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Proteins and nucleic acid therapeutics represent a significant and growing share of the pharmaceutical
landscape. The majority of biological and therapeutic applications of these biomolecules require access
to the cytosol. Delivery of biologics directly to the cytosol is made difficult by the impermeability of the
cell membrane. As a result, most delivery strategies have utilized endocytic uptake pathways to deliver
biologics into the cell. However, endosomally entrapped cargo often faces limited escape efficiency and
is prone to degradation within endo/lysosomal compartments. The emergence of delivery vehicles
capable of bypassing endocytosis and directly traversing the cell membrane offers a promising approach
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to improve the cytosolic delivery efficiency of biomolecules. Here, we highlight recent developments in
endocytosis-independent delivery systems for biologics and ways to accurately assess cytosolic delivery
of biologics. Strategies employing covalent and non-covalent modification of biomolecules will be

Open Access Article. Published on 02 7 2025. Downloaded on 2026-06-21 2:50:05.

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

(cc)

rsc.li/RSCPharma

1. Introduction

Proteins and nucleic acid-based therapeutics are promising
strategies for treatment due to their specificity and precision
in treating ‘undruggable’ disease targets." ™ Nucleic acid-based
therapeutics are a broad class and include messenger RNA
(mRNA) and plasmid DNA (pDNA) that promote the expression
of proteins in the cell, as well as RNA interference (RNAi)
technologies, such as micro-RNA (miRNA) and small interfer-
ing RNA (siRNA) that decrease (knockdown) protein
expression.? Nucleic acids are highly charged species, making
them impermeable to the cell membrane.’ Due to their sus-
ceptibility to nuclease degradation, nucleic acids require
encapsulation within nanocarriers for protection and effective
delivery into cells and then into the cytosol to perform their
function.®

Proteins present a second major family of biomacromolecu-
lar therapeutics.” Native proteins play dynamic and diverse
roles in all aspects of cell function, making them promising
therapeutics.®® Current protein therapeutics on the market are
encompassed by monoclonal antibodies,'® enzyme replace-
ment therapies,'" interferons,"> hormones, and fusion
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reviewed, along with strategies incorporating both covalent and supramolecular processes.

proteins.'>'* Protein therapeutics provide numerous advan-

tages over traditional small-molecule drugs, including high
target specificity, fewer side effects, and enhanced effective-
ness in treating various genetic mutations."® Despite revolutio-
nizing the medical field, protein therapeutics still face chal-
lenges pertaining to therapeutic efficacy.® These challenges
arise from the inability of proteins to cross the cell membrane
effectively to access the intracellular locations required for
their activity.?

Several approaches have been utilized to transport bio-
macromolecules into cells and cytosol, including mechanical
techniques such as microinjection and electroporation.'”
While mechanical methods provide direct access to the
cytosol, they require specialized instruments and cannot be
readily translated to 3D tissues and organs.'®>° Chemical
strategies for delivery have also been developed, including cell-
penetrating peptides (CPPs)*' and ligands.>*>® However, at
low concentrations, CPPs are often internalized by the cells via
endocytic pathways with limited escape efficiency, resulting in
degradation in the endo/lysosomal compartments.>**” This
limitation can be circumvented by increasing CPP concen-
tration, but higher dosages often result in cytotoxicity and
unwanted side effects in a systemic environment.””>° While
CPPs can independently deliver biologics, they are increasingly
employed to modify nanocarriers, to enhance intracellular
uptake efficiency and are often attached to the surface via
electrostatic interactions or via covalent coupling strategies.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For nanocarriers that utilize this strategy, endosomal escape
efficiency is observed to be predominantly dependent on the
surface charge, which should be a critical consideration for

future nanocarrier design.>'**
Nanocarriers, such as inorganic nanoparticles,**
lipids,®®?*” and polymers®®?° have been utilized widely for

intracellular delivery of proteins and nucleic acids due to their
broad design space.”® Endocytosis is the preferred mode of
uptake for most nanocarrier-based delivery systems.*"*> Most
nanocarriers encapsulating protein and nucleic acid-based
therapeutics enter the cells through endocytic mechanisms
such as clathrin- and caveolae-mediated endocytosis, macropi-
nocytosis and phagocytosis.***® The cargo then often
becomes entrapped within endosomes, and is eventually
degraded in the endolysosomal compartments, without
gaining access to the cytosol, thereby limiting the efficacy of
the delivery system for intracellular targets.*”"*®

Cytosolic access of biologics is crucial to achieving optimal
therapeutic efficacy for most biologics, either for direct activity
in the cytosol, or for reaching the nucleus, and other intra-
cellular organelles.*®° Substantial progress has been made to
address endosomal entrapment by designing strategies to
escape these compartments, however the reported endosomal
escape efficiency using these strategies is low, generally
<10%.%'>?

Direct delivery of biologics to the cytosol circumvents the
challenges associated with endosomal escape, thereby increas-
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ing the therapeutic potential.**** In this review, we will focus
on recent advancements in the development of non-endocytic,
direct cytosolic delivery systems for proteins and nucleic acids.
Methods for assessing direct cytosolic delivery will be dis-
cussed, and key modifications and encapsulation strategies
that enhance direct cytosolic delivery of biologics will be
highlighted.

2. Assessment of cytosolic
localization and direct delivery
mechanism

Accurate evaluation of subcellular cargo localization and
internalization mechanisms are both crucial for developing
effective delivery systems. This section will highlight common
challenges in validating cytosolic access and direct cytosolic
delivery mechanisms while discussing effective strategies to
evaluate the delivery processes.

Unambiguous assessment of the subcellular localization of
the biomolecule cargo can be challenging and subject to con-
firmation bias.”® Perhaps the most common pitfall is the dis-
tinction between diffuse and punctate fluorescent signals,
qualitative indicators of cytosolic access, and endosomal
entrapment (Fig. 1).>” Inaccurate evaluation or experimental
conditions, such as excessive particle concentrations, oversa-
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entrapment presents initially as punctate fluorescence, while diffuse fluorescence indicates cytosolic distribution.
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turation, out-of-frame fluorescence, or improper qualitative
analysis, can lead to punctate signals being mistakenly identi-
fied as diffuse.’®®° The use of dye-labeled biomolecules can
introduce another source of uncertainty: dyes can be cleaved
chemically and enzymatically.®**> The optical properties of
dyes can vary with pH, a classic example being fluorescein,
which is non-fluorescent at endosomal pH. Additionally, dye
labeling can significantly alter the physico-chemical properties
and intracellular trafficking of the labeled cargo, potentially
leading to incorrect conclusions about the delivery
mechanism.®®* Cell fixation can lead to intracellular redistri-
bution of monitored cargo, so it should be avoided or used
cautiously when studying the cytosolic localization of
biomolecules.®>%¢

Cytosolic access can be validated through the activity of
functional proteins or oligonucleotides within the cytosol or
through extensive cytometry experiments.®” Small intrinsically
fluorescent proteins (<60 kDa), such as GFP, or nucleic acids
diffuse passively from the cytosol to the nucleus through the
nuclear pores in the membrane.’*® Fluorescence in the
nucleus thus provides the most straightforward and unam-
biguous observation to validate the cytosolic access of deli-
vered protein cargo.

However, while cytosolic localization can result from direct
delivery or endosomal escape, experimental evidence alone is
insufficient to determine the specific delivery mechanism.
Caution should be taken when working with inhibitors of
endocytic pathways, as most of these inhibitors were shown to
be non-specific.®® In particular, the use of cholesterol-deplet-
ing agents such as methyl-B-cyclodextrin inhibits clathrin-inde-
pendent processes such as caveolae-mediated endocytosis as
well as lipid raft formation, or cholesterol-enriched micro-
domains that can facilitate direct cytosolic delivery.”
Performing delivery experiments at 4 °C is a commonly used
strategy to inhibit energy-dependent pathways such as endocy-
tosis, but it also reduces membrane fluidity, interfering with
non-endocytic pathways.”*

Organelle-specific markers are other common tools used to
study the intracellular trafficking of delivered cargo.”” A
common challenge in interpreting these studies is treating the
absence of co-localization between the cargo and endo-lysoso-
mal markers (e.g., Lysotracker series) as evidence that the cargo
was delivered via a non-endocytic pathway. These pH-responsive
fluorescent markers can be quenched as the endo/lysosomal pH
changes and so, the absence of colocalization with the delivered
cargo does not conclusively prove direct cytosolic delivery.”>””

The most reliable method for establishing delivery of bio-
molecules to cells is live-cell video microscopy.”® This tech-
nique allows real-time visualization of the delivery process,
providing clear insights into the dynamics of cargo internaliz-
ation and subcellular localization.”” Unlike static imaging
methods, live-cell microscopy eliminates the potential ambigu-
ity caused by oversaturation or artifacts, ensuring a more accu-
rate assessment of the delivery mechanism.

The articles discussed in this review have provided experi-
mental results supporting cytosolic localization (usually,
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diffuse fluorescence signal) and a direct cytosolic delivery
mechanism.

3. Covalent modification of biologics
for cytosolic delivery
3.1 Cell-penetrating peptide conjugates

Cell-penetrating peptides (CPPs) have significant potential for
delivering a wide variety of biomolecules, including thera-
peutic proteins and nucleic acids (Fig. 2a). CPPs are composed
of 5-30 amino acids and are typically positively charged at
physiological pH due to the presence of arginine/lysine resi-
dues.”® The uptake mechanism of CPPs have been extensively
studied over the years, and several hypotheses have been pro-
posed. However, no singular uptake pathway applies to all
CPPs, as the internalization route is influenced by several
factors, including structure and concentration of CPP, inter-
action of CPP with the cell membrane, and nanoparticles
carried along by the CPPs.”® Direct membrane penetration and
endosomal uptake via one of the endocytic pathways have
been suggested as the two main uptake mechanisms.®® Direct
membrane translocation has been observed at high concen-
trations of CPP when they are attached to relatively smaller
cargos such as fluorophores.”” For larger molecules such as
proteins, endocytosis is the most common route of uptake,
necessitating endosomal escape for these proteins to reach the
cytosol and other subcellular organelles.®"

Recently, cyclic CPPs**®* have been reported to promote
direct cytosolic delivery of proteins and nucleic acids,
suggesting that chemical modifications such as attaching
specific conjugates could further enhance delivery capacity.®*
Salehi et al. synthesized a series of cyclic peptides and their
linear counterparts containing positively charged arginine (R)
residues and hydrophobic tryptophan (W) or diphenylalanine
(Dip) residues for effective siRNA delivery.®® [WR]; cyclic
peptide improves molecular transportation capabilities in con-
jugation with gold, silver, and selenium nanoparticles.®**”
Salehi et al. hypothesized that by replacing W residues with
more hydrophobic Dip residues in [WR]s, cellular uptake
efficiency of siRNA can be improved further. Preliminary cyto-
toxicity and cell proliferation studies demonstrated effective
growth inhibition of SK-OV-3 ovarian cancer cells (76%) with
[DipR]s at 10 pM, while HEK 293 epithelial cells (6%) remained
largely unaffected. Delivery capabilities of fluorescently labeled
siRNA was demonstrated with [DipR]s; and was able to achieve
effective cellular uptake of siRNA at N/P 10 (30-fold) and 20
(50-fold) compared to siRNA alone in MDA-MB-231 cells.
Further, mechanism of uptake was evaluated with endocytic
inhibitors using flow cytometry and confocal microscopy. The
cargo seemed to be largely unaffected in the presence of endo-
cytic inhibitors, although a combination of uptake mecha-
nisms could not be completely ruled out.

The Hackenberger group reported bioorthogonal conju-
gation of cyclic azido-TAT peptide with a mutant GFP that
carries a homopropargyl glycine at the N terminus.®® The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic representation of covalently modified biologics for cytosolic access. (b) Real-time confocal images showing cytosolic delivery
of Hela cells treated with CPD-BSA, Lysotracker and Hoechst dye at different time points. Z stack images on the right showing CPD-BSA delivery in
Hela cells after 2 h of treatment. (c) Representative confocal images showing cytosolic delivery of CPD-Casp-3 in Hela cells after treatment with
Ac-DEVD-AMC (fluorogenic substrate for casp-3). (d) Relative fluorescence units (RFU) of enzymatic Casp-3 assay of Hela cell lysates. Western blot
image demonstrating PARP1 cleavage in Hela lysates upon treatment with caspase-3. (e) Viablity of Hela cells treated with CPD-Casp-3 quantified
by XTT assay. (f) Confocal images depicting AF-488-CPD-Ab delivery to Hela cells treated with Hoechst dye. (g) Temperature-dependent protein
uptake in Hela cells, quantified by flow cytometry. (h) Quantification of protein uptake in Hela cells pre-treated with different inhibitors, chlorpro-
mazine (CPZ), wortmannin (w), methyl-p-cyclodextrin (MBCD), and 5,5'-dithiobis-2-nitrobenzoic acid (DTNB). Reproduced from ref. 97 with per-

mission from American Chemical Society, copyright 2015.

cyclic CPP was designed with alternating L and D amino acids
for maximal uptake efficiency and a flexible spacer region con-
taining the reactive azido group to facilitate effective conju-
gation. cTAT-GFP was uptaken directly to the cytosol at all the
concentrations tested (50-150 pM), while the linear TAT-GFP
showed very low intracellular GFP signal even at the highest
concentrations (150 pM). This methodology was further
applied for the cytosolic delivery of nanobodies and fluo-
rescent proteins.’® Despite the overall success in achieving
direct cytosolic access, high concentrations of the cargo

© 2025 The Author(s). Published by the Royal Society of Chemistry

protein were used (over 100 pM), generally unrealistic levels for
in vivo use.

Delivery of CPP-protein and CPP-antibody conjugates is
challenging, and often requires laborious protein engineering.
Through the recent work from the Hackenberger group, cyto-
solic delivery of various cargoes (TAMRA, mCherry, Cre recom-
binase, and IgG) were shown with both synthetic and recombi-
nant CPPs using thiol-reactive cyclic R10 peptides while still
preserving their function.’® The thio-nitro-benzoic-acid-acti-
vated R10 peptide (TNB-R10) was reported to show quick cellu-
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lar uptake due to the assistance from the thiol-reactive head
groups to form nucleation zones to cross the membrane at
both 37 °C and 4 °C, consistent with direct membrane trans-
duction in an energy-independent manner.

Mandal et al. recently reported the use of a hydrophobic
derivative,  4-(4-dimethylaminophenylazo) benzoic acid
(DABCYL), to modify cR10 peptides for improved cell uptake
efficiency of synthetic ubiquitin cargos via non-endocytic
routes.”’ Ubiquitin analogues were synthesized with a PEG
linker containing a cysteine residue to mediate the formation
of disulfide bridges with the CPP, and the N-terminus was
labeled with TAMRA. The CPP-TAMRA ubiquitin conjugates
were delivered to U20S cells, and the confocal microscopy ana-
lysis showed cytosolic delivery and nuclear localization. To
investigate the role of DABCYL in cytosolic delivery, Cy5-
labeled cR10 and Cy5-labeled DABCYL-cR10 were synthesized
and studied under time-lapse microscopy in U20S cells.
Nucleation zones were observed after 30 seconds of incubation
of both peptides, with more nucleation zones in cells treated
with 500 nM of Cy5-DABCYL-cR10 at 37 °C. Nucleation zones
are the points of non-endocytic entry through the cell mem-
brane. It was then observed that these zones disappeared fol-
lowing gradual diffusion of fluorescence throughout the
cytosol.

Recently, the Cheng group investigated the use of a family
of cationic helical polypeptides — PVBLG,-8 to induce pore for-
mation in cell membranes to facilitate efficient siRNA deliv-
ery.”> Unlike CPPs such as penetratin and oligoarginine,
PVBLG,-8 was able to retain its membrane disruptive pro-
perties regardless of the pH environment. The helical confor-
mation of PVBLG,-8 was essential for direct cytosolic delivery,
as demonstrated by experiments showing that its disrupted
analogue, PVBDLG -8, failed to mediate siRNA delivery, high-
lighting the critical role of membrane permeation in this
process. siRNA uptake was further examined by incubating
HeLa-Luc cells with PVBLG,(,-8 before treatment with siRNA.
siRNA was able to enter HeLa-Luc cells pretreated with
PVBLG0-8, likely through membrane pores formed by the
polypeptide. Delivery of TAMRA-siRNA was further evaluated at
4 °C as well as with endocytic inhibitors and the data suggests
that siRNA uptake with PVBLG,-8 occurs via diffusion through
membrane pores created by the helical peptide.

3.2 Cell-penetrating disulfide conjugates

Cell-penetrating disulfides (CPDs) have been rapidly emerging
as an alternative to synthetic CPPs due to their endocytosis-
independent cellular uptake mechanism.’*°* They are syn-
thetic mimics of polyarginine-rich CPPs, except the polypep-
tide backbones are replaced with poly(disulfide)s and undergo
rapid degradation upon cell uptake, catalyzed by endogenous
glutathione (GSH), resulting in spontaneous cargo release.
Moreover, CPDs employ a thiol-mediated cell uptake mecha-
nism, which is not affected by endocytosis inhibition, resulting
in efficient cytosolic delivery.

Recently, Guo et al. developed a series of degradable poly
(disulfide)s containing phenylboronic acids (PBA) and guani-

854 | RSC Pharm., 2025, 2, 850-864
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dine groups for efficient binding of PBA-CPDs to proteins via
multiple non-covalent interactions.”> These CPDs demon-
strated efficient cytosolic delivery of a wide range of native pro-
teins (phycoerythrin, ovalbumin, BSA, p-galactosidase, GFP,
horseradish peroxidase, ribonuclease A, IgG, saporin, cyto-
chrome C, trypsin, Cre recombinase) or small peptides without
any chemical modification. Cellular uptake studies at 4 °C, or
in the presence of inhibitors indicated a predominant thiol-
mediated uptake, bypassing the endocytosis-dependent path-
ways. Both p-galactosidase and Cre recombinase retained their
functional capabilities upon delivery to cells and were able to
retain about 80% enzymatic activity and 70% gene editing
efficiency respectively. Further, hyaluronic acid (HA)-coated
PBA-CPD was explored for the delivery of saporin in vivo for
the treatment of HeLa-xenografted tumor model and demon-
strated efficient tumor accumulation and tumor repression as
compared to the control groups without HA.

The Qian group developed pH-responsive cell-penetrating
poly(disulfide)s (CPDpyp) for targeted protein delivery to
cancer cells.”® The CPDyyps utilizes imidazole groups instead
of the conventional cationic arginine residues. Under normal
physiological conditions, the imidazole groups remain neutral,
which reduces nonspecific interactions during blood circula-
tion. However, in the acidic tumor microenvironment (TME),
these groups become protonated (pK, ~ 6.8), turning the
polymer positively charged. This charge reversal allowed for
enhanced cellular uptake by combining thiol-mediated and
counterion-mediated uptake with no endosomal entrapment,
as demonstrated through the delivery of fluorescently labeled
IgG. A 2-fold increase in uptake of 1gG was observed at pH 6.5
compared to pH 7.5, demonstrating the pH sensitivity of
CPDpyp. Endocytic inhibitors were used to study the entry
mechanism further, and IgG uptake remained largely
unaffected, consistent with direct cytosolic delivery. In vivo bio-
distribution studies demonstrated more tumor accumulation
and less non-specific uptake with CPDyp as compared to
CPD,, confirming the cancer-selective delivery capabilities of
CPDyip.

Shao Q. Yao’s group reported a cyclic polydisulfide CPD-
mediated method for the intracellular delivery of proteins,
therapeutic antibodies, and small-molecule drugs.®” Proteins
were conjugated with CPDs, either covalently (via biorthogonal
chemistry) or non-covalently (via affinity interaction), which
enabled the proteins to be delivered into the cytosol of cells
without being entrapped by endocytic vesicles (Fig. 2b-h).
Three thiol-containing initiators—biotin, nitrilotriacetic acid
(NTA), and tetrazine (Tz)—were used to synthesize BiotinCPD,
Ni-NTACPD, and TzCPD for efficient cargo attachment with
Histidine tagged BSA, avidin and BRD4 respectively. BSA,
avidin, and BRD-4 proteins conjugated with the respective
CPDs demonstrated direct cytosolic delivery without endo-
somal entrapment, proven by using endocytic inhibitors
(chlorpromazine, wortmannin, methyl-b-cyclodextrin). To
further explore the therapeutic potential of the CPDs, delivery
of active caspase-3 was tested in HeLa cells. Caspase-3 retained
20% of the enzymatic activity and induced apoptosis. Further,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Alexa fluor-tagged IgG was used as a model antibody to
demonstrate successful delivery to HeLa cells.

3.3 Other small molecule bioconjugates for cytosolic delivery
of biologics

In addition to CPPs and CPDs, other small molecules have
been used to modify biomolecule cargos, facilitating their
interaction with cell membranes, and enabling their direct
cytosolic delivery. The Raines group developed a strategy to
enhance protein cellular uptake by esterifying carboxyl groups
on the protein surface, reducing anionic character, and
increasing hydrophobicity.”® The esterified proteins showed
improved cellular internalization, with uptake correlating to
the number of ester groups on the protein. Confocal
microscopy confirmed that esterified GFP demonstrated direct
cytosolic delivery, while unmodified GFP did not enter cells,
and a “supercharged” variant entered cells via endocytosis,
showing a punctate fluorescence pattern. Further, esterified
GFP with a nuclear localization signal (nlsGFP) demonstrated

Hoechst 33342 WGA

a)

GFP-1
37 °C

GFP-1

4°C

b)
nisGFP

37°C

nisGFP-1
37 °C
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diffuse fluorescence not only in the cytosol but also co-loca-
lized with the nuclear stain, exhibiting successful transport to
the nucleus (Fig. 3a and b). This approach leverages the
masking of anionic charges to promote protein uptake and
overcome cellular barriers. Additionally, the esterification was
reversible, as incubation with mammalian cell extract led to
the complete removal of the ester labels, mimicking the behav-
ior of prodrugs.

Zhou et al. recently demonstrated efficient cytosolic delivery
of miRNA and siRNA using guanidinium-containing disulfide
(GDS) molecule via a thiol-mediated cellular uptake mecha-
nism, bypassing endo/lysosomal entrapment.”® Complexation
of GDS with the RNA resulted in the formation of disulfide-
based nanospheres (DBNP), which upon cellular internaliz-
ation underwent reductive depolymerization by endogenous
glutathione, releasing the cargo in the process. Cellular uptake
mechanism was confirmed by pre-treating cells with endocytic
inhibitors and thiol-blocking reagents, prior to treatment with
SiRNA/miRNA, and results indicated a thiol-mediated cellular

GFP

Fig. 3 Confocal images depicting (a) cellular internalization of GFP esterified variant containing diazo compound (GFP-1) (15 pM) in CHO-K1 cells at
37 °C or 4 °C, stained with Hoechst 33342 and wheat germ agglutinin (WGA)-Alexa Fluor 647 (b) nuclear internalization of GFP and esterified GFP
(GFP-1) in CHO-K1 cells treated with nuclear localization signal GFP (nlsGFP) or nuclear localization signal GFP-1 (nlsGFP-1). Reproduced from ref.

98 with permission from American Chemical Society, copyright 2017.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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uptake, demonstrated via flow cytometry, confocal microscopy.
KRAS siRNA delivered to PANC-1 pancreatic cancer cells effec-
tively silenced gene expression and reduced downstream
protein expression levels, as confirmed by western blot ana-
lysis. miRNA-34a targeting Notch-1 and CD44 was delivered to
MDA-MB-231 cells to evaluate the gene silencing effects. Flow
cytometry results revealed that DBNP-miR34a induced apopto-
sis (24.9%) more efficiently in comparison to RNAIMAX
(18.9%). Therapeutic effect of DBNP-siKRAS (1 mg kg™') was
further evaluated in PANC-1 xenograft tumor-bearing nude
mice and results revealed a 2-fold reduction in tumor growth
compared to the control groups.

Recently, a simple small-molecule tag was developed by
conjugating Coomassie blue (CB) with cholesterol.'®® CB dye
facilitated non-covalent binding to proteins via hydrophobic
interactions, while cholesterol was used to decorate the
protein-tag complex to promote interaction with the cellular
membrane. The tag, linked by a bifunctional linker to enhance
solubility and mask negative charges, facilitates the insertion
of proteins between lipid bilayers, promoting their eventual
release into the cytosol through membrane dissociation. The
cholesterol-tagged protein delivery system was tested with pro-
teins ranging from 6.5 to 150 kDa to assess its size selectivity.
Fluorescently labeled proteins demonstrated distinct intra-
cellular fluorescence patterns, with smaller proteins (e.g., apro-
tinin, 6.5 kDa) showing homogeneous distribution via direct
membrane permeation, while larger proteins (e.g., BSA
(66 kDa) and IgG (150 kDa)) exhibited punctate fluorescence,
indicating endocytic uptake. To exclude the possibility of endo-
cytic uptake followed by efficient endosomal escape, the
authors conducted confocal microscopy experiments at 4 °C,
which inhibits endocytosis. At low tag/protein ratios, aprotinin
was mostly confined to the cell membrane, while at the
optimal tagging ratio, homogeneous intracellular fluorescence
was observed, confirming direct membrane permeation. This
approach was however limited to the delivery of small proteins,
as cargos larger than 30 kDa yielded punctate fluorescent
signals.

Recently, the Yin lab developed a ‘pro-protein’ system that
utilizes LAT1-mediated transport for selective delivery to
cancer cells, bypassing endocytosis.'®>*%* Native proteins were
engineered with an H,0,-responsive domain (4-nitrophenyl 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl carbonate)
and a LAT1 substrate (3,4-dihydroxy-.-phenylalanine) to facili-
tate efficient intracellular delivery. The LAT1-mediated delivery
system was shown to selectively target cancer cells, with pro-
protein uptake ranging from 35-55% in tumor cell lines (e.g.,
MDA-MB-231, HeLa) and minimal uptake (<3.5%) in normal
cells. Cytosolic delivery was inhibited by incubation at 4 °C
and by LAT-1 selective inhibitor, but not by endocytosis inhibi-
tors, suggesting a LAT-1-mediated direct cytosolic delivery
mechanism. The efficacy of the system was further demon-
strated by the successful cytosolic delivery of pro-enzymes,
including p-galactosidase (B-gal) and horseradish peroxidase
(HRP) to cancer cells. f-Gal restored enzymatic activity (~80%),
and HRP exhibited substantial activity in the presence of
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H,0,, confirming the functional restoration of the delivered
enzymes. Further, the gene editing capabilities of Cas9 ribonu-
cleoprotein (RNP) targeting polo-like kinase 1 (PLK1) was eval-
uated in HeLa cells and were able to demonstrate significant
DNA cleavage (21.1% indels), downregulated PLK1 mRNA and
protein levels by 54.1% and 58.5%, respectively, and triggered
apoptosis.

4. Polyplex and nanoplex delivery
approaches

4.1. Direct encapsulation

The covalent modification strategies described above present
challenges in terms of retaining activity relative to the native
biomacromolecules. The cargo must be sufficiently modified
to enable efficient delivery, while minimizing excessive altera-
tions that could negatively impact the structure and function.
Furthermore, direct modification of biomolecules leads to
smaller size systems which are subject to renal clearance and
are vulnerable to enzymatic degradation during circulation. On
the other hand, strategies based on cargo encapsulation can
lead to nano-sized particles with more favorable pharmacoki-
netic profiles (Fig. 4a).

Tang et al. demonstrated a rapid and efficient protein deliv-
ery strategy using nanoparticle-based supramolecular nano-
capsules (NPSCs).'®® The protein-NPSC complexes were
formed by mixing proteins with HKRK gold nanoparticles
(AuNPs) to provide supramolecular stabilization. Template
emulsions were created by combining AuNPs in phosphate
buffer and oil (linoleic acid), which were then mixed with the
protein—AuNP solution to form the final protein-NPSCs. This
approach enabled direct delivery of functional proteins in their
native forms, overcoming challenges associated with protein
stability and cellular uptake. GFP was used as a model protein
to study intracellular distribution as well as the delivery capa-
bilities of NPSCs. An even distribution throughout the cytosol
and nucleus was observed using confocal microscopy and live-
cell video imaging, supporting membrane fusion as the
primary mechanism of uptake. Notably, the NPSCs were not
taken up as intact entities by the cells, reinforcing the idea
that the protein release occurred through fusion with the cell
membrane rather than endocytotic uptake. To demonstrate
the therapeutic potential of the system, NPSCs were utilized to
deliver caspase 3, owing to its crucial role in apoptosis. CASP3-
NPSCs were incubated in HeLa cells and demonstrated 72 +
6% apoptosis, confirmed by double staining with Yopro-1 (a
dye to detect apoptotic nuclei) and 7-AAD (used to detect mem-
brane disruption).

The Miserez group recently developed a short pH-respon-
sive peptide (HBp.p) coacervate platform conjugated with di-
sulfide bond-containing moieties that disassemble in thiol-
rich intracellular environments.'®* These coacervate microdro-
plets deliver a wide range of biomacromolecules, from short
therapeutic peptides (726 Da) to large proteins (430 kDa), and
mRNA, with results consistent with direct delivery into the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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images showing FITC-BSA delivery using gemini amphiphiles (GA) in HeLa cells pre-treated with endocytic inhibitors. (c) Relative mean fluorescence
intensity (MFI) changes recorded with various endocytic inhibitors and delivery conditions. (d) T7E1 assay after intracellular delivery of ribonucleo-
protein/gemini amphiphiles (RNP/GA) complexes in 293T cells targeting EGFP loci. (e) Fluorescence images of 293T-EGFP cells treated with RNP/GA
complexes. (f) Flow cytometry analysis in 293T-EGFP cells depicting relative MFI changes between experimental and control groups. Reproduced
from ref. 105 with permission from American Chemical Society, copyright 2023.

cytosol. Dye-labeled payloads showed diffuse fluorescent
signals, consistent with cytosolic localization. The mechanism
of uptake was further verified by pretreating the cells with
cholesterol/endocytic inhibitors and incubation at 4 °C, and
the results confirm a non-endocytic mode of uptake.
Luciferase-encoding mRNA transfection using HBp., was
studied in HepG2, HEK 293 cell lines and compared with the
conventional transfection reagents (PEI, Lipofectamine 2000
and 3000). At the optimal peptide concentration, the transfec-
tion efficiencies of coacervates were higher than those of PEI
and Lipofectamine 3000, although slightly lower than

© 2025 The Author(s). Published by the Royal Society of Chemistry

Lipofectamine 2000 in HepG2 cells. The coacervates exhibited
transfection efficiency comparable to that of Lipofectamine
2000 in HEK293 cells. Further, the transfection efficiency of
EGFP-encoding mRNA was quantified using FACS and demon-
strated 72% and 81.6% EGFP expression in HepG2 and
HEK293 cells respectively.

Le et al. recently developed a family of gemini amphiphiles
(GAs) for direct cytosolic delivery of proteins.'®® Different
amines were chosen to vary GA charge. A series of
a-substituted aldehydes and carboxylic acids (C12-C20) with a
range of alkyl tail lengths were employed to tune hydrophobi-
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city. GAs containing C18 and C19 proved to be the most
efficient in delivering FITC-BSA to HeLa cells, with delivery
efficiencies of 94% and 89% respectively, while the shorter
alkyl chain tail (C14 and C15) provided cell viability less <50%
(Fig. 4b and c). To demonstrate therapeutic applicability, deliv-
ery of Cas9 ribonucleoprotein (Cas9 RNP) was assessed in
293T-EGFP cells and were able to demonstrate a 45% decrease
in the GFP expression. Furthermore, T7E1 assay results from
targeting the KRAS gene in SW-480 cells, AAVS1, and HBB
(hemoglobin subunit beta) in 293T cells collectively
depict efficient genome editing at the target loci. KRAS gene
targeting was further tested in vivo. Tumor tissues were har-
vested and tested for the insertion and deletion frequencies
using T7E1 assay. An indel frequency of 17.9% to 22.1% was
detected, which was further verified using Sanger sequencing
(Fig. 4d-f).

Jana et al. reported a size-dependent mechanism for cellu-
lar uptake using arginine-terminated gold nanoparticles
(AuNPs), highlighting a critical threshold of <10 nm dia-
meter.'® Specifically, AuNPs smaller than 10 nm with 100 +
30 average number of arginine molecules per particle entered
cells via energy-independent direct membrane penetration,
enabling immediate access to the cytosol. In contrast, larger
nanoparticles (~16, 40 nm) were taken up by energy-dependent
endocytosis, emphasizing how nanoparticle size influences
cellular internalization pathways. As delivery vectors, these
sub-10 nm AuNPs exhibited the ability to rapidly transport
electrostatically bound fluorescent labeled bovine serum
albumin directly into the cytosol, bypassing endocytosis.
These findings highlighted the potential of arginine-functiona-
lized, ultra-small AuNPs as a versatile platform for intracellular
protein delivery.

Recently, the Rotello group developed a series of guanidi-
nium-functionalized  poly(oxanorborneneimide) polymers
(PONI) with varying side chains (C3, C5, C7) and molecular
weights (17, 30, 65 kDa) to study the role of amphiphilicity on
SiRNA complexation and delivery efficiency.'”” PONI-Guan
homopolymers formed discrete polyplexes with siRNA via
electrostatic interactions, demonstrating over 95% encapsula-
tion efficiency and preventing siRNA from enzymatic degra-
dation when exposed to RNase A. Cellular uptake efficiency of
AF488-siRNA was evaluated in LPS-induced M1 macrophages
and results showed maximum uptake efficiency was achieved
with the 65 kDa polymers of all chain lengths. The uptake
mechanism was further investigated by pre-treating cells with
small-molecule inhibitors and results revealed cholesterol
dependence on uptake. Furthermore, the ability of polyplex-
mediated siRNA delivery to regulate TNF-a levels for immune
modulation was investigated in vitro and results revealed 70%
gene silencing when treated with 65 kDa C3 and C5-Guan poly-
plexes. In vivo efficacy of Cn-Guan/si_TNF-a polyplexes against
lung inflammation was evaluated in LPS-challenged BALB/c
mice model. Highly efficient TNF-a knockdown was achieved
with polyplexes of all three chain lengths at a low 0.14 mg kg™
siRNA dosage, highlighting the therapeutic potential of Cn-
Guan polyplexes (Fig. 5a-e).
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The Csiszar group used fusogenic liposomes composed of
DOPE and DOTAP (1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine and 1,2-dioleoyl-3-trimethylammonium-propane chlor-
ide, respectively) to encapsulate water-soluble proteins, allow-
ing their direct delivery to the cytosol.'®® The formation of
these proteoliposomes relied on electrostatic interactions
between the cationic liposomes and the encapsulated cargo,
limiting the application of this system to negatively charged
proteins. Upon short incubation times (10-15 min), this
system allowed direct cytosolic delivery of fluorescent proteins
(EGFP, Dendra2, and R-phycoerythrin) in CHO cells, yielding
diffuse fluorescence signals, and binding peptides in both
CHO cells and primary rat cardiac myofibroblasts, where the
binding capabilities were retained.

The Csiszar group later carried out a systematic study to
identify key features in the compositions of their fusogenic
liposomes which allowed fusion-driven cell entry.'”® Using a
BODIPY FL-DHPE tracer with concentration dependent spec-
tral changes to assess the cell entry mechanisms at play, the
study distinguished between fusion and endocytic uptake.
Fusion events resulted in a green monomer signal due to dye
dilution, while endocytosis caused a red-shifted dimer signal
due to dye aggregation in endosomes. The results confirmed
that fusion efficiency increased with the zeta potential of lipo-
somes, with saturation occurring at a DOTAP concentration of
around 50 mol%, reaching approximately 90% fusion
efficiency. Of the six cationic lipids (DMTAP, DOTAP, DOTMA,
DOEPC, MVL5, DC-cholesterol) tested for their fusion capabili-
ties, DOTAP and DOTMA liposomes achieved over 90% fusion,
DMTAP and DOEPC had ~30% efficiency, and MVL5 and DC-
cholesterol showed minimal or no fusion, highlighting the sig-
nificant impact of lipid composition on fusogenicity. Further,
the role of aromatic components and neutral lipids were exam-
ined and found that aromatic components (above 5 mol% of
the composition) were necessary and sufficient to allow
efficient cell entry through fusion-like mechanism. Neutral
helper lipids were found to provide liposomes with increased
stabilization and reduced cytotoxicity but could also strongly
impact the cell entry mechanism and efficiency.

Sarkar et al. generated micelles using a guanidinium-termi-
nated polyaspartic acid and used these for delivery of proteins
and pDNA.""° Cells pre-treated with endocytic inhibitors prior to
incubation with rhodamine B dye-conjugated polymer
suggested guanidinium-phosphate salt bridging occurred
between the micelle with the cell membrane. Transient defor-
mation of the membrane then led to direct cytosolic delivery. To
test the cell delivery performance of polyaspartic micelles, FITC-
conjugated BSA was used as a model protein and delivered to
KB cells. The results showed cytosolic access within the first 2 h
and that the direct cytosolic delivery is strictly dependent on the
size and colloidal properties of the nano-assembly. To test the
use of polyaspartic acid as a gene transfection agent, GFP pDNA
was used as a model cargo. Various cell lines (KB, SHSY5Y,
astrocytes, and progenitors) were utilized to study transfection
after incubating polymer-pDNA or lipofectamine-pDNA nano-
assemblies. Immunoblot assay was utilized to quantitatively

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Guan/si_eGFP polyplexes. (c) Confocal laser scanning microscopy images depicting eGFP knockdown in M1-polarized RAW 264.7:eGFP cells. (d)
qRT-PCR analysis of TNF-a mRNA levels from pulmonary tissue sections relative to -actin levels. (e) Relative bronchial wall thickness analysis from
H&E stained lung tissue sections. Reproduced from ref. 107 with permission from Elsevier, copyright 2024.

determine the relative GFP expression in cells and was able to
obtain higher GFP expression with the polymeric carrier in com-
parison to lipofectamine. Furthermore, the tentative number of
protein/DNA bound to the micelles was found to be about 3-4
proteins/DNA per micelle and about 20-50% of the micelle
surface is free, consistent with guanidinium groups at the
micelle surface driving translocation.

The Hoffmann group investigated the use of neutralization
reagents to enhance the transfer efficiency of nucleic acids
(NAs) via fusogenic liposomes (FLs).'"" While FLs alone were
inefficient at transferring NAs, pre-incubation with positively
charged molecules, like protamine, significantly improved

© 2025 The Author(s). Published by the Royal Society of Chemistry

transfer efficiency. Further, fusogenic liposomes (FLs) contain-
ing DOPE/DOTAP/DiR (1/1/0.1) were tested for their mRNA
transfer capabilities in mammalian cells and were shown to
achieve 80% transfer efficiency, while formulations lacking
DiR were significantly less effective (<20%). Replacing DOTAP
with the multivalent lipid MVL-5 showed reduced fusion
efficiency despite similar surface charge densities, and high
MVL-5 concentrations inhibited liposomal fusogenicity.
Replacing DOPE with DOPC prevented fusion and greatly
reduced transfer efficiency (4%). mRNA transfer efficiency was
further quantified, demonstrating 1700 fusion events per cell
in 10 minutes and successful mRNA delivery into primary cor-
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tical neurons, highlighting the versatility and potential of FLs
for efficient gene transfer in primary tissues.

4.2. Cargo co-engineering

Cargo co-engineering is an integrative approach involving the
rational modification of therapeutic payloads to enable
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efficient encapsulation with the delivery vehicles (Fig. 6a). This
coordinated design enhances stability, promotes efficient cel-
lular uptake, and enables controlled biodistribution in sys-
temic environments.""?

Recently, the Futaki group developed a branched CPP FcB
(L17E); containing three copies of an attenuated cationic
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(a) Schematic representation of cargo modification and encapsulation for cytosolic delivery. (b) Scheme depicting nanocomposite prepa-

ration via streptavidin conjugation with biotinylated components followed by encapsulation with PONI-Guan polymers. (c) Confocal microscopy
images of b-GFP delivery at varying charge ratios. (d) Quantification of delivered b-GFP in HEK 293T cells using imaging flow cytometry. (e) Viability
of HEK 293T cells after treatment with b-GrA nanocomposites and in the presence of small-molecule inhibitors: chlorpromazine (CPM) and methyl-
B-cyclodextrin (MBCD). Reproduced from ref. 116 with permission from American Chemical Society, copyright 2022.

860 | RSC Pharm., 2025, 2, 850-864

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00129c

Open Access Article. Published on 02 7 2025. Downloaded on 2026-06-21 2:50:05.

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

(cc)

RSC Pharmaceutics

amphiphilic lytic peptide L17E (a mutant of M-lycotoxin), with
an Fe-binding peptide for efficient complexation with I1gG.'"?
Interestingly, FcB(L17E); when mixed with Alexa488-IgG
formed coacervates, facilitating efficient translocation of IgG
to the cytosol. The negative charges imparted by Alexa488 on
IgG was found to be critically important in the liquid droplet/
coacervate formation. Transient permeabilization of cell mem-
brane followed by actin polymerization and membrane ruffling
was proposed as the mechanism of action induced by the coa-
cervates from inhibitor experiments. Delivery of other proteins
modified with negative charged molecules was demonstrated
using Alexa Fluor 594-labeled anti-pore complex antibody and
an anti-mCherry nanobody tagged with supercharged GFP.

Rotello and co-workers reported a protein—particle co-engin-
eering strategy for direct cytosolic protein delivery. In this
method, proteins were genetically engineered with a peptide
chain comprised of different lengths of oligo-glutamic acid
tags (E-tag) at their N or C terminus.'** This allowed for self-
assembly of the protein cargo with the arginine-functionalized
gold nanoparticles (ArgNPs) via guanidine-carboxylate electro-
static interactions. These assemblies provided direct cytosolic
delivery in a membrane-fusion like process. Confocal
microscopy of E-tagged GFP in mammalian cells showing
diffuse fluorescence throughout the cytosol including the
nucleus indicated direct cytosolic delivery bypassing endocyto-
sis. Live cell imaging videos by video confocal microscopy
further confirmed the membrane-fusion like mechanism
where these supramolecular assemblies were shown to fuse
with the cell membrane, through interaction of ArgNPs with
the cell membrane, releasing the E-tagged GFP into the cytosol
within seconds after attaching to the membrane. Moreover,
delivery after pre-treatment with endocytosis inhibitors did not
significantly alter uptake, all consistent with a direct delivery
pathway. Besides GFP, other proteins were also delivered
including functional Cre recombinase and gene editing ribo-
nucleoprotein CRISPR Cas9 systems.>®

Inspired by these results, the co-engineering strategy was
then adapted to deliver E-tagged proteins with polymeric deliv-
ery vehicles to increase the design space and to provide a more
scalable platform for direct cytosolic protein delivery.'*
Briefly, Poly(oxanorborneneimide) polymers (PONI) featuring
cationic guanidinium moieties (PONI-Guan) were synthesized
via ring opening metathesis polymerization and utilized for
protein delivery. The ‘semiarthritic’ (neither too rigid nor too
flexible) oxanorbornene backbone and the guanidinium func-
tional group reminiscent of the ArgNPs, play a pivotal role in
fusing of the carrier with the membrane.

Recently, Rotello and co-workers reported a modular
biotin-streptavidin (STV) assembly-based strategy for cytosolic
delivery of proteins.''® In this approach, biotinylated oligo(glu-
tamate) (bE20) and biotinylated proteins were first bound to
STV to generate biotin-STV protein bioconjugates (Fig. 6b-e).
These conjugates were then self-assembled with the cationic
PONI-Guan homopolymer to form discrete supramolecular
protein—-polymer nanocomposites. This simplified strategy
eliminated the need for protein engineering and facilitated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficient cytosolic delivery, as demonstrated through
microscopy and nuclear access of biotinylated green fluo-
rescent protein (b-GFP) with imaging flow cytometry in mam-
malian cells, consistent with their previous reports. This strat-
egy simplifies the process of complexation with the nanovec-
tors, eliminating the need for protein engineering and pro-
vides a modular approach for direct cytosolic protein delivery.

A more straightforward approach of protein modification
using citraconic anhydride was recently reported to impart an
overall negative charge on the protein cargo, enabling them to
assemble with positively charged nanovectors.''” Proteins of
varying sizes and pl (EGFP, RNase A, ovalbumin, BSA, apo-
transferrin, dsRed) were anhydride modified and dye-labeled
to assess the delivery efficiency in HEK-293T cells. Diffuse fluo-
rescence was observed in confocal microscopy, suggesting
efficient cytosolic access in cells. The mechanism of uptake
was assessed using cholesterol depletion agents as well as
endocytic inhibitors as previously described and the results
indicate a membrane fusion-like mechanism, which was
further confirmed using time-lapse imaging. Delivery of active
proteins including Cre recombinase and RNase A were studied
to establish the functional capabilities of this approach.
Modified Cre recombinase was able to excise the dsRed DNA
coding sequence between LoxP sites and trigger GFP
expression in a Cre reporter HEK-293T cell line. Likewise,
anhydride-modified RNase A (an endonuclease) showed 50%
apoptosis in HeLa cells, confirming the retention of enzymatic
activity.

5. Summary and outlook

Protein and nucleic acid-based therapeutics can be used to
treat ‘undruggable’ disorders, opening up new therapeutic
pathways. Intracellular delivery using nanocarriers has
advanced rapidly. Although endocytic pathways are among the
most common modes of cellular uptake, inefficient endosomal
escape of the cargo remains a significant challenge. Direct
membrane fusion-based approaches offer a strategy for direct
delivery to the cytosol delivery, achieving high delivery
efficiency by evading endosomal entrapment. While fusion-
based approaches are still emerging, they hold the potential to
revolutionize protein and nucleic acid-based therapeutic deliv-
ery. However, the mechanisms underlying these systems
require further exploration and understanding.

There remains substantial opportunity for advancing nano-
carrier systems for intracellular protein and nucleic acid deliv-
ery, particularly to enhance specificity and minimizing toxicity.
A key challenge is clinical translation of these promising
technologies, would be facilitated if tissue, organ, and cell-
type specificity of cargo-loaded nanocarriers are developed. In
circulation, nanocarriers often face challenges due to protein
corona formation, which prevents the administered thera-
peutics to reach the site of action. These challenges can be
addressed through precise engineering of the physicochemical
properties (size, shape, surface charge) of nanocarriers, to
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influence biodistribution and cell uptake. Further, specificity
can be significantly enhanced by functionalizing nanocarriers
with ligands/antibodies that specifically recognizes surface
markers on cell types of interest.

There is enormous space that can be explored for delivery
of biomolecules using nanocarriers. A critical factor driving
this momentum is the incorporation of clinical feedback into
the development cycle. Insights gained from patient responses
and trial outcomes enable researchers to refine formulations,
optimize efficacy and safety. A classic example of this evolution
is the development of siRNA-based therapeutics Vutrisiran
from Onpattro, which illustrates how clinical feedback can
improve the delivery profiles and patient outcomes. Given the
substantial advancements in delivery strategies for protein and
nucleic acid-based therapeutics in recent years, we expect
delivery platforms such as those discussed here will make
their way into the clinic in the near future.
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