between the EANI and NBDAA.
Above fluorescence emission changes can also be visualized by

It has been well-supported that the particle size can affect the
emission property of the fluorescent nanoparticles due to the
scattering light (wavelength = 1) from the particle, which will
be reached a maximum value when the diameter of the particle
is 4/2.%° Thus, nanoparticles with a smaller size should be syn-
thesized to reduce the scattering effect. In present work, through
the typical one-step miniemulsion polymerization, nanometer-
sized fluorescent polymeric particles with the average diameters
of 50 nm were obtained by adjusting the amount of surfactant,
monomer concentration in water, as well as the ultrasonic

Table II. List of Some Data and Parameters of Various MFPNs Samples

Dye feed [mg (x10~* mol)]

Sample? EANI NBDAA NRME Size® (nm) OFC <r>9 (ns) B® (x107%/L mol~* cm™1)
NP-00 0 0 0 50.3 / / /
NP-A1 0.94 (3.3) 0 0 51.3 0.94 8.5 2.80
NP-A2 0 2.22 (10.0) 0 554 0.95 10.8 6.00
NP-A3 0 0 1.36 (3.3) 54.2 0.75 4.8 525
NP-B1 0.94 (3.3) 0.74 (3.3) 0 49.4 0.78 7.4 512
NP-B2 0.94 (3.3) 1.48 (6.6) 0 53.0 0.69 / 8.88
NP-B3 0.94 (3.3) 2.22 (10.0) 0 53.8 0.61 4.3 11.36
NP-C1 0.94 (3.3) 0.74 (3.3) 0.27 (0.7) 53.9 0.83 6.9 9.15
NP-C2 0.94 (3.3) 0.74 (3.3) 1.36 (3.3) 53.0 0.67 56 12.88
NP-C3 0.94 (3.3) 1.48 (6.6) 0.27 (0.7) 52.0 0.64 6.1 9.20
NP-C4 0.94 (3.3) 1.48 (6.6) 1.36 (3.3) 97.9 0.54 4.8 16.54
NP-C5 0.94 (3.3) 2.22(10.0) 1.36 (3.3) 53.2 0.51 3.8 14.95
NP-C6 0.94 (3.3) 2.22 (10.0) 0.68 (1.7) 61.1 0.48 4.0 17.34
NP-C7 0.94 (3.3) 2.22(10.0) 0.27 (0.7) 55.0 0.60 4.3 13.57

2The MMA/HD/SDS/KPS feed is 0.625/0.038/0.025/0.022 g, respectively.

b Average diameter of nanoparticles were determined from DLS data.

¢Fluorescence quantum yield was obtained from Edinburgh Instruments FLS920.

9 Average fluorescence lifetime (Aex = 405 nm, for NP-A2, jem= 515 nm, for NP-A3, jem =597 nm, for all other samples, Jem =425 nm) calculated as
eq. (1).

¢ Calculation of nanoparticles brightness was shown in Supporting Information.
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Figure 2. (a) TEM graph of one MFPNs sample (NP-B1); (b and c): photograph recorded under weight-light (b) or irradiation by a 365 nm UV porta-
ble lamp (c) for seven MFPNs samples (1: NP-Al; 2: NP-B1; 3: NP-B3; 4: NP-C7; 5: NP-C1; 6: NP-C2; 7: NP-C5). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

the naked eye, as evidenced from the transition from blue to
green [Figure 2(c), 1 to 3].

Next, the FRET cascade occurred in nanoparticles encapsulated
with three tandem fluorophores (EANI, NBDAA and NRME)
were investigated. NP-C1 to NP-C7 containing different ratio of
EANI, NBDAA and NRME were synthesized (Table II). These
particles were described as above and have similar physical
properties as NP-Al to NP-A3 and NP-B1 to NP-B3 (Table II).
As exhibited in Table II, for various MFPNs containing one,
two, or three dyes, fluorescence quantum vyields (®g) are
remarkably high, which are similar to or somewhat higher than
those of reported fluorescent nanoparticles with high brightness
or semiconducting QDs.>****™*® The successful encapsulations
of three dyes were further confirmed by absorbance [Figure
4(a)]. Because of FRET cascade’s protocol, upon excitation at
385 nm, the 597 nm emission of MFPNs with three dyes load-
ing (Samples NP-C2, NP-C4, and NP-C5) exhibited ~5 to 6

1.0

— NP-00
—— NP-A1
—— NP-B1

0.8

0.6

Abs

0.4

0.2

0.0 T T
300 400 500
a) Wavelength / nm

600

times higher than the nanoparticles with only the NRME (Sam-
ple NP-A3), when the feed of NRME at the same value. In addi-
tion, most of the MFPNs showed three distinct emission peaks
at 425, 515, and 597 nm [Figure 4(b—d)]. Meanwhile, the ratio
of three emission peaks can be well tuned by changing the feed
ratio of three dyes. For example, the MFPNs with the same feed
amount of EANI and NRME, and increasing feed amount of
NBDAA [Figure 4(b—c) and Table II], the emission peak of
EANI decreased dramatically, while the peak of NBDAA and
NRME increased slowly. At the same feed ratio of EANI and
NBDAA for the MFPNs, the adding amount of NRME resulted
in the relatively enhanced emission signal of NRME when com-
pared with other two emission peaks [Figure 4(d) and Table II].
Moreover, it is worthy to note that the Stokes shift of our par-
ticles (up to 250 nm, NP-C5) was larger than other platforms
with a similar design,'*'> which indicated that the as-prepared
MFPNs possess very broad controllable emission range, so as to
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©
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Figure 3. (a) Absorption spectral of blank polymeric nanoparticles, NP-00 and other MFPNs samples as NP-Al, NP-B1, NP-B2, NP-B3, NP-A2 (see
Table I). (b) Fluorescence emission spectral of MFPNs samples as NP-A1, NP-B1, NP-B2, NP-B3, NP-A2 (see Table I, 4.,=385 nm). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. (a) Absorption spectral of blank polymeric nanoparticles sample NP-00 and MFPNs samples as NP-A3, NP-C2, NP-C4, NP-C5; (b) Fluores-
cence emission spectral of MFPNs samples as NP-A3, NP-C2, NP-C4, NP-C5; (c) Fluorescence emission spectral of MFPNs samples as NP-C1, NP-C3,
NP-C7; (d) Fluorescence emission spectral of MFPNs samples as NP-C7, NP-C6, NP-C5 (/., = 385 nm). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

nearly overlap the whole visible light region. Similarly, the above
fluorescence emission variations can also be identified by the
naked eye, as showed in Figure 2(c) (from 4 to 7).

Fluorescence decay curves (Figure 5) were achieved using the
TCSPC technique, and excited-state lifetimes were extracted
from the kinetics traces using custom software. The average flu-
orescent lifetime results of MFPNs samples are listed in Table II.
The lifetimes of EANI, NBDAA and NRME-contained nanopar-
ticles were determined to be 8.5, 10.8, and 4.8 ns, respectively,
which were closed to those of selected fluorescent dyes in
dichloromethane. It indicated that the selected hydrophobic flu-
orescent dyes have been resided in a low polarity polymeric
matrix, which was analogical to dichloromethane. However, as
exhibited in Figure 5(a), when fixing the EANI feed in nanopar-
ticles, and increasing the second dye as NBDAA, the MFPNs
samples, like NP-B1 and NP-B3 display much shorter lifetimes
at 425 nm than that of nanoparticles with only EANI dye, sig-
nificantly indicated the existing FRET process between the
EANI and NBDAA; and with the adding of another dye as
NRME, the lifetime of MFPNs sample like NP-C5 at 425 nm
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continue to decrease a few, which is also attributed to the possi-
ble FRET between EANI and NRME. Moreover, evidence about
the efficient FRET between NBDAA and NRME can also be
revealed by comparing the fluorescence decay curves at 515 nm
between MFPNs sample NP-B3 and NP-C5, as showed in Figure
5(b). The estimated average lifetimes of two samples are 11.0
and 5.3 ns, respectively.

For ultrahigh resolution fluorescence imaging, as well as flow
cytometry, a valuable feature of fluorescent probes is the fluo-
rescence brightness.”>* The nanoparticle brightness (B) can be
evaluated from reported literature elsewhere (the detailed calcu-
lation process was shown in supporting information),** and
have been shown in Table II. In the this study, brightness values
of all MFPNs samples were varied from 2.80 X 10° to 1.73 X
107 cm™ ! mol ™! L (Table II), which were much higher than the
selected fluorescent dyes as listed in Table I. For comparison,
nanoparticle containing the optimal ratio of three dyes (NP-C6)
possesses the best brightness as 1.73 X 10" cm™ ' mol™' L,
which is therefore ca. 29-290 times brighter than those well-
known QDs with emission in the range of 370-750 nm, which
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Figure 5. (a) Fluorescence decay curves of MFPNs samples as NP-A1, NP-B1, NP-B3, NP-C5 at 425 nm (/e = 405 nm, see Table II). (b) Fluorescence
decay curves of MFPNs samples as NP-B3, NP-C5 at 515 nm (/. =405 nm). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

were made of CdSe, CdS, or CdTe, and have a brightness
between 6 X 10* and 6 X 10° cm™' mol~' L.* Meanwhile, it is
also several to 10 times brighter than other reported fluorescent
organic polymeric nanoparticles .**

The photostability of MFPNs is of crucial importance for many
emitting devices and fluorescence-based imaging applications,
particularly for long-term imaging and tracking experiments.*’
Under a continuous 365 nm UV portable lamp (ZF-7A) illumi-
nation, the effect of irradiation time on the fluorescence inten-
sity of typical MFPNs sample (NP-A2, Table II) is given in
Figure 6. There is a little (<7%) decrease of fluorescence inten-
sity within the experimental irradiation time (90 min), and after
40 min UV irradiation, the fluorescence intensity of nanopar-
ticle dispersion seldom changes even after longer time illumina-
tion. These data establish that the MFPNs possess excellent
photostability.

In addition, the long-term fluorescence stability of the typical
MFPNs sample was also investigated. For this experiment, the
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Figure 6. Fluorescence intensity changes of MFPNs sample NP-A2 under
a continuous 365 nm UV lamp irradiation (4ex =490 nm).
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diluted sample was sealed in a vessel and stored in the dark
under room temperature. Then an aliquot was extracted out for
fluorescence intensity measurement. As displayed in Figure 7,
the fluorescence intensity of the dispersions altered slightly even
after storing for 42 days, indicating prominent long-term pho-
tostability in this MFPNs system. Moreover, it is known that
the fluorescence intensity of dyes is significantly affected by
their environment. Our previous result showed the hydrophobic
dyes like NBDAA often exhibited prominent fluorescence inten-
sity in PMMA nanoparticles, while displayed very weak fluores-
cence intensity in aqueous phase.'® If the dyes were transferred
from the hydrophobic nanoparticles to the aqueous phase, their
fluorescence intensity should decrease dramatically. Therefore,
the result showed in Figure 7 also indicated the negligible dye
leakage of as-prepared MFPNs. In addition, the similar result
can be found in other MFPNs sample containing two dyes
(Supporting Information Figure S4). These results demonstrate
that the MFPNs could be invoked as promising candidates for
long-term imaging or tracking.
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Figure 7. Fluorescence long-term photostability of MFPNs sample NP-A2
under ambient temperature and kept in the dark (1, = 490 nm).
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Figure 8. (a) Multicolor fluorescent pens obtained via using different
MEFPNs inks (1: NP-Al; 2: NP-B1; 3: NP-B3; 4: NP-C7; 5: NP-C1; 6: NP-
C2; 7: NP-C5). (b) Photograph recorded of fluorescent pens illuminated
by a portable UV lamp. (c) Photograph recorded of multicolor numbers
and letters via writing on paper via different pens (from 1 to 7, or A to
G) (illuminated by a portable UV lamp). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

To make use of the high fluorescence brightness and excellent
water-dispersible property, the MFPNs were utilized in fluores-
cent inks for special writing. Various aqueous MFPN dispersions
(ca. 5 wt %) were injected into seven vacant refills to manufac-
ture novel multicolor fluorescent pens [Figure 8(a)]. As showed
in Figure 8(b), seven pens emitted intense multicolor fluores-
cence from blue to red under a portable 365 nm UV lamp illu-
mination. A commercially available paper upon which the
MFPNs adhered well (the paper showed no background UV flu-
orescence) was selected as the writing paper. After simple writ-
ing by different pens and under a 365 nm UV lamp
illuminations, visible numbers, and letters with different lumi-
nescence could be easily observed [Figure 3(c)]. In this case,
inks with different MFPNs dispersions could serve as separate
colors for complex multicolor writing or printing [Figure 8(c)].

CONCLUSIONS

In conclusion, the novel MFPNs were synthesized via a facile
one-pot miniemulsion polymerization by covalently incorporat-
ing three elaborated fluorescent dyes: EANI, NBDAA, and
NRME. Within the modulation of FRET, the nanoparticles dis-
play abundant multiple emission from blue to red under a sin-
gle wavelength excitation by simply changing the variety and
ratio of three selected dyes. Moreover, the MFPNs also show
uniform in size, extremely high brightness, appropriate fluores-
cent lifetimes, excellent photostability and long-term stability
(>42 days). In addition, in order to reveal the applications, the
MFPNs that display distinct luminescence were used as fluores-
cent ink for special writing. Overall, incorporation of the merits
of one-pot miniemulsion polymerization techniques, we believe
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that these novel MFPNs platforms, will be very useful for com-
plex fluorescent patterning, and have far reaching potential for
in vitro multiplexed bioassays and in vivo studies, when used in
combination with multispectral imaging.
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