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ue to their unique optical properties
D such as broad absorption and narrow

emission bands, high photostability,
and high quantum yields,' > fluorescent semi-
conductor nanoparticles (quantum dots, QDs)
are used increasingly for biological imaging
and labeling.* 8 In the past decade, significant
work was directed toward coupling fluores-
cent nanoparticles to biomolecules.” "' These
conjugates found application in cell imag-
ing, FRET assays, drug delivery, and tumor
targeting.5'''°

For the transfer of as-synthesized hydro-
phobic nanoparticles into aqueous media it
is necessary to replace the ligands usually
used in QD synthesis by appropriate hydro-
philic molecules. One of the most promising
systems for this purpose are functionalized
polyethylene oxides (PEOs), which combine
both hydrophilicity and biocompatibility
and are considered to be nonimmunogenic,
nonantigenic, and nontoxic'” and provide
long blood circulation times.'®"?

In the past hydrophilic quantum dots
were often generated by ligand exchange
with thiocarbonic acids such as mercapto-
propionic or mercaptoundecanoic acid.??*'
As it can be assumed that ligands coordi-
nated on particle surfaces are always in
equilibrium with free ligands in solution,
multidentate anchoring groups should al-
low for a more stable binding to the particle
surface and reduction of dissociation of the
particle—ligand system at lower free-ligand
concentrations. Several publications men-
tion the use of dihydrolipoic acid (DHLA) or
its PEO derivatives as stabilizing ligands for
aqueous systems.?> 2* However, particles
prepared by this method still have the
problem of losing their stability in solutions
at pH lower than 5 to 6, when thiols and
carboxy groups are protonated and surface
charge and ligand affinity are lost.?2>2%
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ABSTRACT In this contribution a facile, one-step synthesis of tridentate thiol-functionalized PEQ

ligands and their ability to stabilize CdSe/CdS/ZnS core—shell —shell nanoparticles in aqueous media

are described. The PEO-coated quantum dots show colloidal stability as well as preserved

fluorescence even at very low concentrations of a few nM. For improved ligand attachment and

enhanced fluorescence properties a method for ligand exchange was developed, which includes

formation of a ligand zinc complex before the actual exchange reaction. The stability and

fluorescence properties in various aqueous buffers and cell media and at pH values down to pH

3 were investigated. The firm binding of the tridentate ligands to the particle surface makes this

ligand—particle system a promising tool for biological applications. In addition, activation of the

ligands' terminal hydroxyl group for covalent biofunctionalization by esterification with succinic acid

is reported.
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Nevertheless, for some biological or medical
applications it is necessary that quantum
dots remain stable in acidic environments
such as tumor tissue?” or endosomes.*®

In recent years several research groups
have shown that thiol-based hydrophilic li-
gands tend to quench the fluorescence in-
tensity of quantum dots.>>*° Mattoussi and
co-workers have reported on a class of
branched, chelating PEO ligands with multi-
ple DHLA moieties that preserved particle
fluorescence and colloidal stability down to
pH values of 4 and reduced emission at pH
values of 1.63" Liu et al. have enhanced the
fluorescence of water-soluble CdSe/ZnS par-
ticles capped with dihydrolipoic acid or cy-
steine by forming a ligand—Zn complex prior
to ligand exchange in a two-phase reaction.?
They propose a metathesis reaction between
the Zn—thiol complex and the surface-bound
phosphonic acids of the hydrophobic parti-
cles, which leads to a ligand exchange with-
out surface etching by the thiols.

In this paper we present a facile one-step
synthesis for a new, tridentate ligand and a
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Scheme 1. Synthesis of Tridentate PEO Ligands in a Michael-Type Reaction

ligand exchange method for CdSe/CdS/ZnS particles
that is based on a similar precomplexation with Zn*"
ions, which is crucial for effective ligand exchange. It
enhances the efficiency of ligand exchange and pre-
serves the fluorescence quantum yield to a sufficient
degree after transferring the particles into aqueous
media. The particles exhibit comparable colloidal sta-
bility to the ones capped with branched DHLA-based
ligands at low pH.

For most biological applications it is necessary that
quantum dots remain stable in different biological
buffer systems with various pH values as well as in
lowest concentrations. Our ligands provide a system of
hydrophilic quantum dots, which show no decrease of
fluorescence quantum yield even at high dilution. The
prepared particle solutions are stable against dialysis or
ultrafiltration, which is required for removing excess
ligand after ligand exchange reaction and for concen-
trating the quantum dot solutions.

RESULTS AND DISCUSSION

Ligand Exchange. Tridentate, water-soluble ligands
with an average of three thiol groups were synthesized
in a simple one-step reaction using commercially avail-
able polyethylene oxide monoacrylate (Scheme 1). The
reaction was monitored by 'H NMR, which showed
complete conversion of the educts by the disappear-
ance of the acrylate peaks (Figure 1). For the ligand
exchange the PEO(SH); was precomplexated with Zn*"
ions by adding a 0.2 M solution of zinc acetate dihydrate
in TOP to a chloroform solution of the ligand and
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precipitating twice with hexane. The complexation
proved to be essential for a reproducible ligand ex-
change and high quantum yields. Without zinc or by
precipitating zinc acetate in TOP together with the
particles in chloroform prior to ligand exchange instead
of precomplexating the ligands resulted in particles that
were only partially soluble in water after several hours in
the ultrasonic bath and had significantly reduced quan-
tum yields of ~5%. The effect of zinc was more pro-
nounced with the tridentate ligands than with
monodentate PEO(SH),, leading to the assumption that
the chelating effect of PEO(SH)s increases the affinity to
the metal ions. These results confirm the reports by Liu
et al3? that zinc ions play an important role in the ligand
exchange of ZnS-coated particles with thiol ligands.
Further investigations are necessary to establish the role
of zinc in the exchange mechanism.

The ligand was found to degrade slowly over the
course of several weeks when stored at —20 °C in the
dark under nitrogen atmosphere. Compared to freshly
prepared ligands, aged samples required more time of
sonication to dissolve in chloroform or water at any
step of the ligand exchange procedure. This finding
was attributed to oxidation of the thiol groups to
disulfides by residual oxygen contained within the
material. PEO-coated particles in water did not show
a comparable degradation and are stable for several
months.

Absorption and emission spectra were measured
from the original TOP/TOPO/TDPA-coated quantum
dots, from the quantum dots after ligand exchange with
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Figure 1. "H NMR spectra of polyethylene oxide monoa-

crylate (top) and the ligand PEO1000(SH); (bottom). The

disappearance of the acrylate peaks at 5.8—6.4 ppm indi-
cates complete conversion of the polymer.
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Figure 2. Normalized UV—vis absorption spectra of CdSe/
CdS/ZnS nanoparticles before ligand exchange in toluene
(red) and after ligand exchange in chloroform (green) and
water (blue).

PEO(SH); with various chain lengths, and from the PEO-
coated quantum dots after transfer into water. For all
ligands investigated there was no significant change in
the absorption spectra after ligand exchange. Normal-
ized emission spectra showed only small changes in
emission wavelength. Transfer into chloroform from
toluene during the ligand exchange procedure caused
a slight blue shift (1—4 nm), whereas a small red shift
(4—10 nm) occurred after transfer of the particles into
water. Similar results were previously reported by Ba-
wendi and co-workers and can be explained as solva-
tochroistic effects >3 Figures 2 and 3 show spectra of
particles coated with PEO1000(SH)s.

Quantum yields (QYs) were measured for quantum
dots before and after ligand exchange and after transfer
into water. As described previously, the ligand exchange
caused a decrease in luminescence QY of about 2—3%,
and an additional decrease of photoluminescence (PL)
intensity was observed after transfer into water to about
half of the QY of the original TOP/TOPO-coated particles.

THIRY ET AL.
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Figure 3. Emission spectra of CdSe/CdS/ZnS nanoparticles
before ligand exchange in toluene (red) and after ligand
exchange in chloroform (green) and water (blue).
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Figure 4. Fluorescence quantum yields of the particles in
toluene before ligand exchange, in chloroform after ligand
exchange, and after transfer into water. Different PEO chain
lengths were employed: PEO1000(SH); (blue), PEO2000-
(SH)3 (red), and PEO4000(SH); (green).

This decrease in PL QY was independent of the PEO
chain lengths corresponding to molecular weights of
1000 to 4000 g/mol (Figure 4). However, for chain
lengths below a molecular weight of 1000 g/mol no
solubility in water was obtained with tridentate ligands.
Therefore these short ligands were not used in further
experiments reported here. We note that for longer
ligands above 1000 g/mol a quantum dot to ligand ratio
below 4500 led to agglomerated particles and signifi-
cantly lower quantum yields. This was attributed to
incomplete surface coverage by the ligands, which
causes the agglomeration of uncovered surfaces due
to hydrophobic interactions. The lower quantum yield
of these samples can be explained by self-quenching of
the particle aggregates.®’

TEM pictures in Figure 5 show a typical sample of
PEO-modified quantum dots in chloroform and water.
The pictures show that the sample consisted predomi-
nantly of individual particles, and the narrow size
distribution of 6.2 &= 0.7 nm was preserved.

To determine the hydrodynamic diameter of the
PEO-coated particles, dynamic light scattering (DLS)
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Figure 5. TEM pictures of PEO1000(SH)s-coated quantum dots deposited from chloroform (left) and water (right). The
apparent aggregation of particles in water is due to different wetting behaviors of the solvents on the TEM grid.
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Figure 6. DLS distribution by volume of CdSe/CdS/ZnS
quantum dots stabilized by PEO1000(SH)3 in water. Black
curve: Distribution of freshly prepared sample; red curve:
distribution of sample purified by size exclusion HPLC.

measurements of the aqueous solutions were per-
formed. The hydrodynamic diameters of single particles
were ~25 nm, which comprises the size of the inorganic
core, length of the PEO chains, and solvatization shell.
No clear influence of the ligand chain length on the
hydrodynamic diameters could be observed. This find-
ing indicates a decreasing number density of attached
ligands with increasing PEO chain length (see discussion
of zeta potentials below). The results showed that there
was always a small amount of agglomerates of a size
about 100 nm next to the single particles (Figure 6, black
curve). Since the radius of the agglomerates contributes
to the peak intensity in a volume-weighted distribution
as a power of 3, the total number of agglomerates is
rather low. We assume that the reason for the formation
of these agglomerates is due to interaction between the
PEO chains of several particles, which entangle during
the precipitation steps.

These agglomerates had no negative effects on the
following results, but could cause problems in further
applications. It was possible to separate those agglom-
erates by size exclusion HPLC. The fractions containing
the single particles were concentrated by ultrafiltration

THIRY ET AL.

(Vivaspin) and examined by DLS (Figure 6, red curve).
The samples were monitored for 2 days, and formation
of new agglomerates was not observed. Fluorescence
properties were not changed during these procedures.

Ligand exchange and transfer into water with PEO-
(SH)3 could also be successfully performed with PbS,
PbS/ZnS, InP/ZnS, and Au nanoparticles (see Support-
ing Information).

Dependency of the Stability on Concentration and pH. In
order to assess the ligand—QD stability, a dilution
series of hydrophilic particles capped with either
monodentate or tridentate PEO2000-thiol ligands
was prepared from a stock solution, and the change
in fluorescence intensity was measured over a period
of 128 min.

At pH 7 in bidistilled H,O the emission of particles
capped with the tridentate ligand was stable during
the measurement for all concentrations down to dilu-
tions below 5 nM (Figure 7B). The monodentate ligand
showed a comparable stability with a 10% drop of
initial fluorescence intensity after 1 h for the most
diluted sample at 5 nM (Figure 7A). Neither system
showed a significant decrease in quantum yield for the
freshly diluted samples. The initial values for the
quantum yields were 20% in water using the mono-
dentate ligand and 30—40% with the tridentate ligand.

When the ligand—QD system was destabilized by
adjusting the pH to 5 with a 0.1 M acetate buffer, both
particle systems showed decreased fluorescence with
increasing dilution below a certain particle concentra-
tion. For the particles capped with PEO2000(SH); a 10%
lower emission intensity was measured below a con-
centration of 180 nM after 2 h, and at a concentration of
5 nM the emission had dropped to 50% after 2 h (Figure
8A). PEO2000(SH)s-capped particles showed a signifi-
cant decrease in fluorescence intensity (10%) only at
3.6 times higher dilutions at 50 nM (Figure 8B). Below
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Figure 7. Normalized fluorescence intensities of CdSe/CdS/ZnS quantum dots coated with PEO2000(SH) (A) and PEO2000(SH); (B) at
pH 7 as a function of particle concentration and time. The particles capped with tridentate ligands are stable against dilution, while
monodentate-capped particles show a slight decrease of fluorescence intensity at concentrations below 20 nM.
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Figure 8. Normalized fluorescence intensities of CdSe/CdS/ZnS quantum dots coated with PEO2000(SH) (A) and PEO2000-
(SH)3 (B) at pH 5 as a function of particle concentration and time. Particles capped with the tridentate ligand can be diluted to a
4 times lower concentration before a significant change in fluorescence intensity occurs. The detachment of the tridentate
ligand follows a monoexponential decay, while the monodentate ligand shows two distinct rate constants.

that concentration the intensity dropped more quickly,
and 22% of the initial intensity remained after 2 h for a
concentration of 6 nM.

It is remarkable that the decay of fluorescence intensity
followed monoexponential desorption kinetics in the case
of the more complex chelating ligand, while the data for
the monofunctional ligand could be fitted with a biexpo-
nential decay function with a fast component of 8 min™"
and a very slow component. Since the decline of the
fluorescence intensity can be directly correlated to the

ligand detachment from the particle surface®®**' this

behavior indicates two distinct ways for the monodentate

ligand to bind to and be detached from the particle surface.
The finding can be explained by assuming that only part of
the ligands is bound to a zincion, thus creating two binding
species. This is supported by the fact that when no zinc is
used for the ligand exchange, the particles' fluorescence
intensity is also reduced monoexponentially, although with
a much lower initial quantum yield below 10%.

THIRY ET AL.

Throughout the tested pH range from 8 to 3 the
tridentate ligands stabilized the particles and showed
little or no change in fluorescence quantum yield after
equilibration at relatively high particle concentrations
(0.3 uM), while monodentate ligand-capped particles
show poor stability below a pH of 5 (Figure 9, top). Both
ligands can be destabilized at lower concentrations
(0.05 uM), but the tridentate ligand maintains lumines-
cence, whereas the particles capped with monoden-
tate ligands start to aggregate below a pH of 5 and

have no detectable emission below a pH of 4. These
findings are comparable to tetradentate DHLA-based
ligands described by Mattoussi and co-workers.>’
Samples from pH 3 to pH 5 were prepared in acetate
buffer (0.01 M); samples with pH 6 and 7, in phosphate
buffer (0.01 M).
Buffer Tests. For biological applications the stability
of hydrophilic particles in various aqueous solutions
such as buffers and cell media is very important.
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Figure 9. Fluorescence intensity of particles capped with
mono- and tridentate PEO ligands at different pH values in
equilibrium. At high concentrations (0.3 «M, top) the tri-
dentate ligands are stable throughout the whole range of
displayed pH values, while particles with monodentate
ligands show reduced luminescence below a pH value of 6.
Atlow concentrations (0.05 1M, bottom) and below pH 4 the
sample containing monodentate ligands has no lumines-
cence above the detection limit. The fluorescence intensity
has been normalized to the value for pH 7 at 0.3 M. The
data points at pH 4 (0.3 «M) and pH 4.5 (0.05 M) were
excluded, because the particles precipitated before the
measurement.
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Figure 10. Fluorescence of CdSe/CdS/ZnS quantum dots
coated with different chain length PEO(SH); in various buffer
media at a concentration of 0.2 xM: 1. DMEM; 2. HEPES/
DMEM; 3. TRIS-HCI (pH 8); 4: EGTA (pH 8.5, 0.1 M); 5: EDTA
(pH 8,1 mM); 6: NaCl (1 M); 7: MOPS/SDS; 8: DPBS; 9: H,0. (The
data were normalized to the value of PEO1000/H,0 at 0 h.)

Figure 10 shows the PL intensity in a selection of typical
buffer solutions, in the presence of complexing agents
such as EDTA as well as in Dulbecco's modified Eagle
medium (DMEM).

Nearly all samples with tridentate ligands showed
well-preserved PL intensity independent of pH, compo-
sition, or ionic strength over a period of 20 h. There was
no remarkable effect of the PEO chain length and only a
small decrease in PL intensity after the investigated
period. Cell media show a small decrease in PL emission,
which is assumed to be due to phenol red in the
medium, which has a strong influence on the absorp-
tion behavior of the sample, causing inner filter effects.

THIRY ET AL.
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Figure 11. Zeta potential of carboxy-functionalized parti-
cles correlated to pH. Blue: quantum dots coated with
PEO1000(SH)s-succinic ester; cyan: quantum dots coated
with PEO2000(SH);-succinic ester.

Activation of the Terminal Hydroxyl Group. To enable
functionalization of PEO-coated particles by EDC/
Sulfo-NHS coupling, the used PEO monoacrylates
were activated by reaction with succinic anhydride.
"H NMR spectroscopy showed that the acrylic termi-
nus stayed intact and characteristic signals could be
assigned to the protons belonging to the succinic
ester (see Supporting Information).

After ligand exchange with the carboxy-functiona-
lized ligands, the zeta potential of the particles was
measured at different pH values. Zeta potentials smal-
ler than 2.5 mV were measured for pH values below 4,
where the particles are uncharged. At higher pH values
the surface charge increases due to deprotonation of
the terminal carboxylic groups, which are completely
deprotonated above pH 6.5 (Figure 11). At high pH the
difference in zeta potentials between PEO1000(SH)s
(—20 mV) and PEO2000(SH)3 (—5 mV) is attributed to a
different degree of surface coverage, with shorter
ligands having a higher number density on the particle
surface than longer ones. This explains the DLS results,
indicating independence of the hydrodynamic dia-
meter on the chain length of the ligands. It implies
that the footprint of the ligands increases with increas-
ing molecular mass due to coiling and backfolding of
the PEO chain.

Hydroxy-functionalized particles showed no pH
dependence of the zeta potential, which had a value
of +2 mV (data not shown).

CONCLUSIONS

A new thiol ligand with multiple anchoring groups
was presented, which is both easily synthesized and
enables a simple and reproducible ligand exchange for a
broad range of nanoparticles. It was found that complex-
ing the thiols with zinc ions prior to the ligand exchange
greatly enhances the fluorescence quantum yield of
CdSe/CdS/ZnS particles in aqueous media. Due to its
tridentate character, the ligand binds more strongly to

VOL.5 = NO.6 = 4965-4973 = 2011 ACNJANIC)

WWww.acsnhano.org

J1O1LdV

4970



the particle surface than a monodentate PEO thiol and
the surface equilibrium is shifted toward the ligand—
particle complex. Therefore the here-described ligand
system promotes high stability and conservation of
PL intensity in very low concentrations as well as in
different biologically relevant buffers and cell media and
in a wide pH range. By esterification with succinic acid,

EXPERIMENTAL SECTION

Materials. Milli-Q water (Millipore) was used as bidistilled
water. All solvents were of analytical grade and purchased from
Merck or Sigma-Aldrich. PEO monomethyl ether was purchased
from Merck, PEO monoacrylate was purchased from Monomer-
Polymer & Dajac Labs, Inc, and pentaerythritol tetrakis-
(3-mercaptopropionate) and 11-mercaptoundecanoic acid (MUA)
were purchased from Aldrich and used without purification.
N-Ethyldiisopropylamine sealed under inert gas in a crown cap
bottle was purchased from Aldrich. Zinc acetate dihydrate and
trioctylphosphine (TOP) were purchased from Fluka. Rhoda-
mine 6G (laser grade) was purchased from Lambda Physik.
Dulbecco's modified Eagle medium (DMEM) (1x) liquid (low
glucose) containing 1000 mg/L p-glucose and L-glutamine and
110 mg/L sodium pyruvate by Invitrogen was used as the cell
medium in the stability test. All buffers were made from
chemicals purchased from Merck, except tris(hydroxymethyl)-
aminomethane (TRIS), which was purchased from Fluka.

The synthesis of CdSe/CdS/ZnS core—shell—shell particles
followed previously published protocols.®** The particle size
was determined by TEM analysis. The concentrations of col-
loidal solutions were estimated from the first absorption
maximum using an empirical formula developed by Peng
and co-workers for CdSe cores.* The calculated concentration
is expected to be approximately 50% too low due to the
systematical error of applying the formula on core—shell—
shell particles. This is acceptable for a rough estimation of the
particle concentration (see Supporting Information).

Characterization. UV—vis absorption spectra were measured
at room temperature with a Cary 50 UV—vis spectrometer
(Varian). Photoluminescence spectra and high-throughput
screening of well plates were measured at room temperature
with a Cary Eclipse Spectrometer (Varian).

Dilution experiments and kinetic measurements were per-
formed using a Fluorolog-3 spectrometer (Horiba Jobin Yvon).
TEM images were measured with a Jeol JEM 1011 EM electron
microscope operating at 100 kV. Samples for TEM investigations
were prepared by dropping dilute solutions of properly washed
nanocrystals in chloroform or water onto 400-mesh carbon-
coated copper grids, with subsequent removal of the solvent by
filter paper. DLS and zeta potential measurements were per-
formed using a Zeta Sizer Nano-ZS (Malvern Instruments).
Dialysis of aqueous particle solutions was performed using a
Spectrapor Float-a-Lyzer (Roth). For concentration of aqueous
particle solutions Vivaspin 500 centrifugal units with a MWCO of
10 kD were employed.

HPLC measurements and particle purifications were per-
formed with an Akta Purifier 10 (GE Healthcare) equipped with a
Superdex 200 10-30 column.

Monodentate PEO(SH), Ligand Synthesis. Six grams (~5 mmol) of
PEO monomethyl ether (M = 2000 g/mol) and 3.28 g (15 mmol)
of MUA were added to a 50 mL flask and stirred at 160 °Cfor 72 h
under inert gas atmosphere. After the reaction was complete
the reaction mixture was cooled to 60 °C and dissolved in 3.5 mL
of chloroform. The solution was precipitated in 50 mL of cold
diethyl ether, and the precipitate was collected by vacuum
filtration and washed repeatedly with cold diethyl ether. In
order to remove the excess of MUA, the precipitate was
dissolved in water, the undissolved MUA was filtered off, and

THIRY ET AL.

functionalizable quantum dots were obtained, which
could be employed for biofunctionalization in a wide
range of biological or medical applications. Due to the
high binding affinity of the thiol groups to metal ions and
atoms, the ligands are suitable for stabilization of a wide
range of nanoparticles, for example gold or lll-V semi-
conductor particles.

the solution was lyophilized. The turnover was determined to
be >95% based on NMR data.

Tridentate PEO(SH); Ligand Synthesis. Synthesis of tridentate,
thiol-functionalized PEO ligands followed a Michael-type reac-
tion, where PEO-monoacrylates of different chain lengths (M =
500, 1000, 2000, or 4000 g/mol) were coupled to pentaerythritol
tetrakis(3-mercaptopropionate) (Scheme 1).

In a typical synthesis 2 equiv (4 mmol) of PEO monoacrylate
was dissolved in 25 mL of chloroform, and 1 equiv (2 mmol, 764 uL)
of pentaerythritol tetrakis(3-mercaptopropionate) and 4 equiv
(8 mmol, 1.4 mL) of N-ethyldiisopropyl amine were added. The
solution was stirred at 50 °C for 72 h. After cooling to room
temperature, the ligand was precipitated twice by adding the
solution dropwise to diethyl ether at —20 °C. The white precipitate
was collected by vacuum filtration, dried under vacuum, and
stored in the dark at —20 °C. Formation of the ligand can be
monitored by "H NMR spectroscopy, where the disappearance of
the characteristic acrylate peaks indicates complete conversion of
the educts (Figure 1).

Synthesis of Carboxyl-Terminated PEO. To obtain ligands with a
carboxy terminus, 1 equiv (4 mmol) of PEO monoacrylate was
dissolved in anhydrous chloroform. Then 0.2 equiv (0.8 mmol,
0.088 g) of 4-dimethylaminopyridine and 5 equiv (20 mmol, 2 g)
of succinic anhydride were added, and the solution was stirred
at room temperature overnight. The reaction mixture was
extracted three times with saturated NaCl solution and dried
over anhydrous sodium sulfate. The product was then precipi-
tated in diethyl ether at —20 °C and used for the ligand
synthesis as described above. The success of the reaction was
verified by "H NMR. The reaction had a yield of 64%.

Ligand Exchange. In order to prepare hydrophilic quantum
dots, tridentate ligands were dissolved in chloroform, and 1
equiv of zinc acetate dihydrate in TOP (0.2 M) was added. The
immediately formed ligand—zinc complex was precipitated with
hexane and redissolved in chloroform two times to remove
excessive TOP. QDs with a diameter of about 5 nm were added
in a ligand/quantum dot ratio of 4500:1, and the solution was
stirred for 4 h. Afterward the particles were precipitated two
times by adding hexane, and the precipitate was dried and
dissolved in bidistilled water by sonicating. Excess ligand was
removed by dialysis in Float-a-Lyzers with a MWCO of 5000 g/mol
for ligands with PEO chains of M = 400, 1000 (PEO1000(SH)s), and
2000 g/mol (PEO2000(SH)3) and a MWCO of 8000 for ligands with
PEO chains of M = 4000 g/mol (PEO4000(SH)s). The particle
solutions were then purified by preparative HPLC, concentrated
by ultrafiltration, and stored in the dark until further use. Ligand
exchange with the monodentate thiol-PEO ligand was per-
formed analogously.

UV—Vis and PL Measurements. The PL emission spectra of
colloid nanoparticle solutions were recorded from samples
having optical densities below 0.1 at the excitation wavelength,
in order to avoid different attenuation of exciting light beam
and reabsorption of emitted light.

The values for PL quantum yields at room temperature were
determined by comparing the integrated PL intensity of the
nanocrystal sample with that of a solution of Rhodamin 6G in
absolute ethanol. The wavelength of the intersection of the
absorption spectra was used as the excitation wavelength in the
PL experiments in order to have the same absorption for both
samples. The quantum yield was calculated relative to the
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literature value of 0.95 for Rhodamin 6G at room temperature.
There were no further corrections performed. The errors result-
ing from different refraction indices of the solvents are smaller
than 5%, and the total error of this method for quantum yield
calculation is about 10%.3

Buffer Tests and Measurement of PL Intensity Correlated to Particle
Concentration. Particles coated by PEO ligands with various chain
lengths were dissolved in the following aqueous media: Dul-
becco's modified Eagle medium (DMEM), N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid (HEPES)/DMEM, TRIS-HCI
(pH 8), ethylene glycol tetraacetic acid (EGTA, pH 8.5, 0.1 M),
ethylenediaminetetraacetic acid (EDTA, pH 8, 1 mM); NaCl
(1 M); 1—4-morpholinepropanesulfonate sodium dodecyl sul-
fate (MOPS SDS); Dulbecco's phosphate-buffered saline (D-PBS)
with CaCl, and MgCl, (DPBS), and bidistilled H,O.

A stock solution of core—shell—shell particles in water
(particle concentration 1 umol/L) was prepared and then added
to the various buffers and media to a final concentration of
0.1 umol/L. The solutions were measured in 96-well plates using
a Varian Cary Eclipse plate reader.

The measurements were performed immediately after pre-
paration of the samples and again after 20 h. The well plate was
stored in the dark at 4 °C and reequilibrated to room tempera-
ture before the measurement. For the buffer test, PL emission
curves were integrated and compared to an equivalent sample
of particles in pure water.
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