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ABSTRACT: The delivery of functional proteins remains a major
challenge in advancing biological and pharmaceutical sciences.
Herein, we describe a powerful, simple, and highly effective strategy
for the intracellular delivery of functional cargoes. Previously, we
demonstrated that cell-penetrating peptide (CPP) additives
equipped with electrophilic thiol-reactive moieties temporarily
attach to the cellular membrane, thereby facilitating the cellular
uptake of protein- and antibody-CPP cargoes through direct
membrane transduction at low concentrations. Now, we hypothesize
that CPP-additives with an increased retention on the cellular
membrane will further enhance intracellular uptake. We discovered
that adding a small hydrophobic peptide sequence to an arginine-
rich electrophilic CPP-additive further improved the uptake of
protein-CPP conjugates, whereas larger hydrophobic anchors showed increased cytotoxicity. Cell viability and membrane integrity
measurements, structure−activity relationship studies, and quantitative evaluation of protein-CPP uptake revealed important design
principles for cell-surface-retained CPP-additives. These investigations allowed us to identify a nontoxic, thiol-reactive CPP-additive
containing the hydrophobic ILFF sequence, which can deliver fluorescent model proteins at low micromolar concentrations. This
hydrophobic CPP-additive allowed the addition of protein cargoes for intracellular delivery after initial additive incubation. Time-
lapse fluorescence microscopy and membrane tension analysis of cells treated with fluorescent ILFF-CPP-additives supported the
claim of increased cell surface retention and suggested that the protein-CPP cargoes enter the cell through a mechanism involving
lowered cell membrane tension. Finally, we demonstrated that our newly engineered hydrophobic CPP-additive enabled the uptake
of a functional macrocyclic peptidic MDM2-inhibitor and a recombinant genome editing protein. This indicates that the developed
hydrophobic CPP-additive holds promise as a tool to enhance the intracellular delivery of peptide and protein cargoes.

■ INTRODUCTION
Recent developments have positioned biopharmaceuticals as
highly effective treatment options for a wide range of
diseases.1−3 In particular, peptide and protein-based diagnos-
tics and drugs are gaining increasing significance in modern
medicine due to their vast structural and functional diversity.4,5

Despite considerable success for extracellular targets, most
peptide/protein-based drugs, which are often hydrophilic and
thus cell impermeable, have difficulty in accessing intracellular
targets due to inefficient delivery into cells.6 Consequently, the
cell impermeability of proteins remains a major obstacle for
protein-drug manufacturers and the molecular life sciences
community at large. As a result, researchers from across
disciplines have proposed several ingenious intracellular
delivery strategies to address this limitation.

Various reported methods for intracellular delivery rely on
either physically disrupting the cell membrane (e.g., particle
bombardment,7 fluid shear forces8) or utilizing biological
carrier (e.g., viral vectors9)- or chemical carrier-based systems

(e.g., dendrimers, cationic lipids). While physical disruption
has the potential to import extracellular cargoes directly to the
cytosol of individual cells in vitro, its applications in vivo are
limited due to the high cytotoxicity caused by irreparable
damage to the plasma membrane and the risk of nonspecific
delivery. In contrast, carrier-based systems are considered to be
more cost-effective, easier to perform, and biologically friendly
alternatives. These systems have greatly improved the delivery
of nucleic acid therapeutics.2 However, the same success has
not been achieved in delivering peptide/protein-based
therapeutics. Despite the development of promising ap-
proaches such as cell-permeable miniproteins,10,11 cell surface
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thiol-mediated uptake,12,13 and endosome release,14−16 the
number of effective and efficient strategies for direct intra-
cellular delivery into the cytosol of a wide range of
biofunctional macromolecules remains limited.17

Cell-penetrating peptides (CPPs) are particularly prominent
carrier systems that have been utilized for delivering a variety
of cargoes.18 The truncated human immunodeficiency virus
(HIV)-1 transcription-transactivating protein (TAT) was the
first highly cationic CPP to be identified.19 Cationic CPPs, 8−
10-mer nontoxic peptides consisting of mostly arginine or
lysine residues, are among the most recognizable and widely
used types of CPPs.20 Due to their ability to enter cells, CPPs
have been exploited for delivering functional proteins into
cells.21,22 The entry mechanism of proteins conjugated with
CPPs (protein-CPPs) roughly depends on their size and
concentration.23 At high molecular weights or low concen-
trations, protein-CPPs predominantly enter via endocytosis
and remain trapped in endosomes, leading to a decrease in the
effective concentration of the cargo within the cell.24 Several
strategies have been reported to release the trapped cargoes via
endosome release; however, these methods do not ensure
complete release of the cargo into the cytosol.16,25,26 On the
other hand, direct transduction allows delivered proteins to be
readily available within the cytosol, where they can exert their
physiological functions.27 Initially, it was believed that
bidentate hydrogen-bonding interactions between the guani-
dinium group of arginines and the membrane phosphate
groups, along with membrane potential, were key to direct
transduction.28 Subsequent studies revealed that ionic
gradients,29 proteoglycan interactions,30 and cell membrane
lipid packing31,32 also contribute to this process. However, only
small protein-CPPs (<20 kDa) at high concentrations (>20
μM) have been shown to enter cells through direct
transduction. Developing systems that enable the direct

transduction of larger protein-CPP cargoes at lower concen-
trations remains an important challenge to tackle.

Different research groups, including ours, have proposed
strategies to accomplish direct transduction for larger protein-
CPPs.33−36 An effective approach involves the cyclization of
CPPs, leading to improved and rapid uptake of protein-CPPs
(Figure 1A).37 This enhancement can be attributed to the
optimal presentation of positive charges on the cyclic peptide.
Cyclic CPPs, such as cyclic TAT and cyclic R10, have been
successfully employed for delivering diverse protein cargoes,
including peptide macrocycles,38 fluorescent proteins,39 and
nanobodies.40 Despite the broad applications, the minimum
concentration required for effective transduction still falls
within the range of 10−50 μM. To further improve
transduction efficiencies at lower concentrations, several
strategies have been explored. For instance, the addition of a
penetration acceleration sequence (Pas) or a 4-((4-
(dimethylamino)phenyl)azo)benzoic acid (DABCYL) moiety
has shown increased uptake efficiency at treatment concen-
trations below 10 μM of cargo peptide or small proteins,
respectively.41−43 Other studies have proposed the use of
counterions44,45 and membrane-remodeling amphiphilic pep-
tides,31,32 which create membrane lipid packing defects to
enhance the direct transduction of CPPs and protein-CPP
conjugates.

Recently, we introduced the “CPP-additive technology”, in
which the protein-CPP cargo is added to cells in the presence
of 2 to 5-fold excess amounts of cell-surface anchoring CPPs
(Figure 1B).46 This technology relies on the critical functions
of these CPP-additives, including (1) temporal cell surface
anchoring enabled by functional groups, such as maleimides or
electrophilic disulfides, that covalently attach to thiol-
containing proteins or other macromolecules on the cell
membrane, (2) formation of nucleation zones (areas on the

Figure 1. Schematic diagram illustrating the state-of-the-art and aims of this article. (A) Current method of delivering proteins by conjugating
cyclic CPPs. (B) Developed “CPP-additive technology” employs an excess amount of free CPP with an electrophilic thiol-reactive moiety, which
facilitates the cellular uptake of protein cargo. (C) Proposed improvement of CPP-additives through the addition of a hydrophobic “anchor”
moiety, aiming to enhance intracellular uptake and delivery efficiency of protein-CPP cargoes.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c05365
J. Am. Chem. Soc. 2023, 145, 24535−24548

24536

https://pubs.acs.org/doi/10.1021/jacs.3c05365?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05365?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05365?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c05365?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c05365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Design and screening of CPP-additives with a hydrophobic motif. (A) Synthesized hydrophobic CPP-additives 1−10 with different
hydrophobic motifs. (B) Cell viability as determined by WST-1 mitochondrial reduction assay after treating HeLa cells with 2.5, 5, or 10 μM
hydrophobic CPP-additives 1−10 for 1 h in serum-free FluoroBrite DMEM. Red dotted line indicates 100% viability. (C) Analysis of membrane
integrity following CPP-additive treatment as determined by measuring the release of LDH into the cell medium. Data presented as mean ±
standard error (SE) of three biological replicates. (D) Rationale of the protein-CPP delivery assay. Without CPP-additives, NLS-mCherry-R10 I
enters cells via endocytosis, while in the presence of CPP-additives, direct cytosolic uptake should occur and the NLS-mCherry-R10 I accumulates
on the nucleolus. (E) Confocal microscopy images of cells treated with NLS-mCherry-R10 I in the presence or absence of indicated CPP-additives
(5 μM) for 1 h in serum-free FluoroBrite DMEM. (F) Individual nuclear fluorescence intensities of 300 cells across three biological replicates
following cotreatment with NLS-mCherry-R10 and CPP-additive. Red bar corresponds to the median fluorescence intensity of each treatment. P-
values were determined by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc analysis. (G) Nucleolar staining in different cell
lines treated with I (5 μM) and 2 (5 μM) for 1 h in serum-free FluoroBrite DMEM. Scale bars: 20 μm.
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cell membrane considered as nonendocytic entry sites for
CPPs47,48), and (3) reducing the membrane tension−priming
the cell membrane for the subsequent permeation of the
protein-CPP cargo. Through this strategy, we achieved efficient
cytosolic delivery of various protein-CPP cargoes, including
nanobodies for endogenous targeting, even at low micromolar
concentrations (∼5 μM).49 Notably, during our studies, we
observed rapid entry of both protein-CPP and the CPP-
additives into cells, indicating a limited time of engagement on
the cell membrane.46

In this study, we aimed to design CPP-additives capable of
longer retention on the cell surface to augment their effect on
protein delivery (Figure 1C). Taking inspiration from previous
research, in which the incorporation of hydrophobic amino
acids or moieties on CPPs led to improved uptake properties,
particularly by enhancing endosomal release,41,50 we proposed
equipping the original CPP-additives with an additional
hydrophobic “anchor” motif. Our investigations confirmed
that the hydrophobic motif increased engagement with the cell
membrane without compromising cell viability. Most im-
portantly, the hydrophobic CPP-additive outperformed the
original CPP-additive, exhibiting increased uptake of a model
fluorescent protein and allowing the subsequent addition of
protein cargoes after initial CPP-additive incubation. Con-
sequently, this enhancement facilitated the efficient functional
delivery of both a peptide macrocycle and a recombinant
genome editing protein.

■ RESULT AND DISCUSSION
Designing Enhanced CPP-Additives through In-

creased Hydrophobicity. Amphipathic CPPs containing
hydrophobic amino acids or motifs usually demonstrate better
efficiency in terms of cellular uptake, resulting from increased
cell surface/lipid interactions.30,50 Based on this, we hypothe-
sized that incorporating hydrophobic elements could enhance
the retention of cell-anchoring CPP-additives carrying electro-
philic disulfides at the membrane. In this study, we designed
CPP(R10)-additives containing 5-thio-2-nitrobenzoic acid-
disulfide (TNB) with additional hydrophobic moieties. These
motifs include small peptides hydrophobic amino acid
sequences, namely ILFF (transposed version of the Pas
peptide)41 in TNB-R10-ILFF 2 and FWF50 motifs in TNB-
R10-FWF 3, which were previously shown to enhance the
uptake of conjugated CPPs and proteins, respectively,
primarily through enhanced endosome release. To compare
the difference between aromatic and aliphatic hydrophobic
tags, we prepared CPP-additives with hydrophobic tags having
all aliphatic amino acids, namely, TNB-R10-ILIL 4 and TNB-
R10-ILLL 5. We also prepared CPP-additives with unnatural
amino acids containing polycyclic aromatic hydrocarbon
(PAH) side chains, substituting either one or two of the L-
phenylalanine residues with L-naphthylalanine residues in
TNB-R10-Nal 6 or TNB-R10-Nal2 7. L-Naphthylalanines
were previously reported to improve membrane interaction of
cyclic CPPs within endosomes.14,51 Moreover, large hydro-
phobic domains, such as pyrenes on previously reported
counterions that enhanced poly arginine CPP uptake, showed
favorable membrane interaction.44 Hence, we coupled it to the
side chain of a lysine with a pyrene moiety (TNB-R10-Py 8).
Last, we synthesized hydrophobic CPP-additives with lipids
conjugated to a C-terminal lysine residue in TNB-R10-C18 9
and TNB-R10-Chol 10, containing lipid molecules that are
components of the cell membrane (Figure 2A).52,53 These

CPP-additives were synthesized with a C-terminal amide by
standard Fmoc-based solid phase peptide synthesis, and the
TNB conjugation was performed on resin before cleavage and
purification using reverse phase-high performance liquid
chromatography.

We expected that cell surface-anchored CPP-additives with
large hydrophobic entities could disrupt membranes, causing
the release of intracellular components or cell death. To assess
this, we analyzed the cytotoxicity and membrane integrity of
HeLa cells treated with an increasing concentration of the
synthesized CPP-additives. Cytotoxicity was assessed by
measuring the ability of cellular mitochondrial dehydrogenase
in live cells to reduce tetrazolium salts (WST1) into formazan,
while membrane integrity was evaluated by monitoring the
release of lactate dehydrogenase (LDH) into the cell culture
media. The results, shown in Figure 2B,C, indicate that TNB-
R10-ILFF 2 displayed minimal cytotoxicity across these
concentrations. Moreover, at 10 μM, 2 led only to a marginal
release of LDH. On the other hand, TNB-R10-FWF 3 showed
no cytotoxicity at 5 μM; however, LDH was significantly
released at this concentration, suggesting that this additive may
not be suitable for further applications. We found that the
CPP-additives 4 and 5 with aliphatic hydrophobic tags showed
no cytotoxic effect and no LDH release from treated cells,
while a notable increase in cytotoxicity and a high degree of
LDH release were observed for all other CPP-additives 6−10
at 5 μM. At 2.5 μM, peptides 6−10 showed minimal
cytotoxicity in the WST1 assay; however, significant LDH
release was still detected, raising concerns about their
suitability for subsequent cellular applications even at this
concentration.

We probed whether the new CPP-additives facilitate the
cytosolic uptake of a fluorescent model protein into HeLa cells.
To achieve this, we employed a mCherry (32 kDa, −3 net
charge) fused with a nuclear localization sequence (NLS), and
linked it with a linear R10-peptide through maleimide labeling
as protein cargo I. These modifications ensured that successful
delivery into the cytosol led to distinct nucleolar localization,
consistent with previous findings (Figure 2D).40,46,54 Confocal
microscopy images revealed that in the absence of any CPP-
additives, the NLS-mCherry-R10-conjugate I at a concen-
tration of 5 μM was taken up through endocytosis and
entrapped in the endocytic vesicle, indicated by a bright
punctuate signal along the perinuclear region. However,
coadministration of I (5 μM) with CPP-additives 1 or 2 (5
μM) in HeLa cells for 1 h resulted in nucleolar signals, as
evident in microscopy images. Notably, cells cotreated with I
and 2 exhibited higher nucleolar fluorescence (yellow asterisks,
Figure 2E). In addition, cotreatment of HeLa cells with I (5
μM) and CPP-additives 4 and 5 (5 μM) also resulted in
nucleolar signals, albeit to a lesser extent than 2 (Figure S5).
This result fits well with the Wimley−White hydrophobicity
scale, in which aromatic amino acids (Phe and Trp) were
found to more likely interact with the membrane interface than
aliphatic residues (Ile and Leu).55 The result also fits well with
our hypothesis of improving CPP-additives with hydrophobic
tags. We coincubated HeLa cells with I and 2 for 1 h, changed
the supernatant to fresh culture media, and conducted
cytotoxicity assessments of the treated cells after 24 h (Figure
S6). We observed no cytotoxic effects under these conditions.
To confirm the necessity of R10 on the cargo protein when
utilizing the CPP-additive strategy, we coincubated HeLa cells
with unconjugated NLS-mCherry (5 μM) with 2 (5 μM) and I
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with 2. The treatment with NLS-mCherry and 2 showed no
uptake, neither endosomal nor cytosolic (Figure S7). These
data ascertain the importance of conjugating or fusing the
protein of interest with a CPP to benefit from the CPP-
additive approach. We also observed that nucleolar localization

persisted after 24 h following treatment with I and 2, which
was not observed in the condition without 2 (Figure S8).

Since we measured low cytotoxicity for all peptides at 2.5
μM, we also probed the ability of CPP-additives 6−8 at this
concentration. Only 2, 6, and 7 demonstrated the successful

Figure 3. Structure−activity relationship of TNB-R10-ILFF. Confocal images of HeLa cells treated with I (5 μM) and with analogues of 2 having
[A(i)] different thiol-reactive moieties and [A(ii)] its corresponding quantification. Graph shows individual nuclear fluorescence intensities of 600
cells across six biological replicates. (B) Different CPP sequences and (C) different distances between the R10 and hydrophobic ILFF motif in
serum-free FluoroBrite DMEM for 1 h. Scale bars, 20 μm. Graphs show individual nuclear fluorescence intensities of 300 cells across three
biological replicates following cotreatment with I and CPP-additive. Red bars on the graphs correspond to the median fluorescence intensity of
each treatment. P-values were determined by one-way analysis (ANOVA) followed by Tukey’s post hoc analysis. All uptake experiments were
performed at 37 °C.
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delivery of I (5 μM) into the cytosol (Figure S9). However, we
observed extracellular protein aggregation for additives 6 and
7, manifested as intense fluorescent signals. Interestingly,
pyrene-conjugated additive 8 exhibited only minimal enhance-
ment in the cytosolic uptake of I.

Next, we examined the effects of 2 on the delivery of
mCherry-derivatives containing either linear (R10, II) or cyclic
(cR10, III) linked via disulfide bridges. The CPPs were
expected to be cleaved intracellularly. Due to the presence of
the NLS sequence on the mCherry, successful cytosolic
delivery of these conjugates should lead to their accumulation
in the nuclear space but not on the nucleolus.54 Cotreatment
of II or III (5 μM) with 2 (5 μM) resulted in cells having
distinct nuclear fluorescence (Figure S10).

We quantified and compared the efficiencies of CPP-
additives 1 and 2 in facilitating the uptake of I. To do this, we
measured the resulting fluorescence intensities within cell
nuclei, where more intense nuclear/nucleolar staining indicates
improved uptake efficiency. The individual nuclear fluores-
cence intensity in treated cells was quantified using the Fiji
script provided in the Supporting Information. Consistent with
the microscopy images, the nuclei of cells cotreated with I and
2 exhibited significantly higher fluorescence intensity com-
pared to conditions without any CPP-additives and to
cotreatment with 1 (Figure 2F).

Last, we investigated whether 2 facilitates the cellular uptake
of NLS-mCherry-R10 I into different cell lines. Cotreatment of
HeLa (cervical adenocarcinoma), HEK293T (human embry-
onic kidney), SKBR3 (HER2-positive breast cancer), SJSA1
(human osteosarcoma), MCF7 and MDAMB468 (HER2-
negative breast adenocarcinoma), and SW480 (colorectal
adenocarcinoma) with I (5 μM) in the presence of 2 (5
μM) for 1 h resulted in a high degree of nucleolar staining in
all tested cell lines (Figure 2G), whereas none of the treated
cells showed nucleolar signals when treated with NLS-
mCherry-R10 I alone (Figure S11). These data suggest the
applicability of 2 for the delivery of protein-CPPs in diverse
cell types.
Structure−Activity Relationship of Hydrophobic CPP-

Additives. We proceeded to interrogate key structural
components of hydrophobic CPP-additive 2. A crucial element
of CPP-additives is their cell surface anchoring moiety.46 To
explore this, we examined a maleimide-containing analogue
1156 and a chloroacetamide alkylated analogue 12 as a negative
control in addition to the TNB-conjugated 2 (Figure 3A).
When HeLa cells were incubated with I (5 μM) along with
either 2 or 11 (5 μM), we observed nucleolar labeling.
However, cells treated with alkylated peptide 12 did not
exhibit nucleolar labeling [Figure 3A(i)]. This result suggests
that the hydrophobic ILFF motif cannot replace the thiol-
reactive cell surface anchoring moiety, which remains crucial
for the activity of CPP-additives. Moreover, we observed that
the disulfide-forming TNB additive 2 led to a greater
enhancement of I uptake compared to maleimide compound
11 [Figure 3A(ii)].

We probed the significance of the polyarginine (R10) CPP
sequence on hydrophobic CPP-additives. For this, we
synthesized and tested analogues with different cationic
CPPs, replacing the R10 sequence, namely, the arginine-rich
cationic Tat (TNB-Tat-ILFF 13) and polylysine (TNB-K10-
ILFF 14). In addition, we prepared an analogue lacking the
R10 sequence (TNB-ILFF 15). When cells were cotreated
with I (5 μM) and 13, 14, or 15 (5 μM), we observed the

absence of nucleolar staining (Figure 3B). These data confirm
the importance of the polyarginine stretch in the design of
CPP-additives. Previous works report a strong interaction of
polyarginines with the cell membrane57,58 and the self-
association propensity of polyarginines.59 Considering these
findings, we assume that the polyarginine stretch in the
hydrophobic CPP-additives served two critical functions (1)
aids membrane interaction and (2) enables improved
association with protein-CPP. We further investigated this by
synthesizing and utilizing the scrambled analogue 16 (TNB-
RRRIRFRRRLRRRF). Despite having the same amino acid
composition as 2, HeLa cells cotreated with I and 16 did not
show any nucleolar staining (Figure 3B). This finding
reinforces the significance of the polyarginine stretch in the
design of an effective CPP-additive.

To analyze the importance of linkers between the R10 and
hydrophobic ILFF motifs, we prepared analogues of 2 with
varying lengths of a polyethylene glycol (PEG)-based linker [n
= 1 (17), n = 2 (18), n = 3 (19), n = 4(20)], thereby
increasing the distance between the R10 and ILFF sequences.
We found that cotreating HeLa cells with I (5 μM) and these
analogues (5 μM) resulted in a similar degree of nuclear
fluorescence when compared to cotreatment with 2 (Figure
3C). This finding indicates that the varying distances between
the R10 and ILLF motifs do not significantly impact the
activity of the hydrophobic CPP-additive. Further, we explored
a transposed version of 2, in which the hydrophobic motif is
presented on the N-terminal (FFLI-R10-TNB 21). CPP-
additive 21 showed a similar ability to enhance the uptake of I
into cells, adding further clarity to the design of the new
hydrophobic CPP-additive (Figure S12). The fact that the
transposed version maintains its effectiveness in facilitating
cellular uptake underscores the robustness and modularity of
the hydrophobic motif, regardless of its specific location within
the CPP-additive sequence.

To scrutinize the minimum required concentration of
protein-CPP, we cotreated HeLa cells with decreasing
concentrations of I in the presence of 2 (5 μM). Our
observations revealed a linear concentration-dependent
correlation and that 2 retains its ability to facilitate the uptake
of I until 1.25 μM of treatment concentration (Figure S13A).
Additionally, we assessed the total fluorescence within cell
nuclei after treatment with various concentrations of I in the
presence of 1 or 2 and at various incubation times. Consistent
with our findings above, these data showed that cotreating cells
with I and 2 led to higher nuclear fluorescence compared to
cotreatment with 1 (Figure S13B). We also found an increase
of nuclear fluorescence in cells at longer incubation times
(Figure S13C). Saturation points of delivery might occur at
higher concentrations. However, investigation toward the
saturation point also results in high toxicity, affecting the
overall experimental result.

Cellular delivery efficiencies of CPPs and protein-CPPs are
often diminished in the presence of serum due to interactions
with serum proteins.60 To assess whether the hydrophobic
CPP-additive 2 retains its capacity to enhance the delivery in
serum-containing media, we cotreated cells with I (5 μM) and
1 or 2 (5 and 10 μM) for 1 h in FluoroBrite DMEM with
varying serum concentrations. Confocal images show higher
fluorescence intensity, particularly in the nucleolar region, in
cells cotreated with I and 2 (Figure S14). Notably, even at 5%
serum, 2 (5 μM) enhanced the delivery of I into cells.
Nucleolar fluorescence remains visible even at 10% serum,
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Figure 4. Cell membrane interaction and decreased membrane tension induced by hydrophobic CPP-additive. [A(i)] Chemical structure of TNB-
Cy5-R10 22. [A(ii)] Cell surface accumulation on cells treated with 1 μM of the peptide after 5 and 10 min. [A(iii)] Line-scan profile showing the
distribution of Cy5 fluorescence intensity. [B(i)] Chemical structure of TNB-Cy5-R10-ILFF 23. [B(ii)] Cell surface accumulation on cells treated
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albeit to a lesser degree. The decrease in nucleolar fluorescence
at higher serum concentrations could be attributed to the
interaction of either the CPP-additive or the protein-CPP
cargo with serum proteins. Importantly, prolonged incubation
(24 h) with I and 2 in the presence of serum did not result in
cytotoxicity (Figure S14C). However, we did not observe
nucleolar signals in HeLa cells treated with I and 1 or 2 (10
μM) in medium with 20% serum (Figure S14D). These data
suggest the potential practical application of 2 for delivering
protein-CPP cargo under conditions with up to 10% serum.
Further improvements on the CPP-additives are needed to
enable efficient delivery in high serum conditions.

Finally, we probed the performance of the ILFF tag as part
of the protein cargo conjugate. For this, we conjugated NLS-
mCherry with maleimide-R10-ILFF peptide to generate NLS-
mCherry-R10-ILFF IV. We found that IV alone can enter the
cytosol of the cells only at concentrations above 10 μM (Figure
S15A). Cotreatment of IV (5 or 2.5 μM) with the hydrophobic
CPP-additive 2 (5 μM) showed significant delivery and a high
degree of nucleolar fluorescence. A direct comparison of the
uptakes of I and IV (5 μM) with the same amount of 2 showed
an increased uptake of IV in the presence of 2 as compared to I
with 2 (Figure S15B,C). Previously, it was observed that
octaarginines with a hydrophobic Pas motif (PasR8) were
efficient in delivering small peptide-CPP conjugates via direct
transduction but faced limitations in delivering larger
conjugates.61 Hence, the enhanced uptake observed when
the hydrophobic ILFF motif is present in both the CPP-
additive and the protein-CPP conjugate might originate from
cooperative binding between the protein cargo and the
additive.46 Further analyses and investigations are warranted
to understand the underlying mechanism in detail. To isolate
the contribution of the hydrophobic ILFF-tag to the activity of
the CPP-additive, we continued using NLS-mCherry-R10 I as
the model protein.
Cell Surface Retention of Hydrophobic CPP-Additives

and Time-Course Analysis of Protein-CPP Uptake. To
elucidate the performance of the hydrophobic CPP-additives
over time, we synthesized Cy5-labeled analogues of 1 and 2,
TNB-Cy5-R10 22 and TNB-Cy5-R10-ILFF 23 (Figure 4).
Time-lapse microscopy revealed that TNB-Cy5-R10 22
initially localizes at the membrane but quickly enters the
cytosol after peptide addition (Figure S16A, upper panel). In
contrast, TNB-Cy5-R10-ILFF 23 remained on the cell
membrane even after 600 s (Figure S16A, lower panel). The
line-scan profile showed that the fluorescence intensity of 22
was mainly observed within the interior of cells after 10 min,
while 23 remained concentrated around the cell periphery
(Figure S16B). Extending the time-lapse imaging, we found
that cell-surface-associated CPP-additives 23 were internalized
into endosomes (dot-like signals) only after 30 min, possibly
due to membrane recycling (Figure S17). Our data align with a

previous study that found hydrophobicity-tagged polyarginines
[e.g., Alexa488 and Hemagglutinin (HA) peptide] exhibiting
enhanced interactions with cell membranes compared to
unmodified polyarginines.48 In our case, we observed a similar
trend of increased cell membrane interaction of cell-surface-
anchored hydrophobic CPP-additives.

Next, we investigated the behavior of 22 and 23 (1 μM) in
the presence of I (5 μM). After 5 min of cotreatment, 22 along
with I accumulated on the cell membrane, as observed through
confocal time-lapse microscopy [Figure 4A(ii); upper panel]
and line−scan profile analyses [Figure 4A(iii)]. Similarly, 23
also exhibited cell membrane localization after 5 min [Figure
4B(ii); upper panel]. However, unlike 22, the cell membrane
accumulation of 23 persisted even after 10 min, accompanied
by a distinct nucleolar signal from I [Figure 4B(ii); lower
panel, yellow asterisk]. Montages of time-lapse images (60 s
intervals) of cells cotreated with I and 22 or 23 are found in
Figures S18 and 4C, respectively. It is noteworthy that
nucleolar mCherry signals were observed after 15 min in cells
cotreated with I (5 μM) and 22 (1 μM) (Figure S18, yellow
asterisk). In contrast, cells cotreated with I and 23 (1 μM)
already displayed visible nucleolar staining after 3 min (Figure
4C, yellow asterisk), supporting that the hydrophobic CPP-
additive 23 achieved the uptake of I more rapidly compared to
22). This rapid intracellular delivery, in combination with the
absence of bright fluorescent dot-like signals (that would
indicate endosomal-entrapped additives and cargoes), points
toward a nonendosomal delivery. An alkylated analogue was
incapable of both interacting with the cell membrane and
facilitating the uptake of protein-CPPs (Figure S19). Taken
together, these findings demonstrate that 23 remains longer on
the cell membrane compared to 22, likely due to the
combination of the hydrophobic ILFF tag and cell-surface
cross-linking TNB motifs. While both are capable of mediating
the uptake of I, hydrophobic CPP-additive 23 requires less
time to achieve observable signals in the nucleolus.

Encouraged by these results, we further investigated the role
of hydrophobicity in the interaction of CPP-additives with the
cell membranes. Previous studies have revealed that poly-
arginine CPPs enter the cell by direct transduction through
areas of membrane lipid packing defects.32 This effect can be
further enhanced by treatment with membrane-remodeling
small molecules [e.g., pyrenebutyrate (PyB)] and amphipathic
peptides (e.g., EpN18).32 We previously showed that regions
where CPP-additives accumulate experience reduced mem-
brane tension.46 To examine the effect of the hydrophobic
CPP-additive, we used the mechanosensitive Flipper-TR
probe62 and conducted fluorescence lifetime image microscopy
(FLIM) on cells treated with 22 or 23 (1 μM). Time-lapse
FLIM images of a region of 23 accumulation show a decrease
in fluorescence lifetime (τ) over time, represented by a red-to-
green change in pixel colors (Figure 4D, white arrows).

Figure 4. continued

with 23 (1 μM) after 5 and 10 min. [B(iii)] Line-scan profile showing Cy5 fluorescence remaining within the cell periphery after prolonged
incubation. (C) Time lapse images of HeLa cells treated with I (5 μM) and 23 (1 μM) in serum-free FluoroBrite DMEM for 15 min. I and 23 were
added to the cells after 60 s of initial incubation. Images were taken at 60 s intervals. Yellow asterisks indicate the emergence of nucleolar signals.
Scale bar: 10 μm. (D) Images showing the change in fluorescence lifetime (τ) in ns of Flipper-TR probe in HeLa cells treated with 23 (1 μM).
Time-lapse images were captured every 15 s. Enlarged regions show the change of τ (white arrows) within areas with a high accumulation of 23.
Scale bar, 5 μm. (E) Graphs showing individual data points indicating the change in τ (Δτ) after (i) 15, (ii) 30, (iii) 45, and (iv) 60 s of 30 selected
regions-of-interest (ROIs) across three biological replicates. Δτ is calculated as the difference between the τ of a ROI after n seconds of peptide
addition (τns) minus the initial τ before peptide addition (τ0s).
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Plotting the obtained τ values of CPP-additive accumulation
regions over time showed a reduction of τ for cells treated with
22 compared to 23, while control cells (treated with cell
culture media) showed no significant change (Figure S20).

We quantified the change in membrane tension (Δτ) by
recording the τ of CPP-additive accumulation regions before
(τ0s) and after n seconds (τns) of treatment. A negative Δτ
value indicates decreased membrane tension, while a positive
value indicates increased tension.63 Figure 4E presents the Δτ
of 30 individual sites of 22 or 23 accumulation after (i) 15, (ii)
30, (iii) 45, and (iv) 60 s. Regions of 23 accumulation already
showed significantly lower Δτ compared to control cells from
15 s after peptide treatment [Figure 4E(i)], indicating an early
decrease in membrane tension. This decrease in tension was
sustained throughout the measurement. In contrast, accumu-
lation regions of 22 exhibited a significant reduction of Δτ after
30 s postpeptide addition.

To further understand the performance of protein-CPPs in
the presence of hydrophobic CPP-additives, we additionally
evaluated uptake experiments with longer incubation times of
the CPP-conjugates. During our studies, we detected endo-
some-trapped NLS-mCherry, observed as bright dot-like
signals, when HeLa cells were cotreated with I and 2 for 1 h
at 37 °C (Figures 2E and S21). To halt endocytosis, we
conducted the delivery assay at 4 °C. Confocal images of HeLa
cells treated with I (5 μM) and 2 (5 μM) still showed
nucleolar staining after incubation at 4 °C, indicating that
nonendocytic direct transduction entry plays a role in the
observed protein uptake in the presence of 2 (Figure S22).
Furthermore, under these conditions, cotreatment with 2 led
to more pronounced nucleolar staining as compared to using
CPP-additive 1. Nevertheless, the overall nuclear fluorescence
intensity after 4 °C incubation was lower than that after 37 °C
incubation.

The observed discrepancy between the efficiencies at 4 and
37 °C can be rationalized by different scenarios. First, since
disulfide formation is reduced at lower temperatures,64 the
TNB-containing additive 2 might be less effective. Second,
lipid membranes have increased rigidity and are less dynamic
at lower temperatures.65 Last but not the least, the uptake
mechanism facilitated by 2 combines direct transduction and
endocytosis, followed by endosome release at extended
incubation times of the CPP-conjugates. Along those lines, it
was reported previously that incorporating a hydrophobic tag
into a protein-CPP fusion protein could enhance endosomal
release, leading to improved intracellular delivery.50 Similarly,
another work utilized two units of the penetration acceleration
peptide (FFLI) conjugated to the N-terminus of a dodeca-
arginine (R12) to facilitate the delivery of unmodified proteins
through endocytosis and potentially subsequent endosome
release.66

To investigate if the hydrophobic CPP-additives 2 could be
responsible for releasing entrapped protein cargoes, we
preloaded endosomes with NLS-mCherry-R10 I (5 μM) for
1 h to serve as fluorescent markers (1st treatment) following a
previously reported study.67 Subsequently, we washed the cells
and treated them with hydrophobic CPP-additive 2 (5 μM) for
another 1 h (2nd treatment). We hypothesized that if 2
facilitates endosome release, I would be released into the
cytosol and then translocate into the nucleus; however, upon
analysis, the preloaded cells treated with 2 showed no
nucleolar staining compared to untreated cells (Figure S23).
These data, together with the 4 °C experiment above, suggest

that while some level of endosome release may have occurred,
the proteins-CPP cargoes are delivered primarily through
direct transduction.

We tested whether hydrophobic CPP-additive preassociated
on the cell membrane remains capable of enabling the direct
transduction of I. After incubating cells with 1 or 2 (5 μM) for
5 min, we washed off excess CPP-additives before adding I (5
μM) (Figure S24A). Confocal microscopy revealed nucleolar
staining exclusively in cells pretreated with compound 2
(Figure S24B). Considering that Figure S17 demonstrated the
internalization of membrane-associated CPP-additives after 30
min, direct transduction could only have occurred within this
time frame. This uptake is soon followed by endocytosis,
resulting in the observation of NLS-mCherry-containing
endosomes. Importantly, our data reveal that protein-CPP
cargoes could be applied following pretreatment of hydro-
phobic CPP-additive 2, suggesting an alternative application
scheme.

To further elucidate the performance of cell-surface-retained
hydrophobic CPP-additive, we compared 2 with the
established small-molecule counterion pyrenebutyrate (PyB).
Previous work reports PyB as a counterion with strong
membrane interactions that facilitates the uptake of R8-EGFP
into HeLa cells.45 We pretreated cells with PyB (50, 10, and 5
μM) or 2 (5 μM) for 5 min, followed by the addition of cargo-
protein I to obtain a final concentration of 10 or 5 μM and
further incubated for 1 h. Cells pretreated with PyB (50 μM)
or the hydrophobic CPP-additive 2 (5 μM) followed by I
treatment (10 μM) showed a similar degree of nucleolar signal
(Figure S25). Upon decreasing the concentration of PyB to 10
μM and lower, we observed only endosomal uptake.
Additionally, lowering the concentration of I led to the loss
of enhanced uptake of I by PyB even at 50 μM of the
counterion. While PyB was previously reported to associate
with the cell surface and enhance protein-CPP uptake,32,45 the
hydrophobic CPP-additive 2 demonstrated a stronger
enhancement of NLS-mCherry-R10 I uptake compared to
PyB.

Based on these results, the combination of (1) better cell
membrane accumulation, (2) early decrease in membrane
tension, and (3) sustained membrane interaction highlights the
significant improvements brought about by incorporating the
hydrophobic “ILFF” motif onto the CPP-additive. It would be
in the interest of the community to perform more detailed
biophysical evaluations to give further explanation of the
detailed mechanism of CPP-additives-mediated direct trans-
duction through the cell membrane.
TNB-R10-ILFF Improves the Cellular Delivery of

Functional Macrocyclic Peptides and a Recombinant
Genome Editing Protein. Finally, we applied hydrophobic
CPP-additive 2 to the functional delivery of peptide and
protein cargoes into cells. CMR19 (4 kDa, 0 net charge) is a
recently discovered macrocyclic peptide, identified by mRNA
display, that binds strongly to the Leu- and Trp- pockets of the
MDM2 protein to block p53 interactions. As this peptide is cell
impermeable, we used cyclic CPP (cR10)-conjugation to
CMR19 via an intracellularly cleavable disulfide bridge to
enable cell uptake and reduce cell proliferation of MDM2-
dependent SJSA1 cells.38 We hypothesized that CPP-additives,
particularly the hydrophobic additive 2, would further enhance
the uptake of CMR19-cR10. We monitored this effect by
treating SJSA-1 cells with CMR19-cR10 with or without CPP-
additives 1 and 2 (Figure 5A).
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First, we conducted a cell viability assay to determine the
impact of cotreatment of CMR19-cR10 and 2 on cell
proliferation. As previously reported,38 CMR19-cR10 (5 μM)
alone did not decrease the viability of the treated SJSA1 cells
after 24 h (Figure 5B). Cotreating SJSA1 cells with CMR19-
cR10 and 1 (5 μM) did not show a significant decrease in cell
proliferation compared to the control. However, cotreatment
with 2 (5 μM) resulted in a significant decrease in cell viability.
Control setups, in which we tested the CPP-additives 1 and 2
alone, remained at ∼95% viability, demonstrating that the
decreased cell viability is not caused by the CPP-additives
(Figure S26A).

Second, we confirmed that the observed decrease in cell
viability is due to apoptosis resulting from the recovery of p53
function. We performed annexin V−propidium iodide (PI)
staining and caspase 3/7 activity assays. Annexin V binds to
phosphatidylserines (PS) exposed on apoptotic cells, while
cell-impermeable PIs intercalate with the DNA of cells with
impaired cell membrane integrity.68 By flow cytometry, we
differentiated necrotic cells [Q1: annexin V (−), PI (+)], late
and early apoptotic cells [Q2: annexin V (+), PI (+); Q3:
annexin V (+), PI (−)], and live cells [Q3: annexin V (−), PI
(−)] (Figure S26B). We found that treatment with CMR19-
cR10 alone resulted in ∼75% living cells and ∼15% apoptotic
cells [Figure 5C(i)]. Cotreatment with CPP-additive 1 showed
a result, while cotreatment with 2 led to a higher number of
apoptotic cells (∼55%). We also assessed the activation of
executioner caspases 3/7, which occurs during the later stages
of apoptosis, through a luminescence-based assay. Only cells
treated with CMR19-cR10 showed increased luminescence,
where cotreatment with 2 led to statistically higher caspase 3/7
activation [Figure 5C(ii)]. Taken together, we provide
evidence of improved CMR19-cR10 uptake into SJSA1 cells
in the presence of 2 in a serum-containing medium.

Last, we used the hydrophobic peptide additive 2 to enhance
the delivery of the functional genome-editing enzyme Cre
recombinase (43 kDa, +25 net charge). To assess the delivery
efficiency, we established a HeLa cell line stably transfected
with the CreSTOPLight plasmid (HeLa-CreSTOP) to act as
reporter cells.46,69 The reporter sequence in HeLa-CreSTOP

cells contains a ZsGreen coding sequence flanked by loxP sites,
positioned upstream of an mScarlet coding region. Reporter
cells initially express ZsGreen. Upon successful cytosolic
delivery of Cre, the loxP sites along with the ZsGreen coding
region are recombined, allowing the expression of mScarlet,
leading to a green-to-red fluorescence emission change in
reporter cells (Figure 6A). We cotreated HeLa-CreSTOP cells
with NLS-CreR8 (5 μM) only or in the presence of 1 or 2 (5
μM) in DMEM with 5% FCS. After 24 h of incubation, we
changed the media to fresh DMEM with 10% FCS and
continued incubation for another 24 h. Confocal tile-scan
images of HeLa-CreSTOP treated with NLS-CreR8 showed
only minimal mScarlet-expressing cells, whereas there were
noticeably more red fluorescent cells in the presence of CPP-
additives 1 and 2 (Figure 6B). It is worth mentioning that
cotreatment of reporter cells with NLS-CreR8 (5 μM) and 2
(5 μM) resulted in more mScarlet-expressing cells with a
decreased number of ZsGreen-expressing cells.

We validated the microscopy images with quantitative flow
cytometry data. Scatter plot graphs were used to represent the
expression levels of each fluorescent protein (x-axis, mScarlet
expression; y-axis, ZsGreen expression) in individual cells
within the population [Figure 6C(i)]. The population of
reporter cells treated with NLS-CreR8 alone had a high
ZsGreen signal but a low mScarlet signal [Figure 6C(i); top
panel]. In contrast, the population of cells treated with both
NLS-CreR8 and 1 or 2 showed a higher mScarlet signal
[Figure 6C(i); middle and bottom]. The percentages of
mScarlet-expressing cells after cotreatment of NLS-CreR8 and
1 or 2 are at 80 and 95%, respectively, with the latter being
significantly higher than the former [Figure 6C(ii)].

■ CONCLUSIONS
We report that the addition of a small hydrophobic tag to the
cell-surface-anchoring CPP-additives greatly enhances the
delivery of functional peptide and protein payloads. Through
careful screening, we identified the hydrophobic CPP-additive
2 as having enhanced performance in facilitating the uptake
protein-CPP into cells compared to other hydrophobic
anchors, which showed high cytotoxicity and loss of membrane

Figure 5. Delivery of CMR19-cR10. (A) CMR19 is cell impermeable. Conjugation with cyclic R10 (CMR19-cR10) enables cell entry and a
physiological effect. Cotreatment in the presence of 2 should improve the uptake resulting in improved cell death by apoptosis. (B) Cell viability
after incubating SJSA1 cells with culture media (Control), p53/MDM2 protein−protein interaction inhibitor CMR19, or CMR19-cR10 (5 μM) in
the presence of CPP-additive (5 μM) for 24 h in RPMI1640 with 2.5% FCS. (C) Apoptosis induction following peptide treatment. [C(i)] Flow
cytometry showing mean percentage of live, apoptotic, and necrotic cells across biological replicates ± SEM and [C(ii)] luminescence-based
caspase 3/7 activation assay. The data are presented as mean ± SEM of three biological replicates (N = 3). The indicated P-values are calculated
using one-way ANOVA followed by Tukey’s post hoc analysis.
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integrity. Here, we demonstrate that this hydrophobic CPP-
additive efficiently delivered larger CPP-protein cargoes, such
as the nonpermeable NLS-mCherry model protein (∼32 kDa)
at low μM concentrations compared to the nontagged version.

Structure−activity relationship studies of 2 established the
following key features: (1) a cell-surface anchoring moiety in
the form of an electrophilic disulfide, (2) a polyarginine
sequence, and (3) a local hydrophobic stretch. Interestingly,
the distance between the polyarginine sequence and the
hydrophobic ILFF-peptide, as well as transposing the sequence
to present the hydrophobic motif on the N-terminus, did not
affect the protein uptake efficiency. Additionally, cells cotreated
with 2 and an NLS-mCherry conjugated with the ILFF-
containing R10 IV showed a higher uptake as compared to the
original NLS-mCherry-R10 I, suggesting a potential coopera-
tive effect of hydrophobic CPP-conjugated protein with
hydrophobic CPP-additives. Further investigations are ongoing
to better understand the contribution of hydrophobic motifs to
both protein-CPP and CPP-additives in enhancing cellular
delivery.

Our time-lapse microscopy experiments demonstrated that a
Cy5-labeled hydrophobic CPP-additive remains strongly
associated with the cell membrane, while an alkylated control
and the nontagged analogue showed reduced membrane
interaction. Furthermore, cells pretreated with the hydro-
phobic CPP-additive 2 for 5 min remained capable of allowing
the direct transduction of NLS-mCherry-R10 I, in contrast to
cells pretreated with CPP-additive 1. This implies that cell
surface retention of CPP-additives is crucial in facilitating the
uptake of protein-CPP cargoes.

Hydrophobic CPP-additives enhanced the uptake of
protein-CPP cargoes in living cells at 37 °C. The rapid
appearance of the nucleolar signal after cotreatment with NLS-
mCherry-R10 I and hydrophobic CPP-additive 23 and the
absence of entrapped fluorescent cargoes or additives below 10
min strongly suggest, that direct transduction is primarily
involved in the uptake of protein-CPPs at this point (Figure
4C). Additionally, delayed addition of hydrophobic CPP-
additives 2 did not result in the release of entrapped proteins
(Figure S23). Performing the uptake experiments at 4 °C also

Figure 6. Delivery of genome editing NLS-CreR8. (A) Schematic diagram of CreSTOPLight assay to determine successful cytosolic delivery of Cre
recombinase. (B) Tile-scan confocal microscopy images of HeLa-CreSTOP cells cotreated with NLS-CreR8 (2.5 μM) with no additives or
indicated CPP-additives (5 μM) after 24 h incubation in DMEM with 2.5% FCS. Inset shows magnified images (scale bar, 20 μm). [C(i)]
Representative scatter plot showing EGFP (y-axis) and mScarlet (x-axis) of HeLa-CreSTOP cells cotreated with NLS-CreR8 only (top), NLS-
CreR8 with 1 (middle) or 2 (bottom) analyzed by flow cytometry. [C(ii)] Graph showing the percentage of mScarlet-expressing cells among
20,000 gated events. Data presented as mean ± SEM of three biological replicates (N = 3). Indicated P-values are calculated by one-way ANOVA
followed by Tukey’s post hoc analysis.
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pointed toward nucleolar localization of protein cargo I via
direct transduction, although with reduced efficiency compared
to 37 °C (Figure S22). While this lower efficiency could be
explained by a mixed mechanism of direct transduction and
endosomal escape (for example, if the protein cargo I and the
hydrophobic CPP-additive 2 undergo simultaneous endosomal
uptake), diminished reactivity toward disulfide-bond formation
as well as reduced membrane dynamics could also account for
this observation.

Examining the local effect of retained CPP-additives revealed
that hydrophobic CPP-additive decreased the cell membrane
tension. By comparing the change in membrane tension at
CPP-additive accumulation sites on the cell membrane, we
observed a significant decrease in membrane tension at
accumulation sites of 23 after 15 s of incubation. This
indicates that the hydrophobic tagged-CPP-additives allow
faster cell membrane association and interaction, which
together with sustained membrane interaction rationalizes
the improved NLS-mCherry-R10 I uptake. This work pioneers
the use of a hydrophobic moiety installed on CPP-additives to
facilitate direct protein transduction, which involves prolonged
retention on the cell membrane and better priming of protein-
CPP entry sites. Additional biophysical characterizations will
shed light on the precise effects and modes of action of
hydrophobic CPP-additives.

Finally, we applied improved hydrophobic CPP-additive 2 to
deliver functional peptide and protein payloads. Cotreatment
of the macrocyclic peptide inhibitor of MDM2 (CMR19-
cR10) with 2 resulted in higher cell death by apoptosis in
SJSA1 cells, showing enhanced delivery compared to 1.
Hydrophobic CPP-additive 2 also enhanced the uptake of
the recombinant genome editing protein, NLS-CreR8, into
reporter cells, leading to more cells with the expected genetic
recombination. These findings demonstrate that codelivery of
cargo-CPP conjugate and 2 leads to significantly higher
functional readout than using 1, further exemplifying the
improvement provided by the hydrophobic motif.

In conclusion, our work presents the next-generation of
CPP-additive technology achieved through the simple addition
of a hydrophobic ILFF tag. This enhancement results in longer
cell membrane retention, faster effects on membrane tension,
and improved direct transduction of protein-CPP. We are
currently working toward adding cell specificity to CPP-
additives and understanding the cooperative effects between
CPP-additives and protein-CPPs, which could lead to the
application of hydrophobic CPP-additive technology in a more
complex biological system. This research holds promise for
advancing the field of cellular delivery and has potential for
various biotechnological and therapeutic applications.
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