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ABSTRACT: A new type of ligand chemistry, with a zwitterionic
carboxybetaine headgroup and a bidentate thiol end group (CBSS), is
introduced to promote the stability of quantum dots (QDs) with targeting
capability. Results show that QDs are stable over a broad range of pH values
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after surface modification. Surface binding assays and cellular internalization

studies show that QDs capped with CBSS exhibit low nonspecific adsorption.
The CBSS ligand also allows the conjugation of highly specific targeting
ligands while effectively maintaining the nonfouling background. This QD
chemistry offers a unique approach to presenting abundant functional groups
for ligand immobilization in a thin layer with an ultralow background and

holds significant potential for imaging applications.

B INTRODUCTION

Semiconductor nanocrystal quantum dots (QDs) are powerful
photostable nanoemitters with uniquely narrow and tunable
emission ranging from visible to infrared frequencies.' ™
Luminescent QDs, such as CdSe-ZnS core—shell nanocrystals,
in particular, have become one of the dominant classes of
imaging probes as well as universal platforms for engineering
multifunctional nanodevices.*”® Ideally, QDs should be easy to
modify so that various secondary reporters or biomolecules can
be appended for sensing and/or targeting cellular receptors.”
QDs must maintain low nonspecific binding to proteins and
cells, a small size, high quantum yield, and high stability over a
wide pH range.” Careful engineering of QD probes is becoming
increasingly important for the successful transition of this
technology from proof-of-concept studies to real applications.”

For QDs to be useful as probes for the examination of
biological specimens, their surfaces must be hydrophilic. Several
strategies have been used to stabilize core—shell nanocrystals in
aqueous solutions.”” PEGylation has been shown to be
compatible with QD surface chemistry'® and has played a
prevalent role in optimizing the in vivo pharmacokinetics of QD
probes."' However, poly(ethylene glycol) (PEG) QDs tend to
aggregate in high-salinity buffers. In addition, the PEG polymer
substantially increases the size of QDs (>20 nm”'*'?), which
decrease the QD sensitivity and may further limit intracellular
mobility.”'>'* Recently, zwitterionic materials such as
sulfobetaine’*™"” and phosphorylcholine® have been coated
onto QDs to reduce the nonspecific interaction with
cells."”"*7*° The coated QDs exhibit much smaller diameters,
weak nonspecific interactions with proteins, and strong
resistance to pH and salinity.

QDs have been used in biotechnological applications that
conventionally employ fluorescence over the past several
years.21 However, most ligands, including zwitterionic
sulfobetaine and phosphorylcholine headgroups, lack accessible
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terminal functionalities. A recent study in which a click agent
was introduced into the sulfobetaine headgroup for surface
functionalization is interesting.”> To introduce functional
groups for subsequent coupling to target biomolecules, PEG
derivatives with a variety of functional end groups such as
biotin, amino, and carboxyl groups have been developed. A
functional PEG derivative always needs to be mixed with
nonfouling ligands (e.g., hydroxyl-terminated PEG) to create
functional ability with a nonfouling background. Even for QDs
capped with zwitterionic sulfobetaine'*~"® or phosphorylcho-
line ligands,20 functional PEG ligands are introduced for
subsequent coupling to target biomolecules. However, mixed
nonfouling and functionalizable ligands or nonfouling ligands
with additional functional groups will always be a compromise
between nonfouling and functionalizable properties. Unreacted
functional groups after surface functionalization can still be
vulnerable to nonspecific protein adsorption, particularly from
complex media.

Dihydrolipoic acid (DHLA) has been widely used as a
surface ligand for cap exchange to prepare water-soluble QDs.”’
In this work, we used lipoic acid (LA) to modify QDs as a
control system because it is both the starting material for our
ligand with a zwitterionic carboxybetaine headgroup (CBSS)
and has properties similar to those of DHLA. This CBSS
surface platform presents an abundance of functional groups,
enabling the creation of a wide range of functional nano-
particles while maintaining their ultralow fouling background
for high QD stability and efficiency. The carboxybetaine
headgroup itself intrinsically not only is nonfouling but also can
be conveniently and effectively conjugated with molecular
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Scheme 1. Synthesis Scheme of CBSS
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recognition elements via simple N-hydroxysuccinimide and 1-
ethyl-3-(3- dimethylamino-propyl)-carbodiimide (NHS/EDC)
chemistry under mild conditions. In one previous study, a
carboxybetaine random polymer followed by postmodification
was utilized to reduce nonspecific adsorption for QDs, but
without demonstrating its functionalizable properties.'” Here,
we present a simple ligand (CBSS) that possesses nonfouling
and functionalizable properties in one material for QDs.

B EXPERIMENTAL SECTION

Materials. Lipoic acid, N,N-dimethylethylenediamine, 1-hydro-
benzotriazole hydrate, 1-ethyl-3-(3-(dimethylamino)propyl)carbodi-
imide hydrochloride, p-propiolactone, and diisopropylethylamine
were purchased from TCI America (Portland, OR). Controlled pore
glass beads were purchased from Millipore Corp (Billerica, MA).
TOPO-QDs (Qdot 605 organic quantum dots, CdSe/ZnS) were
purchased from Life Technologies (Carlsbad, CA).

Synthesis of CBSS. As shown in Scheme 1, CBSS was synthesized
in two steps starting with lipoic acid.

N-(2-Dimethylamino)ethyl)-5-(1,2-dithiolan-3-yl)pentan-
amide (1). Lipoic acid (5.20 g, 25.2 mmol) and N,N-dimethylethy-
lenediamine (3.03 mL, 27.7 mmol) were dissolved in dichloromethane
(50.0 mL), and the solution was cooled to 0 °C. After stirring for S
min, 1-hydrobenzotriazole hydrate (5.80 g, 37.9 mmol), 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (7.25 g 37.8
mmol), and diisopropylethylamine (26.3 mL, 151 mmol) were
successively added to the solution. The mixture was allowed to
warm to room temperature overnight and was stirred for 48 h. The
solution was diluted with dichloromethane and extracted with water (3
% 20 mL) and brine (1 X 20 mL). The organic phase was dried over
sodium sulfate, and the solvent was removed on a rotovap. The crude
residue (yellow oil) was clean enough to be used in the next step
without further purification. 'H NMR (300 MHz, CDCLy) § (ppm):
6.10 (bs, 1H), 3.54 (m, 1H), 3.28 (dt, 2H, J = 11.4 Hz, 5.5 Hz), 3.12
(m, 2H), 2.42 (m, 1H), 2.37 (t, 2H, ] = 5.9 Hz), 2.19 (s, 6H), 2.16 (t,
2H, ] = 7.5 Hz), 1.89 (m, 1H), 1.65 (m, 4H), 1.44 (m, 2H).

3-((2-(5-(1,2-Dithiolan-3-yl)pentanamido)ethyldimethyl-
ammonio)propanoate (2) (CBSS). Compound 1 (697 g 252
mmol) was dissolved in anhydrous tetrahydrofuran (50.0 mL), and the
solution was cooled to 0 °C. f-Propiolactone (1.66 mL, 26.4 mmol)
was added dropwise, and the solution was stirred and warmed to room
temperature overnight. The mixture became a yellow suspension, and
the yellow precipitate was filtered with a Buchner funnel, washed with
acetone (3 X 50 mL), and dried under high vacuum. The pure product
is obtained as a yellow powder (3.68 g, 10.58 mmol). Yield: 42%. 'H
NMR (300 MHz, D,0) 8 (ppm): 3.60 (t, 2H, ] = 6.7 Hz), 3.53 (t, 2H,
J =59 Hz), 347 (t, 2H, ] = 7.9 Hz), 3.31 (t, 2H, ] = 6.4 Hz), 2.99 (s,
6H), 2.78 (m, 1H), 2.55 (t, 2H, ] = 7.6 Hz), 2.34 (m, 1H), 2.14 (t, 2H,
J = 7.1 Hz), 148 (m, 4H), 1.28 (m, 2H).

Synthesis of CBSS-QDs. CBSS-QDs were synthesized following a
previously reported method." One milliliter of a 75/25 methanol/
isopropanol mixture was added to TOPO-QDs (250 pmol, 250 L of
1 uM) to precipitate TOPO-QDs. They were mixed well and placed in
a sealable centrifuge tube, sealed, and centrifuged for 3—5 min at 3000
rpm. The supernatant was discarded, and the pellet was redispersed in
chloroform (1 mL). Ligands/QDs (10%1) were dissolved in water (1
mL). Sodium borohydride/ligands (2:1) were added to the solution
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and vigorously stirred for 20 min under N, gas flow at room
temperature. The QD solution was added to the ligand solution and
then intensely vortex mixed for 30 min at room temperature. The QDs
were transferred from the organic layer to the aqueous layer. To
remove excess free ligands, the QD solution was dialyzed using
Amicon 50 kDa MW cutoff centrifugal filters.

Synthesis of LA-QDs. We then prepared the LA-QDs.*® After
methanol/isopropanol precipitation, the TOPO-QDs were redissolved
in n-hexane (100 pmol). LA solution (800 nmol, 8 L of 100 mM/
ethanol), NaBH, (1 uL, 12 wt % in 14 N NaOH), and H,O (31 uL)
were added to the QD solution. Then the mixture was intensely vortex
mixed for 30 min at room temperature. The n-hexane layer containing
TOPO was removed, and the LA-QDs were collected with a filter and
redispersed in PBS.

Imaging of the Intracellular Localization of QDs on Cells by
TEM. TEM was applied to test the intracellular location of QDs in
cells.! COS-7 cells were cocultured with the LA-QDs or CBSS-QDs
for 24 h. To investigate the location of QDs in the COS-7 cells, the
cells were treated for TEM observation. The cells were fixed with 2.5%
glutaraldehyde in 0.1 M, pH 7.2 cacodylate buffer for 24 h at 4 °C and
rinsed with cold 0.1 M, pH 7.2 cacodylate buffer three times. The cells
were then fixed with 1% osmium tetraoxide for 1 h at 4 °C and washed
with cold distilled water three times. The cells were dehydrated
through a series of graded ethanol (50, 60, 70, 80, 90, 95, 98, and
100%) and propylene oxide solutions and finally embedded with epoxy
resin (Epon 812). The samples were then polymerized at 60 °C for 24
h, cut into thin slices using an ultramicrotome, and collected on 200-
mesh copper grids. The thin sections were stained with uranyl acetate
(2% in ethanol) for 10 min and lead citrate for S min and observed on
a TEM (JEOL 1320).

Nonspecific Protein Adsorption with QDs. Glass beads (100
pum diameter) were used to observe the nonspecific adsorption of
QDs." Beads were dispersed in PBS buffer. BSA was added to the
solution (final concentration of 1 mg/mL), which was stirred
overnight and dialyzed twice using Amicon 100 kDa MW cutoff
centrifugal filters to remove the excess BSA. The beads in the solution
were mixed with CBSS-QDs or LA-QDs in PBS buffer for 2 h. The
ratio of QDs to beads was 10”:1. The mixed solution was washed with
PBS buffer and DI water three times each to remove excess QDs.

Cytotoxicity Assays of CBSS-QDs on Cells. To determine the
cytotoxicity of CBSS-QDs, HeLa and COS-7 cells were tested by the
MTT method using a Vybrant MTT cell proliferation assay kit.”***
Cells were seeded in 96-well cell culture plates in 100 uL of medium
with 10% FBS serum under 5% CO, at 37 °C to allow 80—90%
confluence. On the day of the test, cells were washed with PBS and
incubated with 200 mL of fresh medium containing CBSS-QDs at
various concentrations (10, 30, and 100 nM). After 24 h, cells were
washed with PBS and incubated with 100 mL of medium and 50 mL
of 12 mM MTT stock solution for 4 h at 37 °C. Then, the medium
was removed, and 150 mL of DMSO was added and incubated for 10
min. The absorbance at 570 nm was measured using a plate reader.

QD Functionalization. To demonstrate easy conjugation of the
QDs with CBSS ligands to biomolecular recognition elements,”"*
CBSS-QDs were first activated with 10*:1 NHS/EDC in water (100
mM, pH §.5) for 30 min. Excess coupling reagent was removed twice
by ultrafiltration through a 50 kDa cutoff filter. Activated QDs were
then mixed with streptavidin (SA, SO times) in sodium bicarbonate
buffer (200 mM, pH 8.1) and incubated for 1 h. The SA-QDs were
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Figure 1. Characterization of CBSS- and LA- QDs: (a) Absorbance spectra of CBSS- and LA-QDs in PBS and TOPO-QDs in chloroform. (b)
Fluorescence spectrum of CBSS- and LA-QDs in PBS and TOPO-QDs in chloroform. Fluorescence was measured at an excitation of 450 nm. (c)
Hydrodynamic sizes of LA- and CBSS-QDs over the pH range from § to 10.

a

Figure 2. Nonspecific adsorption of (a) LA- and (b) CBSS-QDs on BSA-coated glass beads. Typical images of LA-QDs and CBSS-QDs under a
bright field (left) and fluorescence (right), respectively (magnification, 20X; scale bar, 100 ym).

concentrated by ultrafiltration through a S0 kDa cutoff filter. The
conjugation efficiency was checked by mixing 6 pmol of SA-QDs with
biotin or SA-labeled silicon particles (1 ym diameter) over 15 min.
The particles were washed three times in PBS by centrifugation and
were photographed at 20X magnification on a Nikon Eclipse TE2000-
U microscope.

B RESULTS AND DISCUSSION

Characterization. After ligand exchange with LA or CBSS,
the absorption and emission profiles of the CdSe/ZnS QDs
changed slightly (Figure 1a). The emission was centered at 605
nm both before and after CBSS or LA ligand exchange (Figure
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Figure 3. Intracellular localization of LA- (left) and CBSS-QDs (middle) in COS-7 cells and in COS-7 cells without QDs (right) under a
magnification of (a) 8000X, scale bar 2 ym. (b) Enlarged image of the selected area at 40 000X, scale bar S00 nm. Black arrows indicate QDs. Red

arrows indicate lysosome (L) and cytoplasm (C).

1b). The hydrodynamic diameter of CBSS-QDs was around
13.5 nm, a small increase from the original QD diameter of
around 10 nm, indicating that the CBSS surface coating was
about 1.8 nm thick. Usually, a polymeric shell produces
relatively large hydrodynamic diameters on the order of 20—30
nm for an inorganic core/shell diameter of only 4—6 nm.*
Thus, this thin CBSS coating on QDs presents a crucial
advantage by maintaining their sensitivity for imaging, labeling,
and sensing. We then tested the particle stability at different pH
values. Figure 1c shows the hydrodynamic size of LA-QDs and
CBSS-QDs at various pH values. It is evident that LA-QDs lose
their colloidal stability and tend to slowly aggregate under
acidic conditions but are easily dispersed in basic buffer
solutions. Similar results have been shown in previous
studies.”* By contrast, QDs with a CBSS coating maintain
excellent stability over pH values ranging from 5.0 to 10.0.

It should be pointed out that many current ligand-exchange
approaches face a trade-off among size, stability, and
derivatizability.” For example, in previous studies exploring
the effect of PEG length on the in vivo behavior of QDs, the
PEG length had to be increased to reduce nanoparticle uptake
by the liver, even though this also increased the hydrodynamic
diameter.'” Thus, we expect that because the thin CBSS coating
can offer increased stability without sacrificing the size and
functionality of QDs, it holds tremendous potential for
biomedical applications.

Nonspecific Adsorption on Beads. Nonspecific protein
adsorption onto CBSS- or LA-QDs was investigated using bead
adsorption assays (Figure 2). BSA and glass beads (diameter
~100 pm) were incubated with CBSS- or LA-QDs. BSA was
chosen because of its common use in ELISA and immunoblot-
ting." Under identical exposure time and excitation conditions,
a large number of LA-QDs adsorbed on BSA (Figure 2). In
contrast, after 2 h of contact with BSA and a wash with buffer/
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water, no detectable fluorescence signal was found for beads
incubated with CBSS-QDs, indicating that the CBSS-QDs
exhibit very low protein adsorption and do not have any
apparent interactions with proteins such as entrapment or
sequestration. Similar results have been reported previously for
zwitterionic-sulfobetaine-coated QDs." Our results confirm that
zwitterionic carboxybetaine can greatly reduce nonspecific
protein adsorption.

Intracellular Distribution of QDs. The intracellular
distribution of CBSS- or LA-QDs after 24 h of incubation
with COS-7 cells was investigated using TEM. As shown in
Figure 3, most LA-QDs were found in the cytoplasm of COS-7
cells, which is indicative of lysosomal localization." Some of the
localized QDs were also found in lysosomes. The majority of
LA-QDs found in cells appeared as aggregates; this
phenomenon could be due to the fact that the LA shell coating
does not offer sufficient stability for QDs, making them more
susceptible to enzymatic digestion. Although most LA-QDs
were found in aggregates, individual LA-QDs were also found
in lysosomes and cytoplasm. However, no uptake was observed
in the nuclei, indicating that LA-QDs are unable in penetrating
cell nuclei”” Conversely, whereas both endosomes and
lysosomes were observed in the TEM images, no CBSS-QDs
were located within them. The significant differences in cellular
uptake and distribution of LA- and CBSS-QDs indicate that the
zwitterionic carboxybetaine QD surface enables QDs to avoid
cell uptake.

Cytotoxicity of CBSS-QDs. We then examined the
cytotoxicity of CBSS-QDs as a function of several factors,
including concentration, size, and the presence of functional
surface groups that could lead to cell death.”® The cytotoxic
effects of CBSS-QDs on HeLa and COS-7 cells were evaluated
with MTT assays. Three different CBSS-QD concentrations
(10, 50, and 100 nM) were assayed. As shown Figure 4, no
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Figure 4. Cytotoxicity of CBSS-QDs to HeLa and COS-7 cells by
MTT assay (n = 3).

significant decrease in cell viability was observed when CBSS-
QDs were incubated with HeLa or COS-7 cells at the tested
concentrations of up to 100 nM, confirming that CBSS-QDs
have low cytotoxicity. This cytotoxicity evaluation coupled with
the nonspecific bead adsorption tests and TEM images
indicates that CBSS is capable of significantly reducing the
cellular uptake and distribution of QDs and is a great probe for
further bioimaging.

Functionalization of CBSS-QDs. In addition to enhancing
the QD stability in different environments, the carboxybetaine
end group also provides abundant functional groups for ligand
immobilization. We next functionalized CBSS-QDs with
biomolecules and demonstrated the absence of nonspecific
adhesion in vitro after biomolecule immobilization. SA was
immobilized onto CBSS-QDs via NHS/EDC, resulting in a
high quantum yield and stable QDs.'* We then tested the
specific interactions of SA-conjugated QDs with biotinylated
silicon particles. Figure 5a shows the high specificity of SA-QDs
for biotinylated silicon particles. We also noticed that the SA-
labeled CBSS-QDs did not bind SA-labeled silicon particles,
again indicating ultralow nonspecific protein adsorption after
functionalization (Figure Sb). This one-step functionalization
process greatly simplifies conjugation to biomolecules with
adjustable surface densities while ensuring that the post-
functionalized surfaces possess excellent nonfouling properties.

B CONCLUSIONS

We have demonstrated a functionalizable and stable surface
platform for QDs that preserves QD optical properties,
produces excellent nanoparticle stability, and maintains a
small particle size. The absence of nonspecific protein and
cell adsorption demonstrates the excellent nonfouling proper-

ties of the thin zwitterionic carboxybetaine coating. When SA
was immobilized onto CBSS-QDs via NHS/EDC, SA-
conjugated QDs were shown to specifically bind biotin-labeled
silicon particles but not SA-labeled silicone particles. The
unique properties of CBSS (i.e., ultralow fouling and
functionalization potential) make this zwitterionic carboxybe-
taine polymer attractive as a next-generation QD coating for
many biological imaging applications.
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