2)

A versatile and accessible polymer coating for
functionalizable zwitterionic quantum dots with high DNA

ChemComm

ChemComm

grafting efficiency

Journal:

ChemComm

Manuscript ID

CC-COM-06-2019-004856.R1

Article Type:

Communication

SCHOLARONE™
Manuscripts




Page 1 of 5

ChemEomm

A versatile and accessible polymer coating for functionalizable
zwitterionic quantum dots with high DNA grafting efficiency

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Efficient and versatile functionalization of poly(anhydride maleic-
alt-isobutylene) (PIMA), with economical commercial reagents,
results in the one-step/one-day production of a copper-free click
chemistry-ready carboxybetaine-like coating for quantum dots
(QDs). The QDs are bright and stable in aqueous media and easily
grafted with DNA with > 95% efficiency.

Quantum dots (QDs) are semiconductor nanoparticles with
exceptional optical properties that are used in a variety of
applications, including biosensing and biomedical imaging.! For
such applications, QDs must be colloidally stable in agqueous
media; however, the majority of QDs are synthesized in organic
solvents and are not dispersible in water. Thus, strategies for
imparting hydrophilicity to as-synthesized QDs are of keen
interest.2 Encapsulation methods provide bright and stable
colloids, but significantly increase the nanoparticle’s
hydrodynamic size (> 20 nm) negatively impacting applications
like single-QD tracking or histidine tag-mediated self-assembly
of biomolecules on the nanoparticle surface.? Ligand exchange
with a hydrophilic coating affords water dispersibility with a
smaller final hydrodynamic radius (< 20 nm), while
multidentate, rather than monodentate, ligands provide
increased stability.*

Several groups describe multidentate polymer coatings*<>
consisting of i) hydrophilic groups such as poly(ethylene glycol)
(PEG) or zwitterionic moieties and ii) QD anchoring groups such
as thiols or histidines.® PEG is the preferred steric coating for
nanoparticles used in a biological environment, and zwitterionic
compounds like sulfobetaine and carboxybetaine are garnering
increased interest as they result in highly stable, non-fouling
colloids.” For example, a charged QD surface coating developed
by Mattoussi et al. uses poly(anhydride maleic-alt-isobutylene)
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(PIMA) as a backbone for easy functionalization with primary
amines bearing imidazole, lipoic acid, and sulfobetaine
moieties.5d>¢ While this method produces QDs that are small
and bright, the synthesis of the zwitterionic sulfobetaine is
multi-step and non-trivial (ESI," Scheme S1). Alternatively,
Lequeux et al. reported the use of commercially available
monomers for synthesizing block copolymers poly(sulfobetaine
methacrylate-b-vinyl imidazole) via RAFT polymerization, but
the synthesis requires two steps and rigorous polymer
characterization.>®

The availability of stable QD coatings that enable easy
biofunctionalization is critical to the use and study of QDs by
chemists and non-chemists alike. Here, we report a versatile
single-step reaction to generate a multidentate,
carboxybetaine-like polymer for coating QDs with a copper-free
click chemistry handle for subsequent biofunctionalization. The
straight-forward method exclusively uses commercially
available reagents and is suitable for the non-expert. We use
this generalizable method to coat multiple QD compositions in
a one-hour ligand exchange reaction. High efficiency (> 95%
yield) grafting of DNA to the polymer-coated QDs via copper-
free click chemistry demonstrates the biofunctionalization
potential, as controlled labeling of QDs with DNA is notoriously
challenging.®

We prepared multiple compositions of heterostructured
core/shell QDs following minor modifications to published
protocols (ESI) to demonstrate the generalizability of the
coating method to a variety of colloidal QDs including CdSe and
InP systems.® The multidentate polymer comprises a PIMA
backbone, as reported by Mattoussi et al.,5%%¢ uniquely
functionalized with a commercially available positive
quaternary amine to counter the negative carboxylic acid
created on each monomer during the amide formation,
providing hydrophilicity through the generation of a
carboxybetaine-like feature. Histamine anchors the polymer to
the QD surface, and dibenzocyclooctyne (DBCO) provides a
platform for subsequent copper-free click chemistry
functionalization (Fig 1A).° Using this polymer, we obtained
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Figure 1. (A) Schematic of the polymers used in this study and (B) of the ligand exchange
protocol for QD@P1. (C) Absorption (dotted lines) and photoluminescence emission
(solid lines) spectra (Ae,. = 400 nm) before (in CHCl3) and after (in water) ligand exchange.
Inset shows a representative TEM image of QDs@P1. Scale bar = 50 nm. (D) Image of
CdSe based QDs during ligand exchange (a. QD + P1 in CHCls, b. addition of 0.1 M NaOH
c. successful transfer of QD@P1 from CHCl; to NaOH). (E) InP QDs of different emission
wavelengths, size, and composition ligand transferred with P1 (a. InP/7ZnSe/3ZnS, b.
InP/10ZnSe/3ZnS, c. InP/3ZnS d. InP/2ZnSe/3ZnS).

water-dispersible QDs with excellent colloidal stability, grafting
capability, and optical properties.

Successful polymer synthesis is confirmed by the formation
of the amide bond resulting from the maleic anhydride-amine
reaction via both H NMR (Fig S3-S8) and IR spectroscopy. For
all polymers, the IR spectra (Fig S9) show the disappearance of
the C=0 stretch of the anhydride at 1770 cm™ and appearance
of the C=0 stretch corresponding to the carboxylic acid and
amide at 1710 cm™ and 1650 cm-}, respectively. Final polymer
composition of P1, as evaluated by *H NMR in D,O, consists of
39% histamines and 57% quaternary amine (Fig S3). Similar
polymers possessing sulfobetaine (P2) and PEGsso (P3) for
hydrophilicity are described for comparison. The reagents used
for synthesizing P1 are significantly (~5-fold) less expensive than
those used for P3. Furthermore, P1 only requires 1 day of
synthesis to prepare, while P2 requires 7 days (Table S1).

P3 is highly soluble both in agueous and organic solvents like
chloroform or THF, but P1 and P2 are only soluble in DMSO or
water. Typically, as-synthesized QDs are soluble in non- to
slightly polar organic solvents, making the QD and polymer
solutions immiscible. Often, a two-step ligand exchange is used
to address the solubility concern: QDs are first coated with a
small, labile ligand (e.g., mercaptopropionic acid),>® which is
replaced by the polymer in an aqueous-phase ligand exchange.
In contrast, ligand exchange with the PIMA-based polymers
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involves a simple one-step ligand exchange (Fig 1B) with QDs
and polymer mixed in a DMSO/CHCI; co-solvent. After an hour,
the polymer-coated QDs are transferred into aqueous media by
simply adding basic water to the solution (P1 and P2) or
precipitating the QDs before recovery (P3); both methods
produce bright and stable colloids. The optical and colloidal
properties of CdSe/CdS/ZnS QDs coated with the different
polymers for water dispersion exhibit similar properties. In all
cases, the quantum yield is ~40% in chloroform and ~25% in
water. QDs@P1 exhibit similar colloidal stability over time to
QDs@P2 & P3 across a variety of pHs, salt concentrations, and
temperatures, except at pH 5 where aggregation is more
pronounced for P1 than P2 and P3 (Fig S12). After a week in
dilute conditions at RT (50 nM QD, 1x HEPES), the fluorescence
of the QDs remains unchanged (Figure 2A). In contrast, QDs
coated with the monomeric thioctic acid derivative CL4
(Scheme S2)*! precipitate after a week at RT (Fig 2B, Fig S12). To
highlight the generalizability of this approach, QDs of different
compositions, size, and emission wavelength (InP/7ZnSe/3ZnS,
InP/10ZnSe/3ZnS, InP/3ZnS, and InP/2ZnSe/3ZnS) were also
phase transferred with P1 (Fig 1E).

DLS of the polymer-coated QDs shows that all samples were
of similar hydrodynamic diameter (~10 nm, Table S2, Fig S10).
Previous reports described his-tag self-assembly and Forster
resonance energy transfer (FRET) with fluorescent proteins
using QD@P2,'? and we verify this function for P1 as well. A
green emitting QD donor (one-pot CdSe/CdS/ZnS alloy, 10 nm
diameter by TEM) was phase transferred using P1 and self-
assembled with histidine-tagged tdTomato. The
QD@P1+tdTomato FRET pair exhibits acceptor sensitized
emission and up to ~20% FRET efficiency (Fig 2D, S13), which is
reasonable given the large size of the donor (Table S3), and
demonstrates successful self-assembly.

Derivatives of PIMA with the zwitterion sulfobetaine (P2) or
PEG (P3) are not neutral as each grafted amine introduces a
carboxylic acid, adding an effective negative charge to the
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Figure 2. (A) QY of the QDs after 1, 3, 4, 5 and 8 days (light to dark bars) of storage at
RT in 1x HEPES. (B) Images of the QD solutions after storage for 8 days at RT in the
dark. (C) Relative mobilities of QD@P run on a 1% agarose gel in 1x TAE buffer. *At
pH6, QD@P2 had degraded and was not visible (data not shown). QD@P2-DBCO
degrades as well, but enough fluorescence is retained to be seen (Fig S11). (D) PL

spectra and FRET efficiency of the green QD@P1-tdTomato pair.
This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Page 3 of 5

polymer at physiologic pH. The permanent positive charges
provided by the quaternary amines on P1, however, balance the
negative charges of the carboxylic acids on the backbone,
creating a carboxybetaine-like polymer. We hypothesize that P1
will exhibit improved charge-neutrality compared to P2 and P3,
although some negative surface charge will persist, as the
addition of the histamines produces carboxylates that are not
matched with positive charges. Zeta potential ({) measurements
verify our hypothesis (Table S2). The sulfobetaine-containing
QD@P2 exhibits the most negative zeta potential ((=-36.0+ 1.5
mV), while the carboxybetaine-like QD@P1 is most neutral (T =
-12.7 + 2.0 mV). The PEGylated QD@P3 (T = -18.1 + 0.9 mV) is
closer to neutral than QD@P2, likely due to PEG-based charge
screening as previously seen in literature,’® but still more
negatively charged than QD@P1. This difference in surface
charge is also evident in the gel mobility of the QDs, tested at
pH 6 and 8 (Fig 2, S11). At pH 8, the highly negatively charged
QD@P2 moves the furthest; QD@P3 travels less than half as far,
and the QD@P1 even less. At pH 6, QD@P1 exhibits minimal
migration, indicating that some of its negatively charged
carboxylates are protonated as the pH approaches their pK,
(~4.5), reducing the excess negative charge. QD@P2 loses
fluorescence or degrades at pH 6, as it is no longer visible in the
fluorescent image of the gel, while the migration of QD@P3 is
the same at both pHs. None of the migration patterns change
significantly with the addition of DBCO functionality.

The inclusion of DBCO for strain-promoted alkyne-azide
cycloaddition (SPAAC) functionalization facilitates applications
in biology and medicine. Using copper-free click chemistry to
graft azido-functionalized entities to the PIMA-coated QDs is
preferred over conventional copper-catalyzed click chemistry
on QDs, as the presence of residual copper may reduce QD
fluorescence.'* We prepared QD analogs of P1-P3 with ~10%
DBCO using the protocols described above. All QD@P-DBCO
samples exhibit significantly higher QY compared to polymer
coatings without DBCO (40% vs. 25%, respectively). We suspect
that the hydrophobic nature of DBCO allows for: i) increased
solubility of the polymer in the organic solvents, minimizing the
chance for aggregation during ligand exchange; and/or ii)
improved anchoring of the polymer on the QD surface
potentially providing better protection of the QD from water.
All the QDs with DBCO are as stable as their DBCO-free
counterparts, and their surface charge shows the same trends,
with QD@P1-DBCO being the most neutral (Fig 2, S11, Table S2).
The number of DBCO handles and PIMA strands per QD are
estimated by measuring the DBCO absorbance in the UV (g3q9 =

A Qp-DBCO QD-ssDNA
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12,000 M-*cm) of cleaned QD@P-DBCOs (Fig S14, Table S4)
and relating the DBCO absorbance to the DBCO/polymer ratio
determined by NMR. On average, QD@P1-DBCO is coated with
15 polymers, QD@P2-DBCO with 30, and QD@P3-DBCO with 95
after multiple buffer exchange steps with 100 kDa centrifugal
filtration devices to remove excess polymer. The ligand
exchange reactions are highly reproducible, as replicate QD-
DBCO preparations produced very similar polymer/QD ratios
(Table S4). We hypothesize that the amphiphilic nature of P3-
DBCO may result in the formation of multiple polymer layers
around the QD, increasing the number of polymer strands per
QD. Filtration efficiency of random coil polymers can vary when
compared to more compact species of similar molecular weight,
which may also affect the final polymer/QD ratios obtained.

To demonstrate the utility of the SPAAC-ready coating, we
grafted 5’-azide-functionalized single-stranded DNA (DNA-N3)
to DBCO-functionalized QDs. Examples of DNA grafting to QD
surface ligands have been reported® using traditional
biochemistries like amine-carboxylic acid'® or thiol-maleimide®
reactions, but the percentage of DNA strands conjugated rarely
exceed 50%. Previous alkyne-azide click chemistry QD-DNA
grafting methods exhibited up to 67% efficiency.>~'2%7 For DNA
labeling, we simply mix QD@ P-DBCO with DNA-N; (Table S5) for
4 days in the dark at pH 8.6 (0.1 M NaHCOs3) with 1 M NacCl (Fig
3). The high salt concentration screens the charges between
QD@P-DBCO and DNA and improves grafting efficiency.1>16

The QD-DNA conjugates were analyzed on agarose gels
stained with SYBR green for ssDNA detection (Fig 3B). Using a
filter to remove red QD fluorescence facilitated acquisition of
DNA-only and QD+DNA gel images to visualize colocalization
(ESI; Fig S15). In reactions with a molar excess of DBCO (e.g., for
P1, QD/DBCO/DNA = 1/55/20, Table S6), no free DNA is
observed for any of the QD@P-DBCO polymers; DNA
fluorescence completely colocalizes with QD fluorescence.
When using QD@P3-DBCO, the DNA band is slightly offset from
the QD band. In light of the high polymer/QD ratios discussed
above, we attribute this to excess polymer that is not directly
anchored to the QD surface desorbing during gel
electrophoresis. Analysis of QD@P1-DBCO with Image) shows
that more than 95% of the initial DNA-N; is grafted on the QD
(Fig S15, S16). Aggregation of QD@P1-DBCO in the control
reactions is evident as some QDs remain trapped in the loading
well of the gel, likely a result of the high salt conditions of the
click reaction (Fig 3, S15, S16). When DNA is conjugated to the
QD@P1-DBCO, the DNA appears to impart additional stability
and no aggregation is observed, indicating the potential for

Fluorescent =l P1.DBCO P2-DBCO P3-DBCO
SA beads a- b'ee =a-" B =g e ar b =C

DNA on QDs

I

_—

B
Bl

beads

Figure 3. A) Scheme of the copper-free click reaction between QD@P-DBCO + DNA-N; and hybridization of the QD-ssDNA with its biotinylated complement. The QD-dsDNA-bt can
be pulled down on streptavidin (SA) beads to verify hybridization. B) Image of a 1% Agarose gel in 1x TBE buffer stained with Sybr Green. QD fluorescence removed with a 500 nm
short-pass filter to visualize the DNA by itself. All QD@P-DBCO are loaded at the same concentration in the same reaction conditions: a) QD@P-DBCO + 20x DNA-NH, (negative
control); b) QD@P-DBCO + 50x DNA-N3; c) QD@P-DBCO + 20x DNA-N;.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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simple centrifugation-based removal of unlabeled QDs when
using P1-DBCO. QD@P2&3-DBCO did not exhibit this behavior.
When using larger QD/DNA ratios (QD/DBCO/DNA = 1/55/50),
Imagel) analysis indicates 80% reaction efficiency for QD@P1-
DBCO. To our knowledge, the >95% DNA grafting efficiency
obtained for QD@P1-DBCO is the highest reported on QDs. For
most downstream applications, <5% free DNA would not
warrant further purification, once again improving overall yield
and duration of the reaction.

Lastly, we confirm that the conjugated ssDNA is available for
hybridization. QD@P1-DBCO-DNA  hybridizes with a
biotinylated complementary strand with 61% efficiency (QD-
DNA-bt, Tables S3, S7). Upon mixing the QD-dsDNA conjugate
with streptavidin-coated agarose beads and washing away
unbound QDs, imaging with a fluorescent microscope reveals
agarose beads decorated with the QD-DNA-bt (Fig 3). Control
experiments with QD@P1-DBCO-DNA hybridized with the non-
biotinylated DNA and QD@P1-DBCO (no DNA) mixed with
biotinylated dsDNA-biotin do not exhibit fluorescence,
indicating that there is no non-specific adsorption of the
QD@P1-DBCO to the beads (Fig S17).

In conclusion, we report the synthesis of an easy, fast, and
inexpensive polymer for obtaining stable and bright QDs in
water. The use of commercially available reagents in an
accessible procedure enables a wider variety of research groups
to fabricate zwitterionic QDs . When used for the QD phase
exchange procedure, the mixed positive and negative charge of
the carboxybetaine-like P1 polymer provides for excellent QD
colloidal and optical properties. We incorporate a DBCO handle
to enable passive biofunctionalization of the coated QDs. We
demonstrate the advantages of the conjugation approach by
grafting the QDs with azide-functionalized DNA with >95%
efficiency. Given the advantages of this zwitterionic polymer,
the single-step QD coating procedure, and high grafting
efficiency, we encourage others to use this polymer to
synthesize functional or responsive QDs for in vitro and in vivo
biosensing and biomedical imaging applications.
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