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Luminescent semiconductor quantum dots (QDs) have great potential for use in biological assays and imaging.
These nanocrystals are capped with surface ligands (bifunctional molecules, amphiphilic polymers,
phospholipids, etc.) that render them hydrophilic and provide them with functional properties. These coatings
alters their hydrodynamic radii and surface charge, which can drastically affect properties such as diffusion
within the cell cytoplasm. Heavy atom techniques such as transmission electron microscopy and X-ray scattering
probe the inorganic core and do not take into account the ligand coating. Herein we use dynamic light scattering
to characterize the hydrodynamic radid) of CdSe-ZnS QDs capped with various hydrophilic surface
coatings (including dihydrolipoic acid and amphiphilic polymers) and self-assembledp@ifein biocon-
jugates. Experiments were complemented with measurements of the geometric size and zeta potential using
agarose gel electrophoresis and laser Doppler velocimetry. We find that the effects of surface ligands on the
hydrodynamic radius and on the nanoparticle mobility are complex and strongly depend on a combination of
the inorganic core size and nature and lateral extension of the hydrophilic surface coating. These properties
are critical for the design of QD-based biosensing assays as well as QD bioconjugate diffusion in live cells.

Introduction phobic carbon chains of these molecules interdigitate with the
. TOP/TOPO ligands while the hydrophilic block provides water
Semiconductor nanocrystals, or quantum dots (QDs), possess;o|ybjlity. In both cases, hydrophilicity is obtained by charged
unique intrinsic optical properties that make_them valuab!e groups (carboxylic acids, amines, etc.) and/or poly(ethylene
candidates aiephotolumlnescent probes for biological sensinggycol) (PEG) polymers. These ligands create a solubilization
and imaging:"® Recent progress in developing functional, |5yer and strongly influence the hydrodynamic size of QDs along
biocompatible QDs has allowed demonstration of their use in ity their surface charge and mobility.
several applications, including immunoassays, single-molecule Little is known about the charge and hydrodynamic radius

tracking, anq live cell an.d tissue imagifigh* of water-soluble QDs or QD bioconjugates, even though these
Reproducible synthetic routes have been developed for parameters are crucial, since they influence properties such as
making QDs with high quantum yield and narrow size assay design, delivery, and migration of both QDs and QD
distribution**>~1# However, the resulting QDs are capped with pjoconjugates in live cells and tissues. As a consequence,
organic coatings made of primarily tri-octyl-phosphine/tri-octyl- - systematic characterization of the QD hydrodynamic size and
phosphine oxide (TOP/TOPO) ligands and are only soluble in g rface charge are needed to control and optimize QD ligand
organic solvents. Use of QDs in a biological environment thus chemistry, bioconjugation, and performance in biological assays
requires that they are made hydrophilic. Several water solubi- o jmaging.
lization strategies have been developed. One approach involves \yile the geometric size of the inorganic core has been
replacing the initial TOP/TOPO cap with bifunctional ligands  gytensively characterized using techniques such as transmission
capable of binding the QD surface, typically via thiohetal electron microscopy (TEM) and X-ray scatterifg8 22these
interaction, and possessing hydrophilic end groups. Examplesigchniques do not provide any information on the QD hydro-
of ligands include mercapto-acetic acid (MAAlihydrolipoic dynamic size, which is a more relevant parameter in a biological
acid (DHLA), and poly(ethylene glycol)-terminated dihydroli- oy ironment. Atomic force microscopy (AFM) is sensitive to
poic acid (DHLA-PEG) ligand$:'® Another approach involves  yhe jigand shell but requires surface immobilization and only
encapsulating the orgamc2£TOE’/TOPQ-coat76d) QDs within g,eys a few particles at the same time. Fluorescence correla-
amphiphilic polymer shelf§" or lipid micelles? The hydro- i spectroscopy has been successfully used to characterize QD
propertied®24but is potentially complicated by photophysical
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TABLE 1: Structure and Molecular Weights (M,,) of the Ligands Used in This Work
name structure M,, (g/mol)

TOPO ozpw 386.65
o
(Y\/\)LOH

DHLA 208.34
SH SH
DHLA-PEG600 (n~12) 0 781.02
S e
DHLA-PEG1000 (n~21) SH SH " 1,133.44

o]

MUA o~~~ 218.36
HS OH

o
Py 9
DPPE-PEG2000 C.abs o/}H@o o~y Ao 2,749.43

CmH:c/

nonfluorescent nanoparticles (e.g., magnetic particles). Further-thiol resonances at 1=21.3 ppm, characteristic of the reduced
more, the advent of avalanche photodiode (APD) detection anddithiol moiety in the spectrum of DHLA alone, are not present
sophisticated photon correlation systems allow analysis of in the one collected from DHLA-capped nanocrystals. Further-
nanometer size particles that provide weaker scattering signalsmore, the NMR signals due to TOP/TOPO ligands at 1.2 and
than larger colloid particles (such as polystyrene beads). 3.7 ppm in the spectrum collected from a solution of TOP/
In this work, we characterize and compare the hydrodynamic TOPO-capped QDs are essentially nonexistent in the sample
size of TOP/TOPO, DHLA, and DHLA-PEG polymer-coated of DHLA-capped nanocrystals. The other peaks at1.8, 2.25
and lipid-micelle-encapsulated CdSEnS QDs. We also use  and 2.6, and 2.8 ppm (characteristic of the rest of the DHLA
agarose gel electrophoresis (AGE) with Ferguson analysis andligand) stayed intact after cap exchange, except for a small shift
laser Doppler velocimetry (LDV) to provide an independent attributed to a change in its environment. This clearly indicates
determination of QD and QD bioconjugate sizes, zeta potentials, that cap exchange from TOP/TOPO to DHLA is highly efficient

and electrophoretic mobilities in solution. and that the dithiol affinity to the surface drives binding to the
QDs, not the carboxylic acid end groups.
Materials and Methods Lipid-micelle-encapsulated QDs were prepared using 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamimdefmethoxy-

CdSe QDs, CdSeznS Core—Shell QDs and Ligands. ( :
. . . . (poly(ethylene glycol))-2000] (DPPE-PEG2000) (Avanti Polar
CdSe QDs were synthesized using a high-temperature SO|Ut|0nLipidS, Alabaster, AL) using literature metho@€arboxylic-

reaction of organometallic precursors (namely, dimethyl cad- ,.iq_modified polymer-coated 565-nm-emitting QDs (565-nm-

mium or cadmium 2,4-pentanedionate and TOPO:Se) in hot COOH-Qdot, catalog no. 2133-1) were purchased from Quan-
coordinating solvent mixtures made primarily of TOP/TOPO tum Dot Corp;oration (Hayward, CA). Carboxylic-acid-modified
mixed with hexa_decyla_xmine (HDA), 1,2-hexadecanediol (HDDO), 14 (“polymer coating”) and T'2 (“natural coating”) 560-nm-
and phosphonic acid§:12® The CdSe nanocrystals were gniting QDs (560-nm-COOH-T1/T2-Evident) were purchased

overcoated with a thin layer of ZnS using similar reaction from Evident Technologies (Troy, NY). Maltose binding
schemes from Zn and sulfur precursors to provide CdSe proteins were engineered to have a C-terminal penta-histidine

core-shell _QDs_%Mf’As prep_ared, both CdSe _and C_d%ns tail (MBP—Hiss) using procedures described in ref 28. The
QDS. are pr|m.ar|lyl capped with TOP/ TOPO mixed with a small polyhistidine tract allows protein self-assembly on DHLA-
fraction of amine ligands; they will be referred to as TOP/TOPO- capped QDs via metal-affinity interactio®.

capped QDs. CdSe and CdSénS were spectroscopically
characterized by the location of their first absorption peak and/
or fluorescence maximudt.CdSe core geometric sizes were
estimated using published results (TEM in particufagy.

DHLA and DHLA-PEG ligands (Table 1) were synthesized
and used for cap exchange following our previously published
procedure$.1® Mercaptoundecanoic acid (MUA)-capped QDs I
were prepared from TOP/TOPO-capped nanocrystals using f
commercial ligands (Sigma-Aldrich, St. Louis, MO) and fol- S
lowing the same method used for DHLA and dispersed in water
with potassiumtert-butoxide (final pH~9). Light scattering
and gel electrophoretic data were collected from samples shortly
after preparation and after 2, 4, 6, and 8 days of storage. Cap
exchange of TOP/TOPO with DHLA and DHLA-PEG ligands S 4 3 2 1 0
was verified usingH NMR and probing changes in the thiol ppm
resonances of the free ligand, before and after cap exchangesjgyre 1. *H NMR spectra of TOP/TOPO, DHLA, and DHLA-capped

and removal of excess unreacted ligdh&igure 1 shows that  cdSe-znS QDs highlighting the QD cap exchange of TOP/TOPO with
the doublet and triplet splitting pattern for the two disparate DHLA.

TOP/TOPO-capped QDs

Free DHLA

DHLA-capped QDs
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Dynamic Light Scattering: Background. Dynamic or to interparticle interference since smaller length scales are
quasi-elastic light scattering, DLS or QELS, relies on the probed), and is extracted from the slope gt= 0.
detection and analysis of the interference of electric fields Interparticle interactions affect the measured diffusion coef-
scattered by inhomogeneities in a medium subject to an ficient, and an apparent concentration-dependent diffusion
electromagnetic irradiation. The amplitude of the scattered signal coefficient is thus measured. In the dilute regime where
strongly depends on the characteristic sizes of these inhomo-interactions are small, the effective diffusion coefficient has a
geneities. In solutions where inhomogeneities are caused bylinear dependence on concentraticfi
dispersed objects such as polymers or colloidal nanopatrticles,
the amplitude of the scattered signal varies as the sixth power Dy = Dy(1 + kqC) (6)
of their size. Furthermore, Brownian motion of these diffusing
particles gives rise to concentration fluctuations and scatteredwhere the sign okq reflects the type of interparticle interactions
signals that are time-dependent. Analysis of the time-dependentand Do corresponds to the diffusion of single particles; it is
scattered intensity provides a measure of the particle diffusion extracted from extrapolation at= 0. For all our sampleky >
coefficient and hydrodynamic size and information about the O (though small), which corresponds to repulsive interactions
presence of aggregat&ss! (see below). This interparticle repulsion is necessary for
Experimentally, one measures the normalized autocorrelationdispersion stability. Finally, assuming that particles are spherical,
function of the scattered intensity(t) at an angled with respect ~ the hydrodynamic radiu®y is obtained from the Stokes
to the direction of the incident beam (homodyne light scattering) Einstein relation
expressed as

kT
= @)
) = Mgt (t + 1) ) R 671Dy
(D) wheres is the solution viscosity.

If multiple populations of scattering particles are present in
the medium, such as aggregates along with monoparticles, then
the scattered signal will be strongly weighted toward larger-
size populations, due to the strong size dependence of the
scattered intensity({ R%); these will dominate contributions at
small g. A simple cumulants analysis will provide erroneous
results. To better account for the presence of aggregates and

where[#--[Jdenotes an average over time. This is directly related
to the electric field autocorrelation functiogt)(z) = a|G@)(r)

— 1j2, where the constardt is proportional to the amplitude

of the scattered signal. For solutions of monodisperse colloidal
nanoparticles, polymers, proteins, etc. in the dilute regime
(isolated objects)y(r) follows a monoexponential decay with

time eventually delineate their contributions, the scattered intensity
) can be treated as a superposition of the contribution from each
g(r) = aexp(-I7) 2 populationi (having a characteristic siZ®)
The decay ratd@" depends on the scattering waveveadvia @y .
0) and the particle diffusion coefficier gs(7) ~ Z a exp(-Ti7) (8)

5 Aan . (O where the termsy and Iy depend onR. A further refined
I'=Dg” and gq= 1 S'”(E) 3) analysis of scattered data from such samples uses the inverse
Laplace transform, which implies writing the above expression
wheren and A designate the refractive index of the medium in a more continuous form using
and the wavelength of the incident radiation, respectively.
It is, however, known that dispersed materials are always 0, M) = f G(I') exp(-T7) dI (9)
subject to inhomogeneous distribution in size and/or molecular
weight, which translates to a departure of the correlation function The Laplace functionG(I') would provide discrete peaks
from the ideal monoexponential form (eq 2). Size distribution centered al’;, each of which corresponds to the decay rate (and
can be described using, for example, Gaussian or log-normaldiffusion coefficient) of a population
distribution function$® The cumulant analysis is commonly For our measurements we used a CGS-3 goniometer system
used to account for effects of size and molecular weight equipped with a HeNe laser illumination at 633 nm and a single-
inhomogeneities by expressing the correlation functiol-#s photon-counting avalanche photodiode for signal detection
(Malvern Instruments, Southborough, MA). The autocorrelation
function was performed by a ALV-5000/EPP photon correlator
(ALV, Langen, Germany) and analyzed using Dispersion
Technology Software (DTS) (Malvern Instruments). All QD
where the first cumulant is the decay rafe The second  solutions were filtered through 0.1 or 0.@@n syringe filters
cumulantu, provides information about the polydispersity index (Whatman, Middlesex, U. K.). Sample temperature was main-

@) =a exr{—rr + %2 7+ ) 4)

(PDI) of the measurement tained at 25°C. For each sample, the autocorrelation function
was the average of three runs of120 s each, then repeated
PDI = (size distribution Widtj‘?:@ () at seven different scattering angles from°40 100°. We
mean size I? measured the diffusion coefficieBtfor at least three different

concentrations for each sample, then used a linear fit (eq 6) to
In practice the decay ratE is extracted by measuring the extrapolate data to= 0 and extract a value f@,. For samples
autocorrelation function at several angledor each sample.  where a simple cumulant analysis did not provide a good fit to
Plotting T versusc? yields a linear curve, the slope of which  the autocorrelation function (e.g., samples containing small size
provides an estimate for the effective diffusion coefficient (eq aggregates), diffusion coefficients and hydrodynamic radii were
3). At larger angles data may depart from linear behavior (due estimated by applying an inverse Laplace transforigir,0)
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Figure 2. Examples showing plots of (a) the normalized autocorrelation funogid() vs time, fitted with eq 4, (b) the decay rafevs ¢?, fitted
with eq 3, and (c) the apparent diffusion coefficient vs QD concentration, fitted with eq 6.

(DTS software). This allowed determination of the proportion For each sample, we measured the QD mobility in gels with
and average hydrodynamic sizes of aggregates and isolatedl, 1.5, 2, 2.5, and 3% agarose concentrations. For each gel
nanoparticles. concentration, three different gels were used to account for
Agarose Gel ElectrophoresisGel electrophoresis is com-  sample-to-sample variations. Using eq 10, we retrieved the
monly used to separate proteins, oligonucleotides, or nanopar-retardation coefficienkg for the measured sample, which was
ticles?3:34 based on their overall eleCtrOphOfetiC mOblllty, due then used to determin@eﬁ for the nanocrysta]s using eq 11
to differences in molecular weight and/or overall charge. AS yjth A and B obtained from the gold standards. In addition,
the particle mobility under a static electric field depends on both gxtrapolation of the mobility to zero gel concentration allows
particle size and charge, derivation of these two parametersyerivation of the particle zeta potential.
requires more than a single measurement. Ferguson analysis
uses concentration-dependent retardation of the particle by a
gel pore network to estimate their average $kz€his method
was recently used to accurately measure the sizes of DNA-
conjugated gold nanoparticlés. Within this analysis, the
relationship between electrophoretic mobilN and gel con-
centrationT is given by

Zeta Potential and Electrophoretic Mobility Measure-
ments.A charged particle in a buffer solution is surrounded by
a counterion cloud, which can be separated into two distinct
regions: a thin layer tightly packed around the surface (Stern
layer) that migrates with the particle in the presence of an
external electric field and a more diffuse layer that migrates in
the opposite direction. The surface between these two regions
is defined as the surface of shear, and its electric potential is
referred to as the zeta potentiél,Closely related to the charge
where Mg is the particle mobility in absence of gel (i.e., in density at the particle surface, this potential controls colloidal
solution). The retardation coefficieri(g, is strongly dependent ~ properties such as stability and interparticle interactions. The
on size due to the particle interactions with the gel network. solution electrophoretic mobility of the particle is related®3°

For low-concentration gels, such as those made of one-

qlimensional fiber pplymgrs such as agaros% varies M, = 2¢8 H(«R) (12)
linearly with the particle sizZ& 3y

log,o M =log;, My — KgT (10)

S

\/K_RZAF{eﬁ-l- B (11) where ¢ is the solvent dielectric constant, is the Debye
screening parameteR is the particle geometric radius, and
Rert is the effective radius of the particle (close to the geometric is the solvent viscosity (e.g7water ~ 0.89 cP). The Henry
radius), andA andB are constant parameters that depend on function H(«R) varies between 1 and 1.5 &R increases from
the gel network characteristics and experimental conditions (€.9.,0 to «. In buffer solutions where the electrolyte concentration
buffer and temperature). is high, the Debye screening parameter is large, and the
To calibrate our gel mpbility setup and determiv@nd B, Smoluchowski approximatiohl = 1.5 can be used.
we measured the mobility of gold nanocrystal standards of The nanoparticle electrophoretic mobilities derived from the

several nominal sizeR{x = 2.4, 4.8, 7.6, and 9.9 nm, from
Ted Pella, Redding, CA) using different gel concentrations (low AGE _(above) were compared tq those g_xtracted from I.‘DV
experiments. In the former, solution mobility was determined

EEO agarose, Fisher Scientific, Suwanee, GA) in 10 mM Tris- o . .
borate with 2 mM EDTA (TBE) buffer (pH 9). These gold by fitting the gel mobility data derived from AGE to eq 10 and
extrapolating to zero gel concentration. In the latter, the

nanocrystals were overcoated with bssulfonatophenyl)- . o= ) ;
phenylphosphine dihydrate (BSP) (Strem Chemicals, Newbury- nanoparticle mobility is extracted from a measure of the inelastic
port, MA) to impart on them homogeneous negative surface frequency shift of the laser signal scattered by moving charged
charge$37 QD samples were then run in parallel in the same nanoparticles under applied electric fiédd.DV measurements
gels as the gold particles. Samples were diluted to micromolar Were performed using a ZetaSizer NanoSeries equipped with a
concentrations in a 3% glycerol TBE loading buffer immediately He—Ne laser sourcel(= 633 nm) and an avalanche photodiode
prior to use. An initial 30 V/cm electric field was applied for for detection, controlled with DTS software. Micromolar
20 s, followed by 15 V/cm for 15 min. QD bands were detected concentration solutions of QDs were loaded into disposable
by fluorescence, while those of gold nanoparticles were detectedfolded capillary cells, and data were collected at’@5 Three

by light absorption, using a Kodak 440 Digital Image Station runs of measurements were performed for each sample to
(Rochester, NY). determine sample-to-sample variations.
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% f— TABLE 2: Hydrodynamic Radii of Commercially Available
4 Carboxylic-Acid-Modified QDs from Quantum Dot
Corporation and Evident Technologies and
Lipid-Encapsulated (DPPE-PEG2000) Hydrophilic QDs

sample Ry (nm) PDI
0 - : : 565-nm-COOH-QDC 7.%0.2 0.1
1.0 12 1.4 1.6 1.8 555-nm-QDs DPPE-PEG2000 #01.5 0.15
CdSe core radius (nm) 560-nm-T1-COOH Evident 365 0.2
560-nm-T2-COOH Evident 14205 0.15

Figure 3. Hydrodynamic radii of CdSeZnS core-shell QDs capped

with (a) TOP/TOPO in toluene and (b) DHLA in water, as a function ¢ the DHLA-capped QDs were about 10% larger than their

of the CdSe geometric radiuBzq4se The fitted linear relations between ~ . .
Ru andRegseareRi = 2Rease+ 2.7 nm for TOPITOPO-capped QDs, TOP/TOPO-capped counterparts, which we attribute to a larger

Ry = 2.2Rcase+ 3.2 nm for DHLA-capped QDs. The intercept at the solvation layer around the QDs in buffer solutions due to the

origin corresponds to what would be expected for ZnS core QDs with Presence of carboxylic acid groups. )
DHLA ligands. We next examined the influence of the nature and spatial

extension of the capping ligands on the hydrodynamic radii of
two batches/series of CdS&nS nanocrystals (with two dif-
Figure 2a shows a typical plot fatY(r) vs 7 collected for ferent emission maxima as synthesized in our laboratory). In
the present QDs in either organic or buffer solutions along with each series, QDs were cap-exchanged with DHLA, DHLA-
the corresponding cumulant fit. For all solutions where ag- PEG600, and DHLA-PEG1000 and compared side-by-side with
gregates were absent or negligible a second-order cumulanthe native TOP/TOPO-capped CdSe and Cd&&S nanocrys-
function provided a good fit to the data with low PDI values tals. Results were further compared to the hydrodynamic radii
(PDI ~ 0.05-0.2). Figure 2b shows a plot of the decay rBte  measured for water-soluble QDs obtained with different solu-
vs ¢ along with a linear fit, a behavior consistent with dilute bilization strategies, namely, lipid-micelle-encapsulated nanoc-
dispersions of scattering nanoparticles, as predicted above (eqystals and commercially available polymer-coated and carboxy-
3). Data also indicate that the extracted diffusion coefficient functionalized QDs (from Quantum Dot Corporation and
and the hydrodynamic radius are independent of the scatteringEvident Technologies)?° The commercial nanocrystals have
angle as expected for a regime where small scattering waveemission peak locations close to those synthesized in our
vectors are probedgR < 1. Figure 2c shows a typical curve laboratory and should, in principle, have comparable core sizes.
for the dependence of the effective diffusion coefficientersus This assumption may be subject to a slight error, as schemes
concentration for the same solutions. The observed linear for QD preparation and surface functionalization are proprietary.
increase further implies that the interparticle interactions in these  Figure 4 shows a systematic increaséripwith the growth
QD media are repulsive and stabilizing, as indicated by the small of a ZnS shell on the CdSe core for both sets of TOP/TOPO-
positive slope of the linear fit to the data. In what follows, the capped QDs. Data also show that in buffer solutions substituting
hydrodynamic radius extracted for the various solutions used DHLA with the longer DHLA-PEG600 and DHLA-PEG1000

Results and Discussion

the extrapolated value f@ atc = 0 and the StokesEinstein ligands resulted in a sizable increase in the measRretbr
relationship (eq 7). both samples. The hydrodynamic sizes measured for the
Effects of Core and Capping Ligands on the Hydrody- commercial QDs (shown in Table 2) vary substantially from

namic Size in Aggregate-Free DispersiondVe first examined one surface functionalization strategy to another, with polymer-
the effects of varying the inorganic core size on the hydrody- encapsulated QDs (from Evident) being the largest. Further,
namic radius for two sets of QDs; one is capped with the native variation in the polymer coating used can drastically change
TOP/TOPO and dispersed in toluene, while the other is cappedthe measuredRy as shown for dispersions of T1 and T2
with DHLA and dispersed in buffer (pH-9). All core—shell nanocrystals. Carboxy-capped nanocrystals provided by Quan-
QDs have approximately five monolayers of ZnS overcoating. tum Dot Corporation and those encapsulated within lipid
Figure 3 shows that there is a systematic increase in themicelles are smaller in size (comparable to DHLA-capped
measuredRy with increasing geometric core SiRggse With a nanocrystals). We should emphasize that the sizes measured
linear trend for both types of solutions. The hydrodynamic sizes for lipid-encapsulated QDs by DLS are in good agreement with
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previously reported sizes measured by fluorescence correlation
spectroscopy?*

Overall, the data shown in Figures 3 and 4 and Table 2
indicate that for all particles the measured hydrodynamic radii
were consistently larger than the geometric sizes. They further
indicate that these sizes are strongly (in some cases drastically)
affected by the nature and lateral extension of the capping
ligands or the coating layer used to achieve water compatibility.
For example, for a~1.1 nm radius CdSe core (with first
absorption peak at477 nm), the five ZnS monolayers and the 0 10 100
TOP/TOPO ligands represent an additiondl.2 and~1 nm, Ry, (nm)
respectively. This would result in a CdSEnS (core-shell)
radius of 2.3 nm and a coreshell-plus-cap radius 3.5 nm,
significantly smaller than the measured hydrodynamic radius
Ry = 5 nm. Similarly for 540-nm-emitting QDRtqse zns ~
2.4 nm, with first absorption peak of CdSe only QDs&05
nm) capped with DHLA-PEG, contributions from fully extended
ligands (DHLA-PEG600G~ 2.5 nm and DHLA-PEG100€& 3.8
nm) result in geometric radii 0f4.8 and~6.1 nm, respectively,
which are still smaller than thie, values measured in solution.

The data shown in Figures 3 and 4 indicate tRatvalues
measured for all other solutions were systematically larger than
the geometric radii for the inorganic core or the core-plus-cap
(Ru/Rcase-zns > 1). For example, the ratidR4/Rcdse-zns Ry, (nm)
extracted for the various capping strategies using DHLA-based Figure 5. (a) Examples showing the size distribution of two DHLA
ligands are~2.7 for DHLA, ~2.9 for DHLA-PEG600, and-3 QDs samples. One is made of a quasi-monodisperse population
for DHLA-PEG1000 for 540-nm-emitting QDs. In comparison, (squrareS{), Wh_'r'el the Oéhgr_ 0”3. etf.g'bt'.tsna fsmS"A"“mbéEQoé%)nOf er
the ratio for the other samples varied fror.7 for the materials ?F?S g??rﬁrf] ézli gtgls;/).a(ftér 'Cz;p éf(clh :n'ge gn g aﬁeﬁa;pz 6(? al’?dl 8V\:jaa§S.
provided by Quantum Dot Corporation te-4 for lipid-
encapsulated nanocrystals and exceeded 4 for the sets of QD
provided by Evident.
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fﬁlots of the Laplace inverse transform of the correlation function,
. . which manifests as a second peak at a larger size (Figure 5a).

The larger values for the.hydrodynamlc radius measured for However, these aggregates were always small and represented
even the most compact ligand shell (e.g., TOP/TOPO and 5 105 fraction of the overall nanoparticle population; their
DHLA) is also consistent Wlth_what |s_exp_ected for solid objects. efficient detection was primarily due to the high sensitivity of
It results from hydrodyna_m_|c cont_r|but|or_15 as evaluated by DLS to the particle size (signal R®). Furthermore, we found
_Oseen _for hard spheréSThis is drast|cally_ d|fferen_t from what that even when aggregates were present in solutions of DHLA-
IS prebdlcted and rgeﬁsuredq for fpolym.erlcl rzr}aztzen?][s Wh?re the capped QDs these samples were still stable and the percentage
e e o 2t pe e SUh S1Egates i ot ncrase even aer a e monts

s . e . P (6—12 months) of storage at basic pH (data not shown). At pH
within polymer coils diffusing in a solution but not hard 7 7 larger-si . . L

. . . , larger-size aggregates progressively build up with time in

spherical objects. However, the present nanoparticles are more lutions of DHLA- d ODs in a few hour
complex than either solid spheres or macromolecules. They are>U _o S0 cappe _Q s "_J‘ ew hours. .
made of solid CdSeznS cores and are capped with ligands _ This represents a considerable improvement over capping
and coatings that behave more like polymers and can be CdSe-ZnS QDs with several monothiolated ligands, where QD
penetrated by solvent molecules. The primary role of the surface @9gregation in basic buffer solutions was recorded following
functionalities (either simple cap molecules or larger polymeric transfer into water. Indeed, QDs cap-exchanged with MUA
chains) is to promote dispersion and stability of the nanocrystals ligands following the same procedure as with DHLA and
in solutions. The measure®); values for the various samples ~ dispersed in water with potassiutert-butoxide (final pH~ 9)
reflect this complexity. For instance, data show that contributions showed drastically different behavior that changed with storage
of the TOP/TOPO and DHLA capping shells Ry are rather time. The autocorrelation function could not be described using
small due to their small spatial extension. In comparison, a simple cumulant analysis, where departure from the linear
polymer coating employs large molecules to encapsulate thebehavior was immediately observed. Laplace transform curves
nanocrystals, and the result is a substantial increase in the overalshowed that a second peak (characteristic of aggregate presence
hydrodynamic size of the resulting QDs. However, these ligands in the solution) was detected immediately after cap exchange
are not rigid, and their contributions cannot be treated as simplewith MUA, along with a peak corresponding to the monomer
geometric increases to the radius. Overall, in treating the population (Figure 5b). Moreover, this peak progressively
hydrodynamic aspects of the hydrophilic QDs, they can be dominated the data after a few days of storage, while the smaller
viewed as a combination of solid impenetrable spherical cores size peak disappeared. This behavior clearly reflects a rather
and a more flexible polymer-like layer that strongly interacts rapid aggregation buildup of MUA-capped QDs. In contrast,
with the surrounding solvent. with DHLA-capped QDs even samples that exhibited a low

Reduced Solubility and Aggregation While most solutions degree of aggregation immediately after preparation were stable
of QDs studied appeared to be aggregate-free, a very smallafter several months of storage. This difference in dispersion
number of aggregates were present in certain solutions of stability between DHLA-capped and MUA-capped QDs may
DHLA-capped and lipid-encapsulated QDs. This is reflected in be attributed to the bidentate nature of the DHLA ligands, which
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11 geometrical dimensions. The size measured near conjugate
(A) ® saturation is essentially the geometric superposition of the QD
radius and MBP diameter. This implies that conjugates have a
rather compact configuration, a result already confirmed using
energy transfer experimerfts?6 Our observation is different
from those reported in another study of @protein conjugation
using DLS, where the size of the QDs increased when
conjugated to one protein but did not further increase with the
conjugation of subsequent proteitis.

This significant size increase upon conjugation to proteins
and the anticipated heterogeneity of the conjugates with small
protein-to-QD ratios can be compared to information extracted

Ry, (nm)

0 2 4 N g 10 12 from gel electrophoresis measurements, where discrete bands
# MBP-His; / QDs corresponding to conjugates with exact valency (e.g., a protein-
_ to-QD ratio of 1) were isolated based on heterogeneity in size,
MBP /QD average ratio similar to what has been observed with other gold or semicon-
B v ductor nanoparticle conjugates (Figure 6%)° Heterogeneity
©) 0.5 1 4 i i is parti
0 01 02 . 2 in the number of proteins per QD is particularly clear for lower

average proteins-to-QD ratios and follows qualitatively a Poisson
distribution expected from a self-assembly process. For example,
for 1 protein per QD on average, the expected QD population
distribution is~*/3 with no proteins,~'/3 with one protein, and
~1/3 with more than one protein per QD. The gel separation
measurements somewhat mimic our DLS observations and
provide additional insight into the population distribution of our

Figure 6. (A) Hydrodynamic radii of QD-MBP—Hiss bioconjugates _self-assgmble_d QD conjugates. Kno_wledge of this distribution
as a function of the average number of proteins per QD. Schematics!S & crucial pointin the characterization of self-assembled QD-
represent a CdSeZnS core-shell QD conjugated with 1 and 2 proteins ~ Pased biosensors, especially when using QDs as energy transfer
and saturated with proteins. (B) Gel picture showing the separation of donors. Furthermore, this may provide a very simple tool for
QD conjugates with different numbers of proteins per conjugate. At jsolating a 1:1 QD-protein conjugate, an important requirement

small ratios, samples show several mobility shift bands due to the to avoid cross-linking of the particle with several targets in
Poisson distribution. These merge into a single band indicative of a cellular imaging or biosensing applications

homogeneous distribution of conjugate sizes as the average protein- . . .
to-QD ratio increases. QD Geometric Sizes and Zeta PotentialsThe gel picture

in Figure 7 shows that, similar to gold standards, there is single
s band in the mobility shift for QD samples, indicating that during
migration nanocrystals and their conjugates remain homoge-
neously dispersed in single populations, with homogeneous zeta
potentials. Figure 7 also shows that the mobility plots for the
QD samples follow the same trends as the gold standards when
the QD size is varied. Table 3 summarizes size and zeta potential
results from Ferguson analysis of mobility data obtained for
several sizes of DHLA-capped QDs, commercially available
carboxylic-acid-functionalized QDs, and DHLA-QDs conjugated
with an average of 20 MBPHiss.

TR
(=1 b ©

o =333
l'"

allow stronger ligand interactions (and binding) to the Zn
surface by two thiol groups instead of one offered by MUA
ligands.

Hydrodynamic Sizes of Self-Assembled QBProtein Con-
jugates. We monitored changes in the overall hydrodynamic
sizes of QD-protein conjugates made by self-assembling
increasing numbers of MBPs per nanocrystal. MBP was
engineered to have a C-terminal polyhistidine tract that promotes
self-assembly onto DHLA-capped CdSénS QDs (CdSe
geometric core radius-1.6 nm by TEM) via metal-affinity

interactiong®43 The data shown in Figure 6 indicate tHaj While some DHLA-capped QDs samples exhibited a signal
increased with increasing number of proteins per conjugate contribution from aggregates to the autocorrelation function in
before saturating at a ratio exceeding 10 MBfiiss per QD. DLS, AGE experiments did not reveal the presence of any

This number should not be confused with the actual maximum aggregates, which would form separate bands in the gels (Figure
number of MBP‘H|35 that can be Conjugated to the QD surface. 7) This is due to the fact that AGE is much less sensitive to
The latter is determined by steric considerations of how many aggregates than DLS, because it relies on fluorescence or
proteins can be packed around a single nanocrystal. An inverseabsorbance detection (aggregate signall), instead of light
Laplace transform performed on the corresponding autocorre-Scattering (aggregate sigrialR® [ N?), whereN is the number
lation functions showed monomodal distributions, which indi- Of QDs per aggregate. This confirms that the small aggregates
cates that there is no aggregate buildup during the self-assemblyobserved by DLS in a few DHLA-capped QD samples represent
This contrasts with what was reported for other bioconjugation indeed negligible population fractions.

methods, where significant particle aggregation has been Overall the measurel:« are subject to slightly larger errors
observed? We attribute the progressive increase in size to (10—20%) than DLS above. Regardle&s; values for DHLA-
heterogeneity in the conjugate configuration, as the number of capped QDs are smaller th&y and are closer to the geometric
proteins self-assembled on a QD changed from one, two, three sizes as measured by atomic force microsctfigy increase

etc. (as schematically depicted in Figure 6). MBP is an slightly with the size of the inorganic corBes; of QD—MBP—
asymmetric protein My, = 40 600) with an ellipsoid shape Hiss conjugates is close to the hydrodynamic radius measured
measuring 3x 4 x 6.5 nn¥.4> We measured a hydrodynamic by DLS and is consistent with the geometric sizes of the QD
diameter of~6 nm for our MBP-Hiss in borate buffer solutions,  and protein. For this high average protein-to-QD ratio, the
a value close to what is expected for proteins with such conjugates are expected to exhibit similar radii throughout the
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Figure 7. (a) Agarose gel picture showing BSP-coated 2.4, 4.8, 7.6, and 9.9 nm radius gold nanopartidgsv{gualized by absorption, and

540 nm QDs capped with DHLA (E), a 1:1 mixture of DHLA/DHLA-PEG600 (F), DHLA-PEG600 (G), and-Q@MBP—Hiss conjugates (H).

QD bands were visualized by fluorescence. (b) Electrophoretic mobility of gold particle standards as a function of gel concentration. For each size,
the corresponding retardation coefficiek, is the slope of the linear fit. The inset shokg? as a function of the particle radius for the gold
particles. (c) Electrophoretic mobility of QD samples vs gel concentration.
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Figure 8. (a) Radii and zeta potentials of 540-nm-QDs capped with a mixture of DHLA and DHLA-PEGG600 ligands obtained by AGE, using
different ratios of DHLA/DHLA-PEG600 during cap exchange. (b) Comparison of results obtained by Ferguson analysis (dark gray) and LDV
(light gray). Zeta potentials have been normalized with respect to the sample made of DHLA-cappef{ QD)s< —17.6 mV by AGE;(1:0)
= —25 mV by LDV) for easier comparison.

TABLE 3: Effective Radii and Zeta Potentials Obtained by by LDV (Table 3). They confirm the presence of negative
Ferguson Analysis (AGE) and DLV for Different DHLA- charges on the surfaces of the QDs, due to the carboxylic end
and DHLA-PEG600-Capped QDs, Carboxylic-Acid-Modified groups on the ligands. Conversely, when DHLA was substituted
QDs from Quantum Dot Corporation, and DHLA-Capped . i i
QDs Conjugated with an Average of 20 MBP-Hiss with DHLA-PEGG600 the electrophoretic mobilities measured
per QD with LDV and AGE were very small and negligible, respec-
£ (mv) £ (mv) tively. The rather uniform zeta potentials of DHLA-capped QDs

sample Rerr (Nm) (AGE) (LDV) reflect similar charge surface densities. The zeta potential of
510-nm-DHLA QDs 32007 —231+22 —2643 565-nm-COOH-Qdot was similar to that measured for DHLA-
540-nm-DHLA QDs 39-05 —17.64+17 —-254+ 3 capped QDs. In contrast, carboxylic-acid-modified T2 QDs from
555-nm-DHLA QDs 3.5-0.6 —24.2+23 Evident Technologies were completely immobile in the gels at
590-nm-DHLA QDs 4.4£05 —253+24 —27+4 pH 9, revealing the absence of net charge under these conditions.
ggg-nm-gggﬁlaz—'i'f%oo - 0”30 mozb;ll;yi ”6 —25+15 This might be due to detachment of the charged lipid from the

-nm- - [0} . . —z/. . i i

540-nm-OD/20MBPS 1181 78107 surface of the QDs under electric field.

Finally, we investigated the properties of QDs capped with
a mixture of different ligands. Mixed surface coating offers a
promising method for providing multiple functionalities to
nanoparticles. Measurement of the size and zeta potential of
the particles gives an insight into the composition of the mixed
surface and its properties. Here, we examined QDs capped with
mixed surfaces composed of DHLA and DHLA-PEG600
(Figure 8a). The size of the particle slightly increases while the
zeta potential decreases with a decreasing DHLA-to-DHLA-
PEG600 ratio in the solution used for cap exchange. This reflects
the progressive substitution of DHLA with DHLA-PEG ligands
during cap exchange and transfer into buffer. Bands in the gel
remain narrow, which indicates that the composition of the
mixed surfaces is relatively homogeneous throughout the QD
sample. These results were confirmed by LDV (Figure 8b).

Poisson distribution and give rise to a homogeneous mobility.
The effective radii of the QDs from Quantum Dot Corporation
were significantly larger than those of DHLA-capped QDs, due
to the thickness of the polymer coating. We note that the
correlation between the size derived from AGE (approximately
the geometric size) and the size derived from DLS (hydrody-
namic size) depends on the type of particle coating. For example,
carboxy-polymer-coated QDs exhibit similar geometric and
hydrodynamic sizes, while DHLA-capped QD geometric sizes
are significantly smaller than their hydrodynamic sizes. This
behavior may be attributed to the contribution of a larger
polymer-encapsulating layer on the commercial QDs, which
would hinder the QD migration and reduce its overall mobility
in the gel compared to the DHLA capping. The geometrically
larger polymer-coated QDs may be less able to access tightly C .
X ; . onclusion

confined spaces (pores) in the gel. These data provide an
illustration of the complementarity of AGE and DLS measure-  Control over the QD size and charge is a key element in the
ments. design of compact, well-dispersed QDs with limited nonspecific

The zeta potential of DHLA-capped QDs extracted from AGE interactions in biological environments. We have demonstrated
measurements are in reasonable agreement with those measurdtat DLS, AGE, and LDV are powerful and complementary
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tools to characterize sizes and charges of hydrophilic QDs. We

Pons et al.

(16) Qu, L. H.; Peng, Z. A.; Peng, X. ®lano Lett.2001, 1, 333-337.

examined and compared hydrodynamic radii and zeta potentials _(17) Hines, M. A.; Guyot-Sionnest, B. Phys. Cheml.996 100, 468~

of a series of CdSeZnS QDs made hydrophilic using different

(18) Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J.

solubilization strategies. We have shown that the nanoparticle R.; Mattoussi, H.; Ober, R.; Jensen, K. F.; Bawendi, MJ@hys. Chem.
hydrodynamic size strongly depends on the core radius as wellB 1997 101, 9463-9475.

as size and type of capping ligands or coating materials. |,

(19) Uyeda, H. T.; Medintz, I. L.; Jaiswal, J. K.; Simon, S. M.; Mattoussi,
J. Am. Chem. So2005 127, 3870-3878.

Hydrophilic QDs obtained by cap exchange with small bidentate '(20) Wu, X. Y.; Liu, H. J.; Liu, J. Q.; Haley, K. N.; Treadway, J. A.;

ligands are generally smaller than polymer-coated or lipid-
encapsulated QDs. Our set of data further showed that €dSe

Larson, J. P.; Ge, N. F.; Peale, F.; Bruchez, MNRt. Biotechnol2003
21, 41-46.
(21) Pellegrino, T.; Manna, L.; Kudera, S.; Liedl, T.; Koktysh, D.;

ZnS QDs capped with dithiol-terminated ligands are more stable rogach, A. L.; Keller, S.; Radler, J.: Natile, G.; Parak, WNano Lett.
and less prone to aggregation than those functionalized with 2004 4, 703-707.

monothiol-terminated ligands. We also observed that the QD
zeta potential is homogeneous in each sample and is correlated®

(22) Mattoussi, H.; Cumming, A. W.; Murray, C. B.; Bawendi, M. G.;
ber, R.Phys. Re. B 1998 58, 7850-7863.
(23) Liedl, T.; Keller, S.; Simmel, F. C.; Radler, J. O.; Parak, W. J.

with the surface composition. Finally, our results indicate that small2005 1, 997-1003.
these techniques can be used to monitor the conjugation of QDs _(24) Doose, S.; Tsay, J. M.; Pinaud, F.; WeissABal. Chem2005

with biomolecules and characterize the formed conjugate sizes

and dispersions.
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