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Cucurbiturils (CBs), barrel-shaped macrocyclic
molecules, are capable of self-assembling at the surface of
nanomaterials in their native state, via their carbonyl-ringed
portals. However, the symmetrical two-portal structure typically [RUUSUESel
leads to aggregated nanomaterials. We demonstrate that [QEleISlIlgle ;
fluorescent quantum dot (QD) aggregates linked with CBs Sy bio-conjugation
can be broken-up, retaining CBs adsorbed at their surface, via =
inclusion of guests in the CB cavity. Simultaneously, the QD a
surface is modified by a functional tail on the guest, thus the
high affinity host—guest binding (logK, > 9) enables a non-
covalent, click-like modification of the nanoparticles in aqueous
solution. We achieved excellent modification efficiency in several functional QD conjugates as protein labels. Inclusion of
weaker-binding guests (logK, = 4—6) enables subsequent displacement with stronger binders, realising modular switchable
surface chemistries. Our general “hook-and-eye” approach to host—guest chemistry at nanomaterial interfaces will lead to
divergent routes for nano-architectures with rich functionalities for theranostics and photonics in aqueous systems.
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The functionalization of nanoparticles or nanostructured dynamic and reversible hydrazone'>™"” and imine chemis-
surfaces with chemical ligands is crucial for creating stable tries,'® on Au and metal oxide nanoparticle surfaces. This
nanoscale materials or mesoscopically ordered architectures' ™ enables nanoparticles to be simply,orthogonally modified to act
as well as interfacing the unique optoelectronic properties of as labels or to form dynamic aggregates, but this approach
nanoscale materials with the physicochemical environment for requires specific pairs of functional groups. DNA-based ligation
applications in switches’ " or sensors.” > Key to these using toe-hold mediated strand displacement and base-pairing
applications is the ability to efficiently modify nanoparticle has also been used to great effect, with high precision and
surface chemistry at will, through strong chemical ligation, reversible surface modification."”™>' However, due to the
ideally, independently of the underlying core nanomaterial complexity of modifying the DNA for attachment, ligation

chemistry."”” “Click” chemical modification of nanoparticle
surfaces, with one-step, reliable synthetic routes, is therefore a
hugely attractive research goal.'* Furthermore, the ability to
subsequently modify or regenerate the surface chemistry on
nanoparticles leads to smart materials, sensors, material
recovery, or recycling applications.”

“Click” chemical ligations at nanoparticle surfaces with the
potential for further exchange will enable a huge variety of
small molecules or biomolecules to be easily installed in a
versatile scheme and dynamic covalent chemistry is one
elegant solution. For example, Kay et al. as well as Milliron et
al. produced a variety of molecular ligand systems featuring
click-able and switchable moieties, through non-reversible
azide-alkyne chemistry (CuAAC and SPAAC)," as well as

strategies typically rely on traditional click chemistry or other
covalent surface modification,” with varying efficiency. DNA
is also highly charged, frequently creating undesirable
aggregative effects.

An alternative approach is to apply supramolecular host—
guest binding on the surface of nanoparticles. If the binding
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Figure 1. Simple synthetic strategy to modify nanoparticle surfaces using host—guest chemistry via cucurbit[n]uril in aqueous solution. The
strong host—guest complexes (logK, = 4—15) formed at the nanoparticle surfaces allow for robust modification with a wide variety of
molecular guests, featuring a functional distal end, without the need for any additional catalysts or reagents, and with high functional group
tolerance. These functional surfaces can feature reactivity for secondary modification, or can be “swapped” in situ by the appropriate choice

of a competing guest.

affinity between host and guest is sufficiently strong, and if the
kinetics of dissociation are slow, then this can be regarded as
highly efficient “non-covalent click-chemistry”. Such chemistry
is orthogonal to its covalent click counterpart and adheres to
Sharpless’” principles by being simple to perform, modular,
wide in scope, high yielding and producing no by-products
requiring separation. Furthermore, one supramolecular host
can be applied to bind a wide variety of different guests of
diverse binding affinities and chemistry without the need to
covalently modify the nanoparticle surface, thereby greatly
increasing the versatility of ligations possible.”””* In
particular, multimodal stimuli-responsivity and triggered
release of functional moieties at the nanoparticle surface can
be readily achieved via careful engineering of the binding
affinities between each component in the system, which
remains a daunting task when using covalent click chemistry
due to the largely restricted choices of available bonds.

All precedent examples of non-covalent click chemistry at
nanoparticle surfaces have involved the covalent attachment of
modified f-cyclodextrin (8-CD) to gold nanoparticle (Au NP)
or other nanoparticle surfaces. For example, Velders and co-
workers used thiolated f-CD as an Au NP surface-bound host,
capable of complexing ferrocene and adamantyl guests, to
sense horseradish peroxidase via oxidation of the ferrocene
guest and subsequent decomplexation from the nanoparticle
surface.”® Likewise, Montenegro et al. recently applied a similar
scheme using multivalent adamantyl anchors to-modify the
surface of Au NPs inside cells with pegylated peptides.”” Ravoo
and co-workers have exploited thiolated #-CD or carboxylate-
modified $-CD to link together Au NPs, iron oxide NPs and
LiYF, upconverting NPs with a photoswitchable azobenzene
guest, to create a modular system capable of reversible self-
assembly.”*® Others have also exploited this approach for
patchy gold-on-polystyrene microparticles.”” In each case,
controlling molecular cross-linking of the nanoparticles was the
aim, with limited applications for labelling and sensing.

Whilst the use of f-CD was successful in providing an
approach to non-covalent clickable nanoparticle surface
modification, the binding affinities (K,) for the majority of
guests are relatively low (10—10° M™") and -CD exhibits fast

exchange kinetics due to lack of constrictive binding,3o’31

resulting in low functionalization efliciency and chemical
stability of the resultant nanomaterials. Furthermore, f-CD
must be selectively modified to enable nanoparticle surface
attachment at one face. Thus, attention has recently turned to
cucurbit[n]urils (CBn), water soluble macrocyclic oligomers
comprising “n” (typically 5—8) glycoluril monomers, that offer
binding affinities in the range of 10*~10 M7, ie, up to 10
orders of magnitude larger than the strongest host—guest
complexes of #-CD, and due to the constrictive binding by the
carbonyl portals, slow dissociation kinetics (Figure 1).”7**
Thanks to the favorable interaction of the pre-organized 5—8
carbonyl groups around both rims of CBn, dlrect attachment of
CBn to nanoparticle surfaces is possible.*>*® Unfortunately,
due to the two symmetrical portals, attachment of CBn
typically results in spontaneous aggregation of nanoparticles,
bridged by CBn.”””® Applications are therefore currently
limited to entrapping molecular analytes in polydisperse
nanoparticle a§gregates, e.g, for luminescent or Raman
detection,’>**~** and some limited reversibility of aggregation
has been shown.”>** Early efforts on attaching CBn onto QD
surface via their equatorial positions was made with limited
success, owing to the challenge in functionalization of native
CBn.*™

Recently, we demonstrated the use of CBn to aggregate
fluorescent colloidal quantum dots (QD) into small (<1 ym)
aggregates (Figure 1) for sensing applications.46 The method
was successfully applied by Scherman et al. to control Au-QD
aggregate dynamics and to explore energy transfer.”” QDs are
an important class of luminescent materials for sensing and
labelling that rely on variable surface chemistry to fully exploit
their utilization."*® During our initial work, we noticed that
certain larger guests appeared to lead to disaggregation of the
QD clusters, however, it was not clear whether this was due to
inhibition of the two portal binding of CBn by the guest or the
removal of CBn from the nanoparticle surface. Building on this
serendipitous observation, we now demonstrate that CBn can
indeed be utilized in a host—guest system for non-covalent
“click” modification of QD surfaces (Figure 1). We use
fluorescence assays as well as light scattering and other
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Figure 2. (A) Synthetic route to adamantyl derivatives: (i) triethylene glycol, NEt;, DBU, 110 °C, 18 h, 64% yield; (ii) mesyl chloride, NEt;,
DCM, RT, 20 h, then NaN;, DMF, 80 °C, 20 h, 52% yield; (iii) PPh;, H,O, THF, RT, 24 h, 65% yield. (B) Schematic representation of the
aggregation and disaggregation process. (C) Change in emission intensity and 1,,,, of CdTe530 upon aggregation with 30 equiv of CB7 and
subsequent disaggregation with 30 equiv of A30H; when the order of addition was varied, comparable results were obtained. (D) Titration
of CdTe530 QDs (10 uM) with 0—400 equiv of CB7 showing the change in A, (black circles) and the change in emission intensity (red
triangles). Data are averages of three independent replicates and error bars refer to the standard deviation. Trend line is to guide the eye. (E)
Change in A,,,, of CB7 aggregated CdTe530 (30 equiv) with increasing equivalents of A3OH per CB7 added (black circles), along with
changes in measured emission intensity (red triangles). Error bars are averages with standard deviation of three independent replicates. (F)
DLS measurements (number-weighted) for CdTeS30 (10 M), aggregated with 30 equiv of CB7, and subsequently disaggregated with 1
equiv of A30H or ASOH per CB7 (30 equiv per QD). Measures are average of at least 2 technical replicates.

techniques to verify that CB7—guest complexes are retained at
the surface, and that QD-CB7 nano-aggregates can act as stable
intermediates which can subsequently be broken up by a
variety of functional guests, allowing facile and efficient
alteration of nanoparticle surface chemistry by swapping the
guests or modifying the distal functional moieties. Finally, we
demonstrate how such a surface modification approach could
be applied in optical labels (including fluorescent proteins),
bio-sensors, and triggered delivery systems to produce a
general design strategy for non-covalent nanoparticle surface
modification.

RESULTS AND DISCUSSION

We first demonstrated that CB7 aggregates QDs as previously
observed (Figure 2B). The QDs used in this work are
predominantly CdTeS530. They were synthesized in water, as
described in the Supporting Information, and capped with 3-
mercaptopropionic acid (MPA). CdTe530 QDs feature an
emission maximum at ca. 530 nm and a full width at half
maximum (FWHM) of ca. 40 nm (Figure 2C). Particle size
was estimated by transmission electron microscopy (4.7 + 1.2
nm N = 144, Figure S1) and by dynamic light scattering
(DLS) (4.5 = 1.0 nm, volume weighted, 3.8 + 0.6 nm, number
weighted Figure S2).

Multiple batches were produced and showed consistent
behavior. Additional QDs used for testing included larger

CdTe (CdTeS40) and more monodisperse CdSe/ZnSS14.
The CdSe/ZnS QDs were synthesized via “hot injection” in
organic solvents, before phase transfer to water via ligand
exchange with reduced glutathione (GSH). The emission
maximum was 514 nm, and FWHM was ca. 35 nm (Figure
S3). Stock concentrations were estimated based on the method
of Peng et al.*’ and calculations are given in Table S1.

CB7 was prepared and isolated using standard literature
methods, and 0—400 equiv of CB7 were added to aqueous QD
stocks. As previously reported,* addition of more than ca. 10
equiv of CB7 per QD led to a red shift of the CdTe
luminescence by up to 4 nm for 30 equiv. This red shift was
accompanied by a slight brightening of emission until the red
shift reached a plateau, followed by a loss of intensity upon
further CB7 addition (Figure 2D). The red shift arises from
the formation of QD aggregates, where energy transfer occurs
from slightly smaller QDs to slightly larger QDs within the
population, leading to preferentlal emission from the larger
QDs within the population.”®~>* Beyond ca. 70 equiv of CB7,
it was noted that large aggregates flocculated out of solution,
accompanied by a decrease of luminescence intensity. The
aggregation process rapidly completed with 30 equiv of CB7
per QD and maintained brightness and colloidal stability for
days, so this ratio was chosen for further experiments, unless
otherwise stated. We estimate that each QD is capable (based
on a surface area approximation and a footprint of CB7
modelled as a circle)>” of binding 10—20 CB7 molecules, such
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Figure 3. (A) Structure of dye-labelled A3Cy3.5 and (B) a cartoon showing the possible association routes resulting in FRET if the host—
guest complex remains at the QD surface. (C) Optical overlap of QD donor and Cy3.5 acceptor. Overlaid, normalized spectra, where dashed
and dotted lines are absorbance and solid lines are emission. (D) Photoluminescence measurements of the system (QDs 3.3 uM, excitation:
440 nm) with each component (CB7 30 equiv, A3Cy3.5 30 equiv) added or excluded. The complete system is shown in red. Additional
control experiments can be found in Figure S12. (E) Titrations of A3Cy3.5 (7.5—60 equiv per QD) into aggregated QDs (30 equiv of CB7)
shown in blue, or QDs alone shown in orange, showing FRET over the background emission caused by direct excitation. Data normalized to

QD-only emission to more clearly show decrease in QD intensity.

that a slight excess of CB7 is potentially present in solution
(Table S2). It is important to note that these QD aggregates
are dynamic, allowing materials to diffuse into and out of the
clusters formed.*

Molecular Guest-Mediated Disaggregation of QD
Aggregates. To explore the break-up of these stable nano-
aggregates by guest addition to the surface-bound hosts
(Figure 2B), we synthesized a series of adamantyl-linked
polyethylene glycols (PEGs), with high affinity for CB7.
Adamantane derivatives are reported to serve as strong binders
for the hydrophobic cavity of CB7, and they do not occupy
both portals.””>* We hypothesise that the absence of two-
portal binding is important to prevent host removal from the
nanoparticle surface, and we illustrated this via molecular
docking and density functional theory (DFT) simulations as
well as NMR (Figure S4). The hydrophilic PEG chain acts as a
spacer and solubilising group selectively on the nanoparticle
surface, and it is trivial and convenient to alter the distal end to
create heterobifunctional ligands (Figure 2A). For these
molecules we use the nomenclature AnY, where A represents
an adamantyl (or any other “anchoring”) head group, n is the
number of monomers in the PEG chain, and Y is any distal

21588

chemistry (natively —OH, or subsequently modified). Simple
examples include adamantyl-triethylene glycol, termed A30H,
and the longer adamantyl-PEG400 (8—9 ethylene glycol units
on average), termed ASOH. Adamantyl ether derivatives are
reported to have binding affinities as high as K, = 10'° M/,
and we measured a representative interaction between CB7
and A30H of K, = 10° M™! via fluorescence displacement
assays (Figure $5).>° The detailed synthesis of the various
guests used in this study is given in the “Methods” section and
the Supporting Information.

Upon addition of A3OH to the preformed QD aggregates
with CB7 (30 equiv), a blue shift of the fluorescence peak was
observed (Figure 2C,D), resulting from a break up of the
aggregates and a loss of FRET within the population (Figure
2B). The same original QD PL was observed independent of
whether the A3OH guest was added before CB7, or pre-
complexed with CB7 and then added to the QDs. A titration of
A30H into the aggregates (Figure 2E) showed that the
disruption of the aggregates was largely complete with even
sub-stoichiometric amounts of guest added, owing to the high
binding affinity of the adamantyl residue and the steric
hindrance and aqueous solubility of the ethylene glycol tail.
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)
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. (C) Titration of streptavidin-Alexa568 into CdTe530 (10 uM) aggregated with 30 equiv of CB7 per QD,

and subsequently disaggregated with 30 equiv of A3biotin per QD (0.3—1.5 equiv of labelled streptavidin per QD shown in pale to dark
blue). Control data of the direct excitation of streptavidin-Alexa$68 are shown (orange dash). (D) Structure of the halogenated adamantyl
ligand A4Halo, detailed synthesis is given in Supporting Information. (E) Schematic representation of the QD labelling approach with
HaloTagged proteins, here red fluorescent protein (RFP) to induce FRET. Created from PDB IDs SUXZ®” and 2H5Q"® with the Mol* web
app.> (F) Data for CdTe540 (10 uM) aggregated with 30 equiv of CB7 and disaggregated with 600 equiv of A4Halo per QD, after addition
of halo-tagged RFP protein (blue line). The results for the mixture of QDs and protein alone is included to indicate direct excitation and

non-specific binding background (orange dashed line).

The need for a neutral species was highlighted by similar
experiments with adamantane amines, where the amine
induced luminescent quenching and underwent potential
non-specific adsorption to the QD surface.

To further probe this disaggregating effect and to
demonstrate that the luminescence changes originated from
the disruption of the aggregates rather than simple interaction
between QD and guest, we undertook dynamic light scattering
measurements. Number-weighted, along with intensity-
weighted and volume-weighted, measurements are shown for
CdTeS30 (Figures 2F and S6), before and after the addition of
30 equiv of CB7, and after further addition of 30 equiv of
A30H per QD. There is a clear growth in the maximum
recorded size upon addition of CB7 (from ca. 4 nm to 70—80
nm number-weighted, or several hundred nm volume-
weighted), corresponding to aggregate formation, followed
by a reduction in size upon addition of A30H (11 nm),
suggesting that the aggregates are indeed broken up by host—
guest binding (Figure 1C). It is notable that the final
population size of the QDs does not return to the starting
point, suggesting that there is additional molecular material on
the surface, increasing the hydrodynamic radius (the estimated
size of the CB7+A30H unit is around 2 nm, so an expected
increase in diameter of over 4 nm is reasonable when
accounting for additional hydration layers). It is also plausible
that a small number of dimers or other small aggregates may
lead to larger observed size in this ensemble measurement. An
identical DLS experiment was undertaken with the ~3-times
longer guest, ASOH (8—9 ethylene glycol repeat units in
PEG400), and the DLS results showed that the size was first
similarly reduced (by ca. 21 nm) but then increased over the
bare QDs alone at higher concentrations of added A8OH,
again suggesting added material (guest) bound to the QD
surface (Figures 2F and S6).

We performed control experiments by adding A3OH to
CdTeS530 in the absence of CB7 and triethylene glycol to CB7-

aggregated CdTe530, and observed no unexpected changes in
Amax Of the QD solutions (Figure S7). The aggregation and
disaggregation process could also be monitored by gentle
centrifugation to pellet-aggregated QDs (Figure S8) and by gel
electrophoresis (Figure S9). To demonstrate the generality of
the effect with other QDs, we showed that the yellow
CdTe540 sample could also be aggregated with CB7 and
disaggregated with A3OH (Figure S10). A sample of CdSe/
ZnS514 could also be aggregated and disaggregated, but due to
the narrower FWHM and greater homogeneity of this sample,
the aggregation-induced red shift was less discernible.
However, the process could be successfully followed by DLS
(Figure S11).

While it is evident from the data that addition of A30H
successfully disrupts the QD-CB aggregation process, we
needed to demonstrate that the host remains bound to the
surface when intercalating the guest. To achieve this, we
exploited a proximity-enabled Forster resonance energy
transfer (FRET) process with a modified guest, A3Cy3.5
(Figure 3A,B). The addition of a sulfo-cyanine fluorophore
(Cy3.5) with complementary absorption to the QD emission
(Figure 3C), to the adamantyl-PEG, meant that when QD and
fluorophore were in very close proximity, i.e., bound via the
adamantyl-CB complex, FRET should become observable from
the QD to the dye. If the binding of the adamantyl ligands
forces the entire host—guest complex to become detached
from the surface of the QD, then FRET would not be
observed. Sulfo-Cy3.5 was also chosen for its bulkiness and
negative charge and low affinity with CB7, to avoid
competition for the host between adamantyl and fluorophore,
and to reduce non-specific absorption to the negative QD
surface.

CdTe530 was aggregated with 30 equiv of CB7 and then
A3Cy3.5 was added. FRET was observed between the QD and
fluorophore, over the background of Cy3.5 itself, a mixture of
A3Cy3.5 and CdTeS530 without CB7 added, or a mixture of
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Figure 5. (A) Outline of the synthetic route to pyridinium and imidazolium derivatives from bromo-triethylene glycol monomethyl ether and
(i) pyridine, (ii) 4-dimethylamino pyridine, or (iii) 1-methyl imidazole, DMF, 100 °C, 20 h, yields between 25 and 72%. (B) DFT model of
Py30Me complexed to CB7 from three angles. (C) Change in A,,,, for CdTeS530 (10 uM) aggregated by 30 equiv of CB7 and subsequently
disaggregated by one of the three guests with increasing concentration. (D) DLS of CdTe530 (10 uM) aggregated with 30 equiv of CB7 and
disaggregated with one or more equivalents of each of the three guests per CB7, resulting in a reduction in measured size. (E) Schematic
representation of the sequential disaggregation and guest-swapping on the QD surface with a long, weakly bound guest (Pyl60Me) and a
short, strongly bound guest (A30H). (F) DLS measurements of CdTe530 (10 gM), aggregated with 30 equiv of CB7 per QD and
disaggregated with 1 equiv of long Py160Me per CB7, before titrating in increasing equivalents of short A3OH (0.5—2 equiv per CB7), with

a concomitant reduction in measured particle size.

the QDs, CB7 and Cy3.5 without an adamantyl modification
(Figures 3D and S12). As before, a blue shift of the QD-CB7
emission peak was also observed upon adding the adamantyl
species. These combined observations suggest that CB7 does
indeed remain on the QD surface when incorporating an
adamantyl guest. Whilst it was impossible to find an excitation
wavelength for the QD that did not cause some background
signal from direct excitation of the dye, a titration with and
without CB7 present showed the increased FRET over
background signal (Figure 3E). If a large excess of A30H
was subsequently added, then a displacement of A3Cy3.5 was
observed (Figure S12) due to competitive displacement and
reduction of FRET, but due to the similar binding strength of
the two AnY ligands and slow dissociation kinetics, a large
excess was required (10—100 fold) to see an effect.

Utilizing Molecular Guests at QD Surfaces for Particle
Labelling via Specific Protein Binding. Having demon-
strated the surface affinity of the host—guest system, we sought
to demonstrate the utility of the system for functional QD
surface chemistry modification, using our non-covalent click-
chemical approach. We synthesized the biotinylated adamantyl
derivative A3biotin (Figure 4A) and demonstrated that it
binds through the adamantyl residue to CB7 (Figures 4B and
S13).

As expected, titration of A3biotin into the CdTe530/CB7
aggregates resulted in a blue shift of the QD aggregate
emission peak (Figure 4C), suggesting the QDs are dispersed

21590

with biotin now present on the surface via the CB7/adamantyl
linkage. Subsequent addition of a fluorescently labelled
streptavidin (SAv-AlexaS68) capable of a strong and specific
biotin-avidin interaction, with good potential optical overlap
with the QD donor (Figure S14), resulted in FRET being
observed, demonstrating that a functional surface has been
formed at the interface of the QD (Figure 4C).°" Additional
DLS experiments using a nonfluorescent NeutrAvidin also
showed the expected size increase on addition to the A3biotin
held at the QD surface by CB7 (Figure S15). In both cases,
lack of the biotinylated guest at the surface stops the specific
ligand-protein interaction. Direct attachment of adamantyl-
decorated proteins should also be possible in the future, as has
been demonstrated with thiolated fS-CD at planar Au
surfaces.®’

As a further demonstration of post-functional modification
of the non-covalent click system, we synthesized a series of
adamantyl derivatives featuring a PEG linker and alkyl chloride
tail, suitable for reacting with HaloTagged proteins (A3Halo,
A4Halo, and others). HaloTag is a recombinant modified
protein fragment derived from a bacterial enzyme, that can be
expressed as a linked tag to other recombinant proteins, and
rapidly and specifically forms a covalent bond with small
molecule alkyl halides.”” Among the synthetic alkyl chlorides
produced, the acetamide-linked A4Halo (Figure 4D) was the
most practicable and displayed a lower K, of 10* M™" (via slow
exchange NMR titration, Figure S16). A small amount of
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DMSO (5%) was required in these experiments, and whilst
lowering the host—guest affinity below the common values of
neutral adamantyl derivates in CB7 (typically ~10° M/,
discussion Figure S16), it did not unduly impact the
aggregation or disaggregation process.“ The stronger binding,
ether-linked A3Halo was also synthesized but was not
sufficiently water soluble for use here. A4Halo was also
capable of preferentially binding to the CB7 pocket and
disrupting the QD/CB7 aggregates (Figure 4E), as demon-
strated by a blue shift of the aggregated emission (Figures 4F
and S17). Red fluorescent protein modified with a HaloTag
(HaloRFP) was expressed in E. coli as a good FRET acceptor
for the CdTe540 QDs (Figure S18). The purified protein was
added to the A4Halo-modified QDs and FRET indicative of
proximal binding was observed when the taggable alkyl halide
was held at the QD surface by CB7 (Figure 4F). There was a
degree of non-specific binding of the HaloRFP protein to the
CdTe540 QDs seen in this measurement (when no alkyl halide
was present), leading to higher background energy transfer, but
the energy transfer was greater in the complete non-covalent
click system. This system could be further optimized in the
future by changing the background ligand surface around the
CB7 of compact antifouling ligands, e.g., zwitterionic
sulfobetaine-based ligamds.64

Swapping and Triggered Release of Molecular
Guests from QD Surfaces by Noncovalent Click
Chemistry. To demonstrate the diversity of host—guest
chemistry that might be leveraged in the non-covalent click
system, we designed and implemented other ligand sets
capable of disaggregating the CB7 aggregated QDs. Three
different ligands were successfully synthesized (Figure SA)
with positively charged ammonium headgroups for binding to
CB7 and monomethyl ether triethyleneglycol tails: Py30Me,
Ap30Me, and Im30OMe. All were designed to display only
medium affinity but also to act as single portal binders for CB7,
to allow their subsequent displacement by stronger binders,
e.g., those based on adamantyl. The “goodness of fit” was
estimated by DFT (Figures SB and S19), and Py30Me was
predicted to be the most promising single portal binder to
CB7. Experimentally, all three compounds were shown to bind
CB7 via solution NMR measurements and were displaceable
by A30H (Figure S20). The absolute K, values for CB7 were
determined by isothermal calorimetry (ITC), with values of
10* M~ for Py30Me, 10° M™! for Im30Me and 10° M for
Ap30Me (Figure S21). A range of longer-tailed versions using
monomethyl ether PEG750 (16—17 ethylene glycol units on
average) were also produced, including Pyl60Me, Im160Me,
and Ap160Me.

All three guest molecules could disaggregate the QD/CB
clusters as shown both by blue shifting the measured emission
maximum, indicating break up and loss of FRET between the
QD sub-populations, and by reduction of size, measured by
DLS (Figures SC,D and S22). It is noteworthy that the
pyridinium derivative Py30Me appeared to disaggregate the
clusters most reliably, and in the case of the methyl
imidazolium derivatives, Im30Me or Im160Me, additional
equivalents were required to effect the disaggregation process.
Given the larger and more elongated sizes of the head groups
in ImnY and ApnY guest head groups (Figure S19), the less
efficient disaggregation, despite high affinities, and the slightly
greater than expected drop in nanoparticle size (by DLS,
Figure $22), we presume that these guests are removing some
of the host. The aromatic residues protrude more deeply into

the CB7 cavity and interact with the second CB7 portal,
reducing their surface affinity.

The lower affinities of these designed ligands should enable
more trivial swapping by higher affinity alternatives such as
adamantyl derivatives (Figure SE). As a first proof-of-principle,
CdTe530 QDs were aggregated with CB7, then disaggregated
with the long-tailed Pyl60Me resulting in a reduction in
measured size by DLS from 60—70 nm to ca. 30 nm, indicating
the presence of the long-chain species at the QD surface.
Subsequent titration of this species with the shorter but much
more strongly binding A3OH led to an extra observed decrease
in size to ca. 10 nm, matching earlier observations for this
system, suggesting the displacement of the pyridinium guest
was successful (Figure SF). Despite the high affinity difference,
intermediate sizes (between 10—20 nm) do appear at less than
1:1 equivalence and may be due to slow exchange on the
experimental time scale and mixed surfaces (long and short tail
guests) or averaging effects in the DLS measurements.

CONCLUSIONS

It is well known that CBn can aggregate different nanoparticles
via two-portal electrostatic interactions between surface
cationic sites and the carbonyls of each portal. In particular,
while this type of aggregation phenomenon has been
extensively demonstrated for Au and Ag NPs, we have
reported the CB-mediated aggregation of metal chalcogenide
NPs, particularly fluorescent CdTe QDs. Whilst we have
previously discussed the choice of surface and stabilizing
ligands on CBn affinity for the surface,*® we have now achieved
disaggregation of these clusters via a rational molecular design
of guests for the CB7 host that serves as a platform for robust
non-covalent click chemical ligations. We confirmed via a
range of analytical techniques, that the host—guest complex
remains attached to the QD surface after ligation. We show
how such a divergent approach with QD-CB nanoaggregates
serving as the key intermediate, could lead to the post-
synthetic modification of nanoparticle surfaces with a wealth of
ligands, via demonstrations of multi-step protein ligations and
“swappable” surfaces. Not only can a wide range of chemical
functionalities be attached to the QD surface but also their
binding strength and stimuli-responsivity can also be tailored
to fit a specific application via careful selection from hundreds
of guests in the literature with binding affinities spanning
across ca. 10 orders of magnitude (10*—10" M™), which
cannot be achieved using covalent click reaction schemes.

Our “hook-and-eye” approach® is easily amenable in the
future to create responsive nanoparticle gels13 or to tune
surface-nanoparticle-target interactions in solutions or micro-
arrays.’° It can be utilized for a wealth of labelling, drug
delivery,*”*® sensing, and soft nanophotonic applications,*® in
a highly robust yet flexible manner.

METHODS

Materials were reagent-grade or above, water was deionized to
>15 MQ. AlexaS68-labelled streptavidin and unmodified
Neutravidin were purchased from Thermo Fisher group,
sulfo-Cy3.5 active ester was purchased from Lumiprobe, and
biotin active ester was purchased from Tokyo Chemical
Industry. All were used as received. Cucurbit[7]uril,*”°
molecular guests, and precursors were synthesized in house.
Halo-tagged RFP was produced recombinantly in house.
Detailed methods and further synthetic routes are provided in
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the Supporting Information. All experiments were carried out
at ambient temperature (RT = 18—22 °C) unless otherwise
noted.

Luminescence and absorption measurements were made on
a Tecan Spark plate reader with monochromated light from a
Xe flash lamp. Samples were measured in Corning half-area,
UV-transparent, flat-bottomed 96-well plates (product no.
3679). Working volumes were 75 L, unless stated otherwise,
and for this volume the path length was estimated as 0.86 cm.
Reagents (QDs, CB7, AnY) were added sequentially to wells
to aggregate and disaggregate the QDs with 5—10 minutes
incubation and measurement times between the additions. A
typical experiment used CdTe QDs at a final well
concentration of 10 uM, aggregated by CB7 at a concentration
of 300 uM (30 equiv). AnY guest was added between sub-
stoichiometric and molar excess as required.

Synthesis of CdTe530. CdTe QDs were prepared
following an adapted protocol from Tran et al.”' Cd(OAc),
(46 mg, 0.2 mmol) and 3-mercaptopropionic acid (30 uL, 0.34
mmol) were dissolved in 40 mL of N,-purged water. This
solution was then basified with 1 M aqueous NaOH until the
solution was at pH 12, turning the cloudy solution clear. A
portion of freshly prepared purple NaHTe solution (0.5 mL in
a nitrogen-filled syringe) was rapidly added to the Cd solution
under an N, atmosphere, and a color change from colorless to
orange was immediately observed. This orange solution was
heated to 100 °C for 1 h and checked periodically with a hand-
held 365 nm lamp and UV-visible/emission spectroscopy of
needle tip aliquots, to ensure that the correct color was
obtained. The product was estimated to be 30 uM in
concentration by absorbance spectroscopy and stored at 4
°C in the dark before use. Prolonged storage or light exposure
led to oxidation of the CdTe QDs, identified by a marked
blueshift in their luminescence, which was avoided.

Synthesis of A3OH as a prototypical AnY. The
synthesis protocol was adapted from Gustafson et al.”
Triethylene glycol (9 g, 66.6 mmol), 1-bromoadamantane (2
g, 9.2 mmol), Et;N (4.2 mL, 30.0 mmol), and DBU (66 uL,
0.46 mmol) were magnetically stirred in a round-bottomed
flask with condenser and heated to 110 °C for 18 h. The
reaction was diluted with 25 mL 1 M aqueous HCl and
extracted into DCM (2 X 25 mL). The organic layer was
washed with water (2 X 25 mL) and dried with MgSO, to
yield a crude brown oil. The product was purified by column
chromatography with a gradient of 0—20% MeOH in EtOAc.
Fractions containing the product were identified by TLC and
combined before the solvent was removed in vacuo to yield a
deep yellow oil (1.68 g, 64.1% yield). '"H NMR (400 MHz,
CDCL,) 6 3.74-3.52 (m, 12H, Hygo), 275 (s, 1H, Hop),
219_206 (m, 3H, HAdm-brid ehead)) 178—167 (m, 6H, HAdm))
1.67—147 (m, 6H, Hyy). PC NMR (101 MHz, CDCL,)
72.54, 72.3S, 71.27, 70.69, 70.39, 61.79, 59.25, 41.44, 36.4S,
30.51. MS (ESI+) m/z 307.1926 ([M + Na]* C,4H,s0,Na*
expected 307.1880).
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