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Mapping the relationship between total and
functional antibodies conjugated to nanoparticles
with spectrally-resolved direct stochastic optical
reconstruction microscopy (SR-dSTORM)+

Emmanouil Archontakis,1? Laura Woythe, & 12 Bas van Hoof®
and Lorenzo Albertazzi (2 *2©

Antibody-functionalized nanoparticles (NPs) have shown numerous benefits in drug delivery and
biosensing, improving the specificity of cell targeting and analyte detection, respectively. However, one
of the main challenges is the lack of control over antibody orientation on the NP surface. Popular and
easy conjugation strategies, such as carbodiimide-based conjugations, lead to a random orientation of
antibodies on the NPs, compromising ligand functionality and contributing to undesired biological
effects and reduced target recognition. While new methods for more controlled NP functionalization
have been proposed, there is a lack of techniques that can elucidate the orientation of the antibodies at
the single-particle level to determine the conjugation outcome and, therefore, the NPs' potential in
selective targeting. Here, spectrally-resolved direct stochastic optical reconstruction microscopy (SR-
dSTORM,), an optical super-resolution technique, is introduced to quantify the relationship between total
and functional NP conjugated cetuximab antibodies at the single-particle level. An evident single-particle
heterogeneity in total and functional cetuximab is observed, leading to particles with different
functional : total ratios. Additionally, the results indicate that the functional : total ratio of cetuximab
highly depends on the conjugated cetuximab concentration. Overall, SR-dSTORM represents a direct
approach for the NP structure—functionality relationship quantification, providing a platform to improve

rsc.li/nanoscale-advances

Introduction

NPs are used as drug delivery platforms to transport therapeu-
tics to the cells of interest." The NP surface can be functional-
ized with targeting ligands such as antibodies, peptides, or
aptamers to stimulate selective recognition of a cell type.*
However, the clinical translation of ligand-conjugated NPs is
challenging, resulting in no clinically approved targeted nano-
therapeutic to date. One of the pitfalls in clinical approval of
ligand-conjugated control is the lack of standard and robust
characterization methods to understand NP functionality at
a molecular level. There is a clear need for new characterization

“Department of Biomedical Engineering, Institute for Complex Molecular Systems
(ICMS), Eindhoven University of Technology, P.O. Box 513, 5600 MB, Eindhoven,
The Netherlands. E-mail: l.albertazzi@tue.nl

*Department of Applied Physics, Institute for Complex Molecular Systems, Eindhoven
University of Technology, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands
‘Nanoscopy for Nanomedicine, Institute for Bioengineering of Catalonia, Barcelona,
Spain

+ Electronic supplementary information available. See
https://doi.org/10.1039/d2na00435f

1 These authors contributed equally.

(ESI)

4402 | Nanoscale Adv., 2022, 4, 4402-4409

antibody-conjugated NPs characterization and facilitating their rational design.

techniques to elucidate the structure-targeting properties of
ligand-conjugated NPs to understand and improve their clinical
efficacy.’

Antibodies are commonly used NP ligands because they
present two fragment antigen-binding (Fab) regions that enable
strong interactions with their target.** For selective NP target-
ing, it is desired that the maximum number of Fab fragments
are exposed after conjugation to recognize the target receptor.
However, antibodies also present a fragment crystallizable (Fc)
domain that does not recognize the target but can interact with
receptors on immune system cells and induce the premature
clearance of the NP from the body.® Thus, the complex interplay
between Fab and Fc exposure on the NP surface can lead to
unpredictable biological outcomes. Nevertheless, established
procedures for NP conjugation, such as carbodiimide-based
conjugation, can cause the random orientation of antibodies
on the NP surface, causing a significant part of Fab fragments to
be obscured and thus not able to recognize the target.” This
substantial functionality loss is often overlooked by standard
ligand characterization techniques, such as a supernatant
assay, that are based on indirect measurements of NP ligands
and don't provide molecular information.® Consequently, the
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total amount of conjugated antibodies is not representative of
the functional amount, leading to a misunderstanding of the
actual NP's valency and consequent targeting properties.
Furthermore, recent reports indicate substantial heterogeneity
in NP conjugation at a single-particle level.>** Understanding
NP ligand orientation and their functional heterogeneity are
fundamental to achieving efficient active targeting.

This study aims to zoom into the antibody conjugation
process particle-by-particle and understand which fraction of
total molecules conjugated are functional over the total amount
of antibodies. Techniques with molecular resolution and mul-
tiplexing capability are needed to solve this question. Trans-
mission electron microscopy is a powerful tool to illuminate NP
functionality at a single-particle level with high spatial resolu-
tion.*»'* However, it lacks selective labelling and multicolor
imaging, necessary to visualize both active and inactive anti-
bodies. Single-molecule localization microscopy (SMLM) was
recently described as a powerful tool in nanomedicine
research."* SMLM has an improved resolution compared to
standard fluorescence microscopy techniques (5-25 nm) by
overcoming the optical diffraction limit and is thus able to
resolve and quantify molecular details of nanostructures.
Recently a functional direct stochastic optical reconstruction
microscopy (dSTORM) method was developed in our lab to
quantify the number of functional antibodies conjugated to
NPs.' dSTORM is a SMLM modality that relies on the temporal
separation of photoswitchable fluorophores to detect fluores-
cent species with high precision. Unfortunately, the multicolor
quantification of dSTORM images is very challenging, as it
requires two spectrally separated fluorophores with optimal
photophysical properties. This is not trivial as dyes are usually
best-performing in a narrow range of wavelengths in the red
emission window (650-700 nm), making it challenging to
distinguish these between each other. Consequently, previous
work focused only on the quantification of functional antibody-
conjugated nanoparticles, while the relation between total and
functional molecules remained to be elucidated at a single-
particle level.™ Recently, multicolor approaches based solely
on infrared dyes have been proposed, such as spectral demixing
and imaging."

Spectral SMLM (sSMLM) configurations enable simulta-
neous optical super-resolution microscopy and spectroscopy at
the single-molecule level.’* Briefly, sSMLM methods use
a spectrally-dispersive optical element to provide the spatial and
spectral information of single molecules simultaneously. This
innovative method was first implemented for functional super-
resolution microscopy using Points Accumulation for Imaging
in Nanoscale Topography (PAINT) as a SMLM tool combined
with environmentally sensitive fluorophores such as Nile
Red.'**® Additionally, sSSMLM has been described for multicolor
super-resolution microscopy of cellular structures using either
STORM or PAINT.'>18720

Herein, spectrally-resolved dSTORM (SR-dSTORM) is intro-
duced as a tool to quantify the total versus functional cetuximab
antibodies conjugated to silica NPs simultaneously. Therefore,
a double-labeling strategy has been devised to stain the total
and the functional cetuximab fractions separately, giving
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insight into the NPs' targeting properties. The multiplexing
imaging capability of SR-dSTORM enabled the discrimination
of red-emitting dSTORM fluorophores with emission peaks only
tens of nanometer apart. First, the therapeutic antibody cetux-
imab was labelled prior to NP conjugation to mark the total
number of conjugated antibodies. Then, a labelled Fab-specific
probe was used to detect the functional sites post NP func-
tionalization. The resulting SR-dSTORM image mapped each
NP in two colors: one representative of the number of total
cetuximab and the second defining the functional cetuximab
Fabs. The single-molecule spectral resolution of the technique
enabled the quantification of single-particle heterogeneities,
illuminating the differences in cetuximab total amount, func-
tional amount, and the functional : total ratio between NPs of
the same batch. Notably, differences in the functionality of
cetuximab-conjugated NPs were observed when the cetuximab
concentration was varied. The functional : total ratio per NP did
not remain constant, with lower ratios at higher cetuximab
conjugation concentrations.

The presented SR-dSTORM method enabled the first quan-
tification of functional and total antibodies at the single-
particle level, paving the way towards the use of spectrally-
resolved single-molecule microscopy to understand ligand
orientation after NP conjugation. In this context, multicolor NP
mapping can improve the fundamental understanding of NP
structure and functionality, potentially predicting the implica-
tions of these two properties on cell targeting. Furthermore, the
presented method can be expanded to additional research areas
were ligand functionality is indispensable, such as the charac-
terization of antibody-coated nanoparticles for biosensing
applications.

Results and discussion

In order to understand the antibody orientation on the NP
surface, a SR-dSTORM workflow was performed to quantify the
amount of total and functional cetuximab Fab fragments on
single NPs (Fig. 1). First, to quantify the total amount of
cetuximab, the antibody was labelled with CF680 before being
conjugated via carbodiimide (EDC)-based chemistry to NPs
(Fig. 1A). Subsequently, the functional amount of antibodies
were tagged using an AF647-labelled recombinant EGFR probe
that binds to the exposed Fab fragments of the cetuximab
antibody, as previously described."* Finally, both molecules
were imaged simultaneously using SR-dSTORM, and their
respective signals were distinguished based on the single-
molecule fluorescence spectrum, creating multiplexed single-
particle localization maps of total and functional antibodies.
This was achieved by placing a diffraction grating in front of the
camera in order to separate the spatial (0™ diffraction order)
and spectral (1% diffraction order) profiles into two different
regions (Fig. 1B). This allowed the quantification of the amount
of localizations based on the spectral fingerprints of each single
dSTORM localization. Since the amount of dSTORM localiza-
tions is proportional to the amount of total or functional
molecules, it is possible to quantify antibody amount and
functionality on a single-particle basis and extract information
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Fig.1 Schematic representation of SR-dSTORM for quantifying the total and functional amount of antibodies. (A) Silica NPs were functionalized
with CF680-labelled cetuximab antibodies using carbodiimide (EDC) chemistry. Next, functional antibody sites were labelled using AF647-
labelled EGFR probe. Finally, total and functionalized antibodies were imaged and quantified. (B) SR-dSTORM was performed by using
a diffraction grating that separates the fluorescence signal originating from the sample into two regions; the 0" order of diffraction representing

the spatial domain and the 1% order of diffraction the spectral domain. (C)
functional and total antibodies at a single-particle level.

about the heterogeneity of the functionality in the NP formu-
lation (Fig. 1C).

Fig. 2 presents a typical SR-dSTORM readout from
cetuximab/EGFR-functionalized NPs. The addition of an optical
grating in front of the camera separates the field of view,
through diffraction, into a spatial region (Fig. 2A left), in which
the position of the fluorophore is localized, and a spectral
region (Fig. 2A right), which consist of a dispersed point con-
taining information about the emission and identity of the
fluorophore. The spatial to spectral pixel distance was cali-
brated according to the fluorophore's emission spectrum
(665 nm for AF647 and 698 nm for CF680, respectively) to extract
the pixel-to-wavelength ratio (ESI Fig. S1f). An example of the
raw single-molecule spectra from a selected NP is represented
in Fig. 2B. Each green line spectrum corresponds to an AF647
localization, while each orange line spectrum corresponds to
a CF680 localization. All spectra peaks appeared very well
spectrally-resolved (~30 nm) and matched the actual wave-
length peaks of the two fluorophores.

An overview of a representative field of view showing the
multiplexing dSTORM image is displayed in Fig. 2C. Each NP
has a finite amount of molecules (AF647 and CF680) which
appear with three main pseudocolors (red, green, blue), while

4404 | Nanoscale Adv, 2022, 4, 4402-4409

Single-molecule localizations were detected to quantify the fraction of

white is generated due to their superposition. These results
demonstrate that a two-color multiplexing imaging of antibody-
functionalized silica NPs to probe the total versus functional
antibodies simultaneously is possible with SR-dSTORM. These
results can be quantified, estimating the average functional
properties using the localizations at the single-particle level
(Fig. 2D). Specifically, by fitting a Gaussian profile each spec-
trum, each molecule was assigned to either EGFR or cetuximab.
Molecules with emission peaks between 650-680 nm (AF647
green window) were assigned to EGFR (or functional antibodies)
and molecules with emission peaks between 680-720 nm
(CF680 orange window) to total cetuximab antibodies, as illus-
trated in Fig. 2D. The spectral separation that can be achieved in
this particular instrument, which is important for quantitative
multiplexing, depends on the spectral precision (o) of the two
fluorophores, which was calculated to be 4 nm for the AF647
and 5.5 £ 0.5 for the CF680 (ESI Fig. S2t). This allowed for
successful 2-color multiplexing quantification since the emis-
sion peaks for AF647 and CF680 were sufficiently separated. On
average, it was found that the functional Fab fraction was 3.5
times lower than the total amount of cetuximab. Since every
antibody has 2 functional flabs, it can be estimated that only
15% fab are accessible to recognize EGFR.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00435f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 September 2022. Downloaded on 2/20/2026 4:49:29 PM.

(cc)

Paper

Localizations

NP1

N
o
L

-
o
L

0
640 660 680 700 720
Wavelength (A, nm)

Localizations

View Article Online

Nanoscale Advances

-
o

Normalized Intensity (a.u.)
o
bl

4500

0 T T T T
640 680 720 760 800

Wavelength (A, nm)

3000+

1500 4

Total localizations

&

30+

20

104

.

0 " i
640 660 680 700 720

Wavelength (A, nm)

0-— r
640 680 720 760 800

Wavelength (&, nm)

Localizations

NP3

©
o
n

D
o
!

w
o
L

0
640 660 680 700 720
Wavelength (A, nm)

Fig. 2 SR-dSTORM microscopy and quantification on silica NPs functionalized with CF680-labelled cetuximab antibodies and labelled with
EGFR-AF647. (A) Single frame of spatial and spectral field of view of the raw data obtained from SR-dSTORM imaging. All the localizations of the
individual dSTORM fluorophores in the spatial region carry wavelength information in the spectral region (inset). Scale bars are 2 um (spatial) and
200 nm (spectral). (B) Single-molecule fluorescence spectrum of all individual blinkings of a selected nanoparticle, where each color denotes
either EGFR-AF647 (green) or cetuximab-CF680 (orange) with a peak-to-peak separation of 30 nm. (C) Multiplexing dSTORM reconstruction of
functionalized silica NPs (scale bar, 1 pm). (D) Histograms representing the peak wavelength windows (green or orange) of the total dASTORM
localizations (AF647 or CF680) in the field of view. (E(i—iii)) Magnified insets of three individual NPs in (C). Scale bar 500 nm. (F) Respective peak
wavelength histograms of NPs shown in (E).
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Furthermore, an interparticle heterogeneity can be resolved
in terms of total and functional amount of antibodies. Fig. 2E
and F show a zoom-in of 3 different NPs from the same field of
view with their corresponding histograms indicating the
amount of localizations per fluorophore detected at a single-
particle level. Notably, the relationship between total and
functional antibodies can vary substantially at a single-particle
level as shown in Fig. 2E and F, giving rise to heterogeneities
between NP properties from the same batch. Using quantitative
SR-dSTORM analysis, it was possible to assess the heterogeneity
of NPs within the same batch.

Before moving to the dSTORM quantification, it is important
to introduce a single-particle metric: the functionality ratio,
which refers to the ratio between functional and total cetuximab
Fab fragments per NP. A systematical screening of different NP
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formulations was performed to identify if the functionality ratio
was constant over different conditions. For this experiment, the
amount of cetuximab was varied during the conjugation reac-
tion in the range of 50 to 400 cetuximab per NP, as estimated
theoretically. SR-dSTORM localizations needed to be translated
into amount of molecules to obtain information about the
functionality ratio. For this purpose, a calibration of fluorescent
cetuximab and EGFR was performed as previously described
(ESI Fig. S31).""** SR-dSTORM localizations are proportional to
the number of molecules on the NP, thus knowing how many
localizations correspond to a single cetuximab or EGFR mole-
cule during the imaging acquisition allows for the identification
of the amount of functional and total cetuximab antibodies per
NP. Finally, the total amount of Fab fragments per NP was
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Fig. 3 Quantification of total and functional cetuximab for NP formulations with different amount of total added antibody during chemical
conjugation determined by SR-dSTORM. (A) Scatter plot representing functional versus total Fab cetuximab fragments available. Each square
represents one single NP. Axis are shortened for representation convenience. (B) Box plot representing the functionality ratio (functional divided
by total cetuximab Fab) per NP formulation. Box represents the 25% to 75% percentile and whiskers 10% to 90%. Per condition, minimum N = 100
NPs were analyzed. (C) Scatter plot representing total Fab versus NP diameter. (D) Scatter plot representing functionality ratio versus NP diameter.
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calculated by multiplying the number of total cetuximab ob-
tained by factor 2.

Fig. 3A displays a scatter plot of functional versus total
amount of Fab fragments for different NP formulations with an
increasing amount of cetuximab during the conjugation. Note
that each square represents the properties of a single NP, giving
unprecedented insights into the total and functional antibodies
at the single-particle level. Qualitatively, each studied formula-
tion seemed to follow a linear trend, with particles having more
functionality with increased total amount of conjugated cetux-
imab. The slope of the line represents the functional ratio where
a slope of 1 would correspond to 100% functionality. Interest-
ingly, the trends of the different formulations showed that the
more cetuximab added to the formulation (400 antibodies/NP),
the less functionality was present, as shown from the subtle
shifts of the total Fab-functional Fab slope. This trend was
confirmed when looking at the functionality ratio at the single-
particle level (Fig. 3B). It was observed that while the function-
ality ratio median is around 0.5 for low antibody conjugation
(50 antibodies/NP), it decreased to 0.2 for higher antibody
conjugation conditions (400 antibodies/NP). Note that some
NPs presented unrealistic functionality ratios (>1), which could
be caused by the experimental variability of STORM microscopy.
The unspecific binding properties of EGFR to silica NPs were
described in earlier studies," where minimal binding was
demonstrated towards bare NPs in the presence of a mild
bovine serum albumin (BSA) blocking (protocol in Materials
and methods). Finally, Fig. 3C and D illustrate the correlation
between total cetuximab Fab or the functionality ratio with the
NP diameter, respectively. These results depict that NP size
dispersion had little influence on the chemical conjugation
method (NP functionalization amounts and functionality), as
seen from the single-particle quantification.

Carbodiimide-based conjugation strategies are non-oriented
and stochastic, since the carboxylic acid groups from the silica
NP can react with any of the exposed primary amines of the
cetuximab antibody. Thus, it is expected that not all cetuximab
antibodies will be functional to recognize the target. In accor-
dance with a previous estimation reporting only 30% of func-
tional Fabs, it was confirmed experimentally that indeed not all
conjugated antibodies are functional to recognize their target."*
Here, the single-molecule and single-particle quantification
depicts that the experimental functionality percentage lies in
a similar range (between 20-50% functionality). Furthermore,
the results indicate that the functionality ratio also depends on
the antibody conjugation concentration. The studied antibody
conjugation concentrations are theoretically far from NP
surface saturation (estimated at 1328 antibodies/NP for 100 nm
radius NPs'). The strong dependence of concentration and
functionality ratio could thus indicate that higher antibody
concentrations result in a higher chance of steric hindrance
effects.

In a future outlook, the presented functionality mapping
technique can be used to optimize current NP ligand conjuga-
tion or can be combined with a multiparametric imaging
approach using environmental sensing probes, that change
their ~emission spectrum according to the local

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanoenvironment. Specifically, the comparison between non-
oriented and oriented conjugation approaches to for maxi-
mizing the selectivity towards the target cell and minimizing the
adverse effects such as premature immune system clearance
due to unfavorable oriented ligands. Additionally, the presented
workflow can be relevant in analytical applications, were the
functionality of antibodies is imperative for analyte detection
and assay sensitivity.”»*® This includes the single-molecule
characterization of antibody-coated particles as well as
antibody-coated flat surfaces that are developed for biosensing
applications.

In summary, SR-dSTORM characterization of ligand-
functionalized NPs is a promising tool to obtain a better
understanding into the single-particle functionality properties.
In this exploratory work the interplay between NP ligand
conjugation and actual NP functionality is illustrated.

Conclusion

Antibody functionality can be compromised after conjugation
to a NP surface, but limited information is known about the
functional fraction of conjugated antibodies compared to the
total conjugated amount. A reduced ligand functionality in
addition to adverse effects from antibody orientation minimizes
the chances of selective drug delivery to the target site. In this
work, SR-dSTORM fluorescence microscopy enabled the
simultaneous quantification of total and functional cetuximab
antibodies covalently conjugated to silica NPs. The multiplexing
capabilities of SR-dSTORM enabled multicolor imaging of flu-
orophores located in the same emission window providing
a single-particle functionality control with single-molecule
sensitivity. It was observed that there are substantial interpar-
ticle heterogeneities within the same batch. Furthermore, the
amount of cetuximab conjugated to NPs was systematically
varied and investigated with SR-dSTORM, revealing that
different cetuximab concentrations lead to a different ratio
between functional and total antibodies. An interesting outlook
of the presented approach is the multiparametric imaging of
NPs, including NP ligand functionality and other characteristics
such as polarity that can be mapped using environmentally-
responsive probes. Overall SR-STORM paves the way for
further investigation of NP functionality, with the ultimate goal
of rationally designing nanomedicines for selective and efficient
targeting of the cell of interest.

Materials and methods
Materials

Fluorescent silica NPs (Sicastar®-GreenF) with surface carbox-
ylic acid groups (COOH) of 100 nm radius were purchased from
Micromod Partikeltechnologie GmbH. Cetuximab antibody
(Erbitux, Merck) was kindly provided by Prof. Marteen Merkx
(Eindhoven University of Technology). Human EGFR protein (Fc
tag, ACROBiosystems EGR-H5252), Zeba™ desalting columns
(7 K MWCO), Alexa Fluor™ 647 NHS ester and HEPES buffer (1
M) were purchased from Thermo Fisher Scientific. Phosphate
buffered saline (PBS) tablets, 1-ethyl-3-(3-

Nanoscale Adv, 2022, 4, 4402-4409 | 4407
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dimethylaminopropyl)-carbodiimide (EDC),
tris(hydroxymethyl)-amino-methane (tris base), bovine serum
albumin (96% purity), cysteamine, catalase from bovine liver,
glucose oxidase, sodium bicarbonate and 4-morpholineetha-
nesulfonic acid (MES) were purchased from Merck Life Science.
CF®680 NHS ester was obtained from VWR International BV.

Fluorescent labeling of cetuximab and EGFR

Before labeling with a fluorescent dye, cetuximab solution was
buffer exchanged to sodium bicarbonate (pH 8.4 0.1 M) using
a Zeba™ desalting column. Cetuximab was incubated with
CF®680 NHS ester and EGFR was incubated with Alexa Fluor™
647 NHS ester both at a 1 : 6 protein : dye mol ratio for 2 h at
22 °C and 400 rpm in a ThermoMixer® (Eppendorf). The reac-
tion mixtures were purified using 2 consecutive Zeba™ desalt-
ing columns rinsed with PBS buffer according to the
manufacturer's protocol. The labelled proteins were measured
with a NanoDrop™ One (Thermo) to calculate their respective
degree of labeling (PBS was used as a blank in both cases),
yielding 3 : 3 dye : protein mol ratios for both cetuximab-CF680
and EGFR-AF647.

Synthesis of cetuximab-conjugated silica NPs

Cetuximab-CF680 was chemically conjugated to silica NPs with
surface  carboxylic = acid  groups wvia  1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) coupling chem-
istry. First, NPs were diluted in 500 ul MES buffer (50 mM, pH 5)
and centrifuged for 10 minutes at 16 000 to remove the NP
storage solution. NPs were resuspended in MES buffer (50 mM,
PH 5) containing 2 mM EDC to activate the carboxylic acid NP
groups and incubated for 15 minutes at 22 °C and 400 rpm in
a ThermoMixer®. Next, NPs were sonicated for 5 minutes in
a bath sonicator and cetuximab-CF680 was added to the acti-
vated NPs at the appropriate concentration and incubated for
2 h at 22 °C and 400 rpm in a ThermoMixer®. Specifically,
cetuximab-CF680 was added at 50, 100, 200 and 400 antibody/
NP calculated from theoretical estimations. Unconjugated
cetuximab-CF680 was purified by centrifuging thrice at 16000 g
for 15 minutes and washing with 25 mM HEPES buffer. Silica-
cetuximab680 NPs were resuspended at a final concentration
of 2 mg ml™" in 25 mM HEPES buffer and stored at 4 °C.

Sample preparation for SR-dSTORM microscopy

Before SR-dSTORM imaging silica-cetuximab680 NPs were
incubated with the EGFR-AF647 probe to label the cetuximab
functional sites. Therefore, 25 pg of silica-cetuximab680 NPs
were mixed with 20 pmol EGFR-AF647 probe, 0.5% BSA to block
the unspecific binding and HEPES (25 mM) buffer to make up to
40 pl of total volume and incubated for 1 h at 25 °C and 400 rpm
in a ThermoMixer®. NPs were sonicated in a bath sonicator for
5 minutes and imaged the same day. To image NPs, we created
a microscopy imaging chamber consisting of one coverslip
attached to a microscope slide using double-sided scotch tape
(approximate volume of the chamber was 20 pl). For that,
coverslips (22 x 22 mm, #1.5) were sonicated in isopropanol for
20 minutes and dried under nitrogen flow, and microscope
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slides (76 x 26 mm, thickness 1 mm) were cleaned using an
isopropanol-soaked tissue before each experiment. Silica-
cetuximab680 labelled with EGFR-AF647 NPs were incubated
in the imaging chamber and allowed to adsorb between 30-60
minutes at room temperature. After NP attachment, the
imaging chamber was rinsed once with 200 pl HEPES buffer (25
mM) to remove non-attached NPs and subsequently rinsed with
100 pul STORM buffer** (50 mM tris pH 8, 10 mM NaCl, 10% w/v
glucose, 50 mM cysteamine, 0.5 mg ml " glucose oxidase, 40 ug
ml " catalase). The imaging chamber was then sealed with nail
polish and imaged immediately.

Optical instrumentation

AF647 and CF680 fluorophores were excited with a 100 mW,
637 nm continuous fiber-coupled wavelength source (OBIS FP
637LX, Coherent OBIS). The excitation beam was directed
through a dichroic mirror (ZT640rde, Chroma) to an oil-
immersion objective lens (Nikon Apo TIRF 100x Oil DIC N2).
The fluorescence was further directed off a notch filter
(ZET635NF, Chroma), a long-pass filter, a mechanical slit
(VA100C, Thorlabs) and a diffraction grating (70 grooves per
mm, 25 X 25 mm-46-068, Edmund) to an EMCCD camera
(Andor DU-888 X-9414). The electron multiplication gain was
250, exposure time 30 ms and pixel size 90 nm.

Spectral precision (o)

First, the spectral displacement of the localizations was calcu-
lated for (i) NPs which consisted of only CF680-labelled cetux-
imab and (ii) NPs which consisted of only AF647-labelled EGFR.
Afterwards, by fitting the displacements with a Gaussian profile,
the mean spectral displacement for every NP was calculated.
Finally by binning and fitting all single-particle mean
displacements the final spectral precision was calculated for
either the CF680 or AF647 nanoparticles by fitting with
a Gaussian profile (ESI Fig. S27).

SR-dSTORM quantification

The localization files which contain the single-molecule coor-
dinates (X, Y, T) and the raw single-molecule fluorescence
spectrum of AF647 and CF680 were obtained via Thunder-
STORM and RainbowSTORM for Fiji.>>** Additionally, the first
1500 frames were filtered out to wait for the proper STORM
blinking to occur. Furthermore, a density filter (radius 80 nm,
neighbors 80) was applied to filter out the nonspecific locali-
zations which occur like sparse points in the field of view. Then,
a Gaussian profile was used to calculate the emission peak
values from each single-molecule spectrum in the localization
file and each localization was assigned to either AF647 (which
corresponds to EGFR) or CF680 (which corresponds to cetux-
imab) fluorophore. The assignment was made based on two
wavelength windows: 650 nm to 680 nm assigns the localization
to EGFR while 681 nm to 720 nm assigns the localization to
cetuximab. The amount of localizations in each window
denotes the amount of either EGFR probes or total cetuximab
antibodies and fab fragments. Finally, all NPs with their local-
izations were grouped (bandwidth 150 nm, minimum number
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of localizations 20) and filtered based on their size and elon-
gation using a mean-shift clustering script (MATLAB) which was
previously described.' To correlate the number of localizations
with the number of cetuximab-CF680 or EGFR-AF647 mole-
cules, a calibration was performed as previously described**** to
estimate the number of localizations obtained per single-
molecule under the same imaging conditions at a very low
protein concentration (0.1 nM and 3.5 nM, respectively)
attached to a cover glass (ESI Fig. S37). The calibration yielded
1.3 localizations per cetuximab-CF680 and 1.2 localizations per
EGFR-AF647 molecule.

SR-dSTORM multiplexing reconstructions

After peak fitting the spectrum of all single-molecule localiza-
tions, the localization file was updated and imported into the
RainbowSTORM plugin for visualization either using scatter
plot or average histograms.
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