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Stable, small, specific, low-valency quantum dots
for single-molecule imagingt

Jungmin Lee, 2 Xinyi Feng,® Ou Chen, @ € Moungi G. Bawendi** and
Jun Huang @ *°

We have developed a strategy for synthesizing immediately activable, water-soluble, compact
(~10-12 nm hydrodynamic diameter) quantum dots with a small number of stable and controllable con-
jugation handles for long distance delivery and subsequent biomolecule conjugation. Upon covalent con-
jugation with engineered monovalent streptavidin, the sample results in a population consisting of low-
valency quantum dots. Alternatively, we have synthesized quantum dots with a small number of biotin
molecules that can self-assemble with engineered divalent streptavidin via high-affinity biotin—streptavidin
interactions. Being compact, stable and highly specific against biotinylated proteins of interest, these low-
valency quantum dots are ideal for labeling and tracking single molecules on the cell surface with high
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Introduction

Fluorescence microscopy has made significant progress in
biology with the development of fluorescent dyes and proteins
in the recent decades."”” However, the inherent problems of
these two classes of labeling molecules are that they are less
bright and liable to photobleaching.>® Imaging many complex
processes requires a bright, small, and photostable fluorescent
probe with versatile optical properties.”” Quantum dots (QDs),
which are semiconductor nanoparticles, have been used
widely to complement conventional organic dyes and fluo-
rescent proteins due to their photostability, brightness, broad
absorption, and narrow emission.*'® However, most immedi-
ately available QDs are large in size (~20-30 nm hydrodynamic
diameter)'” " and incapable of precise, valency-controlled
labeling of proteins of interest (POIs). Thus, the construct size
and multivalency of labeling pose two major challenges when
using QDs as fluorescent probes.>® >

To harness the attractive optical properties of QDs, it would
be ideal to minimize their size and binding valency, preferably
making them monovalent. The route of preparation for QDs,
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spatiotemporal resolution for different biological systems and applications.

which is completely different from that for dyes or fluorescent
proteins, relies heavily on organic ligands.>**> QDs need to be
passivated with a ligand that renders the nanoparticles soluble
in aqueous media.>**” The same ligand also needs to provide
QDs with the ability to conjugate a biomolecule that targets
the POI. Previously, we demonstrated that passivation with
poly-imidazole ligands (PILs) results in stable water-solubilized
QDs that can be conjugated to targeting biomolecules.”® QD
passivation and water-solubilization is followed by a reaction
of amines on the ligands with N-hydroxysuccinimide- (NHS-)
or maleimide-activated biomolecules. However, this conju-
gation sequence presents two problems. First, some of the
amines stay unreacted due to the interaction of amines with
the QD surface and second, polyethylene glycol (PEG) groups,
often used as water-solubilizing moieties on the ligands, make
amines even more inaccessible to the NHS reaction by creating
steric hindrance between the amines on the QD surface and
the biomolecules. Ultimately, these two factors together
decrease the NHS reaction yield, and these unreacted amines
later contribute to nonspecific binding to various surfaces
other than the POL?>® The low conjugation yield also makes it
difficult to control the valency of targeting biomolecules per
QD due to the large number of amines needed. An excess
number of handles per QD may result in the aggregation of
the POI, which may have inadvertent consequences such as
turning on biological pathways via crosslinking. Yet another
issue with NHS- and maleimide-activating schemes is that
both groups are unstable even in moderately basic aqueous
media (half-life = 10 min and 6 h at pH 8.5-8.6, respectively),
limiting any long distance delivery of conjugable, water-
soluble QDs from chemists to biologists for subsequent bio-
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molecule conjugation and imaging applications. This stability
problem persists for innovative conjugation chemistries such
as norbornene-tetrazine chemistry,>*° highlighting the need
for a strategy that increases the efficiency of amine conversion
into a stable species that can easily be rendered reactive. One
study has conjugated QDs with monovalent streptavidin (mSA)
and purified monovalent QDs using agarose gel electrophor-
esis.'”” However, the particular method used for separating
monovalent QDs has been found to be tedious and difficult
due to its harsh treatment involving heat and centrifugation.
Also, the conjugation relies on a reversible attachment of the
6-histidine tag (6xHis-tag) of an mSA onto a QD surface, which
is a non-covalent interaction and liable to dissociation. Ideally,
a chromatography-based separation of constructs that have
different valencies would provide quantitative and easy charac-
terization. A later study has used phosphorothioate DNA of a
defined length to prepare monovalent QDs based on the
affinity of phosphorothioates for semiconductor surfaces.*!
However, such affinity-based conjugation may not be suitable
for a complex cellular environment where DNase may digest
the DNA wrapped on a QD and disrupt the labeling.*>>* Also,
the negative charge of the DNA on QDs could cause significant
nonspecific binding.*>*® DNA has also been employed to
couple proteins in a stoichiometric and controlled manner
onto QDs, by developing a peptide-modified tetrahedral DNA

cage,”” or using DNA hybridization for flexible and reliable

HN HN ‘Z
NH
éJ

NH,

SPDP

QD binding Conjugation

m =50%; n=45%; j=5%

b

Sy e gRRet

HN HNM 42
o

NH

NHS-biotin

QD binding Conjugation

m =50%; n =45%; j=5%

NH

View Article Online

Paper

conjugation.”® Another alternative is to use zwitterionic
ligands such as sulfobetaine with rigid conformations and
increased exposure of the terminal ligands on the QD
surface,* though precise controlling of QD binding valency
remains to be developed.

Results and discussion
QD construct and bioconjugation strategy

Here we have developed a new method to make small, stable,
specific, low-valency QDs for biological applications. Stable
and immediately activable QDs without nonspecific binding to
biomolecules were prepared by converting the amines on PILs
into a protected, reactive group prior to ligand exchange and
QD water-solubilization. Briefly, amine-containing PILs were
reacted with succinimidyl 3-(2-pyridyldithio)propionate (SPDP),
purified, and exchanged with the native hydrophobic ligands on
the surface of CdSe/CdS core-shell QDs (Fig. 1a). The PILs
provide stable multidentate imidazole binding motifs to the
QD surface, offering a superior stability of the entire construct
for further surface functionalization and biological appli-
cations.*® This new procedure addressed the issues of low stabi-
lity, high nonspecific binding and low biomolecule-coupling
efficiency because the amines on the PIL were converted to a
different chemical group that does not interact with the QD
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Fig. 1 Schematic of QD construct synthesis. (a) To make 5% SPDP—-QDs, poly-imidazole ligands (PILs) containing methoxy-terminated poly(ethyl-
ene glycol);; (MPEGy), imidazole, and amine-terminated poly(ethylene glycol)s (AminoPEGg) groups were conjugated to SPDP prior to the ligand
exchange with native hydrophobic ligands on the QD surface. (b) To make 5% biotin—QDs, AminoPEGg-PILs were reacted with NHS-biotin, purified,
and exchanged with the native ligands on the QD surface, allowing self-assembly with streptavidin molecules for immediate labeling and detection.
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surface. By converting amines a priori, without the presence of
the competing QD surface, we could minimize the number of
amines required per PIL to 5% of the imidazole and PEG-based
monomer units on the PIL. In previous conventional
methods,”® 25% amine units were required because some
portion of the amine groups would become inaccessible for
reactivity post QD-ligand exchange. This raised the risk of
unreacted amines contributing positive charges to the nano-
particle overall, resulting in nonspecific binding.® Reducing the
number of amines per QD by five-fold suggested that the non-
specific binding could be banished. Meanwhile, the ease and
high efficiency of amine conversion greatly increased the bio-
molecule-coupling efficiency. In the meantime, we made a 5%
biotin-QD construct using similar chemistry (Fig. 1b). Amine-
containing PILs were reacted with N-hydroxysuccinimidobiotin
(NHS-biotin), purified, and exchanged with the native ligands
on the QD surface, allowing self-assembly with streptavidin
molecules for immediate labeling and specific detection.

As expected, the 5% SPDP-QD construct maintained broad
absorption and narrow emission bandwidths (Fig. 2a) and a
compact hydrodynamic diameter of ~10-12 nm (Fig. 2b),
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which was determined from the elution time of gel filtration
chromatography (GFC) performed on the QDs.*"** To verify
the number of reactive groups on QDs, SPDP-QDs were depro-
tected to expose the thiol groups and subsequently reacted
with maleimide-activated fluorescent dyes. The number of
dyes per QD was calculated by separately determining the
molar concentrations of the QDs and of the dyes based on
absorbance measurements. The new procedure resulted in 5%
SPDP-QDs that could react with a maximum of 6.20 maleimide
dyes (Fig. 2c¢), compared to 0.66 when using 5% SPDP-QDs
prepared by first coating the QDs with AminoPEG-PIL*® and
then reacting the amines with SPDP (ESI Fig. 1t). In other
words, our new protocol produced SPDP-QDs with drastically
improved potential reactivity, increasing the number of dyes
conjugated per QD by 9.4 times (ESI Fig. 2t). Moreover, the
presence of free amines on the nanoparticle surfaces has been
found to cause nonspecific binding,** so our new protocol has
potential to greatly enhance targeting specificity. In addition,
our use of protected pyridylthiol groups as the QD conjugation
handle addressed the issue of the stability of an activated QD.
As shown in Fig. 2d, the number of maleimide dyes that can
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Fig. 2 Characterization of SPDP-QDs. (a) The broad absorbance and narrow emission bands of QD570 that has been ligand exchanged with PILs
containing SPDP. (b) Size of SPDP-QDs after various hours of incubation at room temperature as measured by gel filtration chromatography (GFC).
Symmetric GFC elution peaks at ~8.2 min correspond to an unaggregated, monodisperse QD solution of 10-12 nm hydrodynamic diameter. (c)
Verification of the average number of SPDP per QD by saturating with incremental equivalents of maleimide-Alexa594 (Alexa594 absorption coeffi-
cient at 588 nm = 96 000 M~* cm™, QD absorption coefficient at 350 nm = 1.53 x 10° M~* cm™?). The maximum number of conjugated dyes is 6 per
QD. (d) Stability of thiol reactivity on SPDP—-QDs in Dulbecco’s modified Eagle’s medium at room temperature, as measured by the number of male-
imide dyes that can be conjugated. SPDP—-QDs were stirred on a stir plate at 25 °C and aliquots were taken at 2, 48, and 120 h. Each aliquot was
reacted first with dithiothreitol (DTT) to deprotect pyridylthiol groups, and then with an excess of maleimide dyes. The dye to QD ratio was calcu-
lated by measuring the absorbance at 575 nm (Rox absorbance peak, absorption coefficient at 575 nm = 82000 M~* cm™) and at 350 nm (QD
absorbance, absorption coefficient at 350 nm = 1.53 x 10 Mt cm™).
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be conjugated per QD almost remained constant over the
course of 120 hours (or 5 days) at room temperature. The high
level of stability allows the optimized, homemade, reactive
QDs to be transported via long distance delivery.

Conjugation of proteins to QDs

Next, we prepared chimeric streptavidin proteins and used
them for testing conjugation with the synthesized QDs. We
generated and purified a monovalent streptavidin (mSA) and a
divalent streptavidin (dSA) with a cleavable 6xHis-tag in the
alive subunit. To obtain streptavidin with different valencies,
we first mixed alive and dead streptavidin subunits at a 1:3
ratio. The protein mixture was then passed through a nickel
column and eluted with imidazole, dialyzed, and finally puri-
fied using fast protein liquid chromatography (FPLC). After
collection of different resulting streptavidin constructs and ver-
ification of their binding valencies (ESI Fig. 31), the 6xHis-tag
was removed from mSA and dSA using the TEV protease to
avoid interference with QD binding.

We then first conjugated the mSA to 5% SPDP-QDs. As
illustrated in Fig. 3a, the 6xHis-tag free mSA was activated
using sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (Sulfo-SMCC) and the SPDP handles on the QDs
were cleaved using dithiothreitol (DTT). After desalting twice
with 7 kDa Zeba Spin Desalting Columns to remove Sulfo-
SMCC and DTT, the sulfhydryl-reactive maleimide on the mSA
reacted with the sulfhydryl group on the QDs to yield specific
covalent-linked mSA-QD conjugates. The product was purified
using FPLC with an S200 gel filtration column to remove the
unconjugated mSA based on the size. Our previous experi-
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ments on the conjugation of small Alexa594 dyes (<1 kDa) to
QDs have proved that the maximum number of SPDP per QD
was only ~6 (Fig. 2¢, black and red curves) and that there were
only 1.73 Alexa594 dyes per QD with a 1:4 QD to Alexa594 dye
reaction ratio (Fig. 2c, blue curve). Considering the much
higher molecular weight of mSA (~53 kDa, Fig. 3b) and the
1:1 or 1:2 QD to mSA reaction ratio, the majority of mSA-QD
conjugates must have had an average binding valency of <1.73
per QD, containing a significant portion of monovalent QDs.
We next tested the function of these QDs in staining biotiny-
lated red blood cells (RBCs)."* The QD staining was specific
and could be completely blocked by pre-incubation with small
biotin molecules (Fig. 3b). Nonspecific binding was undetect-
able as the staining pattern of the blocked QDs was indistin-
guishable from that of the unstained RBCs. The high speci-
ficity was verified using single-cell fluorescence microscopy
(ESI Fig. 4t) and single-molecule microscopy (ESI Fig. 5%).
Binding specificity is critical to many biological applications,
in particular to the broad field of single-molecule research that
greatly benefits from the unparalleled brightness and photo-
stability of QDs. The presence of the PEG groups on the nano-
particle surface improves specificity in general,**** but the
specificity of our QDs exceeds that of previous PEG-containing
PIL-passivated QDs that have shown a negligible nonspecific
binding.***® Here, we have banished nonspecific binding by
minimizing the number of amines to 5% of PIL and by
increasing the amine conversion yield.

Secondly, to test the flexibility of our bioconjugation strat-
egies, we used a similar method to make stable, small,
specific, low-valency QDs (Fig. 3c). Our strategy was to use a

a b 1004 - Unstained
et O - mSA-QD
[} + biotin
+0=§§.o.cé e TIE — §' é 80+ i — mSA-QD
H, NH i 2 p04d
mSA Sulfo-SMCC © 3
AT 404
o £
H o
§ >-‘ 5 -3 Z 204
DTT s
- p 0 -
10 102 10° 10
NH . Qb
°’§ HS
s
S 100 -~ Control
& o — 3% QD
< 804 [ — 5% QD
c @ d 2
2
el
8
dSA =
E
o (=}
S z
o‘"( )
Bioti 1
AN 00 10¢

Fig. 3 Specific cell staining by QDs. (a) Schematic showing the mSA and QD conjugation strategy. Thiols on the QDs were exposed by reducing pyr-
idyldithiol groups with DTT and were reacted with maleimide-conjugated mSA. (b) Specific staining of biotinylated RBCs with mSA—QDs validated by
flow cytometry. The orange histogram represents specific staining, and the red and blue dotted histograms represent unstained RBCs and the block-
age of mSA—QD staining by incubating mSA—QDs with excess biotin beforehand, respectively. (c) Schematic showing the dSA and biotin—QD conju-
gation strategy. A biotin—QD binds to a dSA and forms a dSA—QD. (d) Specific staining of biotinylated RBCs by dSA—QDs validated by flow cytometry.
The blue and orange histograms represent the specific staining of 3% and 5% biotin—QD constructs conjugated to the dSA. The red dotted histogram
represents the control staining by biotin—QDs alone.
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Fig. 4 Single-molecule imaging of homemade specific, compact, low-valency QDs. (a) Imaging single QDs on a glass coverslip. Single QDs were
excited with a 488 nm laser and imaged with a 10 ms exposure. The “on” and “off” blinking properties of single QDs on a glass coverslip proves
single particle detection (ESI Video S1f). Result is from one representative experiment out of 23 experiments. The arrow indicates one representative
single QD. (b) Single QD detection on the glass surface shown by an interactive 3D surface plot using ImageJd. (c) Imaging single QDs on the live cell
membrane. Single QDs at the membrane of a CH27 cell were excited with a 488 nm laser and imaged with a 50 ms exposure. Reduced blinking of
single QDs was observed at the cell membrane (ESI Video S27). Result is from one representative experiment out of 20 experiments. The arrow indi-
cates one representative single QD; the yellow dashed line indicates the cell boundary. (d) Single QD detection at cell membrane shown by an inter-

active 3D surface plot using ImageJ.

dSA to bridge a biotin-QD and a biotinylated POL** We named
it dSA-QDs, in parallel with mSA-QDs, although they had the
same low binding valency. To make dSA-QDs, the synthesized
biotin-QDs were mixed with dSA using a 1:1 molar ratio. One
alive subunit of dSA is used to bind to the biotin-QDs and the
other remaining alive subunit is used to label the targeted
POI. After simple incubation and FPLC purification, low-
valency dSA-QDs were used to stain biotinylated RBCs.** The
staining was specific and no staining was observed for biotin—
QDs without dSA conjugation (Fig. 3d, dashed, control). As
expected, we also found that 5% dSA-QDs produced a slightly
stronger staining signal than the 3% dSA-QDs (Fig. 3d, blue
and orange lines). The data suggest that our synthesis strategy
is reliable, tunable and flexible. We can readily make QDs with
different valencies by simply changing the percentage of
amines on the QDs. We called this method smart labeling
biology, which is simple, straightforward and easy to use in
many biological applications.

Application of homemade QDs in single-molecule microscopy

After demonstrating the targeting specificity of our constructs
in flow cytometry, we further tested the usage of our home-
made mSA-QDs in single-molecule microscopy. We first
attached individual QDs onto a biotin-poly-lysine coated glass
coverslip and visualized single QD fluorescence using 488 nm
laser excitation. Individual QDs were easily detected by an
ultra-sensitive electron-multiplying charge-coupled device
(EMCCD) camera (Fig. 4a). The intensity profiles of single QDs
on the glass surface were further shown by a 3D surface plot
(Fig. 4b). Single QDs showed typical blinking behavior (ESI
Video S1%), which proved the successful detection of single
QDs. Furthermore, we used our homemade QDs to label bioti-
nylated peptide-major histocompatibility complexes (pMHCs)
on the CH27 cell surface at a very low molecular density.*”
CH27 is a mouse B-cell lymphoma cell line that expresses I-EX
MHC, which is loaded with biotinylated moth cytochrome C
(MCC) peptides to form pMHC molecules.”” We easily labeled,
identified and visualized single pMHC molecules at the live
cell membrane (Fig. 4c). The intensity profiles of single QDs at
the cell membrane were also clearly shown by a 3D surface

4410 | Nanoscale, 2018, 10, 4406-4414

plot (Fig. 4d). We found that the blinking of QDs was signifi-
cantly suppressed on the CH27 cell membrane compared to
on the glass surface (ESI Video S27), consistent with previous
reports showing that QD blinking was suppressed when track-
ing vesicles in the neural synapse®® and imaging pMHCs in
the immunological synapse.*” This natural suppression of QD
blinking at the cell membrane facilitates the tracking of single-
molecule events under physiological conditions without using
chemicals such as p-mercaptoethanol, which can be harmful
to biological samples.”” Here we show a typical example of
tracking a single pMHC trafficking on the CH27 cell surface
(ESI Vvideo S31) with a good spatiotemporal resolution
(~30 nm and ~50 ms). Single-molecule labeling was confirmed
by checking the blinking profile of a QD-labeled molecule at
the live cell membrane (ESI Fig. 61). In this particular experi-
ment, we used stream mode to continuously image the QDs
for ~50 seconds. When used in other biological imaging appli-
cations, the time length for which these QDs can be imaged
will depend on factors such as the laser intensity, wavelength,
exposure time, frame rate and microscopy settings.?”°™?
Overall, the stable, small, specific, low-valency QDs demon-
strated here can be used to label and track a wide variety of
biomolecules with minimal perturbation and with high bright-
ness and stability.

Conclusions

We have developed a new method to generate activable, water-
soluble, compact QDs with a small number of conjugation
handles for long distance delivery, subsequent biomolecule
conjugation and single-molecule imaging. The conjugation
chemistry is straightforward, flexible, controllable and compa-
tible with different molecules. We have successfully conjugated
small organic dyes and chimeric streptavidin proteins to the
QDs, yielding stable (covalent conjugation), small (~10-12 nm
hydrodynamic diameter), specific (non-detectable nonspecific
binding), and low-valency (<1.73) QDs. Such conjugation
chemistry can easily be extended to other biomolecules such
as antibodies, peptides, oligonucleotides, and lipid molecules

This journal is © The Royal Society of Chemistry 2018
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with simple modifications. We further tested the applications
of streptavidin-QD conjugates in flow cytometry and single-
molecule microscopy, and they showed highly specific label-
ing, stable binding, and bright fluorescence. The techniques,
reagents and concepts developed in this project can be broadly
useful for a large variety of biological applications involving
labeling, detection and measurement of single cells and single
molecules in vitro and in vivo.

Materials and methods
Materials for QD synthesis

All chemicals were obtained from Sigma Aldrich or Thermo
Fisher Scientific and used as received unless indicated other-
wise. Air-sensitive materials were handled in an Omni-Lab VAC
glovebox under a dry nitrogen atmosphere with oxygen levels
<0.2 ppm. All solvents were spectroscopic or reagent grade.
Aromatic ring-bearing compounds were visualized by thin
layer chromatography using a hand-held UV lamp and KMnO,.
Amine-bearing compounds were visualized by thin layer
chromatography using a ninhydrin stain. Flash column chrom-
atography was performed on a Teledyne Isco Combi Flash
Companion. Size-selective chromatography was performed on
GE Healthcare PD-10 columns.

QD and ligand synthesis

CdSe/CdS core-shell quantum dots and PILs were synthesized
according to previous reports.”® The PILs used throughout this
work consisted of 50% methoxy-terminated poly(ethylene glycol),;
sidechains (mPEG;,), 5% amine-terminated poly(ethylene glycol)s
sidechains (AminoPEGg), and 45% histamine sidechains.

PIL activation

50% mMPEG;,/5% AminoPEGg/45% histamine-PILs were stirred
with SPDP (3.5 eq. of amine) in dimethylformamide (DMF) at
room temperature overnight. NHS by-products were removed
by sequential addition of solvent, centrifugation, and removal
of pellets, using methanol and chloroform as solvents. The
activated PIL was then purified by size-selective chromato-
graphy in DMF followed by evaporation of DMF and filtration
in chloroform.

QD ligand exchange with activated PILs for water-
solubilization

The native hydrophobic trioctyl phosphine and trioctyl phos-
phine oxide NC ligands were displaced by PILs following a pre-
viously described procedure.?® Briefly, CdSe/CdS core-shell
quantum dots in trioctylphosphine/octadecene were precipi-
tated with acetone and ethanol. After centrifugation, the super-
natant was discarded and the pellet was re-dispersed in chloro-
form. This solution was added to PILs in chloroform under
stirring. After 10 minutes, methanol was added and stirring
continued for another 30 minutes. After this time, the solution
was diluted with an ethanol/chloroform mixture (1:1 v/v) and
precipitation was induced by the addition of hexane. The
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nanoparticles were collected by centrifugation, and the super-
natant was discarded. The resulting product was dissolved in
water, filtered through a 0.2 pm HT Tuffryn membrane and
dialyzed against phosphate-buffered saline (PBS) (pH 7.4). The
concentration of the recovered solution was determined by
UV-Vis spectroscopy.

Streptavidin mutation, production and purification

A QuickChange kit (Agilent Technologies) was used to insert a
TEV cleavage sequence (ENLYFQG) preceding the 6xHis-tag of
the original alive streptavidin subunit® using a two-stage PCR
protocol.>® The PCR products were transfected into XL10-Gold
ultracompetent cells by following the manufacturer’s instruc-
tions. Briefly, 100 pL of cells were thawed and added with 4 pL
B-mercaptoethanol mix and 2 pL PCR product into a 14 mL BD
Falcon polypropylene round-bottom tube. The tube was heat-
pulsed in a 42 °C water bath for 30 seconds and incubated on
ice for 2 minutes. 0.9 mL of preheated (42 °C) NZY' broth was
then added and the tube was incubated at 37 °C for 1 hour
under shaking at 250 rpm. 200 pL of the transformation
mixture was spread on a LB-ampicillin agar plate and incu-
bated at 37 °C overnight. Six single clones were picked and cul-
tured in LB overnight. The cultured cells were spun down and
collected. The DNA was purified using a QIAprep Spin
Miniprep Kit. Sequencing of purified DNA confirmed the
correct insertion of the TEV cleavage sequence. The amino
acid sequence of the alive subunit is as follows: AEAGITGT
WYNQLGSTFIVTAGADGALTGTYESAVGNAE
SRYVLTGRYDSAPATDGSGTALGWTVAWKNN
YRNAHSATTWSGQYVGGAEARINTQWLLTS
GTTEANAWKSTLVGHDTFTKVKPSAASENLY
FQGHHHHHH.

We followed the protocol of Alice Ting et al. to express and
refold the streptavidins,® and we used a two-stage imidazole
gradient elution protocol to purify the chimeric streptavidins.

Streptavidins with different valencies were made by mixing
alive subunits (A) with dead subunits (D) at a 1:3 ratio. The
protein mixture was first passed through a nickel column to
remove waste and most of the D4 streptavidin. After elution by
imidazole, the protein mixture was dialyzed using a dialysis kit
in PBS overnight. Streptavidins with different valencies were
then purified using FPLC with a two-stage imidazole gradient
(ESI Fig. 3at). Four distinct peaks appeared on the chromato-
gram: D4, A1D3, and A2D2 streptavidins were separated by
FPLC and collected in this order as the imidazole concentration
was increased slowly to 30%, and the last A3D1 streptavidin
portion was eluted as the imidazole concentration was increased
more quickly to 100%. A4 streptavidin was too low in abundance
(expected abundance = 0.39%) to show up as a peak.

The valencies of the four streptavidin constructs were veri-
fied using protein SDS-PAGE before (ESI Fig. 3bt) and after
(ESI Fig. 3cf) denaturing the streptavidins.”> The binding
valencies were further verified on agarose gel electrophoresis
after conjugating with a 58 bp single strand biotin-DNA (ESI
Fig. 3df). After TEV protease cleavage of the 6xHis-tag, the
mSA and dSA without a 6xHis-tag were purified by nickel resin
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respectively. The competence of 6xHis-tag cleavage from mSA
was verified using protein SDS-PAGE (ESI Fig. 3et).

Conjugation of mSA to QDs

We dissolved 2 mg of Sulfo-SMCC in 200 pL of fresh water
purified by a Milli-Q integral water purification system. We
then added 50 uL Sulfo-SMCC into 100 pL mSA (0.5 mg mL ™).
We incubated the reaction mixture for 30 minutes at room
temperature and removed excess crosslinker by desalting twice
with desalting columns equilibrated with PBS/1 mM EDTA.
Meanwhile, SPDP-QDs were activated by treating with 50 mM
DTT for 30 minutes at room temperature and desalted twice to
remove excess DTT. To prevent the formation of disulfide
bonds between the exposed thiol groups on neighboring
QDs during this process, we used degassed PBS, filled the tube
with nitrogen and sealed the tube with Parafilm before starting
the reaction. We then mixed the reactive forms of QDs and
mSA with a ratio of 1:1 or 1:2 and incubated the mixture
overnight in a 4 °C cold room. Unconjugated mSA was
removed by size exclusion chromatography on S200 resin.

Testing of QD labeling by flow cytometry

All animal procedures were performed in accordance with the
Animal Use Policies and Guidelines at the University of
Chicago and approved by the Institutional Animal Care and
Use Committee. Mouse RBCs were isolated from mouse whole
blood according to an approved Animal Care and Use Protocol.
In brief, a mouse was sacrificed and 1 mL of whole blood was
collected using a sterile tube containing EDTA. The blood was
then carefully layered over 1 mL of Histopaque (Sigma-
Aldrich), centrifuged and washed five times with PBS. Isolated
RBCs were biotinylated through the amine groups of the cell
surface proteins using Biotin-X-NHS (Calbiochem) according
to the manufacturer’s instruction.*’ Biotin-X-NHS served to
couple biotin to the primary amino groups of proteins
expressed on the RBC surface under mild alkaline conditions.
In brief, RBCs were incubated with titrated Biotin-X-NHS at pH
7.2 for 30 min at room temperature, and washed five times
with PBS/1% BSA to remove excess Biotin-X-NHS and stop the
reaction. Biotinylated RBCs were stained with 20 nM mSA-QD
or dSA-QD conjugates in the presence or absence of 2 mM free
biotin molecules. After three washes, the RBCs were analyzed
by using an LSR-II flow cytometer (BD).

Cell culture and single-cell imaging

CH27 cells (a B-cell lymphoma cell line) were maintained in
complete medium (RPMI 1640 medium, 10% fetal calf serum,
2 mM r-glutamine, 50 pM p-mercaptoethanol and penicillin/
streptomycin). CH27 cells express I-EX MHC molecules and
served as the antigen-presenting cells (APCs). The biotin-MCC
(88-103) peptide (i.e., the antigen) was custom synthesized
and purified by Elim Biopharm. The peptide consisted of a
biotin flexible linker and a peptide sequence, biotin-
AHX-SGGGSGGGANERADLIAYLKQATK. Underlined residues
were synthesized as p-stereoisomers to avoid possible proteo-
lytic cleavage of residues extending outside the MHC binding
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groove. This extended uncleavable flexible linker provided the
space and flexibility for subsequent QD labeling.®

APCs were pulsed with 50 nM of biotin-MCC peptides.””
The peptide-pulsed APCs were washed five times using cold
PBS supplemented with 2% BSA and 0.05% NaNj; (to prevent
any possible internalization or export of MHC), resuspended
in 1 mL of the same medium and labeled with mSA-QD conju-
gates at 4 °C for 30 minutes. After five washes, the cells were
imaged with a Zeiss microscopy imaging system equipped
with an Axio Observer Microscope body, a Zeiss 100x oil objec-
tive (numerical aperture 1.45), a nanofocusing z-drive, and an
Andor’s iXon 897 back-illuminated EMCCD that has single
photon detection ability combined with >90% quantum
efficiency (Andor Technology), a motorized x-y stage and a
488 nm line laser. For the single-cell and single-molecule
imaging experiments, we acquired a differential interference
contrast (DIC) exposure and a QD fluorescence image excited
by the 488 nm line laser and collected through a single band
586/20 emission filter (Semrock).

Single-molecule microscopy

We tested single-QD fluorescence signals on glass coverslips
and on the APC surface. The mSA-QDs were either bound to
the surface of a biotinylated poly-lysine coated coverslip or
conjugated to the biotinylated MCC peptides loaded onto a
CH27 cell surface. With 488 nm line laser excitation and the
highly sensitive Andor EMCCD, we readily detected single QD
signals with a high signal-to-noise ratio. All the images were
taken with the indicated exposure time using the stream-mode
of the EMCCD camera.
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