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ABSTRACT

Although therapeutic proteins have achieved recognized clinical success, they are inherently membrane impermeable, which

limits them to acting only on extracellular or membrane-associated targets. Developing an efficient protein delivery method will

provide a unique opportunity for intracellular target-related therapeutic proteins. In this review article, we summarize the different

pathways by which cells take up proteins. These pathways fall into two main categories: One in which proteins are transported

directly across the cell membrane and the other through endocytosis. At the same time, important features to ensure successful

delivery through these pathways are highlighted. We then provide a comprehensive overview of the latest developments in the

transduction of covalent protein modifications, such as coupling cell-penetrating motifs and supercharging, as well as the use of
nanocarriers to mediate protein transport, such as liposomes, polymers, and inorganic nanoparticles. Finally, we emphasize the
existing challenges of cytoplasmic protein delivery and provide an outlook for future progress.

1 | Introduction

Proteins regulate nearly every biological activity, including signal
transduction, cellular metabolism, gene expression, cell division,
cell proliferation, and programmed cell death [1]. Importantly,
proteins hold exceptional promise as a therapeutic approach
for tackling numerous hard-to-treat diseases, thanks to their
unmatched precision and adaptability [2]. The synthesis and
development of biopharmaceutical proteins, such as recombinant
therapeutic proteins, enzymes, synthetic vaccines, monoclonal
antibodies, and antibody-drug couplings, have facilitated protein
therapeutics in the 40 years since recombinant human insulin
(INS) Humulin was first introduced [3]. Unfortunately, the
highly hydrophobic membrane impermeability, caused by the

protein’s hydrophilicity, charge, and rapid degradation, greatly
limits the application and clinical translation of the protein’s
therapeutic ability [4, 5]. Currently, clinically authorized protein
treatments like monoclonal antibodies, cytokines, and growth
factors mainly target extracellular receptors or secreted proteins
[6]. More than 70% of biosynthesized proteins localize and
execute their functions within the cell. Overcoming proteins’
membrane impermeability would significantly increase the num-
ber of therapeutic targets and would directly benefit a variety
of therapeutic areas, such as oncology, infectious diseases, and
genetic disorders.

In order to introduce the protein into the cell, one strategy
is to transfect the target cell with a plasmid encoding the
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target protein. In this case, the nucleic acid delivery problem
can replace the protein delivery problem. However, plasmid
DNA needs to be localized to the nucleus for transcription and
translation, which is difficult to achieve in permanent cells [7].
Compared with plasmid DNA, the delivery of mRNA only needs
to be delivered to the cytoplasm and translated into the target
protein, which is feasible in permanent cells [8]. Nevertheless,
it is important to note that nucleic acid delivery methods lack
control over protein dosage and administration intervals. Direct
intracellular delivery of proteins not only bypasses this issue
but also enables comprehensive physicochemical and molecular
characterization. Proteins, unlike nucleic acids, exhibit greater
stability and do not require ultra-cold transportation and storage.
They can be mass-produced efficiently by leveraging commonly
utilized and readily accessible platforms, thereby minimizing
production expenses. Various methods for direct protein delivery
have been established. For instance, high-intensity energy or
force produced by electric, magnetic, or light fields is used in
physical procedures (e.g., microinjection and electroporation) to
create transitory gaps in cell membranes for protein transport [9].
However, because physical approaches are ineffective, scalable,
and potentially harmful to cells, they cannot be applied to in
vivo protein delivery. Viral vectors are very effective because
they come with an internal mechanism for getting past cellular
barriers. However, because of their toxicity and immunogenicity,
they should only be used sparingly. Protein entry into cells
can be facilitated by chemical changes, such as coupling cell-
penetrating peptides (CPPs), enhancing the hydrophobic charac-
teristics of target proteins, and applying protein supercharging.
Furthermore, membrane-permeable non-viral nanocarriers that
transport functional proteins into the cell interior are an enticing
platform for delivering intact proteins into the cell’s interior
without any further modification and without altering their
natural function [1]. Typically, these nanocarriers form complexes
with cargo proteins by noncovalent binding. By balancing ionic,
hydrophobic, and hydrogen bonding (HB) interactions between
macromolecules, complexes can be stabilized, interacted with the
cell membrane, and released proteins into the cytoplasm [10].
Over the past decades, several nanocarriers, such as liposomes
[11, 12], polymers [13, 14], and inorganic nanoparticles (NPs) [15,
16], have been explored for the delivery of biomolecules across
cell membranes. Although intracellularly delivered proteins have
great potential for treating a range of diseases, delivery vectors
face several challenges in efficiently transporting proteins. These
challenges include ensuring sustained retention in the circu-
lation, selective accumulation in pathological tissues, effective
cellular uptake, and the release of therapeutic cargoes from
endosomes and facilitation of intracellular transport. Existing
delivery technologies have substantial challenges in effectively
overcoming these biological barriers to obtain satisfactory ther-
apeutic results. Furthermore, the cytotoxic impacts and delivery
platform instability commonly pose limitations to their practical
application within biological systems, amplifying the critical
demand for a resilient, adaptable, and biocompatible strategy for
intracellular protein transportation.

In this work, we comprehensively overview various mechanisms
of cellular protein intake and emphasize crucial attributes for
effective transportation via these pathways. Next, we provide a
comprehensive overview of the latest developments in protein
covalent modification and the use of nanocarriers, including lipo-

somes, polymers, and inorganic NPs, for protein delivery. Specif-
ically, we discuss the difficulties encountered by delivery carriers
in reaching their intended targets and the various strategies that
have been developed to conquer these obstacles. Although these
technologies have facilitated the practical application of protein
therapies, the utilization of proteins for therapeutic objectives
is still hindered by the requirement for precise, effective, and
secure delivery methods. Finally, we emphasize the key obstacles
that protein delivery encounters and present a perspective on
potential advancements.

2 | Pathways for Intracellular Protein Delivery

Two main pathways are used by proteins to enter the cell:
either directly across the cell membrane or by encapsulation in
endosomes and transport through endocytosis (Figure 1).

2.1 | Proteins Cross the Cell Membrane Directly
There are multiple methods for delivering proteins directly across
the cell membrane intracellularly, such as membrane perforation
(physical) [17], membrane fusion (biological) [18], or membrane
translocation (chemical) [19]. Mammalian cells possess an inher-
ent capacity to withstand a certain degree of membrane harm,
facilitating protein ingress via transient membrane breaches
[20]. Physical techniques, such as microinjection, sonoporation,
and electroporation, can induce temporary openings in the cell
membrane to facilitate direct protein delivery. However, these
methods are not only ineffective but also unsuitable for in
vivo applications. Chemicals or pore-forming toxins, such as
streptolysin O (SLO) and listeriolysin O (LLO), have the ability
to create pores in cell membranes. However, this process often
results in cell death. Therefore, this review does not emphasize
membrane damage-associated protein delivery.

Proteins can be transported into the cell not only via transient
pores in the membrane but also by fusing with it utilizing
synthetic carriers composed of lipid bilayers. These carriers
transport proteins into the cell, bypassing the need for endosomal
capture. Exosomes are natural vesicles that can fuse with cell
membranes and release their cargo by utilizing their unique
lipid components [21]. Moreover, scientists prefer incorporating
cellular components (e.g., cell membranes) into nanostructures
to create biomimetic NPs (Figure 2). The membrane coating
maintains the source cell membrane’s natural biological charac-
teristics, which not only directly fuses with the cell membrane to
promote cellular uptake but also serves to prolong the somatic
circulation. Prolonged in vivo circulation is critical for drug
delivery as it allows nanocarriers to have a higher chance of
accumulating at the target site. In conclusion, these biomimetic
strategies enable conventional NPs to acquire the properties and
functionalities of their biological counterparts. Additionally, they
retain the efficient loading and delivery capabilities of NPs,
making them promising systems for protein delivery [22].

In addition to the preceding techniques, proteins can utilize
direct membrane translocation as an alternative route for entry.
Although most proteins are impermeable, certain peptides and
proteins can enter via this route. These peptides, predominantly
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derived from pathogenic viruses and bacteria, have evolved to
invade and infect human host cells. One of the most intensively
researched strategies involves coupling payload proteins with
such peptides for effective cellular entry and cytoplasmic protein
delivery. Chemical membrane translocation, involving polymer
functionality transfer through bond interaction with membranes,
proves advantageous for in vivo macromolecular conveyance
compared to cellular manipulation techniques.

The most prominent example of direct membrane translocation
domains or proteins is the CPP domain. It has the ability to
enhance the effectiveness of intracellular delivery by modifying

proteins or carriers. CPPs are typically a-helical and highly
cationic peptides. They are usually composed of less than 30
amino acid residues and exhibit strong interactions with the neg-
atively charged cell membrane surface. In comprehensive inves-
tigations of CPP interactions with artificial bilayer structures, it
has been observed that well-interacting CPPs are “interfacially
active” and can bind noncovalently to model membranes [23, 24].
Several arginine-rich CPPs are currently utilized for protein cyto-
plasmic delivery, yielding desired experimental results [19]. The
guanidino group, present in arginine-rich CPPs, is paramount due
to its cationic charge, which facilitates binding to cell membranes
via electrostatic forces. The membrane’s anion forms a stronger,
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bidentate HB with the peptide’s guanidinium group, enhancing
adhesion compared to the interaction with lysine’s amino group
[25]. Therefore, arginine-rich peptides that form guanidinium
cation-like charge pairs can aggregate in the lipid bilayer, stabi-
lizing the transient pore for CPPs to translocate into the cell [26,
27]. However, CPPs do not enter cells exclusively through direct
translocation; it is also possible that they enter through energy-
dependent pathways, such as endocytosis. Because the plasma
membrane is constantly cycling with vesicular compartments, the
mechanism of CPPs’ cellular entry poses an intricate and ongoing
research topic. Still, it is important to remember that covalently
coupling CPPs to proteins can be effective in helping proteins
cross the cell membrane.

2.2 | Proteins Cross the Cell Membrane Indirectly
Endocytosis is another major method of intracellular protein
delivery. The process of endocytosis primarily involves the
invagination/ruffling of the cell membrane, which then forms
endocytic vesicles. Endocytosis can be divided into two main
types: phagocytosis and pinocytosis [28]. Phagocytosis involves
the uptake of large particles (>0.5 um) and is carried out solely by
specialized cells. Several studies have reported the phagocytosis
of NPs, including silver [29], gold [30], and polymeric NPs
[31]. Pinocytosis is related to liquid uptake, including caveolin-
mediated endocytosis [32], clathrin-mediated endocytosis [33],
clathrin/caveolae-independent endocytosis, and macropinocyto-
sis. Endocytosis is a cellular vesicular transport system. After
endocytosis occurs, early endosomal vesicles rapidly mature into
late endosomes, the pH value is reduced from 6.5 to 4.5, and
finally fuses with the lysosome. The combined process ultimately
results in the thorough breakdown of engulfed protein substances
by lysosomal enzymes and acidic milieu. Membrane receptors
identify certain proteins, facilitating their entry through energy-
dependent endocytosis. However, the majority of proteins require
sufficient carriers to cross the membrane. Typically, protein
delivery employs structures like liposomes, polymers, micelles,
inorganic NPs, and massive protein assemblies to enhance
endocytic uptake. These nanocarriers offer numerous benefits
in protein delivery, especially through the endocytosis pathway.
Nanocarriers that encapsulate proteins offer protection against
neutralization by serum and extracellular macromolecules, as
well as minimize immunogenic responses, in contrast to unen-
capsulated proteins [34]. Nanomaterials shield proteins from
endosomal protease-rich acidic conditions, prevent degradation,
and enhance functional protein delivery. Additionally, NPs are
purposefully crafted to leverage material traits or surface-bound
ligands for targeted tissue interaction. Some can be programmed
to react to cellular compartments like endosomes or cytosol,
thereby promoting endosomal release or enabling protein deliv-
ery into the cytoplasm and restoring their native state. Clathrin-
mediated endocytosis is the most studied endocytic mechanism
and is considered one of the most important mechanisms for
the uptake of NPs. The detailed process of clathrin-mediated
endocytosis has been reported in several articles [35, 36]. In
addition, many factors affect the internalization of NPs, including
the physical properties of NPs, such as size, shape, composition,
stiffness, and surface chemistry. At present, the process of how
the physical properties of NPs affect the uptake of NPs by cells
has been reviewed [37].

3 | Transduction by Protein Covalent
Modification

Recently, the transformative potential of protein chemical mod-
ification has gained significant attention for augmenting both
structural adaptability and functional diversity [38]. More inter-
estingly, specific covalent modifications on the surface of proteins
can directly facilitate intracellular delivery or enhance affinity
with nanocarriers in cargo-transport systems.

3.1 | Coupling CPPs

CPPs, featuring low molecular weight, exhibit an exceptional
capacity to traverse cellular barriers and convey an array of
therapeutical biomolecules, ranging from small molecules and
nucleic acids to larger compounds like proteins and NPs [39].
This characteristic enhances cellular uptake significantly and
holds immense promise for drug delivery applications. CPPs
bind to proteins through different strategies, including produc-
tion by genetic engineering, covalent introduction by chemical
means, and noncovalent complexation or simple co-incubation
of proteins and peptides [40-42]. Expressing the protein as a
protein-peptide fusion facilitates easy integration of CPPs [43].
Nonetheless, due to their high charge and inherent disorder,
most CPPs can disrupt the stability and functionality of targeted
proteins. An example is the protein precipitation caused by incor-
porating a highly charged nonaarginine peptide (R9) into the
sequence of the nucleic acid endonuclease Cas9 [44]. Covalently
attaching CPPs to target proteins is an interesting modification
strategy. Still, attention needs to be paid to protein functional
activity and coupling methods such as peptide affixation with site
selectivity.

The first known CPP was a cationic peptide isolated from the
HIV-1 transactivator of transcription proteins called TAT, which
has been coupled to many proteins for intracellular delivery
[45]. TAT peptide cellular entry relies heavily on basic amino
acids like arginine and lysine, which bind to the negative
phospholipid heads on the plasma membrane. For example, TAT
specifically penetrates mouse hypoxic tumor cells when fused
to an oxygen-dependent degradation (ODD)-S-galactosidase (-
Gal) [46]. When TAT couples other membrane-impermeable
proteins, such as ribonuclease A (RNase A) and horseradish
peroxidase (HRP), it can facilitate the transport of these proteins
into the cytoplasm for their biological roles [47, 48]. Follow-
ing the identification of TAT, numerous synthetic and natural
CPPs were found, such as annexin-derived peptides [49], rabies
virus glycoprotein [50], and fibroblast growth factor four-derived
peptides [51]. Through cationic lysine-rich areas, these peptides
and their imitators usually enhance cellular absorption [45].
These peptides’ internalization process is influenced by various
elements, including the cargo attached, membrane composition,
concentration, and peptide sequence and structure [52]. Although
numerous clinical trials are in progress [53, 54], several techno-
logical challenges remain to be resolved. The positively charged
character of CPP renders it highly susceptible to forming stable
complexes with negatively charged large molecules like serum
albumin, thereby significantly impeding cellular uptake. This
problem can be overcome by enhancing the oligomerization of
CPP, which ultimately increases the local concentration inter-
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acting with the plasma membrane [55]. Moreover, numerous
technological obstacles persist, including severe dose-related
toxicity, insufficient cell specificity, and covalent or unbreakable
connections between CPPs and cargoes that result in endosomal
entrapment, famously known as the “endosomal escape problem”
[56].

In the past few years, protein-CPP fusions and conjugates have
made important progress in solving these problems, which can
better promote increased cellular uptake, reduce cytotoxicity,
cause endosomal membrane damage, and promote escape from
the endocytosis pathway. These advancements encompass vari-
ous strategies like minimal cationic CPPs, integration of disulfide
bonds, cyclic structures, reduction of arginine content, and incor-
poration of stimuli-responsive elements for regulated release. For
example, multimeric CPP delivery has surpassed first-generation
linear ones, yet most remain in the micromolar requirement
[57]. In addition, existing multimeric CPPs reportedly enhance
delivery, though their synthesis is relatively more intricate. Cyclic
CPPs have shown superior ability in membrane perforation, and
augmenting arginine content enhances membrane translocation
[58]. Reports indicate that cyclic TAT (cTAT) accumulates at
higher intracellular concentrations, entering cells, on average,
15 min sooner than its linear counterpart [59]. Long polypeptides’
cationic transduction domains have been shown to increase
protein transfection effectiveness in comparison to the traditional
short, linear CPPs. Yin et al. screened bacterial cultures for long,
lysine-rich polypeptides that yielded transduction sequences of
up to 360 amino acids with a maximum theoretical charge of up
to +60. Upon binding to cargo proteins, K4 exhibits exceptional
efficiency in transporting proteins with a wide range of weights,
from approximately 10 to 160 kDa, which is superior to TAT
[60].

Typically, CPPs exhibit poor performance and are susceptible
to endosomal trapping [61]. Cyclization of specific arginine-
rich CPPs improves their endosomal escape, as discovered [62].
However, these CPPs are typically short peptides of up to seven
amino acids, as larger peptides are not effectively absorbed
by cells [63]. Certain folded mini-proteins possessing arginine
sequences can be discharged from initial endosomes [64]. This
modality comprises a helical structure featuring five arginines
strategically positioned at its three distinct vertices [65]. Some
CPPs are specifically designed to achieve endosomal escape,
known as endosomal escape peptides (EEPs), which facilitate
the release of macromolecules from endosomes through pore
formation and fusion or cleavage activity [66]. For example, the
amphiphilic peptide GALA, characterized by 30 amino acids
and responsiveness to pH, was originally designed to explore
viral fusion mechanisms. In addition to encouraging endocytosis,
GALA is frequently employed to improve the endosomal escape
of proteins and siRNAs, both in vivo and in vitro. Chen et al.
constructed a novel nanoconjugate of antibody-drug coupling
(NDC) by introducing GALA. In their study, it was discovered
that GALA peptides form helical structures when situated near
negatively charged lipids, which could significantly enhance
cytosolization and provide a general strategy for endocytosis-
dependent cellular delivery efficiency [67]. Kuehne et al. coupled
GALA to anti-transferrin antibodies and demonstrated that these
couplings were capable of releasing up to 10 kDa of fluorescent
dextrose anhydride from liposomes. Furthermore, their study also

revealed that increased dextran molecular weight necessitates a
correspondingly elevated peptide-to-lipid or peptide-to-antibody
ratio (PAR) [68]. Nonetheless, augmenting the PAR value can
result in unfavorable pharmacokinetics due to changes in the
antibody’s biophysical characteristics, like its isoelectric point.
Considering the distinct compositions of cellular and endosomal
membranes, along with the notable pH disparity (endosomal
at approximately pH 5 and extracellular at around pH 7), it is
feasible to design pH-responsive membrane cleavage peptides
and polymers. Most are currently designed to preferentially
interfere with endosomal membranes through protonation of
carboxylates under acidic conditions in endosomes [69, 70]. For
example, Sakamoto’s team synthesized the new cleavage peptide
L17E by using a cationic amphiphilic peptide, M—Ilycotoxin, as
a template and introducing a single negatively charged glutamic
acid residue onto the potentially hydrophobic surface of the pep-
tide, which efficiently attenuates the cytotoxicity of the original
peptide and modulates the cleavage activity of the peptide. This
peptide is positively charged, and its electrostatic interaction with
the negatively charged endosomal membrane can interfere with
the endosomal membrane, thus possessing membrane cleavage
activity. L17E has been shown to promote cellular uptake by
inducing macropinocytosis, as well as to cause significant release
of antibodies (immunoglobulin G) from intracellular bodies [41].
Du et al. modified biodegradable silica NPs (BSNPs) with different
nuclear-localized signaling peptides (NLS) and encapsulated
cargo proteins. These particles were then able to enter cells
by endocytosis with the aid of L17E. L17E-induced endosomal
disruption facilitated NPs release into the cytoplasm, thereby
achieving targeted nuclear delivery of natural proteins/antibodies
[71]. However, the endosomal membrane cleavage activity of L17E
still fell short of expectations. In order to obtain a more potent
pH-sensitive endosomal membrane cleavage activity, Sakamoto’s
team subsequently synthesized the cleavage peptide HAad based
on the cleavage peptide L17E by replacing the glutamate on
the peptide with |-2-aminoadipic acid (Aad, pKa 4.21) and by
replacing the histidine on the peptide with methyl-containing
alanine. Compared to glutamate, HAad is more hydrophobic and
has a higher pKa of §-COOH (4.21), making it more conducive to
disrupting the endosomal membrane and facilitating endosomal
escape. At the endosomal pH, histidine is positively charged or
protonated, which decreases the peptide’s hydrophobicity. The
hydrophobic contacts and membrane disruption ability of the
peptide can be greatly enhanced by substituting alanine with a
methyl group on the side chain, which is uncharged and pro-
motes the formation of an a-helical structure, for histidine. The
findings indicate that HAad can disrupt endosomal membranes
in addition to facilitating the entry of loaded macromolecules
into the cell [42]. The team then employed a protein nanocage
as a model framework, which was formed by the self-assembly
of a §-cyclic peptide with 24 amino acids in water. Nitrilotriacetic
acid (NTA) was attached to the nanocage’s interior (N-terminal)
in the presence of Ni**, allowing it to effectively encapsulate
the protein, and the cationic amphiphilic peptide HAad was
attached to the nanocage’s surface (C-terminal). The findings
demonstrated that HAad had successfully induced cargo protein
endocytosis uptake and endosomal escape and that 75% of the
cells’ cytoplasm contained the target proteins [72].

In addition to coupling directly to proteins for delivery, CPPs
can also bind proteins via reversible noncovalent binding, which
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facilitates enhanced endosomal escape [73]. Depending on their
chemical structures, CPPs are usually classified as amphiphilic,
hydrophobic, and cationic, with most of them belonging to the
cationic type. Cationic CPPs and negatively charged proteins can
be noncovalently complexed via weak hydrophobic and electro-
static interactions. Although they can be prepared as CPP-protein
complexes, this technique usually leads to structural ambiguity.
In addition, this complexation is limited to the delivery of
negatively charged proteins. On the basis of this, Morris et al. con-
structed a novel peptide carrier Pep-1, containing 21 amino acids,
which is composed of three structural domains: a hydrophobic
tryptophan-rich segment for effective membrane targeting and
protein interactions, a hydrophilic SV-40-derived lysine-rich area
for enhanced intracellular transport and peptide solubility, and a
flexible linker area separating the above contrasting sequences.
The amphiphilic Pep-1 peptide exhibits remarkable efficacy in
transporting an extensive array of peptides and proteins to
diverse cell lines, maintaining their full biological activity upon
complex formation with the payload proteins, achieved by a
straightforward blending of the constituent components [74].
Positively charged CPPs can be attached to protein-loaded NPs in
addition to the above-described direct coupling of proteins. This
promotes cellular absorption through electrostatic interactions
with negatively charged areas on the cell surface, which is crucial
for delivery systems. It is significant to note that positively
charged NPs may inhibit the uptake of NPs by cells and encourage
the development of protein crowns [75]. Anionic coatings can
be created on the surface of NPs to overcome this restriction.
For example, Zsdk et al. modified the carboxyl terminus of
the hydrophilic CPP poly-L-lysine (PLL) with lipophilicity by
amidation reaction with oleylamine (OA), which was then grafted
onto fatty acid chains to enable it to be anchored on the outside of
the nanoemulsions (NEs). Through electrostatic contact, sodium
tripolyphosphate was encapsulated on the surface of NEs to
produce an anionic coating. Once alkaline phosphatase (ALP)-
enriched target tissues were reached, ALP facilitated the quick
dephosphorylation of sodium tripolyphosphate and exposed the
N-amino group on the surface of NEs. This led to a notable change
in zeta potential, which increased the success of target cargo
uptake by three times, from —22.4 to +8.5 mV [12]. The benefits
and limitations of nanocarrier delivery of proteins are described
in detail below.

3.2 | Supercharging and Increasing
Hydrophobicity

CPPs’ highly cationic character enables electrostatic interac-
tion with anionic cell membranes, typically taken up through
endocytosis. This property of CPPs provides ideas for protein
delivery, that s, increasing the positive charge of proteins through
various genetic and covalent modifications can enhance cellular
delivery efficiency. In addition, the hydrophobic nature of the
plasma membrane’s inner layer, attributed to fatty acid chains
in phospholipids, restricts penetration to lipophilic compounds
below 500 kDa. Although amino acids can move freely, pro-
teins’ hydrophilic character and larger size significantly impede
their passive diffusion [76]. Direct membrane translocation can
be facilitated by increasing the target protein’s hydrophobic
groups, which allow it to pass across extremely hydrophobic cell
membranes.

Anionic supercharging, unlike cationic, impairs direct transport
but is widely employed for intracellular cargo delivery. Typically,
negatively charged nucleic acids (DNA, mRNA, siRNA) adhere
to positively charged delivery systems in the form of NPs via
electrostatic attraction. Charge-neutralizing nucleic acid com-
plexes with nanostructures have a strong attraction to negatively
charged cell membranes and stimulate cytophagy. However,
unlike nucleic acids such as DNA and RNA, protein molecules
possess a restricted number of net charges. This is due in
part to the hindrance of intrinsic non-systematic charges, that
is, positive charge of amine groups and negative charge of
carboxyl groups [77]. As a result, it is challenging to form stable
complexes with polymer carriers using electrostatic complexation
strategies similar to those used with nucleic acids. Thus, this issue
might be resolved by anionic supercharging of proteins. Rather
than directly increasing delivery, anionic supercharging increases
the electrostatic interactions between proteins and cationically
charged NPs, is a useful technique for facilitating the entry of
carrier-encapsulated protein cargoes into cells via endocytosis
or non-endocytosis delivery mechanisms. The method targets
imparting proteins with a net negative charge akin to that
of nucleic acids. Liu et al., for instance, fused a gene-editing
enzyme with negatively charged green fluorescent protein (GFP)
[34] or other naturally derived anionic proteins [78], illustrat-
ing cationic lipid-assisted gene-editing enzyme delivery. Protein
amino groups were combined with acid-unstable carboxyl groups
to create integral anionic polyelectrolytes, which are better able to
achieve electrostatic complexation with cationic delivery carriers
[79]. Still, the bioactivity of the proteins has to be ensured.
Cui et al. carboxylated the proteins with amine-reacted cis-
aconitic anhydride, which was efficiently encapsulated into a
multilayer nanostructured carrier composed of a multi-block
copolymerized cationic ring Arg-Gly-Asp (RGD)-polyethylene
glycol (PEG)-GPLGVRG-polylysine (thiol). Carboxylated pro-
teins, when subjected to acidic endosomal pH, restore the original
amine group through a charge reversal decarboxylation process
and effectively increase the charge density, disrupting the anionic
endosomal membrane and facilitating the endosomal escape of
the nanocomposites [80]. Wang et al. conjugated free lysine
residues on cytotoxic proteins, such as RNase A and saponins,
to cis-aconitic anhydride, thereby altering the positively charged
lysine moiety into a negatively charged carboxylic acid moiety.
Chemically changed cargo proteins have a stronger binding to
cationic lipid NPs (LNPs) and can be applied in vivo to limit tumor
growth [81]. It is crucial to recognize that charge modification by
indiscriminate binding to surface residues may have a deleterious
effect on protein function. Negative charge introduction tech-
niques that are site-specific and controlled are better at preventing
protein inactivation while enabling electrostatic interactions with
charged lipids.

The creation of stimulus-responsive proteins that allow for
precise and spatiotemporal control of protein activity within
the cell can also benefit from direct chemical modification of
proteins. For example, Li et al. used propargyloxycarbonyl to
specifically replace the key amino acids on the target protein to
inactivate the protein. After using the palladium catalyst, a depro-
tection reaction can be triggered to remove the structure, thereby
quickly restoring protein activity in living cells [82]. Zhao et al.
chemically coupled ortho-nitrobenzyl to luciferase to generate
photoresponsive proteins, which can rapidly activate intracellular
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protein functions under UV light irradiation [83]. The restricted
tissue penetration of UV radiation and the intrinsic toxicity of
heavy metal ions limit the therapeutic applicability of these tech-
nologies, despite their ability to precisely and efficiently control
protein function. This type of chemical modification of proteins
can be combined with simultaneous enhancement of the inter-
action with NPs. Wang et al. underwent a strategic modification
of RNase A by incorporating 4-nitrophenyl 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzyl carbonate (NBC), enabling the
successful conjugation of an aryl boronic ester to the protein’s
lysine residue via a stable carbamate linker. RNase A binding to
the lysine of NBC reverses its positive surface charge, decreases
its isoelectric point (pI), and enhances electrostatic binding to
cationic LNPs. High concentrations of reactive oxygen species
(ROS) in tumor cells efficiently broke the NBC binding when
RNase A-NBC was liberated from the NPs. They reactivated the
anti-tumor activity of RNase A [84].

Traditionally, protein biocoupling techniques lacked precise
control over modification site and orientation, resulting in het-
erogeneous products with varied activity. The development of
site-specific protein coupling techniques made it possible to
display delivery fractions more adaptable, improving protein
activity, circulation characteristics, and targeting specificity.

4 | Transduction With Nanocarrier Systems

Nanoparticles (NPs) are effective delivery systems for drugs,
vaccines, peptides, and proteins. In recent years, NPs have
gained popularity due to their distinct characteristics such as
size-dependent mobility, enhanced drug solubility, extended
circulation duration in living organisms, stimulus-responsive
payload delivery, combating drug resistance, the capacity to
actively and passively target specific biological tissues, and the
ability to achieve controlled release of drugs [85]. The cellular
uptake, internalization pathways, and intracellular fate of NPs
directly impact the efficiency of nanotherapeutic approaches for
disease management. By coupling targeted ligands (e.g., small
molecules, nucleic acids, peptides, and proteins), chemical mod-
ifications, and changing physical properties, more efficient NPs
can be created (Figure 3). Protein-based technology translation
into clinical practice has been facilitated through the use of
NP delivery systems. However, the requirement for targeted,
effective, and secure delivery methods continues to be a barrier to
the therapeutic use of proteins, and their long-term toxicity and
complexity continue to be major problems in clinical translation
[86]. In this section, we discuss in great depth the developments
and obstacles encountered in the delivery of proteins by NPs
composed of lipids, polymers, and inorganic materials.

4.1 | Liposome

Liposomes, initially formulated by Alec D. Bangham in the 1960s
at the Babraham Institute, Cambridge University, consist of bio-
compatible and biodegradable phospholipid bilayers, showcasing
their unique properties for various applications [87]. Compared to
viral delivery systems, lipid delivery systems significantly lower
the risk of infection, carcinogenicity, and immunogenicity [88].
Lipids and lipid derivatives are mainly composed of a head group,
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FIGURE 3 | Schematic diagram of the main physical and chemical
properties of nanocarriers. Source: By Figdraw.

a linker group, and a hydrophobic tail. During the manufacturing
process, the hydrophilic head is oriented toward the aqueous
medium. In contrast, the hydrophobic tail forms the inner
region of the membrane, resulting in the formation of a bilayer
[89].

Liposomes are categorized into three distinct types: cationic
lipids, lipids with ionizable properties, and amphiphilic lipids,
each differing in their head group attributes (e.g., number of
amines, type of amine, number of substituents, and hydropho-
bicity). Figure 4 displays some common liposome structures.
Cationic liposomes have a positive charge on the surface, which
can interact with the negatively charged cell surface to promote
intracellular protein delivery. However, this property of cationic
liposomes is usually associated with considerable cytotoxicity,
such as ROS production, energy metabolism disruption, and
cell death [90, 91]. Ionizable liposomes have ionizable groups,
and a number of ionizable amino head groups have been
produced as essential ingredients in the production of ionizable
liposomes. Ionizable liposomes are neutral under physiological
conditions (pH 7.4), with an overall surface charge close to
neutral, when protonated under acidic conditions (pH < 6.0),
thus exhibiting a positive charge. After systemic injection, they
are less toxic and have longer circulation durations than cation
delivery systems, which enables them to reach a wide range
of tissues. Following this line of reasoning, Hirai’s group cre-
ated a dioleoylglycerophosphate-diethylenediamine affix (DOP-
DEDA), a new pH-responsive charge-reversible LNP. In the
neutral extracellular environment, it remains negatively charged
to prevent toxic interactions with cells. Upon entry into the
acidic confines of the endosome, the lipid acquires a positive
charge, subsequently engaging with the membrane and initiating
a disruption. The results showed that the delivery system success-
fully carries out endosomal uptake and endosomal escape while
effectively wrapping short interfering RNAs (>95%) and cargo
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FIGURE 4 |
dioleoyl-sn-glycero-3-phosphoethanolamine; PEG, polyethylene glycol.

proteins (~80%) [92, 93]. Lipids carrying both positive and nega-
tive charges on their heads are known as amphipathic liposomes.
In medicine delivery, gene delivery, and other sectors, they exhibit
superior biocompatibility and minimal toxicity because of their
charge-balancing feature, which also has a more mild effect on
organisms.

The ideal set of linkers in a lipid (e.g., ester, amide, and C-N
bond) should be biodegradable and have excellent cyclic stability.
Lipophilicity, transition temperature, and cargo transfer efficacy
of alipid can be affected by the hydrophobic tail’s structure, which
includes heteroatoms, degradable bonds, and tail quantity and
length. Although liposomes are simple to make, they are not
very effective at encapsulating proteins. LNPs, which are highly
prevalent in non-viral delivery platforms, boast superior cargo
encapsulation efficiency compared to liposomes. As illustrated in
Figure 5, LNPs primarily consist of ionizable lipids, cholesterol,
PEG-anchored lipids, and supporting phospholipids. By filling
the gaps between the phospholipids, cholesterol stabilizes the
lipid bilayer membrane, improves the stability of the LNPs, and
prevents the leakage of therapeutic drugs. In addition, PEG can
also modify the liposomes’ surface. This enhanced liposome
design prolongs in vivo circulation by strategically restricting
electrostatic and hydrophobic contacts with plasma proteins, thus

Chemical structures of lipids and lipid derivatives: (A) cationic lipids, (B) ionizable lipids, and (C) other types of lipid. DOPE, 1,2-
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FIGURE 5 | Diagram of the LNP delivery system. DOPE, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine; LNP, lipid nanoparticle;
PEG, polyethylene glycol. Source: By Figdraw.

boosting colloidal stability and reducing reticuloendothelial sys-
tem clearance. Liposomal formulations commonly incorporate
esters of PEG like DSPE-PEG2000, DMG-PEG2000, and DSP-
PEG2000. Enhanced with auxiliary lipids like 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), a conical configuration
is formed, boosting the stability of LNPs’ non-bilayer hexagonal
HII phase. This is essential to increase the effectiveness of drug
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delivery during membrane fusion and bilayer rupture. Currently,
LNPs have been extensively studied as delivery carriers for
proteins, peptides, and mRNAs.

Combinatorial libraries of lipid materials can be synthesized
by employing different methods such as Michael addition,
solid-phase synthesis, “click” chemistry, and epoxide-amine ring-
opening reactions [94]. Among these, the Michael addition
reaction offers several benefits, including solvent-free reaction
conditions, high conversion rates, and simplicity in product
purification when amine-containing hydrophilic head groups
from commercial sources are coupled with new hydrophobic
tail groups to create new lipid carriers. In addition, the physical
characteristics of the lipid carriers, as well as the cargo protein
delivery efficiency, can be changed by altering the composition
and structure of the head group, linker group, and hydrophobic
tail. To increase the effectiveness of cargo protein delivery, for
instance, additional building blocks have been added to the lipid
manufacturing process to change the length of the alkyl chain
at the end of the hydrophobic region and insert a nonlinear
cholesterol component into the tail structure. Li’s research
team partially integrated ethers, thiol ethers, and selenide ether
moieties into the hydrophobic tails of lipids to investigate how
heteroatoms impact the effectiveness of intracellular transport
of genome-engineered proteins. The results showed that even
with a different atom at the end of the hydrophobic tail, the
combined lipids’ intracellular delivery efficacy varied, with the
combined lipid containing selenide ether surpassing the others
in terms of protein delivery efficiency [95]. Combined lipid
structures can integrate stimulus-responsive elements for cargo
release upon specific intracellular cues, promoting accelerated
cleavage and effective payload delivery upon cell entry. By loading
the lipid tails with acid-degradable acetal groups, for instance,
Li et al. successfully manufactured pH-responsive lipids that
show extraordinary stability at physiological pH and break at
mild acidity. A light-cleavable 2-nitrobenzyl ester group was
incorporated into the tail structure to create light-responsive
lipids, which further expand on stimuli-responsive lipids by
permitting lipid breakdown in response to outside stimuli [96].
Using a one-step Michael addition procedure, Wang’s group
created a series of LNPs with disulfide bonds to deliver siRNAs
for gene knockdown intracellularly. In a reducing intracellular
environment containing glutathione (GSH), disulfide bonds in
the lipid tails were disrupted, triggering the dissociation of LNP
and the timely release of cargo [97]. Subsequently, they suc-
cessfully mediated effective genome editing and protein delivery
by electrostatic assembly of reducing lysable lipids with anionic
Cas9: single-guide (sg) RNA complexes or negatively charged Cre
recombinase. Additionally, in the presence of an intracellular
reductive environment, proteins’ ability to escape from endo-
somes to complete biological roles can be enhanced [11]. Surface
modifications of lipid carriers with ligands can enhance their
targeting precision. In summary, by altering lipid composition,
size, and surface chemistry, lipid carriers can be developed into
multifunctional structures to meet adjustable requirements, such
as simultaneous detection, imaging, and targeting of malignant
cells, which provides ideas for disease diagnosis and treatment.

Because the US Food and Drug Administration (FDA) authorized
the use of two mRNA COVID-19 vaccines for emergency use, the
potential of LNPs in drug delivery has been confirmed. Up to

now, lipid-based drug carriers form the majority of FDA-approved
nanomedical treatments. Nonetheless, proteins’ intricacy regard-
ing size, surface charge dynamics, and hydrophobic/hydrophilic
equilibrium, coupled with the vital need to maintain their native
three-dimensional structure for functionality, poses a substantial
obstacle in the development of universally effective LNPs for
protein transportation [93]. Currently, most combinatorial lipids
are designed for gene delivery, with a limited number showing
promise in delivering therapeutic proteins within cells.

4.2 | Polymer Nanoparticles

Polymer NPs frequently serve as efficient nanocarriers for the
targeted intracellular transport of proteins. By modifying or
adjusting the chemical structure of polymers, it is possible to
design polymers that are cytocompatible and can maximize the
efficiency of intracellular delivery while minimizing cytotoxicity.
The physicochemical properties of the polymers, such as size,
surface charge, shape, and mechanical strength, can be specifi-
cally designed for active or passive targeting. At the same time,
protein delivery NPs should be designed to efficiently encapsulate
cargo proteins, be easily degradable or separable, and be able to
precisely trigger protein release from the corresponding sites.

Cargo proteins are primarily bound by carriers through electro-
static interactions, resulting in highly unstable complexes within
plasma. Plasma’s profuse serum proteins can potentially interfere
with the binding process to the carrier before their cellular entry,
resulting in the premature release of payload proteins. An urgent
need exists for creating serum-tolerant protein delivery materials
to boost protein delivery efficiency. Zhang et al. successfully
synthesized a pH-responsive phase-change polymer by modifying
4-diethylaminophenyl isothiocyanate onto the fifth generation
polyamide-amine dendrimers via a simple reaction. Hydrophobi-
cally modified dendrimers are insoluble at pH 7.4, can assemble
into NPs with cargo proteins through electrostatic interactions as
well as hydrophobic interactions, and are highly serum tolerant.
When internalized into the cell, their internal tertiary amine
groups are protonated at a low pH (pH 6.0), allowing the den-
drimers to increase in their hydrophilicity and become completely
soluble in water, allowing for the pH-responsive release of the
protein [98]. Inspired by the intricate nature of high-density
nucleic acid nanostructures, such as spherical nucleic acids,
Distler et al. ingeniously created DNA dendrimers exhibiting
controllable dimensions, length, and hierarchical design. These
sophisticated structures can efficiently be uptaken by dendritic
cells through type A scavenger receptor-mediated endocytosis.
N-terminal cysteine residues of fluorescently labeled cargo pep-
tides were coupled to dendrites by disulfide exchange reaction
utilizing a pyridyl disulfide-containing cross-linker. The results
demonstrated that the dense DNA clusters had no cytotoxicity
and successfully carried the cargo peptide while also improving
resistance to serum nuclease and spatially preventing enzymatic
breakdown [99]. Currently, the most commonly used method
for protein encapsulation is the water/oil/water double emulsion
method. This method, along with others, employs chemicals or
techniques that commonly cause protein denaturation, which is
a drawback [100, 101]. In addition, this method tends to result
in lower protein loadings. For example, after careful optimiza-
tion by Varshochian et al., the maximum loading capacity of
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bevacizumab can only reach 7.1% [102]. Therapeutic proteins that
require more than 300 mg of delivery in a single dosage still
require improvement in this loading capacity. In addition to guar-
anteeing high serum tolerance of the NPs, delivery mechanisms
with high protein-loading capacity can be created to further boost
the actual protein cell entrance. Protein desolvation may be a
promising technique for concentrating proteins. The dropwise
addition of a non-solvent protein (e.g., ethanol) to an aqueous
solution of protein under gentle stirring can lead to protein
supersaturation, resulting in the formation of protein NPs [103].
For example, Buzgo et al. performed antibody desolvation with
acetonitrile to generate bioactive protein NPs, the size of which
can be controlled by the addition of alow concentration of sodium
chloride (<2 mM) [104]. Polymers can encapsulate protein NPs
to increase protein loading. Morales-Cruz et al. nanoprecipitated
proteins and then used a second polymer nanoprecipitation
step to efficiently encapsulate protein NPs into poly(lactic-co-
glycolic acid) (PLGA) nanomicrospheres. This resulted in >70%
protein encapsulation while maintaining the proteins’ high level
of activity [105].

Conventionally administered intravenously, nanocarriers circu-
late within the bloodstream, where they face potential excretion,
are influenced by blood flow dynamics, form coronae, and are
encountered by phagocytic cells. The altered blood flow rate
exerts a shear stress on the nanocarriers, which leads to dam-
age and early release of therapeutic drugs. When nanocarriers
interact with biomolecules (e.g., proteins, antibodies, lipids) and
cells in the bloodstream, a corona layer forms around them,
which affects their biodistribution and stability. In addition, rapid
clearance by the mononuclear phagocyte system (MPS) is a major
obstacle for protein delivery systems in vivo. MPS consists mainly
of phagocytes, such as macrophages and dendritic cells from the
spleen, lymphatic hubs, and liver, which readily remove NPs
flowing in the bloodstream. In addition to eliminating nanocarri-
ers from the blood, phagocytosis also triggers an immunological
response via interleukin, necrosis factor, and interferon, which
inevitably causes tissue damage and undesirable inflammation
[106]. Nanoparticles’ stealthiness is pivotal in evading protein
adsorption, immune detection, and body clearance [107]. For NPs
intended to be passively accumulated into target tissues using
enhanced permeability and retention (EPR) effects, a sufficiently
long circulation time contributes to their efficient accumulation
in target tissues [108]. By covering the NPs with plasma proteins
such as immunoglobulin or albumin, the phagocytic system can
be prevented from identifying them [109]. Moreover, grafting
uncharged hydrophilic polymers—of which PEG is the most
widely used—onto the surface of particles produces so-called
stealth particles, which lengthen the modified particles’ plasma
half-life by inhibiting renal excretion and obstructing efficient
phagocytosis uptake [110]. Surface modification of liposomes with
PEG reduces clearance by the reticuloendothelial system, and
PEG-modified polymers can achieve the corresponding effect.
The length, molecular weight, and grafting density of the PEG
chains influence protein adsorption and stealth effects. In fact, an
efficient MW ranges from 1500 to 3500 Da, whereas the most often
used PEG-PEs are PEG 2000, 3000, or 5000 [111]. However, recent
studies have shown that repeated administration of pegylated
drug formulations can lead to the disappearance of invisible
effects and the occurrence of adverse reactions [112]. For example,
the non-biodegradable PEG has been observed to accumulate

within renal cell cytoplasms, forming vacuoles, yet its impli-
cations on cellular and organ functioning remain unexplored.
However, they may be important in the context of long-term
application [113]. Furthermore, once pegylated medicines are
administered, antibodies against PEG can be detected, sug-
gesting that PEG may be more immunogenic than initially
anticipated. Hypersensitivity reactions have been reported with
PEG-containing treatments. Interestingly, amphiphilic ions and
mixed-charge polymers have shown great potential in the fab-
rication of invisible delivery systems. For example, Qin et al.
prepared a novel class of mixed-charge amphiphilic copoly-
mers poly(aminoethyl methacrylate)-co-poly(methacrylic acid)-
co-poly(n-butyl methacrylate) (CPMA) for efficient intracellular
delivery of adriamycin (DOX). In a physiological environment
(pH 7.4), the mixed-charge CPMA copolymers assembled into
micelles with a zeta potential of —26 mV, significantly prolong-
ing circulation time and enhancing tumor penetration. Under
tumor extracellular acidic (pH 6.5) conditions, its zeta potential
increased to —6 mV, promoting micelle retention in the tumor
stroma and cancer cell uptake [114]. However, amphiphilic or
mixed-charge polymers encounter certain challenges during
chemical preparation, such as the insufficient water solubility of
amphiphilic polymers and the difficulty in controlling the charge
ratio of mixed-charge polymers [115]. Therefore, the design of
an invisible nanocarrier is of great importance for drug delivery
systems while remaining a great challenge. In order to solve
this problem, Xu et al. constructed anionic dendritic lipopeptides
(ADLs) with eight carboxyl groups in the terminal groups and
cationic dendritic lipopeptides (CDLs) with eight amino groups
in the terminal groups. The results demonstrated that equal
amounts of ADLs and CDLs were co-assembled to generate
neutral, invisible NPs with mixed charges, which successfully
inhibited the adsorption of positive and negative proteins and
prolonged blood transport [116].

Nanoparticles and polymers commonly adhere to cargo proteins
via noncovalent bindings. Due to the intricate nature of protein
chemistry and scarcity of binding sites, tailored NPs are often
necessary for each protein, thus affecting their broad applicability.
Therefore, it is essential to find a universal and biocompati-
ble means of delivering proteins intracellularly. Wang’s team
constructed a novel supercharged polypeptide (SCP) with high
cellular uptake, intracellular vesicle escape, and cytoplasmic
localization capabilities. Introducing an unnatural amino acid
containing a phenylboronic acid side chain at the N-terminus
of each SCP can efficiently form nanocomplexes with different
proteins through ionic interactions, nitrogen-boron coordina-
tion, and cation-7 interactions, which can successfully deliver
various proteins into the cytoplasm without affecting the protein
bioactivity [117]. Although most nanoplatforms can achieve single
protein delivery, it is more attractive to develop nanoplatforms
that can deliver different proteins at the same time. Feng et al.
proposed a lysine-modified cyclodextrin-based nanoplatform,
which successfully achieved co-delivery of RNase A and deoxyri-
bonuclease I into the cytoplasm with better anticancer effects
[118]. However, the co-delivery of proteins acting at different sites
is still challenging. Recently, Zhao et al. ingeniously developed
a sophisticated magnetic protein nanocarrier, which not only
exteriorly releases the tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) but also precisely facilitates targeted
intracellular delivery of glucose oxidase (GOx). The nanosystem’s
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design features a core-shell composition. The core comprises
polyphenol-modified GOx and iron oxide NPs impregnated with
boric acid, linked via pH-responsive borate bonds. The shell
consisted of a polyethene glycolized polyethyleneimine polymer
coupled to TRAIL via a matrix metalloproteinase-2 (MMP-2)
responsive peptide. The peptide connecting TRAIL and PEI-
PEG is broken by MMP-2, which is overexpressed in the tumor
microenvironment when the nanosystem is magnetically directed
to the tumor site. The released TRAIL then binds to receptors
on the cell membrane, inducing intrinsic tumor apoptosis and
improving the cellular uptake of the core. When pH-sensitive core
structures enter a cell, they degrade quickly and set off a chain
reaction that produces free radicals, which limit tumor growth.
Experiments conducted in vitro and in vivo demonstrated that
TRAIL and GOx have strong synergistic anticancer effects [119].

To enhance efficient passage across challenging hydrophobic cel-
lular barriers, incorporating hydrophobic moieties like aliphatic
lipids onto materials or biological compounds enhances mem-
brane permeability and facilitates enhanced endocytic uptake. It
has been demonstrated that polymers with hydrophobic lipids
have superior delivery [120]. However, their lipophilic nature
tends to make these ligands interact with membrane phospho-
lipids and serum proteins, potentially resulting in premature
release before entry into the cytoplasm. The introduction of
ligands on polymers that are both hydrophobic and lipophobic
is expected to solve this problem. For instance, the distinctive
class of perfluorinated lipids (PFLs) possesses a unique com-
bination of hydrophobic and lipophobic characteristics [121].
This property ensures effective cell membrane penetration and
endosomal escape while preventing the early release of cargoes
before they enter the cytoplasm. Lv et al. coupled fluorinated
ligands with cationic polymers. This resulted in a significant
improvement in the cationic polymers’ serum tolerance and an
increase in fluorination in multiple phases, including cellular
uptake and endosomal escape [122]. Compared to nonfluorinated
lipids, fluorous ones enhance polymer assembly, improve pro-
tein encapsulation, minimize protein denaturation, and boost
endocytosis.

Most nanocarriers and protein complexes are readily lost during
endocytosis due to the low pH of endosomes and lysosomes, as
well as the presence of various degradative enzymes. To achieve
the desired activity, endocytosed material needs to be released
from the endosome into the cytoplasm promptly to avoid being
broken down by lysosomal enzymes. However, the successful
completion of endosomal escape is one of the main bottlenecks
in the development of new macromolecular therapeutic agents
[123]. Various innovative nanodevices for “endosomal escape”
have emerged, encompassing mechanisms such as membrane
fusion, proton sponge effect/osmotic lysis, swelling of NPs to
rupture the endosomal membrane, and strategies to destabilize
or disrupt the endosomal membranes [124]. Though numerous
advancements have been made in facilitating endosomal escape,
substantial enhancements are yet to be achieved. A prospec-
tive approach lies in the direct cytoplasmic delivery of large
biomolecules, which bypass the endosomal route and thus elude
capture and potential degradation by endosomes/lysosomes.
For example, Zou et al. have successfully prepared INS-loaded
ginsenoside (GS) NPs INS @ GS NPs by thin-film hydration. GS
is an amphiphilic steroidal saponin that self-assembles into a

shell layer to protect INS from hydrolysis. Unique interactions
of GS with membrane components such as cholesterol and
phospholipids result in transient pores on the membranes, thus
allowing INS @ GS NPs to penetrate directly into cells within
5 min for ultrafast delivery of NPs [125]. Currently, there are two
primary approaches for delivering biomolecules directly into the
cytoplasm. One approach involves reversible binding of cargoes
to carriers to form nanoscale colloidal assemblies and delivery of
biomolecules via cholesterol-dependent lipid raft pathways [61,
126] or direct membrane permeation [127, 128]. Another approach
is to design carrier molecules with particular chemical structures
such as ammonium cations [129], guanidinium [61, 126], and
lipophilic groups [127, 128], which induce temporary opening of
the membrane upon interaction with the cell membrane. For
instance, Mout et al. assembled arginine-functionalized gold NPs
(AuNPs) with proteins containing oligo glutamate to create a
spherical nano-assembly. The results demonstrated that such
assemblies successfully integrated with the cell membrane and
employed lipid raft-assisted mechanisms to deliver cargo proteins
into the cytoplasmic environment. Five proteins with different
charges, sizes, and functions were efficiently delivered into the
cell and maintained their biologically active [61]. Nanoparticles
with positively charged surfaces have shown a stronger tendency
to be internalized through endocytosis involving membrane
encapsulation, and larger particles above 10 nm significantly
augment this mechanism [31, 130]. Thus, carrier-specific surface
chemical groups, net zero charges, smaller sizes, and softer
carrier-cargo assembly are essential for direct cytoplasmic deliv-
ery. For example, Sarkar et al. reported a guanidinium-terminated
polyaspartic acid micelle that formed nano-assemblies with pro-
teins/DNA and observed that the <200 nm colloidal assemblies
exhibited a nearly negligible surface charge. The polymer has
three different chemical groups, each corresponding to a specific
function. The ammonium group provides a cationic charge for
electrostatic binding with proteins/DNA; the hydrophobic oleyl
group induces the formation of micelles; and the guanidinium
group forms salt bridges with carboxylic acids/phosphates, which
allows for specific interactions between the micelles and the
cellular membranes, followed by a temporary deformation of the
membranes and micelles, allowing the polymer micelles to enter
the cell directly. The results showed that the polymer can deliver
total protein/DNA directly into cells within 5 min [131].

With the rapid development of nanomaterials, there has been
great interest in developing stimulus-sensitive polymeric vesicles
to better control drug release. A series of novel smart delivery
carriers, which include enzyme-responsive (based on matrix
MMPs, GSH reductase, cathepsins, etc.) [132, 133]; pH-responsive
(based on imine, hydrazone, amide bonds, ester (ortho ester and
borate ester), etc.) [134]; redox-sensitive (based on disulfide and
diselenide bonds, etc.) [135]; and temperature-sensitive (based on
poly(nisopropylacrylamide), poly(ethylene oxide), poly(acrylic
acid), etc.) [136] nanocarriers. Systems that respond to pH and
redox potential are of special interest. For example, Wilson and
others ingeniously designed a block copolymer that responds to
stimuli with antigen/adjuvant blocks and pH-sensitive lysosomal
blocks to enable the co-delivery of antigen and adjuvant into cells
[137]. De Mel et al. introduced a biocompatible glycopolymer NP
with a diameter of less than 100 nm, capable of complexing with
proteins, reducing responsive antigen release, and pH-triggered
lysosomal degradation and adjuvant release [138]. Kudruk et al.
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co-assembled peptides and amphiphilic S-cyclodextrins (8-CDs)
to form the framework of a liposome-like cyclodextrin vesicle
model and modified the surface of the reducible peptide shell.
The complex successfully delivered the peptide to the cytoplasm
and tightly regulated peptide release by reduction and endosomal
peptidase-triggered vesicle disassembly [139].

The effectiveness of a polymer’s cargo-transportation system is
crucial. In addition, the biodegradability and biocompatibility
of the polymer are important prerequisites for constructing a
protein or peptide delivery system that can be used in clin-
ical therapy. Various biodegradable polymers, such as PLGA,
chitosan (CS), and hyaluronic acid (HA), have demonstrated
exceptional potential as precursor materials for nanocarriers in
vitro, showcasing their inherent biocompatibility and efficacy in
drug delivery applications. For example, PLGA can hydrolyze
into lactic and glycolic acids, which can then be transformed
into carbon dioxide and water. These compounds can then be
easily removed from the body by regular metabolic processes.
PLGA, a popular biodegradable and biocompatible copolymer, is
a versatile drug delivery platform. The FDA and the European
Medical Association (EMA) have approved it for numerous
clinical uses [140]. CS is a natural, biodegradable, nontoxic
polysaccharide that is biosafe. CS NPs (CS-NPs) can effectively
cross tumor cell membranes through electrostatic interactions or
endocytosis and are considered to be effective carriers of proteins
and peptides due to their nontoxicity and ease of internalization
by cells [141]. Turky et al., for instance, used an ionic gel
technique to create CS-NPs loaded with an antimicrobial peptide
(NRC-07). CS-NPs loaded with NRC-07 significantly reduced the
viability of both bacteria and cancer cells in a concentration-
dependent manner as compared to free antimicrobial peptides
[142]. Furthermore, various other biocompatible and biodegrad-
able materials, such as poly(amino acids), poly(lactic acid)
(PLA), poly(glutamic acid) (PGA), poly(caprolactone) (PCL), N-
(2-hydroxypropyl)-methacrylate (HPMA), provide a secure and
non-harmful platform for in vivo application [143].

4.3 | Inorganic Nanoparticles

Extensively researched inorganic NPs, such as silica NPs, metal-
based NPs, and carbon-based NPs, have demonstrated significant
potential for protein transportation [144]. On the basis of their
morphological characteristics, silica NPs can be categorized as
hollow silica nanoparticles (HSNs), dendritic silica nanoparticles
(DMSNs), mesoporous silica nanoparticles (MSNs), and solid
silica NPs. HSNs are a class of nanocarriers with degradable
shells, which can effectively protect drug molecules from the
risk of enzymatic degradation, in addition to their advantages
of large specific surface area, low density, and adjustable pore
size. DMSNs, which are porous nanomaterials with large pore
sizes, are especially good at loading large molecule drugs and
so on and have attracted much attention in the field of protein
drug delivery in recent years. Owing to its inherent properties,
such as large surface area, tunable pore size, and facile surface
modification, MSN is widely recognized as an ideal nanocarrier
for efficient delivery [145]. In contrast to solid silica NPs, MSNs are
hollow and can trap proteins in their tortuous channels. Current
studies have demonstrated that MSNs can be used as carriers
for the loading of these cargoes, ranging from small molecules

of drugs to biomolecules such as sugars, nucleic acids, peptides,
and proteins [146]. Due to their high specific surface area, MSNs
exhibit high protein loading. The precise tuning of the porosity,
pore size, and wall thickness of MSNs allows these particles to
accommodate a wide range of proteins, such as cytochrome c
[147], RNase A [148], IgG [149], and ovalbumin [150]. However,
the low biodegradability of MSNs severely restricts their clinical
applications. Chen et al. added CaCl, and Na,HPO, to the MSN
framework in order to address this issue. They replaced some Si-
O-Si bonds in the original structure with Si-O-Ca and P-O-Ca
bonds, which are easily hydrolyzed under acidic conditions. The
results demonstrated that the newly synthesized MSNs could be
efficiently internalized by macrophages and degraded in acidic
lysosomes or nuclear endosomes to release cargo peptides, thus
possessing acid-responsive degradation properties [151]. Some
silica NPs were designed to easily accomplish endosomal escape.
According to Yu et al., utilizing octadecyl-functionalized “rough”
silica NPs (C18-RSN) to deliver the therapeutic protein RNase
A significantly induced apoptosis in cancer cells. By rupturing
endolysosomal membranes, hydrophobic alterations, including
octadecyl groups, facilitate endosomal egress in comparison to
RSNs lacking such modifications. In contrast to RSN without the
hydrophobic modification, the hydrophobic modification with
the octadecyl group disrupted the endolysosomal membranes,
aiding in endosomal escape [152].

Metal-based NPs exhibit exceptional potential as a drug delivery
platform thanks to their diminutive size, stable structure, and
distinctive optical characteristics. Extensively studied AuNPs,
renowned for their low toxicity, have emerged as prominent
carriers for protein delivery. AuNPs can often be shaped with
empty internal spaces to increase encapsulation effectiveness.
In addition, protein delivery via AuNPs necessitates surface
functionalization with a binding ligand for cargo protein attach-
ment or adsorption. For example, Mout et al. used arginine-
functionalized AuNPs to successfully transport a variety of
protein drugs with different sizes, charges, and functions, all
of which can be efficiently transported into the cytoplasm or
nucleus [61]. Morales et al. encapsulated DNA in AuNPs to
provide amine termini that could bind to protein chelators and
successfully deliver cargo proteins into the cytosol via endocytosis
[153].

Carbon-based NPs, including carbon nanotubes (CNTs), nan-
odiamonds (NDs), GOx, and carbon dots (C-dots), offer a wide
range of biomedical applications. CNTs, often referred to as
CNTs, have the remarkable properties of high surface area-to-
volume ratio and nanoscale stability. By functionalizing CNTs,
they can be designed as carriers for efficient delivery of various
cargo molecules such as carboplatin, paclitaxel, nucleotides,
and proteins. Functionally modified CNTs can permeate bio-
logical membranes, facilitate the entry of biomolecules into the
cytoplasm, and shield the anchored substances from enzymatic
breakdown. For example, Batista de Faria et al. designed an
anticancer vaccine containing multi-walled CNTs (MWCNTs) for
delivery of the Toll-like receptor agonist, CpG, and the testis
antigen, NY-ESO-1. They discovered that vaccination produced
a potent immune response mediated by CD4+ T and CD8+
T cells, which considerably slowed the growth of the tumor
and increased the mice’s survival period [154]. Other carbon-
based nanomaterials with high hydrophilicity and high specific

12 of 19

Chemistry & Biodiversity, 2025



surface area can also be used as nanocarriers. For example,
Jiang and colleagues reported a graphene-based nanocarrier for
the co-delivery of TRAIL and DOX, which can be internalized
into cells to mediate DNA damage-mediated cytotoxicity [155].
Zhang et al. prepared C-dots/enhanced green fluorescent protein
(EGFP) nanocomplexes with a size of about 200 nm by mixing
C-dots with an EGFP. This delivery system outperforms free
proteins by safeguarding them from enzymatic degradation and
successfully transferring EGFP into HeLa cells [156].

In summary, inorganic NPs offer several beneficial properties
for performing intracellular protein delivery, including controlled
size and surface functionalization, long cycle time, efficient
cellular uptake, targeting ability, and minimal toxicity. Notably,
protein loading and absorption efficiency are significantly influ-
enced by the size, surface functionalization, and inorganic core
selection of NPs [53]. Employing diverse preparation strategies,
functionalized nanomaterials can be formed with enhanced
properties like prolonged blood circulation and targeted binding,
minimized side effects from controlled release, and accelerated
development of safer medications.

5 | Subcellular Delivery of Protein/Peptide

More specific sites can produce more therapeutic effects and
fewer adverse drug reactions. Even after being safely delivered
into the cytoplasm, protein agents must still find the specific site,
where they are expected to exert their therapeutic potential. To
maximize therapeutic effects and minimize unwanted effects, the
target destinations of protein therapeutics have been narrowed
from organs/tissues to cells and further narrowed from the
cytoplasm to organelles. There are various organelles within cells,
including the nucleus, mitochondria, endoplasmic reticulum
(ER), Golgi apparatus (GA), and lysosomes. The total number of
protein species within these organelles is nearly equivalent to that
of the cytoplasm.

Currently, the subcellular targeting delivery of therapeutic
proteins has gradually attracted people’s interest, and its
development could greatly stimulate the advancement of
protein/peptide-based therapies. In general, organelle-targeting
strategies can be summarized into two main types: passive
targeting and active targeting. The former typically utilizes
concentration and size effects, whereas the latter depends on
the presence of localization signals. For example, the nuclear
targeting delivery of therapeutic agents can promote gene
editing, regulation, and expression. Nuclear pores allow small
molecular weight proteins (<60 kDa) to enter the nucleus
through passive diffusion. Model cargo proteins, like GFP
(238 residues, 27 kDa), can passively diffuse through nuclear
pore into the nucleus and illuminate the nucleus [157]. For
proteins larger than the nuclear pore, passive nuclear diffusion
is greatly reduced, and they usually require the assistance of
active nuclear targeting elements. Active targeting of the nucleus
can be achieved through NLS. NLS is a short peptide sequence
primarily derived from eukaryotic and viral nuclear proteins,
such as nucleoplasmin, simian virus 40 (SV-40) T antigen,
and NF-KB [158]. For example, Kong et al. conjugated SV-40
T (nuclear localization sequence is PKKKRKV) with ferrocene
diphenylalanine peptide to create a co-assembly system. The

system autonomously formed multifunctional peptide-based
virus-like NPs capable of targeting the nucleus [159].

Creating strategies for active targeting can also be applied to
various other subcellular organelles. In cases where the cytosol
is not the intended target, the targeting element can relocate the
conjugates/carriers to the target organelle. Typically, organelle-
targeting components are classified into various categories, such
as ligands and peptide signals. Mitochondrial malfunction is
associated with a range of diseases, including cancer, metabolic
disorders, and immune diseases [160]. Consequently, targeting
mitochondria is crucial for drug delivery. To effectively target
and deliver therapeutic proteins to the mitochondria, bioactive
molecules can be utilized, such as mitochondrial targeting
sequences (MTSs) [161], mitochondrial penetrating peptides
[162], SS peptides, cysteine-rich peptides, and mRNA [163], as well
as small molecules like triphenylphosphine (TPP) [164], guanine,
biguanides, rhodamine, and transition metal complexes [165].
MTSs are typically natural peptides composed of 20-40 residues,
forming amphipathic a-helical structures which can be identified
by mitochondrial outer membrane receptors and import systems.
Furthermore, peptidases in the mitochondrial matrix can pre-
cisely split MTS to liberate the cargo. For example, the fusion
with MTS peptide enables the restriction endonuclease small to
target mitochondrial DNA mutants [166]. TPP is a widely used
organic cation that can penetrate the mitochondrial membrane
and locates within the mitochondria due to the negative potential
of the mitochondrial lining. For example, Jiao et al. specifically
delivered lipophilic TPP-modified therapeutic recombinant P53
proteins (TPP/P53) through extracellular vesicles (EVs) derived
from breast cancer cells. After the vesicles are effectively cap-
tured by cancer cells, the loaded TPP/P53 becomes capable of
precisely aiming at the mitochondria after cellular internalization
[167].

The ER or GA, as a central organelle for the processing and
distribution of proteins, lipids, and ions, is closely related to
diseases. It was found that grp78, grp94, and protein disulfide
isomerase have ER-targeting function, because their C-terminals
have ER-targeting peptide KDEL responsible for ER localization
[158]. For example, in order to locate the HaloTag protein in the
ER, Murrey et al. conjugated the ER-targeting peptide KDEL
to the HaloTag protein fusion by bioorthogonal click chemistry
[168]. GA-based biomolecule delivery is mainly focused on pep-
tide delivery. As an illustration, Yu and colleagues described an
example of self-sorting peptide assembly capable of, respectively,
targeting ER and GA [169]. Xu et al. reported the EISA of ALP
cleavable peptides capable of targeting GA [170]. Certain diseases
related to the deficiency of specific lysosomal enzymes (so-called
storage diseases) can only be treated by administering exogenous
enzymes. The acidic internal environment of lysosomes (pH ~5.0)
favors the accumulation of weakly basic molecules, enabling the
passive targeting of small molecules containing basic amines and
lipophilic components to lysosomes [171]. Moreover, it is also
possible to actively target lysosomes through targeted signals.
Mannose 6-phosphate (M6P) serves as a notable targeting signal,
capable of attaching to the M6P receptor (M6PR) within the
lysosome targeting receptors (LTRs) group, identified by the GA,
and can transport cargos to lysosomes. As an illustration, the
facilitation of enzyme replacement therapy (ERT) mainly occurs
through the interplay of M6P residues on external enzymes with
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M6PR on most cell surfaces, facilitating endocytosis to effectively
target lysosomes [172].

Delivering therapeutic agents to treat organelle-related diseases
is crucial. Despite progress in recent years, the delivery of
organelle-targeting proteins/peptides remains challenging. Many
organelle-targeting domains also have unknown or unclear
targeting mechanisms, which are currently being gradually
explored.

6 | Conclusion and Perspective

With the development of molecular biology and recombinant
technology to promote the development of new proteins, it is
urgent to design an efficient protein intracellular delivery vector.
Intracellularly targeted protein formulations would represent an
exciting new class of drugs for use in many therapeutic areas,
including oncology, infectious diseases, and genetic disorders.
Although cytoplasmic protein delivery has enormous therapeutic
promise, no FDA-approved medications have been created with
this technique to date. The creation of efficient and scalable
intracellular delivery techniques is now a significant obstacle to
the clinical application of protein therapies.

Over the past decades, many strategies for cytoplasmic protein
delivery have been proposed. Unlike nucleic acids contain-
ing similar repeating units, therapeutic proteins/peptides are
often fundamentally different in size, structure, surface charge,
hydrophilicity/hydrophobicity, and oligomerization state. On the
basis of the functional, structural, and physical characteristics
of the protein pharmaceuticals, each of the increasing number
of cytoplasmic delivery techniques has certain benefits and
drawbacks. Initially, CPPs attracted considerable interest as pos-
sible cellular transduction domains that may effectively transfer
proteins by linking proteins covalently or noncovalently. It is
important to keep in mind that CPP-based delivery strategies
must address insufficient cell selectivity, unwanted toxicity,
internalization efficiency, and endosomal escape. Furthermore,
researchers are beginning to use nanocarriers for protein transfer.
Functional tunability, high loading capacity, lowered immuno-
logical response, and defense against enzymatic degradation are
only a few of the numerous desirable qualities of NPs. The cre-
ation of a universal nano-delivery vehicle for cytoplasmic protein
transport, such as those employed for nucleic acid delivery, has
the potential to transform biotechnology and improve human
health. Regardless of the delivery method, the main focus is to
maintain cargo function through all stages of the purification,
modification, and delivery process. The integration of highly
charged or hydrophobic CPPs can significantly impact the fold-
ing, expression, and functionality of the intended therapeutic
proteins. Proteins may become denatured when exposed to high
salt concentrations, harsh pH levels, or organic solvents over a
long period. Furthermore, the frequent freeze-thaw cycles typi-
cally employed in liposome encapsulation can cause permanent
damage to the encapsulated substance. Therefore, basic research
is required to better comprehend how proteins interact with
peptides, polymers, lipids, detergents, and solvents to enhance
cargo stability and performance. In addition, multiple challenges
regarding in vivo targeting efficiency, specificity, stability, bio-
compatibility, systemic toxicity, and immunogenicity of delivery

carriers still need to be properly addressed. At the same time, they
must be sufficiently straightforward in their design and formula-
tion to enable large-scale manufacturing. In general, additional
advancements are required to convert these fundamental studies
on intracellular protein transport into preclinical or clinical
investigations and, ultimately, into commercial products. More-
over, the targeted delivery of proteins/peptides to organelles has
great clinical application prospects, but it remains challenging.
Therefore, by understanding the latest strategies and issues in the
subcellular targeted delivery of proteins/peptides, we can develop
and study advanced and innovative organelle-targeting systems
that can open a new era. With continuous optimization, these
subcellular targeted delivery strategies will make a significant
contribution to advanced drug delivery systems in the future.
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