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Preparation of High-Performance Water-Soluble Quantum Dots for
Biorecognition through Fluorescence Resonance Energy Transfer
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Abstract: An improved method for the
synthesis of high-performance and
water-soluble quantum dots (QDs) in-
volving the encapsulation of mercapto-
succinic acid coated QDs (MSA-QDs)
with  poly(diallyldimethylammonium

Yaw-Kuen Li*?!

(QY) of the PDDA-QDs was signifi-
cantly improved from 0.6 (QY of
MSA-QDs) to 48 %. By using this syn-
thetic strategy, highly photolumines-
cent PDDA-QDs of varied size were
readily prepared. The surface proper-

ties of PDDA-QDs and MSA-QDs
were extensively characterized. The
highly luminescent and positively
charged PDDA-QDs serve as a useful
and convenient tool for protein adsorp-
tion. With a A’-3-ketosteroid isomerase

chloride) (PDDA) followed by their
direct photoactivation with fluorescent
radiation near 295 K to yield PDDA-
coated QDs (PDDA-QDs) has been
demonstrated. The quantum yield

recognition

Introduction

The application of quantum dots (QDs) in life-science re-
search is an active area of investigation. The demand for
stable and highly luminescent water-soluble QDs has been
strong. The existing methods for the synthesis of water-solu-
ble QDs and related apparatus for bioapplications have
common shortcomings, such as being tedious and expensive,
involving complicated processing, and exhibiting weak lumi-
nescence."?! Although a thiol reagent is the most common
ligand used to stabilize QDs for potential biotechnical appli-
cations,*”! thiol-capped CdSe/ZnS QDs exhibit photochemi-
cal instability and low quantum yields (QYs) in solution.
Many authors have reported that the stability of thiol-
capped QDs, especially with semiconductor nanocrystals,
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adsorbed PDDA-QD complex, the bio-
recognition of steroids was demonstrat-
ed through the application of fluores-
cent resonance energy transfer.

molecular

was unsatisfactory, mainly because of the photooxidation of
ligand/nanocrystal complexes® " and the aggregation of
particles.* ">l This unstable nature prevents the repro-
ducibility of nanocrystals for chemical and biochemical ap-
plications.

The investigation of photoactivation to enhance the pho-
toluminescence of CdSe or CdSe/ZnS QDs in aqueous solu-
tion,® 111314 thin films,">'” and monolayers™2! has been
discussed. After photoactivation, the spectral line for exci-
ton photoluminescence (PL) of QDs is blueshifted, which
indicates that the size of the QDs has decreased. This PL
enhancement is attributed to ligand rearrangement on the
QD surface that stabilizes the electron (or hole) traps. We
report here an improved method that allows the synthesis of
highly photoluminescent QDs with polymer encapsulation
and photoactivation in consecutive processes. The general
protocol for the synthesis of CdSe/ZnS QDs involves replac-
ing hexadecylamine (HDA, a hydrophobic ligand) with D,L-
mercaptosuccinic acid (MSA) and subsequent encapsulation
with  poly(diallyldimethylammonium chloride) (PDDA,
a positively charged polymer) through electrostatic interac-
tion.>?” These PDDA-encapsulated QDs then become sub-
ject to irradiation to form water-soluble, highly photolumi-
nescent QDs, designated PDDA-QDs. The photoactivation
improves the luminescent efficiency and decreases surface
defects to minimize nonradiative recombination.” The en-
capsulated PDDA not only serves as a stabilizer to disperse
QDs and to enhance the PL intensity but also functions as
a matrix for adsorption of biomolecules. The properties of
PDDA-QDs and MSA-QDs, such as surface charge, binding
energy, and PL intensity, have been characterized and com-
pared. We evaluate the feasibility of enzyme inhibition
using A’-3-ketosteroid isomerase (KSI)®! and PDDA-QDs
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to form a functional complex through fluorescent resonance
energy transfer (FRET).

Results and Discussion
Optical Properties of Photoactivated PDDA-QDs

Previous investigations showed that molecular capping or
photoactivation affects the PL intensity of QDs.”"*? Water-
soluble QDs are commonly synthesized through the replace-
ment of their primary ligands, such as trioctylphosphine
oxide (TOPO) or hexadecylamine (HDA), with thiol-con-
taining agents. Poorly luminescent QYs are typically ob-
served with nanoparticles prepared in this way.[**'% Compe-
tition between nonradiative recombination of electron-hole
pairs at the surface of thiol-coated QDs and band-edge
emission is considered a possible mechanism to account for
the small luminescence QY. Photoactivation that might in-
volve the rearrangement of the surface structure and in-
crease both the electron-hole pairs and the probability of
radiative efficiency on the QD surface has been dis-
cussed.®*11331 Polymer capping, likely to eliminate the de-
fects and traps on the QD surface, thereby yielding an in-
creased electron-hole recombination, was demonstrated.
Our work on the preparation of highly luminescent water-
soluble PDDA-QDs is based on these findings. The general
protocol involves replacing the hydrophobic capping agent
(e.g., HDA) with MSA and encapsulating the surface of the
QDs with PDDA before photoactivation.

The luminescence of QDs was shown to be strongly af-
fected by the capping agents.” Figure 1 shows the optical
characterization of QDs with various capping molecules.
Narrow emission lines centered at 562 (for MSA-QD) and
557 nm (for HDA-QD) were observed when QDs were ex-
cited with a He/Ne excitation source at 365 nm. The signifi-
cantly decreased photoluminescence QY and the redshifted
(~5 nm) features of the MSA-QDs are effects attributed to
the trap states, which normally involve at least two process-
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Figure 1. Comparison of PL spectra of X-QDs (X=HDA, MSA, and
PDDA). Narrow emission bands centered at 557, 562, and 533 nm are ob-
served with HDA-QD (—), MSA-QD (o), and PDDA-QD (e), respec-
tively. Note that only PDDA-QDs were synthesized through a photoacti-
vated process.
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es. First, the hole is trapped with a thiol ligand such that ra-
diative recombination of the exciton becomes impossible.
Second, the redshifted exciton emission line might reflect an
increasing delocalization of the wave function of the hole
derived from newly accessible energy states on adsorbed
chalcogenide atoms.!'*3!! These drawbacks limit the potential
of water-soluble, thiol-capped QDs for biological applica-
tions. In our work, the luminescence quantum yield of
water-soluble QDs was greatly improved by using positively
charged PDDA to coat the MSA-QDs followed by irradia-
tion. Figure 1 shows the narrow emission line of PDDA-
QDs centered at 533 nm under excitation at 365 nm. The
emission intensity is clearly enhanced by 200-fold and the
PL spectra are blueshifted (~29 nm) relative to that of
MSA-QDs. After photoactivation, the PDDA-encapsulated
MSA-QDs became highly luminescent (QY =48%), and the
center of the PL spectrum was blueshifted from 562 to
533 nm, which indicated a decreased size of the QDs. The
shrinkage might be due to photoetching,'!! and the photo-
enhancement likely resulted from the elimination of nonra-
diative recombination because the surface defects were pas-
sivated with PDDA. To compare the effect of polymer cap-
ping, poly(sodium styrenesulfonate) (PSS), a negative poly-
electrolyte, was employed to cap the MSA-QDs. The effect
of PSS on the PL intensity was insignificant; aggregation of
QDs occurred after photoactivation. Figure 2 depicts the
temporal evolution of the emission intensity of PDDA-QDs
and demonstrates the temporal dependence of photoetching
(or photoactivation) of the PDDA-QDs.
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Figure 2. a) PL spectra of PDDA-QDs from time-dependent photoactiva-

tion. b) 4,,.« and PL intensity as a function of the photoactivation dura-

tion for PDDA-QDs.
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In Figure 2a, the maximum emission line of the PDDA-
QDs showed time-dependent blueshifting; the PL was pro-
gressively enhanced on photoactivation for 0 to 35 h. After
phototreatment for 26 h, the QDs attained a stable stage
with a maximal emission intensity and a maximally blue-
shifted emission line, as shown in Figure 2b. The PL was en-
hanced 200-fold and the maximum emission was blueshifted
from 562 to 533 nm. The enhancement in the QY is attribut-
ed to increasing electrons and holes on the surface of the
QDs and the increased probability of irradiative recombina-
tion, that is, surface-related emission.'>'>?!] The increased
number of carriers (electrons and holes) at the QD surface
is a direct consequence of the re-formation and optimization
of the QD surface during photoactivation, which efficiently
removes carrier quenching defects from the surface.”®! Pho-
toactivation is thus employed not only to improve the QY
but also to prepare QDs with varied size and emissions.
Figure 3 shows the photoluminescence and images (inset) of
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Figure 3. PL spectra of various PDDA-QDs. Emission peaks centered at
535 (left, QY =48 %), 555 (middle, QY =43 %), and 580 nm (right, QY =
20% ) were observed when QDs were excited at 365 nm.

PDDA-QDs with the emission peaks centered at 535 (green,
QY =48%), 555 (yellow, QY=43%), and 580 nm (red,
QY =20%) that were prepared by this method by starting
with QDs exhibiting an emission maximum centered at
(562+5), (585+5), and (609 & 5) nm, respectively. These re-
sults show that the end products of various PDDA-QDs pos-
sess a narrow full width at half-maximum (FWHM,
~36 nm) and a large QY.

Analysis of the Surface Charge and Size of PDDA-QDs

Migration in agarose gels is a convenient technique to verify
the charge status of QDs.*! Gel electrophoresis data
showed that the MSA-QDs and PDDA-QDs migrated in
opposite directions (Figure 1S in the Supporting Informa-
tion), which is consistent with the predicted charge state on
the QD surface. As a MSA-QD has a carboxylate group on
its surface, it moved toward the positively charged electrode,
whereas a PDDA-QD (with a positive charge on its surface)
migrated to the negatively charged area. TEM allowed us to
determine the distribution of the average size and the size
of particles with varied capping agents.
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Figure 4 a—c shows PDDA-QDs of various sizes. The sizes
of QDs with green, yellow, and red emission prepared from
this method were found to be (3.2+0.3), (3.5£0.2), and
(4.6£0.2) nm, respectively. To identify the chemical process-

30 32
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Size (nm)

42 44 46 48 50
Size (nm)

Figure 4. Size of various PDDA-QDs: a) green emission (A,,,,=535 nm),
(32+0.3) nm; b) yellow emission (A =555nm), (3.54+0.2) nm; and
c) red emission (4., =580 nm), (4.6+0.2) nm.

es involved in photoactivation to achieve the PDDA-QDs,
X-ray photoelectron spectroscopy (XPS) was used to ana-
lyze the composition of the final products. Multiple XPS
measurements were recorded with MSA-QDs and PDDA-
QDs. Typical survey spectra (Figure 2S in the Supporting In-
formation), recorded in 10 min with an Alg, source, present-
ed these prominent signals from nanocrystals and surfaces:
Cd 3dsp, 3dsp; Se3d; Zn3s; S2p; Cls; and Ols. Table 1
summarizes the results and shows that the C1s and O 1s sig-
nals of MSA-QDs and PDDA-QDs are likely from the cap-
ping layer of MSA and PDDA. Spectra in the regions of Cd
and Se were examined at high resolution (Figure 5). For Cd
and Se analysis, the binding energy from PDDA-QDs oc-
curred at approximately 2 and 0.8 eV greater than those of
MSA-QDs, respectively. The survey spectra (detailed data

Table 1. Core binding energy of component atoms of MSA-QDs and
PDDA-QDs.

Binding energy [eV]

MSA-QDs PDDA-QDs
Se 3d 55.1 55.9

S2p 161.5 1632

Cls 2874 288.5

Cd 3ds, 407 409

Cd 3dy, 4138 416

O1s 533.1 534.8

Zn 3s 135 136.1
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Figure 5. High-resolution XPS spectra of Cd and Se in QDs. a) Cd 3ds,
at 407 eV (409 eV), Cd 3d;, at 413.8 eV (416 eV); b) Se 3d at 55.1eV
(55.9 e¢V) in MSA-QDs (—) and PDDA-QDs (-o-). Data shown in pa-
rentheses are for PDDA-QDs.

in Table 1) show that the binding energy shifted to increased
energy and with decreased intensity. Possible explanations
are that photoactivation dissolves the dangling bonds of the
surface atoms and releases Cd, Se, Zn, and S ions to form
the corresponding oxidized products and thereby perturb
the binding energy of these measured elements, and that the
PDDA capped on the MSA-QD surface might shelter the
QDs from incident X-rays, thereby decreasing the intensity.

Demonstration of PDDA-QDs as a Biosensor through
a FRET Quenching Assay

As the PDDA-QD possesses a highly charged surface for
protein adsorption, it becomes a convenient tool for biore-
cognition through the application of FRET. To improve the
performance of FRET, we prepared PDDA-QDs with a max-
imal emission wavelength of A,,,=543nm as the energy
donor and tetramethylrhodamine-labeled cholic acid (TMR-
CA) as the energy acceptor, with maximal absorption and
emission at 560 and 580 nm, respectively (Figure 3S in the
Supporting Information). The conditions of the binding
assay are described in the Experimental Section (see
below). The presence of TMR-CA with the KSI-absorbed
PDDA-QDs (KSI/PDDA-QD) resulted in substantial fluo-
rescence quenching at 543 nm but an emission band with
Amax=580 nm through FRET. Figure 6 shows TMR-CA-de-
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Figure 6. Emission spectra from KSI/PDDA-QD incubation with TMR-

CA (various amounts from 0 to 0.89 um). Samples were excited at
400 nm.
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pendent emission spectra, obtained from KSI/PDDA-QD
(final concentration 0.495 umM) on mixing with various
amounts of TMR-CA under excitation at 400 nm. At this
wavelength, highly efficient excitation of PDDA-QD oc-
curred, but TMR excitation was insignificant (Figure 4S in
the Supporting Information). The enhancement in TMR
fluorescence observed from the TMR-CA/KSI/PDDA-QD
complex indicates that the FRET effect between PDDA-
QDs and TMR was effective. The maximum quenching fluo-
rescence of PDDA-QDs was observed when 0.89 um TMR-
CA (and above) was employed. The control experiment
showed no significant quenching effect when PDDA-QDs
were mixed with TMR-CA (up to 0.89 um). The FRET effi-
ciency (1—r) can be calculated from the ratio (r) of the fluo-
rescence intensities of the donor with acceptor divided by
that without the acceptor. With TMR-CA =0.89 um, the
FRET efficiency was estimated to be greater than 0.80.

These results strongly indicate that KSI brought the two
fluorophores together within the Forster distance to allow
energy transfer to occur effectively between the donor and
acceptor. We thus demonstrate that the FRET-based system
using PDDA-QDs can achieve high sensitivity in monitoring
biomolecular interactions. We further examined the feasibil-
ity of the application of the KSI/PDDA-QD complex for
a KSI inhibition study through the reverse process of FRET.
The sensing model was based on the competition between 4-
estren-173-ol-3-one (19NT) and TMR-CA to bind to KSI on
PDDA-QD. The general protocol for this application is to
mix the KSI/PDDA-QD complex with TMR-CA and 19NT
at various concentrations; the FRET efficiency was moni-
tored at the wavelength of maximal emission of PDDA-QD,
namely, 543 nm.

Figure 7 presents a typical examination of the variation of
the FRET efficiency at 543 nm with increasing concentration
of the mixed solution (TMR-CA and 19NT). The results
show a systematic recovery of the donor emission with in-
creasing 19NT concentration, which indicates that 19NT
competitively binds to KSI and consequently decreases the
binding ratio of TMR-CA to KSI. Based on this sensing
design, the study of biorecognition on KSI can be achieved,
or a target analyte, such as 19NT, can be quantitatively de-
termined by using the standard titration curve established
by means of this system.

Conclusion

An improved method was developed to synthesize highly lu-
minescent and water-soluble PDDA-QDs. The process in-
volves polymer encapsulation and photoactivation with a flu-
orescent lamp. The PL intensity of PDDA-QDs was signifi-
cantly enhanced at least 200-fold and was blueshifted 29 nm
relative to MSA-QDs. This process is useful to synthesize
QDs of varied sizes with an effective distribution and strong
luminescence. The surface composition of PDDA-QDs was
confirmed with XPS. PDDA-QDs possess a positively
charged surface, which serves as a matrix for adsorption of

www.chemasianj.org 2851



FULL PAPER

(a) 1NT/m
=0
0.8 .
o 1.225x107 .
L] .
& 06l + 24mx107 -,
K] .,
& v 4975x107 A
S 04 * PN
[ + 1.865x10% R
w .
4 A v v
w 02 0 N 0 g IR .
Lo
00{ = ¥
00 2.0x107 40x107 6.0x10” 8.0x10” 1.0x10°
TMR-CA/ m
084 (b)
07
.
2 06
c
]
=
g 054
l)
0 o4
4
w
0.3
.
0.2 o

00 50x107 1.0x10° 1.5x10° 2.0x10°
19NT/m

Figure 7. a)Variation of the FRET efficiency (at 543 nm) with mixed solu-
tions (TMR-CA and 19NT) at various concentrations. FRET efficiency =
(I,—1I)/1, (I, is the photoluminescent intensity of PDDA-QD; I; is the
photoluminescent intensity of PDDA-QD with TMR-CA and 19NT at
various concentrations). b) Titration curve of the FRET efficiency (at
543 nm) with mixed solution (TMR-CA =0.89 um and various concentra-
tion of 19NT).

a protein (such as KSI). Through the application of FRET
using a KSI/PDDA-QD complex, the interaction of cholic
acid (or 19NT) with KSI can be addressed.

Experimental Section

Instruments and Chemicals

A UV-visible spectrophotometer (Hitachi U-3010A) and a spectro-
fluorimeter (Jobin—YvonSpex Fluolog-3) were used to investigate the
fluorescence characteristics of the samples. All chemicals were analytical
grade or the highest purity available. Chloroform, methanol, diethyl zinc
(1m solution in toluene), cadmium oxide, selenium, and sulfur powder
(Aldrich); n-hexadecylamine (HDA) and stearic acid (SA) (Lancaster);
tributylphosphine (TBP) (Showa); p,L.-mercaptosuccinic acid (MSA), and
tetramethylammonium hydroxide (TMAOH, 25mass% in methanol)
(Acros); and 4-estren-178-ol-3-one (19NT) (Steraloids, Inc.) were ac-
quired from the specified vendors. KSI was prepared according to the lit-
erature.”!! Tetramethylrhodamine-labeled cholic acid (TMR-CA) was
synthesized on activating the carboxyl group on cholic acid with N-hy-
droxysuccinimide and treated with tetramethylrhodamine. The table
lamp (Philips) had the specification of 21 W and intensity 8.5 mWcm >
(for photoactivation).

Synthesis of PDDA-Capped CdSe/ZnS QDs through Photoactivation

Luminescent HDA-capped CdSe/ZnS QDs were synthesized as reported
previously.>*! MSA was selected as the surface-capping agent to form
water-soluble MSA-QDs. HDA-capped CdSe/ZnS QDs (30 mg) were dis-
solved in methanol (10 mL) and further transferred to a reaction vessel.
A 1M solution of MSA in methanol (50 mL) was added to the above so-
lution; the pH value was adjusted to 11 with tetramethylammonium hy-
droxide pentahydrate. The mixture was kept in the dark and stirred at
30°C overnight under N,.’”l When the reaction was complete, the MSA-
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QDs were precipitated with methanol/propanone cosolvent (methanol/
propanone (v/v) 5:2, 35 mL). MSA-QDs were collected by centrifugation
(4200x g) and subsequently washed 10 times with methanol/propanone
cosolvent (methanol/propanone (v/v)=7:3, 10 mL). The MSA-QDs were
then redissolved in a phosphate buffer (100 mm, pH 8.0). MSA-QD solu-
tion (1 mL, 1 OD) was added dropwise into the PDDA solution (0.5 mL,
17.8 mgmL " in deionized water) that was prepared in a 5 mL glass vial.
The resulting solution was ultrasonicated for 10 min before photoactiva-
tion. For carrying out photoactivation, the glass vial was placed horizon-
tally and about 10 cm beneath a Philips table lamp (21 W, intensity
8.5mWecm™) for 24 h at 295 K. The highly photoluminescent PDDA-
QDs were further obtained on centrifugation (10600x g) for 10 min and
were redissolved in deionized water.

Analysis of Surface Charge and Size of PDDA-QDs

For analysis of the surface charge of QDs, we performed electrophoresis
with agarose gel (0.5%). Gels were prepared in TAE buffer (0.4 ™ tris(h-
ydroxymethyl)aminomethane (Tris), 0.01m ethylenediaminetetraacetate
(EDTA), 1.142% acetic acid, pH 10.0). For TEM, a microscope (Philips
TECNALI 20) was operated at 200 kV. The samples were prepared by
dropping diluted solutions of PDDA-QD nanocrystals onto 200 mesh
carbon-coated copper grids. Samples of MSA-QD and PDDA-QD for
XPS were prepared by depositing the corresponding sample solution
onto a wafer, which was then kept in darkness; the solvent was removed
with nitrogen. XPS spectra were recorded on a spectrometer (VG Scien-
tific, Microlab 350) with Al radiation.

Preparation of PDDA-QDs for Biorecognition

KSI solution (20 pL, 29.9 um) and PDDA-QDs (10 uL, 9.9 um) were
mixed and incubated for 1 h at 4°C in the dark. A phosphate buffer solu-
tion (20 mM, pH 7.5) was added to each tube (final volume 120 pL). Vari-
ous amounts (0-70 uL) of TMR-CA (2.55 um; concentration calculated
with e=65000 cm~'m~' at 550 nm) were added to the above solution; the
mixture was incubated at 4°C for 15 min. A phosphate buffer solution
(20 mm, pH 7.5) was added (final volume 200 pL). The resulting mixtures
were then placed in a cuvette (path length 1 cm) for photoluminescence
measurement. For a KSI inhibitor competition assay, the same amount of
KSI and PDDA-QDs were mixed and incubated for 1h at 4°C in the
dark. To the solution, various amounts of TMR-CA (0-0.894 um) and
19NT (0-1.865 pm) were added; the mixture was then incubated at 4°C
for 15 min. The pH of the mixture was further adjusted by adding phos-
phate buffer solution (20 mm, pH 7.5, final volume 200 pL) for measure-
ment of photoluminescence.
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