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ABSTRACT: We detail the design of hydrophilic metal-coordinating ligands and their use for the effective coating of
luminescent quantum dots (QDs). The ligand design exploits the specific, reagent-free nucleophilic addition reaction of amine-
modified molecules toward maleic anhydride to introduce several lipoic acid metal anchors, hydrophilic zwitterion moieties, and
specific reactive groups along a poly(isobutylene-alt-maleic anhydride) (PIMA) chain. Tunable reactive groups tested in this
study include azide, biotin, carboxyl, and amine. Cap exchange with these multilipoic acid ligands via a photochemical ligation
strategy yields homogeneous QD dispersions that are colloidally stable over several biologically relevant conditions and for
extended periods of time. The zwitterionic coating yields compact nanoparticle size and imparts nonsticky surface properties
onto the QDs, preventing protein absorption. The introduction of a controllable number of reactive groups allows conjugation of
the QDs to biomolecules via bio-orthogonal coupling chemistries including (1) attachment of the neurotransmitter dopamine to
QDs via amine-isothiocyanate reaction to produce a platform capable of probing interactions with cysteine in proteins, based on
charge transfer interactions; (2) self-assembly of biotinylated QDs with streptavidin-dye; and (3) ligation of azide-functionalized
QDs to cyclooctyne-modified transferrin via copper-free click chemistry, used for intracellular delivery. This ligand design
strategy can be used to prepare an array of metal-coordinating ligands adapted for coating other inorganic nanoparticles,
including magnetic and plasmonic nanomaterials.

■ INTRODUCTION

Luminescent quantum dots (QDs) exhibit unique photo and
physical properties that are not shared by organic dyes and
fluorescent proteins, and their dimensions are comparable to
those of biomolecules.1−7 These features make them very
attractive for use as fluorescent platforms for imaging, sensing,
and as diagnostic tools.8−17 Regardless of what the exact final
goal is, the utility of QDs in biology and medicine requires
effective control over their interactions with biological
systems.18,19 Such control depends, to a large extent, on
one’s ability to conjugate those materials to target molecules
such as proteins, peptides, nucleic acids, and drugs. Equally
important is the long-term colloidal stability and the overall
hydrodynamic dimensions of the nanocrystals in biological
media. For example, expanded colloidal stability can improve
the targeting efficiency, reduce the nanoparticle cytotoxicity,
and enhance the payload binding capacity for intracellular
delivery.20,21 Similarly, compact nanocrystals provide better
control over transport properties, including cellular internal-

ization, blood vasculature circulation lifetimes, and renal
clearance.22−25 All these properties are directly affected by
the nature of the capping ligands; tailoring the surface
properties of nanocrystals is challenging, nonetheless.
To reduce the hydrodynamic size of QDs without sacrificing

colloidal stability in aqueous media, several ligands containing
zwitterion moieties (as the hydrophilic motifs) have been
developed over the past few years.25−34 Ligands based on the
zwitterion motif provide nanocrystals with compact size.
Additionally, to enhance the ligand affinity to the nanocrystal
surface, a set of multicoordinating polymer ligands have been
proposed.25,32−41 Compared to molecular-scale ligands which
can only present a few anchors, multicoordinating polymer
ligands shift the adsorption/coordination equilibrium to lower
concentrations, which reduces the ligand dissociation rate from
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the nanoparticle surfaces, thereby greatly improving the
colloidal stability of the nanocrystals.42,43 To modulate
interactions with cellular systems, designing nanocrystals that
present tunable functional groups and allow decoration with
target molecules, via simple bioconjugation techniques, has
been vigorously pursued.10,19,44,45

In this study, we detail the synthesis and characterization of a
set of polymer ligands that combine multiple metal-chelating
groups, hydrophilic segments along with tunable functionalities
(all within the same structure). We further apply them as a
compact coating for QDs and test the resulting fluorescent
platforms in sensor design and cell imaging. The ligand
synthesis relies on the highly efficient nucleophilic addition
reaction between distinct but complementary amine-presenting
molecules with a short poly(isobutylene-alt-maleic anhydride)
chain, PIMA (MW = 6000 g/mol). The resulting modular
ligands present: multilipoic acid groups for strong coordination
on the QD, several zwitterion moieties for water solubilization,
and various reactive groups for bioconjugation (e.g., carboxyl,

amine, azide, and biotin). Compared with previous ligand
designs, this one-step reaction is highly efficient, reagent-free,
easy to implement, and does require tedious purification of the
final product(s).28,33,36,46

Capping the QDs with these ligands using a photochemical
ligation strategy provides compact nanocrystals that exhibit
long-term stability over a broad range of biological conditions,
while reducing nonspecific protein absorption. In addition, this
ligation strategy is gentle to sensitive groups, such as azide,
which allows the assembly of QD-bioconjugates using bio-
orthogonal chemistries directly on the nanocrystals. We
exploited this design to apply (1) amine−isothiocyanate
reaction to prepare QD-dopamine conjugates as platform for
protein sensing based on charge transfer interactions; (2)
biotin−streptavidin coupling which was used for ratiometric
assembly of QD−dye pairs; and (3) copper-free click
conjugation of transferrin to QDs, which were further tested
for cell imaging. Additionally, we explored the effects of varying
the nature of surface capping ligands on the self-assembly

Figure 1. (A) Structures of the building blocks/precursors used in the synthesis of the polymer ligands: central PIMA scaffold; anchoring group, LA-
NH2; hydrophilic moiety, ZW-NH2; functional group, R-PEG-NH2 and biotin-NH2. (B) Structures of four representative ligands are shown: LA-
PIMA-ZW, LA-PIMA-ZW/NH2, LA-PIMA-ZW/N3, and LA-PIMA-ZW/biotin. (C) Schematic depiction of the two-step ligand exchange combined
with photoligation. The white light images represent the green- and red-emitting QDs capped with TOP/TOPO in hexane (left), coated with
mPEG-NH2 in methanol (middle), and photoligated with LA-PIMA-ZW in methanol (right).
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between polyhistidine-appended proteins and QDs. We found
that conjugation is not only determined by the overall ligand
lateral extension but also greatly influenced by the strength of
the ligand coordination on the QDs (e.g., thiol vs imidazole).

■ RESULTS AND DISCUSSION

Ligand Design. The present ligand design builds on
previous developments, which have shown the benefits of
combining the highly efficient, one-step nucleophilic addition
reaction applied to poly(isobutylene-alt-maleic anhydride), to
prepare either amphiphilic encapsulating polymers, or metal-
coordinating ligands.34,39,47,48 We apply this chemical design to
prepare high affinity multicoordinating polymer ligands that
rely on the zwitterionic motif for promoting water affinity, and
use them to functionalize QDs. Additionally, we exploit the
simplicity of the addition reaction to engineer reactive QDs that
are readily compatible with several conjugation chemistries with
great utility in biology.
Figure 1A shows a summary of the amine-modified

precursors used to prepare the various multifunctional polymer
ligands. All ligands have been synthesized using nucleophilic
addition reaction starting from the same central poly-
(isobutylene-alt-maleic anhydride) precursor/scaffold. Syn-
thesis of the simplest ligand, LA-PIMA-ZW, was carried out
by reacting the PIMA with a stoichiometric mixture of lipoic
acid-amine (50%) and zwitterion-amine (50%). This is
expected to introduce ∼20 lipoic acid anchors and ∼20
zwitterion moieties, while generating ∼40 carboxyl groups
along the polymer backbone. These carboxylic groups provide
reactive functionalities for further conjugation and can also
enhance solubility in aqueous media. When a fraction of the
amino-zwitterion moieties is substituted with H2N-R during the
addition reaction, this yields a set of lipoic acid- and zwitterion-
modified polymer ligands with distinct functional groups
(carboxyl and R groups). Three representative ligands are

shown in Figure 1B: LA-PIMA-ZW/NH2 (carboxyl and
amine), LA-PIMA-ZW/N3 (carboxyl and azide), and LA-
PIMA-ZW/biotin (carboxyl and biotin); these compounds
were prepared by reacting PIMA with 10% H2N-R together
with 40% amino-zwitterion and 50% lipoic acid.

Photoligation of QDs with LA-PIMA-ZW Ligands. We
have recently shown that ligation of lipoic acid-based ligands
onto core−shell QDs and transfer of the materials to aqueous
media can be achieved under UV irradiation.42,49 This route
relies on the in situ photochemical transformation of the
dithiolane groups in the presence of the native hydrophobic
QDs. This allows forgoing the need to chemically reduce LA
with sodium borohydride.42 While chemical reduction is
effective, it imposes a limitation with respect to preserving
the integrity of certain highly desired functional groups (e.g.,
azide, aldehyde, and biotin).42,46 Photoligation in comparison is
relatively mild and preserves the integrity of those function-
alities. Effectiveness of the photoligation strategy stems from
the photochemical sensitivity of the strained dithiolane ring to
UV excitation, and it has been applied to several LA-based
ligands.28,39,42

We, however, have found that the new polymers combing
lipoic acid and zwitterionic moieties are not fully compatible
with the above photoligation method, a limitation emanating
from the rather stringent solubility of the zwitterion polymers.
When photoligation was applied using either one-phase or two-
phase configuration, the procedure yielded incomplete surface
coating, resulting in poor QD stability in water. To circumvent
this issue, we introduced an intermediate step in the phase
transfer procedure, where the hydrophobic QDs were first
ligand exchanged with methoxy-PEG-amine (mPEG-NH2) and
then the resulting QDs were photoligated with the LA-PIMA-
ZW ligands. The rationale for choosing this intermediate step
was based on two findings: (1) Amines are weaker metal-
coordinating groups and thus can be readily replaced by

Figure 2. (A,B) Two representative normalized absorption and emission spectra collected from 537 nm-emitting and 633 nm-emitting QDs, before
and after photoligation with LA-PIMA-ZW. (C) PL intensities of QDs ligated with LA-PIMA-ZW in water and mPEG-NH2 in methanol relative to
that measured for the native QDs in hexane; the same optical density is used for both samples. (D) FT-IR spectra collected from LA-PIMA-ZW/N3
and from QDs photoligated with LA-PIMA-ZW/N3. The band at 2108 cm−1 is attributed to the azide group. (E,F) Diffusion ordered NMR spectra
collected from QD537 and QD633 capped with LA-PIMA-ZW in D2O.
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thiols.38,50,51 (2) Amine-presenting ligands tend to enhance the
QD fluorescence.52 Figure 1C schematically depicts the two-
step ligand exchange applied to the QDs. In the first step, the
native hydrophobic shell (trioctylphosphine/trioctylphosphine
oxide, TOP/TOPO) was replaced with mPEG-NH2, driven by
mass action. Capping with mPEG-NH2 renders the QDs
dispersible in methanol. This step is crucial since methanol is
one of few organic solvents able to dissolve zwitterionic ligands
and it is suitable for photoligation.28,42 The white light images
in Figure 1C show the dispersion of QDs in hexane (TOP/
TOPO-capped), together with the dispersions of QDs coated
with mPEG-NH2 and photoligated with LA-PIMA-ZW in
methanol. Images show that the intermediate phase transfer
with mPEG-NH2 combined with photoligation with the LA-
PIMA-ZW yielded highly fluorescent QDs.
One interesting finding is that photoligation of the TOP/

TOPO-QDs with LA-PIMA-ZW in methanol yielded homoge-
neous dispersion. This contrasts with our previous results when
photoligation was applied to molecular zwitterionic ligands,
such as LA-ZW, where a macroscopic precipitation of the QDs
after UV irradiation resulted.42 Such difference can be
attributed to the solubility of the polymers in methanol,
promoted by both carboxylic groups and zwitterion groups.
Additionally, compared to the molecular-scale ligands (e.g., LA-
ZW) smaller excess amounts of the polymer ligands are
required to implement the phase transfer.28,42,46

Spectroscopic Characterization of the Hydrophilic
QDs. Aqueous dispersions of QDs photoligated with LA-
PIMA-ZW were characterized using several complementary
analytical techniques: UV−vis absorption and fluorescence
spectroscopy, 1H NMR spectroscopy, FT-IR spectroscopy, and
diffusion-ordered NMR spectroscopy (DOSY).
Optical Characterization. Figure 2A,B shows the absorption

and emission spectra for two representative sets of QDs,
emitting at 537 and 633 nm, before and after photoligation with
LA-PIMA-ZW. The spectra of the hydrophilic QDs are
essentially identical to those collected from TOP/TOPO-
capped QDs dispersed in hexane, indicating that the integrity of
the nanocrystals following phase transfer was maintained.
Similar data were collected for QDs photoligated with LA-
PIMA-ZW/R. The quantum yield of the QDs after ligand
exchange was evaluated by comparing the PL intensity of
hydrophilic QDs in water to those measured for the dispersions
in hexane; the optical densities were maintained identical for
each pair. The relative PL intensities collected from the
aqueous dispersions were ∼70% for the green QDs and ∼65%
for the red QDs (see Figure 2C). These values were slightly
higher than those measured for QDs photoligated with LA-
PEG-OMe (∼50−60%).42 We also found that the fluorescence
intensities measured for both green- and red-emitting QDs
coated with mPEG-NH2 were comparable to those recorded for
their hydrophobic counterparts, indicating that the amine-
terminated PEG indeed preserved high QD fluorescence.
NMR and FT-IR Characterization. The polymer-ligated QDs

(in D2O) were further characterized using pulsed-field gradient-
based water suppression 1H NMR spectroscopy. A typical
spectrum of QD dispersions shows distinct peaks from 1.1 to
1.9 ppm, attributed to protons characteristic of the lipoic acid
groups; these chemical shifts are consistent with the NMR
signatures of the starting lipoic acid-amine (compare Figures S1
and S4). The pronounced resonance at 3.0 ppm corresponds to
the methyl groups of the zwitterion moieties, while the broad
peak at ∼0.9 ppm is ascribed to the methyl protons in the

PIMA chain (compare Figures S2 and S4). In contrast, the
proton signatures of the TOP/TOPO measured for the
hydrophobic QDs (e.g., peaks at 0.82 and 1.23 ppm) are
conspicuously absent from the spectrum of the hydrophilic QD
dispersion.39 These data clearly indicate that the native as well
as the intermediate ligands have been completely displaced by
the polymer ligands during the final photoligation step. In
addition, we anticipate that the ligand density of polymer
ligands for this type of coating to be ∼13−15 coordinated
ligands per QD (green-emitting), based on prior 1H NMR
characterization of nanoparticles using PEG-modified PIMA
ligands.39

We further used FT-IR spectroscopy to verify that the
photoligation of the QDs could preserve the integrity of the
functional groups on nanocrystals. For this, LA-PIMA-ZW/N3
was chosen as a model due to the wide use of the azide group in
click chemistry.53 We previously attempted to prepare azide-
functionalized QDs using chemically reduced DHLA-based
ligands; however, our attempts were unsuccessful.46 The main
challenge has been the sensitivity of this group to chemical
reduction during the transformation of LA to DHLA using
NaBH4. Figure 2D shows two FT-IR spectra collected from the
pure LA-PIMA-ZW/N3 ligand (red) and QDs photoligated
with LA-PIMA-ZW/N3 (blue). The spectra are identical, with a
clearly defined band at 2108 cm−1 attributed to the azide
absorption. This confirms the ability of our strategy to provide
hydrophilic QDs that present intact azide groups, which can be
targeted for further modification (see below). Additional proof
for introducing other functional groups, such as biotin, onto the
QD surface is provided in Supporting Information (Figure S5).

DOSY Characterization. Previous TEM data collected from
QD materials show that the hydrophilic QDs maintain their
overall size following phase transfer, with no sign of
aggregation. The radii measured for CdSe-ZnS QDs emitting
at 537 and 633 nm using TEM and small X-ray scattering are
∼1.5−2 nm and ∼3.5−4 nm, respectively.54,55 TEM probes
mainly the inorganic core, but can be supplemented with data
on the hydrodynamic radius extracted from diffusion-ordered
NMR spectroscopy (DOSY) and/or dynamic light scattering
(DLS).34 DOSY is more effective for probing small size
nanocrystals than DLS, nonetheless.
DOSY is a nondestructive technique that exploits the time-

dependent NMR signature of active atoms (e.g., 1H, 13C, or
31P) in solution, and provides a measure of the translational
diffusion of the overall molecule (or complex).56 When applied
to colloidal nanocrystals, DOSY allows the assignment of
spectral features associated with the atoms to diffusing
molecules that are either nanocrystal-bound, or free in the
solution.34 The panels in Figure 2E and F show representative
two-dimensional DOSY spectra collected from QD537 and
QD633 ligated with LA-PIMA-ZW in D2O. For each spectrum
we found that the various proton resonances of the polymer
can be ascribed to one overall diffusion coefficient which is
different from that of water molecules. More precisely, we
measured a diffusion coefficient of ∼3.22 × 10−11 m2/s for
QD537 and ∼2.84 × 10−11 m2/s for QD633, in addition to the
faster diffusion coefficient (∼1.73 × 10−9 m2/s) measured for
water molecules. The existence of one diffusion coefficient
associated with all the proton resonances indicates that QD-
bound LA-PIMA-ZW ligands are tracked, with no detectable
free ligands in a purified QD sample. This further confirms the
effectiveness of the ligand design and phase transfer protocols
used. The hydrodynamic radius (RH) extracted from the
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diffusion coefficient data listed previously using the Stokes−
Einstein equation, D = kBT/(6πηRH), is RH ∼ 6.6 nm for
QD537 and RH ∼ 7.6 nm for QD633; kB is the Boltzmann
constant, T is the absolute temperature (293 K) and η is the
dynamic viscosity of the medium (∼1 cP or 1.002 × 10−3 N s/
m2).57,58 The value for the QD537 set is substantially smaller
than that measured for the same QDs coated with PEGylated
polymers (RH ∼ 11 nm), but in good agreement with the size
measured for QD537 coated with His-PIMA-ZW.34,39

Colloidal Stability Tests. The colloidal stability of the two
sets of QDs photoligated with LA-PIMA-ZW was tested under
several conditions, including a broad pH range from 3 to13,
high ionic strength buffer (1 M NaCl), and storage at
nanomolar concentration (e.g., 10 nM). The stability of
hydrophilic QDs was also evaluated in the presence of high
concentration of serum albumin (up to 3.6 mg/mL), which is
often used in model studies of protein adsorption onto
nanoparticles. This test is valuable since nonspecific adsorption
of biomolecules on the nanoparticle surfaces results in low
targeting efficiency and unfavorable biodistribution.59−63 Thus,
developing “non-sticky” coating with minimal protein adsorp-
tion is paramount to the integration of these materials in
biology.
Figure 3A shows the fluorescence images acquired from

green-emitting and red-emitting QDs (0.3 μM) dispersed in
buffers at different pH (3−13) and in 1 M NaCl solution, as-
prepared and after different storage periods extending up to 8
months. All QD dispersions stayed homogeneous, with no sign
of microscopic aggregation or visual loss of fluorescence for
either set. The colloidal stability of LA-PIMA-ZW-QDs at
different pH was further complemented by agarose gel
electrophoresis, as shown in Figure 3B. The fluorescent
bands measured for the QDs at pH 3−13 are narrow and all
migrate toward the positive electrode with a similar mobility
shift. This indicates that the dispersions are homogeneous and
the QDs have negative surface charge at all pHs, resulting from

the combined contribution of the carboxyl and sulfonate groups
in the polymer coating.
We further tested the colloidal stability of the QD

dispersions at very low concentrations. The fluorescence
images in Figure 3C indicate that both sets of QDs stayed
fluorescent and aggregate-free for at least 8 months at all tested
concentrations (100 nM, 50 nM, and 10 nM). The intensity
profiles show that the fluorescence of the 100 nM dispersion
was essentially unchanged with storage time. Conversely, at 50
nM the PL intensity for both sets gradually decreased with time
but remained highly fluorescent after 5 months, with relative
signal of 73% for green QDs and 65% for red QDs compared to
freshly prepared samples. In comparison, for the 10 nM sample,
a faster reduction in PL was measured for green QDs, but the
red QD dispersion exhibited better PL stability with ∼45%
fluorescence measured after 5 months.
Finally, we evaluate the ability of zwitterionic coating to

prevent nonspecific protein adsorption and protein corona
formation using a simple but sensitive assay based on gel
electrophoresis. The data were further complemented with
hydrodynamic radius data collected using dynamic light
scattering measurements. Green- and red-emitting QDs were
incubated with increasing molar ratio of bovine serum albumin
(BSA) for 1 h. After incubation the samples were tested using
agarose gel electrophoresis to probe potential changes in the
band shape and mobility shift compared to a control sample.
The images in Figure 3D show that narrow bands with similar
mobility shift are measured for the nanocrystals when the BSA-
to-nanocrystal molar ratio was increased from 0 to 1000 (BSA
concentration ∼3.6 mg/mL). The DLS measurements were
limited to probing the potential interactions of BSA with green-
emitting QDs to avoid interference of the red-emitting QD PL
with the laser signal. Data show that when the molar ratio of
BSA to QD was increased from 0 to 1000, the hydrodynamic
radius of the QDs essentially remained constant (RH ≅ 6.9 nm
was measured for all samples; see Figure S6). These results

Figure 3. (A) Colloidal stability tests applied to green- and red-emitting QDs ligated with LA-PIMA-ZW: dispersed in DI water, in NaCl solution (1
M), and in phosphate buffer (20 mM) at different pH (3 to 13) over 8 month storage. (B) Images of agarose gel collected from green- and red-
emitting QDs ligated with LA-PIMA-ZW dispersed in buffers at different pH from 3 to 13. The dashed line indicates the location of the wells. (C)
Colloidal stability tests of the same QD dispersions at different concentrations (100, 50, and 10 nM) tracked over 8 month storage, along with time
progression of the PL intensities over a 5 month period. (D) Agarose gel images of LA-PIMA-ZW capped green and red QDs incubated with
different molar ratios of BSA.
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combined confirm that zwitterion coating provides hydrophilic
QDs with uniform size and surface charge distribution along
with “non-sticky” surface properties, thus preventing protein
adsorption on the QDs.
Surface Functionalization and Bioconjugation. The

utility of QDs along with other nanocrystals in biology greatly
depends on one’s ability to carry out conjugation to target
biomolecules with control over the valence and possibly
orientation.18 This is determined by the surface functionaliza-
tion and the effectiveness of the conjugation approaches used
for assembling QD−bioconjugates.8,10,19,44 Using the synthetic
scheme established in this work, we have prepared several
ligands presenting distinct reactive functionalities and further
tested conjugation of the QDs to target molecules using a few
specific coupling chemistries. These include (1) amine-
isothiocyanate used to develop protein sensors; (2) biotin−
streptavidin binding, applied to form energy transfer pairs; (3)
copper-free click reaction, implemented using DBCO-modified
transferrin and tested for intracellular delivery; and (4)
polyhistidine-mediated metal-coordination to form QD-protein
self-assemblies.
QD−Dopamine Conjugates for Sensing Thiol Protein. In

previous studies, we have shown that conjugation of the
neurotransmitter dopamine to QDs yields sensing platforms
where the fluorescence emission can be modulated by charge
transfer interactions between the QD and proximal dop-
amine.64−66 Such platforms have been used to track pH
changes and interactions with either Fe ions or the amino acid
cysteine.34,64 Here, we used QD−dopamine conjugates
prepared using the new polymer coating to prove the specific

coupling between the oxidized dopamine and cysteine residue
in a protein.
The conjugation of QD−dopamine relied on the covalent

coupling (via an isothiourea bond) of dopamine-isothiocyanate
to amine groups on QDs photoligated with LA-PIMA-ZW/
NH2 as we tested and verified in our previous work.34,64 We
first examined their ability to report on pH changes and the
presence of cysteine in the medium. The changes in the
functional groups involved in each step were monitored and
confirmed by 1H NMR spectroscopy (Figure S7). Figure 4A
shows the PL spectra collected from dispersions of QD−
dopamine conjugates at different pH from 4 to 10. A
cumulative plot of the normalized PL intensity shows a steep
reduction in the QD emission when the pH was progressively
shifted from acidic to basic (Figure 4D). In comparison, no
change in PL was measured for the control sample made of
QDs alone. This pH-induced PL loss is attributed to a change
in the oxidation potential of the catechol combined with a shift
in the chemical equilibrium between the catechol (electron
donor) and quinone (electron acceptor) with increasing
pH.64,65 To probe interactions with cysteine, a dispersion of
QD−dopamine was brought to pH 10 (quenched sample), and
then an aliquot of cysteine solution was added, and the
progressive increase in PL was tracked with time until
saturation (see Figure 4B and E). The PL recovery can be
attributed to the irreversible transformation of the quinone to
5-S-cysteinyl-dopamine, which reduces the charge transfer
interactions in the complexes. These results are consistent
with our previous findings using a different surface coating.34,64

We further expanded this sensing format to probe the
interactions with cysteine residues within a full size protein

Figure 4. (Top) Schematic representation of the changes in the charge transfer interactions between the QD and proximal dopamine. (A,D) PL
spectra collected from dispersions of QD−dopamine conjugates at pH ranging from 4 to 10, together with the integrated PL intensity normalized
with respect to the value at pH 4. (B,E) Time progression of the PL spectra of QD−dopamine conjugates (initially dispersed at pH 10) mixed with 8
μM cysteine, together with the time-dependent integrated PL normalized with respect to the initial value at 0 min. (C,F) Time progression of the PL
spectra of QD−dopamine conjugates (dispersed at pH 10) after mixing with 1 μM BSA. Plots of the progression of the integrated PL at different
concentrations of BSA are also shown.
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(serum albumin). Serum albumin is an abundant protein in the
blood and plays a major role in stabilizing extracellular fluid.67

Figure 4C shows the PL progression with time collected from a
dispersion of QD−dopamine conjugates (at pH 10) after the

Figure 5. (Top) Schematic depiction of the self-assembly between biotinylated QDs and streptavidin-dye. (A,B) Evolution of absorption and
emission spectra of QD-streptavidin-dye conjugates as a function of the dye-to-QD ratio between 0:1 and 12:1. (C) Experimental values for the
relative QD PL quenching (black dot) versus valence n together with the corresponding FRET efficiency (red dot). Data were fit to a hyperbolic
function in the form: E = nR0

6/(nR0
6 + r6). Additional details on the FRET analysis are provided in the Supporting Information.

Figure 6. (Top) Schematics of the copper-free click reaction between azido-QDs and transferrin-DBCO. (A,B) Representative epi-fluorescence
images collected from HeLa cells incubated with 200 nM green-emitting and red-emitting QD-transferrin conjugates for 1 h. The panels correspond
to differential interference contrast (DIC), DAPI fluorescence (blue, ∼460 nm), QD fluorescence (green, ∼537 nm; and red, ∼633 nm) and
composite images combining DAPI, QDs, and DIC. (C) Fluorescence images of HeLa cells incubated with 200 nM green emitting QD−transferrin
conjugates for 1 h and then with 0.5 μM Texas Red transferrin for 40 min. The panels represent the DIC, QD fluorescence (green), Texas Red−
transferrin fluorescence (red, 615 nm), and composite fluorescence showing DAPI, QDs, and DIC.
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addition of 1 μM BSA. The PL recovery exhibited time-
dependent increase until saturation after 30 min of incubation.
Moreover, the PL recovery profile slightly varied with BSA
concentration as shown in Figure 4F, where faster recovery was
observed at higher concentration of BSA. In contrast, QDs
alone (no dopamine) did not exhibit any PL changes in
response to added BSA. The formation of conjugates between
QD−dopamine and BSA was also verified by agarose gel
electrophoresis, where a clear mobility shift of the fluorescent
band was measured following incubation with the proteins (see
Figure S7).
These results suggest that QD−dopamine conjugates can

provide a means to probe dopaminergic neurotoxicity and
neurodegeneration that are associated with oxidative metabo-
lism of dopamine, depletion of biothiol molecules, and
dysfunction of thiol proteins, such as parkin. The latter
mediates the degradation of proteins toxic to dopaminergic
neurons.68−70

Self-Assembly of Biotin-QDs with Streptavidin−Dye
Conjugates. Our desire to apply biotin−streptavidin chemistry
for bioconjugation is motivated by the ubiquitous use of such
binding, due to its high-affinity interaction (dissociation
constant Kd

−1 ∼ 10−15 M) combined with its specificity and
stability against pH changes and added salt.10,71,72 This strategy
is commonly applied via post-modification of the as-prepared
nanoparticles with reactive biotin or streptavidin, followed by
coupling to streptavidin- or biotin-labeled biomolecules.19

Here, using a slightly different rationale, we introduced biotin
groups in the ligand during synthesis starting with amine-biotin
precursor. The activity of biotinylated QDs (prepared via
photoligation with LA-PIMA-ZW/biotin) was tested by self-
assembly with streptavidin prelabeled with x-rhodamine-
isothiocyanate. This yields conjugates that can be tested via
resonance energy transfer interactions.
Figure 5A shows the absorption spectra of QD-streptavidin-

rhodamine at a dye-to-QD molar ratio from 0:1 to 12:1. There
is a progressive increase in the absorption peak at ∼580 nm due
to dye contribution. The corresponding composite emission
spectra (using excitation at 400 nm) show a progressive loss in
QD PL accompanied by a gradual increase in dye emission as
the molar ratio increased (see Figure 5B). Since direct
excitation of the dye is rather weak, we attribute the above
changes to FRET quenching of the QD emission combined
with sensitization of rhodamine. Values for the relative QD PL
losses along with the FRET efficiencies, extracted from the
deconvoluted spectra as a function of conjugate valence, are
shown in Figure 5C. The trends for both experimental
parameters agree with the predictions from the FRET
interactions for a configuration of one central donor
surrounded by n equally spaced acceptors. Using the expression
of FRET efficiency for such conjugate configuration, E = nR0

6/
(nR0

6 + r6), we extract an experimental estimate for R0 ≅ 45.2 Å
and r = 59.9 Å; R0 and r are the Förster radius and center-to-
center separation distance, respectively. Additional details on
conjugate formation and FRET analysis along with the
corresponding parameters are provided in the Supporting
Information (see Figure S8 and Table S1).
Click-Conjugation of Azido-QDs to DBCO-Transferrin and

Intracellular Delivery. The alkyne−azide cycloaddition,
referred to as “click” reaction, provides exquisite chemo-
selectivity and forms a stable triazole linker under mild reaction
conditions.53,73 This strategy has been used to functionalize
various synthetic and biological molecules. In particular, the

copper-free click reaction promotes effective conjugation of
QDs to biomolecules without negative effects on the QD
fluorescence.40,74,75 Here, we demonstrate this approach by
reacting azido-QDs (prepared via photoligation with LA-PIMA-
ZW/N3) with strained cyclooctyne labeled transferrin,
producing highly luminescent QD-transferrin (QD-Tf) con-
jugates capable of entering live cells via receptor-mediated
endocytosis.
Figure 6A,B shows epifluorescence images collected from

HeLa cells incubated with green emitting QD-Tf (λem = 537
nm) and red emitting QD-Tf (λem = 633 nm) conjugates for 1
h. Images in each row of panels show differential interference
contrast (DIC), DAPI staining of the nuclei (blue), QD
emission (green/red) and merged images. The fluorescence
images clearly show that coupling of transferrin to the QDs
promoted the cellular uptake of the conjugates. Moreover, the
QD fluorescence was dispersed in the perinuclear region, but
no clear nuclear staining. In comparison, no intracellular QD
fluorescence was observed when cells were incubated with QDs
alone (in the absence of transferrin, see Figure S9). We further
identified the distribution of the QD signal by coincubating the
cells with an endosomal marker, Texas Red-labeled transferrin.
Figure 6C shows that the distribution of green QD signal fully
overlapped with the Texas Red signal, indicating that the QD-
Tf was colocalized with the distribution of endo/lysosomal
compartments. These results together strongly prove that
transferrin conjugated to QDs promoted the cellular uptake,
and internalization of the conjugates was driven by receptor-
mediated endocytosis.
The cytotoxicity of these LA-PIMA-ZW ligated QDs has

been assessed by incubating HeLa cell cultures for 24 h
followed by performing MTT assay. We found that the viability
of cells incubated with LA-PIMA-ZW-coated QDs remained
high at 90−100% throughout the range of concentrations
tested (0−100 nM, data not shown). This indicates that overall
QDs capped with these zwitterion polymers induce little to no
toxicity to cell cultures.

Polyhistidine-Mediated Self-Assembly of QD−Protein
Conjugates. When possible conjugation of QDs and Au
nanoparticles to biomolecules promoted by polyimidazole-to-
metal coordination is easy to implement, and exploits the
ubiquitous protocols of His-tagged protein expression in
bacteria, or chemical synthesis of His-appended pepti-
des.28,76−79 This self-assembly route also allows control over
the biomolecule orientation and the QD−conjugate valence.
Several studies have shown that the key requirement for
implementing such conjugation is to use compact capping
ligands so that the His-tag on the biomolecule is able to directly
access the nanocrystal surface.8,19,76,77 Here, we investigate the
self-assembly of His7-tagged maltose binding protein (MBP-
His7) on QDs ligated with LA-PIMA-ZW. The conjugation was
visually examined using affinity chromatography, which relies
on the immobilization of conjugates onto an amylose column,
followed by competitive release with soluble maltose (the
substrate for MBP). As a positive control, we self-assembled
MBP-His7 onto LA-ZW-QDs and His-PIMA-ZW-QDs already
tested in our previous work.34 The ultimate goal is to test the
effects of the nature of the capping ligands on the conjugation
efficiency.

Thiol vs Imidazole Coordination.We tested side-by-side the
self-assembly of MBP-His7 onto QDs ligated with LA-PIMA-
ZW and His-PIMA-ZW. A dispersion of LA-PIMA-ZW-QDs
was incubated with MBP-His7 for 30 min then loaded onto the

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.6b00309
Bioconjugate Chem. 2016, 27, 2024−2036

2031

http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00309/suppl_file/bc6b00309_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00309/suppl_file/bc6b00309_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00309/suppl_file/bc6b00309_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00309/suppl_file/bc6b00309_si_001.pdf
http://dx.doi.org/10.1021/acs.bioconjchem.6b00309


amylose column. This produced only a partial immobilization
of the QD-conjugates as indicated by the red fluorescent band
on top of the column observed under a hand-held UV lamp;
most of the conjugates were eluted (see Figure 7A). Then,
addition of 1 mL solution of 20 mM maltose readily eluted the
fluorescent band. This result indicates that partial (incomplete)
conjugation has taken place when QDs are coated with LA-
PIMA-ZW. In comparison, when His-PIMA-ZW was used as
capping ligands, incubation of the His-PIMA-ZW-QDs with
MBP-His7 produced a stable red fluorescent band on top of the
column, which could not be eluted even after several washes
with buffer. Addition of 1 mL of 20 mM D-maltose readily
eluted the conjugates (see Figure 7B). This affinity
chromatography assay, namely, binding to amylose and
competitive release by soluble maltose, is consistent with the
case of MBP-His7 incubated with other size of QDs ligated with
His-PIMA-ZW as reported in our previous work.34 The
difference in polyhistidine-driven conjugation of the MBP-
His7 onto these two sets of QDs can be attributed to a
difference in the coordination of the anchoring groups (i.e.,
multi-imidazole vs multithiol) onto the QD surface. Coordina-
tion of imidazole on the QDs is weaker than that of thiol. Thus,
the polyhistidine tag on the protein can compete for binding on
the metal surface and induce rearrangement of the His-PIMA-
ZW ligands, yielding stable QD-MBP conjugates. Conversely,
though the zwitterion motif still allows the polyhistidine tag to
reach to the QDs surface, it is not able to rearrange the LA-
PIMA-ZW coating, which prevents stable conjugate formation.
Polymer versus Small Molecule Ligand. To investigate this

effect, we tested the self-assembly of MBP-His7 with QDs
photoligated with LA-ZW (a molecular-scale ligand) and
compared it to the case of LA-PIMA-ZW coating (above).
This ligand was prepared by 1,1′-carbonyldiimidazole coupling
of lipoic acid with ZW-NH2, as detailed in the Supporting

Information. The amylose column assay indicated that self-
assembly of MBP-His7 onto LA-ZW-QDs has taken place:
conjugates tightly bound onto the amylose column, and were
readily eluted with maltose (see Figure 7C). This result is
attributed to the weaker coordinating affinity of bidentate
ligand compared to the multithiol polymer, where ligand
rearrangement allows the His-tagged protein to bind onto the
QD surfaces.
Cumulatively, these results provide insight into the interplay

between several parameters controlling the self-assembly. They
indicate that the formation of QD-bioconjugates mediated by
metal−polyhistidine coordination is not only determined by the
compactness of the capping ligands, but is also greatly
influenced by the strength of coordination onto the metal
surface. These findings are greatly informative. They open
additional possibilities for the future ligand design that can
expand the application of this effective conjugation strategy to
QDs and other metal-rich nanoparticles.

■ CONCLUSION
We expanded our earlier work, exploiting the effectiveness of
the nucleophilic addition reaction to maleic anhydride, and
synthesized a set of multilipoic acid coordinating polymers and
applied them for the surface functionalization of luminescent
QDs. Cap exchange with these polymers using a photoligation
strategy has yielded hydrophilic QDs that exhibit excellent
colloidal stability over a broad range of conditions, and which
prevent nonspecific protein absorption. The flexibility of
introducing various reactive groups into the ligands (carboxylic
acid, amine, azide, and biotin) has facilitated the assembly of
QD-bioconjugates using bio-orthogonal coupling strategies,
including amine−isothiocyanate chemistry, biotin−streptavidin
linkage, and copper-free click reaction. The produced QD-
bioconjugates have been tested in a few representative

Figure 7. Amylose affinity chromatography assay testing the conjugation of MBP-His7 to three sets of QDs ligated with LA-PIMA-ZW, His-PIMA-
ZW, and LA-ZW, respectively. The His-PIMA-ZW ligand was described in our previous work;34 the LA-ZW ligand was synthesized via CDI-coupling
of lipoic acid with ZW-NH2.
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demonstrations highly relevant in biology, including sensing
based on energy and charge transfer interactions and cellular
imaging. Additionally, we used these ligands to investigate
polyhistidine-mediated metal-affinity conjugation of protein
onto QDs coated with three types of zwitterionic ligands. We
showed that conjugation is equally influenced by the ligand size
and strength of the metal-coordination onto the QD surfaces.
We should emphasize that the present chemical design can

be easily applied to prepare ligands that are optimally adapted
to coat a variety of metal and metal oxide nanomaterials, such
as those made of gold, silver, and magnetic cores. Our design is
also amenable to introducing biomolecules, such as peptides or
proteins, directly into the ligand structures in situ, as these
molecules naturally present amine functionalities.
Bioconjugates prepared with LA-PIMA-ZW-coated QDs and

other nanoparticles provide versatile scaffolds with potential
applications in an array of biological problems. These range
from the imaging of blood vasculature and tracking of protein
migration in live cells to in vitro and in vivo sensor design based
on energy and/or charge transfer interactions.

■ EXPERIMENTAL SECTION
Synthesis of LA-PIMA-ZW (50% LA and 50% ZW). In a

50 mL three-neck round-bottom flask, 0.385 g of PIMA (MW
∼6000 g/mol, 2.5 mmol of monomer units) was dissolved in 5
mL of DMSO. The solution was purged with nitrogen and
heated to 50 °C. LA-NH2 (0.31 g, 1.25 mmol) dissolved in 1
mL of DMSO was added to the PIMA solution via a syringe,
followed by the addition of 1 mL of DMSO solution containing
ZW-NH2 (0.280 g, 1.25 mmol). The reaction mixture was left
stirring at 50 °C overnight. The solution was concentrated to
∼1 mL under vacuum, and 30 mL of acetone was added to
precipitate the compound. After centrifugation of the mixture
for 5 min at 3700 rpm, the solvent was decanted and the solid
pellet was washed twice with chloroform, then dried under
vacuum. This provided the final product as yellow solid; the
final yield was ∼87%.
Synthesis of LA-PIMA-ZW/R (R = 10% Azide, 10%

Amine, or 10% Biotin). Synthesis of the reactive polymer
ligands were carried out following the steps described above,
except that 10% of the precursor ZW-NH2 was substituted with
R-NH2 (where R = PEG-azide, PEG-amine, or biotin). Here,
we detail the synthesis of azide-functionalized polymer ligand.
The protocols for the synthesis of amine- and biotin-
functionalized compounds are provided in Supporting In-
formation. PIMA (0.385 g, 2.5 mmol of monomers) was
dissolved in 5 mL of DMSO using a 50 mL round-bottom flask.
The solution was purged with nitrogen and heated to 50 °C,
and then 1 mL of DMSO containing LA-NH2 (0.31 g, 1.25
mmol) was added using a syringe, followed by addition of 1 mL
of DMSO containing H2N-PEG-N3 (0.156 g, 0.25 mmol) and
ZW-NH2 (0.224 g, 1 mmol). The mixture was left stirring
overnight at 50 °C. The solvent was removed under vacuum
and the compound was precipitated by adding 30 mL of
acetone. After centrifugation, the solid pellet was washed with
chloroform and dried under vacuum, yielding the final
compound as yellow solid; the final yield was ∼79%.
Photoligation of QDs. The ZnS-overcoated CdSe QDs

used in this study were prepared following the protocols
reported in the literature.1,5,54 The syntheses of QDs was
detailed in our previous work.34 We focus on ligand exchange
of hydrophobic QDs with LA-PIMA-ZW ligands. The same
protocol can be applied to ligation of the QDs with LA-PIMA-

ZW/N3, LA-PIMA-ZW/NH2, or LA-PIMA-ZW/biotin. The
QD phase transfer to water was carried out in two steps: (1)
coating with an intermediate ligand made of H2N-PEG-OMe,
followed by (2) photoligation with LA-PIMA-ZW.

Ligation with H2N-PEG-OMe. A solution of hydrophobic
TOP/TOPO-QDs (∼26.7 μM, 150 μL) was precipitated with
3 mL of ethanol and redispersed in 150 μL of chloroform.
Separately, 60 mg of H2N-PEG-OMe was dissolved in 250 μL
of chloroform. The ligand solution was then mixed with the
QD dispersion in a scintillation vial. The vial was sealed with a
rubber septum and the atmosphere was switched to nitrogen by
applying 2 to 3 rounds of mild vacuum followed by purging
with nitrogen. The mixture was then left stirring at room
temperature for 3 h; alternatively one can apply overnight
stirring at 4 °C. The QDs were precipitated by adding 5 mL of
hexane. Following sonication for ∼1 min, the solution was
centrifuged at 3700 rpm for ∼5 min, yielding a gel-like pellet.
The pellet was dried under vacuum for ∼10 min and
redispersed in 200 μL of methanol.

Photoligation with LA-PIMA-ZW. In a separate vial, 15 mg
of LA-PIMA-ZW was dissolved in 300 μL methanol, followed
by the addition of 20 μL of fresh KOH aqueous solution (0.1
g/mL); a slight sonication (1−2 min) can accelerate ligand
dissolution. This solution was mixed with the QD dispersion
prepared in step one above, then 30 μL of tetramethylammo-
nium hydroxide (∼5 mM) predissolved in methanol was added.
The vial was sealed with a rubber septum and the atmosphere
was switched to nitrogen by applying 2 to 3 rounds of mild
vacuum followed by flushing with nitrogen. The vial was then
placed inside the UV photoreactor (peak at 350 nm, 4.5 mW/
cm2, Model LZC-4 V, Luzchem Research, Ottawa, Canada) and
irradiated for 35 min while stirring.64 The sample was retrieved
and excess tetrahydrofuran was added to precipitate out the
QDs, followed by sonication and centrifugation; the steps were
repeated one more time. The resulting QD pallet was dried
under vacuum and then dispersed in buffer (pH 12, 50 mM),
yielding a clear aqueous dispersion; sonication for ∼5 min can
be applied to speed up the homogenization. The dispersion was
filtered through a 0.45 μM syringe filter, and excess free ligands
were removed by applying 3−4 rounds of concentration/
dilution with DI water using a centrifugal filtration device
(Millipore, MW cutoff = 50 kDa).

Conjugation of QDs to Dopamine. The QD−dopamine
conjugates were prepared by reacting LA-PIMA-ZW/NH2-QDs
(10% amine) with dopamine-isothiocyanate (dopamine-
ITC).64 Briefly, 50 μL of dopamine-ITC predissolved in
DMSO (0.5 mg/mL) was added to a scintillation vial
containing 126 μL of QD dispersion (∼6.35 μM) and 20 μL
NaCl solution (1 M); DI water was added to bring the total
volume to ∼1 mL. The mixtures were stirred in the dark for ∼3
h, and then one round of concentration/dilution was applied to
remove the excess free/unreacted dopamine through a
membrane filtration device (MW cutoff: 50 kDa, Millipore),
providing 1 mL of the final conjugate dispersions (∼0.8 μM).

pH-Dependent Quenching of the QD Fluorescence. The
pH-dependent PL quenching data were collected from dilute
dispersions, prepared by mixing 30 μL of the QD−dopamine
conjugates with 470 μL of phosphate buffer (10 mM) at the
desired pH. The integrated PL signal measured at each pH was
reported relative to the value at pH 4.

QD PL Recovery Promoted by Cysteine Addition. Briefly,
30 μL of the QD−dopamine conjugates was mixed with 450 μL
of phosphate buffer (10 mM, pH 10). Then 20 μL aliquots of
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cysteine stock solution (0.2 mM) were added. The above
dispersions were incubated for different time periods and the
PL spectra were recorded.
Interaction of QD−Dopamine with BSA. 30 μL aliquots of

QD−dopamine conjugates were dispersed in phosphate buffer
(pH 10, 10 mM). Then, the desired volumes of BSA stock
solution (0.1 mM) were added, and the final volume of the
dispersions was adjusted to 500 μL by adding phosphate buffer.
The BSA concentrations used in these measurements were 1, 2,
and 3 μM. The PL spectra were recorded for each BSA
concentration following different incubation time periods.
Self-Assembly of QD−Biotin with Streptavidin-Dye.

Green-emitting QDs capped with LA-PIMA-ZW/biotin were
used for self-assembly with streptavidin labeled with x-
rhodamine-5-(and-6)-isothiocyanate (details about streptavidin
labeling are provided in Supporting Information). The
conjugates were prepared by incubating increasing molar ratios
of the streptavidin-dye with the same concentration of the QDs.
Briefly, 9 μL aliquots of a stock QD dispersion (8.57 μM) were
loaded into Eppendorf tubes. The desired amount of a stock
streptavidin-dye solution (7.1 μM) was mixed with QD
dispersions; phosphate buffer (pH 7.5, 50 mM) was then
added to bring the total volume to 400 μL. The ratio of
streptavidin-dye-to-QD (i.e., valence) explored in this study was
varied from 0:1 to 12:1. The mixtures were incubated at 4 °C
for 1 h to allow for self-assembly, followed by collecting the
absorption and emission spectra.
Click Conjugation of QD-Azide with DBCO-Trans-

ferrin. The QD−transferrin conjugates were prepared by
reacting QD-LA-PIMA-ZW/N3 with DBCO-transferrin. Two
sets of QDs emitting at 537 and 633 nm were used. To prepare
the green-emitting conjugates, 100 μL of LA-PIMA-ZW/N3-
capped QDs (6.28 μM) was first dispersed in 400 μL of DI
water, then 50-fold excess of DBCO-transferrin solution (125
μL, 0.25 mM) was added while stirring. The mixture was left
stirring at room temperature overnight. The QD−transferrin
conjugates were purified from unreacted DBCO-transferrin
using a PD-10 column. The same protocol was applied to
prepare the red-emitting QD-conjugates, except that 100-fold
excess of DBCO-transferrin with respect to QDs was used. The
purified QD−transferrin conjugates were characterized using
UV−vis spectroscopy and gel electrophoresis. The presence of
transferrin was reflected in the contributions to the composite
absorption spectra at ∼280 nm, while the gel images showed
that after conjugation there was a reduction in mobility shifts in
both green- and red-emitting QD−transferrin conjugates
compared with those of QD-N3 (control, see Figure S10).
Polyhistidine-Promoted QD-Protein Self-Assembly.

Three sets of ligand-capped QDs (emitting at 633 nm) were
used for conjugation: His-PIMA-ZW-QDs, LA-PIMA-ZW-
QDs, and LA-ZW-QDs. The conjugation to maltose binding
protein appended with a 7-histidine sequence (MBP-His7) was
carried out using the same protocol for all samples. Here we
detail the assembly of LA-PIMA-ZW-QDs with MBP-His7 at a
molar ratio of 1:50. To an Eppendorf tube, ∼7.35 μL of QD
dispersion (5.1 μM) was mixed with 37.5 μL of MBP-His7 (50
μM), followed by addition of phosphate buffer (pH 8.0, 40
mM) to bring the total volume to 300 μL. The mixture was
gently mixed then incubated at 4 °C for 30 min to allow for
self-assembly. The integrity of the QD−protein conjugates was
tested using affinity chromatography: binding to an amylose
column followed by competitive release by amylose.
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