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Abstract: Mild strategies for the selective modification of peptides and proteins are in demand for applications in
therapeutic peptide and protein discovery, and in the study of fundamental biomolecular processes. Herein, we describe
the development of an electrochemical selenoetherification (e-SE) platform for the efficient site-selective functionaliza-
tion of polypeptides. This methodology utilizes the unique reactivity of the 21st amino acid, selenocysteine, to effect
formation of valuable bioconjugates through stable selenoether linkages under mild electrochemical conditions. The
power of e-SE is highlighted through late-stage C-terminal modification of the FDA-approved cancer drug leuprolide
and assembly of a library of anti-HER2 affibody conjugates bearing complex cargoes. Following assembly by e-SE, the
utility of functionalized affibodies for in vitro imaging and targeting of HER2 positive breast and lung cancer cell lines is
also demonstrated.

Introduction

Post-translational modifications (PTMs) of peptides and
proteins provide a massive expansion in the structural and
functional diversity of organismal proteomes.[1] As our
understanding of the functional role of these PTMs has
grown, there has been increased interest in the introduction
of polypeptide modifications not incorporated by nature,
such as fluorescent imaging tags and drug molecules, for the
development of next-generation diagnostic and therapeutic
agents. Critical to this pursuit is the availability of bio-
conjugation methods that enable chemo- and regioselective
modification amongst the dense and diverse ‘sea’ of
functionality present within the core set of 20 proteinogenic
amino acids.[2] Such methods must be site-selective to
prevent the generation of heterogeneous mixtures, proceed
with high conversions to avoid challenging purification steps,
and must also be competent under aqueous conditions that
will not impair protein structure or function.

To date, chemoselective modification chemistry has been
developed that enables functionalization of the N- and C-
termini and almost all native amino acid side chains bearing
polar or charged functionality within peptides and
proteins.[2b–d,3] Lysine and cysteine side chains have been
most frequently targeted, with their inherent nucleophilicity
enabling facile conjugation to a wide variety of function-
alities using N-hydroxysuccinimide esters and maleimides,
respectively. The venerable Cu(I)-catalyzed azide-alkyne
cycloaddition reaction,[4] strain-promoted azide-alkyne cy-
cloaddition reaction,[5] and tetrazine chemistry[6] have also
been used to link modifications to proteins, albeit on non-
proteinogenic amino acid side chains. Despite the power of
existing bioconjugation chemistries, truly site-specific mod-
ification of native proteinogenic amino acid side chains
remains an enormous challenge, with most methods suffer-
ing from a lack of regioselectivity due to the high likelihood
of a target amino acid residue appearing more than once in
a protein sequence. For this reason, the native but very
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rarely incorporated amino acid selenocysteine (Sec), often
dubbed the 21st amino acid, has emerged as an attractive
option for performing chemo- and regioselective modifica-
tion chemistry. Indeed, a range of arylation, cross meta-
thesis, and alkylation bioconjugation approaches targeting
Sec have been reported that primarily exploit its nucleophi-
licity and/or redox properties (Figure 1A).[7] However, many
of these strategies require the use of transition metals or
significant amounts of organic solvent (which can be
incompatible with native polypeptides and proteins).

Synthetic electrochemistry has experienced a resurgence
in recent years and is an attractive manifold for the site-
selective late-stage functionalization of peptides.[8] The
direct supply of electrons to a reaction removes the need for
redox reagents, transition metal catalysts or photocatalysts,
and enables precise tuning of redox parameters to the
desired substrate. Electrochemical techniques also employ
mild reaction conditions and display excellent functional
group compatibility and scalability—highly attractive attrib-
utes when pursuing the modification of peptides and
proteins. To date, reported methods in this rapidly evolving
field have targeted proteinogenic functionality including
tyrosine, tryptophan, and cysteine residues, as well as the C-
terminus of peptides.[8e,9] While significant progress has been
made, these approaches have mostly (with the notable
exception of the powerful e-Y-click reaction)[9c,g,i] been
applied on small peptide substrates, have often necessitated
the use of organic solvent, and/or have offered limited
regioselectivity. This highlights the ongoing need for new
regioselective electrochemical strategies that are compatible
with the full suite of proteinogenic functionality, including
on larger polypeptide molecules, and that can be performed
in aqueous solvent systems.

Herein, we report a mild electrochemical method for the
chemoselective and regioselective modification of peptides
and small proteins at selenocysteine (Figure 1B). The
development of this proposed electrochemical modification

chemistry took inspiration from a photocatalytic diselenide
contraction (PDC) transformation recently developed in our
laboratory (Figure 1A).[7a] The PDC method employs an
iridium photocatalyst ([Ir(dF(CF3)ppy)2(dtbpy)]PF6) togeth-
er with a phosphine and irradiation at 450 nm to convert
asymmetric or symmetric diselenide starting materials to
their corresponding selenoether-linked products, with for-
mal extrusion of a selenium atom. We sought to overcome
key limitations of this methodology, including incompatibil-
ity with fluorogenic substrates and the use of expensive and
poorly aqueous soluble photocatalysts, through the develop-
ment of a low cost, atom economic, and biocompatible
electrochemical method for site-selective functionalization
of Sec residues, coined electrochemical selenoetherification
(e-SE).

Results and Discussion

We anticipated that the electrochemical protocol would
proceed by an analogous reaction mechanism to PDC,
beginning with the generation of a phosphorous-based
radical cation. As such, we envisaged that it might be
possible to initiate the e-SE conversion of peptide disele-
nides to stable, selenoether-linked polypeptides through
anodic oxidation of a suitable phosphine.[10] We therefore
began development of an e-SE approach that would operate
in aqueous media by collecting a cyclic voltammogram (CV)
of the highly water soluble derivative of triphenylphosphine,
3,3’,3’’-phosphanetriyltri(benzene-1-sulfonate) (TPPTS,  ).
A large anodic oxidation signal was observed at 1.05 V,
corresponding to the oxidation of TPPTS to the radical
cation (as seen in Figure 2A). We postulated that following
oxidation, the electrochemical modification strategy would
proceed through an analogous single-electron mechanism to
that proposed for photocatalytic contraction reactions at
Sec.[7a] Briefly, we hypothesized that the radical cation
generated from anodic oxidation of the phosphine would
induce homolytic diselenide cleavage, with cathodic reduc-
tion of the resultant selanyl radical generating one equiv-
alent of a highly nucleophilic selenolate (Figure 2B). This
reactive species could then attack the electrophilic selanyl
phosphonium generated from diselenide cleavage to afford
the desired selenoether-linked product and a phosphoryl
selenide by-product.

Having determined the oxidation potential of TPPTS,
we next sought to demonstrate the feasibility of the
proposed e-SE transformation by attempting the dimeriza-
tion of a model selenopeptide. To this end, a 22-residue
peptide derived from the variable number tandem repeat
(VNTR) of mucin-1 (a well-studied cancer antigen) bearing
an N-terminal selenocysteine residue (MUC1 S1U, 2) was
chosen as a model to optimize the reaction conditions.
Following a thorough voltage and phosphine screen (see the
Supporting Information), we arrived at a set of general
conditions for the desired e-SE transformation.

Specifically, when peptide 2 and TPPTS (8 equivalents)
in a 0.5 M NaCl electrolyte solution were subjected to
constant voltage electrolysis at 1.05 V using a commercially

Figure 1. Strategies for the modification of Sec in peptides and
proteins. A) Existing synthetic strategies for Sec modification. B) Elec-
trochemical modification of polypeptides at Sec (this study).
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available IKA ElectraSyn 2.0 instrument equipped with
graphite electrodes, 74% conversion to the desired sele-
noether-linked dimeric product 3 was observed, together
with 22% deselenization, whereby the selenocysteine resi-
due had been converted to alanine[11] (Scheme 1A). Of note,
this transformation displayed impressive functional group
tolerance, proceeding in the presence of a range of reactive
functionalities including the imidazole side chain of histi-
dine, guanidine motif in arginine, and unprotected amine
and carboxylic acid moieties. Following purification by
reversed-phase HPLC, selenoether dimer 3 was isolated in
63% yield. Importantly, we also performed a series of
control experiments that showed that the phosphine, elec-
trolyte (NaCl), and electrolysis were all essential for
selenoether generation (Table 1).

Having highlighted the potential of this electrochemical
platform for effecting peptide dimerization, we next
attempted to dimerize a model mucin-1 VNTR peptide

Figure 2. A) CV of TPPTS (1, inset) collected at 100 mVs�1 in 0.5 M
LiClO4. Arrow indicates scan direction. B) Proposed e-SE reaction
mechanism.

Scheme 1. Exploratory studies on the dimerization of A) MUC1 S1U (2)
and B) MUC1 S11 U (4), and C) the functionalization of MUC1 S11U
(4) and D) MUC1 S1U S11C (10) with [Se-PEG6]2 (6). Note: owing to
the small scale of the reactions, UPLC-MS analysis was utilized as the
primary means of tracking reaction progress (see the Supporting
Information).
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bearing an internally located selenocysteine residue (MUC1
S11U, 4). However, under the previously optimized con-
ditions, only 35% conversion to the desired selenoether
product 5 was observed, alongside undesired deselenization
(15%; Scheme 1B). This difference in conversion compared
to MUC1 S1U was rationalized to be a result of the more
sterically encumbered nature of the internally located
selenocysteine. Although this limited the utility of the e-SE
reaction for dimerizing larger systems, we reasoned that it
could be a powerful method for the modification of
polypeptides with a range of functionalities to afford
asymmetric selenoether products.

In order to effect e-SE-based functionalization, it was
envisaged that a polypeptide diselenide could first be mixed
with a small molecule diselenide. We hypothesized that an
excess of the small molecule diselenide could be used to
favor formation of the asymmetric polypeptide-small-mole-
cule diselenide through diselenide metathesis, and in turn
promote selectivity for the ‘cross-coupled’ asymmetric
polypeptide-small-molecule selenoether product over homo-
dimerization of the polypeptide substrate or unwanted
deselenization.[7a] It should be noted that some of the excess
small molecule diselenide that does not exchange could also
convert to the corresponding selenoether dimer during the
course of the reaction. A key benefit of the selenoether
linkages generated by e-SE is that they are not susceptible
to redox exchange reactions with thiol and selenol nucleo-
philes, meaning that the attached cargo cannot be easily
displaced. In contrast, diselenide-linked bioconjugates are
redox active and can therefore undergo metathesis leading
to loss of the desired payload. This is of particular concern
given the high thiol concentrations (e.g. [glutathione]=1–
10 mM[12]) in cellular environments that would promote the
dissociation of diselenide conjugates.

We first sought to demonstrate the feasibility of the
functionalization workflow by subjecting a mixture of
MUC1 S1U (2) and hexaethylene glycol diselenide [Se-
PEG6]2 (6, 8 equivalents) to the optimized e-SE conditions

developed for dimerization. Constant voltage electrolysis at
1.05 V provided near quantitative conversion to the desired
asymmetric MUC1-PEG6 selenoether (7) in 2 h with no
detectable deselenization by-product (see the Supporting
Information). Due to the potential for variability in reaction
efficiencies between different ElectraSyn devices, we per-
formed replicate experiments in two independent laborato-
ries at the University of Sydney (Sydney) and the Australian
National University (Canberra). Consistent conversions
were observed across three different ElectraSyn systems,
albeit with reaction times ranging from 2 to 8 h (see the
Supporting Information). Pleasingly (and in contrast to our
attempted dimerization), MUC1 S11U (4) was also compat-
ible with this functionalization protocol, with 2.5 h of
constant voltage electrolysis delivering 98% conversion to
the corresponding MUC1-PEG6 internal selenoether (Sche-
me 1C). Subsequent HPLC purification afforded site-specif-
ically modified, selenoether-linked PEG6 conjugate 8 in
69% isolated yield.

Given the similar reactivity profiles of cysteine and
selenocysteine, we also sought to demonstrate the compati-
bility of the e-SE protocol with cysteine residues and to
confirm that the reaction proceeds with complete chemo-
selectivity for Sec in the presence of Cys. First, a MUC1
mutant bearing an N-terminal cysteine residue (MUC1 S1C,
9) was subjected to optimized e-SE functionalization con-
ditions with [Se-PEG6]2 (6)—no modification of MUC1
peptide 9 was observed (see the Supporting Information). In
contrast, e-SE modification of a mutant containing both Cys
and Sec residues (MUC1 S1U S11C,  0) proceeded with
exclusive modification at the Sec residue to generate MUC1
S1U-PEG6 selenoether S11C   , as confirmed by UPLC-MS
analysis following HPLC purification and trypsin digestion
(Scheme 1D, see the Supporting Information).

Having optimized conditions for efficient e-SE function-
alization chemistry, we next performed a series of NMR
spectroscopy experiments and quantum chemical calcula-
tions to further interrogate the mechanism of the electro-
chemical transformation proposed in Figure 2B. Analysis of
a competent e-SE reaction mixture by 31P NMR confirmed
the presence of the expected TPPTS selenide by-product
(see the Supporting Information). Furthermore, NMR
analysis of a model peptide selenoether dimer formed from
an e-SE reaction showed that the reaction proceeds with
retention of stereochemistry at the α-carbon center of Sec.
These data are consistent with e-SE proceeding by our
proposed mechanism, rather than through an alternate
pathway involving a dehydroalanine intermediate (see the
Supporting Information). Density functional theory (DFT)
calculations of a series of activation energy barriers also
support our mechanistic hypothesis, implicating the seleno-
late species as a crucial and competent reaction intermediate
and, in line with our experimental results, highlighting the
influence of sterics at the reaction site on the outcome and
selectivity profiles of e-SE dimerization and functionaliza-
tion reactions (see the Supporting Information). Redox
potentials of postulated electroactive species were also
computed and found to align with experimental CV data

Table 1: Control experiments for the electrochemical dimerization of
MUC1 S1U (2) at selenocysteine.

Deviation from
standard conditions[a]

Conversion into
MUC1 S1U selenoether 3

Deselenization

none 74% 22%
no phosphine not detected not detected
no electrolysis <5% <5%
H2O (no NaCl) 28% <5%

[a] Standard conditions: constant voltage electrolysis, 8 equivalents
TPPTS (1), 0.5 M NaCl electrolyte, graphite electrodes, 0.5 mM
peptide concentration.
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and the potential that was applied to promote the e-SE
reactions (see the Supporting Information).

We next sought to highlight the utility of the e-SE
technology for late-stage modification of a target of clinical
interest. For this purpose, we selected leuprolide, a gonado-
tropin-releasing hormone analogue that is on the WHO List
of Essential Medicines and widely used in the treatment of
prostate and breast cancer.[13] Installation of a diselenide
handle at the C-terminus afforded a close structural
analogue of the leuprolide drug, with substitution of a single
hydrogen atom for a selenium atom. This system was also
selected to highlight that the methodology is not limited to
functionalization of selenocysteine residues but can also be
used for challenging C-terminal modification of polypep-
tides. Leuprolide diselenide  2 was subjected to the
optimized electrochemical selenoetherification protocol,
with a modified 1 :1 v/v MeCN:H2O solvent system used to
ensure the solubility of both  2 and the small molecule
diselenides (see the Supporting Information for further
synthetic details). Pleasingly, the mild electrochemical con-
ditions facilitated selective modification with high conver-
sions for both a PEG4 moiety ( 3, 83%) and biotin affinity
label ( 4, 83%; Scheme 2). These experiments serve as an
important proof of concept for C-terminal modification and
act to validate the compatibility of this strategy with small,
druglike peptides and small molecule diselenide substrates.

We next set out to assess the applicability of the e-SE
platform for late-stage modification of larger targets.
ZHER2:342, a Z-domain affibody evolved to target the HER2
receptor,[14] bearing an additional N-terminal selenocysteine
residue (Sec-zHER2,  5) was chosen as a larger system to
explore the scope of the chemistry. HER2-selective bio-

conjugates are of significant interest as diagnostic and
therapeutic agents, owing to the association of abnormal
expression and signaling of the HER2 receptor with the
development, progression, enhanced invasiveness, and treat-
ment resistance of several forms of cancer.[15] Functionaliza-
tion of Sec-zHER2 ( 5) was performed under the optimized
constant voltage e-SE conditions, with attachment of [Se-
PEG6]2 (6) serving as an initial pilot example. Gratifyingly,
the reaction proceeded with 90% conversion, affording the
desired zHER2-PEG6 selenoether-linked conjugate ( 6) in
77% isolated yield following HPLC purification (Figure 3).
Following tryptic digestion, sequencing by tandem mass
spectrometry was used to verify that the PEG6 moiety was
appended to the N-terminal Sec residue (see the Supporting
Information). Additionally, the circular dichroism (CD)
spectra of  6 and an unmodified alanine mutant (Ala-
zHER2,  7) were near identical, confirming that  6 retains
its α-helical fold even after functionalization through e-SE
(see the Supporting Information). We then applied our
conditions to enable the efficient assembly of a 7-member
library of modified affibodies ( 6,  8–23), with excellent
conversions and minimal unwanted deselenization (Fig-
ure 3). Notably, modification with a DOTA cage and
subsequent chelation of yttrium was achieved in one-pot
without intermediate purification to afford 20, while success-
ful labelling with a TAMRA probe (2 ) demonstrates the
compatibility of e-SE with fluorogenic substrates. We also
attached the structurally complex BRD-4-targeting PRO-
TAC MZ1 and the highly selective integrin-targeting cyclic
peptide (cyclic RGDyK), to afford the corresponding affi-
body-PROTAC (22) and peptide-protein (23) conjugates,
respectively. These latter two examples highlight the utility
of the e-SE method for the site-selective conjugation of
large molecules. As for zHER2-PEG6 conjugate  6, products
 8–23 retained their characteristic α-helical fold following
functionalization (see the Supporting Information for CD
spectra). Taken together, this library of site-selectively
modified zHER2 constructs showcases the wide substrate
scope of e-SE and the potential utility of the methodology
for generating conjugates with applications in biology and
medicine, e.g. as imaging agents and diagnostics.

The activity and application of a selection of the
modified zHER2 conjugates was then assessed (Figure 4).
First, we measured the affinity of  6 and  8–23 for the
HER2 receptor using surface plasmon resonance (SPR).
Pleasingly, the measured affinities of  6,  8,  9, and 20
(KD=26–111 pM) were comparable to both unmodified
Ala-zHER2 ( 7, KD=43 pM) and the dissociation constant
reported when the ZHER2:342 affibody was first evolved (KD=

22 pM),[14] suggesting that attachment of small cargo does
not significantly impair HER2 binding (Figure 4i). Unsur-
prisingly, a decrease in binding affinity was observed for
conjugates 2 , 22, and 23 bearing larger modifications—
cargoes which may disrupt key interactions at the zHER2-
HER2 binding interface (KD=273–2010 pM).

Given confirmation of affinity for the HER2 receptor by
SPR, we next turned our attention to in vitro validation of
the diagnostic and therapeutic value of the selenoether-
linked zHER2 conjugates. To begin, we hypothesized that

Scheme 2. Assembly of modified leuprolide conjugates 13 and 14. ESI-
MS(+) spectra of purified 13 and 14 following e-SE functionalization
are shown as insets. Note: X=D-Leu.
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zHER2-TAMRA conjugate 2 would be a highly effective
probe for the detection and relative quantification of HER2
expression across multiple breast cancer cell lines. Such tool
compounds are of interest as overexpression of the HER2
oncogene is strongly protumorigenic and increasing levels of
the receptor are correlated with poor prognosis.[15c] It should
be noted that despite the decrease in binding affinity relative
to unmodified zHER2 (see above), 2 retained sub-nano-
molar affinity for HER2. The fluorescently labelled affibody
2 was first used to confirm the relative expression levels of
HER2 on AU565(HER2-High), MDA-MB-453(HER2-Med), and
MCF-7(HER-Low) breast cancer cells by flow cytometry.[16]

Pleasingly, zHER2-TAMRA 2 was able to distinguish
between the differing HER2 expression patterns on the cell
lines, validating that the selenoether-linked TAMRA con-
jugate binds selectively to HER2 and can be used to detect
and assess its relative abundance in vitro (Figure 4ii).

Following the successful use of 2 in flow cytometry
detection of HER2, we sought to explore its utility as an
immunofluorescent probe for cellular imaging of HER2. To
this end, Calu-3 cells (a lung cancer cell line known to

overexpress HER2) were treated with zHER2-TAMRA
(2 ) and a nuclear stain and then visualized using live
confocal microscopy. Only the cells that had been treated
with 2 exhibited membrane-localized fluorescence in the
TAMRA channel (561 nm; Figure 4iii). We next explored
the ability of conjugate 20 bearing a DOTA cage with
chelated yttrium to selectively distribute yttrium to HER2-
overexpressing cell lines. Following incubation with 20, the
panel of breast cancer cells was analyzed using mass
cytometry to measure cellular yttrium delivery (Figure 4iv).
Considerably more yttrium was detected in the
AU565(HER2-High) sample over the MDA-MB-453(HER2-Med) and
MCF-7(HER2-Low) samples, suggesting that zHER2-DOTA
(20) is an effective agent for the selective delivery of yttrium
(an element widely used in radiotherapy). Due to the
versatile nature of DOTA as a chelating ligand, this class of
constructs could be readily adapted for future applications
in PET imaging and/or radionuclide delivery through
complexation of different species.

As a final demonstration of the capabilities of this new
methodology, we sought to construct an affibody-drug

Figure 3. Electrochemical selenoetherification for the late-stage functionalization of the anti-HER2 affibody Sec-zHER2 (15). MALDI-TOF MS(+)
spectra of purified conjugates following e-SE functionalization with i) PEG6 (16), ii) PEG6-Biotin (19), iii) selenocysteine (18), iv) Y3+(DOTA) (20),
v) TAMRA (21), vi) MZ1 (22), and vii) cyclic RGDyK (23) are shown as insets.
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conjugate. Antibody drug conjugates (ADCs) are enor-
mously valuable bifunctional therapeutic agents that are
capable of selectively delivering cytotoxic compounds to
cancer cells.[17] Antibody-mimetic drug conjugates (e.g. affi-
body-drug conjugates) have also attracted significant atten-
tion as alternative modalities with the potential for im-
proved control over the modification site and tissue
penetration.[18] The anti-cancer agent monomethyl auristatin
E (MMAE), which has been used clinically in ADCs, was
selected for attachment to Sec-zHER2 using e-SE. We
designed a construct containing this cytotoxic payload
appended via a cathepsin B-cleavable self-immolative linker
(Val-Cit-PAB), with incorporation of a diselenide-contain-
ing polyethylene glycol chain to enable subsequent e-SE
conjugation (24, see the Supporting Information for detailed
synthetic procedure). The challenging affibody-drug conju-
gation was then attempted using the optimized electro-
chemical modification protocol (Scheme 3). Pleasingly, e-SE
functionalization proceeded with 89% conversion after 1 h,
delivering zHER2-PEG-Val-Cit-PAB-MMAE (hereafter
zHER2-MMAE, 25) in 82% isolated yield following
purification by reversed-phase HPLC. With the desired
conjugate in hand, the antimitotic effect of zHER2-MMAE
(25) was then examined against AU565(HER2-High),
MDA-MB-453(HER2-Med), and MCF-7(HER2-Low) breast cancer
cell lines. We first established that MMAE alone displayed
similarly potent cytotoxicity across the three cell lines (see
the Supporting Information), affirming the need for selec-

tive delivery of the MMAE cytotoxin. In contrast, the
cytotoxicity of 25 correlated strongly with HER2 expression,
with the selenoether-linked conjugate displaying dramati-
cally improved efficacy against the AU565(HER2-High) cells
over the other cell lines (Scheme 3iv). This powerful
example highlights the utility of the e-SE manifold as a
means of accessing polypeptide-drug conjugates for biomed-
ical applications.

Conclusion

In summary, we have developed a robust electrochemical
strategy for the chemoselective and regioselective modifica-
tion of polypeptides. This late-stage functionalization meth-
odology, termed electrochemical selenoetherification
(e-SE), affords stable selenoether-linked conjugates through
contraction of diselenide bonds with the formal loss of a
selenium atom. The e-SE methodology employs mild
reaction conditions and displays excellent selectivity and
compatibility with a broad range of functionality, including
all 20 common proteinogenic amino acids. We have demon-
strated that e-SE can facilitate clean and efficient attach-
ment of diverse cargoes (e.g. biotin, fluorophores, DOTA,
cytotoxic drugs, PROTACs, peptides) across a number of
complex substrates. Assembly of these valuable bioconju-
gates enabled the utility of anti-HER2 affibody-payload
constructs to be studied in vitro and highlights the potential

Figure 4. Evaluation of the functional activity of the selenoether-linked zHER2 conjugates. i) Affinity data for Ala-zHER2 17 and zHER2 conjugates
16, 18–23 against human IgG1 Fc-tagged HER/ERBB2 immobilized on a Series S Protein A Sensor SPR Chip. KD, kon, koff values determined using a
kinetic fit assuming 1 :1 binding stoichiometry. ii) Comparison of HER2 surface expression by MCF-7, MDA-MB-453 and AU565 cell lines using
zHER2-TAMRA (21) staining and detection by flow cytometry. iii) Fluorescence imaging of Calu-3 cancer cells using confocal microscopy. Cells
were treated with zHER2-TAMRA (21; magenta) and/or NucBlue (Hoechst 33342; blue) prior to imaging. iv) Comparison of yttrium positive MCF-
7, MDA-MB-453 and AU565 cells following incubation with Y3+(DOTA) (20) and detection by mass cytometry.
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for broad applicability of this methodology in the study of
bioactive polypeptide conjugates.

Supporting Information

The authors have cited additional references within the
Supporting Information.[19]
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Scheme 3. zHER2 affibody-drug conjugate synthesis by e-SE. i) ESI-MS(+), ii) MALDI-TOF MS(+) and iii) analytical HPLC trace of zHER2-MMAE
(25). iv) Cell viability of MCF-7, MDA-MB-453 and AU565 cells after incubation with various doses of zHER2-MMAE (25) for 96 h, determined by
Alamar Blue HS. Cell viability for each cell line was normalized to untreated controls and plotted as the mean (�SD) of four technical replicates.
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