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ABSTRACT: This Perspective focuses on thiol-mediated uptake, that is,
the entry of substrates into cells enabled by oligochalcogenides or mimics,
often disulfides, and inhibited by thiol-reactive agents. A short chronology
from the initial observations in 1990 until today is followed by a summary
of cell-penetrating poly(disulfide)s (CPDs) and cyclic oligochalcogenides
(COCs) as privileged scaffolds in thiol-mediated uptake and inhibitors of
thiol-mediated uptake as potential antivirals. In the spirit of a Perspective,
the main part brings together topics that possibly could help to explain
how thiol-mediated uptake really works. Extreme sulfur chemistry mostly
related to COCs and their mimics, cyclic disulfides, thiosulfinates/-onates,
diselenolanes, benzopolysulfanes, but also arsenics and Michael acceptors,
is viewed in the context of acidity, ring tension, exchange cascades,
adaptive networks, exchange affinity columns, molecular walkers, ring-opening polymerizations, and templated polymerizations.
Micellar pores (or lipid ion channels) are considered, from cell-penetrating peptides and natural antibiotics to voltage sensors, and a
concise gallery of membrane proteins, as possible targets of thiol-mediated uptake, is provided, including CLIC1, a thiol-reactive
chloride channel; TMEM16F, a Ca-activated scramblase; EGFR, the epithelial growth factor receptor; and protein-disulfide
isomerase, known from HIV entry or the transferrin receptor, a top hit in proteomics and recently identified in the cellular entry of
SARS-CoV-2.

KEYWORDS: cellular uptake, membrane proteins, dynamic covalent chemistry, disulfide exchange, adaptive networks, molecular walkers,
ring-opening polymerization, antivirals

1. INTRODUCTION

“Thiol-mediated uptake” refers to the observation that (i)
cellular uptake reliably and often dramatically increases in the
presence of chalcogenides (or mimics) capable of dynamic
covalent exchange, usually disulfides, and that (ii) this uptake
can be inhibited with thiol-reactive agents (Figure 1).1−7

Thiol-mediated uptake has been around for a long time, with
scattered observations coming from different fields.1,3,4

Recently, it received more attention with the emergence of
privileged scaffolds such as cell-penetrating poly(disulfide)s
(CPDs)5 or cyclic oligochalcogenides (COCs)6 and the
renewed interest in relation to viral entry8 and antivirals,
possibly including SARS-CoV-2.7

Considering the overwhelming evidence for usefulness in
practice, it is surprising that little is known about how thiol-
mediated uptake really works (vide inf ra).7,4 It is understood
that thiol-mediated uptake can be coupled to different uptake
pathways. Dynamic covalent sulfur exchange cascades before
or during direct translocation across the plasma membrane
into the cytosol appear to dominate with synthetic delivery
systems.5,6 HIV entry is an established example for inhibitable
dynamic covalent sulfur exchange on cell surfaces followed by
membrane fusion,8 while dynamic covalent sulfur exchange
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Figure 1. Thiol-mediated uptake (a) operates with the dynamic
covalent chemistry (DCC) of chalcogenide exchange before or during
cellular entry by direct translocation, endocytosis, or fusion, (b)
usually involves thiol/disulfide exchange, and (c) can be inhibited
with the same DCC.
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with proteases in endosomes and lysosomes, such as
cathepsins, can, perhaps, be considered as arguably borderline
examples for thiol-mediated uptake combined with endocy-
tosis.9 More precise mechanistic information is often missing,
particularly for direct translocation, also because dynamic
covalent chemistry10−13 dramatically complicates, and dis-
courages, target identification. However, it is also this dynamic
covalent chemistry that makes thiol-mediated uptake so unique
and attractive, particularly from the viewpoint of supra-
molecular chemistry. The objective of this Perspective is,
after a summary of the uptake facts available today, to map out
this tantalizing chemical space surrounding thiol-mediated
uptake. Topics covered are extreme sulfur chemistry, adaptive
networks, thiol affinity chromatography, molecular walkers,
and templated ring-opening polymerization, followed by more
biological aspects such as micellar pores and a gallery of
possible protein targets. Whereas only time will tell us about
the direct relevance of the individual topics for thiol-mediated
uptake, they are, in the spirit of a Perspective, brought up in
the following to arouse curiosity and inspire progress.

2. CHRONOLOGY
The first explicit observation of thiol-mediated uptake was
made by Ryser and co-workers in 1990 (Figure 2).1 In a

systematic study of uptake of disulfide-bridged drug−
polylysine conjugates, inhibition by Ellman’s reagent, i.e.,
DTNB 1, led to the conclusion that “the reductive properties of
the cell surface may be important to maintain membrane protein
sulfhydryl groups, which appear to be required for active
membrane transport and for endocytosis of immune complexes”.1

This breakthrough was quickly adapted to show that the entry
of HIV is initiated by thiol-mediated uptake followed by fusion
and can be inhibited with DTNB (see section 5.6).8 The same
was found early on for diphtheria toxin, followed by many
examples for various microbe−host interactions (section
5.6).14

Arguably the first example for the use of thiol-mediated
uptake for delivery was reported by Behr and co-workers in
1995.2,15 The delivery of lipoplexes was shown to increase with
various thiol-reactive agents, including disulfides, but mal-
eimide 2 was performing best (Figure 2). Thiol-mediated
uptake through endocytosis was explicitly considered as a
mode of action, although inhibition was not reported. Such an

inhibition with DTNB 1 was shown by Sagan and co-workers
in 2009 to apply to the uptake of peptides 3 equipped with an
activated disulfide.3 Other scattered examples followed, mostly
other peptides16,17 and contrast agents,18,19 together with a
growing arsenal of probes to image and quantify the presence
of thiols on cell surfaces.20−30 However, it would be incorrect
to limit thiol-mediated uptake to thiols on cell surfaces;
disulfides on cell surfaces exchanging with arriving thiols are
equally plausible, although clearly less considered (Figure 1a).4

This also includes the possibility of exofacial disulfides in
dynamic covalent exchange with substrates other than thiols.
This combination is beyond the term “thiol-mediated uptake”,
which is however maintained for historical reasons and the lack
of convincing alternatives.4 Possible contributions from
glutathione (GSH) pumped from the cytosol to the cell
surface, and other extracellular thiols, should not be ignored
either.22,26,30,31

Besides these explicit early studies on thiol-mediated uptake,
often supported by inhibition experiments, there is a
remarkably rich literature that simply mentions the fact that
uptake increases in the presence of chalcogenides, usually
disulfides, without further explanations.4,32−51 In gene trans-
fection, disulfide polymers have been heavily explored but not
with the intention to enable uptake but to degrade the
transporters after uptake by reductive depolymerization in the
cytosol.52−60 In their seminal opinion piece in 2012, Gait and
co-workers collected many of the early examples to formulate
the concept of thiol-mediated uptake.4

We entered the field in 2014 by introducing cell-penetrating
poly(disulfide)s (CPDs) 4,5 quickly followed by cell-
penetrating cyclic oligochalcogenides (COCs) such as 5 in
2015.6 More recently, COCs were found not only to activate
but also to competitively inhibit thiol-mediated uptake, with
thiosulfonates 6 emerging as the current best to inhibit the
entry of SARS-CoV-2 lentivirus models.7

3. PRIVILEGED SCAFFOLDS

3.1. Cell-Penetrating Poly(disulfide)s (CPDs)

Coming from cell-penetrating peptides (CPPs) 761 and the
self-organizing surface-initiated polymerization (SOSIP) of
photosystems,62−65 CPDs 4 have been introduced with the
intention to replace their peptidic backbone with a disulfide
polymer without changing the cationic side chains (Figure
3).5,66 This substitution was expected, and confirmed, to
minimize toxicity and endosomal capture, resulting in efficient
cytosolic delivery, where the transporter is depolymerized
upon arrival. Thiol-mediated uptake was supported by DTNB
inhibition experiments. CPDs 4 are readily accessible by ring-
opening polymerization of COC monomers, usually derivatives
of lipoic acid such as 8. In the presence of initiators such as 9−
13 (Figures 3 and 4) and terminators 14 like iodoacetamide,
their polymerization into CPDs 4 can occur within 5 min in
neutral aqueous buffer. Interestingly, the thiolate reacts
selectively with the “secondary” sulfur in monomer 8.67

Instantaneous migration to the primary sulfur proceeds until
equilibrium is reached at 40% conversion, which implies that
the monomers in CPDs are incorporated in a secondary/
primary ratio of 6:4. With single-channel current recordings of
thiolated transmembrane pores, ring-opening polymerization
as well as the reverse ring-closing depolymerization could be
directly observed and characterized on the single-molecule
level (Figure 3).68

Figure 2. Timeline with milestones for the emergence of thiol-
mediated uptake.
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Further progress with CPDs focused mostly on initiators,
while monomers5 and terminators69 received comparably little
attention (Figure 4). Thiol conjugates with biotin 9, NTA 10,
tetrazine 11, hydroxylamine 12, or cyclodextrin 13, mostly
pioneered by Yao and co-workers, have all been introduced to
interface the resulting CPDs with substrates of free choice
using standard streptavidin, His-tag, IEDDA, or oxime
technologies, respectively.70−77 In a recent elegant study, Liu,
Moore, and co-workers showed that aryl thiols 15 provide
access to cyclic CPDs 16 because of the reactivity of the initial
disulfide.78 Traceless linkers 17 have been integrated to release
native amines instead of thiols upon reductive depolymeriza-
tion.77 Most importantly, Lu and co-workers have shown very
recently that under cryopolymerization conditions CPDs can
be grown efficiently and under biorelevant conditions directly
on proteins such as thiolated GFP, providing access to
conjugate 18 in situ.79

CPDs have been used extensively to deliver a broad variety
of substrates of biological interest, including probes, proteins,
and so on (Figure 5). Among the more advanced systems is an
artificial metalloenzyme 19 that turns on a gene switch in the
cytosol for, ultimately, metabolic engineering.80 Among the

largest systems are quantum dots (QDs) 20, covered with
streptavidin and loaded with functional nanobodies that are
otherwise notoriously difficult to deliver directly to the
cytosol.81 The mobility analysis and the poor colocalization
between QDs and fluorescently labeled dextrans demonstrated
their cytosolic localization, while intracellular formation of
aggregates 21 via GFP and the anti-GFP nanobody attached
on the QDs showed intact functionality of the nanobodies
(Figure 5a). Highlights among the extensive, creative, and
highly successful studies by Yao and co-workers arguably are
mesoporous silica nanoparticles (MPSNPs).71,72,75,76,82 The
most impressive examples include glutathione-responsive
MPSNPs 22 loaded with functional antibodies and decorated
with mitochondria-targeting triphenylphosphonium moieties
besides CPDs75 or MPSNPs 23 loaded with fluorophores and
decorated with antigen/antibody complexes and fluorescence
quenchers besides CPDs.72 Gene transfection with CPDs
obtained by templated polymerization has also been confirmed
in a most elegant study by Yang, Li, and co-workers (see
section 5.5).83

3.2. Cyclic Oligochalcogenides (COCs)

Realizing the power of thiol-mediated uptake with CPDs, we
quickly shifted our attention toward COCs.6 The general aim
was to vary speed, selectivity, and the very nature of dynamic
covalent exchange chemistry on the way into cells. COCs were
selected because the released thiolates remain nearby, ready for
further exchange, thus providing access to exchange cascades,
adaptive networks, and so on (see sections 5.1−5.5). Initial

Figure 3. Shift of attention from CPPs 7 to CPDs 4, which are
accessible in situ from monomers 8 and depolymerizable in the
cytosol. Initiators 9−13 (see Figure 4) and terminators 14, e.g.,
iodoacetamide (LG, leaving group).

Figure 4. Selected CPD initiators for CPD interfacing (9−13),
cyclization (15, to give 16), traceless release (17), and cryopolyme-
rization on proteins (e.g., GFP, 18).

Figure 5. Artificial metalloenzymes (19), quantum dots (QD, 20, 21),
and MPSNPs (22, 23) as selected more complex systems delivered
with CPDs. (a) Microscopy images show the poor colocalization of
QDs and dextran, indicating the nonendosomal localization (left), and
the intracellular aggregate 21 formation by the interaction between
anti-GFP nanobody (GBP) and GFP, loaded on different sets of QDs
(right). Adapted from ref 81. Copyright 2017 American Chemical
Society.
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studies suggested that increasing ring tension in COCs
correlates with increasing uptake activity.6 In the relaxed
disulfide 24, an acyclic oligochalcogenide (AOC), the CSSC
dihedral angle is 90°. This dihedral angle is best to minimize
lone pair repulsion and maximize hyperconjugation (Figure
6).84−86 In 1,2-dithiolanes 5 derived from asparagusic acid

(AspA), the angle decreases to 27°, and in epidithiodiketopi-
perazines (ETPs) 25 and 1,2-diselenolanes (DSLs) 26, the
CXXC dihedral angle is around 0°.87 Recent studies by Raines,
Movassaghi, and co-workers clarified that n−π* interactions to
the carbonyls stabilize ETPs sufficiently to exist under the
extreme tension at 0°,88 while in DSLs, it is the longer Se−Se
bond that makes the tension at 0° bearable.87

Like uptake activity, exchange kinetics with thiols increase
with increasing tension. In the resulting ring-opened AspA 5,
the intramolecular thiol has the standard acidity of pKa 8.2 and
is only marginally deprotonated in neutral water. In ring-
opened ETP 2589 and DSL 26,87 the obtained thiol and
selenol are much more acidic. This acidity keeps reactivity high
in neutral water, including possible ring closure and release of
the external thiol. This increased dynamic nature is likely to
contribute to their high uptake activity (see sections 5.1−5.6).
As the name implies, AspA is a natural product found in

asparagus of essentially unknown function except that the
metabolites add a characteristic malodor to the urine.6 ETPs
also occur in natural products such as gliotoxin 27,91,92 which,
interestingly, has been reported to have antiviral activity.93

Benzopolysulfanes (BPS) 28 are also present in natural
products.91,94,95 Varacin 29, from tunicates, an early target in
total synthesis,96 is arguably the most popular. BPS 30
emerged at the top of a giant library screening for kinase
inhibitors involved in neurodegenerative disorder and is active
in mice.97 Thiol-mediated uptake of BPS 28 exceeded all other
COCs (see section 5.3).90,98

Elegant studies by Wu and co-workers demonstrated that
the transannular Prelog strain in γ-turns99−101 31 correlates
with efficient cellular uptake (Figure 7).22,102 The best was a

Cys-Gly-Cys-motif (R′ = H) attached to the N-terminus of
peptides, and Cys-Gly-Gly-Cys and Cys-Cys-Gly controls were
less active.102 While relaxed single AOCs 24 showed poor
activity,6 Abe and co-workers introduced phosphoramidite 32
for use in automated DNA and RNA synthesis.103−105

Dependent on their positioning, the presence of 5−10 AOCs
32 resulted in efficient cytosolic oligonucleotide delivery.
Peptide-based oligomers of COCs, together with the
introduction of cell-penetrating streptavidin, also showed that
multivalency of COCs strongly increases uptake.106 The
complementary AspA 33 for automated peptide synthesis has
been introduced as well, and already one AspA per peptide was
confirmed to suffice for efficient delivery.107 1,2-Dithiolane
probes, such as 34, that turn on fluorescence (or release drugs)
upon reductive opening as outlined in 35, have been quite
extensively explored by Fang and co-workers.108−110 The
puzzling relation of specific thioredoxin labeling with 34 and
thiol-mediated uptake is being addressed by Thorn-Seshold
and co-workers.111

Like CPDs, COCs have been used to deliver a broad variety
of substrates, including also artificial enzymes and quantum
dots.107,112 However, the largest substrates delivered in intact
form to the cytosol are liposomes and polymersomes 36 of up
to 400 nm diameter, loaded with internal fluorescent probes
and externally added cationic COC amphiphiles.113 Doc-
umenting the power and practical usefulness of thiol-mediated
uptake, the different biological applications of CPDs, COCs,
and AOCs have been covered in more detail in several recent
reviews.70,114−119

4. INHIBITORS AND ANTIVIRALS
As mentioned in the Introduction, inhibition with Ellman’s
reagent 1 is commonly accepted as evidence for thiol-mediated
uptake (Figure 2). However, it has been noticed by several
groups that DTNB inhibition is neither efficient nor reliable.
The product of exchange with exofacial thiols is an activated
disulfide which easily continues to exchange. We thus
considered that the newly available collection of COCs
could, besides containing top transporters for thiol-mediated
uptake, also contain competitive inhibitors of the same process.
According to the inhibition of the uptake of fluorescently
labeled ETP 25 and BPS 28, COCs are up to 5000 times better
inhibitors than DTNB, with minimum inhibitory concen-

Figure 6. Some cyclic oligochalcogenides (COCs), highlighting (a)
CXXC dihedral angles of (b) privileged scaffolds with pKa’s of the
ring-opened form, (c) their cellular uptake efficiencies,87,90 and (d)
their occurrence in natural products and drugs.

Figure 7. Cys-X-Cys γ-turns 31 as privileged COC scaffold (R =
peptide, R′ usually H), compatibility of COCs and AOCs with
automated oligomer synthesis, and use of COCs for sensing and
liposome delivery.
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trations (MICs) reaching into the nanomolar range (Figure
8).7 This result provided exhaustive support, if needed, that
thiol-mediated uptake exists and is unrelated to simple passive
diffusion.

MICs against ETP 25 (E) and BPS 28 (B) differed for every
inhibitor. The resulting selectivity of inhibition can be
described as the E/B ratio of the respective MICs. Different
E/B values for different inhibitors supported that different
uptake pathways exist for thiol-mediated uptake and that not
only reactivity but also molecular recognition of and within
adaptive dynamic covalent networks contribute to activity (see
section 5.7). These influences beyond differences in reactivity
were consistent with observations from proteomics with thiol-
reactive probes.120−123 About 60% of all proteins targeted by
new probes differ from those targeted by established
controls.120

ETP uptake was best inhibited by the expanded ETP
tetrasulfide 37, which is a relatively poor transporter.7,90 Self-
inhibition by ETP disulfides was almost as efficient, as was
inhibition with BPS. Not surprisingly, thiol-mediated BPS
uptake was generally more difficult to inhibit; i.e., E/B values
were generally <1. The best inhibitors with E/B > 1 values
were γ-turns 31, followed by the cyclic thiosulfonate 6.
Removing oxygens from 6 to thiosulfinates 38 and DTT/DTE
disulfides 39 (stereochemistry irrelevant) gradually removed
inhibitory activity. The acyclic thiosulfinate allicin 40, present
in garlic, was inactive.124,125 Irreversible thiol-reactive agents
such as the recent 41 were moderately active inhibitors, with
activity increasing with reactivity.126 Ebselens 42 inhibited
uptake of both probes.
Thiosulfonates 6 also inhibited the cellular uptake of SARS-

CoV-2 lentivectors.7 The identified IC50’s were significantly
better than those measured for ebselens 42, which have
received recent attention as SARS-CoV-2 inhibitors.127−130

The cytosolic delivery by thiol-mediated uptake of CPDs or
COCs is usually insensitive to inhibitors of various forms of
endocytosis.5,6,74,87,89 Insensitivity toward wortmannin or

cytochalasin B excludes significant macropinocytosis, chlor-
promazine clathrin-mediated endocytosis, methyl-β-cyclodex-
trin caveolae-mediated endocytosis, and so on.

5. PERSPECTIVES
Thiol-mediated uptake is attractive because it is so powerful in
practice, as outlined above. Thiol-mediated uptake is
tantalizing because so little is known beyond the occurrence
of inhibitable dynamic covalent sulfur exchange chemistry.
This poor understanding of the “sulfur magic” opens wonderful
perspectives in different directions. They are outlined in the
following.
5.1. Extreme Sulfur Chemistry131

COCs have been introduced for thiol-mediated uptake to open
access to dynamic covalent exchange cascades.6,67,112 With
strained cyclic disulfides as substrate 5, tension-releasing ring
opening by exchange with a thiol on a cell surface, an
“exofacial”4 thiol, affords a new thiol in the tethered substrate
next to the new disulfide bridge between the substrate and the
cell. This thiol can react with a nearby exofacial disulfide (A,
Figure 9a). In the resulting two-step exchange cascade, cyclic

disulfides thus consume one thiol and one disulfide on the cell
surface (A), build two disulfide bridges to the cell surface, and
produce one new thiol (B, Figure 9a). With an additional
exofacial thiol near the first disulfide formed, the exchange
cascade can continue toward the next proximal disulfide (B,
Figure 9a, section 5.4).67 Resulting from the reduction of
exofacial disulfide bridges, the neighboring thiols required to
trigger continuing cascades are ubiquitous on cell surfa-
ces.21−30 The local protein misfolding caused by the exchange
cascade can be expected to introduce local disorder and
flexibility, which can be easily repaired after uptake via a
reverse exchange cascade. Possible long-distance coupling in

Figure 8. Competitive inhibitors inactivate thiols and disulfides on
cell surfaces, usually by dynamic covalent chalcogenide exchange, with
selected inhibitors of thiol-mediated uptake of fluorescent BPS (B, 28,
R = anionic fluorophore) and ETP (E, 25, R = anionic fluorophore)
and with indication of E/B selectivity (MICs against 25/28).

Figure 9. Redox-switched dynamic covalent sulfur exchange cascades
of (a) disulfide COCs, covering (b) dithiols, (c) thiosulfinates, and
(d) thiosulfonates. (a) Disulfides 5 can exchange with thiols, then
disulfides (A), then thiols, etc (B); (b) dithiols 43, perhaps also
phosphorothioates 44, with disulfides, etc (C, B); (c) thiosulfinates
38 with neighboring thiols (D−F); and (d) thiosulfonates 6 with
thiols (G), then disulfides (H), then thiols, etc (I).
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exchange cascades from exofacial thiols have been indicated in
pioneering early model studies on transmembrane signaling.132

In this context, disulfide COCs as in substrate 5 can be
considered as hyperreactive mimics of disulfide bridges in
protein substrates, with their respective selectivities added by
molecular recognition. Reduction could afford 1,3-dithiols 43
already before uptake. Cascade exchange with two proximal
disulfides on the cell surface (C, Figure 9b) could then yield a
dynamic network that is identical with the one produced by
disulfide 5 (B, Figure 9a). Such a “reversed” thiol-mediated
uptake mechanism is conceivable (Figure 1a) and of interest,
also considering, for example, the facile cellular uptake of
phosphorothioate oligonucleotides 44 (Figure 9b).48−50

On the nondynamic sulfide level, redox switching to
sulfoxide and sulfone is quite well appreciated for the rational
control of structure and function.133−136 On the disulfide level,
the same redox switching opens attractive perspectives toward
more extreme sulfur chemistry, that is, thiosulfinates 38,
thiosulfonates 6, and beyond. Reactivity toward thiols increases
with every oxygen added. Cyclic thiosulfinates 38 have been
shown to selectively target neighboring thiols (D), yielding,
through a sulfenate intermediate (E), two disulfide bridges 45
between the cell and substrate (F, Figure 9c).137,138

The opening of cyclic thiosulfonate substrates 6 with
exofacial thiols (G) affords intermediate 46 with one disulfide
bridge plus one proximal sulfinate in the substrate, which can
continue to exchange with an exofacial disulfide (H, Figure
9d).139 The net result of the full cascade is the consumption of
one exofacial thiol and one disulfide, yielding macrocycle 47
with one disulfide and one thiosulfonate bridge from substrate
to cell plus one new exofacial thiol (I, Figure 9d). This
outcome identifies thiosulfonate COCs 6 as functional
analogues of disulfide COCs 5, including the possibility to
extend exchange cascades in the likely presence of an exofacial
thiol next to the disulfide bridge in I (Figure 9d). Their
reactivity, however, differs significantly, according to the
different functional groups involved. In small-molecule models,
the formation of macrocycles 45, sulfinates 46, and both
disulfide- and sulfonate-bridged cascade products 47 has been
confirmed.137,139

These selected examples on the unfolding extreme sulfur
chemistry illustrate intriguing perspectives as the COC family
expands. Their development in the context of the topics that
follow, from adaptive networks to templated ring-opening
polymerization, promises access to diverse functions that may
or may not include thiol-mediated uptake and antivirals.

5.2. Adaptive Dynamic Covalent Networks

The best performing BPS 28 have been introduced to drive the
notion of adaptive dynamic covalent networks to the extreme
(Figures 6 and 10).90 Spontaneous ring contraction and
expansion of the pentasulfide 28, probably triggered by traces
of thiols in the solution, have been reported by several groups
and studied in more detail by Greer, Kawamura, and co-
workers.95 Among the identified BPS 48−53, pentasulfide 28
is preferred, followed by trisulfide 48 and other odd-numbered
rings up to nonasulfide 53.
In the presence of thiolates and disulfides, a rich dynamic

network unfolds, including besides the above BPS 48−53 also
acyclic monomers 54 as well as cyclic oligomers 55.90 The
largest rings observed by LC-MS are heptamers 557 (m = 6)
with up to 19 sulfur atoms in the giant macrocycle (Σnx = 5).
From such dynamic covalent networks, cells are expected to

select the best for uptake, which then could be amplified by re-
equilibration of the network. This concept is as appealing as it
is difficult to validate. Especially, amplification in response to
uptake or different templates, including metals, remains as a
most daunting challenge to tackle in future studies. The same
is true for the application of the lessons learned to other COCs
and the integration of techniques developed with dynamic
covalent libraries.10,11 These fundamental studies have
provided most impressive examples for the complexity of
oligomer structures that can emerge already from disulfide
exchange networks.10,11 Expansion into alternative reaction
pathways also deserves much attention, including redox and
radical chemistry, triggered by oxygen, light, and more.
5.3. Dynamic Covalent Affinity Columns

Thiol affinity chromatography has been considered as a
convenient empirical tool to fingerprint exchange cascades
and possibly mimic thiol-mediated uptake.87 For fluorescently
labeled 1,2-dithiolane 5, a first fraction was directly eluted
without retention (A, Figure 11a,b). A second fraction of 5 was
eluted only upon addition of reduced DTT to the mobile
phase. This partial retention was consistent with operational
dynamic covalent exchanges on the thiolate surface of the
resin, with the COC presumably being eluted in reduced form
43 (B, Figure 11a,b).
In contrast, DSL 26 was poorly retained (Figure 11c,d)87

and the first fraction eluted with a slightly longer retention

Figure 10. Adaptive dynamic covalent network produced by BPS 28,
with cells expected to select the best for uptake, which then will be
amplified by re-equilibration.
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time compared to that of AspA 5. These findings supported
that ring opening by thiol/diselenide exchange can be followed
by ring closure, with the selenophilicity of the reactive
selenolate overruling the less pronounced ring tension (C,
Figures 11c and 6). Although meaningful, this lack of retention
obviously failed to demonstrate the occurrence of ring opening
by operational dynamic covalent exchange (which was
however evinced otherwise, e.g., the catalysis of DTT oxidation
or trapping open reactive intermediates).67,87 ETP 25 was also
poorly retained on thiol affinity columns, a finding that nicely
illustrates the similarity with DSL 26 with regard to the
reactivity of the released thiol and possible ring closure.
Retention of BPS 28 was exceptionally strong and full

elution with DTT nearly impossible, causing permanent
damage to the column.90 This behavior was consistent with
the “sticky” adaptive network produced by BPS and differed
nicely from the clean retention and release of AspA 5 on the
one hand and the lack of retention with DSL 26 and ETP 25
on the other hand. Overall, thiol affinity column fingerprinting
emerges as promising tool to identify the nature of different
exchange cascades, which in turn are likely to provide access to
different mechanisms of thiol-mediated uptake.
5.4. Molecular Walkers, Pnictogens, and Conjugate
Addition

The dynamic covalent exchange cascades accessible with
COCs can be reminiscent of molecular walkers or hoppers.
The hopping of disulfide 56 along six thiols on a β-sheet track
inside a transmembrane β-barrel pore 57 has been realized by
Bayley and co-workers (Figure 12a).140 Equipped with a
voltage-sensitive bulky DNA polyanion, the dynamic covalent
exchange of disulfide 56 with the first thiol of track 57 was
reported as change of the current flowing through a single pore
(A, B). Exchange of the resulting disulfide with the next thiol
makes the DNA hop one step forward (B, C). The
directionality of further hopping along the thiol track across
the pore was assured by the applied voltage (C, D, Figure 12a).

Walking instead of hopping along the same transmembrane
thiol track was realized by merging dynamic covalent
chalcogen and pnictogen chemistry.141 Dialkyl phenylarsono-
dithioites 58 are well-known to covalently recognize
neighboring thiols (E−G, Figure 12b). To initiate the dynamic
covalent exchange cascade needed to walk along the
transmembrane thiol track 57, thiol 59, reminiscent of a
molecular crutch, was added. Thiolate exchange on the
pnictogen center allows the crutch-supported walker to lift
one foot (H), exchange with the next thiolate on the track to
make one step forward (I), and so on (I, J).
This combination of dynamic covalent chalcogen and

pnictogen chemistry has been used in other functional systems,
such as artificial vesicles made from monomers containing
three proximal thiols or polymer nanoparticles stabilized with
monomers containing up to four proximal thiols.142 Most
significant in the present context are fluorescent arsonodi-
thioite exchangers to dynamically label two to four neighboring
thiols, the latter introduced by Tsien and co-workers as
FLASH probes for the intracellular targeting of proteins with
an engineered (Cys)4 motif.143,144 Exofacial neighboring thiols

Figure 11. Thiol affinity columns as a tool to fingerprint dynamic
covalent chalcogenide exchange networks: (a, b) After injection of
AspA 5, a first fraction is eluted without retention (A), and a second
fraction is eluted upon addition of DTT (B). (c, d) DSL 26 is poorly
retained, presumably due to self-release by selenophilic ring closure.

Figure 12. Dynamic covalent chalcogen and pnictogen exchange
networks applied to molecular walkers that walk along thiol tracks 57
on a β sheet in a transmembrane pore. (a) A disulfide hopper 56
carrying DNA to hop by disulfide exchange cascades from the first (A,
B) to the second thiol (B, C) and to the other end of the track (C,
D). (b) A sulfophenyl (SP) arsonodithioite walker 58 combining
chalcogen and pnictogen exchange chemistry to step on the first (E,
F) and the second thiol (F, G) then moves from the first (G) to the
third (H, I) and then from the second toward the terminal thiol (I, J).
(c) The dynamic covalent network of Ehrlich’s arsphenamine 60.
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have been imaged with such fluorescent arsonodithioite
exchangers.23−25 Phenyl arsine oxides were also shown early
on to inhibit the entry of HIV virus about as efficiently as
DTNB.8 In clear contrast, thiol-mediated uptake and its
inhibition remain a fascinating topic to be explored with
dynamic covalent pnictogen chemistry, including possible
contributions of turned-on noncovalent pnictogen bonds into
deepened σ holes.145

Complementary to COC networks, the dynamic covalent
networks accessible with pnictogens are arguably best
illustrated with arsphenamine.146 Ehrlich’s “magic bullet”,
often considered the first drug developed by dedicated SAR,
has long been considered to be the azobenzene homologue 60
(Figure 12c). Only rather recent studies have indicated that 60
evolves into a collection of cyclic oligomers 61 and 62, which
then release 63, which is considered to be the active form of
the antisyphilis drug and further cyclizes into larger rings such
as tetramer 64.
Further expanding from molecular walkers that operate with

dynamic−covalent chalcogen and pnictogen chemistry,
divalent reversible Michael acceptors have also been
considered to generate directional exchange cascades. Leigh
and co-workers have realized molecular walkers 65 that walk
with conjugate addition along a polyamine track 66 (Figure
13a).147 Initial conjugate addition triggers the elimination of

trimethylamine to yield a second conjugate acceptor (A, Figure
13a). The second amine on the track then adds to this second
alkene, releasing the first amine and regenerating another
alkene at the same time (B). To move forward, the third amine
then adds to this alkene, and so on (C, D).
Michael cascades for thiol addition have received the most

attention for the fluorescence imaging of neighboring thiols 67,
also on cell surfaces (Figure 13b).20 Conjugate addition of the
first thiolate to cascade probe 68 (E) produces a new acceptor

(F, G) which reacts with the second thiol (G) to end up with
two sulfide bridges 69 from probe to protein. The reversibility
required for dynamic adaptive networks and, perhaps, cellular
uptake depends on the acidity of the α hydrogens. Increasing
reversibility has been obtained with cyano acceptors and π-
acidic aromatics as in 70, also in lipid bilayer mem-
branes.148−151

Conjugate addition is ubiquitous in medicinal chemistry,
arguably leading to the renaissance of covalent drugs. For
conjugate addition to membrane proteins, activation of the
spice receptor TRPA1 with cinnamaldehyde, mustard oil, or
the synthetic superspice 71 is a most spectacular example (see
section 5.7).152 Reversible cascade Michael acceptors remain
to be explored for thiol-mediated uptake, its inhibition, and the
related topics outlined above.
5.5. Templated Ring-Opening Polymerization

In light of the different expressions of the dynamic covalent
chemistry of COCs described thus far, their reversible
polymerization into CPDs can be considered as a special
expression of cascade exchange. From this perspective,
adaptive networks translate into the templated ring-opening
polymerization (TROP) of COCs (Figure 14). For TROP,

COCs are first covalently or noncovalently interfaced with a
template using a linker L (A); then the polymerization is
initiated with a thiol (A, B); and then the template is detached
to liberate polymers such as CPDs 4 (C, Figures 14 and 3).
Templated polymerization would be of interest to control
length and, at best, also sequence of the resulting polymer.
While TROP has been used regularly to build functional
systems with 1,2-dithiolanes (Figure 15), studies on template
release (Figure 14, B, C), sequence selectivity, and eventually
also self-replication remain to be realized.153 ROP and TROP
with other COCs are unexplored, as it is appealing not only
with regard to new CPDs (Figures 3−5) but also for materials
applications, dynamer plastics, and beyond.
The first systematic study on TROP with 1,2-dithiolanes was

reported by Regen and co-workers, who attached lipoic acids at
the end of lipid tails (Figure 15).154 These artificial lipids 72
were assembled into vesicles. Their TROP was then initiated
with the addition of hydrophobic thiols (Figure 15, A, B). The
obtained poly(disulfide)s stabilized vesicles and were not
further characterized.
Templated ROP of cationic lipoic acid derivatives on

oligonucleotides has been considered early on as a strategy for
gene transfection (without consideration of thiol-mediated
uptake).58 Monomers 8 developed for CPDs (Figure 3) were

Figure 13. Dynamic covalent conjugate addition cascades to (a)
create molecular walkers 65 that walk along polyamine tracks 66 from
the first two (A−C) to the last two amines (C, D) and (b) to create
molecular probes 68 that recognize neighboring thiols 67, with
addition of the first thiol (E) generating the second acceptor in situ
(F) for addition to the neighboring thiols (G), producing the two,
possibly dynamic sulfide bridges in product 69. (c) Cyano and phenyl
acceptors in 70 to enhance the reversibility of Michael addition
cascades (EWG, electron-withdrawing group) and carbonyl acceptors
in 71 to enhance the spiciness of cinnamaldehyde.

Figure 14. Ring-opening polymerization (ROP) of cyclic oligochal-
cogenides (COCs) attached with a cleavable linker L along a
template.
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studied more recently by Yang, Li, and co-workers for
templated polymerization on DNA templates and gene
transfection by thiol-mediated uptake (Figure 15, C, D).83

Whereas uptake was excellent, separation from the template
and characterization of the polymers obtained by TROP were
beyond the context of the study.
Templated ROP of COC dimers such as 73 has emerged as

the method of choice to grow ordered and oriented double-
channel photosystems with antiparallel redox gradients on
conducting surfaces (Figure 15, E).62−65 Hydrogen-bonding
assisted π stacks of the central aromatics serve to template
ROP of the COCs at both sides. Evidence for operational
templation has been secured by self-sorting. The resulting self-
organizing surface-initiated polymerization (SOSIP) has been
developed comprehensively.
Macrocycles 74 can be considered as unusual templates for

ROP of lipoic acid 8 into catenated polymers 75.155 In the
materials sciences, nontemplated ROP of 1,2-dithiolanes is
attracting increasing attention in the context of responsive
dynamic−covalent materials, including “green plas-
tics”.78,156−163 COCs other than 1,2-dithiolanes were much
less considered thus far for ROP, not to speak of TROP. The
cyclic oligomers 55 in adaptive networks produced by BPS 28
provide an inspiring illustration for what could possibly be
achieved with TROP of COCs other than 1,2-dithiolanes
(Figure 10). Already TROP of 1,2-diselenolane homologues
26 will be intriguing considering their preference to stay
closed. Only dimers 76 have so far been trapped during efforts
to detect and characterize the opening of 1,2-diselenolanes
26.67 Poly(diselenides)s have been prepared by other methods

that involve neither ROP nor dynamic covalent chalcogenide
exchange chemistry and shown to penetrate cells efficiently.164

5.6. Micellar Pores

A central question with thiol-mediated uptake is how large
substrates, from proteins to nanoparticles and liposomes, are
delivered to the cytosol by mechanisms different from
endocytosis, thus bypassing endosomal capture (sections 3.1
and 3.2). With CPPs, this question has arguably been answered
with transient micellar pores.165 It is thus not unlikely that they
contribute also to thiol-mediated uptake by direct translocation
across the plasma membrane into the cytosol.
Micellar pores, referred to also as lipid ion channels or

toroidal pores, can form spontaneously in lipid bilayer
membranes. Their saddle-shaped surface is the result of a
combination of negative and positive curvature, obtained by
the combination of normal (or hexagonal 1) and inversed (or
hexagonal 2) micellar fragments as outlined in Figure 16.

Observed as early as 1974,166 micellar pores were characterized
in detail by Heimburg and co-workers, including voltage
dependence.167 Colombini and co-workers reported that the
presence of ceramides favors the formation of micellar
pores.168 Many peptides are known to induce the formation
of micellar pores, including helical toxins and antibiotics.
Matsuzaki and co-workers demonstrated that magainin-
induced micellar pores coincide with lipid flip-flop and can
be characterized with the respective assays.169 Micellar pores
have also been proposed to explain ion channel formation by
transmembrane B-DNA helices.170

The formation of micellar pores by CPPs has been
demonstrated with single-channel conductance experiments
and supported by computational models.171,172 MacKinnon
and co-workers implied similar micellar defects to account for
lipid-mediated voltage gating of neuronal potassium channels.
The elastic and transient nature of micellar pores is consistent
with the translocation of also CPPs that carry large, even giant,
substrates. Sealed throughout without any content leakage,
such pores can conceivably expand temporarily to match the
diameter of the substrate and contract and self-heal once they
have passed (Figure 16).

Figure 15. Examples for ring-opening polymerization (ROP) of 1,2-
dithiolanes templated in vesicles (A, B), on DNA nanoparticles (C,
D), along π stacks on electrodes (E) and through macrocycles 74,
compared to the practically unexplored ROP of 1,2-diselenolanes 26.

Figure 16. Schematic side, perspective, and top view (top to bottom)
of micellar pores (or lipid ion channels, toroidal pores) next to
dynamic covalent chalcogen exchange networks as outlined in
preceding figures.
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For the remarkably efficient, endocytosis- and fusion-
independent cytosolic delivery with CPDs and COCs,
contributions from transient micellar pores offer a plausible
explanation. Contrary to the repulsion-driven ion pairing165

that binds CPPs to anionic membrane surfaces, micellar pore
formation during thiol-mediated uptake would coincide with
the unfolding of adaptive networks by dynamic covalent
chalcogenide exchange chemistry and local protein denatura-
tion, as described in the preceding chapters (Figure 16).
Possible protein targets participating in these events will be
briefly portrayed in the following.

5.7. Target Identification

While micellar pores may or may not contribute to direct
translocation during thiol-mediated uptake, the cellular targets
of dynamic covalent sulfur exchange most likely do. However,
their involvement beyond dynamic covalent exchange remains
to be determined, and their nature, with a few exceptions,
remains to be identified.
Target identification for thiol-mediated uptake is compli-

cated by the dynamic nature of the process. While proteomics
analysis is, of course, possible,173 it is difficult to tell if the
detected proteins are really relevant for thiol-mediated uptake.
The most reliable feedback can be obtained by suppression
and overexpression of interesting candidates.173,50,139 How-

ever, laborious suppression−overexpression approaches evalu-
ating one target after the other cope poorly with the high
number of possible targets. The most developed example for
multiple targets in thiol-mediated uptake is the transferrin
receptor (TFRC), identified top in proteomics analysis and
validated by suppression−overexpression for AspA 5 but less
relevant for ETP 25 (Figure 6).173 These proteomics results
and protein data bank analysis reveal an overwhelming number
of possible targets for thiol-mediated uptake. In the following, a
few short portraits of the most inspiring candidates are
provided (Figure 17).
TFRC (Figure 17a), the transferrin receptor, is a highly

abundant transmembrane protein on the cell surface. It enters
cells by clathrin-mediated endocytosis after binding to the
transferrin−iron complex and returns to the cell surface after
releasing iron. Many drug delivery systems have been
developed to profit from this system.174 Various viruses,
including SARS-CoV-2, also use TFRC binding for their entry
into cells.175,176

Proteomics studies using fluorescently labeled AspA 5
identified TFRC as the top candidate to mediate its cellular
uptake. Reduced uptake of AspA upon mutations of a pair of
Cys 556/558 demonstrated their critical importance.173 Thus,
the first step of the thiol-mediated uptake through TFRC
should be a ring-opening exchange between one of these

Figure 17. Hypothetical thiol-mediated uptake mechanisms with disulfide-network candidates covering (a) transferrin receptor (TFR), (b)
chloride intracellular channel protein 1 (CLIC1), (c) Ca2+-activated scramblase (TMEM16F), (d) transient receptor potential cation channel
(TRPA1), (e) voltage-gated calcium channel (Cav1.1), and (f) epidermal growth factor receptor (EGFR).
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cysteine thiolates and a COC (Figures 17a, A, B and 9a). The
resulting TFRC−chalcogenide conjugate B could enter the cell
by endocytosis, but to reach the cytosol, the chalcogenide has
to dissociate from TFRC and cross the membrane. The formed
thiolate (or selenolate) might undergo further exchange
reactions with disulfides near the membrane water interface
stapling two TFRC units, which would require a significant
protein conformational change (B, C). Cleavage of the two
disulfide bonds could allow the two protein units to dissociate
and expose space for the COC to slip through (C, D). The
covalent bonds between TFRC and chalcogenides could be
cleaved by reacting with an intracellular exchanger, e.g.,
glutathione (D−F), or with the thiols on the other TFRC
unit (D, A) to release the chalcogenide inside of the cell and
recover TFRC in the original state.
Contrary to AspA 5, thiol-mediated uptake of ETP 25 is

much less sensitive to TFRC knockdown (Figure 6).89 This
observation supports insights from inhibitor selectivity and
proteomics that more than one pathway is available for thiol-
mediated uptake (Figure 8).7 siRNA−CPD polyplexes
conjugated to transferrin have been shown to enter deep
tissue by transcytosis, but contributions from dynamic covalent
exchange chemistry have not been considered.60

CLIC1, the chloride intracellular channel protein 1, is a
cytosolic protein that exists in both soluble (G) and
membrane-bound forms (H, Figure 17b).177−179 Conductance
measurements show that soluble CLIC1 G added to one side
(cis) of a bilayer membrane inserts spontaneously in the
membrane and forms poorly selective anion channels H.180

Importantly, the conductance can be regulated by the addition
of thiol-reactive agents, such as N-ethylmaleimide (NEM), to
the opposite side (trans) of the membrane. Thus, the reactive
Cys24 is accessible to the aqueous medium at the other side of
the membrane, which is, if extrapolated to in vivo, the
extracellular side. The same Cys24 is also the critical residue
for CLIC1’s glutathione S-transferase like activity in the soluble
form G.181 Although the structure of the membrane-bound
form H is not known, it is believed to consist of helix bundles
forming barrel-stave like structure. The presence of different
conductance levels implies that the number of monomer units
and thus the channel diameter can vary.178

CLIC1 was one of the top five proteins identified by the
proteomics study with AspA 5.173 The reaction of COCs with
Cys24 of CLIC1 in the membrane-bound form H, followed by
the disulfide exchange with another Cys24 of another
monomer unit (I), might release COCs in the adaptable
CLIC1 channels to pass through.
TMEM16F (Figure 17c), a Ca2+-activated scramblase,

mediates bidirectional flip-flop of phospholipids in an energy-
independent manner.182−184 Upon activation, the hydrophilic
micellar-type pores open within the protein to allow the
translocation of hydrophilic lipid head groups across the
hydrophobic core of the membrane (J). Its sensitivity to thiol-
reactive agents is implied by its involvement in the formation
of giant plasma membrane vesicles (GPMVs) by the action of
NEM and paraformaldehyde.185 Moreover, several cysteine
residues are located in the transmembrane helices near the
micellar hydrophilic pore. Thus, the reaction of these cysteines
with COCs followed by its passage through micellar pores
might be possible (J, K). TMEM16F arguably comes closest to
the hypothesis combining micellar pores with adaptive sulfur
networks, at best molecular walkers (Figures 9a and 16).

TRPA1 (Figure 17d), the transient receptor potential cation
channel, also called the “wasabi receptor”, is activated by a
wide variety of thiolate reactive electrophiles, including the
wasabi and mustard component, allyl isocyanate, cinnamalde-
hyde, and the more electrophilic superspice 71 (Figures 17d
and 13).152,186 The binding sites Cys 415/422/622 are in the
cytosol and thus not easily accessible to a hydrophilic COC.152

However, other cysteine residues present within the trans-
membrane helices might contribute to the passage of COCs via
thiolate−dichalcogenide exchange (L, M, Figure 17d).
Cav1.1 (Figure 17e), a voltage-gated calcium channel,

contains many cysteine residues in the transmembrane helices
(N). Its redox sensitivity was shown by the oxidative (GSSG or
DTNB) or reductive (GSH or DTT) treatment to result in the
increase or decrease of the open probability of the ion
channels, respectively.187 Similar modulations of transport
activities by thiol-reactive agents were also noted for a cystine/
glutamate antiporter188 and organic anion transporter.189

These highly reactive cysteines are thus located near the
transport pathways and might contribute to the thiol-mediated
uptake in the manner similar to that of CLIC1.
EGFR (Figure 17f), the epidermal growth factor receptor, is

a transmembrane receptor protein circulating between the
plasma membrane and the endosomes, similarly to TFRC.190

The extracellular part of this protein (O) is particularly rich in
cysteine/cystine residues and is known to be targeted by
dithiolanes and thiosulfinates.139,191 In the elegant work of
Castellano and co-workers, EGFR has been proposed to be the
target of cyclic thiosulfonates similar to 6 (Figure 9d).139

Cascade opening converting one exofacial thiol and one
disulfide into one disulfide and one thiosulfonate bridge plus
one new exofacial thiol has been suggested to ultimately
account for antitumor activity. Crooke and co-workers have
demonstrated that EGFR directly interacts with phosphor-
othioate antisense oligonucleotides 44 during their uptake into
the cytosol and that EGFR suppression and overexpression
reduce and enhance uptake via clathrin-mediated endocytosis
(Figure 9b). Although the lack of cysteines in the trans-
membrane helices may (or may not) be incompatible with
disulfide tracks for walking, this protein might capture COCs,
pass them on to the other proteins to be transported across the
membrane, or find other ways to mediate translocation.
Such roles can possibly be played by many other cysteine-

rich proteins, such as integrins,192 mucins,193 or scavenger
receptors. Scavenger receptor class B type 1 (SCARB1), for
instance, is attractive because it is a membrane protein
responsible for cholesteryl ester uptake, a proteomics target of
AspA 5,173 and involved in the uptake of phosphorothioate
RNA 4449 and hepatitis virus194 (which is known to be thiol-
mediated).195

PDIs (Figure 18), protein disulfide isomerases, are soluble
thiol oxidoreductases of a thioredoxin superfamily. They locate
mainly in the ER and assist the oxidative folding of nascent
proteins. However, they are also found in the cytosol, in
mitochondria, in nuclei, and on cell surfaces.196,197 Extrac-
ellular PDIs associate to the cell surface through binding to the
other surface-confined proteins, such as galectin-9, which in
turn binds to glycosylated membrane proteins.198 The cell
surface PDIs are involved in, for example, cell adhesion,
nitrosyl transfer, and viral entry.8,199
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5.8. Viral Uptake

As already outlined in the introduction, HIV entry has been
one of the earliest observed examples of thiol-mediated uptake
(Figure 2).1,8 The developed mechanism suggests that HIV
attaches to the cells by the binding of gp120 and CD4 (Figure
18, A). Then, PDI bound to CD4 reduces disulfides in gp120
to induce the conformational change needed to expose the N-
terminus of gp41, which spontaneously inserts into the
membrane (B) to prepare for fusion controlled by the popular
helix bundle formation (C). This mechanism is supported by
inhibition with Ellman’s reagent 1 (Figure 2) and arsine oxides
similar to Ehrlich’s magic bullet 60 (Figure 12).8,146

By now, it is known that many other viruses use thiol−
disulfide exchange to initiate cell entry, including Sindbis200,201

and the LDV virus,202 some coronaviruses,203−205 murine
leukemia virus,206,207 baculovirus,208 Newcastle disease,209 or
hepatitis.195,210 With toxins, dynamic covalent exchange on cell
surfaces (diphteria)14,211,212 is less common than enzymatic
reduction after endocytosis (ricin,14,213 cholera,214 pseudono-
mas exotoxin,215 and anthrax216). Many bacteria and parasites
require thiols for attachment to mammalian cells.217−223

The involvement of thiol-mediated uptake in the entry of
SARS-CoV-2 has received little support so far. The best
established model is centered around the molecular recog-
nition between the spike protein of the virus and ACE2, the
angiotensin-converting enzyme 2.9,224,225 The recognition can
be followed by clathrin-dependent endocytosis, with the
cathepsin cysteine proteases essential for endosomal escape.
Alternatively, the serine protease TMPRSS2 on the cell surface
can activate the spike/ACE2 complex for clathrin-independent
membrane fusion. The understanding of these mechanisms is
under constant evolution. The cell surface proteins neuropilin-
1 and the serine protease furin have been added recently.226

The most recent confirmation that the transferrin receptor is
involved in SARS-CoV-2 entry176 is particularly intriguing
because it is a proteomics-confirmed target of thiol-mediated

uptake173 and overexpressed on the blood−brain barrier
endothelial cells for iron transport by transcytosis.60

Also very recently, we have identified inhibitors that are
active against both thiol-mediated uptake and SARS-CoV-2
entry.7 The best so far are several cyclic thiosulfonates 6, better
than the much discussed ebselens 42 (Figure 8). The future
will tell if this is more than a coincidence. The same holds for
TFRC as a common target,60,173,176 EGFR as an interesting
candidate,50,139 and possibly also SCARB1173,194,195 and other
candidates outlined in section 5.7. Other targets have been
proposed for all active compounds, including zinc fingers227

and cysteine proteases129,130 that are presumably not involved
with cellular uptake, and multitarget mechanisms are quite
likely.128

6. CONCLUSIONS
Thiol-mediated uptake is fascinating because it works so well
in practice, while the modes of action are essentially unknown.
Dynamic covalent chalcogenide exchange chemistry appears to
account for both sides of the coin. In the spirit of a Perspective,
we spend only a little time summarizing the many successful
applications of thiol-mediated uptake in biology that have
already been reviewed elsewhere.70,115−117,119 Instead, we tried
to map out the chemical space that enriches and complicates
the elucidation of possible modes of action.
The result is a collection of classics in dynamic covalent

chemistry, combining adaptive networks with templated
polymerization, molecular walkers with micellar pores and
affinity chromatography, and a gallery of membrane proteins as
possible partners. The covered topics all relate to dynamic
covalent processes, which means that they are hard to detect
and characterize. This does not mean that they are absent or
less significant. Quite the contrary, they all stand for
translational supramolecular chemistry at its best, supporting
the general expectation that focusing on different, underrecog-
nized, perhaps elusive, and at best new ways to get into contact
on the molecular level will ultimately allow us to tackle some of
the more persistent challenges in science and society, here to
unravel new ways to get into cells, and, perhaps, to stop viruses
to do the same.
The relevance of most of this collection of classics in

supramolecular chemistry for thiol-mediated uptake and the
discovery of antivirals remain to be seen. Illustrating the
breadth, complexity, and beauty of the topic, they are
developed in this Perspective to outline inspirational
possibilities that wait to be explored, with the objective to
ultimately understand all the different expressions of thiol-
mediated uptake, to understand how it really works.
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