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ABSTRACT: We describe the synthesis of two metal-coordinating ligands
that present one or two lipoic acid (LA) anchors, a hydrophilic polyethylene
glycol (PEG) segment and a terminal reactive group made of an azide or an
aldehyde, two functionalities with great utility in bio-orthogonal coupling
techniques. These ligands were introduced onto the QD surfaces using a
combination of photochemical ligation and mixed cap exchange strategy,
where control over the fraction of azide and aldehyde groups per nanocrystal
can be easily achieved: LA-PEG-CHO, LA-PEG-N3, and bis(LA)-PEG-CHO.
We then demonstrate the application of two novel bio-orthogonal coupling
strategies directly on luminescent quantum dot (QD) surfaces that use click chemistry and hydrazone ligation under catalyst-free
conditions. We applied the highly efficient hydrazone ligation to couple 2-hydrozinopyridine (2-HP) to aldehyde-functionalized
QDs, which produces a stable hydrazone chromophore with a well-defined optical signature. This unique optical feature has
enabled us to extract a measure for the ligand density on the QDs for a few distinct sizes and for different ligand architectures,
namely mono-LA-PEG and bis(LA)-PEG. We found that the foot-print-area per ligand was unaffected by the nanocrystal size but
strongly depended on the ligand coordination number. Additionally, we showed that when the two bio-orthogonal functionalities
(aldehyde and azide) are combined on the same QD platform, the nanocrystal can be specifically reacted with two distinct targets
and with great specificity. This design yields QD platforms with distinct chemoselectivities that are greatly promising for use as
carriers for in vivo imaging and delivery.

■ INTRODUCTION

Integration of luminescent semiconductor nanocrystals (quan-
tum dots, QDs) into biology for use as tagging agents and/or
sensing platforms is greatly promising.1−6 It exploits some of
the unique physical and optical properties that these materials
exhibit, such as tunable emission and great photochemical
stability.7 However, this requires postgrowth modification to
render the QDs hydrophilic and biocompatible, as these
materials are often prepared using high temperature growth
route and are thus hydrophobic. Several strategies have been
developed to modify the QD surfaces and promote their
dispersion in aqueous media.8−12 One strategy exploits the
ability of certain coordinating groups to interact with the metal-
rich surface of the nanocrystals and employs ligand exchange,
where the native cap is substituted with bifunctional
coordinating ligands to promote hydrophilicity.10,13−16 These
bifunctional ligands typically present one or more anchoring
groups that coordinate onto the QD surfaces and a hydrophilic
moiety to promote affinity to buffer media. The ligand
exchange strategy is easy to implement and allows control
over the coordination interactions between the nanocrystals
and ligands, as well as the number of reactive groups per QD; it
also provides QDs with compact hydrodynamic size.
Dihydrolipoic acid (DHLA) and its derivatives have been
used in designing ligands with high affinity to ZnS-overcoated
QDs.10,14,17 For instance, our group has developed several

molecular scale ligands presenting one or two lipoic acid
anchors appended with either a polyethylene glycol (PEG)
short chain or a zwitterion group (LA-PEG, LA-ZW, bis(LA)-
PEG, and bis(LA)-ZW) and applied them for stabilizing both
luminescent QDs and Au nanoparticles.10,14,18,19 This route has
yielded dispersions of QDs and AuNPs with good colloidal
stability over a wide range of conditions.14,18,19 Additionally, the
PEG moiety can be modified with specific terminal
functionalities to facilitate the bioconjugation of the nano-
particles with target molecules such as dyes, peptides, proteins,
and redox complexes.14,15,20−22

Several conventional conjugation techniques have been
developed to couple biomolecules to various inorganic
nanocrystals, including EDC condensation reaction (amine to
carboxylic acid), thiol−ene reaction, and avidin−biotin bind-
ing.8,23,24 These approaches, though ubiquitous, have some
limitations. For example, EDC coupling uses excess amounts of
precursors and coupling reagents, which require careful removal
of the byproducts and excess reagents; it may also cause cross-
linking.25 As alternative to these routes, there has been a
growing interest in developing bio-orthogonal coupling
chemistries directly on the nanocrystal surfaces, because these
routes are rapid, selective, and can be carried out under mild
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conditions. They also exhibit minimum interference with the
biological properties of the system or cross coupling.26 Bio-
orthogonal reactions applied directly on the nanoparticle
surface include strain-promoted azide−alkyne cycloaddition,
tetrazine ligation, and hydrazone ligation.27−30

For most applications in biology a thorough characterization
of the number of target molecules coupled to a nanocrystal (i.e.,
the surface coverage) following a reaction is crucial. This
controls the nanocrystal reactivity and the biological activity of
the resulting conjugates. However, characterization of such
properties using conventional coupling strategies combined
with UV−vis optical spectroscopy, NMR, or ICP-MS spectros-
copy has been rather challenging, especially for hydrophilic
nanocrystals; results have also been rather limited.23,31−33

Therefore, it is highly desirable to develop an effective method
that can provide quantitative information about the ligand
density and reactivity of the nanocrystal surfaces.
In the present study, we report the synthesis of three new

PEGylated ligands presenting LA anchors and specific terminal
reactive functions: azide-terminated LA-PEG (LA-PEG-N3),
aldehyde-appended LA-PEG (LA-PEG-CHO), and aldehyde-
appended bis(LA)-PEG (bis(LA)-PEG-CHO). This design is
further combined with a mild photoligation strategy to cap
CdSe-ZnS QDs with these ligands under NaBH4-free
conditions, providing nanocrystals with controlled surface
functionality. The CHO-modified QDs are reacted with 2-
hydrazinopyridine (2-HP). This coupling yields hydrazone
chromophores with a well-defined optical feature at 350 nm,
which has been exploited to extract an estimate for the density
of PEG-CHO groups per QD. Similarly, the azide-modified
QDs have been reacted with dibenzocyclooctyne (DBCO) via
strain-promoted cycloaddition reaction and further coupled
with Cy3 dye. The effectiveness of the coupling route is
inferred from the combined analyses of the absorption and
fluorescence resonance energy transfer data. Furthermore, we
have prepared QDs that present both N3 and CHO groups and
used them to test bio-orthogonal coupling (click reaction and
hydrazone ligation) on the nanocrystal surfaces.

■ EXPERIMENTAL SECTION
Materials. Poly(ethylene glycol) (PEG) (MW: ∼1000 Da),

poly(ethylene glycol) methyl ether (MW: ∼750 Da), lipoic acid
(LA), 2-hydrozinopyridine (2-HP), 4-formylbenzoic acid (4-FB), N-
hydroxysuccinimide (NHS), N,N-dicylohexylcarbodiimide (DCC),
tetramethylammonium hydroxide (TMAH), and organic solvents
(e.g., CHCl3, CH2Cl2, CH3OH, and C6H14) were purchased from
Sigma Chemicals (St. Louis, MO). Phosphate salts such as
monosodium phosphate and disodium phosphate were also purchased
from Sigma Chemicals. Poly(ethylene glycol)-modified dibenzocy-
clooctyne (DBCO-PEG200-NH2) and sulfo-Cy3 NHS esters were
respectively purchased from Click Chemistry Tools (Scottsdale, AZ)
and GE Healthcare Life Science (Pittsburgh, PA). Deuterated solvents
(e.g., D2O and CDCl3) used for 1H NMR and 13C NMR experiments
were purchased from Cambridge Isotope Laboratories (Andover,
MA). Column chromatography purification was performed using silica
gel (60 Å, 230−400 mesh, from Bodman Industries, Aston, PA). All
chemical reactions reported here were performed under nitrogen
atmosphere unless otherwise specified. Moisture- and oxygen-sensitive
solid materials were handled in a glovebox (MBraun Labmaster). All
the solvents were used as purchased without further purification,
unless otherwise specified.

Instrumentation. The NMR spectra were collected using a Bruker
SpectroSpin 600 MHz spectrometer, while the FT-IR (Fourier
transform infrared) spectra were recorded on a PerkinElmer FT-IR
spectrometer. The optical characterization of the dispersions was
carried out using a Shimadzu UV−vis absorption spectrophotometer
(UV 2450 model). A Fluorolog-3 spectrometer (JobinYvon Inc.,
Edison, NJ), equipped with PMT and a CCD for detection, was used
to collect the photoluminescence spectra. Solvent evaporation (to
concentrate or dry samples) was carried out using a lab-scale Buchi
rotary evaporator R-215 (New Castle, DE). The photoligation
experiments were carried out using a UV photoreactor, Model LZC-
4 V (Luzchem Research Inc., Ottawa, Canada).

■ LIGAND SYNTHESIS
The various polyethylene glycol-appended monolipoic acid
ligands used in this study were prepared following previous
protocols with a few modifications.34 LA-PEG750-OCH3,
bis(LA)-PEG750-OCH3, and bis(LA)-PEG1000-NH2 were pre-
pared and purified following the procedures described in our
previous reports.19,35,36 To improve the limited solubility of the
azide and aldehyde groups as well as the resulting azide- and
aldehyde-functionalized QDs in water, we used a longer

Figure 1. Schematic representation of the chemical structures and synthetic steps to prepare LA-PEG-CHO and bis(LA)-PEG-CHO ligands used in
this study.
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PEG1000 chain (instead of PEG400 or PEG600) to prepare both
the azide- and aldehyde-appended ligands. As such, the LA-
PEG1000-N3, LA-PEG1000-NH2, and bis(LA)-PEG1000-NH2 were
synthesized following previous protocols but starting with
PEG1000 precursor.34,36 The LA-PEG1000-NH2 and bis(LA)-
PEG1000-NH2 were further reacted with NHS-activated
formylbenzoic acid (4-FB-NHS) to yield LA-PEG1000-CHO
and bis(LA)-PEG1000-CHO ligands, as shown in Figure 1. The
ligands with various structures and terminal functions were
photoligated onto CdSe-ZnS QDs in situ starting with the
oxidized form under UV-irradiation.37 Below we provide the
details of the synthetic procedure used for the preparation of
the aldehyde-terminated LA-modified ligands.
Compound 1: 4-FB-NHS (NHS-Modified 4-Formylben-

zoic Acid). 4-Formylbenzoic acid (1.0 g, ∼ 6.7 mmol), NHS
(0.92 g, ∼8 mmol) and 40 mL of THF were mixed in a 250 mL
two-neck round-bottom flask equipped with a magnetic stirring
bar. The solution was purged with N2 and cooled to ∼0 °C
using an ice bath, and then DCC (1.65 g, ∼8.01 mmol)
dissolved in 15 mL of THF was added dropwise. Once the
addition was complete, the reaction mixture was gradually
warmed up to room temperature and stirred under N2
atmosphere overnight. The THF was removed using a rotary
evaporator, yielding a dry solid, which was redissolved in
CHCl3, and the insoluble byproducts (white solid) were
removed by passing the solution through a filter paper. The
remaining residue was purified using silica gel chromatography
employing 20:1 (v/v) CHCl3:MeOH mixture as the eluent.
After solvent evaporation, the product was collected as a white
solid (∼1.3 g ; reaction yield ∼80%) and stored at 4 °C. 1H
NMR (600 MHz, in CDCl3): δ (ppm) 10.13 (s, 1H), 8.29−
8.30 (d, 2H, J = 6 Hz), 8.01−8.02 (d, 2H, J = 6 Hz), 2.96 (s,
4H).
Compound 2: LA-PEG-CHO. Compound 1 (4-FB-NHS,

0.21 g, ∼0.85 mmol) was dissolved in 20 mL of DCM in a 100
mL two-neck round-bottom flask. The content was purged with
N2, a solution of LA-PEG1000-NH2 (1.53 g, 1.27 mmol)
dissolved in 20 mL of DCM was added dropwise through an
additional funnel at room temperature, and the reaction
mixture was stirred overnight. Once the reaction was complete,
the mixture was filtered (through a filter paper) to remove any
solid byproduct (e.g., NHS). The solution was concentrated
using rotary evaporator and further purified on a silica gel
column using 20:1 (vol:vol) CHCl3:MeOH solvent mixture as
the eluent. The eluted fractions were combined and the solvent
was evaporated, yielding compound 2 as a yellow paste (∼1.35
g; reaction yield ∼50%). 1H NMR (600 MHz, in CDCl3): δ
(ppm) 10.10 (s, 1H), 7.98−7.99 (d, 2H, J = 6 Hz), 7.91−7.92
(d, 2H, J = 6 Hz), 7.34 (s, 1H), 6.58 (s 1H), 3.62 (m, 90H),
3.52−3.54 (m, 6H), 3.42−3.44 (m, 4H), 3.13−3.17 (m, 1H),
3.06−3.11 (m, 1H), 2.41−2.46 (m, 1H), 2.20 (t, 2H, J = 6 Hz),
1.91−1.85 (m, 1H), 1.63−1.68 (m, 4H), 1.42−1.45 (m, 2H).
Compound 3: Bis(LA)-PEG-CHO. In a 100 mL two-neck

round-bottom flask, 4-FB-NHS (0.11 g, ∼0.45 mmol) was
dissolved in 15 mL of DCM. Then bis(LA)-PEG1000-NH2 (1.0
g, ∼0.65 mmol) also dissolved in DCM (15 mL) was added
dropwise through an addition funnel. The reaction mixture was
stirred at room temperature under N2 atmosphere overnight.
The solution mixture was passed through a filter paper and
then further purified on a silica gel column using an eluent
mixture of 20:1 (vol:vol) CHCl3:MeOH. The eluted fractions
were combined, and the solvent was evaporated, yielding the
product as a yellow solid (∼0.5 g; reaction yield ∼50%). 1H

NMR (600 MHz, in CDCl3): δ (ppm) 10.10 (s, 1H), 8.03−
8.04 (d, 2H), 7.93−7.94 (d, 2H), 7.43 (s, 1H), 6.94 (s 1H),
4.72−4.76 (m, 1H), 3.63 (m, 90 H), 3.52−3.56 (m, 6H), 3.32−
3.38 (m, 6H), 3.14−3.20 (m, 2H), 3.07−3.12 (m, 2H), 2.64−
2.67 (m, 1H), 2.54−2.57 (m, 1H), 2.40−2.46 (m, 2H), 2.25−
2.27 (t, 2H, J = 6 Hz), 2.19−2.21 (t, 2H, J = 6 Hz), 1.85−1.89
(m, 2H), 1.64−1.69 (m, 8H), 1.43−1.48 (m, 4H).

Growth of the Quantum Dots. Growth of the CdSe-ZnS
core−shell QDs used in this study was carried out using a
stepwise reaction involving the reduction of organometallic
precursors at high temperature and in a coordinating solvent
mixture made of n-trioctylphosphine (TOP), n-trioctylphos-
phine oxide (TOPO), and alkylamines along with a small
fraction of n-hexylphosphonic acid. Core growth was then
followed by overcoating with a few monolayers of ZnS;
additional details can be found in previous references.38−44

Photoligation of QDs with a Mixture of Azide and
Aldehyde-Functionalized Ligands. Below we briefly
describe the protocol used to photoligate the CdSe-ZnS QDs
with a mixture of LA-PEG750-OCH3 and LA-PEG1000-CHO
(i.e., mixed surface ligand exchange). The molar fraction of LA-
PEG1000-CHO used was varied to allow the preparation of QDs
with controllable numbers of surface-reactive groups. First,
hydrophobic TOP/TOPO-capped QDs (130 μL of a 10 μM
stock dispersion in hexane/toluene mixture with a volume ratio
of 1:2) were precipitated using excess ethanol, followed by
centrifugation, yielding a precipitate of the QD materials; note
that the hexane/toluene volume ratio reported above can be
slightly varied without affecting the phase transfer process or
the quality of the final materials. The solvent was removed
using a glass pipet, and the wet QD solid paste was redispersed
in 500 μL of hexane. Separately, LA-PEG750-OCH3 (47.5 mg)
and LA-PEG1000-CHO (3.6 mg) were dissolved in 500 μL of
MeOH and a catalytic amount of tetramethylammonium
hydroxide (TMAH, ∼10 mM) was also added. The content
of the two vials (QDs and ligands) were combined in one
scintillation vial equipped with a magnetic stirring bar; this
yielded a two-phase solution mixture made of a hexane phase
containing the QDs (top) and a methanol phase containing the
ligands (bottom). The vial was sealed with a rubber septum,
and the atmosphere was switched to nitrogen. This vial was
placed inside a UV reactor (Luzchem Research Inc., Ottawa,
Canada) and then irradiated using UV light (irradiation peak
centered at 350 nm and a power = 4.5 mW/cm2) for 30 min
with constant stirring. A complete phase transfer of the QDs
from hexane (top) to methanol (bottom) occurred, indicating
that ligand exchange had taken place. The organic solvents were
removed using a pipet followed by evaporation under vacuum,
and then a mixture of chloroform:methanol:hexane (1:1:10,
vol:vol:vol) was added to the QD paste followed by
centrifugation at 1900g for 5 min. The solvent containing
TOP, TOPO, and other alkyl amine and alkyl carboxyl ligands
were removed using a glass pipet. The QD paste was gently
dried under vacuum and dispersed in DI water. Finally, three
rounds of concentration/dilution using a centrifugal membrane
filtration device (MW cutoff = 50 kDa) were applied to remove
excess free hydrophilic and solubilized hydrophobic ligands.
This protocol can also be applied to photoligate QDs with
other sets of ligands, such as a mixture of LA-PEG750-OCH3
and LA-PEG1000-N3, a mixture of bis(LA)-PEG750-OCH3 and
bis(LA)-PEG1000-CHO, or a three-ligand mixture of LA-
PEG750-OCH3, LA-PEG1000-CHO, and LA-PEG1000-N3. This
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protocol has yielded multifunctional QDs with controllable
surface reactivity.
Hydrazone Ligation on Aldehyde-Modified QDs. First,

aliquots of QDs photoligated with 5% LA-PEG-CHO (50 μL,
3.67 μM), 2-hydrozinopyridine (2-HP) solution in DMF (7 μL,
1 mg/mL), and 1443 μL of phosphate buffer (10 mM, pH 4.9)
were mixed in a scintillation vial. The total volume of the
reaction solution was maintained at 1500 μL. Combining the
use of excess 2-HP and acidic condition allowed us to increase
the reaction yield to ∼100%. The reaction mixture was first
placed in a water bath at 37 °C with constant stirring for 2.5 h
and then further stirred at room temperature overnight in the
dark (by wrapping aluminum foil around the vial). Once the
reaction was complete, excess 2-HP was removed by applying
one round of centrifugal purification using a membrane
filtration device (Amicon, cutoff MW = 50 kDa), and then
the solution was concentrated to final volume around 200 μL.
The same protocol was applied to attach 2-HP onto QDs
photoligated with a higher mole fraction of LA-PEG-CHO,
except that the amount of 2-hydrozinopyridine added was
accordingly increased. This is done in order to account for the
higher density of aldehyde groups per QD and to maintain a 2-
HP-to-CHO molar ratio comparable to the one used above.
Following the same protocol, different size QDs were
photoligated with varying mole fractions of bis(LA)-PEG-
CHO (using a mixture of bis(LA)-PEG-CHO and bis(LA)-
PEG-OCH3). Here too, the amount of precursors (e.g., namely
2-hydrozinopyridine) were adjusted to account for the higher
fractions of CHO groups per nanocrystal, when larger size
nanocrystals with higher surface areas were used.
Click Coupling on Azide-Modified QDs. To implement a

strain-promoted metal-free cyclization reaction, 20% LA-PEG-
N3 functionalized QDs (60 μL, 4 μM) and dibenzocyclooctyne-
PEG200 (DBCO-PEG200-NH2) stock solution in DMSO (31
μL, 1 mg/mL) were added to a scintillation vial equipped with
a magnetic stirring bar. Then 155 μL of phosphate buffer (10
mM, pH 7) and 154 μL of DMSO were added to the vial, and
the reaction mixture was stirred at room temperature for 5 h in
the dark. Unreacted DBCO was removed using a PD-10 size
exclusion column. The first fraction was collected and
concentrated to a final volume of ∼150 μL using a centrifugal
membrane filtration device (cutoff MW = 50 kDa). The
purified sample was mixed with NHS-ester-activated Cy3
predissolved in DMSO (20 μL, 2.4 mM), and then 330 μL of
phosphate buffer (10 mM, pH8.7) was added to maintain basic
pH condition. The content was stirred at room temperature for
5 h, followed by purification of the final QD-DBCO-dye
conjugates using a PD-10 size exclusion column.
Functionalization of QDs with a Mixture of 2-HP and

DBCO Groups. A dispersion of QDs photoligated with a
mixture of 5% LA-PEG-CHO, 8% LA-PEG-N3, and 87% LA-
PEG-OCH3 was first prepared. The QDs presenting both azide
and aldehyde groups on their surfaces were reacted stepwise
with 2-HP and then with DBCO. An aliquot of the QD
dispersion (60 μL, 6 μM) was first mixed with 2-HP dissolved
in DMF (14 μL, 1 mg/mL), and then 1426 μL of pH4.9
phosphate buffer (10 mM) was added. The reaction was
allowed to proceed at 37 °C (using a water bath) for 2.5 h,
followed by stirring at room temperature overnight. Once the
reaction was complete, excess 2-HP was removed by applying
one round of purification using a membrane centrifugal
filtration device (cutoff MW = 50 kDa). The purified
hydrazinopyridine-modified QDs were reacted with DBCO (1

mg/mL in DMSO, 19 μL) at room temperature and then with
NHS-Cy3 dye (1.5 mM in DMSO, 19 μL), following the steps
used for the click coupling of azide-QDs described above. The
QD-Cy3 conjugates were purified using a PD-10 column. The
first fraction was collected and further concentrated using a
membrane centrifugal filtration device for further use.

■ RESULTS AND DISCUSSION
Ligand Design and Phase Transfer. The overall aim of

the present ligand design is to introduce aldehyde (CHO) or/
and azide (N3) functional groups on the QD surfaces, with a
controllable density and then to use the resulting nanocrystals
to implement new coupling chemistries that can selectively and
specifically target biomolecules. Such coupling chemistries
include hydrazone ligation applied to aldehyde-QDs and
strain-promoted cycloaddition carried out using azide-modified
QDs. These reactions are reported to be rapid and chemo-
selective and can proceed without the need for coupling
reagents. This contrasts with more “traditional” methods, such
as carbodiimide coupling between carboxylic acid and amine
groups installed on the targeted molecules. Furthermore, we
exploited the high efficiency of the hydrazone ligation and its
ability to form a chromophore with a well-defined optical
absorption feature, to extract an estimate for the number of LA-
PEG and bis(LA)-PEG ligands attached onto a QD. The
synthetic protocols of the ligands involve a few simple steps.
The LA-PEG1000-N3 ligands used to prepare azide-function-
alized QDs were synthesized following our previous proto-
cols.14,19,34 Similarly, synthesis of LA-PEG1000-CHO was carried
out starting with LA-PEG1000-NH2. Then, LA-PEG1000-NH2
was reacted with 4-FB preactivated with NHS (4-FB-NHS-
ester), yielding LA-PEG1000-CHO (Figure 1). A similar
protocol was applied to prepare bis(LA)-PEG-CHO: bis(LA)-
PEG1000-NH2, prepared using the protocol described in our
recent study,36 was reacted with 4-FB-NHS to provide
aldehyde-appended bis(LA)-PEG1000 ligands. The use of a
longer PEG chain improves the colloidal stability of nano-
particles presenting azide and benzaldehyde groups in aqueous
solution;34 benzaldehyde, in particular, has a limited solubility
in water.

Photoligation of QDs with Aldehyde and Azide-
Terminated Ligands. The phase transfer of hydrophobic
TOP/TOPO-QDs to aqueous media, while preserving the
integrity of the target-reactive groups (N3 and CHO), was
achieved using in situ photoligation under sodium borohydride-
free conditions and starting with the oxidized form of the
ligands. This phase transfer route relies on the photochemical
transformation of the lipoic acid groups under UV irradiation at
350 nm. This approach is compatible with an array of LA-based
ligands, including small molecules as well as polymer
ligands.19,45,46

Characterization of the Azide- and Aldehyde-Func-
tionalities on the QDs. We confirmed the intact functionality
of the azide and aldehyde groups following photoligation on
the QDs using two key analytical tests. (1) The integrity of N3
groups was verified by comparing the FTIR spectra collected
from QDs photoligated with a mixture of 20% LA-PEG-N3 and
80% LA-PEG-OCH3 and from pure LA-PEG-N3 (control). The
spectra show that the characteristic band around 2100 cm−1

ascribed to N3 is present in the pure ligand and in the QD
samples, indicating that the azide groups have been preserved
during the photoligation and phase transfer step (see
Supporting Information, Figure S2). The weak intensity of
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the N3 band measured for the QD sample is due to the rather
low concentration of QD materials used to collect the FTIR
spectrum. (2) We verified the integrity of the aldehyde groups
following photoligation on the QDs by checking: (i) the
chemical stability of CHO group in the presence of thiol, and
(ii) the potential reactivity of CHO with methanol. It is known
that aldehyde and ketone can react with thiols to form
hemithioacetal and dithioacetal, respectively, which changes the
integrity of the carbonyl group. The photoirradiation of LA-

based ligands during phase transfer produces abundant active
thiol species (e.g., radical byproducts),47,48 which may react
with the aldehyde groups. In addition, methanol solvent (used
during photoligation) could react with aldehyde to form
hemiacetal or acetal under certain conditions (e.g., neutral
conditions). We thus investigated the effect of thiols and
methanol on the integrity of the aldehyde using our
experimental conditions. The effects of thiol byproducts on
the integrity of aldehyde were checked using the Ellman test.

Figure 2. (A) Comparison of the UV−vis absorption spectra collected from solutions of photoirradiated LA-PEG-CHO and LA-PEG-OCH3 ligands
in the presence of 50 μM DTNB; the ligand concentration was 15 μM for both cases. The absorption spectra of DTNB and nonirradiated ligands are
also provided. (B) Plot showing the linear correlation between the absorbance at 412 nm (associated with TNB2− product) and the concentration of
the photoirradiated ligands; the concentration of the LA-PEG ligands was varied from 5 μM to 25 μM. (C and D) 13C NMR spectra of LA-PEG-
CHO ligand in DMSO-d6 and of photoirradiated LA-PEG-CHO in a deuterated solvent mixture of DMSO-d6 and D2O, respectively. (E)

1H NMR
spectra of LA-PEG-CHO ligand (red) and QDs photoligated with a mixture of 15% LA-PEG-CHO and 85% LA-PEG-OCH3 (blue); all the spectra
were collected from solutions in D2O. An asterisk (*) designates the aldehyde feature around 10 ppm.
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This test/assay is a reliable route to quantify the concentration
of thiol groups in a medium by reacting the thiolated
compounds with DTNB (5,5′-dithiobis(2-nitrobenzoic acid)).
This reaction yields 5-thio-2-nitrobenzoic acid (TNB2−), a
colored product that has a distinct absorption feature at 412 nm
(with ε = 14 150 M−1 cm−1).49 Here, the Ellman assay was
performed using two sets of ligands: (i) LA-PEG-CHO that
was photoirradiated in a MeOH solution purged with argon,
and (ii) LA-PEG-OCH3 irradiated under the same conditions
(used as control). We expect that the concentration of free
thiols, produced in the irradiated LA-PEG-CHO solution, to be
essentially the same as that of LA-PEG-OCH3 if the generated
thiols do not interact with the aldehydes. For this test, a series
of solutions with different molar concentrations of LA-PEG-
CHO and LA-PEG-OCH3 (5 μM, 10 μM, 15 μM, 20 μM, 25
μM) in MeOH were prepared and irradiated (at 350 nm using
a UV reactor) for 30 min. The samples were then incubated
with DTNB (50 μM) for 25 min at room temperature, followed
by collection of the absorption spectra. Figure 2A shows one
representative example of two different ligand solutions (LA-
PEG-CHO and LA-PEG-OCH3) with the same concentration
(15 μM). In both cases, mixing with DTNB produced a new
absorbance feature at 412 nm attributed to the product
formation, and the absorbance values of the two samples at this

wavelength are essentially the same, indicating that photo-
ligation produced the same amount of thiols in the solutions.
Moreover, the contribution at 412 nm was found to increase
linearly with the ligand concentration. Using this linear
correlation between the absorbance at 412 nm and the ligand
concentration, we found that the slopes extracted for the two
set of ligands are similar, further confirming that the thiols in
the medium produced during the photoligation did not
interfere with the aldehyde groups (Figure 2B). We should
note that the concentration of thiols, determined from the
Ellman test data (using Beer’s law) for such photochemically
transformed ligands, is smaller than the one extracted from
chemically reduced DHLA-ligands using sodium borohydride,
e.g., the overall concentration of thiol groups produced via
photoirradiation of a solution of LA-PEG ligands in methanol is
∼60% of that generated following borohydride-reduction of
lipoic acid.49 Chemical reduction using sodium borohydride has
been shown to yield nearly 100% reduction of the dithiolane
rings in the sample.49 In addition, we measured the 13C NMR
spectrum of LA-PEG-CHO UV-irradiated in methanol to probe
solvent effects; acetal and hemiacetal carbons have clear and
distinct signatures in 13C NMR at ∼100 ppm. During the
experiment, the LA-PEG-CHO solution in methanol was
irradiated for 30 min, and then the methanol was completely

Figure 3. (A) Schematic representation of the QD-Cy3 conjugates assembly via click coupling chemistry. A mixture of LA-PEG-N3 (20%) and LA-
PEG-OCH3 (80%) was photoligated onto TOP/TOPO-QDs (λem = 530 nm). The N3 groups on the QD surfaces were subsequently reacted with
DBCO through strain-promoted cycloaddition and then with NHS-Cy3. (B and C) UV−vis absorption and PL spectra of QDs self-assembled with
NHS-Cy3. The control samples of QDs and NHS-Cy3 along with the deconvoluted contribution of QDs and NHS-Cy3 are also provided (excitation
wavelength = 400 nm).
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removed under vacuum (by drying for 3 h). The dried sample
was then dissolved in DMSO-d6 along with a small amount of
D2O; the latter was added to match the aqueous conditions
used for reacting the photoligated QDs with 4-FB. The 13C
NMR spectra shown in Figure 2C and 2D for nonirradiated
and UV-irradiated ligands do not show a signature around 100
ppm (where the expected acetal signature is) but a clearly
defined peak at ∼195 ppm, indicating the absence of hemiacetal
or acetal from the sample and the presence of the aldehyde.
Additionally, the integrity of the aldehyde groups after ligand
exchange was characterized by 1H NMR spectroscopy of CHO-
QD dispersion, which shows an aldehyde feature at chemical
shift δ = 10.0 ppm (Figure 2E). This is a strong evidence that
the integrity of the aldehyde groups on the surface of QDs after
photoligation has been preserved, thus paving the way for
further coupling with 2-HP.
Strain-Promoted Click Coupling of QDs with DBCO.

Conjugation of QDs with biomolecules such as antibodies,
enzymes, proteins typically relies on carbodiimide activation
chemistry using amine and carboxyl functional groups on the
target molecules. One of the disadvantages of this route is that
the presence of both amine and carboxyl groups in proteins and
antibodies may create undesired cross-linking between the
biomolecules, causing aggregation of the desired products (here
nanoparticle-conjugates). The recent developments in the use
of cycloaddition reaction between azide and alkyne have
opened up new opportunities in the modification of nano-
particles for site-specific targeting.50,51 This reaction meets the
criteria of bio-orthogonal chemistry, namely high efficiency and
chemoselectivity. Thus far, such conjugation strategy relying on
the Cu(I)-catalyzed cycloaddition has been extensively used for
the functionalization of Au, silica, and iron oxide nano-
particles.52−54 When this reaction is applied to QDs, quenching
of the emission brought by the copper catalyst (Cu(I)) takes
place, rendering its use ineffective, though such quenching can
be reduced using a rather thick polymer coating as has been
shown recently by Weller and co-workers.55 The emergence of
strain-promoted azide−alkyne cycloaddition (SPAAC) has
provided an alternative strategy which relies on the use of
highly strained alkynes instead, allowing the reaction to proceed
without the need of a copper catalyst. This alternative route has
been used to conjugate QDs to target molecules, as described
in a few recent reports.28,56

In our study, the QDs photoligated with LA-PEG-N3 were
reacted with DBCO-PEG200-NH2 under mild conditions
promoted by SPAAC reaction. To confirm that the reaction
between the azide-QDs and alkyne bond in DBCO has taken
place, the resulting QD-DBCO conjugates were further coupled
to sulfo-Cy3 NHS ester via the reactive amine on the DBCO
molecule (see Figure 3A). Figure 3B shows that the absorption
spectra of the final conjugates (after purification) display the
composite features of both QDs and dye. Additionally, the
emission spectra of the conjugates and control samples were
measured using 400 nm excitation, which coincides with the
absorption valley of Cy3 to minimize direct excitation of
acceptor dye. Figure 3C shows that deconvolution of the
composite spectrum yields two distinct contributions from the
QDs and the dye. Furthermore, the deconvoluted spectra show
that the QD contribution has decreased (compared to pure QD
dispersion) combined with enhancement in the emission of
Cy3; these changes are attributed to efficient FRET
interactions. In comparison, the emission signal collected
from the Cy3 dye-control was negligible. The combined

absorption and emission data provide clear evidence that the
QDs and Cy3 were brought in close proximity promoted by
covalent coupling, resulting in strong FRET interactions.
We used the above spectroscopic data to extract separate

estimates for the number of Cy3 per QD conjugate. First we
used the absorption data to estimate the average number of dye
(n) attached to a nanocrystal, by comparing the extinction
coefficients of the green QDs (3.348 × 105 M−1 cm−1 at 350
nm) and Cy3 dye (1.5 × 105 M−1 cm−1 at 552 nm); we
extracted a value of n ∼ 9. We should, however, note that the
absorption data alone do not unequivocally prove that
conjugation has taken place. FRET measurements, in contrast,
are more reliable, because the process requires close proximity
interactions.57 We first extracted the experimental QD-PL
quenching efficiency from the emission spectra using the
relation:

=
−

E
F F

Fn
D DA

D (1)

where FD and FDA represent the emission intensity of the QD-
donor alone and QD in the presence of Cy3, respectively.
Using a quantum yield (QD) value of 0.18, a center-to-center
separation distance (r) between QD surface and dye of 60 Å,
and a fit to the quenching data assuming a centrosymmetric
conjugate configuration, we calculate a valence n of ∼8.58 This
value is in good agreement with the number estimated from the
absorption data above. Additional details of the FRET analysis
are provided in the Supporting Information.

Hydrazone Ligation and Quantification of the Ligand
Density per QD. Exploiting the great potentials offered by
inorganic nanoparticles in biology undoubtedly hinges on our
ability to understand and control their interactions with
biological systems. Such control requires a thorough character-
ization of the surface properties of such materials, including
ligand arrangements, ligand density, and conjugation to target
biomolecules.
In an earlier report, we designed maleimide-functionalized

AuNPs (by ligand exchanging citrate-nanoparticles with LA-
PEG-maleimide ligands).23 The NPs were reacted with Cy5 dye
through a cysteine−peptide bridge and then combined with
optical absorption measurements to extract an estimate for the
ligand density on two different size AuNPs.23 One limiting
factor of that approach was the difficulty to reduce issues of
nonspecific adsorption (i.e., stickiness) of the dye onto the
AuNP surfaces. Here, we wanted to exploit the fact that
hydrazone ligation between aldehyde groups and hydrazinopyr-
idine can produce a specific chromophore with a well-defined
optical signature and use it to extract a measure of the LA-PEG
density on luminescent QDs. This strategy can reduce issues of
nonspecific adsorption, because the hydrazone chromophores
are formed only as a result of a successful ligation reaction.
Overall use of this ligand counting strategy benefits from three
features: (1) the hydrazone chromophores formed after ligation
have a distinct absorption feature at 350 nm, implying that the
reaction progress can be monitored optically, (2) the reaction is
highly efficient and chemoselective under acidic conditions and
without the need for a catalyst,29,59−61 and (3) the use of
hydrazinopyridine derivative to develop new bioconjugation
strategies has steadily increased.62−64 The ligation reaction is
carried out in phosphate buffer (pH 4.9). We should stress that
use of acidic conditions is crucial for accelerating the ligation
reaction, as this pH is reported to enhance the reaction yield
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over 90% at low reagent concentrations, while eliminating the
need for aniline catalyst; the latter quenches the photo-
luminescence of QDs (see protocol at https://www.hitpages.
com/doc/6410955713937408/1/).
To follow the reaction progress, we first investigated its

kinetics by tracking changes in the measured absorbance at 350
nm, as coupling between CHO-QDs and 2-HP progressed.
Figure 4B shows that the reaction proceeded rapidly during the
first 3 h and then gradually slowed down until completion after
∼15 h. As a control, we mixed 100% OCH3-QDs with 2-HP
and monitored the absorption at 350 nm under the same
reaction conditions. No change in the absorbance at 350 nm
was measured regardless of the incubation time, indicating that
no hydrazone formation had taken place (see Supporting

Information, Figure S3). This can be attributed to the inert
nature of the methoxy groups on the QDs. These results prove
that hydrazone ligation on the nanocrystal surfaces has taken
place only when CHO-QDs were mixed with 2-HP.
We then applied this reaction to two different sets of QDs

(with λem at 540 and 563 nm) photoligated with varying
fractions of LA-PEG-CHO. As above, the QD dispersions were
reacted with excess amounts of 2-HP to ensure maximal
reaction conversion. The reaction mixtures were allowed to
proceed for 15 h, and once the reaction was complete, excess 2-
HP was removed by applying one round of centrifugal filtration
(see Experimental Section). Figure 4C shows that the
absorbance at 350 nm increases with increasing fraction of
CHO per QD used, due to the formation of hydrazone

Figure 4. (A) Schematic illustration of the hydrazone ligation applied to prepare QD-hydrazone conjugates. QDs were photoligated with a mixture
of LA-PEG-CHO and LA-PEG-OCH3; the molar fraction of CHO was varied between 2.5 and 15%. The CHO groups on the QD surfaces were
covalently ligated with 2-HP, providing hydrazone chromophores with a well-defined feature at 350 nm. (B) Monitoring of the reaction progress
with time by tracking the progression of the absorbance at 350 nm: 5% CHO-QDs mixed with 50 times molar excess 2-HP with respect to CHO
were used. (C) UV−vis absorption spectra collected from green-emitting (λem = 540 nm) QD-hydrazone conjugates prepared using CHO-QDs
(2.5−15%) reacted with 2-HP; the spectra were collected after removing excess free 2-HP using a membrane filtration device. The absorption
spectra of 2-HP alone and 2.5% CHO-QDs were also provided. The absorption spectrum from unreacted CHO-QDs at the corresponding molar
fraction is subtracted from every composite spectrum (i.e., of QD-hydazone conjugates) before analysis. (D) Plot of ΔAbs350 versus aldehyde molar
fraction collected from green-emitting QDs (λem = 540 nm). (E) UV−vis absorption spectra collected from 5% and 10% bis(LA)-PEG-CHO-QDs
ligated with 2-HP, orange-emitting QDs were used (λem = 590 nm). The absorption spectrum of 5% bis(LA)-PEG-CHO-QDs before ligation is also
shown. Absorbance data were collected at room temperature.
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chromophores. This contribution is distinct from that of the 2-
HP reactant; the latter has a signature at 300 nm (see Figure
4C). Deconvolution of the absorption spectra allowed us to
isolate the contribution of the hydrazone chromophores from
that of the QDs. The spectrum from a control CHO-QD
dispersion prepared with the same molar concentration of QDs
(no 2-HP) was subtracted from the composite spectra prior to
deconvolution. A plot of the differential absorption at 350 nm
(ΔAbs350) vs % CHO used is shown in Figure 4D. The plot
shows two important properties of the hydrazone reaction
applied to our CHO-functionalized QDs. (1) ΔAbs350 exhibits
a linear dependence on the %-CHO used, and (2) the linear fit
yields a zero intercept at the origin: ΔAbs350 = α × (% CHO),
where α is an experimental constant. The zero intercept is an
important feature, as it reflects the high efficiency and
specificity of the reaction, combined with the absence of
nonspecific binding of the 2-HP groups on the QD surfaces. By
comparing the absorbance and the extinction coefficient at 350
nm for the QDs (7.85 × 105 M−1 cm−1 for 540 nm-emitting
QDs and 8.34 × 105 M−1 cm−1 for 563 nm-emitting QDs) and
for the hydrazone chromophore (24 500 M−1 cm−1), we
extracted an estimate for the number of chromophores formed
per QD at each CHO fraction used (see protocol at http://
w w w . s o l u l i n k . c o m / p r o d u c t s / p r o t o c o l s /
4FBColorimetricMSRAssayProteinNanodropMethodProtocol.
pdf). In Table 1 we list the number of hydrazone
chromophores obtained for different fractions of CHO groups
per QD used for green- and yellow-emitting nanocrystals. By
extrapolating the linear fit to 100% CHO (corresponding to
QDs photoligated with pure LA-PEG-CHO), we extract a
measure for the number of ligands per nanocrystal for each size
used (see Table 1). Clearly, a larger number of ligands per
nanocrystal is measured for the QDs with a larger average
surface area: ∼200 and 289 ligands per nanocrystal are
measured for 540 nm- and 563 nm-emitting QDs, respectively.

Additionally, the data show that the footprint area (FPA) per
ligand measured for the present QD-ligand pair is ∼0.60−0.5
nm2.
We also applied this ligand counting strategy to QDs capped

with bis(LA)-PEG, which has allowed us to investigate the
effects of ligand architecture on the capping density. Four
different sets of nanocrystals with emission ranging from green
to red were photoligated using a mixture of bis(LA)-PEG-
OCH3 (inert) and bis(LA)-PEG-CHO. Following reaction with
2-HP, we extracted values for ΔAbs350 vs % CHO per
nanocrystal for every set of QDs used. We only used two
factions: 5% and 10% CHO-terminated ligands (Figure 4E).
Table 2 summarizes the number of hydrazone chromophores
measured for each set of QDs as a function of the % CHO
used, along with estimates for the total number of bis(LA)-PEG
ligands per nanocrystal. The number of ligands per nanocrystal
is found to vary with the size for all sets of QDs used. In
addition, lower ligand density is measured for bis(LA)-PEG
ligands compared with LA-PEG, i.e., the FPA of LA-PEG is ∼2
times smaller than that of bis(LA)-PEG. We attribute this
difference to the fact that the anchoring motif of the bis(LA)-
PEG (with two LA groups) is larger, yielding a lower density
coverage compared to mono-LA-PEG.
We should note that introduction of the CHO-appended

ligands onto the QD tends to reduce the solubility in buffer
media. Indeed, the range of molar fraction of PEG1000-CHO per
QD is limited to values smaller than 20%, though such values
can vary from one set of QDs to another and from mono-LA-
PEG to bis(LA)-PEG ligands. We would also like to note that
the major source of errors in estimating the ligand density (and
FPA values) result from uncertainty in the measured
absorbance values and QD sizes. Uncertainty associated with
size estimate may be pronounced for smaller size core−shell
nanocrystals. This may affect the FPA values for the green-
emitting QDs. The potential effects of crystallinity of the ZnS-

Table 1. Quantification of the Ligand Coverage for Two Different Size QDs Ligated with Mono-LA-PEGa

aShown are the numbers of hydrazone chromophores per QD for each % CHO used, along with the total number of ligands per nanocrystal
extracted from fits to the differential absorption data, as detailed in the text. The corresponding FPA values are also shown.

Table 2. Quantification of the Ligand Coverage for a Few Different Size QDs Using Bis(LA)-PEGa

aShown are the numbers of hydrazone chromophores per QD extracted for each CHO fraction used, along with the total number of ligands
extracted from the absorption data. The corresponding FPA values are also provided.
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shell, where facets and edges may create somewhat
inhomogeneous density of ions at the crystal edge are averaged
out. The size difference between the nanocrystals probed is
rather small. Finally, we would also like to compare the ligand
density measurement using hydrazone ligation to those
previously reported by our group using AuNPs, where a dye
was conjugated onto a terminal maleimide (on LA-PEG-AuNP)
through a peptide bridge. In that study we used the dye
absorption to extract an estimate for the FPA value on citrate-
AuNPs cap exchanged with LA-PEG ligands. The multistep
coupling combined with a rather high degree of nonspecific
adsorption had complicated the data analysis, likely yielding
lower estimate for the density of LA-PEG ligands on the
AuNPs tested.23

These findings indicate that combining the use of LA-PEG-
aldehyde or bis(LA)-PEG-aldehyde ligands, photoligation
strategy, and the hydrazone coupling reaction directly onto
the QD surface provides a simple and effective approach to
estimate the density of ligands on a nanocrystal. They also
indicate that hydrazone ligation is a promising coupling strategy
for use in nanoparticle conjugation to various molecules,
provided that they are modified with 2-HP derivatives.
Bio-orthogonal Coupling of QDs Modified with Azide

and Aldehyde Groups.We started with QDs (λem = 540 nm)
that were photoligated using a mixture of three ligands: 87%
LA-PEG-OCH3, 8% LA-PEG-N3, and 5% LA-PEG-CHO; this
is expected to yield nanocrystals presenting two bio-orthogonal
functional/reactive groups (N3 and CHO). To confirm the
presence of the two reactive groups on the QD, the
nanocrystals were first reacted with 2-hydrazinopyridine

under the reaction conditions mentioned above, purified and
the absorption spectrum was collected. Figure 5B shows that
there is clear enhancement in the absorbance at 350 nm
compared to the QD control, confirming that hydrazone
chromophores have been formed. This provides strong
evidence that the aldehyde groups were present on the QD
surfaces and were readily accessible for reaction with the
hydrazine derivative. The resulting QD-2-hydrazinopyridine
conjugates were then reacted with DBCO-PEG200-NH2
followed by reaction with NHS-Cy3 dye. The absorption
spectrum collected from the final dispersion (after purification
using a PD-10 column) shows a clear contribution from both
QDs and Cy3 dye (Figure 5B). Similarly, the composite
emission spectrum also shows contributions from the QDs at
540 nm and Cy3 at 570 nm (see Figure 5C). Furthermore,
there is substantial reduction of the QD signal compared to that
measured for the QDs-only sample. A control experiment of
Cy3 alone with the same concentration provides a negligible PL
signal compared to the contribution measured for the
conjugates. These features indicate that resonance energy
transfer has taken place as a result of covalent binding between
the QD-azide-DBCO and NHS-Cy3.
These above results indicate that our ligand design combined

with the photoligation and mixed surface coating strategy have
the potential for developing multifunctional nanoparticles that
combine multiple bio-orthogonal functionalities on a single
nanoscale platform. The process is simple to implement, and
the introduction of the two reactive groups onto the QD
surfaces can be achieved during ligand exchange and without
the need for post phase transfer modification. The resulting

Figure 5. (A) Schematic representation of the stepwise coupling of a QD to 2-HP and DBCO-dye; the starting QD was photoligated with three
terminally modified ligands: inert, OCH3; bio-orthogonal, N3; CHO. (B) UV−vis absorption spectra of QDs photoligated with 5% LA-PEG-CHO
and 8% LA-PEG-N3, after conjugation with 2-HP and then with NHS-Cy3 dye using DBCO as a bridge; the spectra were collected after purification.
(C) PL spectra of QD-Cy3 conjugates, QDs alone, and dye alone, along with the deconvoluted contributions of the QDs and dye (excitation
wavelength = 400 nm). Absorbance and fluorescence data were collected at room temperature.
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bio-orthogonal platforms constitute an improvement over
monofunctional nanoparticles and can be applied to target
two different biomolecules with the desired functions via highly
efficient coupling chemistries.

■ CONCLUSION

We have designed and synthesized modular multidentate
ligands with terminal azide or aldehyde reactivity. The ligand
design uses lipoic acid as anchors and was combined with a
mild photoligation strategy to prepare azide- and aldehyde-
functionalized QDs with controllable reactivity. The azide-
modified QDs were reacted with dibenzocyclooctyne via click
reaction under Cu(I)-free conditions, eliminating issues of QD
PL losses encountered when the coupling requires the use of
copper catalyst. We also covalently coupled aldehyde-function-
alized QDs with 2-hydrozinopyridine, leading to the formation
of hydrazone chromophores, with a well-defined optical
signature, on the QD surface. This route has eliminated
problems associated with nonspecific stickiness routinely
encountered when attaching dyes or other analytical labels via
conventional coupling chemistries.
We exploited the specific optical feature of the hydrazone

chromophore at 350 nm to estimate the number of
chromophores formed on a QD when the mole fraction of
aldehydes was changed. We found that the number of
chromophores per QD linearly tracked the % CHO introduced
on the nanocrystal. This allowed us to extract a measure for the
number of ligands per QD for a few sets of nanocrystals
emitting at distinct regions of the optical spectrum. We further
used this strategy to explore the effects of ligand architecture on
the density of surface coverage by comparing mono-LA-
appended vs bis(LA)-appended PEG ligands and found that the
ligand density coverage was indeed strongly dependent on the
ligand architecture but not on the nanocrystal size. Using mixed
ligation, we prepared multifunctional QDs that combine azide
and aldehyde functionalities on the same nanocrystal and
showed that the resulting nanocrystals can be easily reacted
with two specific target molecules with no cross-reactivity. This
strategy can be easily applied to other nanoparticles. The ability
to provide nanoparticles presenting aldehyde and azide groups
on the same platforms is greatly promising for a variety of
applications in biology. They provide multifunctional platforms
which can be used as probes and/or carriers in applications
such as imaging, diagnostics, sensing, and delivery.
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