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Enabling the cellular delivery and cytosolic bioavailability of functional proteins constitutes a major challenge for the life sciences. Here we demonstrate that thiol-reactive arginine-rich peptide additives can enhance the cellular uptake of protein–CPP
conjugates in a non-endocytic mode, even at low micromolar concentration. We show that such thiol- or HaloTag-reactive additives can result in covalently anchored CPPs on the cell surface, which are highly effective at co-delivering protein cargoes.
Taking advantage of the thiol reactivity of our most effective CPP additive, we show that Cys-containing proteins can be readily
delivered into the cytosol by simple co-addition of a slight excess of this CPP. Furthermore, we demonstrate the application of
our ‘CPP-additive technique’ in the delivery of functional enzymes, nanobodies and full-length immunoglobulin-G antibodies.
This new cellular uptake protocol greatly simplifies both the accessibility and efficiency of protein and antibody delivery, with
minimal chemical or genetic engineering.

P

roteins offer a tremendous structural and functional diversity, which makes them indispensable tools for biological and
pharmacological applications. However, proteins are large and
hydrophilic, and thus usually not cell-permeable, which severely
limits their potential in both research and therapy. Consequently,
the intracellular delivery of functional proteins remains one of the
biggest challenges in the molecular life sciences, although considerable progress has been made recently1,2. Among other methods,
cell-penetrating peptides (CPPs) have established themselves as
potent tools in the delivery of a variety of cargoes3.
The first CPPs or ‘protein transduction domains’ (PTDs), discovered about 30 years ago, originated from the transactivator of
transcription (TAT) protein of the human immunodeficiency virus
(HIV)4 and the Drosophila antennapedia homeodomain (penetratin)5,6. Since then, many CPPs have been described, with both
natural and synthetic origins. Several studies have investigated their
mechanisms of action and used them in various applications of biology7,8. However, how, exactly, CPPs enter cells remains the subject of
controversy. Much effort has been devoted to cationic CPPs, which
can bind to cell membranes through ionic interactions before being
endocytosed9,10. Equally, many reports describe CPP-mediated
uptake at cold temperatures, where active uptake processes should
not occur, or in the presence of endocytosis inhibitors11,12. The latter
process, commonly referred to as ‘transduction’, is reported to be
dependent on concentration13,14 and also on the cargo attached to
the peptide15. This can be seen when using linear CPPs to transport
small cargoes such as fluorophores and peptides, which typically
leads to localization in the cytosol, whereas larger protein cargoes
are often trapped in endosomes16,17.
To further improve the delivery of CPP-linked cargoes, researchers have implemented additional modules into uptake protocols. For example, addition of the enzyme sphingomyelinase was

found to result in increased uptake of cationic CPPs by generating
ceramide on the cell surface18, while the addition of pyrenebutyrate
as a hydrophobic counterion to cells before adding the CPP conjugate led to improved uptake19. Finally, the addition of peptides or
small molecules has been pursued to mediate endosomal leakage for
the release of cargoes into the cytosol20–24.
An important element in the design of effective CPPs for the
transport of cargo to the cytosol is cyclization25,26. It has been demonstrated that cyclization leads to a remarkable increase in both the
efficiency and speed of membrane transduction27, probably stemming from the presentation of the positive charges on the peptide.
We have previously shown that cyclization and subsequent conjugation of a single TAT peptide can be used to transport green fluorescent protein (GFP) into the cytosol of cells, which was impossible
with the linear variant28. Since then, we have been able to apply this
methodology to the cytosolic transport of nanobodies as well as the
intracellular targeting of fluorescent proteins29,30. Still, to achieve
transduction of proteins into the cytosol, rather high concentrations of the cargo protein must be applied, ranging from 10 µM
of a small antibody fragment (nanobody) to up to over 100 µM
of enhanced GFP (EGFP). These concentrations are much higher
than those required for the transduction of small cargoes27 and suggest that there is a size dependence of the cargo on transduction.
Consequently, it might not be possible at all to deliver even larger
molecules in an energy-independent manner.
Encouraged by previous findings that report the cooperative interaction of arginine-rich CPPs with physiological membranes in a concentration-dependent manner31–34, we probed the
impact of CPPs added to cells in addition to protein–CPP cargoes.
Starting with simple cysteine-containing unbound CPPs as additives, we find that thiol reactivity plays an important role in this
additive approach, which is consistent with previous reports using
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thiol-reactive cargoes35,36. In particular, we show that electrophilic
thiol-reactive CPP additives are highly effective at creating nucleation zones on the cell surface, which enable efficient transduction
of protein–CPP conjugates. Our protocol proves to be highly effective, simple and not harmful to the cell. Importantly, we show that
we can enable the transduction of recombinant CPP-containing
proteins as well as a 150-kDa immunoglobulin-G (IgG) antibody
into living cells via a non-endosomal uptake mechanism.

Results

Improved cellular uptake of cargoes mediated by cell-penetrating
peptide additives. To evaluate the concentration, temperature and
cargo size dependency of added arginine-rich peptides in the mediation of cytosolic delivery, we chose three distinct cargoes to transport: the organic fluorophore tetramethylrhodamine (TAMRA,
~450 Da), the camelid-derived anti-GFP nanobody GBP1 (~14 kDa)
and the fluorescent protein mCherry with a nuclear localization
signal (NLS-mCherry, ~28 kDa). We attached each of the cargoes
to a synthetic cyclic R10 (cR10) peptide, yielding an intracellularly
non-cleavable conjugate, either via an amide bond in the case of
TAMRA or using maleimide chemistry for the proteins (analytical data for the peptides are provided in Supplementary Fig. 1, and
characterization of GBP1 and mCherry, and their CPP conjugates,
is described in Supplementary Figs. 2 and 3), following our previous reports29,30. In all cases, successful cytosolic delivery would
lead to staining of the cytosol and of the nucleolus, an RNA-rich
membrane-less compartment inside the nucleus (red area in the
nucleus, Fig. 1a) for which cationic CPPs have affinity29,37,38. The
cR10 peptide, consisting of 10 arginines with alternating l and d
configurations, has previously been shown to be effective in the
delivery of functional proteins, albeit only at relatively high concentrations29,30. We then applied all of the synthesized cargoes to
HeLa Kyoto cells (expressing nuclear GFP–PCNA39,40 (PCNA, proliferating cell nuclear antigen) as antigen for the nanobody), at both
37 °C and 4 °C (Fig. 1b–d and individual channels in Supplementary
Fig. 4). At 37 °C, the CPP-bearing cargoes can reach the cytosol
either via endocytosis and endosomal escape (Fig. 1a) or by directly
transducing the membrane, circumventing energy-dependent
transport. At 4 °C, however, active transport should not occur, and
the cellular fluorescence would be the result of transduction41,42.
Following incubation of the cells with TAMRA–cR10 for 1 h in
cell culture medium, we found cytosolic (and nucleolar) localization of the red fluorophore at only 1 µM, with incubation at both
4 °C and 37 °C (Fig. 1b). These experiments show that successful
cytosolic delivery for this small fluorophore can be achieved under
conditions without endosomal uptake.
For the nanobody–CPP conjugate, a concentration of 1 µM results
in predominantly punctate endosomal fluorescence at 37 °C, whereas
at 4 °C the nanobody is excluded from the cell (Fig. 1c). At a concentration of 5 µM, endosomal uptake is less prominent, and uptake
also works to some extent at the cold temperature (Supplementary
Fig. 4). At 10 µM concentration, all cells show cytosolic (and nucleolar) staining at 37 °C and 4 °C (Fig. 1c). Interestingly, for all proteins
we tested, the nucleolar staining is more evident at 37 °C, whereas
cytosolic staining is more pronounced at 4 °C, which may be because
active nuclear import is also an energy-independent process43.
Following our proposal, we thought it might be possible to
rescue the cytosolic delivery of the protein at low concentrations
by adding unbound CPP. Indeed, when we co-incubated 5 µM
cysteine-containing cR10 peptide (Cys-cR10, 1), which we previously used for the semi-synthesis of nanobodies by expressed protein ligation30, with 1 µM nanobody–cR10 conjugate for 1 h on HeLa
cells, the nanobody showed efficient cytosolic and nucleolar staining at both temperatures (Fig. 1c and Supplementary Fig. 4).
For the NLS-mCherry–cR10 conjugate (I), the required concentration to achieve cytosolic uptake is even more restrictive, with
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anything below 50 µM leading to dominant endosomal uptake without nucleolar localization at 37 °C and no uptake at all at 4 °C (Fig.
1d). Analogous to the nanobody experiments, the addition of 5 µM
peptide 1 allowed energy-independent transduction of mCherry
at a low concentration of 5 µM (Fig. 1d). Delivery could even be
achieved at 1 µM protein and 5 µM peptide (Supplementary Fig. 4),
although under these conditions the fluorescence of the mCherry
was faint and difficult to detect.
Encouraged by these findings, we subsequently probed the
performance of linear CPP sequences in the cargo conjugates and
additives. Although CPP cyclization is known to improve cell
permeability27,28, we now also observed efficient nucleolar delivery of 5 µM NLS-mCherry linked to a linear R10 peptide (conjugate II) with 5 µM of a linear CPP additive (Cys-R10 2), in which
both sequences consist of 10 l-arginine residues (Fig. 1e). With
CPP additive 2, nucleolar red fluorescence could be detected in
more than 90% of cells, but in less than 5% without the additive
(Supplementary Fig. 5). As a comparison, we tested the delivery of
mCherry–R10 II in the presence of 10 or 150 µM endosomolytic
peptide ppTG2144,45. Neither concentration led to efficient endosomal release, instead leading to the formation of large, fluorescent
aggregates in cells (Supplementary Fig. 5).
Finally, we performed uptake at 37 °C with NLS-mCherry–R10
II and CPP additive 2 in the presence of Alexa647-labelled transferrin (which undergoes receptor-mediated endocytosis46,47) and
endocytosis inhibitors (sodium azide, Dynasore and pitstop 2).
Although we could see inhibition of the endocytosis of transferrin,
we could detect nucleolar mCherry, regardless of the inhibitor used
(Supplementary Fig. 6).
A thiol-reactive deca-arginine is a highly effective additive for
delivering CPP-conjugated proteins. To further evaluate the high
efficiency of the CPP-peptide additives 1 and 2 in our additive protocol and to probe the impact of the N-terminal thiol functionality, we synthesized additional linear CPPs 3–5 with different thiol
derivatives (Fig. 2a). We then co-delivered 5 µM CPP conjugates
of mCherry linked either to a linear (II) or cyclic R10 (I) (as in
Fig. 1d,e) together with the newly synthesized peptides 1–5 into
HeLa Kyoto cells and used microscopy to measure both nuclear and
total fluorescence (representative pictures for all tested conditions
are presented in Supplementary Fig. 7). In this way, we quantified
the desirable delivery to the nucleus and nucleoli (Fig. 2a), and also
the amount of unwanted endosomal entrapment (Supplementary
Fig. 8; for details see Supplementary Methods). Using unconjugated
mCherry as a cargo did not result in any detectable intracellular
fluorescence, while using mCherry–R10 conjugate II in combination with additive R10 peptide 2 led to nuclear/nucleolar staining,
as before (Fig. 2a, first two bars).
To exclude thiol-based interactions of the peptide, we capped
the N-terminal Cys residue with iodoacetamide in CPP 3.
With 3, we observed a sharp decrease in the efficiency of nuclear
protein delivery in comparison to additive 2 (Fig. 2a, grey and
mint bars). To probe a potential dimerization of the CPP, following the previous observation of using disulfide-linked TAT
dimers21, we employed the dimer of Cys-R10 (4, red bar).
However, no increase in efficiency over using monomer 2 was visible in this case.
Based on these observations, we hypothesized that the better delivery using peptide additive 2 is due to the formation of
disulfide bridges on the cell surface48,49. We thus synthesized a
thio-nitro-benzoic-acid-activated R10 peptide (TNB-R10, 5),
which carries an electrophilic disulfide to accelerate disulfide formation. Indeed, we observed more than 50% increase in nuclear
mCherry fluorescence intensity compared to that of the Cys-variant
2 (blue bar, Fig. 2a), as well as a significant increase in the fraction
of nuclear fluorescence (Supplementary Fig. 8).
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Fig. 1 | Concentration-dependent delivery of CPP-bearing red fluorescent cargoes into HeLa Kyoto cells at 37 °C and 4 °C. a, The different modes of
uptake at 37 °C and 4 °C. b, Cellular uptake of TAMRA–cR10 at 37 °C and 4 °C and a concentration of 1 µM. c, Cellular uptake of fluorescently labelled
GBP1 nanobody (PDB structure 3K1K) with cR10 peptide at 37 °C and 4 °C and concentrations of 1 and 10 µM, as well as at 1 µM concentration with
5 µM additional cR10 1. Here, nuclear GFP fluorescence of the GFP–PCNA fusion protein is shown instead of the Hoechst staining. d, Cellular uptake
of cR10-modified NLS-mCherry I (PDB 2H5Q) at 37 °C and 4 °C and concentrations of 10, 30 and 50 µM, as well as at 5 µM concentration with 5 µM
additional cR10. e, Cellular uptake of linear R10-modified NLS-mCherry II with added 5 µM linear R10 2. Scale bars, 20 µm. Uppercase R is l-arginine and
lower case r is d-arginine. Split channel images and additional concentrations are described in Supplementary Fig. 4.

Using the cyclic R10 peptide 1 as co-delivery agent decreased
the uptake efficiency (Fig. 2a, brown bar), but using the mCherry
conjugate with the cyclic R10 (I) made the delivery with additive 2
even more efficient (Fig. 2a, orange bar).
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By far the highest nuclear fluorescence was observed with conjugate (I) in combination with the electrophilic disulfide additive
5 (Fig. 2a, green bar), although endosomal fluorescence was also
increased under these conditions (Supplementary Fig. 8).
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Fig. 2 | TNB-R10 and its performance in delivering CPP-bearing cargoes into cells. a, Quantitative microscopy data showing the mean fluorescence
intensity in the nucleus of mCherry–R10 conjugates I and II with R10 peptides 1–5, as well as representative microscopy images (images of at least 150
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to mCherry–R10 with TNB-R10; P = 0.0011 for mCherry–R10 with Cys-R10 compared to mCherry–cR10 with Cys-R10; P = 0.0006 for mCherry–R10 with
Cys-R10 compared to mCherry–R10 with TNB-R10. ***P < 0.0005, **P < 0.005; NS, not significant. b, Time-lapse experiments showing the cellular uptake
of fluorescent R10 peptides with different head groups. Yellow arrowheads indicate nucleation zones where fluorescence is enriched before uptake into the
cell. Scale bars, 20 µm.
Nature Chemistry | VOL 13 | June 2021 | 530–539 | www.nature.com/naturechemistry

533

Articles
a

NaTurE CHEmisTry

COOH

O2N

TAMRA
S
S

R10
H2N
O

5 µM TNB-R10–TAMRA 8
+
O

60

90

120

t (s) = 30

90

150

210

O

R10

N
O

t (s) = 30
Cy5

5 µM Maleimide-R10–
Cy5 13

mCherry

b

R10
mCherry

NLS

5 µM NLS-mCherry–
R10 II
+
O

O

R10

N
O

Cy5

10 µM Maleimide-R10–
Cy5 13

c

Dual promotor
EGFP

Cell-surface HaloTag reporter plasmid:
20 µM Halo-R10 17
HaloTag

Hoechst

cR10

SP
EGFP

HaloTag

TM

mCherry

R1

0

EGFP

5 µM NLSmCherry–cR10 I
O

Halo-R10:

Cl

N
H

O

RRRRRRRRRR

O
O

n = 0 ≙ 16
n = 2 ≙ 17
n = 4 ≙ 18

n = 6 ≙ 19
n = 8 ≙ 20

n

Fig. 3 | Protein transduction into cells through CPP-labelled cell membranes. a, Time-lapse experiment of the simultaneous uptake of the TNB-R10–
TAMRA 8 and maleimide-R10–Cy5 13 peptides into cells in cell medium. Yellow arrowheads indicate nucleation zones stained by both peptides.
b, Time-lapse of the co-delivery of NLS-mCherry–R10 II together with the maleimide-R10–Cy5 peptide 13 on HeLa Kyoto cells in cell medium. Yellow
arrowheads indicate nucleation zones and blue arrowheads the appearance of nucleolar staining of the mCherry. c, Cellular uptake of NLS-mCherry–cR10
I in the presence of chloroalkane-modified ‘Halo-R10’ 17 on HeLa Kyoto cells transfected with EGFP-transmembrane-HaloTag plasmid (1 h at 37 °C in cell
medium). SP, signal peptide; TM, transmembrane sequence. Blue arrowheads indicate mCherry in the nucleoli of EGFP-positive cells. Uptake experiments
with peptides 16 and 18–20 are described in Supplementary Fig. 21. Scale bars, 20 µm.

Another clear advantage of using an additive to control the
cytosolic delivery of cargoes is that it may allow more control over
the delivered cargo concentration. To test this proposal, we added
various amounts of NLS-mCherry–R10 to cells, together with a
constant concentration of peptide additive 5. We could see a linear
relationship between the amount of mCherry added to the cells and
the resulting nucleolar fluorescence, indicating that it is possible to
precisely titrate a cargo into cells (Supplementary Fig. 9).
To obtain a better understanding of how the cysteine- and
TNB-containing peptide additives perform better in cargo delivery,
we synthesized fluorescent variants 6–8 of peptides 2, 3 and 5. We
534

performed time-lapse uptake experiments of the peptides alone at
5, 10 and 20 µM concentration (Fig. 2b; the complete dataset is provided in Supplementary Fig. 10). All peptides showed rapid uptake
into cells at 20 µM concentration, immediately after the appearance
of bright spots on the membrane, which were previously described
as ‘nucleation zones’13,50. At 10 µM concentration, the acetylated
peptide 7 did not show any uptake during the first 3 min, whereas
the uptake was already complete for 6 and 8 (Fig. 2b). Notably, the
TNB-modified peptide 8 (Fig. 2b, bottom row) showed very quick
uptake and very frequent formation of nucleation zones (yellow
arrowheads, enlarged insets in Supplementary Fig. 10). Similar
Nature Chemistry | VOL 13 | June 2021 | 530–539 | www.nature.com/naturechemistry
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observations could also be made with 5 µM peptide, although
uptake was slower (Supplementary Fig. 10). These findings suggest
that the thiol-reactive head groups assist the peptide in forming
these zones and crossing the membrane.
To ensure that this effect is due to the thiol reactivity of the TNB
group, we pre-treated cells with a thiol-reactive maleimide that
should at least partially block the accessible cell-surface thiols. After
this pre-treatment, uptake of the TNB-R10 8 was indeed slowed
down considerably (Supplementary Fig. 11). The peptide was also
not taken up at all in the presence of the anionic polysaccharide
heparin (Supplementary Fig. 11), showing that the electrostatic
interactions between the polyarginine and cell are also crucial for
uptake. We also investigated the addition of free, reduced cysteine
into the cell medium during uptake51. Addition of cysteine neither
sped up the uptake of the acetylated peptide 7 (Supplementary
Fig. 12) nor slowed down the uptake of the cysteine-containing
peptide 6 (Supplementary Fig. 13).
To verify that these effects are independent of the position of
the cysteine within the peptide, we also synthesized two additional
cysteine-containing, fluorescent R10 peptides in which the cysteine
was in a different position (within the polyarginine sequence or at
the C terminus). These peptides showed comparable rates of uptake
to the previous peptide and they were also much faster than their
acetylated counterparts (peptides 9–12, Supplementary Fig. 14).
Covalent immobilization of CPPs on the cell surface allows
delivery of large cargoes through the membrane. Next, we
Nature Chemistry | VOL 13 | June 2021 | 530–539 | www.nature.com/naturechemistry

wanted to explore other cysteine-selective reactions in this context.
Maleimides are also thiol-selective and form more stable bonds
(under biological conditions) than disulfides, which makes characterization easier. We first wanted to confirm that there are addressable, surface-exposed thiols on cells. To that end, we labelled cells
with a cell-impermeable, maleimide-functionalized fluorophore
(Supplementary Fig. 15). The fluorophore showed effective membrane staining, which could be strongly reduced by first blocking
thiols on the cells with Ellman’s reagent (Supplementary Fig. 15).
We then synthesized a fluorescent, maleimide-functionalized
linear R10 (maleimide-R10–Cy5) 13, which can be traced
separately by fluorescent microscopy. First, we wanted to confirm
that this peptide shows uptake behaviour similar to that of the fluorescent TAMRA-labelled TNB-activated R10 peptide 8. Indeed,
when the two fluorescent peptides are incubated with cells simultaneously, they stain the same nucleation zones and are taken up
at similar rates (Fig. 3a and Supplementary Fig. 16), and peptide
13 also shows staining of nucleation zones alone (Supplementary
Fig. 16).
We then co-delivered R10-modified mCherry II together with
the newly synthesized maleimide-R10–Cy5 peptide 13 (Fig. 3b and
Supplementary Fig. 16c). We observed that the protein was localized at the same nucleation zones and is subsequently taken up into
cells, although the protein requires more time to reach the nucleolus
(note the longer steps in the time-lapse experiment). This observation supports the assumption that the protein crosses nucleation
zones, which are ‘pre-labelled’ by the reactive peptide additives.
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As additional evidence for the covalent modification of a membrane component with 13, we treated cells with the peptide and
subsequently washed the cells with either medium or 50 µM Triton
X-100 to remove unbound peptide. The peptide stained membranes,
even after washing with the detergent (Supplementary Fig. 17). We
also treated cells with 13 and delivered NLS-mCherry–R10 II into
these cells after washing with 25 µg ml−1 heparin (Supplementary
Fig. 18). Washing with heparin should remove cell-penetrating
peptides that are non-covalently bound to the cell membrane20.
The successful delivery of mCherry II suggests that the covalently
bound peptide can be sufficient for protein delivery.
To explore this concept further, we treated cells with peptides
2, 3 or 5 or with a non-fluorescent maleimide-R10 peptide 14 in a
first step. After certain time points, we removed the peptide solution and added the R10-conjugated mCherry II (Supplementary
Fig. 19). For the maleimide- and TNB-R10 peptides 5 and 12, we
could still observe nuclear delivery after 5 min of ‘pre-labelling’ with
the peptide, and successful, albeit reduced, delivery of mCherry II
after 30 min.
To identify potential reaction partners of the cysteine-reactive
peptides, we synthesized a biotinylated version of the maleimide-R10
peptide (15) and applied it to cells followed by a streptavidin pulldown, tryptic digestion and protein identification by mass spectrometry. Label-free quantification of identified proteins revealed
several membrane proteins enriched by the R10 peptide over
untreated cells and a biotin-maleimide control (Supplementary
Fig. 20). This suggests that there is no single target but rather several
proteins with which the peptides can react.
To investigate changes in the membrane at nucleation
zones, we performed uptake of CPPs in the presence of the
phosphatidylserine-binding protein annexin V. It had previously
been suggested that the accumulation of CPPs at nucleation zones
leads to a local membrane inversion, facilitating cargo uptake52.
We could not detect any enrichment of phosphatidylserine
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(Supplementary Fig. 21); however, we employed Flipper-TR, a fluorescent membrane tension probe53, and could observe a reduction
of membrane tension at nucleation zones, which points to a local
deformation of the membrane (Supplementary Fig. 22).
Taken together, our results support that thiol-reactive CPPs
increase cellular delivery of cargoes through the covalent linking
of peptides to the cell membrane. To elaborate this further, we
generated a plasmid that would lead to expression of an EGFP
reporter inside transfected cells along with a HaloTag54 on
the cell surface (a simplified plasmid map is shown in Fig. 3c;
validation of the plasmid and additional controls are presented
in Supplementary Fig. 23). We then synthesized a series of
chloroalkane-modified R10 peptides 16–20 with varying polyethylene glycol linker lengths for covalent labelling of the expressed
HaloTag. We added ‘Halo-R10’ peptides 16–20 to the cells together
with NLS-mCherry–cR10 I. We observed no nucleolar staining
for the peptide with no ethylene glycol between the chloroalkane
and the R10 peptide (Supplementary Fig. 23). For all peptides
containing a linker, we saw nucleolar mCherry staining in transfected cells (Fig. 3c, blue arrowheads, cells showing EGFP signal;
see Supplementary Fig. 23 for peptides 18–20), but not in untransfected cells. However, all cells showed endosomal uptake and 20 µM
Halo-R10 was needed to achieve nucleolar staining. This lower
efficiency may be due to the limited amount and reactivity of the
HaloTag protein on the cell surface.
Cargo delivery using TNB-R10 is robust in various cell lines and
accepts recombinant protein cargoes. To test if membrane transduction of proteins can be achieved in different cell lines, we tested
our protocol in four additional cancer cell lines with different tissue origin (A549, MDCK2, SJSA-1 and SKBR3). We recorded the
uptake and nucleolar staining of 5 µM mCherry–R10 II in the presence of 10 µM TNB-R10 5 in all tested cell lines at 37 °C (Fig. 4a,b
and Supplementary Fig. 24) and 4 °C (Supplementary Fig. 25).
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Fig. 6 | The application of TNB-R10 in IgG antibody delivery. a, Method of delivering antibodies into cells using TNB-R10. b, Cellular uptake of 500 nM
Atto488-labelled brentuximab into HeLa CCL-2 cells in the presence and absence of TNB-R10 5 and at 37 °C and 4 °C. Cells are counterstained with
Hoechst 33342 to demonstrate exclusion of the antibody from the nucleus. c, Cellular uptake of 500 nM Alexa 594-labelled anti-GFP antibody into
HeLa CCL-2 cells transfected with LifeAct-mVenus. d, Cellular uptake of 500 nM Atto488-labelled anti-TOMM20 antibody into HeLa CCL-2 cells,
simultaneously treated with MitoTracker Red CMXRos. Scale bars, 20 µm.

Most of our findings point to an energy-independent mode of
uptake, but to probe whether TNB-R10 5 can also lead to endosomal leakage of an entrapped cargo, we used peptide 5 on cells in
combination with an mCherry variant (NLS-mCherry–K10 III)
that had been modified with a K10 peptide (via maleimide chemistry, Supplementary Fig. 3). The K10 peptide should be sufficient to
bring the protein into contact with the cell membrane and deliver
it into endosomes through active transport, but should not transduce, as lysine-rich peptides do not share the crucial characteristics
of arginine-rich peptides for the membrane interaction33,55. Indeed,
incubation of 5 µM mCherry–K10 alone or in combination with
20 µM peptide 5 did not lead to nuclear localization, but only the
punctate fluorescence indicative of endosomal entrapment (Fig. 4c
and Supplementary Fig. 26).
Additionally, peptide 5 showed no signs of cytotoxicity or
decreased cell viability up to 50 µM peptide (Supplementary
Fig. 27). Cells that took up mCherry with or without 5 showed
staining with calcein AM (acetoxymethylester), a cell-permeable
caged fluorophore that shows intracellular fluorescence in cells with
active metabolism (Supplementary Fig. 27). Performing uptake
in the presence of the dead cell stain Sytox Blue also did not lead
to nuclear staining with the dye (Supplementary Fig. 27). Taken
together, these experiments suggest that TNB-R10 peptide 5 does
not lead to disruption of the endosomal or cellular membrane.
Methods of cargo delivery that rely on endosomal escape are
often susceptible to the presence of serum, as they require effective
Nature Chemistry | VOL 13 | June 2021 | 530–539 | www.nature.com/naturechemistry

endocytosis of both the cargo and the endosomolytic agent21. We
hypothesized that peptide 5 would probably react with thiols in the
serum, but the co-delivery with 2 (Cys-R10) should still function.
Although the presence of serum did lead to reduced efficiency at
10% serum, with 5% serum or lower there was a negligible effect on
uptake (Supplementary Fig. 28). Interestingly, even in the presence
of serum, the thiol-containing peptide 2 performed significantly
better than the alkylated variant 3 (Supplementary Fig. 28). The
reduction in efficiency in the presence of large amounts of serum
may be due to the thiols in serum or the unspecific binding of CPPs
to serum proteins27.
We also tested if recombinantly expressed CPP fusion proteins
can be delivered, as these require much less equipment and effort
to produce. To test this, we expressed and purified mCherry with
a C-terminal R10 peptide (NLS-mCherry–exR10 IV; characterization is provided in Supplementary Fig. 29). The mCherry–exR10
showed similar behaviour to the semi-synthetic variant, showing
predominantly endosomal uptake alone at a low, 5 µM concentration, which can be efficiently rescued by addition of peptide 5
(Fig. 4d and Supplementary Fig. 30). This mCherry variant does
not contain any cysteines, meaning it cannot form a disulfide with
5, thus demonstrating that the recombinant polyarginine is enough
for co-transport.
In the same vein, we also made mCherry variants modified
with R5 and R8 peptides and co-delivered them into cells with
TNB-R10 5 (Supplementary Figs. 31 and 32). The R8 peptide
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showed comparable results to the R10 peptide, while we saw a clear
drop in efficiency with the R5 peptide.
Given that peptide 5 can readily react with thiols, we tested
if applying a labelling mixture of a protein containing a free
thiol and CPP additive 5 without intermediate work-up would
facilitate the uptake protocol. On mixing 5 µM mCherry with
a free cysteine with 15 µM peptide 5, the cell permeability of
the mCherry was already visible after 10 min, which further
improved after a 30-min incubation (Fig. 5a). This same protocol
also worked well for a cysteine-containing fluorescent nanobody
(Supplementary Fig. 33). It should be noted, here, that the CPP is
linked to both protein cargoes via an intracellularly cleavable disulfide, which results in broad nuclear staining (because of a nuclear
antigen for the nanobody) rather than the nucleolar localization
observed before29,30.
To challenge our delivery protocol, we expressed and purified
Cre recombinase fused to a C-terminal R8 peptide (Cre–exR8; for
characterization see Supplementary Fig. 34). Fusions of Cre recombinase with the arginine-rich HIV TAT peptide have been reported
previously to aid in cell uptake56. We transfected HeLa cells with a
Cre activity reporter plasmid (Cre Stoplight 2.457) that leads to a
change in fluorescence from green to red when the enzyme is present within cells (Fig. 5b). We then treated cells with 1 µM Cre–exR8
alone or with added 10 µM Cys-R10 2 in the presence of 5% serum,
then monitored expression of the reporter gene by flow cytometry and microscopy. As expected, the addition of peptide led to a
strong increase in expression of the Cre reporter, indicating successful delivery of active Cre into the nucleus (Fig. 4f; for microscopy
results see Supplementary Fig. 35).
The TNB-R10 CPP additive allows cytosolic delivery of functional IgG antibodies. Antibodies are exceptionally useful proteins in molecular biology and pharmacology, targeting most of the
human proteome. Nevertheless, the cellular delivery of full-length
antibodies is particularly challenging due to the complex and quite
large architecture with a molecular weight of 150 kDa and length of
15 nm (approximately). Some methods to deliver full-length antibodies into cells already exist, although they mostly rely on endosomal escape21,23. To test whether we can deliver a full-length IgG
antibody into cells at 4 °C, we first used the fluorescently labelled
therapeutic antibody brentuximab. Thiolation was performed with
2-iminothiolane58. As before, by adding peptide 5, the antibody can
be modified with the cell-penetrating peptide via a disulfide bond,
while the excess cell-penetrating peptide should simultaneously aid
in cellular uptake (Fig. 6a). Indeed, treatment of cells with the antibody led to cellular delivery at 37 °C, but not in the absence of CPP
additive 5 (Fig. 6b). A fluorescent signal could not be observed in
the nucleus (counterstained with Hoechst), probably because of the
size of the antibody excluding it from permeating through nuclear
pores. Even at 4 °C, antibody uptake could also be observed in most
cells, demonstrating energy-independent membrane transduction
of an antibody (Fig. 6b).
To validate that the delivered antibodies are still intact and functional after cellular uptake, we subsequently tested two additional
commercial antibodies in our protocols. We first transfected a plasmid encoding a GFP mutant (LifeAct-mVenus) into HeLa cells and
functionalized a fluorescently labelled (Alexa 594) anti-GFP antibody as before. Incubation of cells with the antibody showed uptake
of the antibody into cells and co-localization of the antibody and
mVenus signals within the cell (Fig. 6c, Pearson correlation coefficient (PCC) for the shown inset, 0.80).
Finally, we also tested an antibody against the endogenous mitochondrial receptor TOMM20. As with brentuximab, we first fluorescently labelled the antibody, followed by thiolation and mixing
with CPP additive 5. Incubation of HeLa cells with the mixture
and a mitochondrial marker (MitoTracker Red CMXRos) led to
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noticeable endosomal entrapment, but also visible co-localization
of the two components (Fig. 6d, PCC for the shown inset, 0.58).

Discussion

Over recent years, a diverse array of methods for the delivery of
biomolecules into cells have been developed2, but we believe that
cell-penetrating, peptide-mediated delivery is among the top methodologies, particularly in terms of synthetic flexibility. Nevertheless,
advancing the delivery of CPP–protein and CPP–antibody conjugates with even better uptake properties remains challenging and
requires often laborious chemical protein engineering.
Through our work, we have shown the delivery of various cargoes with both synthetic and recombinant CPPs using thiol-reactive
R10 peptides. This uptake seems to be independent of active transport and is not harmful to the cell. Cysteine and thiol-reactive species have been described in the context of cellular uptake before35,36.
The thiol reactivity of the CPPs we describe seems to be a crucial factor in our additive protocol and, in investigating it further, we find
that we can covalently label cell surfaces, through which we can then
deliver cargoes. We believe that this may develop into a valuable tool
for achieving cell-specific delivery of cargoes, if one can only modify
cells of a certain type. This could have great therapeutic potential,
for example in gene editing, and should be pursued further.
As the TNB-R10 5 also reacts quickly with thiol residues on biomolecules to form bioreversible disulfide bonds, it allows a ‘covalent
transfection’ that is immediately applicable to many protein substrates. Importantly, no purification is required after addition of the
peptide, because the excess directly acts as the CPP additive, thereby
strongly enhancing uptake of the protein cargo. Furthermore, we
show that even IgG antibodies without any free cysteines can be
thiolated to allow use of peptide 5, and the thiolation could, in principle, also be done in a reversible manner.
An essential benefit of our protocol is the possibility to perform uptake at 4 °C. Under these conditions, no active endosomal
uptake occurs, which allows the delivery of compounds that are
sensitive to endosomal degradation or are toxic for the cell upon
prolonged exposure. Another key advantage of our findings is the
ability to employ proteins from standard recombinant expression,
in which the protein cargo is genetically fused to an oligo-Arg tag,
and use them in non-endocytic uptake. Using these, our protocol
allows a straightforward evaluation of CPP additives to enhance
uptake. Using this co-delivery strategy, we could deliver active Cre
recombinase into cells without any necessary conjugation chemistry. We achieve efficient gene editing, which could easily be applied
to the delivery of other functional enzymes. We have demonstrated
cytosolic delivery of three different antibodies using CPP additives,
resulting in the expected intracellular localization. Because of their
high efficiency and lack of measurable cellular toxicity, we envision
that our CPP additives will become important tools in cell biology.
This work is an important step in advancing the field of biomolecule delivery, with applications ranging from the intracellular
immunostaining demonstrated here to the design of next-generation
biopharmaceuticals. Our future work will be directed at making use
of this technique in going beyond cell culture to tissue culture and
even simple model organisms.
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