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Abstract

Inorganic nanocrystals such as quantum dots (QDs) and upconverting nanoparticles (UCNPs) are
uniquely suited for quantitative live-cell imaging and are typically functionalized with ligands to
study specific receptors or cellular targets. Antibodies (Ab) are among the most useful targeting
reagents owing to their high affinities and specificities, but common nanocrystal labeling methods
may orient Ab incorrectly, be reversible or denaturing, or lead to Ab-NP complexes too large

for some applications. Here, we show that SpyCatcher proteins, which bind and spontaneously
form covalent isopeptide bonds with cognate SpyTag peptides, can conjugate engineered Ab

to nanoparticle surfaces with control over stability, orientation, and stoichiometry. Compact
SpyCatcher-functionalized QDs and UCNPs may be labeled with short-chain variable fragment
Ab (scFv) engineered to bind urokinase-type plasminogen activator receptors (UPAR) that are
overexpressed in many human cancers. Confocal imaging of anti-uPAR scFv-QD conjugates
shows the Ab mediates specific binding and internalization by breast cancer cells expressing
UPAR. Time-lapse imaging of photostable scFv-UCNP conjugates show that Ab binding causes
UPAR internalization with a ~20-minute half-life on the cell surface, and uPAR is internalized

to endolysosomal compartments distinct from general membrane stains and without significant
recycling to the cell surface. The controlled and stable conjugation of engineered Ab to NPs
enables targeting of diverse receptors for live-cell study of their distribution, trafficking, and

physiology.
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The specific and sensitive detection of cell-surface markers is essential for understanding
molecular signaling in both healthy and diseased cells. Cell surface receptors or other
biomarkers are typically detected by antibody (Ab) conjugates designed for fluorescence
imaging or for targeting therapeutics.1:2 Ab selection and engineering technologies have
enabled design of these targeting proteins with high affinity and selectivity for a broad range
of biomolecules,® and Ab miniaturization and labeling strategies have found use in a range
of imaging and biotechnology applications.*>

Ab typically used for immunotargeting are large (150 kDa) and highly polymorphic 1gG
with 2 identical antigen binding sites, which are spaced up to 17 nm apart in X-ray
structures (Fig. 1A).6 Protein engineering has produced monovalent Ab constructs that

are significantly smaller and retain antigen affinity and selectivity, including single chain
variable fragments (scFv) that are 25-30 kDa and are often more amenable to expression
and modification.® Numerous sidechain and carbohydrate bioconjugation reactions have
been developed for synthesizing Ab conjugates, although some of these reactions have been
shown to be reversible under physiological conditions’=9 or to reduce Ab stability or affinity
for ligand.10-12

Inorganic nanoparticles (NP) possess optical properties that make them particularly
well-suited for live cell imaging. Compared to organic or protein-based fluorophores,
semiconductor quantum dots (QDs) have larger optical cross-sections, increased
photostability, and broadband excitation spectra.13-16 Similarly, upconverting nanoparticles
(UCNPs), which emit at visible wavelengths after absorption of multiple near infrared
(NIR) photons, show no overlap with cellular autofluorescence, no measurable blinking

or photobleaching at single-molecule powers, and can be imaged millimeters into tissue
with exceptionally low laser fluences.1’~20 For Ab-based imaging applications, inorganic
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NPs have adapted organic fluorophore bioconjugation reactions,1421.22 byt difficulties in
controlling immunoconjugate size, stoichiometry, Ab orientation, and stability have limited
the broad utility of Ab-NP conjugates.2>-31 Bioorthogonal covalent reactions that address
these issues may be useful in expanding the scope of protein-NP conjugates in bioimaging,32
although these bimolecular reactions typically require higher reactant concentration than

is possible for relatively large proteins and colloidal nanoparticles. One exception is the
engineered split protein SpyCatcher/SpyTag,33:34 in which the components bind to one
another with nanomolar affinity before forming stable isopeptide bonds, and which is
emerging as a versatile system for the controlled and stable conjugation of proteins to
NPS.35’36

The urokinase-type plasminogen activator receptor (UPAR) is a glycolipid-anchored cell
membrane receptor critical to regulation of multiple cellular processes and has been found
to have increased plasma membrane expression in many human cancer types.3’-40 uPAR
activation leads to its internalization in a complex multi-step process that is critical for

its activity and which is not fully understood.37:4142 Here, we describe the SpyCatcher-
mediated synthesis of compact nanoparticle conjugates to anti-uPAR scFv Ab for controlled
and stable display of engineered Ab on nanoparticle surfaces. scFv-QD conjugates show
specific internalization by uPAR-expressing cells, and live-cell imaging of scFv-UCNPs
enables extended tracking of uPAR complexes. We observe that scFv-UCNP binding causes
receptor internalization with a ~20-minute half-life on the cell surface, and the complex is
internalized to endolysosomal compartments distinct from general membrane stains without
significant recycling of scFv-UCNP conjugates to the cell surface. SpyCatcher-mediated
synthesis of nanoparticle immunoconjugates is applicable to multiple inorganic nanocrystals
and to Ab that can be engineered to a scFv, enabling a labeling strategy broadly applicable to
receptors and other cellular targets.

RESULTS AND DISCUSSION

Synthesis of SpyCatcher-functionalized nanoparticles

To synthesize stable and well-defined Ab-NP conjugates, we leveraged the capacity of
SpyCatcher proteins on nanoparticle surfaces to conjugate SpyTag-bearing Ab under dilute,
neutral conditions,3¢ without chemical modification of the Ab. Inorganic nanocrystals,
either 9-nm CdSe/CdS QDs516 or 19-nm core/shell NaYbg gErg oF4 alloyed UCNPs
(aUCNPs),1943 were synthesized and characterized by TEM, XRD, dynamic light scattering
(DLS), and optical methods (Figs. 2 and S1-53).15:19 To impart biocompatibility and
resistance to aggregation in buffer without degrading optical properties, nanocrystals were
encapsulated in amphiphilic copolymers (PAOA** or PMAO?°; see Methods) bearing short
PEGs and surface bioconjugation handles. DLS of aqueous aUCNPSs shows no apparent
aggregation and an increase in hydrodynamic diameter from 19 to 21 nm (Fig. 2).
Conjugation to proteins was achieved through introduction of thiol-reactive groups at the
NP surfaces, either by PAOA reaction with the amine-thiol crosslinker SM(PEG)5, or by
PMAQ reaction with pyridyldisulfide-ethylamine (PDEA) to display activated disulfides
(Fig. S4). For conjugation to NP surfaces, a single Cys at Ser35 was introduced in an
exposed SpyCatcher loop on the face opposing the SpyTag reaction site, and the protein
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was overexpressed in £, Co/i.3® Conjugation to nanoparticle surfaces was analyzed by DLS,
with hydrodynamic diameters increasing from 21 to 24 nm (Fig. 2D). The conjugation of
S35C SpyCatcher was monitored by absorbance of the leaving group pyridine-2-thione,*4:46
showing a stoichiometry of ~20 surface SpyCatcher proteins per aUCNP (Fig. S5).

Conjugation of engineered Ab to nanoparticles

The high-affinity 2G10 Ab against human uPAR was previously selected by phage screening
of a naive human Fab library against native, folded uPAR.38:3941 This 2G10 heavy chain
sequence has demonstrated monovalent dissociation constants in the nM range, selective
binding to UPAR overexpressed HEK-293 cells, and inhibition of uPAR interaction with

its UPA ligand. A single chain fragment (scFv) connecting both variable regions, Vy and

V|, was constructed by standard cloning techniques,*” and a 3mer spacer followed by an
13mer SpyTag sequence33 were added to the C terminus away from the uPAR binding

site (Fig. 1). Expression in E. Coliproduces a small 2G10 scFv-SpyTag chimera (32

kDa), whose reaction with free SpyCatcher is complete overnight at 4 °C, as confirmed

by gel electrophoresis and mass spectrometry (Fig. 2A-B). Conjugation of SpyTag scFv

to SpyCatcher-coated NPs is then carried out in neutral buffer at room temperature over

16 h, and monitored by DLS, showing a diameter increase from 24 to 28 nm for aUCNPs
(Figure 2D). Because the SpyTag-SpyCatcher reaction goes almost to completion under
these conditions,33:34 the average number of surface scFv was controlled by reaction
stoichiometry (~2 Ab per QD and ~10 per aUCNP), and the immunoconjugates were used
without further purification. The stoichiometry of scFv-aUCNP conjugation was measured
using Trp fluorescence, and the average number of scFv per aUCNP was varied from 1 to 20
simply by control of concentrations of each (Fig. S6).

Live-cell imaging of scFv-QD conjugates

To determine whether Ab conjugated through NP surface-bound SpyCatcher proteins can
target their antigens in live-cell imaging, we examined whether MDA-MB-231 cells, a breast
cancer cell line that express high levels of uPAR receptors,*! would selectively internalize
2G10 scFv-NP immunoconjugates. Cells were incubated with scFv-functionalized QDs

for 1 hour at 37 °C, followed by counterstain with membrane lectin-binding wheat germ
agglutinin (WGA), and then characterized by live-cell confocal microscopy (Fig 3). The
2G10 scFv-QDs are rapidly internalized, and cells continue to show well-defined filopodia,
actin-rich protrusions from the plasma membrane;*8 the persistence of these structures even
in the absence of extracellular matrix (e.g., fibronectin or collagen) is suggestive that the
QD immunoconjugates are not detrimental to cell health.4° Internalized uPAR QDs and
WGA show little or no co-localization (Fig. 3C), possibly owing to the sequential timing

of labeling. QDs displaying SpyCatcher but without scFv show little attachment to the

cell surface or internalization after incubation (Fig. 3D-F). Taken together, these results
indicate that the 2G10 scFv remains active and selective for uPAR once conjugated to a
nanoparticle surface, and that scFv-QD triggers a UPAR internalization sequence similar to
native ligands.50:51
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Tracking uPAR internalization kinetics with scFv-UCNP conjugates

To better understand the Kinetics of ligand-mediated internalization of uPAR, we synthesized
and imaged scFv-UCNP conjugates for time-lapse live-cell imaging. Because UCNPs do

not photobleach,>253 are unaffected by cellular components,8 and have no measurable
overlap with the excitation/emission of cellular autofluorescence,!’ they offer a more
quantitative method for tracking receptor trafficking than conventional fluorophores. Core/
shell Yb3*/Er3* aUCNPs were synthesized for optimized brightness under 980 nm scanning
continuous-wave laser excitation,1® and microscopy conditions were optimized by varying
laser intensity, pinhole size, image resolution, pixel size, scan speed and area, and detector
gain. The 980-nm excitation intensity, 10° W/cm?2, shows no apparent phototoxicity during
confocal imaging, consistent with previous single- UCNP tracking studies.18 The scan

rate proved to be a critical parameter, with bidirectional scan mode speeds of 180 sec/

pixel slow enough to afford a strong signal-to-noise ratio (SNR) given the zsec decay

times of aUCNP phosphoresence,>* but fast enough to capture physiological events without
significant blurring. This optimization of upconverting fast scanning confocal parameters
affords roughly 2—3 orders of magnitude increase in SNR compared to standard fluorescence
confocal imaging parameters (compare Fig. 4 with Fig. S7).

MDA-MB-231 cells were pre-incubated with 2G10 scFv-aUCNPs at 13 °C to minimize
endocytosis, followed by imaging at 37 °C to track internalization under physiological
conditions (Fig. 4 and Supplementary movie 1, green channel). Initial surface staining

is followed by the appearance of small puncta at 10 min, which then increase in

number and intensity and are accompanied by a near-complete loss of plasma membrane
emission. A lipophilic organic fluorophore that non-specifically intercalates in the plasma
membrane (Fig. 4, red channel) is similarly internalized,?® but without significant overlap
with the scFv-aUCNPs. SpyCatcher-aUCNPs conjugates without 2G10 scFv show modest
cell membrane attachment after pre-incubation, with ~25% the emission intensity of Ab
conjugates (Fig. S8), and fewer, dimmer puncta are observed (Supplementary movie 2).

To quantify these differences in internalization, we used ImageJ software® to analyze
images for scFv-UCNP and membrane stain distribution, calculating internalized and
surface fractions (Figs. 5 and S9). Over half of the scFv-UCNPs are internalized after 20
min at 37 °C, and this reaches almost 75% internalization, with no apparent recycling to

the cell surface. The lipophilic membrane stain is internalized more slowly and to a lesser
extent than the scFv-UCNP. Limitations of this image analysis may include difficulties in
distinguishing plasma membrane emission from that of endosomes residing just below the
surface, low precision in identifying the plasma membrane in ImageJ, out-of-plane emission,
and organic fluorophore photobleaching.%®

Challenges of synthesizing nanocrystal immunoconjugates

The ubiquity of antibodies in cell imaging arises from the ability to select specific, high-
affinity probes against a wide range of receptors and other cellular components.1:3 Advances
in Ab selection methods and engineering have both expanded the range of possible targets
and enabled the development of miniaturized Ab designs with specific conjugation handles
that avoid some of the pitfalls of traditional Ab labeling techniques, such as breakdown
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under physiological conditions, either for non-covalent28-30.57 or equilibrium covalent’:9:32
interactions. Common labeling techniques that require chemical modification of the Ab,
such as oxidation or reduction, also run the risk of diminishing Ab-ligand affinity or Ab
stability and need to be evaluated on a case-by-case basis.%1221 For synthesis of NP-Ab
complexes, most reactions adapted from organic fluorophore chemistry, such as lysine
sidechain modification, are far more difficult to control with the multivalent reactivity

of both Ab11:58 and NP surfaces, 1444 which presents the risk of significant aggregation.
Similarly, nonspecific adsorption of full Ab to NP surfaces exposes their Fc regions,

which have high affinity for off-target Fc receptors.>® Common methods that avoid these
problems include streptavidin coating of NP surfaces, which are then recognized with a
biotinylated secondary antibody to a primary antigen-specific antibody, although this results
in complexes >40 nm in diameter that dwarf the size of the typical protein target and leave
the large complexes prone to aggregation or unable to reach their targets.15:25

Reactions designed for site-specific conjugation of drugs or fluorophores can overcome
these issues,12:32:51 hut those that rely on diffusion for reactants to interact are constrained
by inherent limits on NP and Ab concentrations (/.e., low ¢M, well below the mM
concentrations typical for bimolecular reactions), as well as slower diffusion rates compared
to small organics. Our initial attempts to use aldehyde-reactive Pictet-Spengler reagents8
conjugated to UCNP surfaces showed no apparent conjugation with aldehyde-tagged
antibodies®! (not shown). In contrast, SpyTag peptides bind to SpyCatcher proteins with
low nM affinities before isopeptide bond formation,23 enabling these irreversible reactions
to proceed nearly to completion at low concentrations of both Ab and NPs.36 The stability
of the SpyCatcher-SpyTag isopeptide bond is critical for extended imaging experiments,
as some common methods of Ab attachment have been shown to dissociate or reverse
under live-cell imaging conditions, including those based on electrostatic,28-30.60 pjotin-
avidin,>7 or protein-protein interactions,®! as well as aldehyde-based oxime or hydrazide
bonds.”8 Unlike many methods developed specifically for protein functionalization of
NPs,1314.27,31.60.61 gpy Catcher-mediated bioconjugation does not depend on a specific
nanocrystal surface chemistry, making it compatible with any hydrophobic nanocrystal
passivated with amphiphilic polymers, which have found use for improving both colloidal
stability and optoelectronic properties of diverse hydrophobic nanocrystals,1%:16.44.45

Antibody engineering enables improved nanoparticle conjugation

Ab engineering efforts over the last 2 decades have demonstrated that selective and high-
affinity binding sequences against a variety of antigens can be selected and then subcloned
into Ab scaffolds to create stable Ab with non-natural properties, and that this requires

only basic recombinant DNA technology.® Unlike naturally occurring IgG Ab, which are
>15 nm along their longest axes,® scFv Ab are 2-3 nm in diameter,24 can readily be
expressed in E. coli, and do not have Fc domains that bind to macrophages, lymphocytes,
and other cells expressing Fc receptors.>® A key advantage of recombinant Ab technology
is the ease of introducing C-terminal modifications for various applications, ranging

from purification (e.g., hexahistidine, myctags), to valency engineering, to biotechnology
applications such as drug conjugation and enzyme fusion.62-64 Here, the C-terminal SpyTag
enables stable, oriented, and stoichiometric self-assembly and -reaction to form scFv-UCNP
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conjugates, which allows long-term tracking of the fate of uUPAR without concern that the
Ab may dissociate from the UCNP in the complex cellular environment. The generality of
SpyCatcher-mediated conjugation of scFv Ab to NP surfaces, unlimited by either Ab target
or NP chemistry, suggests potential in a variety immunotargeting applications, ranging from
deeply subwavelength NIR imaging® to whole animal imaging.19.66

Quantitative bioimaging with upconverting nanoparticles

UCNPs differ from organic and protein fluorophores in significant ways that address
some of the confounding factors in quantitative image analysis, such as loss of probe
signal to photobleaching, uneven distribution of cellular autofluorescence, bleed-through
between channels in multicolor imaging, and changes in cell health during live cell
imaging. UCNPs have shown complete resistance to photobleaching, even under extreme
conditions,>2:53 they have no measurable NIR-excited emission overlap with fluorophores or
cellular autofluorescence,1”:18 and are excited at NIR wavelengths that are significantly
less phototoxic to cells than visible wavelengths.1819 However, imaging UCNPs by
scanning microscopy presents unique challenges owing to the relative inefficiency and
longer lifetimes of multiphoton Ln3* upconversion.19:5467 The aUCNPs in this study have
been optimized for both higher quantum yields and shorter luminescence lifetimes,® and
confocal parameters also needed to be optimized for fast scanning under non-phototoxic
980-nm excitation intensities (ca. 10° W/cm?2)18 to account for the trade-off between SNR
and the kinetic resolution needed for live-cell processes. UPAR localization is limited
primarily by the diffraction limit (~300 nm for UCNP wavelengths8%), which makes

it difficult to pinpoint the exact plasma membrane boundary or to distinguish between
receptors on the plasma membrane from those sitting in endosomes just inside the surface.
Previous live-cell UCNP imaging has relied on exceptionally high intracellular UCNP
concentrations, by microinjection or extended incubations,58:69 or on using relatively large
(>50 nm) UCNPs.”0 For receptor tracking experiments, UCNP concentration is limited by
receptor surface expression levels, and large UCNPs run the risk of altering trafficking
patterns or may be too large to reach their targets.2°

Live-cell imaging of uPAR trafficking

The primary function of the UPAR system is to degrade the proximal extracellular matrix,
making the density of active receptors on the cell surface critical to uPAR function.%? uPAR
surface density is controlled by the endolysosomal pathway, which internalizes and then
sorts activated UPAR complexes, either for recycling to the cell surface or degradation

in lysosomes. A ligand-induced clathrin-dependent endocytic pathway internalizes a
complex of uPAR with its soluble ligand uPA and other membrane-associated proteins.’?
These are subject to proteolysis or glycolipid cleavage to dissociate the components

and produce soluble forms of uPAR.50 Alternatively, a constitutive clathrin- and ligand-
independent internalization has been found to contribute to rapid uPAR endocytosis and
recycling.”2 In both of these processes, UPAR is returned to the cell surface without its
ligands, which are dissociated and sent to lysosomes.’? In this study, the intracellular
localization of uPAR-specific UCNPs is distinct from a lipophilic dye that intercalates
non-specifically in the plasma membrane and is subject to constitutive membrane recycling
(Figs. 4, 5),73 suggesting that uPAR internalization is induced by ligand binding rather
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than constitutive in MDA-MB-231 cells. The internalization kinetics of the scFv-UCNP
complex with uPAR are similar to those observed for uPA-uPAR complexes,50.74 which
also suggests a ligand-induced mechanism, and that the 2G10 anti-uPAR scFv evokes
similar internalization responses as the endogenous ligand uPA. There appears to be no
recycling to the plasma membrane of scFv-UCNP during the 70-min experiment (Fig.

5), which may reflect its dissociation from uPAR and targeting to lysosomes, where the
UCNPs remain luminescent, or differences in trafficking between uPA-uPAR and Ab-uPAR
complexes. The photostability and chemical stability of scFv-UCNP conjugates throughout
the endolysosomal pathway, from plasma membrane to lysosomes, makes them particularly
useful for quantitative live-cell trafficking studies.

CONCLUSION

We have demonstrated that SpyCatcher proteins can attach engineered SpyTag-Ab fusions

to different nanoparticle surfaces with control over stability, orientation, and stoichiometry.
scFv-conjugated QDs and UCNPs are specific in binding target uPAR, a key protein in

the development of many human cancers, and are selectively internalized by cultured

cancer cells overexpressing UPAR. Time course confocal imaging of scFv-UCNP shows

fast uptake where at least half of the available immunoconjugates are internalized after 20
min incubation and accumulation over time with no apparent recycling to the cell surface.
This strategy for specific and stable conjugation of antibodies to NPs as compact probes may
be extended to many other engineered Ab fragments quantitative live-cell imaging of a range
of biological targets.

MATERIALS AND METHODS

Chemicals and materials.

Erbium chloride hydrate (ErCls-xH»0, 99.999% Er) was purchased from Strem Chemicals;
poly(maleic anhydride-a/t-1-octadecene) (PMAO) was purchased from Polysciences;
2-(2-(2-methoxyethoxy)ethoxy)ethanamine (m-PEG3z-amine) was purchased from Aurum
Pharmatech; and SM(PEG), was purchased from ThermoFisher. Mutagenesis kits and
competent cells were purchased from New England Biolabs. Custom DNA oligos

were purchased from Genscript. Plasmids were procured from Addgene, and cell lines
were purchased from ATCC. All other reagents and chemicals were purchased from
MilliporeSigma and used without further purification.

Aqueous passivation of CdSe/CdS QDs.

CdSe/CdS QDs with emission maxima of 610 nm were synthesized as described1>44 and
dispersed in hexane with 1% (/) oleic acid to 8 4M, as determined by first exciton
absorbance. PAOA polymer (20 mg, 6.25 umol, 3000-fold molar excess over QDs) was
dissolved in 1 mL of MeOH and 19 mL of CHCI3. QDs in hexane (250 /L of 8 tM, 2.0
nmol) were added with stirring, and the solvents were removed under a gentle stream of N,
overnight. The dry QD/polymer residue was then resuspended in 15 mL of 200 mM sodium
bicarbonate buffer, pH 8.0. This suspension was sonicated for 30 min, heated in an 80 °C
water bath for 60 min, slowly cooled in the bath to room temperature, and then sonicated for
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30 min. Excess polymer was removed by spin dialysis (Amicon Ultral5, 50 kDa MWCO),
washing with 3 x 15 mL of 100 mM HEPES, pH 7.8. The retentate was diluted to 1 mL
with HEPES buffer and centrifuged at 16100 x g for 5 min to remove residual polymer and
insoluble aggregates. Aqueous QD dispersions were stored under ambient conditions.

Synthesis of core UCNPs.

he B-phase NaYbg gErg oF4 nanocrystals were synthesized with minor modifications of

the methodology previously described.19:52 YbCl3.6H,0 (0.24 mmol, 93 mg), ErCls-xH,0
(0.06 mmol, 23 mg), oleic acid (OA, 3.25 g) and 1-octadececene (ODE, 4 mL) were added
into a 50-mL 3-neck flask. The precursors were then heated to 110 °C under vacuum and
stirred for 45 min, yielding Ln oleates in a clear, homogeneous solution. The flask was
filled with N, and cooled to room temperature. Sodium oleate (1.25 mmol, 382 mg), NH4F
(2.0 mmol, 74 mg), and ODE (3 mL) were added, the mixture was stirred under vacuum

at room temperature for 20 min and then heated at 305 °C under N for 45 min. The

heating mantle was removed and a strong stream of air was used to cool the reaction flask
to room temperature. To purify the UCNPs, the suspension was transferred to a 50 mL
centrifuge tube, and 15 mL of EtOH was added to precipitate the nanocrystals. The tube was
centrifuged at 3000 x g for 5 min forming a white pellet. The supernatant was disposed and
the solid was sonicated in /+hexane (5 mL) to disperse the nanocrystals. The dispersion was
centrifuged at 3000 x g for 3 min and transferred to a new tube leaving behind insoluble
impurities. The purification cycle was repeated one more time, and then the nanocrystals
were stored in 10 mL of 7-hexane with 0.2% (1/v) oleic acid under ambient conditions.

Synthesis of core/shell UCNPs.

Epitaxial NaYgGdg oF4 shells were grown on B-NaYbg gErg oF4 cores using a layer-by-
layer method!® in WANDA, a nanocrystal synthesis robot at the Molecular Foundry.”> A
precursor solution of 0.10 M oleates was prepared by heating YCl3 (0.8 mmol, 156 mg)

and GdCl3 (0.2 mmol, 53 mg) in 10 mL 2:3 (v.v) OA/ODE to 110 °C for 30 min under
vacuum and 160 °C for about 30 min, until the solution became clear. Then, the solution was
cooled to 110 °C and purged under vacuum for 30 min. A 0.20 M sodium trifluoroacetate
(NaTFA) solution with OA was prepared in a separate flask by stirring NaTFA (2 mmol, 272
mg), 5 mL OA, and 5 mL ODE under vacuum at room temperature for 2 h ensuring that no
solid remained. Purified core UCNPs in r+~hexane (15 nmol) were stirred under N, stream to
evaporate the solvent and redispersed in 4 mL of OA and 6 mL of ODE. Then, the reaction
was carried out using a robotic WANDA protocol under air-free conditions. The core UCNP
dispersion was stirred and heated to 280 °C at 20 °C/min. Then, 0.10 M Ln-OA and 0.20 M
NaTFA-OA solutions were injected in alternating cycles into the reaction at 17 yL/s. Every
cycle began with the Ln-OA addition, followed by the Na-TFA-OA addition, waiting 20

min between each injection to form a single 0.5-nm unit cell layer. After the last injection,
the dispersion was stirred for an additional 30 min at 280 °C and cooled rapidly to room
temperature. Core/shell UCNPs were purified and stored using the procedure described for
core UCNPs.
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Crystalline structure determination by X-ray powder diffraction.

All oleate-capped nanocrystals were characterized by X-ray powder diffraction on a Bruker
AXS D8 Discover GADDS X-ray diffractometer operating with 35 kV/40 mA Co Ka (A =
1.78897 A) radiation. For XRD samples, 200 L of a UCNP stock solution in 7~hexane was
spotted onto a glass coverslip and allowed to air dry completely until an opaque white film

formed. All NaLnF4 nanocrystals were found to be pure hexagonal B phase.

Synthesis of 2-(2-pyridyldisulfide)ethylamine (PDEA).

Aldrithiol-2 (2,2’-Dipyridyldisulfide, 20.0 mmol, 4.41 g) was dissolved in 20 mL of MeOH
with 0.8 mL of glacial AcOH in a 300 mL round-bottom flask. Cysteamine-HCI (10.0
mmol, 1.14 g) dissolved in 20 mL of MeOH was added dropwise over 1 h to the vigorously
mixing flask and stirred for 16 h under N, atmosphere. MeOH was removed by rotary
evaporation, and the yellow oil product was washed twice with 50 mL of dry, ice-cooled
Et,0. The oil was dissolved in 10 mL of MeOH and precipitated by addition of 200 mL

of cold Et,0. The flask was stored at =20 °C for 36 h to ensure full precipitation. The
pale-yellow solid was vacuum filtered, rinsing with 3 x 50 mL of dry, cold Et,0, and left
under vacuum for 20 min to remove residual solvent, giving 2.02 g (93% yield) of PDEA.
1H NMR (500 MHz, CD30D): 69.39 (broad s, 3H), 9.29 (d, 1H), 8.45 (t, 1H), 8.32 (d, 1H),
7.97 (t, 1H), 3.92 (m, 4H). Mass spectrum, C7Hq1N5S, (MH™*) calculated: 187.0; found:
187.2.

Aqueous passivation of core/shell UCNPs.

PMAO polymer4® (2 mg, 0.8 monomer units per nm? of UCNP surface area) was dissolved
in 1 mL of acetone, 14 mL of CHCI3 was added, and the mixture was quickly sonicated to
obtain a homogeneous solution. Approximately 200 pL of 0.5 uM core/shell UCNPs (0.1
nmol) in 7-hexane was added to the polymer dispersion. The solution was stirred overnight
under a gentle stream of N, until the complete evaporation of the solvents. The UCNP/
polymer residue was then resuspended in 15 mL of 100 mM sodium borate buffer, pH 8.6
with 1:99 ratio of PDEA (1.27 mg, 5.7 zmol) to 2-(2-(2-methoxyethoxy)ethoxy)-ethylamine
(92 4L, 564 pmol). The reaction flask was sonicated during 4 h at a water bath. The excess
polymer was removed with 100 mM HEPES, pH 7.4, by five rounds of centrifugal dialysis
(Amicon Ultra-15, 100 kDa MWCO). Aqueous dispersions of UCNPs were further purified
to remove excess polymer by dialysis (Spectra-Por Float-A-Lyzer G2, 10 mL, 100 kDa
MW(CO) and concentrated by spin dialysis (Amicon Ultra-15, 100 kDa MWCO) to a final
1 mL dispersion in 20 mM HEPES buffer, pH 7.4. The final concentration was determined
as 100 nM by an emission versus concentration curve measured for the parent hydrophobic
UCNPs.

Emission of UCNP dispersions.

Low-power upconverted emission spectra were measured from aqueous UCNPs diluted at
25 nM in 20 mM HEPES, pH 7.4. The spectra were performed in FLS980 Spectrometer
(Edinburg Instruments) equipped with a 980-nm laser (CrystalLaser) from 495 to 800 nm,
using a 2-nm slit bandwidth and 1 s integration times. Spectra were corrected for the
sensitivity of the detector using a calibrated light source.
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scFv antibody cloning.

The anti-uPAR antibody 2G10 was previously discovered from a highly diverse and naive
human Fab phage display library.38 Expression plasmids were cloned by standard PCR
methods and assembled by Gibson assembly. To generate the 2G10 scFv-SpyTag construct,
Vy and V_domains of 2G10 were cloned into the expression vector pSYN1 (James D.
Marks, UCSF) using cutting sites Ncol and Nhel for Vi and BssHII and Notl for V.
SpyTag (AHIVMVDAY KPTK)33 was added to the C-terminus of the V| domain with a
GSG linker sequence creating a -GSG-SpyTag-Myc-Hisg carboxy terminus.

SpyCatcher and scFv antibody expression.

Plasmids encoding SpyCatcher and 2G10-SpyTag scFv were transformed into the £. coli
expression cell line BL21(DE3) (MilliporeSigma) for heterologous protein expression.
Single colonies from agar plates were used to inoculate cultures of LB broth (25 mL)
containing ampicillin (100 zg/mL) and grown at 37 °C overnight (250 rpm). This starter
culture was then used to inoculate 2 x 500 mL Terrific Broth cultures containing ampicillin
(100 g/mL) at 0.05 OD600 and grown at 37 °C with shaking (250 rpm). Once cell density
reached 0.4 — 0.6 (2 — 4 h post-induction), protein expression was induced with 1 mM
IPTG. Cultures were then grown 18 h at 20 °C with shaking (250 rpm) to avoid the
formation of inclusion bodies. Cells were centrifuged (6000 x g, 20 min, 4 °C) and pellets
either resuspended in 30 mL loading buffer (20 mM Tris pH 8.0, 300 mM NaCl, 10 mM
imidazole) or stored at —80 °C.

Recombinant Hisg-tagged proteins were isolated using a prepacked 1 mL Ni2*-NTA column
(HisTrap Excel, GE Healthcare). To remove loosely bound proteins, the column was washed
with 50 mM imidazole until 280 nm absorbance stabilized. Hisg-tagged protein was eluted
utilizing a linear imidazole gradient up to 250 mM. Chromatography steps were conducted
at 1 mL/min with an AKTA Pure FPLC system (GE Healthcare). Successful protein
expression was confirmed by a band shift in whole cell lysate in Laemmli buffer and 0.05%
2-mercaptoethanol on a BioRad Criterion Stain-free 4-20% gradient SDS-PAGE. The gel
was UV-activated for 2 min before imaging on a ProteinSimple FluorChem E system.

All protein structure graphics were created by us from Protein Data Bank (PDB) files using
ChimeraX.”®

Mass spectrometry.

SpyCatcher S35C, 2G10-SpyTag scFv, and SpyCatcher-SpyTag scFv conjugate masses were
determined by matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS). The matrix solution was prepared by dissolving 10 mg of sinapic acid
in 1 mL of 50% CH3CN and 0.1% TFA in distilled water. Each protein stock solution (10 to
40 1M in 50 mM NH4HCO3) was mixed with the matrix solution ina 1:1 (V/V) ratio. Then,
2 (L of each of these mixtures was loaded onto the MALDI plate and dried at atmospheric
pressure. Mass spectrometric analyses of crystallized mixtures were conducted on a MALDI
TOF/TOF TF4800 (AB SCIEX) mass spectrometer.
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Nanoparticle-SpyCatcher conjugation.

To generate SpyCatcher-QD conjugates, PAOA-encapsulated QDs (2 ¢M, 200 z1.) in 100
mM HEPES, pH 7.8, were combined with SM(PEG), (100 mM, 50 yL) in DMSO. The
reaction was mixed at room temperature for 30 min. The mixture was diluted to 4 mL
with 100 mM HEPES, pH 7.0, and excess reagents were removed by centrifugal dialysis
(Amicon Ultra-4, 100 kDa MWCO), washing with 3 x 4 mL of HEPES buffer. An aliquot
of SpyCatcher-S35C protein (200 4#M, 100 z1) was added to a 1.5 mL low protein-binding
centrifuge tube, the QDs were added, and the reaction was mixed overnight at 4 °C on a
rotary mixer. The reaction mixture was diluted to 4 mL with 100 mM HEPES, pH 7.5, and
excess SpyCatcher protein was removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa
MW(CO), washing with 4 x 4 mL of buffer. The retentate was diluted to 400 uL in HEPES
buffer, and the SpyCatcher-QD conjugate was stored at 4 °C.

For disulfide conjugated UCNP-SpyCatcher, 50 uL of 100 nM PMAO-encapsulated UCNPs
were diluted to 400 pL with 100 mM HEPES, pH 7.2. Separately, an aliquot of S35C
SpyCatcher (200 &M, 100 L) was desalted on a Biospin-6 Desalting Column (Bio-Rad)
and further washed by centrifugal dialysis (Amicon Ultra-4, 3 kDa MWCO), washing with
3 x 4 mL of HEPES buffer to remove all TCEP storage buffer. The retentate was diluted to
100 L ina 1.5 mL low protein-binding centrifuge tube, the UCNPs were added, and the
reaction was mixed overnight at 4 °C on a rotary mixer. The reaction mixture was diluted to
4 mL with 100 mM HEPES, pH 7.5, and excess SpyCatcher was removed by spin dialysis
(Amicon Ultra-4, 100 kDa MWCO), washing with 4 x 4 mL of buffer. The retentate was
diluted to 400 £ in HEPES buffer, and the UCNP-SpyCatcher conjugate was stored at 4 °C.

Nanoparticle characterization.

To determine the size of as-synthesized nanocrystals, a dilute dispersion of nanocrystals

in hexane was drop cast onto an ultrathin carbon film on lacey carbon support, 400 mesh
copper TEM grid (Ted Pella) and dried in a fume hood. Images were collected on a Gemini
Ultra-55 Analytical Field Emission Scanning Electron Microscope (Zeiss) in dark-field
transmission mode under 30 kV accelerating voltage or on a JEOL 2100-F in HAADF mode
under 200 kV accelerating voltage. Diameters for 100 random nanoparticles were manually
designated in ImageJ and a distribution was plotted. To determine the size of aqueous
nanoparticles, dispersions were diluted to 20 nM in 100 mM HEPES, pH 7.8 for PAOA-
encapsulated nanoparticles, and in 100 mM HEPES, pH 7.0, for PMAO-encapsulated and
SpyCatcher-functionalized nanoparticles. The dispersions were sonicated for 30 min prior
to measurement. Diameters were measured by dynamic light scattering using a Malvern
Zetasizer with typical count rates of 150 kilocounts per second. Data were collected for 60
sec each in 5 separate runs and fits using Malvern Zetasizer software to a volume-weighted
size distribution of hydrodynamic diameter.

SpyCatcher quantification on NP surfaces.

Tryptophan fluorescence was used to quantify SpyCatcher on nanoparticle surfaces.
Emission spectra of UCNPs were taken under 290 nm excitation prior to and after
SpyCatcher conjugation, with difference curves showing a Trp peak at 340 nm. A calibration
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curve was generated of known concentrations of purified SpyCatcher, to determine
SpyCatcher:UCNP stoichiometry.

To follow the disulfide exchange of S35C SpyCatcher onto the nanoparticle surface, the
absorption signature of the leaving group (pyridine-2-thione) was measured at 343 nm in a
plate reader as a function of time. The concentration of pyridine-2-thione was determined
from this absorbance and its extinction coefficient (8,080 M~1 cm™1), and a ratio with

the nanoparticle concentration defined the number of SpyCatcher proteins exchanged per
nanoparticle.

scFv antibody conjugation and characterization.

Cell culture.

In order to generate the final QD-Ab conjugate, SpyCatcher-coated QDs (100 /i, 1 1M,
100 pmol) and SpyTag-2G10 antibody (8.9 , 22.6 1M, 201 pmol, ~2x excess) were gently
mixed overnight and used without further purification. Ab to nanoparticle stoichiometries
were tested by varying the volume of added SpyTag-scFv solution. To verify the presence
of Ab on the nanoparticle surface, fluorescence spectra were taken under 270 nm excitation
prior to and after conjugation, with the difference curve showing a Trp peak at ~340 nm.

A calibration curve was generated of known concentrations of purified SpyTag-scFv, and
the difference curve peak was used to determine the concentration of Ab conjugated to the
nanoparticle. The final UCNP-Ab conjugate was prepared by mixing SpyCatcher-coated
UCNPs (200 /4, 25 nM, 5 pmol) and SpyTag-scFv (10 /4, 5 ¢M, 50 pmol) overnight
without further purification. scFv-UCNP conjugates were sterilized with 0.22-zm filters
before addition to cells.

MDA-MB-231 cells were maintained in tissue culture polystyrene dishes (Corning) at 37
°C in a 5% CO, atmosphere in Dulbecco’s modified Eagle’s medium (DMEM, Sigma)
containing 10% fetal bovine serum (FBS, Gibco) and 1% penicillin—streptomycin solution
(Life Technologies).

Cell labeling and microscopy.

Cells were grown in an 8-well chamber slide (u-Slide 8 Well, IbiTreat, Polymer No. 1.5
and thickness of 180 xm) to >80% confluency. For QD imaging: media was aspirated and
the wells were washed with 2 x 500 4. DMEM without phenol red. QD constructs were
diluted to 10 nM in DMEM without phenol red and added to the cells. After 1 hin a 37
°C incubator, cells were washed 1 x with 500 L PBS + 10 mM glucose. The cells were
then incubated in a 5 g/mL solution of AlexaFluor488-WGA (ThermoFisher) in PBS +
glucose at room temperature for 10 min, and they were then washed 3 times with 500 gL
of PBS + glucose. Fresh PBS + glucose was added, and the cells were imaged by confocal
microscopy. Confocal images of the focal plane at the chamber interface were obtained
using an inverted Zeiss LSM710 system with a 1.4 NA 63x Apochromat oil immersion
objective. QDs were excited by a 405 nm diode laser with an MBS-458/514 main dichroic
beam splitter, and emission was collected from 605 — 690 nm. AlexaFluor488 was excited
with a 488 nm diode laser with an MBS-488/594 main dichroic beam splitter, and emission
was collected from 495 — 575 nm.
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For UCNP imaging: media was aspirated and the wells were washed with 3 x 500 zL

PBST (PBS + 0.1% (w/nw) TWEEN-20). The cells were pre-incubated for 5 min at 13 °C
with 400 pL of PBST supplemented with 1% (1/w) BSA and 300 mM glycine. UCNP
constructs were added to obtain a final concentration of 5 nM and maintained for 30 min

at room temperature. In the last 5 min, 3 pL of CellMask Orange Plasma membrane Stain
(ThermoFisher) at 50x in PBS was added to the mixture. The solution was aspirated and the
well was washed 5 times with PBST. Opti-MEM without phenol red and supplemented with
10% (v/v) FBS were added and the cells were imaged by time-lapse confocal microscopy
at 37 °C. Confocal images of the focal plane at the chamber interface were obtained

using an inverted Zeiss LSM710 system with a 40x/1.2NA Apochromat water immersion
objective. UCNPs were excited by a 980 nm diode laser (500 mW) at maximum intensity
reflected by a dichroic beam splitter MBS-760+. The pinhole was adjusted to 2.7 Airy units
and section thickness of 0.7 um to obtain an optimal compromise of emission detection

and image resolution. The UCNP images were recorded from 380 to 750 nm with 1200
Maximum Gain and 15x Digital Gain which provided maximum upconverted emission
without detectable autofluorescence under 980 nm excitation. The lipophilic membrane stain
(CellMask Orange) was excited with a 561 nm diode laser (20 mW) at 0.2% of maximum
intensity and reflected by MBS-488/561 dichroic beam splitter. The dye emission was
collected from 575 to 700 nm using 900 Maximum Gain and 1x Digital Gain combined
with a pinhole set to 1.0 Airy units and section thickness of 1.0 um. Each confocal image
was collected at scan speed of 177 psec/pixel. The detection time was slowed to the limit
of the Zeiss 710LSM confocal to accommodate Er3* lifetimes. Other parameters like 512 x
512-pixel resolution, scan area, 16-bit dynamic range, 0.23 pm pixel size, 1 line step, mode
line bidirectional and two-frame averaging provided optimal compromise between image
resolution and detection time. Bright-field images of MDA-MB-231 cells were captured
using the brightfield mode of Zeiss 710 LSM with X-Cite 120Q light source, AxioCam
MRm camera, 100-ms acquisition times, and 1388 x 1040-pixel resolution.

Confocal images and data processing.

ImageJ (Fiji)>® was used to analyze the 16-bit images such as adjusting brightness, contrast
and image offset. Membranes and intracellular ROIs of individual cells were selected
manually. Six cells were selected for quantitative analysis of uUPAR-UCNP internalization
by OriginPro (OriginLab). Histograms from the ROIs were obtained in the ImageJ (F1JI)
and pixel values lower than 3600 counts were identified as background noise. The ratios

of intracellular to membrane integrated intensities are average results of 6 cells were
calculated as the mean + standard error of the mean. Time-lapse videos were created from
the individual images in RGB format.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of nanoparticle-SpyCatcher-scFv antibody conjugates.
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SpyCatcher

A

scf-‘v antibody

A) Structure of full 1IgG Ab (PDB file 1HZH).8 Variable chains that bind antigens

and are used to engineer miniaturized scFv Ab are highlighted. B) Schematic of NP-
SpyCatcher-scFv Ab conjugates. Core/shell nanocrystals (red and dark gray), encapsulated
in amphiphilic polymers (light gray), conjugated to a single-Cys SpyCatcher (PDB file
4AMLI)23 and SpyTag-scFv (PDB file 5YD5)24 chimera. The SpyTag peptide is added at the
scFv C terminus, marked (*) in the structure.
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Figure 2. Synthesis of scFv Ab-conjugated aUCNPs.
(A) Expression and reaction of SpyCatcher (SC) and SpyTag-scFv Ab (ST-scFv), monitored

by SDS-PAGE. Partially purified His-tagged scFv were incubated with an excess of SC. (B)
MALDI mass spectra of purified SC and ST-scFv before and after conjugation. (C) High-
angle annular dark field transmission electron micrograph of core/shell NaErg gYbg oF4 @
NaY gGdg.oF4 aUCNPs. Scale bar is 50 nm. (D) Diameters of nanoparticles determined

by dynamic light scattering (DLS), of hydrophobic (blue), PMAO-encapsulated (teal),
SpyCatcher-functionalized (yellow), and scFv-conjugated (red) UCNPs. Mean diameters (n

=5) are 19, 21, 24, and 28 nm, respectively.
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membrane uPAR-QD _merge

Figure 3. Specificity of anti-uPAR-QD internalization by uPAR-expressing breast cancer cells.
Confocal images of live MDA-MB-231 cells incubated with (A-C) scFv-QD conjugates

(610 nm emission peak) for 60 min at 37 °C or (D-F) SpyCatcher-QD conjugates

without scFv Ab. (A,D) AlexaFluor 488-WGA fluorescence of the plasma membrane and
endolysosomal pathway; (B,E) QD emission with or without surface anti-uPAR scFv. (C,F)
Overlay of WGA and anti-uPAR-QD emission. QDs were excited at 405 nm and emission
collected from 605 — 690 nm. AlexaFluor488 was excited at 488 nm and emission collected
from 495 — 575 nm. Scale bar is 30 gm.
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uPAR-UCNP membrane
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Figure 4. Kinetics of anti-uPAR-UCNP internalization in breast cancer cells.
Live MDA-MB-231 cells treated with 2G10 scFv-UCNP immunoconjugates at 37 °C,

imaged by: (A,E,l) brightfield; (B,F,J) upconverted confocal microscopy for anti-uPAR-
UCNP imaging; and (C,G,K) standard confocal microscopy for lipophilic fluorophore
Cellmask Orange. UCNPs were excited at 980 nm and emission collected from 380 — 750
nm. Cellmask Orange was excited at 561 nm and emission collected from 495 — 575 nm.
(D,H,L) Overlay of anti-uPAR-UCNP and membrane emission. Frames 2 min (A-D), 10 min
(E-H), and 60 min (I-L) of full 70-min time lapse (Supplementary movie 1) are shown here.
Scale bars are 20 ym.
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Figure5.
Differences of internalization and recycling between anti-uPAR scFv-UCNPs and a

lipophilic membrane stain in breast cancer cells. (A) Fraction internalized of 2G10 scFv-
UCNP immunoconjugates in live MDA-MB-231 cells during incubation at 37°C (mean +
SEM; n= 6 cells). (B) Confocal images of anti-uPAR-UCNPs (green squares) and lipophilic
membrane fluorophore (red circles) in live MDA-MB-231 cells showing differences in
intracellular localization between probes. Details from frames at 2, 20, 45 and 70 min of full
70-min time-lapse (Supplementary movie 1) are shown. Scale bars are 10 ym.
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