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Versatile Dehydration-Assisted Functionalization of Quantum Dots
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Abstract: Functionalization of quantum dots (QDs) and
quantum rods (QRs) with ligands is essential for their
further practical application across various domains.
Dehydration-assisted functionalization (DAF) is a versa-
tile method applicable to a wide range of hydrophilic
ligands with an affinity to the surface of QDs and QRs.
This approach facilitates rapid one-pot ligand exchange
and dense modification by efficiently transferring these
ligands onto the surface of QDs and QRs. This study
demonstrates the efficacy of DAF in preparing chiral
QRs, engineering the surface charge of QDs, utilizing
QR aggregates, and conjugating dense DNA onto
cadmium-free InP/ZnS QDs. DAF therefore offers a
versatile solution for hydrophilic ligand functionalization

of QDs and QRs applicable to diverse applications.

Quantum dots (QDs) and quantum rods (QRs) have
unique optical and electronic properties, including size-
dependent band gaps, narrow emission spectra, tunable
surface chemistry and charge transport, making them
candidates for numerous applications in the field of display
and lighting, lasing, and sensing."! Hydrophilic QDs and
QRs hold particular significance because they enable the
attachment of biomolecules such as DNA, peptides, and
proteins onto the surface of these nanomaterials, opening up
avenues for diverse in vitro and in vivo applications,
including specific targeting and detection.”) However, high-
quality QD and QR production requires synthesis in organic
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solvent with hydrophobic ligands, and the change of surface
ligand is needed for hydrophilic functionalization.

Currently, mainstream methods for hydrophilic function-
alization of QDs and QRs can be broadly classified into two
categories: encapsulation, which involves direct addition of
polymers, phospholipids, or silica to the hydrophobic ligand
periphery; and ligand exchange, where hydrophilic ligands
replace hydrophobic ones, followed by conjugation of
functionalization groups in aqueous solution.”! In the former
strategy, dispersed QDs and QRs often exhibit larger
hydrodynamic diameters due to additional material coating.
While the latter approach typically yields more compact
structures, ensuring sufficient surface coverage often re-
quires significant incubation time or high temperatures,
depending on the type of ligands used. For example, to
modify QDs and QRs with single-stranded DNA (ssDNA)
with a certain surface coverage, methods such as salt aging
for several days®! or shell growth at high temperature
(90°C)"! may be required.

Recently, we demonstrated that dehydration-assisted
DNA conjugation enables rapid ligand exchange and dense
DNA modification directly with QDs and QRs dispersed in
organic solvent such as toluene, hexane, and chloroform at
room temperature in several minutes.”! Utilizing these
densely DNA conjugated cadmium-based QDs and QRs, we
constructed QD/QR 2D arrays on 2D DNA origami
superlattices.”) However, we only investigated the applica-
tion of this method for ssDNA functionalization. Here, we
generalize this method to other ligands and QDs.

In this study, we identified dehydration-assisted func-
tionalization (DAF) as a versatile and straightforward
method applicable to diverse hydrophilic ligand exhibiting
affinity to the surfaces of QDs and QRs, such as L-cysteine
(L-Cys), D-cysteine (D-Cys), 3-mercaptopropionic acid
(MPA), O-(2-mercaptoethyl)-O’-methyl-hexa(ethylene gly-
col) (mPEG), and thiol-modified ssDNA (Scheme 1). This
method rapidly achieved ligand exchange and dense mod-
ification by efficiently condensing these ligands onto the
surface of QDs and QRs followed by accelerated ligand
anchorage. Leveraging DAF, we successfully prepared chiral
QRs using L-Cys and D-Cys ligands, engineered the surface
charge of QDs using dual-ligands comprising various ratios
of MPA and mPEG, demonstrated the full utilization of QR
aggregates, and achieved dense DNA conjugation on
cadmium-free InP/ZnS QDs.

The optical activity of chiral QDs and QRs stems from
surface chiral molecules, offering various applications in
biology, chemistry, and physics.”) Examples include site-
selective photoinduced cleavage and profiling of DNA,®
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Scheme 1. Schematic of workflow and capabilities of the dehydration-assisted functionalization (DAF) strategy for QDs/QRs.

protein catalysis,”) and spin-selective charge transport.'”]
Conventional methods for preparing chiral QDs and QRs
through phase transfer often require several tens of
hours.!" ! To demonstrate the rapid preparation of chiral
QDs and QRs using DAF, we employed L-Cys and D-Cys
to modify CdSe/CdS Dot-in-Rod emitting at 620 nm
(QR620), and CdSe/ZnS QD emitting at 620 nm (QD620).
Figure 1 shows the circular dichroism (CD) spectra of
QR620 modified with L-Cys (dQR620-L-Cys) and D-Cys
(dQR620-D-Cys) obtained from the organic solvent using
DAF, which required only several minutes. The data
indicate that the ligand imprinted its chirality onto the
excitonic transitions of the QRs, distinct from the intense
CD signal of cysteine in the ultraviolet region of the
spectrum.'"*"1 This strong CD signal at the absorption
wavelength can be attributed to the transition of linearly
polarized excitons in the QRs.'" In contrast, almost no
signal was observed for dQD620-L-Cys or dQD620-D-Cys,
possibly due to a barrier effect of the wide band gap ZnS
shell structure,!'”! as most examples of ligand-induced
chirality have involved the use of CdE (E=S, Se, Te)
cores.'1218%1 Apother possible explanation is that the high
curvature of QDs leads to adjacent ligands chelating in
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Figure 1. Introducing chirality to QDs and QRs using DAF. CD spectra
of the QD620-L-Cys, QD620-D-Cys, QR620-L-Cys and QR620-D-Cys at
a) visible and b) UV band.
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opposite orientations, affecting the CD response and result-
ing in a weak CD signal.™ Computational studies have
suggested that CdSe CD spectra are highly sensitive to the
structure of the ligand shell, as adjacent ligands can chelate
in either cis or trans orientations, thereby influencing the
CD response.™ Quantitative analysis of the CD peaks is
further conducted by calculating and comparing their
anisotropic g-factor (Figure S1). The highest g-factor magni-
tude (gcp), defined as |gep_—gep . |12, serves as an indicator
of the magnitude of the induced chirality of dQR620.”"! We
observed a gcp of 5.3x107* and 5.9x10~* for dQR620-L-Cys
and dQR620-D-Cys, respectively (Table S1), consistent with
those reported in literature for Cys-modified QRs with a
similar core diameter, shell thickness, and aspect ratio
prepared using traditional phase transfer methods.”" Thus,
DAF enables the rapid preparation of chiral QRs with a
similar g-factor.

Dual-ligand modification of QDs and QRs has demon-
strated important multifunctionality. For example, utilizing
both photocrosslinkable ligand and dispersing ligand ren-
dered QDs compatible with solution-based patterning
techniques.”” For QD-sensitized solar cells, incorporating
MPA and inorganic ligands reduces the solvation free
energy and facilitates QD loading, while also suppressing
defect trap states,* enhancing optoelectronic
performance.” However, an outstanding challenge remains
the control over the ratio of dual-ligands on the surfaces of
QDs and QRs.

Given that the DAF process condenses most initial
aqueous ligands instantaneously onto QDs and QRs, we
hypothesized that it is capable of controlling the ratio of
different ligands on the QD surface, by adjusting initial
ligand stoichiometry used in the functionalization process.
We selected the small molecule thiol ligands MPA and
mPEG to test this hypothesis, because we can easily
characterize the dual-ligand ratio based on QD surface
charge, as MPA carries a negative charge and mPEG is
neutral. By mixing the two ligands in varying proportions
for DAF (9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9), we
obtained QDs with nine different dual-ligand ratios (Fig-
ure 2a). Spectroscopic analysis revealed negligible changes
in absorption and emission spectra of dQD620 with dual-
ligands, with quantum yields mostly ranging between 5-20 %
(Figure S2). Agarose gel electrophoresis (AGE) demon-
strated distinct band mobilities, indicating controlled QD
surface charges engineered via dual-ligand ratios (Figure 2b
and Figure S3). Further analysis of hydrodynamic diameters
using dynamic light scattering (DLS) revealed MPA-only-
modified QDs to be smaller at 8.3 nm, while other hydro-
dynamic diameters increased slightly to 11.2 nm with the rise
in mPEG proportion (Figure S4). Zeta potential measure-
ments confirmed this, with average zeta potentials decreased
from —35.0+2.9 to —5.4+0.6 mV (mean +standard devia-
tion; n=3) as less MPA ligand were incorporated (Fig-
ure 2¢). Thus, the DAF method enabled the rapid prepara-
tion of seven distinct surface-charged QDs within minutes
(Figure S4). In addition, surface charge of QDs can
influence both the kinetics of the phosphorothioate back-
bone (ps-backbone) ssDNA wrapping and the resulting
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Figure 2. Surface charge engineering of dQD620 with dual-ligands
using DAF. a) Schematic of dual-ligand functionalization of QDs b)
AGE gel images of dual-ligand modified dQD620 with different MPA
and mPEG ratios (+ and — indicate the presence and absence of
ligands, respectively). c) Corresponding average zeta potential results
at pH =8.0. Error bars in c) represent standard deviation of the mean
(n=3 replicates per group).

spatial conformation.? The ability to modulate the surface
charge of QDs enables the valence control using DNA
complexes?! and geocoding of ssDNA valence on the QD
surface using wireframe DNA origami.” However, existing
methods require a four-day incubation of MPA-modified
QDs with mPEG to neutralize the negative charge before
ssDNA wrapping, with no effective strategies to control the
dual-ligand ratio on the QD surface, thereby hindering
surface charge engineering.>>

Nanowaste is a growing global safety concern, under-
scoring the need for precise environmental waste manage-
ment and regulation.’”! According to estimates, up to 20 %
of all nanomaterials waste comes from research
institutions,™ highlighting the importance to fully utilize
nanomaterials to reduce waste disposal, particularly those
that are toxic to humans and the environment such as
cadmium, lead, mercury-containing QDs and QRs. Consid-
ering the versatile ligand-conjugation capability of the DAF
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method, we attempted to utilize this approach for ligand
exchange and utilization of aggregated QRs, in order to
reduce nanowaste. Specifically, we observed that commer-
cially available QRs functionalized with oleic acid (OA)
tended to aggregate significantly in their initial hexane
solution during storage overtime, with aggregation typically
occurring within a few months, which renders these materi-
als unusable. Additionally, QRs are typically in limited
supply commercially, needing to be synthesized upon
receiving orders, further highlighting their challenging
storage characteristics. Thus, if the DAF method could be
used for the utilization of aggregated QRs, it would lead to
substantial cost savings as well as significant reduction in
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waste, thereby promoting sustainability. Consequently, we
attempted to test the modification of aggregated OA
modified QRs emitting at 620 nm (QR620ag-OA) with
hydrophilic ligands by dispersing them into aqueous buffer
using DAF (Figure 3a and Figure S5).

We characterized the particle size distribution in solution
using multi-angle dynamic light scattering (MADLS). To
avoid interference from the purification-centrifugation proc-
ess, samples were measured immediately after DAF. For
QR620ag-OA, we observed that the majority of the
aggregate particle sizes were greater than 1000 nm (Fig-
ure 3b). We presumed that this aggregation was due to the
detachment of OA ligands. Thus, we attempted to redis-
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Figure 3. QR aggregates utilization using DAF. a) Schematic of QR aggregates utilization. b) MADLS measurement showing the size distribution of
QR620ag-OA, QR620ag-OA plus, QR620ag-DNA, dQR620ag-DNA, dQR620ag-MPA, and dQR620ag-mPEG. Inset: zoomed region for the 100—

1000 nm scale. c) Representative wide-field and high-resolution TEM images of QR620ag-OA, dQR620ag-DNA, dQR620ag-MPA, and dQR620ag-
mPEG (Scale bar: 200 nm for c—f, 50 nm for inset).
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perse QR620ag-OA by adding additional OA ligands and
performing ultrasonication (QR620ag-OA plus). While a
slight decrease was observed in the proportion of aggregate
particle around 1000 nm in size with a slight increase in the
proportion of those around 100 nm in size, we were unable
to achieve monodisperse QRs using this method (Figure 3b).
In contrast, we obtained monodisperse QRs using the DAF
method with three different thiol ligands, including thio-
lated-ssDNA (dQR620ag-DNA), MPA (dQR620ag-MPA),
and mPEG (dQR620ag-mPEG) (Figure 3b). In the section
ranging from 100 to 10,000 nm, the remaining percentages of
dQR620ag-ssDNA, dQR620ag-MPA, dQR620ag-mPEG
were 0.27%, 13.7%, and 5.4 %, respectively (Figure 3b
inset). However, using only ultrasonication to conjugate
thiolated-ssDNA (without butanol dehydration) resulted in
a turbid solution with particle sizes distributed between 200
and 2000 nanometers. Wide-field and high-resolution TEM
images further confirmed our conclusion (Figure 3¢-3f and
Figure S6-S9).

The DAF method only requires mild conditions and is
easily scalable for production (Figure S10). DAF-QD and
DAF-QR also demonstrated excellent photoluminescence
intensity stability in buffers of various pH (Figure S11).
When stored at higher concentrations (1 uM for QD,
100nM for QR), DAF-QD and DAF-QR maintained
colloidal stability (no aggregation) after more than three
months of storage at 4°C in 10 mM Tris buffer (pH 8.0).
Importantly, it is not limited to cadmium-based QDs; it also
applies to InP/ZnS QDs emission at 650 nm (InP650) in the
presence of tris(2-carboxyethyl)phosphine (TCEP), consis-
tent with the previously reported aqueous phase transfer
method for InP/ZnS QDs (Figure S12).) Furthermore, the
DNA density on InP650 was similar to our previously
reported value for CdSe/ZnS QDs using DAF (Table S2).1
This consistency is crucial for the broad application of large-
scale, non-toxic QDs.

In conclusion, DAF is a rapid, straightforward, and
efficient one-pot method for phase transfer and hydrophilic
functionalization of QDs synthesized in organic solvents.
Currently, we have only validated this method for different
hydrophilic ligands with mono-thiol anchoring groups.
Theoretically, this method can be applied to any hydrophilic
ligand that has sufficient affinity for the QD/QR surface.
For example, polydentate thiolated ligands can be employed
to improve long-term stability,”™ polyhistidine tags can be
employed to conjugate peptides and proteins,*! and ps-
backbone ssDNAPY can be investigated for controllable
ligand valency. We believe that DAF’s capabilities such as
rapid ligand exchange, dual-ligand functionalization with
precise tuning of stoichiometric ratios, and the ability to
fully utilize QD and QR aggregates, will provide a versatile
approach for hydrophilic ligand functionalization of QDs
and QRs for diverse applications in nanoscience and nano-
technology.
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