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Highly Emissive Self-assembled Organic Nanoparticles having Dual
Color Capacity for Targeted Immunofluorescence Labeling**

By Hyong-Jun Kim, Jiseok Lee, Tae-Hoon Kim, Taek Seung Lee, and Jinsang Kim*

Immunofluorescence labeling is a very important analytical

technique for probing the structure of living cells. Such labeling

is conventionally carried out by using fluorescent organic dyes.

However, some drawbacks including a limited range of light

emission and particularly poor photo-stability[1] have limited

the usage of organic dyes. After the introduction of semicon-

ducting quantum dots[2,3] many research groups have investi-

gated inorganic quantum dots[4] for immunofluorescence

labeling due to their high quantum yield,[5] high molar extinc-

tion coefficients, broad absorption with narrow light emission,

and good photo physical and chemical stability.[6–9] Despite the

promising properties of semiconducting quantum dots for

immunofluorescence labeling, cyto-toxicity is a critical problem

in any live-cell or animal experiments.[10,11] Alternative choices

are dye-loaded latex particles and dye-doped silica colloids

having improved photostability compared to conventional dye

molecules. However, dye-loaded beads also have a critical limit

of brightness due to self-quenching when high density of dyes

present at the nanoparticle surface. In this context, developing

highly emissive, biocompatible, and chemically readily modifi-

able luminescent materials is strongly desired.

Recently, a few papers have been published reporting con-

jugated organic small molecules that showed higher quantum

yield in the solid state than in solution.[12–16] In other words,

self-quenching does not exist in these unique molecules. It has

opened a new possibility to develop non-toxic organic nano-

particles with enhanced emission for various applications in-

cluding immunofluorescence labeling. The reason for the lower

quantumyield in solution of someof thesemolecules is believed

that the conjugated backbone of the molecules is significantly

twisted by steric hindrance[13] and the radiative decay pathway

of the resulting twisted chromophores[17] is generally suppres-

sive. Therefore, planarization of the twisted conjugated back-

bone upon aggregation in the solid state accordingly enhances

the emissive property of the molecules. On the other hand,

another class ofmolecules that has a larger quantumyield in the

solid state has a different reason for the enhanced emissive

property. Thesemolecules in solution have a lowquantumyield

because they dissipate energy for molecular rotation. There-

fore, they have even 20%higher quantumyield in the solid state

because the molecular rotation is hindered by adjacent mole-

cules in the solid state.[12–17]

We have developed highly emissive organic nanoparticles by

using colloidal self-assembly of a hydroxyphenyl-benzoxazole

(HBO) derivative and diacetylene monomers. Various hetero-

cyclic molecules including HBO have been investigated by

many research groups due to their chemical and thermal

stability as well as their high electron mobility. HBO has a

high extinction coefficient and excellent stability in the

UV range and has shown potential as a UV stabilizer. HBO

is also known to undergo excited state intramolecular

proton transfer (ESIPT) upon photo-excitation as illustrated

in Figure 1A.

We synthesized 1,4-di(3-(benzoxazol-2-yl)-4-hydroxyphenyl)-

2,5-dihexyloxybenzene (DBO) as shown in Figure 1B. The

absorption and photoluminescence spectra of DBO are shown

in Figure 2C. Dilute solution of DBO in tetrahydrofuran (THF)

has absorption lmax at 335 nm assigned to syn-enol and emits at

518 nm, showing a large Stokes shift due to ESIPT. A nanopar-

ticle dispersion ofDBOwas prepared by adding THF solution of

DBO to water to induce aggregate formation. The prepared

nanoparticles in themixed solution ofTHF:H2O (1:9 v/v) showa

broad aggregationbandabove 400nmdue toMie scattering (Fig.

2C).[18] Interestingly their fluorescence quantum yield (FF) was

10%,which ismore than 3 times larger than the quantumyield of

the THF solution (3%). The enhanced fluorescence emission

intensity in the aggregates is believed to originate from a

more planar structure induced by J-type aggregation through
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intermolecular hydrogen bonding evidenced by the absorption

red shift by 40 nm from 335 nm (Fig. 2C).

To reduce the Mie scattering and prepare DBO nanoparti-

cles having a well-defined size, we investigated amphiphilic

surfactant molecules in order to direct the self-assembly of

DBO.We anticipated that surfactant molecules would disperse

DBO aggregates evenly by passivating the surface of the

aggregates. Several amphiphilic molecules such as phospholi-

pids, ionic surfactants, and diacetylenes were used to disperse

and assemble DBO or random aggregates of DBO into more

defined nanoparticle structures. We found that all the amphi-

philicmolecules servedwell as a dispersion agent. In this report,

we present the results obtained by using a unique combination

of diacetylenemolecules as a dispersion agent.[19] 7:3mole ratio

of 10,12-pentacosadiynoic acid-aminobutyric acid (PCDA–

ABA) and 10,12-pentacosadiynoic acid–2,20-(ethylenedioxy)-

bis(ethylamide)-biotin (PCDA–Biotin) were mixed in HEPES

buffer (0.5 mM) and then sonicated to form PCDA vesicles.

0.1ml of 1mMDBOinTHF solutionwas then added into the 10

ml of PCDA vesicle solution and the mixture solution was

sonicated for 10 min to form well-defined (80 ± 10) nm of DBO

nanoparticles having PCDA passivation layer as illustrated in

Figure 1C. The resulting suspension has a 1:50 mole ratio of

DBO to PCDA and the SEM image of the self-assembled

DBO-PCDA nanoparticles is shown in Figure 1E. Note the

significantly enhanced fluorescence emission intensity of the

self-assembled DBO-PCDA nanoparticles in Figure 1D and

2C. The quantum yield of the self-assembled DBO-PCDA

nanoparticles was 38%, which is almost 13 times larger than

that of DBO in THF solution. It is also interesting to note

that the DBO-PCDA nanoparticles have strong anti-enol ab-

sorption at 320 nm. Considering the fact that only the syn-enol

form can undergo ESIPT and the molecular rotation from anti-

enol to syn-enol is suppressed in the solid state, observing the

strong emission at 518 nm with ca. 200 nm of Stoke shift was

puzzling.[20] We hypothesize that DBO in the DBO-PCDA

nanoparticles forms J-type aggregation through intermolecular

hydrogen bonding as illustrated in Figure 2A. The planarized

conjugated backbone of DBO and the restricted molecular

rotation in the J-aggregates are then reasonably believed as

the origin of the largely enhanced 38% quantum yield.[13,17]

First, as theoretical energy calculation studies and experimental

data showed that twisted conjugated organic molecules gener-

ally have lower quantum yield,[12–16] it is reasonable that the

planarized conjugated backbone of DBO in the self-assembled

J-aggregates has a larger quantum yield compared to DBO in

Figure 1. A) Rotamer structures (anti-enol and syn-enol) of HBO and its excited state keto formation. The given wavelengths are their absorption and
emission lmax. B) Molecular structures of DBO, PCDA-ABA, and PCDA-Biotin. C) Schematic representation of nanoparticle assembly of DBO in a PCDA
vesicle. D) A photographof DBO in THFsolution andDBO-PCDAnanoparticles under 365 nmUV light. E) Scanning electronmicroscopy image of theDBO-
PCDA nanoparticle.

1118 www.advmat.de ª 2008 WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim Adv. Mater. 2008, 20, 1117–1121

C
O
M

M
U
N
IC

A
T
IO

N



solution. Another supporting experimental evidence for our

hypothesis is the fact that we obtained much longer life-time

from the self-assembled DBO-PCDA nanoparticles than the

DBOinTHFsolution.The lifetimeof the 518nmemissionband

when excited at 380 nm was 0.42 and 6.26 ns for the DBO

solution in THF and the DBO-PCDA nanoparticles, respec-

tively. The life-time of the 518 nm emission band when the

DBO-PCDA nanoparticles were excited at 310 nm (anti-enol)

was 6.41 ns which is similar to the 6.26 ns of the syn-enol

excitation. Previous experimental studies showed that the life-

time of HBOwas increased from ca. 10 ps at room temperature

to 5.7 ns at 77 K as the molecular motion was restricted at the

77 K.[21] The authors also reported that the quantum efficiency

ofHBO increased from3.5%at room temperature to 37%at 77

K.These values of the lifetimeand the quantumefficiency are in

good agreement withwhat we observed from theDBO solution

in THFandDBO-PCDAnanoparticles if we consider the solid-

state as a mimic of the frozen solution at 77 K considering the

restricted molecular movement in both cases.

To monitor its photochemical stability, DBO-PCDA nano-

particleswere exposed to a 6-W254-nmhandheldUV light held

1 cm above the sample for 30min. The fluorescence intensity of

DBO-PCDA nanoparticles decreased only by 15% upon the

intense UV irradiation while other fluorescent organic dyes[1]

(Alexa Fluor 488) and conjugated polymers[22] (poly(p-pheny-

leneethynylene) and poly(3-hexylthiophene)) experienced 80–

90% of quenching under the same condition (data not shown).

We further investigated the possible application of the highly

emissive and biotin-functionalized DBO-PCDA nanoparticles

for immunofluorescence labeling. First, sulfo-N-hydrosuccini-

mide-biotin (1mgml�1 in phosphatebuffered saline (PBS))was

spotted on an amine-functionalized glass surface using a

manual micro-arrayer (V&P Scientific, VP478A) (Fig. 3A).

Remaining active amines were blocked with poly(ethylene

oxide) (see details in the Supporting Information) and subse-

quently avidin from egg-white (1 mg ml�1 in PBS) was spread

on the biotin-patterned glass slide. After thoroughly washing

off unbound avidin, a 0.5 mM solution of the self-assembled

DBO-PCDA nanoparticles in HEPES buffer was finally

applied on the avidin-patterned glass slide. After removing

non-specifically bound DBO-PCDA nanoparticles by rinsing

several times with HEPES buffer, microscopic images were

Figure 2. A) Geometry optimized molecular structure of DBO produced by using Materials Studio 4.1 with DFT (density functional theory) with BLYP
parameter. Two DBOs are organized to show intermolecular hydrogen bonding between benzoxazole units. (B) Excitation spectra of DBO in THF solution
(solid line), dispersion in deionized water (dotted line), and dispersion in diacetylene vesicle (broken line) for the 520 nm emission of Figure 2C. C) UV/Vis
absorption and photoluminescence spectra of DBO in THFsolution (solid lines), in THF:H2O (1:9 v/v) (dotted lines), and in the diacetylene vesicle solution
(broken lines). The concentration of the DBO solution and dispersions was 10 mM.
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taken as shown in Figure 3B. As we can see from the image

green fluorescent was observed from only the avidin spots,

demonstrating good selectivity and bright emission.

The self-assembled DBO-PCDA also has a dual color capa-

bility because the PCDA not only serves as a surfactant and a

recognition unit for the target avidin spots but also can generate

a sensory signal. We polymerized the PCDA passivation layer

after self-assembling the biotinylated DBO-PCDA nanoparti-

cles. The polymerized polydiacetylene (PDA) layer will

experience perturbation of the conjugated backbone and

undergomechanochromism from the blue form to the red form

during the biotin-avidin recognition/binding. Because the red

form is emissive[23] as we anticipated we observed red emission

when we used a 600 nm long-pass emission filter with a 550 nm

excitation filter as shown in Figure 3C.

In summary, we have synthesized DBO and self-assembled

DBO with functionalized PCDA molecules to form well-

defined DBO-PCDA nanoparticles. The DBO-PCDA nano-

particles showed aggregation-induced fluorescence enhance-

ment having a 38%of quantum yield. Intermolecular hydrogen

bonding is believed to form J-aggregates and allows intermo-

lecular excited state proton transfer. Selective targeting and

dual color visualization of patterned avidin arrays were

achievedbyusing thehighly emissivebiotinylatedDBO-PCDA

nanoparticles to demonstrate the promising application of the

organic nanoparticles for immunofluorescence labeling.

Experimental

Glass slides were cleaned in boiling H2O:H2O2:NH4OH (1:1:4 volume
ratio) solution for 30 min, followed by piranha solution (H2O2:H2SO4

3:7) etching after thorough rinsing with water and drying. The glass
slides were further dipped in 2 wt % 3-aminopropyltriethoxysilane in
toluene solution for 1 h, and were sonicated in toluene: methanol (1:1)
and methanol for 3 min each to remove unbound silanes. The final
amine functionalized glass slides were stored in a sealed container at
4 �C. 1mg of sulfo-NHS-biotin purchased fromAldrichwas dissolved in
1 ml of phosphate buffered saline and used right after the preparation
before the hydrolysis of sulfo-NHS. 2.2 mg succinimidyl-4-(N-malei-
midomethyl)cyclohexane-1-carboxylate (purchased from Pierce, Co.)
was dissolved in 200 ml DMSO and further diluted in DMSO:ethanol
2:8 volume ratio mixture. 2.4 mg of mono functional thiolated
poly(ethylene oxide) (Mw¼ 2400 g mol�1, purchased from Poly-
merScience) in 10 ml of PBS. 1 mg of Avidin from egg-white purchased
from Aldrich was also dissolved in 1ml of PBS buffer with 0.02 wt %
Tween20 (PBST). Sulfo-NHS-biotinwas spotted on an amine glass with
amanualmicroarray (V&PScientitic, VP475A) and stored in a humidi-
ty chamber (Relative humidity� 90%) for 4 h. After rinse with PBS
buffer, remaining active amines were reacted with SMCC crosslinker
and were blocked further with thiol-poly(ethylene oxide) in PBS and
rinsedwithwater.Avidin solutionwas spreadon the biotin spotted glass

Figure 3. A) Schematic illustration of selective fluorescence labeling by means of functionalized DBO-PCDA organic nanoparticles. B) A fluorescence
microscopy image obtained by using a 400 nm long-pass emission filter after selective binding of biotinylated DBO-PCDA nanoparticles on the patterned
avidin surface. C) A fluorescence microscopy image from a 600 nm long-pass emission filter showing the red fluorescence emission from the red phase of
polydiacetylene passivation layer induced by biotin-avidin interaction. The diameter of the dots of the fluorescence microscopy images is 500 mm.
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for 30 min. After the avidin-biotin binding, the unbound avidin was
rinsed off with PBST and stored in PBS until next experiment. The
avidin patterned glass slide was immersed in the biotinylated vesicle
suspension for 30 min and examined with a fluorescence microscope
(Olympus BX51) 3.5 mmol of PCDA-ABA and 1.5 mmol of PCDA-
Biotin were dissolved in chloroform and filtered through a 0.45 mm
syringe filter. After the evaporation of chloroform, 10 ml of 1 mM
HEPES buffer was added in to give 0.5 mM PCDA. The homogeneous
PCDA suspension was obtained via sonication for 15 min at the
transition temperature of PCDA. Pre-determined amount (0.1 ml) of
1 mM DBO in THF solution was injected after or during the vesicle
formation to get 1:50 DBO:PCDA mol ratio. And the final DBO-
PCDAvesicleswere stored at 4 �C in the dark before use.Nanoparticles
in THF:H2O 1:9 mixture were obtained by precipitation of 1 ml of 0.1
mM DBO in THF into 9 ml of deionized water during sonication.
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