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Strategies for improving endosomal
escape of polymeric nanoparticles

Yvonne Yoyo Ma, Parul Sirohi, and Ashutosh Chilkoti

While nanoparticle systems serve as a promising platform for the delivery of small mole-
cule, nucleic acid, and protein-based therapeutics for a variety of diseases, their therapeutic
efficacy is currently constrained by poor endosomal escape once internalized. Successful
nanoparticle-based delivery entails effective endosomal escape and subsequent cytoso-
lic release of therapeutic cargo, thus it is imperative that nanoparticle platforms integrate
endosomal escape moieties into their synthesis. This review will discuss synthetic strategies
for nanoparticles that improve endosomal escape, with a focus on strategies compatible
with polymer-based nanoparticles. Recent advancements in polymer, small molecule, and
peptide-based strategies will be presented to analyze the successes and limitations of these

strategies through a translational lens.

Bioconjugation Insights 2025; 1(4), 109-134 - DOI: 10.18609/bci.2025.023

INTRODUCTION

Nearly all therapeutics, including small
molecule, nucleic acid, and protein-based
modalities, face delivery challenges. These
challenges include, but are not limited to,
poor solubility, aggregation, susceptibility
to binding by serum proteins and degra-
dation by proteases, inability to permeate
cell membranes, sub-optimal trafficking
within cell to the site of therapeutic action,
non-specific delivery, and off-target cyto-
toxicity. Therefore, successful clinical
translation of any therapeutic requires an
accompanying delivery strategy to address
these issues.

www.insights.bio

While there are a plethora of delivery
methods in the field, nanoparticle delivery
of therapeutics has grown into a rapidly
advancing delivery modality with the wide-
spread success of lipid nanoparticle (LNP)
packaged-mRNA SARS-CoV-2 vaccines.
Recently, polymeric nanoparticles, defined
broadly as any particle in the 1-1000 nm
range that is primarily composed of poly-
meric material, have garnered increasing
interest, as they have a longer shelf life
relative to lipid nanoparticles and can be
modified with more ease due to the greater
number of functional groups and avail-
able ligand conjugation reactions. Their
versatility and stability position them as
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~FIGURE 1

Mechanisms of endocytosis of a model nanoparticle.

promising candidates for next-generation
drug delivery platforms [1].

Nanoparticles can deliver their encap-
sulated therapeutic cargo into cells to drug
intracellular targets. In broad terms, this
intracellular delivery occurs through a cellu-
lar process called endocytosis, where a cell
engulfs the nanoparticle with its plasma
membrane and forms a vesicular sac within
itself called an endosome that contains the
nanoparticle [2]. The endosome will even-
tually fuse with lysosomes containing acid
hydrolases and other hydrolytic enzymes,
and the nanoparticle and its encapsulated
cargo will get degraded unless it can escape
into the cytosol prior to lysosomal degrada-
tion (Figure 1).

It is widely agreed that a primary bot-
tleneck in polymeric nanoparticle-based
drug delivery is the process of endosomal
escape [3]. Because most therapeutic car-
goes aim to drug cytoplasmic or nuclear

targets, endosomal escape into the cyto-
plasm is required for efficacy. However,
in the absence of adequate endosomal
escape moieties, cargo release is thought
to only occur through spontaneous and
transient interactions with the endosome’s
lipid bilayer [4]. Consequently, in a typical
nanoparticle, only 1-2% of cargo effec-
tively escapesthe endosome [5,6], implying
that 98-99% of the delivered therapeutic
remains trapped in the endosome and is
wasted. Cellular uptake by itself, hence,
does not guarantee successful therapeu-
tic delivery, as nanoparticles may readily
enter cells without reaching the cytosol.
Therefore, successful intracellular deliv-
ery requires successful endosomal escape.
Here, we outline strategies towards ensur-
ing endosomal escape and cytoplasmic
delivery of small molecule, oligonucleotide,
and protein drugs. We explore polymer,
small molecule, and peptide-based delivery

.
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Nanoparticles can be taken up through caveolin or clathrin-mediated mechanisms, macropinocytosis, phagocytosis, or through direct
fusion with the membrane; they are then fused to early endosomes, trafficked to late endosomes, and ultimately degraded by acid
hydrolases in lysosomes.
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systems that are designed to increase endo-
somal escape, with an emphasis on strate-
gies that are compatible with polymeric
nanoparticles (Table 1).

CELLULAR UPTAKE MECHANISMS
OF NANOPARTICLES

Understanding endocytosis is impera-
tive to understanding endosomal escape,
as nearly all nanoparticles undergo the
endosomal-lysosomal pathway once inter-
nalized. Endocytosis encompasses both
phagocytosis, the uptake of larger particles
such as bacteria, and pinocytosis, which
internalizes fluids and smaller solutes.
Following uptake, nanoparticles are traf-
ficked into early endosome compartments
located near the plasma membrane. These
early endosomes are marked by RAB5, and
exhibit a mildly acidic pH of 6.0-6.5 [7].
Early endosomes function as sorting organ-
elles: while most mature into late endo-
somes, a subset recycles cargo back to the
cell surface through recycling endosomes,
identified by the marker RAB11 [8].

Early endosomes then mature into late
endosomes, a transition characterized by
the exchange of the RABS5 marker protein
for RAB7 and the conversion of the phos-
phatidylinositol (PI) protein PI(4,5)P; into
PI(3,4)P; [8]. This process is accompanied
by increased proton influx, and a lowered
pH of ~5.5; the acidification process here is
leveraged by many pH-responsive endoso-
mal escape moieties to induce endosomal
escape, as discussed in later sections. Late
endosomes also contain intralumenal ves-
icles (ILV), which silence signaling recep-
tors and recruit cytosolic proteins through
microautophagy, a cellular process where a
cell directly engulfs and degrades its own
cytoplasmic components [8]. They are
additionally enriched in LAMP1 and acid
hydrolases that hydrolyze and degrade
internalized cargo. Eventually, late endo-
somes fuse into the highly acidic and deg-
radative lysosomal compartments within

the cell; by then, the cargo is typically com-
pletely degraded.

The mechanism of nanoparticle inter-
nalization varies significantly depending
on particle size, charge, and ligand pre-
sentation. Nanoparticles can enter cells
via multiple endocytic routes, including
clathrin-mediated endocytosis (CME), fast
endophilin-mediated endocytosis, caveo-
lae-mediated endocytosis (CvME), clath-
rin-independent carrier endocytosis, and
macropinocytosis [9]; among these, CME,
CvME, and macropinocytosis are most com-
monly implicated in nanoparticle uptake.

In clathrin-mediated endocytosis (CME),
clathrin-coated pits form on the cell surface
upon ligand-receptor activation. These pits
rapidly invaginate and, with the help of
dynamin, bud into ~120 nm vesicles that
internalize the particle [6,7]. CME is the
predominant uptake mechanism for many
nanoparticles, including polyethylene
glycol-polylactide (PEG-PLA) and poly(-
lactic-co-glycolic acid) (PLGA) nanoparti-
cles, two of the most common polymeric
nanoparticle formulations used for drug
delivery [10].

Caveolae-mediated endocytosis (CVvME)
is another dynamin-dependent endocyto-
sis mechanism in which caveolin, a hair-
pin-shaped protein, forms cup-shaped
invaginations on the cell surface that pinch
off into 60-80 nm vesicles. These vesicles
then fuse into intermediate caveosomes or
ordinary endosomes [10]. CvME has been
reported to endocytose primarily smaller
nanoparticle formulations like Doxil® and
Abraxane®, used clinically to deliver small
molecule cancer drugs like doxorubicin and
paclitaxel. However, CvME is less prevalent
than CME, and is primarily found on endo-
thelial cells [11,12]. Its role in nanoparticle
uptake has been questioned, particularly
regarding the existence of caveosomes
as distinct intermediates in endocytosis
[13]; regardless, recent studies still main-
tain CvME as a form of endocytic uptake of
nanoparticles.
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»TABLE 1

Synthetic strategy =~ Delivery vehicle

Cationic polymers Esterified PEI polyplex
Disulfide crosslinked PEI polyplex

PEI-fluorocarboxy phenyl boronic acid
(FBPA) micelle

PEG-PBAE nanoparticle (NP)
PBAE-DSPE-PEG core shell NP
Highly branched PBAE polyplex
PEG-PACE polyplex and NP

pH responsive
polymers

PMPC-DPAEMA polymersomes

PEG-(DMAEMA-co-BMA) polyplex
PEGMA-DEAEMA-BMA polyplex
PEG-(DMAEMA-co-BMA) vesicle

DEAEMA-MMA, PEGDMA-AEMA core
shell NP

PEG-PBA, DPAEMA-DEAEMA core
shell NP

Quaternized cationic polycarbonates

DMAEMA-b-DMAEMA-BMA-PAA
micelle

PEG-b-C7A NP
Imidazole-conjugated poly(lysine) NP

Histidine substituted poly(lysine)
polyplex

PEG-imidazole NP

polyhistidine-PEG, DSPE-PEG micelle
Small molecule-based  ecoLNP (chloroquine-like LNP)
Tannic acid-loaded LNP

Calcium acetate-loaded liposome

UNC2383, codelivered with therapeutic
cargo

CMPO5 and CMPO05-7, codelivered with
therapeutic cargo

Silica NP, indocyanine green dye

Cell penetrating
peptides

Histidine-switching CPP (hsCPP)

Glutamate-modified m-lycotoxin

Spherical nucleic acids

Cargo
DNA
DNA

SiRNA

DNA

mRNA

mRNA

DNA, siRNA, mRNA

DNA

siRNA
mRNA
Peptide neoantigen

Ovalbumin

N/A

DNA

siRNA

Tumor antigen
DNA
DNA

SN-38
Paclitaxel
mRNA
mRNA
SN25860

SSO, ASO

siRNA

siRNA, miRNA

Protein

Protein

ASO

Summary of discussed polymeric nanoparticle-compatible strategies to induce endosomal escape.

Endosomal escape mechanism
Proton sponge effect
Proton sponge effect

ATP-mediated disassembly

Proton sponge effect
Proton sponge effect
Proton sponge effect
Proton sponge effect

Proton sponge effect

Proton sponge effect
Proton sponge effect
Proton sponge effect

Swelling

Swelling

Membrane fusion

Membrane fusion

Proton sponge effect
Proton sponge effect

Proton sponge effect

Proton sponge effect
Proton sponge effect
Proton sponge effect
Proton sponge effect
Proton sponge effect

Pore formation

Pore formation

Reactive oxygen species generation

Pore formation

Pore formation

Pore formation

Reference
[38]
[40]
[43]

[48]
[49]
[50]
[53]
[67]

[68]
[69]
[70]
[71]

[72]

[75]
[76]

[78]
[79]
[80]

[81]
[82]
[59]
[60]
[61]
[63]

[64]

[62]
[106]

[107]

[108]
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Combinatorial
strategies

PTABLE 1 CONT.)

Summary of discussed polymeric nanoparticle-compatible strategies to induce endosomal escape.

Synthetic strategy

Cell penetrating
peptides (cont.)

REVIEW

Delivery vehicle

D-penetratin, codelivered with
therapeutic cargo

Chitosan, polaxamer 407, and PEG-
modified PLGA NP

PAMAM dendrimer
Liposome

Mannose ethyl methacrylate
(ManEMA)-b-DPAEMA-co-PDSEMA

Elastin-like polypeptide (ELP) micelle

Poly(propylacrylic acid) (PPAA) polyplex

Insulin

Coumarin dye

Methotrexate
Mitoxantrone

Peptide antigen

mRNA, DNA, protein

Peptide

Endosomal escape mechanism

Pore formation

Pore formation

Pore formation
Pore formation

Pore formation, proton sponge

Pore formation, proton sponge

Pore formation

Reference

[111]

[114]

[115]
[116]
[117]

[30]
[129]

Unlike clathrin and caveolin-depen-
dent mechanisms of cellular uptake, mac-
ropinocytosis is a dynamin-independent
process. Here, folds of plasma membrane
extend out from the cell to engulf extracel-
lular material, forming a larger vacuole that
can reach up to micron-scale dimensions.
Macropinocytosis is less well characterized
in the context of nanoparticle internaliza-
tion; however, it is generally associated for
the uptake of larger nanoparticles [14].

The distinct vesicle sizes generated
by different uptake mechanisms impose
size constraints on nanoparticle internal-
ization, making nanoparticle dimension
a key determinant of the route of cellular
entry. For instance, a study by Huang and
coworkers observed uptake of smaller silica
nanoparticles through CvME but little to no
uptake of larger silica nanoparticles, likely
due exceeding the size threshold for cave-
olin-mediated uptake [15]. In general, CME
and CvME tend to internalize nanoparti-
cles smaller than 200 nm, while macropi-
nocytosis accomodates those larger than
200 nm [9].

Ligand selection further influences the
endocytic pathway. For instance, CME
has been shown to internalize nanoparti-
cles modified with mannose-6-phosphate,
transferrin, riboflavin, and nicotinic acid,
while CvME can endocytose nanoparticles

whose surface is modified with folic acid
or low-density lipoprotein [16]. In fact, the
targeting ligand can be even more con-
sequential on the endocytosis pathway
a nanoparticle takes than the nanoparti-
cle’s properties itself. Gabrielson and Pack
demonstrated that polyethylene imine
polyplexes were able to undergo both
clathrin and caveolae-mediated endocyto-
sis simply by changing the attached ligand:
folic acid ligands targeted the caveolar
pathway, while transferrin targeted the
clathrin pathway [17,18]. Upon blocking
each endocytosis pathway individually,
they found that blocking CvME affected
downstream transfection efficiency signifi-
cantly more than CME [19]. These results
clearly show that the internalization path-
way a nanoparticle takes is highly depen-
dent on the context in which it interacts
with the cell.

While endocytosis is the dominant
route for nanoparticle entry, certain formu-
lations may bypass this pathway entirely
by directly fusing with the plasma mem-
brane to deliver cargo into the cytosol. A
study by Lu and coworkers demonstrated
siRNA-loaded lipoplexes retained their
ability to enter cells and silence gene
expression even when clathrin, caveolin,
and lipid raft-mediated endocytosis path-
ways were inhibited, thereby suggesting

ISSN 2977-8301 - Published by Biolnsights Publishing Ltd, London, UK
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an endocytosis-independent mechanism
of entry was occurring, likely membrane
fusion [20]. Recently, several reports have
been published reporting that polymeric
nanoparticles, when sufficiently small, are
able to penetrate through cell membranes
and directly access the cytosol [21-23].
However, all of these nanoparticles are
5-10 nm in diameter, and thus the types
of therapeutic cargoes that polymeric
nanoparticles can deliver through mem-
brane fusion is severely limited.

LIMITATIONS & INNOVATIONS
IN QUANTIFYING ENDOSOMAL
ESCAPE

Measurement of endocytosis in the context
of endosomal escape has proven difficult
to standardize due to inherently indirect
nature of most assays. Dye leakage assays,
commonly using calcein, are frequently
employed to qualitatively monitor endo-
somal escape. At high concentrations and
under the acidic conditions of the endo-
some, calcein fluorescence is quenched;
however, upon endosomal escape, the dye
disperses into the less acidic cytosolic envi-
ronment, where it fluoresces, thereby serv-
ing as a proxy for escape. A key advantage
of calcein leakage assays is their simplicity,
as they require no additional modification
to the cargo to test. However, the readout
of endosomal escape is indirect: a positive
calcein signal does not necessarily indicate
that the therapeutic cargo has escaped;
indeed, false positives are common, as cal-
cein itself can leak from the endosome inde-
pendently of cargo release [24].

To specifically assess endosome mem-
brane disruption as a proxy to endosomal
escape, galectin-based assays have been
developed that use fluorescently-tagged
galectin to visualize endosomal damage.
Upon rupture, fluorescent galectin proteins
bind to glycosylated domains on the inner
leaflet of the endosomal bilayer, producing
localized areas of fluorescence into cells

Bioconjugation Insights 2025; 1(4), 109-134 - DOI: 10.18609/bci.2025.023

where cargo has escaped [25]. However,
galectin binding does not directly con-
firm cytosolic delivery of cargo, and thus
remains an indirect measure.

To this end, more direct quantification
methods have emerged. Split-protein com-
plementation assays, such as GFP com-
plementation assays and Split Luciferase
Endosomal Escape Quantification (SLEEQ)
assays, enable detection of both endosomal
damage and successful cytosolic delivery
of cargo. These complementation assays
rely on transfected cell lines expressing
one fragment of GFP or luciferase, respec-
tively, while the complementary fragment
is covalently attached to the cargo. Upon
endosomal escape, the two fragments of
the fluorescent protein reassemble in the
cytosol, restoring fluorescence or lumines-
cence. SLEEQ assays, while similar to GFP
complementation assays, offer higher sen-
sitivities [26]; however, both assays require
transfected cell lines and fragment-conju-
gated cargo, limiting widespread adoption.
Thus, in the field, a tradeoff still exists
between assay simplicity and precision of
endosomal escape measurement.

COMMON POLYMERIC
NANOPARTICLE ARCHITECTURES

The broad category of polymeric nanopar-
ticles can be subdivided into several differ-
ent nanoparticle architectures, where the
architecture that is accessed is dictated by
the design of its constituent polymer units.
Each of these nanoparticles have differing
properties, including size, hydrophobicity,
density, and surface charge, which in turn
influence the optimal strategies for engi-
neering endosomal escape. Therefore, the
choice of endosomal escape mechanism
must be tailored to the specific nanoparti-
cle subtype.

Micelles are the most common poly-
meric nanoparticles for drug delivery. They
are typically composed of diblock or tri-
block block copolymers containing both




hydrophobic and hydrophilic blocks; when
these block copolymers are assembled, the
resulting micelle has a hydrophobic core
and a hydrophilic shell, which solvates
and stabilizes it in aqueous environments.
Micelles are typically 20-60 nm in diam-
eter, and their hydrophobic core makes
them suitable for encapsulating hydro-
phobic cargo such as small molecule drugs.
Although micelle-mediated delivery of
macromolecular cargo is typically limited
by size, studies have demonstrated suc-
cessful loading and delivery of DNA, siRNA,
and mRNA [27,28]. Poly ethylene glycol
(PEG) is frequently used as the hydrophilic
block to enhance circulation time and bio-
availability of the micelle in vivo, resulting
in widely studied block copolymers like
PEG-PLA (poly[lactic acid]), PEG-PLGA
(poly[lactic-co-glycolic acid]), and PEG-
PPS (poly[propylene sulfide]).

For nucleic acid delivery, particularly
in cellular transfection applications, poly-
plexes are commonly employed. These
nanoparticles form through electrostatic
complexation between highly charged—
often cationic—polymers electrostati-
cally bind to negatively charged nucleic
acids or polymers. Complexation achieves
two critical functions: first, it neutralizes
the negative charge, as cells do not effi-
ciently internalize negatively charged
macromolecules or nanoparticles; sec-
ond, complexation protects nucleic acids
from degradation by nucleases in vivo [29].
However, despite charge neutralization,
polyplexes often pose toxicity concerns
once delivered in vitro or in vivo.

Larger polymeric nanoparticles are
capable of encapsulating bulkier macromo-
lecular cargoes such as mRNA or proteins.
Polymersomes—polymeric vesicles with
an aqueous core and a hydrophobic bilayer
membrane—are formed from diblock or
triblock copolymers, and when assem-
bled, form vesicles that are 50-200 nm in
diameter. These vesicles can encapsulate
larger hydrophilic macromolecules inside

the aqueous core, or hydrophobic drugs
within their membrane. Another common
architecture is the ‘micelle-like’ core-shell
nanoparticles. Core-shell nanoparticles
maintain the same hydrophobic core and
hydrophilic solvation shell structure as
micelles in solution, but are composed
of two separate polymer components: an
amphiphilic block copolymer and a hydro-
phobic homopolymer, the latter forming
the core. Core-shell nanoparticles are gen-
erally larger than micelles at around 100~
200 nm in size and thus can accommodate
larger macromolecules like mRNA or pro-
teins [30,31].

Given the diversity of nanoparticle
architectures, the choice of endosomal
escape strategy must be matched to both
the nanoparticle design and the modality
of the escape agent. Permanently cationic
polymers, for instance, are best suited for
polyplex formulations, while cell penetrat-
ing peptides (CPPs) are more easily conju-
gated to block copolymers that assemble
into micelles or polymersomes. Each strat-
egy also differs in its mechanism of induc-
ing endosomal escape, which depends
on the physicochemical properties of the
escape agent and its mode of incorpora-
tion into the nanoparticle. We will orga-
nize strategies by modality and examine
the mechanistic rationale behind each
successful example. Our discussion will
include cationic polymers and endosomo-
lytic small molecules, which share similar
mechanisms of endosomal escape, as well
as stimuli responsive polymers and cell
penetrating peptides.

CATIONIC POLYMER STRATEGIES
FOR ENDOSOMAL ESCAPE

Polymers that are cationic at physiological
pHhave demonstrated the ability to enable
cytosolic delivery and endosomal escape
of therapeutic cargoes, most commonly
nucleic acid cargoes, when internalized.
Polyplexes of polymers like poly(ethylene
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imine) (PEI) and poly-lysine contain posi-
tively charged amino groups that electro-
statically complex with the nucleic acids
negatively charged phosphate backbone
(Figure 2). Once endocytosed, these posi-
tive charges in the polyplexes can induce
endosomal escape through a mechanism
termed the proton sponge effect. As endo-
somes are acidic, an endocytosed cationic
polymer acts as a ‘sponge’ within the
endosome to absorb free protons. This
influx in protons is linked with an influx
of chloride ions, which act to restore the
endosome’s equilibrium potential; alto-
gether, this leads to heightened osmotic
pressure within the endosome, causing
it to swell and eventually rupture [32].
While the endosomal buffering from the
proton sponge effect is widely held as the
primary mechanism of endosomal escape,
itis insufficient as a complete explanation
as there have been reports suggesting that
cationic polymers like PEI do not change
lysosomal pH when internalized [33].
Therefore, it is likely that cytosolic release
can be caused through other mechanisms.
The validity of the proton sponge hypoth-
esis will be further discussed in the follow-
ing section.

Cationic polymers like PEI are still
commonly used as part of lipoplexes or
polyplexes to complex nucleic acids and
proteins [34] but are toxic to cells. This is
because the exposed cationic amines of
unbound PEI can interact with and perme-
abilize cell membranes, while cargo-bound
PEI can cause increased cellular stress and
alter the cell’s transcriptional processes
once delivered [34,35]. There are likely
several reasons for the toxicity of PEI in
comparison to other polymeric nanoparti-
cle formulations, including PEI’s resistance
to biodegradation once internalized in the
cell and particularly high charge density
[34,36]. Although PEI polyplexes are useful
to deliver nucleic acids for in vitro appli-
cations, they have limited utility in vivo
because of their toxicity [37].

PEI can be modified to improve the
cell viability of the polymer and thereby
decrease its toxicity. One approach is to
introduce biodegradable moieties into the
polymer so that intracellular enzymes can
break PEI down, thereby decreasing its tox-
icity once internalized. One example of this
approach is to introduce ester bonds into
PEI segments that cells can hydrolyze eas-
ily [38]. Another approach leverages the

~FIGURE 2
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endosome’s highly reductive environment
by conjugating short thiolated PEI frag-
ments together to make disulfide linked-
PEI, which can be reduced and degraded
by enzymes like glutathione or glutathione
reductase that are found at much higher
concentrations within the cell [39,40].
However, the simplest and most com-
monly used method of minimizing cyto-
toxicity is to use shorter PEI segments,
even though polyplexes composed of lower
molecular weight polycations have been
shown to negatively impact the stability
of the polyplex [41,42]. To this end, shorter
PEI segments can be combined with hydro-
phobic blocks in core-shell nanoparticle
formulations to increase their stability
while still retaining their less cytotoxic
properties to elicit productive endosomal
escape. For example, Zhou et al. developed a
PEI-based nanoparticle platform for siRNA
delivery by grafting low molecular weight
(LMW) PEI to a hydrophobic cholesterol
core that lowered the toxicity in compari-
son to a higher molecular weight PEI poly-
plex control; furthermore, this nanoparticle
platform was able to demonstrate effective
endosomal escape through an endosomal
ATP-dependent mechanism [43] .
Poly(R-aminoesters) (PBAE) are
another class of cationic polymer that
have been preferentially used over PEI for
nucleic acid delivery [44]. The synthesis of
PBAE is more modular than PEI, as PBAE
is polymerized in a stepwise fashion with
two different monomers—a diacrylate and
an amine—that can be combined to make
a variety of different PBAE polymers. As a
result, libraries of PBAE can be made and
screened, allowing for the identification of
PBAEs with the highest encapsulation and
transfection efficiency, or the least cyto-
toxicity [45,46]. Routkevitch et al. found
that the transfection efficiency of PBAEs
was limited by endosomal escape, not cell
uptake, and that successful endosomal
escape was reliant on the pKa of the PBAE
polymer, where the most effective PBAEs

had a pKa that fell within the endosomal
pH range [47].

PBAE nanoparticles are effective gene
delivery vehicles for in vivo applications. A
recent study screened a library of polyeth-
ylene glycol (PEG)-coated PBAE nanopar-
ticles to identify those that exhibited high
stability, transfection efficiency, and cell
viability [48]. The optimal nanoparticle
formulation was then loaded with a sui-
cide gene therapy, delivered in a preclinical
orthotopic human model of glioblastoma,
and showed a 25% increase in median sur-
vival. Another study used a lipid-coated
PBAE nanoparticle for cytosolic delivery of
mRNA [49]. Endosomal escape was quan-
tified by a calcein dye release assay that
compared the lipid-coated PBAE nanopar-
ticle to a lipid-coated PLGA nanoparticle
control, and it was found that the PBAE
core endowed the platform with endosomal
escape capabilities. This was used to deliver
mRNA intranasally, which has potential
future applications for the noninvasive
delivery of mRNA vaccines. Recently, a
study by Yong et al. also screened through
a library of highly branched PBAEs with
variable degrees of branching, polymer
structures, and terminal amine end-groups
to find effective PBAE polyplexes for mRNA
delivery [50]. When delivered in vivo, the
choice of the terminal amine at the surface
of the polyplex targeted different organs for
delivery; polyplexes with terminal morpho-
line groups were able to bias mRNA delivery
to the liver, while polyplexes with terminal
ethylenediamine groups targeted delivery
to the spleen.

Poly(amine-co-ester) (PACE) are
another category of biodegradable cationic
polymers. PACE was designed to have a
lower charge density than PEI, and bio-
degradable ester bonds along its polymer
backbone to reduce its cytotoxicity com-
pared to PEI as well. Because of its lower
charge density, electrostatic interactions
between the polymer and the DNA are
likely not sufficient to completely condense
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nucleic acids into the polyplex; however,
PACE polymers are more hydrophobic than
PEI, which can strengthen hydrophobic
interactions between the polymer and
the phospholipid membranes of the endo-
some and help increase endosomal escape
through membrane fusion [51]. Indeed,
when loaded with DNA for in vitro delivery,
both the cell viability and transfection effi-
ciency of PACE polyplexes outperformed
that of standard transfection reagents like
PEI and Lipofectamine™ [52]. The syn-
thesis of PACE is also modular, similarly to
PBAE, which has been to screen and iden-
tify candidates that were able to effectively
deliver plasmid DNA, siRNA, and mRNA
[53]. Most recently, Suberi et al. used PACE
polyplexes to effectively facilitate intrana-
sal delivery of mRNA encoding the SARS-
CoV-2 spike protein, highlighting their
potential application as a delivery platform
for inhalable mRNA vaccines [54].

SMALL MOLECULE-BASED
APPROACHES

Small molecules are an alternative
approach to induce endosomal escape.
Chloroquine, a small molecule drug that
is traditionally used as a treatment for
malaria, was the first small molecule that
was shown to induce effective endosomal
escape through the proton sponge effect
[55]. It is weakly basic and capable of pro-
tonating its tertiary amine at the endo-
somal pH range; furthermore, it contains
hydrophobic aromatic ring motifs that
interact with the endosomal membrane
and encourage rupture [4,56]. Chloroquine
can be delivered alongside polymeric
nanoparticles through simple co-deliv-
ery with the cargo or incorporated into
polymers with custom monomers [57,58].
However, chloroquine is highly cytotoxic,
especially at the concentrations required
for effective endosomal escape, so that its
use as an endosomolytic agent is limited to
in vitro applications only.
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To address the issue of chloroquine’s
cytotoxicity, a recent study screened for
chloroquine-like small molecules that
were directly conjugated onto an ionizable
lipid and could retain chloroquine’s endo-
somolytic behavior within the LNP but
with reduced cytotoxicity [59]. A library
of chloroquine-like lipids was generated by
varying the structure of its three modular
segments—the quinoline ring scaffold, the
ionizable linker, and the lipid tail. The lead-
ing ionizable lipid candidate was identified
through Central Composite Design, a pow-
erful optimization methodology, and the
resulting LNP elicited effective endosomal
escape and delivered significantly higher
levels of mRNA in vivo than the clinically
approved LNP formulation distributed by
Moderna. Another paper by Ma and Fenton
used the polyphenols as a chloroquine
substitute for endosomal escape. Tannic
acid was chosen as the candidate poly-
phenol, as it contains the appropriate aro-
matic rings and phenolic hydroxyl groups
that have been hypothesized to be the key
motifs driving endosomal escape; it is also
well tolerated in the body;, as it is generally
recognized as safe (GRAS) by the FDA and
is commercially available. Tannic acid was
incorporated directly into the membrane of
a lipid nanoparticle platform without prior
conjugation to any lipid component, sim-
ply by including the tannic acid molecule
in the ethanol phase during microfluidic
mixing and LNP formulation. The resulting
tannic acid-loaded LNP was then applied
to deliver mRNA payloads. It significantly
improved endosomal escape compared to
LNPs loaded without tannic acid, as eval-
uated by confocal microscopy of fluores-
cently labeled LNPs, and exhibited minimal
cytotoxicity [60].

Other small molecules unrelated to
chloroquine have also been shown to help
induce endosomal escape. For instance,
Yang and coworkers used calcium acetate to
remotely load small molecule drugs into a
liposome by establishing a transmembrane




gradient across the lipid membrane; sub-
sequently, the calcium ions were also able
to increase endosomal rupture through
the proton sponge effect [61]. Wang and
coworkers also achieved in vivo suppres-
sion of tumor growth with a combination of
miRNA and siRNA delivering them with a
light responsive indocyanine green dye sil-
ica nanoparticle conjugate. Here, the indo-
cyanine green was able to generate reactive
oxygen species in response to light, which
induced endosomal rupture [62]. Another
study by Wang and coworkers screened
several small molecule libraries and identi-
fied a small molecule compound, UNC2383,
which improved cytosolic release of anti-
sense oligonucleotides and splice switch-
ing oligonucleotides (SSO). However, while
its toxicity is lower from chloroquine, the
therapeutic index of UNC2383 is still too
narrow to be useful in vivo [63]. Recently,
UNC2383 was used as a starting point to
identify two new compounds, CMPO5 and
CMPO05-7, which had comparable increase
in SSO activity in vitro to UNC2383, and
effective endosomal escape [64].

While most of these small molecules
for endosomal escape are hypothesized
to induce endosomal rupture through the
proton sponge effect, similarly to cationic
polymers like PEI, the validity of the pro-
ton sponge hypothesis as a mechanism for
endosomal escape is still widely debated
[65]. Several studies experimentally sup-
port the existence of the proton sponge
effect [51,66]; however there have also
been studies that argue that the proton
sponge effect is not sufficient to induce
endosomal escape and suggest that other
features of effective endosomolytic moi-
eties likely aid in endosomal escape
through alternate mechanisms, such as
membrane fusion or nanoparticle swell-
ing [33,65]. These alternate mechanisms
have since been incorporated into the
design of polymer nanoparticles for endo-
somal escape, as discussed in the following
section.

DESIGN PRINCIPLES OF pH
RESPONSIVE POLYMERS FOR
CYTOSOLIC DELIVERY

In the endosomal/lysosomal pathway, the
pH in the endosome drops from the physio-
logical pH of 7.4 to 6.0-6.5, then even lower
to ~5.0 in the lysosome [14]. As such, pH
responsive polymers have become effec-
tive approaches that leverage the low pH
of endosomes to trigger endosomal escape,
in contrast to PEI and chloroquine that
stay protonated throughout endocyto-
sis. The strategy by which pH responsive
polymeric nanoparticles aid in endosomal
escape, in addition to the proton sponge
effect that occurs once protonated, is
dependent on the material (Figure 3). One
proposed strategy of endosomal escape is
through the build-up of osmotic pressure
within the endosome through pH-trig-
gered nanoparticle dissolution. Upon
endocytosis, the low pH of the endosomes
triggers the polymers to protonate, which
results in the nanoparticle disassembling
into its constituent polymer chains, cre-
ating increased osmotic pressure within
the endosome and eventually helping to
rupture the endosome [67]. This mecha-
nism was first proposed when pH sensitive
polymersomes of a block copolymer with
a hydrophobic poly(diisopropylamino)
ethyl methacrylate (DPAEMA) block were
observed through dynamic light scatter-
ing (DLS) to dissociate into their unimer
components at endosomal pH and enable
cytosolic delivery of fluorescent dye car-
goes [67]. The effective cytosolic deliv-
ery of siRNA has also been reported in
a PEGylated polyplex of dimethylamino
ethyl methacrylate-co-butyl methacrylate
(DMAEMA-co-BMA) copolymers, which
was observed to dissociate at endosomal
pH and facilitate siRNA and mRNA delivery
in vitro and in vivo [68,69]. Nanoparticles
of this polymer have been used to deliver
peptide-based cancer antigens to vacci-
nate against a colon carcinoma model in
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~FIGURE 3
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Schematic of mechanisms capable of inducing endosomal escape.
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vivo, significantly delaying tumor growth
and improving survival [70].

Polymer nanoparticles can also exert
pressure upon the endosomal membrane
by swelling. pH responsive polymers will
protonate and dissociate at endosomal pH;
however, if a nanoparticle is designed such
that it cannot disassemble, it will instead
swell in size. This strategy was utilized by
Hu et al., where they designed a core-shell
polymer nanoparticle with a hydrophobic
core consisting of the pH-sensitive polymer
block of poly(diethylamino ethyl methacry-
late) (DEAEMA) and a hydrophilic poly(eth-
ylene glycol) dimethylacrylate block. The
polyDEAEMA core was then crosslinked to
prevent the nanoparticle from dissociating
once protonated, and as endosomal pH was
reached, these nanoparticles swelled to
2.8 times their original diameter. Effective
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endosomal escape was also seen through
confocal microscopy, and these nanoparti-
cles were capable of effectively delivering a
protein cargo—ovalbumin [71].

However, recently a study by
Kermaniyan et al. reported that a similarly
swelling nanoparticle led to no endoso-
mal escape [72]. In this paper, although
nanoparticles were synthesized with sim-
ilar DEAEMA component as the study by
Hu and coworkers [71], there were differ-
ent mechanisms of withholding complete
dissociation to induce swelling. While the
previous study utilized crosslinking to
swell the nanoparticle, this study relied on
emulsifying pH sensitive and pH-insensi-
tive components together with no cross-
linker, which achieved only up to a two-fold
change in diameter. While this difference in
swelling could be within experimental error,




it is possible that the amount which their
nanoparticles swelled may be insufficient
for the critical swelling needed for endo-
somal rupture, ultimately suggesting that
the efficacy of swelling as a mechanism for
endosomal escape remains an open area of
investigation.

Another strategy of endosomal escape
that has been used is through membrane
fusion, where components of a nanopar-
ticle merge with the phospholipid mem-
brane of the endosome to release its cargo
[73]. This is the putative mechanism of
endosomal escape that lipid nanoparticles
(LNP) undergo once endocytosed, due to
the ionizable lipid component of the LNP
favoring a conformation that allows for
lipid exchange with the endosomal mem-
brane [74]. While polymeric materials can-
not undergo lipid exchange, increasing the
hydrophobicity to better match that of the
endosomal membrane can facilitate mem-
brane fusion. Indeed, in a study of a poly-
meric nanoparticle delivering DNA, authors
found that an increase in the hydrophobic-
ity of the polymer’s side chains increased
the delivery and expression of the DNA
cargo, indicating that hydrophobicity is a
reliant a parameter in the design polymer
of polymers for endosomal escape [75].

Another approach employs the pH
responsive membrane fusion mechanism
by using the PEG-DBP platform, involv-
ing PEG, DMAEMA, butyl methacrylate
(BMA), and propylacrylic acid (PAA). Here,
researchers use PAA as the pH sensitive
component, which becomes more hydro-
phobic at endosomal pH. PAA is copolymer-
ized with a core-forming BMA component
and a cationic DMAEMA component, which
is then assembled into a core-shell micelle.
At physiological pH, the net charge is neu-
tral, which helps to reduce toxicity, but at
acidic pH the carboxyl groups of the PAA
protonate and neutralize the charge of the
polymer, thereby decreasing its ability to
solvate with water ions and increasing
the overall hydrophobicity of the polymer.

Together, the buildup of positive charge
from DMAEMA and the ability to fuse with
the endosomal membrane endowed by
PAA facilitate effective cytosolic delivery
of siRNA, leading to knockdown of mRNA
expression in vitro [76].

It is worth noting that several of these
polymeric nanoparticle systems use the
same tertiary amines to endow their
nanoparticles with pH-responsive behav-
ior. Dimethylamino ethyl methacrylate
(DMAEMA), diethylamino ethyl methac-
rylate (DEAEMA), and diisopropylamino
ethyl methacrylate (DPAEMA) are often
used as pH-responsive monomers in poly-
mers for endosomal escape because they
are readily available and are compatible
with controlled radical polymerization
techniques for polymer synthesis. All these
monomers have the same backbone, with
only the tertiary amine’s side chains dif-
fering between them [77]. However, the
complexity of side chains is not limited to
only methyl, ethyl, or isopropyl groups. For
instance, Luo et al. synthesized polymeric
micelles from a library of ultra-pH-sensitive
(UPS) tertiary amine polymers with linear
and cyclic side chains to deliver tumor anti-
gens to cytotoxic T cells for cancer immu-
notherapy [78]. The leading candidate from
this library was a seven membered ring
with a tertiary amine, deemed C7A, that
protonated at pH 6.9. C7A only dissociated
atendosomal pH and elicited a significantly
stronger cytotoxic T cell immune response
than other formulations, indicating that
the side-chain architecture is a significant
parameter to consider in the design of poly-
meric nanoparticles capable of cytosolic
delivery of cargo.

Imidazole groups have also been used
as pH-responsive moieties in polymeric
nanoparticles. Imidazoles are aromatic
rings that contain a secondary amine and
have a pKa within the endosomal pH range
at 6.9. They are also found in histidine, and
hence many polymers use a poly-histidine
or other imidazole-containing block to
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endow nanoparticles with an endosomal
pH response. For instance, substituting
histidine residues or imidazolacetic acid
side chains into the cationic polymer—
polylysine—can increase the transfec-
tion efficiency of plasmid DNA to levels
comparable to PEI, but with significantly
decreased cytotoxicity [79,80]. Another
study formulated micelles with imidazole
side chains and zinc ions that can deliver
small molecule chemotherapeutics to
tumor cells [81]. Here, the zinc ions coor-
dinate the imidazole groups so that they
are unprotonated; once in the tumor cell,
the influx of protons displace the coordina-
tion bonds and induce endosomal escape
through the proton sponge effect. Another
study delivered chemotherapeutics by
combining PEG-grafted polyhistidine poly-
mers with the phospholipid DSPE to form a
mixed polymeric micelle, which exhibited
pH dependent release and successful cyto-
solic delivery of the anticancer small mole-
cule paclitaxel [82].

REDOX & LIGHT-TRIGGERED
MECHANISMS OF
ENDOSOMAL ESCAPE

pH remains the most reliable and widely
exploited stimulus for endosomal escape;
however, alternate triggers, though less
commonly exploited, have also been used.
One such approach leverages high intra-
cellular concentrations of glutathione, a
strategy long employed in drug delivery to
enable reduction-sensitive delivery of ther-
apeutics. Nanoparticles that are designed
for redox response incorporate disulfide
bonds into the polymer composition. Once
internalized, glutathione cleaves the bonds
into free thiols to disrupt the nanoparticle
architecture [83].

Beyond cargo release, redox-triggered
mechanisms can also be applied to endoso-
mal escape. A recent study demonstrated
through confocal microscopy that incorpo-
ration of disulfide bonds into nanoparticle
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architectures can achieve effective endoso-
mal escape and cytosolic release. The disul-
fide bonds were hypothesized to facilitate
endosomal escape through random and
non-specific binding to free thiols on the
inner layer of the endosomal membrane,
thereby causing strain on the endosome
and eventually contributing to its mem-
brane rupture [84].

Other external stimuli—including light,
ultrasound, and presence of electromag-
netic fields—have also been explored for
endosomal escape. Among these, pho-
to-activated endosomal escape is the most
reported, as light allows for a high level of
spatiotemporal control while minimizing
tissue damage. In this strategy, nanopar-
ticles are engineered to generate highly
disruptive reactive oxygen species (ROS)
in response to an external light source, typ-
ically through photo activatable moieties
such as light-sensitive small molecules or
ROS-labile bonds.

For instance, the light-activated siRNA
endosomal release (LASER) platform
was developed with porphyrin, a mole-
cule found in naturally occurring com-
pounds like hemoglobin and chlorophyll.
Porphyrin-conjugated lipids were incorpo-
rated into a LNP formulation along with
siRNA through microfluidic mixing. Once
internalized by cells, these porphyrin-con-
taining LNPs fused with the endosomal
membrane, similarly to the hypothesized
mechanism of LNP-mediated endosomal
escape. Upon light exposure, the porphyrin
lipids enhanced generation of reactive oxy-
gen species while buried within the endo-
somal membrane, inducing endosomal
rupture and subsequent cytosolic release of
siRNA as confirmed by confocal microscopy
and galectin disrupting assays [85].

Another study incorporated ROS-
sensitive linkers into an oligoethylene-
imine (OEI) polyplex for DNA delivery.
The design included an aminoacrylate
bond cleavable by a singlet oxygen gener-
ated upon light exposure. In addition, the




authors embedded a fluorogen that tracked
ROS-directed degradation and endosomal
escape through aggregation-induced emis-
sion (AIE). When the nanoparticle was
internalized vyet still intact, the fluorogen
moieties were in clustered, producing flu-
orescence; upon degradation and cytosolic
release, the components of the nanoparti-
cle became diffuse within the cytosol and
fluorescence was lost. Indeed, effective
photo-induced endosomal escape in cells
was observed through confocal microscopy
after five minutes of radiation from visible
light [86].

It is worth noting, however, that while
light-based strategies demonstrate effec-
tive in vitro endosomal escape, this often
does not equate to effective in vivo endo-
somal escape. Limited tissue penetration
of light into cells in vivo is much more chal-
lenging, and requires light exposure regi-
mens that are difficult to translate clinically.

PEPTIDE-BASED SOLUTIONS

Cell penetrating peptides (CPPs) have also
been used to enable cytosolic delivery of

REVIEW

therapeutics (Table 2). CPPs are short pep-
tides of 5-10 amino acids that interact with
and penetrate through cell membranes.
They generally fall into two categories:
cationic and amphiphilic [87]. Cationic
CPPs typically contain amino acids like
histidine, arginine, and lysine that are pos-
itively charged at physiological pH and
interact with negatively charged phospho-
lipid membranes in the cell. The most ubig-
uitous example of a cationic CPP is TAT,
the translocating peptide from the Trans-
Activator of Transcription protein that is
derived from HIV [88]. TAT is perhaps the
most commonly used CPP to aid cytoso-
lic delivery, as its ability to translocate
through cell membranes when conjugated
or co-delivered with the therapeutic of
interest has been well characterized in the
field [89,90]. However, its efficacy at induc-
ing endosomal escape is low. Penetration
through the endosomal membrane requires
high concentrations of TAT, and the effi-
cacy of TAT is highly variable depending
on the cargo and conjugation mechanism it
accompanies [91,92]. Oligo-arginine, a pep-
tide consisting of 8-10 cationic arginines, is

»TABLE 2
Summary of discussed CPPs shown to aid in endosomal escape.

Name Sequence Class Reference
TAT GRKKRRQRRR Cationic [88]
R8 RRRRRRRR Cationic [93]
HA-2 GLFGAIAGFIENGWEGMIDGWYG Amphipathic [94]
PEP-1 KETWWETWWTEWSQPKKKRKV Amphipathic [95]
Penetratin RQIKIYFQNRRMKWKK Cationic, amphipathic [104]
LMWP VSRRRRRRGGRRRR Cationic [106]
M-lycotoxin IWLTALKFLGKHAAKHLAKQQLSKL Amphipathic [107]
Aurein 1.2 GGGLFDIIKKIAESF Amphipathic [108]
gH625 HGLASTLTRWAHYNALIRAF Amphipathic [116]
Melittin GIGAVLKVLTTGLPALISWIKRKRQQC Cationic, amphipathic [117]
S10 KLALKLALKALKAALKLA Amphipathic [30]
YARA YARAAARQARA Cationic [118]

ISSN 2977-8301 - Published by Biolnsights Publishing Ltd, London, UK

123



BIOCONJUGATION INSIGHTS

124

another common CPP [93]. The other class
of cell penetrating peptides, amphiphilic
cell penetrating peptides, form amphipa-
thic helices with a hydrophilic and hydro-
phobic face. They induce cytosolic delivery
of therapeutic cargo through hydrophobic
interactions with the phospholipid mem-
brane. Examples of such CPPs include the
HA-2 peptide and PEP-1, which have been
reported to induce cytosolic release of asso-
ciated cargo [94,95].

CPPs can escape the endosomal com-
partment to induce cytosolic delivery by
inserting themselves into the endosomal
membrane through cationic or hydropho-
bic interactions, leading to pores in the
membrane through which the cargo can
be released into the cytoplasm (Figure 4).
Alternatively, they can also result in cyto-
solic delivery through transduction, where
the CPP is directly translocated across the
plasma membrane into the cytosol and the
endosome is bypassed entirely [96]. The
mechanism by which endocytosis or trans-
duction occurs can be engineered to some
extent: studies have shown that cyclized
analogs of both TAT and octa-arginine
that are conjugated directly to protein
cargo preferentially induce transduction
and direct cytosolic delivery [97,98]; how-
ever, it is highly dependent on the con-
centration of the CPP and the payload.
Transduction is preferentially induced
when concentrations of CPPs are high
enough to induce toxicity to the cell, and
transduction efficiency decreases with the
size of the cargo [92,99,100]. Endocytosis
will likely be the primary form of cellular
uptake for CPPs that decorate polymeric
nanoparticles, and endosomal escape will
be favored over transduction for cytosolic
delivery.

CPPs have been used to facilitate deliv-
ery of cargoes in preclinical studies for the
treatment of cancer and diabetes [101,102],
but translation into a clinical setting is
limited, and no drugs using excipient CPPs
have been approved by the FDA. For one,
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surface bound CPPs lack any targeting
moiety, which leads to systemic toxicity as
CPPs induce pore formation in membranes
of off-target cells [103]. This issue of sys-
temic toxicity is often exacerbated by the
need to dose CPPs at high concentrations in
order to achieve successful cytosolic release
of cargo. Secondly; it is possible that CPPs
can induce immunogenicity due to their
polypeptide structure, as demonstrated by
the CPP penetratin’s ability to induce innate
immunity in vivo [104]. Finally, CPPs have a
short half-life, and are easily degradable by
proteases and serum proteins before they
are endocytosed and enable endosomal
escape of their cargo [105].

Because of this, recent studies that use
CPPs to induce endosomal escape must
often leverage other strategies to address
these limitations. For instance, the pH
drop in endosomes can be utilized to keep
CPPs inert until they are endocytosed. An
example of this is the histidine switching
CPP (hsCPP) in which the arginine and
lysine residues of several common cationic
CPPs were mutated to histidines. These
hsCPPs are uncharged at physiological pH,
but once endocytosed, the histidine res-
idues protonate, and the hsCPP induces
endosomal escape of the cargo. The most
endosomolytic hsCPP, a histidine switched
analog of low molecular weight protamine
(hsLMWP), was conjugated to a targeting
antibody for increased cellular uptake and
a protein cargo of interest, and then eval-
uated for endosomal escape, effective pro-
tein delivery, and immunogenicity. This
hsCPP was able to effectively deliver pro-
tein cargo both in vitro and in vivo [106].

Another study mutated the venom-de-
rived peptide m-lycotoxin to reduce non-
specific disruption of cell membranes.
M-lycotoxin has an amphipathic helix, of
which the hydrophobic face interacts with
the plasma membrane. The authors hypoth-
esized that a negatively charged glutamate
residue on the hydrophobic side of the helix
would prevent m-lycotoxin from association
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with the plasma membrane and therefore
be non-lytic. Once endocytosed, the subse-
quent pH-dependent protonation of gluta-
mate should cause the now neutral CPP to
become lytic. However, it was found that the
glutamate-modified M-lycotoxin promoted
endosomal escape of antibodies and other
protein cargoes by an alternative indirect
and lipid composition-dependent manner.
The glutamate modification of m-lycotoxin
acts as a ‘safety catch’ to prevent the pep-
tide from lysing the plasma membrane but
does not impact disruption of the endoso-
mal membrane, thus conferring selective
endosomal activity without the typical tox-
icity of wildtype M-lycotoxin [107].
Strategies to improve the efficacy of
CPPs can also be engineered into nanopar-
ticles. Narum and coworkers report a
pH-responsive spherical nucleic acid

nanoparticle platform, termed the DNA
Endosomal. Escape Vehicle Response
(DELVR) platform, that is composed of a
gold nanoparticle core and a nucleic acid
shell that can deliver antisense oligonucle-
otides (ASOs). Here, the CPP Aureinl.2 is
hybridized to the nucleic acid strands that
form the corona of the nanoparticle so that
it is oriented towards the inside of the DNA
shell, closer to the nanoparticle core. Once
endocytosed, the DNA shell refolds, which
releases the therapeutic ASO and exposes
the CPP to the endosome. This allows for
effective endosomal escape while avoid-
ing any nonspecific lysing of plasma mem-
branes [108].

CPPs can also be engineered so that
they are more resistant to enzymatic degra-
dation. One method of improving stability
is to replace the typical L-amino acids used
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in peptides with D-conformation amino
acids, as D-amino acids are not recognized
by metabolic enzymes [109]. Indeed, it
was found that the D-conformation of pen-
etratin degraded much slower than the
L-conformation and was able to double
the half-life of insulin in vivo in compari-
son to D-penetratin [110]. However, while
D-amino acids have not been found to be
toxic, they are retained for a longer time in
the cytoplasm following endosomal escape,
which has been seen to impact cell prolif-
eration and transcription [111]. PEGylation
of CPPs can also improve their stability and
half-life [112]; however, with the emer-
gence of anti-PEG antibodies in recent
decades, the stealth behavior that PEG
endows to CPPs is likely to decrease [113].

While CPPs are most commonly directly
conjugated to a therapeutic protein of
interest, CPPs can be bound to polymeric
nanoparticles electrostatically or cova-
lently conjugated through a variety of click
chemistry reactions. One study electro-
statically bound the cationic peptides TAT,
octa-arginine, penetratin, and low molec-
ular weight protamine (LMWP) through
simple mixing with PLGA nanoparticles,
which exhibits a negative surface charge
[114]. In another study, a TAT-derived
peptide containing a free cysteine thiol
group was conjugated to a PAMAM den-
drimer nanoparticle functionalized with
PEG-maleimide end groups through a thi-
ol-maleimide click reaction [115]. Copper-
catalyzed azide-alkyne cycloaddition
(CuAAC) has also been used to conjugate
the peptide gH625 with an alkyne-contain-
ing moiety, to a liposome decorated with
PEG-azide [116]. These studies illustrate
that CPPs can be attached to polymeric
nanoparticles by standard bioconjugation
methods.

TRANSLATIONAL INSIGHT

While many endosomal escape strategies
enable cytosolic delivery of therapeutic
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cargo, there are intrinsic limitations that
are likely to prevent their commercializa-
tion and translation to the clinic. Chief
among these is the fine balance between
efficacy and cytotoxicity in any endosomal
escape strategy: at suboptimal concentra-
tions, escape moieties are ineffective, yet
if dosed at high enough concentrations to
effectively rupture endosomes, they risk
indiscriminately puncturing membranes
within the cell or disrupting native cellu-
lar machinery. A potential solution to this
limitation is to integrate multiple classes of
endosomal escape moieties to exploit dif-
ferent mechanisms of cytosolic release to
increase endosomal escape efficacy.

This approach was demonstrated with
the virus-inspired polymer for endoso-
mal release (VIPER) platform, a micelle
platform in which the hydrophobic core
is composed of pH-responsive DPAEMA
copolymerized with pyridyl disulfide ethyl
methacrylate (PDSEMA). The PDSEMA
is further covalently conjugated to mel-
ittin, a virus-derived CPP. In an extracel-
lular environment, the hydrophobic core
of the micelle hides the CPP, preventing it
from triggering adverse immunogenicity
or cytotoxicity, and once internalized, the
drop in pH triggers DPAEMA to protonate
and disassemble the micelle. This exposes
melittin, which can rupture the endosomal
membrane; the disassembled DPAEMA
can also synergistically improve cytosolic
release, partially by increasing the osmotic
pressure within the endosome and partially
by triggering the proton sponge effect. The
VIPER platform was tested in vivo by intra-
peritoneal administration in a tumor-bear-
ing mouse model, where it slowed tumor
growth down and significantly improved
survival [117].

A recent study by Eweje and cowork-
ers also demonstrates the complementary
combination of pH response and membrane
rupture in the elastin-based nanoparticles
for therapeutic delivery (ENTER) platform:
they developed multiple generations of an




elastin-like polypeptide (ELP) based vesicle
and found that by a) enriching the hydro-
phobic portion of the ELP with histidine
residues and b) incorporating endosomal
escape peptides such as S10 into the core
of the vesicle, they were able to achieve
pH-triggered exposure of the peptide and
effective endosomal escape. This ELP ves-
icle enabled efficient delivery of protein,
siRNA, and mRNA cargoes, demonstrating
the platform’s versatility [30].

Evans and coworkers combined CPPs
with the polymer poly(propylacrylic acid)
(PPAA) into a polyplex that leverages these
two synergistic moieties to induce effective
endosomal escape. PPAA is hydrophobic
and anionic, and once the polyplex is endo-
cytosed, PPAA’s hydrophobic backbone
fuses with the endosomal membrane. The
anionic component of PPAA, which has
already been electrostatically bound to the
cationic cell penetrating peptide within
the polyplex, then anchors the CPP to the
endosomal membrane and enhances its
ability to rupture the endosome [118]. This
PPAA-CPP platform was used to deliver
vasoactive peptides to vascular smooth
muscle cells to inhibit vasoconstriction,
and has also recently been used to deliver
other cationic peptide payloads [118,119].

Despite these innovations, clinical
translation of endosomal escape technolo-
gies remain limited. With the exception of
cell penetrating peptides, which have been
entered clinical trials as cancer therapeu-
tics but have yet to receive FDA approval
[120], most developments in endosomal
escape have not progressed beyond pre-
clinical stages. This stagnation primar-
ily reflects the broader lack of clinical
advancement of polymeric nanoparticles,
rather than fundamental flaws in endoso-
mal escape mechanisms. In general, the

drug delivery field bottlenecked by several
factors, including poor targeting specificity,
inadequate sustained-release profiles, and
logistical hurdles in storage and processing
[120]. To this end, polymeric nanoparti-
cles offer potential solutions, as their sur-
faces can be readily engineered for targeted
delivery, and recent studies have developed
highly thermostable formulations that
simplify transport and storage [31,121].

However, polymeric nanoparticles
have achieved limited clinical adoption
in comparison to other platforms. This is
not without exception: several polymeric
formulations are FDA approved, including
Abraxane (an albumin biopolymer-based
nanoparticle for delivery of paclitaxel),
Zilretta®, an (PLGA microspheres for
extended-release osteoarthritis treatment),
and Apretude® (a long-acting injectable for
HIV pre-exposure prophylaxis). However,
the key barrier to broader integration lies in
the incomplete understanding of how poly-
meric nanoparticles interact with biolog-
ical barriers, both on the extracellular and
intracellular level [122].

This includes a limited grasp of endo-
somal escape dynamics. Many nanoparti-
cles described here rely on escape agents
that are already synthetically accessible
through solid-phase synthesis, chemical
conjugation, or recombinant expression,
thereby making them scalable and man-
ufacturable. However, without rigorous
evaluation of their safety profile in humans,
these platforms will remain limited to pre-
clinical use. Therefore, while significant
progress has been made to overcome the
challenge of endosomal escape, further
innovation is still required to pave the way
for polymeric nanoparticles to fully trans-
late to the clinic and become the next inno-
vation in drug delivery.
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Design and production of antibody
PEG-conjugates for extended

ocular retention

Stacy L Capehart, Joshua D Slocum, Tobin E Brown, Alexander D Jackson,
Samantha R Summers, Peter CS Woodham, Alexei Kazantsev, Marion Weir,

Sangyuel Han, and Eric S Furfine

Herein, we report the site-specific conjugation of polyethylene glycol polymers to increase
the vitreal half-life of two antibodies that target a transmembrane receptor protein found
in the eye. The resulting conjugates’ design, optimization, purification, and characteriza-
tion are described. Surface plasmon resonance (SPR) analysis demonstrated that the PEG-
conjugated antibodies retained binding affinity to the target proteins, compared to the
parental unconjugated antibody. The PEG-conjugated antibodies exhibited a slower rate
of vitreal clearance compared to the unmodified antibodies in a New Zealand white rabbit

ocular pharmacokinetic study.

Bioconjugation Insights 2025; 1(4), 143-156 - DOI: 10.18609/bci.2025.026

Protein therapeutics developed for treating
ocular diseases require dosing as frequently
as once per month due to their short vit-
real half-lives [1]. A slower rate of vitreal
clearance can reduce dosing frequency,
likely improving patient compliance and
positively affecting treatment outcomes
[2]. Increasing the apparent hydrodynamic
radius of protein therapeutics has been
shown to slow the rate of vitreal clearance
[3]. Modifying antibodies, their fragments
or mimetics with polymers, such as poly-
ethylene glycol (PEG) [3-7], or phosphor-
ylcholine biopolymers [8] increases the

www.insights.bio

hydrodynamic radius and thus the vitreal
half-lives. To attach a polymer of interest
to an antibody therapeutic, the conjugation
strategy should be site-specific, proceed
with high conversion, and minimally affect
antibody function [9,10].

Herein, the design and chemical con-
jugation of PEG polymers to an antibody
and an antibody-receptor fusion that tar-
get a transmembrane receptor protein are
described. The resulting conjugates are
assessed for purity, in vitro binding, and
in vivo ocular retention in a New Zealand
white rabbit pharmacokinetic study.
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MATERIALS & METHODS
Materials

Cysteamine hydrochloride and Tris (2-car-
boxyethyl)  phosphine  hydrochloride
(TCEP-HCI) were purchased from Sigma-
Aldrich (St Louis, MO, USA). Methoxy-
PEG-(CH2)3NHCO(CH2)2-MAL MW 5,000
(a-[3-(3-Maleimido-1-oxopropyl)amino]
propyl-w-methoxy;, polyoxyethylene),
Methoxy-PEG-(CH2)3NHCO(CH2)2-MAL,
MW 20,000 (a-[3-(3-Maleimido-1-oxo-
propyl)amino]propyl-w-methoxy, poly-
oxyethylene), and 2 arm branched
PEG,-(CH2)3NHCO(CH2)2-MAL, MW
40,000 (2,3-Bis(methylpolyoxyethylene-
oxy)-1-{[3-(3-maleimido-1-oxopropyl)
amino]propyloxy} propane) were obtained
from NOF America Corporation (White
Plains, NY). According to the manufacturer,
the Polydispersity Index (PDI) for all poly-
mers was ~1.1. Endotoxin levels were mea-
sured using the Endosafe® Nexgen-PTS
instrument using 0.5-0.005 EU/mL CRL
test cartridges sourced from Charles River
Laboratories (Wilmington, MA, USA).

Protein expression, bioconjugation,
and purification

Antibodies were expressed using the
ThermoFisher Scientific (Waltham, MA)
Expi293™ transient expression system
according to the manufacturer’s proto-
cols. Clarified cell culture supernatant was
purified with a HiTrap MabSelect PrismA™
column (Cytiva, Marlborough, MA), equil-
ibrating with 20 mM sodium phosphate,
150 mM NaCl, pH 7.2. Antibodies captured
on the column were eluted with 100 mM
sodium citrate, pH 3.5, and neutralized
with 1M Tris, pH 8.0 (Teknova, Hollister,
CA, USA).

Following  purification, antibodies
were exchanged into 50 mM sodium phos-
phate, 150 mM NaCl, 2.5 mM EDTA, pH 7.2.
Antibodies at 20 uM were reduced with
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either cysteamine-HCl (50 mM) for 1 h
or TCEP-HCI (1 mM) for 15 min at room
temperature. Following reduction, excess
reducing agent was removed using a
HiTrap™ Desalting column (Cytiva) equil-
ibrated with 50mM sodium phosphate, 15
mM NaCl, 2.5 mM EDTA, pH 7.2. Following
desalting, a 10-fold molar excess of either 5
kDa PEG, 20 kDa PEG, or 40 kDa PEG was
added to the reduced material, and the
reaction proceeded at room temperature
for 1.5 h. PEGylated material was then
captured on a HiTrap SP High Performance
column (Cytiva) equilibrated with 20 mM
sodium acetate, pH 4.6, and eluted over a
linear gradient with 20 mM sodium acetate,
1 M NaCl, pH 4.6.

Characterization

SDS-PAGE

NuPAGE™ 3-8% tris-acetate or NuPAGE
4-12%  bis-tris gels (ThermoFisher

Scientific) were used for SDS-PAGE anal-
ysis. Color-coded pre-stained protein
marker 10-250 kDa from Cell Signaling
Technology (Danvers, MA, USA) was used
as a molecular weight marker. Non-reduced
protein samples (5 pg) were combined
with 4x lithium dodecyl sulfate (LDS), and
the samples were run without heating.
Reduced protein samples (5 pg) were
combined with dithiothreitol (5 mM) in 4x
LDS and heated for 5 minutes at 95 °C. Gels
were stained with SimplyBlue™ SafeStain
(ThermoFisher Scientific) according to the
manufacturer’s instructions.

HPLC

High-pressure liquid chromatography
(HPLC) was performed on an Agilent
(Santa Clara, CA, USA) 1100 Series HPLC
at room temperature. Sample analysis
for all HPLC experiments was achieved
with an inline diode array detector (DAD)
and monitoring absorbance at 280 nm
(A280). Chromatograms were analyzed
using the Agilent ChemStation software.




For Size Exclusion High Pressure Liquid
Chromatography (SEC-HPLC), protein
samples (10 pg) were injected into a Sepax
Technologies (Newark, DE) Zenix SEC-300,
3 pm, 300 A, 7.8 x 300 mm column flowing
at 0.5 mL/min for 40 min. The mobile phase
was 1X PBS, 100 mM arginine, 0.5 mM
EDTA, pH 6.7. A Bio-Rad (Hercules, CA,
USA) gel filtration standard was used to
relate the retention time to the expected
molecular weight. For Reversed Phase
Liquid Chromatography (RP-HPLC), pro-
tein samples (10 pg) were injected onto
an Agilent AdvanceBio RP-mAb Diphenyl,
4.6 x 150 mm, 3.5 um, flowing at 0.5 mL/min.
The mobile phase was a linear gradient of
0.1% trifluoroacetic acid (TFA) in HPLC-
grade water and 0.1% TFA in HPLC-grade
acetonitrile sourced from ThermoFisher
Scientific (Waltham, MA, USA).

SPR

Surface plasmon resonance (SPR) exper-
iments were performed on a Biacore3000
instrument using CMS5 sensor chips (Cytiva)
at25°C.Antigenimmobilizationwas carried
out using N-hydroxysuccinimide (NHS)/1-
Ethyl-3-[3-dimethylaminopropyl]carbo-
diimide (EDC) coupling. A 100 nM, 33.3 nM,
11.1 nM, 3.7 nM, and 1.2 nM solution of
each antibody was injected at 30 pL/min
for 300 s over a surface containing immo-
bilized antigen, and dissociation was moni-
tored for 900 s. The combined Kkinetic traces
were fit to a 1:1 interaction model using
Scrubber software (BioLogic Software,
Canberra, Australia), and the equilibrium
dissociation constant (K,) and standard
deviation are based on the combined fit in
a single experiment.

Ocular pharmacokinetic (PK) study

Formulation

EYLEA® was purchased from Myonex
(Horsham, PA) and diluted into the EYLEA
formulation buffer (10 mM sodium phos-
phate, 40 mM NaCl, 0.03% polysorbate-20,
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5% sucrose) such that the final aflibercept
concentration was 2 mg/mL. All other
test articles were formulated in 1X PBST
(phosphate-buffered saline containing
0.01% polysorbate-20) at 2 mg/mL and
10 mg/mL for the PRO085 and PRO504 ocu-
lar PK studies, respectively. All test articles
were filtered through a 0.22 um Steriflip fil-
ter (Millipore, Burlington, MA, USA), and
endotoxin was measured below 0.1 EU/mg.

Study design
For the PK study on PRO085 and PEGylated
variants, 100 pg intravitreal injections
were administered to male New Zealand
White rabbits. For each cohort, six animals
were dosed on day zero. On days 1, 3, and
7, animals were euthanized, and both eyes
were harvested and frozen prior to dissec-
tion and collection of vitreous humor. The
vitreous humor samples were diluted 1:5 in
1X PBST (phosphate-buffered saline with
0.1% polysorbate-20) without homogeni-
zation and stored at -70 °C until analysis.
For the PK study on PRO504 and
PEGylated variants, 500 pg intravitreal
injections were administered to male
New Zealand White rabbits. For each
cohort, three or four animals were dosed
on day 0. On days 1, 3, 7, and 14, animals
were euthanized, and both eyes were har-
vested and frozen prior to dissection and
collection of vitreous humor. The vitreous
humor samples were diluted 1:5 in 1x PBST
(phosphate-buffered saline with 0.1% poly-
sorbate-20) without homogenization and
stored at =70 °C until analysis.

Enzyme-linked immunosorbent

assay (ELISA)

Total drug levels in the vitreous humor
were quantified using two different ELISAs.
All incubations were performed with shak-
ing at 420 rpm unless otherwise indicated.
High-binding microtiter plates (Greiner
Bio One, Monroe, NC, USA) were coated
overnight at 4 °C with an anti-human IgG
in 100 mM carbonate, pH 9.5, without
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~FIGURE 1
The target parent antibodies, PRO085 and PRO504.

PRO085

agitation. The coated plate was washed
with 1x PBST (phosphate-buffered saline
with 0.1% polysorbate-20) containing
150 mM sodium chloride and blocked with
5% bovine serum albumin in 1X PBST for
1 h at 37 °C. After washing, test articles
and their corresponding controls were
incubated for 1.5 h at room temperature.

For PRO085, PRO171 + [2x5 kDa
PEG], PRO171 + [2x20 kDa PEG], PRO504,
PRO593 + [2x20 kDa PEG], the plates
were washed and incubated with bioti-
nylated antigen for 1.5 h at room tempera-
ture. The plates were rewashed, incubated
with streptavidin conjugated HRP (R&D
Systems, Minneapolis, MN) for 1 h at room
temperature, and protected from light.

For aflibercept, the plates were washed
and then incubated with a polyclonal goat
anti-human IgG-HRP conjugate for 1 h at
room temperature and protected from light.

The plate was washed a final time,
developed with WesternBright chemilumi-
nescent HRP substrate (Advansta Inc., San
Jose, CA, USA) according to the manufac-
turer’s protocols, and read in a Molecular
Devices SpectraMax® M5 plate reader.

RESULTS & DISCUSSION

Antibodies PRO085 and PR0O504, depicted
in the illustrations in Figure 1, were

PRO504
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selected for this study. These antibodies
target the extracellular domain of a one-
pass transmembrane protein receptor (pro-
tein A, target cannot be disclosed), and
PRO504 contains a C-terminal fusion that
binds to a soluble signaling protein (protein
B, target cannot be disclosed). To achieve
site-specific cysteine modification with
maleimide-functionalized = polyethylene
glycol (PEG), several variants of the parent
antibodies were produced, and the conju-
gation conditions were optimized for each
construct. For each parent antibody, one
cysteine conjugation variant was selected
to be scaled and evaluated in a rabbit ocular
pharmacokinetic study.

PROO085 construct design

Several N-terminal and C-terminal
PROO085 variants were designed and pro-
duced, as shown in Figure 2. To target the
N-terminus of the light chain, an unpaired
cysteine residue was directly appended
to the parental light chain (PRO086) or
included in a five-residue N-terminal linker
(DICGS, PRO087, or CDGSG, PRO088).
Analogous constructs were made to target
the N-terminus of the heavy chain, includ-
ing an appended cysteine (PRO140) and
five-residue linkers (PRO141 and PRO142).
To target the C-terminus of the light chain,
nine residue extensions comprised of gly-
cine-serine flexible spacers were chosen
to flank the unpaired cysteine residue
(PRO144). For PRO143, a lysine residue
was positioned next to the unpaired cys-
teine residue to lower the pKa of the reac-
tive cysteine, thus improving its ability to
be modified site-selectively [11]. A sim-
ilar approach was selected to target the
C-terminus of the heavy chain, as shown
in Figure 2D for PRO145. Several highly
reactive engineered cysteine residues have
been described, and we sought to apply
this strategy to the conjugation of PEG
to PRO085 by introducing the reported
V205C (PRO172), S112C (PRO173), A114C
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?FIGURE 2

% W

PRO086 PRO140
C. C..
PRO087 PRO141
DTCGS... EVCGS...
PRO088 PRO142
CDGSG... CDGSG...
E F
PRO172 PRO173
V205C s112C
PRO174
A114C
PRO175

T116C

mutated from cysteine to serine.

Schematics for all PRO0S85 variants for cysteine PEGylation.

(A) N-terminal light chain variants (PRO086, PRO087, PRO088). (B) N-terminal heavy chain variants
(PRO140, PRO141, PRO142). (C) C-terminal light chain variants (PRO143, PRO144). (D) C-terminal heavy
chain variants (PRO145). (E) light chain variants (PRO172). (F) heavy chain variants (PRO173, PRO174,
PRO175). (G) heavy chain C218S, C227S and light chain C214S to modify the heavy chain C224. Light
brown ovals represent targeted cysteine residues (native or mutant), and purple ovals represent residues

% N

PRO143 PRO145
..GGSSGKCGS... ..GGSSGKCA...
PRO144

..GGSSGGCGS...

\7
i

PRO171
HC: C218s, C227S
LC: C211S

(PRO174), and T116C (PRO175) mutations
[12]. Finally, we introduced heavy chain
C218S, C227S, and light chain C214S point
mutations to target the modification of the
upper hinge, Cys 224 [13].

PROO085 PEG conjugation

Following reported reduction, re-ox-
idation, and conjugation procedures,
PRO086-PRO088, PR0O140-PR0O145, and
PRO171-PRO175 were evaluated for mod-
ification with maleimide-functionalized
5 kDa or 20 kDa linear PEG [12].

N-terminal cysteines were found to
be more readily modified than C-terminal

ISSN 2977-8301 - Published by Biolnsights Publishing Ltd, London, UK

cysteines, and cysteines on the heavy
chain were more readily modified than
those on the light chain ([PRO140, PRO141,
PRO142] > [PRO086, PRO087, PRO088]
> PRO145 > [PRO143, PRO144]). All anti-
bodies were assessed for binding to their
intended target, A and B, using SPR, where
the primary objective was to verify the
interaction between the PEG-conjugated
compounds. Including a mixture of vit-
reous proteins could introduce non-spe-
cific binding, thereby complicating the
interpretation of the reported dissociation
constants (KDs) for the targets of interest.
Antibodies conjugated at N-terminal cys-
teines showed decreased binding signal via
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A280 (mAU)

~FIGURE 4

SPR to Target A relative to those modified
at C-terminal cysteines.

Modification occurred more readily on
light chain V205C (PRO172) and heavy
chain A114C (PRO174) than heavy chain
S112C (PRO173) and heavy chain T116C
(PRO175).

Upon optimization of reduction and con-
jugation conditions, PRO171 converted into
~65% of the desired [2xPEG] conjugated
antibody, as determined by SDS-PAGE
(schematic shown in Figure 3). Due to the
high conversion to the desired doubly PEG
modified product, PRO171 was selected to

~FIGURE 3

pH7.0,RT,1h "

PRO171

Optimized reduction and conjugation strategy for PRO171 to yield
PRO171+[2x5 kDa PEG] or PRO171 +[2x 20 kDa PEG].

Maleimide-[5 kDa PEG] R \\ //

Maleimide-[20 kDa PEG] R \\ //
pH7.2,RT, 1.5 h }FJJAI'lLﬂq\

PRO171+[2 x PEG]

Purification of PRO171 +[2 x5 kDa PEG] and PRO171 +[2x 20 kDa PEG].
A B
5,000
PRO171+[2 x5 kDa PEG]
+[2x 5 kDa PEG] 250 ™n e veve e,
] . 1
4,000 | 180 [ 11.4 mg i
130 ds 1 i
Unmodified - < (HC). + 2 PEGs
N 95 : b .-hh «(HC), + 1 PEG
3,000 1 i <4 (HC),
72 | A . Y Pooled fractions
2,000 PRO171+[2x20 kDa PEG]
+[2 %20 kDa PEG] rxn . >
/ . 250 (I :
U dified
el / nmodifie - _M--.— 4—(HC), + 2 PEGs
e | : = b «(HC), + 1 PEG
130 i H
; i
0 T T T T T T II 95 E 11.3 mg ; _ 4_(HC)2
180 200 220 240 260 280 300 320 72 s _ R pooled fractions

Volume (mL)

(A) Cation exchange chromatography was used to separate PRO171+[2 x5 kDa PEG] and PRO171+[2x 20 kDa PEG]
from unmodified or singly modified PRO171. Representative fast protein liquid chromatography (FPLC) traces. (B) Reduced
SDS-PAGE are shown above for PRO171+[2 x5 kDa PEG] and PRO171+[2 x 20 kDa PEG], highlighted in blue and green,
respectively. For the SDS-PAGE, the crude reaction mixture was run in lane 1, and all pooled fractions are outlined in the
grey dotted box.
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scale and evaluate in a rabbit ocular phar-
macokinetic study.

Following the scaled 5 kDa and 20 kDa
PEG conjugation of PRO171, the mate-
rial was purified using a strong cation
exchange column on a fast protein liquid
chromatography (FPLC) system, and the
resulting fractions were assessed for purity
by SDS-PAGE, as shown in Figure 4A and B.
PRO171+[2 xPEG] eluted early in the gra-
dient, followed by the PRO171+[1xPEG],
and unmodified PRO171. Fractions corre-
sponding to doubly PEG-modified PRO171
were pooled and analyzed by SDS-PAGE,
SEC-HPLC, RP-HPLC, and binding by SPR,
as shown in Figure 5A-D.

Non-reduced  SDS-PAGE  analysis
revealed PRO085 migrates as a sin-
gle band at the expected molecular
weight. PRO171+[2x5 kDa PEG] and
PRO171+[2x20 kDa PEG] have three sep-
arate bands when analyzed by SDS-PAGE.
PRO171 lacks four disulfide bonds com-
pared to PRO085, which likely influences
its migration on SDS-PAGE. The top, middle,
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and bottom bands are tentatively assigned
to the PEG conjugated heavy chain dimer,
PEG conjugated heavy chain monomer, and
unpaired light chain, respectively.

Analysisby SEC-HPLCmeasuredat>90%
main peak. PRO085, PRO171+[2x5 kDa
PEG], PRO171+[2x20 kDa PEG] had
retention times of 15.6 min, 14.4 min,
and 12.3 min, respectively. The retention
time for PRO08S5 is consistent with a typ-
ical retention time for antibodies, indi-
cating that the antibody remains intact
under native conditions. The comparison
of retention times between unmodified
and PEG-conjugated material indicates
that PRO171+[2x20 kDa PEG] has the
largest hydrodynamic radius, followed
by PRO171+[2x5 kDa PEG], and finally
PROO085, as expected.

By RP-HPLC, purities were >90%
main peak. PRO171+[2x20 kDa PEG]
was retained the longest, followed by
PRO171+[2x5 kDa PEG], and finally
PROO085. This retention time increases PEG
length, with larger PEG species interacting

P?FIGURE 5

Characterization of PRO085, PRO171+[2 x5 kDa PEG], and
PRO171+[2x20 kDa PEG] by (A) SDS-PAGE, (B) SEC-HPLC, (C) RP-HPLC, and (D) SPR.

A B SEC-HPLC — PROO085 C RP-HPLC — PROO085
— +[2x5 kDa PEG] PRO171 +
+[2x20 kDa PEG] [2x 20 kDa PEG]
250 [ - B 60
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130 20 30 504
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8 i 8 0 T T T 1 0+ UN T —
& X X 5 10 15 20 25 15 20 25 30
o N ’ . ] .
10 [ Time (min) Time (min)
1: HC2+LC: D
2: (HC-PEG). Variant KD (pM) to target protein A
*: HC-PEG
LS PRO08S5 4771
PRO171+[2 x5 kDa PEG] 623+1
PRO171 +[2 x 20 kDa PEG] 9715
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more strongly with the stationary phase
and being retained longer on the column,
as expected.

PRO085, PRO171+[2x5 kDa], and
PRO171+[2x20 kDa] PEG bound the sol-
uble extracellular domain of the target
receptor with comparable equilibrium bind-
ing constants (K,) of 0.81 nM, 0.76 nM, and
1.22 nM, respectively.

The stability of PEG-conjugated PRO085
was evaluated at 40 °C over 30 days. The
primary degradation pathway involved
the loss of one PEG moiety from the dou-
bly modified PRO085, which plateaued
at approximately 35%. Loss of both PEGs

accounted for no more than 8% of the
total protein. Despite this degradation,
the material was deemed suitable for use
in the ocular pharmacokinetic (PK) study
described herein. Given the 7-day duration
of the PK study; it is likely that the doubly
PEG-conjugated species remained as the
predominant form throughout the study.

PROO085 Ocular PK Study

Four cohorts of New Zealand White
rabbits were dosed with 100 pg of
PRO085, PRO171+[2x5 kDa PEG],
PRO171+[2x20 kDa PEG], and aflibercept,

~FIGURE 6
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respectively. An ELISA was used to analyze
vitreous humor samples collected on days 1,
3, and 7 for total drug, and the half-life was
determined for the values fit to a log-lin-
ear regression. As shown in Figure 6A, the
half-life was 3.4 days for aflibercept, sim-
ilar to the reported value of 3.9 days [14].
PRO171+[2x20 kDa PEG] was retained
the longest in the vitreous with a mea-
sured half-life of 4.8 days, followed by
PRO171+[2x5 kDa PEG] at 3.5 days, and
finally unmodified PRO085 at 2.9 days, as
shown in Figure 6B-D.

PRO504 construct design

Guided by insights from the work with
PRO085, a focused set of constructs was
designed to enable efficient PEG conjuga-
tion (Figure 7). All variants included the
light chain C214S mutation that reduces
undesired light chain PEG conjugation
of the PRO085 variants described above.
PRO592 included the heavy chain C227S
mutation to target modification of the
upper hinge C224, while PRO596 included
heavy chain C224S mutation to target mod-
ification of the lower hinge, C227. PRO593,
PR0O594, and PRO595 included mutations
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of C224S and C227S to remove the heavy
chain hinge cysteines, thus preventing
undesired PEGylation sites. In addition,
unpaired cysteines were introduced on
either the C-terminus (PRO593) or directly
before (PRO594) or after (PRO595) a linker
connecting the C-terminal fusion protein.

Upon optimization of reduction and con-
jugation conditions, PRO592 and PRO596
converted to 75% and 40% of the desired
doubly PEG conjugated product, as assessed
by SDS-PAGE. All constructs lacking the
hinge disulfide bonds (PRO593, PR0O594,
PRO595) had near quantitative conversion
to the desired doubly PEG conjugated prod-
uct as assessed by SDS-PAGE. C-terminal
variant PRO593 was selected for scaled
conjugation and subsequent evaluation in
a rabbit ocular pharmacokinetic study due
to its high conversion to the desired product
and reduced impact of conjugation on sta-
bility and target protein binding.

A 40 kDa branched PEG was selected
for scaled conjugation to PRO593 to further
extend the ocular retention compared to
5 kDa or 20 kDa PEG conjugates (Figure 8).
Following the scaled 40 kDa PEG conjuga-
tion of PRO593, the material was purified
using a strong cation exchange column on

~FIGURE 7
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All variants included the light chain C214S mutation as well as heavy chain mutations including: (A) C227S
(PRO592); (B) C224S, C227S and a C-terminal extension (PRO593); (C) C224S and C227S with an
introduced interior cysteine (PRO594); (D) C224S and C227S with an introduced interior cysteine
(PRO595); and (E) C224S (PRO596). Light brown ovals represent targeted cysteine residues (native or
mutant), and purple ovals represent residues mutated from cysteine to serine. For PRO594 and PRO595,
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PFIGURE 8

PRO593+[2x40 kDa PEG].
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Optimized reduction and conjugation strategy for PRO593 to yield

Maleimide-[40 kDa PEG]
pH7.2,RT,1.5h >

4

PRO593 +[2 x PEG]

an FPLC system, and the resulting fractions
were assessed for purity by SDS-PAGE.
PRO593+[2x40 kDa PEG] was found to
elute early in the gradient, followed by
unmodified PRO593. Fractions correspond-
ing to doubly PEG-modified PRO593 were
pooled and analyzed by SDS-PAGE, SEC-
HPLC, and binding by SPR, as shown in
Figure 9.

Non-reduced = SDS-PAGE  analysis
revealed PRO504 migrates as a single band
at the expected molecular weight and
purity of >90% by densitometry, whereas
PRO593 +[2 x40 kDa PEG] migrates as four
bands. PRO593 lacks four disulfide bonds
compared to PRO504, which likely allows
for dissociation under the denaturing con-
ditions of the gel electrophoresis. From
slowest to fastest migration, the bands are
assigned as high molecular weight species
(~8%), the PEG conjugated heavy chain
dimer (~55%), the PEG conjugated heavy
chain monomer (~6%), and the unpaired
light chain (~31%).

Analysis by SEC-HPLC measured at
>90% main peak, indicating that the disso-
ciation observedin the electrophoresis does
not occur under non-denaturing conditions.
PRO504 and PRO593 +[2 x40 kDa PEG] had
retention times of 13.5 min and 11.1 min.

Bioconjugation Insights 2025; 1(4), 143-156 - DOI: 10.18609/bci.2025.026

The comparison of retention times between
unmodified and PEG-conjugated material
indicates that PRO593+[2x40 kDa PEG]
has a larger hydrodynamic radius than
PRO504, as expected.

Unmodified PRO504 and
PRO593 +[2 x40 kDa PEG] bound the extra-
cellular domain of the target receptor, pro-
tein A, and the soluble-signaling protein B,
with comparable equilibrium binding con-
stants (Figure 9C).

After confirming binding and purity, the
test articles were formulated, tested for
endotoxin, and used in an ocular pharma-
cokinetics study.

PRO504 Ocular PK Study

The  half-lives of PRO504 and
PRO593+[2 x40 kDa PEG] in the vitreous
of New Zealand rabbits were 4.8 and 8
days, respectively (Figure 10A and B). As
expected, the PEG-conjugated construct
was retained longer in the vitreous due to
its larger hydrodynamic radius.

CONCLUSIONS

Cysteine variants were designed and
evaluated for an antibody and an
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Characterization of PRO504 and PRO593+[2 x40 kDa PEG] by (A) SDS-PAGE,
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antibody-receptor domain fusion pro-
tein, PRO085 and PRO504, to enable the
attachment of a maleimide-functional-
ized PEG and extend the ocular retention
of each protein. After an initial screen
of 14 variants for PRO085, PRO171 was
selected for scale-up due to its efficient

conversion to the desired doubly PEG-
conjugated antibody. PRO171+[2x5 kDa
PEG] and PRO171+[2x20 kDa PEG] were
>90% pure and bound the target anti-
gen comparably to the parental antibody,
PRO085. In an ocular pharmacokinetic
study, PRO171+[2x20 kDa PEG] had the
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most extended vitreous half-life of 4.8 days,
followed by PRO171+[2x5 kDa PEG] at
3.5 days, and finally unmodified PRO085
at 2.9 days. The half-life of PRO17 +[2x 20
kDa PEG] was also superior to the approved
intravitreal drug aflibercept.

Applying the insights from PRO085 con-
jugation efforts, 5 cysteine variants were
produced for PRO504, and PRO593 was
selected for scale-up due to its near quanti-
tative conversion to the desired doubly PEG
conjugated product. PRO593+[2x40 kDa
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DRIVING IMPROVEMENTS IN DELIVERY
AND STABILITY

Designing with purpose: a journey
through bioconjugation and
nanoparticle formulation science

‘At its best, formulation science is about translating
complex molecules into accessible, manufacturable,
and life-changing medicines.”

Lauren Coyle (Editor, Bioconjugation Insights) speaks to Kondareddy Cherukula (Investigator
[, Inimmume) about innovations at the intersection of chemistry, biology, and manufac-
turing. It discusses challenges in vaccine and nanoparticle development, process resilience
and scalability strategies, and future approaches that accelerate translational impact and
therapeutic accessibility of bioconjugates.

Bioconjugation Insights 2025; 1(4), 131-135 - DOI: 10.18609/bci.2025.024

Q Can you tell us a bit about what led you into the bioconjugation
field and what you are currently working on?

K | was drawn into bioconjugation as it sits right at the intersection of chem-
istry and biology, where a small, intentional chemical change can have a
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significant biological effect. Early in my PhD, I was fascinated by targeted nanocarriers,
liposomes, and polymers that could respond to disease microenvironments, and I realized
how elegantly a conjugate could alter a molecule’s behavior, whether it is improving half-
life, directing biodistribution, or fine-tuning immune recognition.

That curiosity evolved into a passion for designing molecular bridges with purpose.
Over the years, I have worked across protein—hapten, peptide, aptamers, and large-mole-
cule conjugates, and more recently, integrated them into nanoparticle and vaccine systems.
What keeps me excited is the creativity, balancing chemistry, biology, and manufactur-
ability in one ecosystem.

Right now, a significant part of my work involves translational vaccine development,
particularly tackling the opioid crisis. Our group, together with collaborators at Boston
Children’s Hospital, is advancing anti-fentanyl conjugate vaccines supported by the NIH
HEAL Initiative. These vaccines pair a fentanyl hapten conjugated to a carrier protein with
a novel adjuvant system to elicit strong neutralizing antibodies that block opioid entry
into the brain. The most rewarding part is seeing science align with societal need; it is not
just about elegant chemistry but potentially preventing overdose deaths. That blend of
impact and innovation is exactly why I love this field.

What are the most critical formulation challenges in maintaining
structural and functional integrity during process development
and scale-up in bioconjugation vaccine platforms and nanoparti-
cle-based therapeutics?

K One of the biggest challenges is that conjugates are living systems; their

chemistry, structure, and function are tightly intertwined. What appears
homogeneous at a small scale can behave entirely differently under process stress. Mix-
ing shear, hold time, or filtration pressure changes can subtly shift aggregation or con-
jugation ratios.

To manage that, [ rely on a QbD approach, mapping critical process parameters (CPPs)
such as conjugation stoichiometry, pH, and temperature to critical quality attributes
(CQAs) such as antigenicity or aggregation state. I use orthogonal analytical tools, DLS,
SDS-PAGE, and MALDI-TOF to monitor those attributes in real time and detect deviations
before they affect potency. When scaling up, I prefer small-scale ‘engineering mimics’ that
reproduce real GMP stresses, so there are no late surprises.

Maintaining hapten density, carrier integrity, and adjuvant compatibility simultane-
ously is no small feat, especially in conjugate vaccines. The goal is not just reproducibil-
ity, it is resilience. Designing a process that behaves predictably, regardless of scale, is the
accurate measure of good formulation science.

“The goal is not just reproducibility, it is resilience.
Designing a process that behaves predictably,
regardless of scale, is the accurate measure of

good formulation science.”

Bioconjugation Insights 2025; 1(4), 131-135 - DOI: 10.18609/bci.2025.024
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Nanoparticle-based therapeutics present unique stability pro-
filing challenges compared to traditional formulations. Can you
describe your approach to stability assessments and what failure
mechanisms you monitor most closely in these complex systems?

K Nanoparticles are fascinating as they are dynamic; they evolve. Thus, I

approach stability from colloidal, chemical, and functional angles.  have learned
that the earliest signs of instability often precede functional failure. Tracking those subtle
changes is as essential as endpoint assays. When dealing with immune-active nanopar-
ticles or conjugate-adjuvant combinations, mechanistic stress mapping, examining how
temperature, freeze—thaw cycles, or mechanical agitation affect colloidal behavior, is also
integrated. In short, stability work is about being proactive, not reactive, using analytics
as an early warning system rather than a post-mortem.

How do you balance formulation stability requirements with
manufacturability and scalability when working with CDMOs and
preparing for GMP manufacturing? What trade-offs have you
found most challenging to navigate?

K That balance is part science, part diplomacy. Every formulation scientist

has a ‘perfect lab recipe’ that falls apart when transferred to the GMP system. I
focus on aligning early with CDMO capabilities, understanding their mixing technologies,
scale-up capacity, and environmental constraints, and then reverse-engineering robust-
ness into the formulation.

My process begins with a Target Product and Process Profile (TPP) that clearly defines
what is critical versus what is flexible. For example, if a buffer system provides marginal
stability gains but complicates filtration or protein stability, the system is simplified. It is
more beneficial to have a formulation that is 5% less elegant but 200% more reproducible.
I also advocate for in-person tech transfer whenever possible, standing next to the opera-
tors, seeing how the process behaves at scale. It builds mutual understanding and prevents
months of iterative troubleshooting. Ultimately, the best formulation does not win in the
lab but performs the same way everywhere it is made.

What platform innovations or formulation strategies are you most
excited about for enhancing stability and manufacturability across
multiple development pipelines in bioconjugate and nanoparticle
therapeutics?

K The field is entering an exciting phase in bioconjugation and formulation

science. On the chemistry side, site-selective and bioorthogonal conjugation
technologies are revolutionizing heterogeneity control and streamlining purification. That
is a significant leap forward for consistency and scalability.
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In formulation, I am excited by modular excipient systems, reusable, well-character-
ized “backbone” formulations that can be adapted across multiple conjugate or nanopar-
ticle platforms. It is an approach that blends innovation with regulatory efficiency, letting
teams move faster without reinventing the wheel. Looking ahead, these innovations will
make development more predictable and significantly shorten the path from concept to
clinic, which is what patients ultimately need.

Q Lastly, where do you see the field of formulation science for bio-
conjugate and nanoparticle-based therapeutics going in the next

few years?
K We are moving from empirical formulation toward predictive, plat-
form-driven formulation science. The future will rely more on data-rich

experimentation, computational modeling, and Al-assisted DoE to anticipate issues
before they appear.

Regulatory and funding agencies such as NIH also reward this evolution, valuing deep
process understanding and analytical transparency over trial-and-error optimization.
Companies that can show why their formulation works, not just that it works, will move
faster and face fewer surprises. There is also a strong emphasis on platform readiness,
reusable conjugation, and formulation architectures that can serve multiple therapeutic
areas. At its best, formulation science is about translating complex molecules into acces-
sible, manufacturable, and life-changing medicines. The next decade will be about doing
that faster, smarter, and more sustainably.
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DRIVING IMPROVEMENTS IN DELIVERY
AND STABILITY

Industry insights, October 2025

Lauren Coyle

Bioconjugation Insights is delighted to bring you all the latest news in the bioconjugation
space in this new Industry Insights article. Brought to you by the Launch Commissioning
Editor, Lauren Coyle, this article highlights the latest collaborations, regulatory changes,
marketing trends, and R&D in the field. Additionally, it provides insights into key clinical
trials, innovations in tools and technology, and notable conferences and publications.

Bioconjugation Insights 2025; 1(4), 157-163 - DOI: 10.18609/bci.2025.027

COLLABORATIONS AND PARTNERSHIPS

Boehringer Ingelheim bets $991M on Korean ADC program [1]

Boehringer Ingelheim has struck a deal worth up to $991M to license one of AimedBio’s
ADCs for development across multiple cancers. The ADC combines a tumor-targeting
antibody with an exatecan-based payload and is expected to enter first-in-human trials
in 2026. AimedBio will receive an upfront payment plus milestone and royalty poten-
tial. The agreement expands Boehringer’s growing ADC portfolio, built on its 2020 NBE-
Therapeutics acquisition and a $1.3B Synaffix deal earlier this year. The company also
recently opened a new ADC R&D facility in Basel to accelerate next-generation oncology
programs.

Tempus and Whitehawk Therapeutics collaborate to accelerate Al-driven
ADC development [2]

Tempus Al has formed a multi-year partnership with Whitehawk Therapeutics to apply
Al and real-world multimodal data to advance the development of ADCs. Using Tempus’
de-identified clinical and molecular dataset, Whitehawk will optimize trial design and bio-
marker strategy across its ADC portfolio, which includes assets targeting PTK7, MUCI1S6,
and SEZ6 in lung and gynecological cancers. The collaboration aims to refine patient selec-
tion and indication prioritization through RNA- and IHC-based biomarker concordance,
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ultimately accelerating the delivery of data-driven, targeted ADC therapies to patients
with high unmet needs.

Catalent licenses Lista’s certepeptide for next-generation ADC
development [3]

Catalent has entered a global, non-exclusive licensing agreement with Lisata Therapeutics
to integrate Lisata’s certepetide, a proprietary internalizing RGD (‘iRGD’) cyclic peptide,
into ADCs developed on Catalent’s SMARTag® platform. The deal grants Catalent world-
wide rights to develop and commercialize ADCs containing certepetide and its analogs,
with the option to partner externally. Lisata will receive over $10M in milestone pay-
ments plus revenue sharing on future products. The collaboration aims to harness iRGD’s
tumor-targeting and penetration abilities to enhance ADC efficacy, with supporting pre-
clinical data set to be presented at the World ADC conference in San Diego

Turbine and AstraZeneca partner to accelerate ADC discovery with
Al-driven virtual biology [4]

Turbine has announced a new collaboration with AstraZeneca to apply its Al-powered
Virtual Lab platform to ADC discovery and optimization. The partnership will leverage
Turbine’s simulation technology to predict ADC response mechanisms, guide sad and target
selection, and reduce reliance on large-scale cell line and PDX screening. Using AstraZeneca’s
ADC datasets, Turbine’s lab-in-the-loop approach will identify key cell lines for validation
while modeling thousands of virtual experiments to predict efficacy and resistance patterns.
The collaboration aims to streamline ADC development, uncover mechanistic insights, and
enhance translational potential from discovery through clinical application.

> REGULATORY CHANGES AND UPDATES

Mabwell's CDH17-targeting ADC 7MW4911 receives dual IND clearance in
China and US5 [5]

Mabwell has secured IND clearance from China’s NMPA and the US FDA for 7MW4911, a
first-in-class CDH17-targeting ADC for advanced gastrointestinal cancers. Developed via
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Mabwell’s proprietary IDDC™ platform, 7MW4911 combines the CDH17-specific antibody
Mab0727, a novel cleavable linker, and the MF-6 DNA topoisomerase I inhibitor payload.
Preclinical studies showed potent antitumor activity, including efficacy in multidrug-resis-
tant and low-CDH17-expressing models, with strong safety and pharmacokinetic profiles.
The ADC’s broad activity across colorectal, gastric, and pancreatic cancers underscores its

potential as a next-generation bioconjugate therapy for solid tumors.

Thousand Oaks Biologics earns EU QP Declaration for ADC manufacturing
facility [6]

WuXi XDC Cayman, aleading global CRDMO for bioconjugates, reports 62.2% year-on-year
revenue growth to RMB 2.7 billion in 1H 2025, with gross profit up 82.2% to RMB 975 mil-
lion and adjusted net profit before interest up to 69.9% to RMB 733 million. The company
expanded its global customer base to 563, signed 37 new iCMC projects, and grew its back-
log to $1.3 billion. Key milestones included the GMP release of the DP3 facility in Wuxi and

mechanical completion of its Singapore site, on track for GMP release in 1H 2026. WuXi

XDC continues advancing frontier technologies to strengthen global leadership in ADCs

and bioconjugates.

MARKET TRENDS

ADC Therapeutics raises $60M in private placement [7]

ADC Therapeutics has entered a $60M private investment in public equity (PIPE) financ-
ing, selling 11.3M common shares at $4 each and pre-funded warrants for 3.8M shares at
$3.90. The round, led by TCGX with participation from Redmile Group and other investors,
is expected to close on October 27, 2025. Proceeds will fund the commercial expansion and

planned 2027 relaunch of its flagship ADC therapy ZYNLONTA®, strengthen the balance

sheet, and support general operations. CEO Ameet Mallik said the financing positions the

company for long-term growth, with key data catalysts expected through 2026.

> CLINICAL TRIALS AND RESEARCH

Daiichi Sankyo's first-in-human DS-3939 ADC shows early efficacy in
advanced solid tumors [8]

Initial Phase I/II results for Daiichi Sankyo’s DS-3939—a potential first-in-class ADC tar-
geting tumor-associated mucin-1 (TA-MUC1)—demonstrated encouraging antitumor
activity and a manageable safety profile in heavily pretreated patients with advanced
solid tumors. Presented at the ESMO Congress 2025, the dose-escalation data from
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64 participants showed one confirmed complete response and 10 partial responses across
ovarian, NSCLC, and breast cancers, plus 39 cases of stable disease. DS-3939 employs
Daiichi Sankyo’s DXd platform, linking a humanized anti-TA-MUC1 antibody to a topoi-
somerase I inhibitor payload. Enrollment continues globally in dose-expansion cohorts to
further define its therapeutic potential.

Adcytherix secures $122M for clinical advances [9]

French ADC biotech, Adcytherix, has raised $122M in a Series A to advamce its lead ADC,
ADCX-020, into clinical trials. The round, led by Bpifrance and existing investors, triplesits

June 2024 seed funding. Adcytherix plans US, UK, Canadian, and European trial filings by

year-end while expanding its ADC pipeline. CEO Jack Elands called the financing a valida-
tion of the company’s science and rapid progress since its founding 18 months ago.

Tubulis raises $361M to advance ADC pipeline and expand clinical
research [10]

Tubulis has raised $361M in a Series C round led by Venrock Healthcare Capital Partners,
joined by Wellington Management and Ascenta Capital. The funds will accelerate devel-
opment of lead ADC TUB-040, targeting NaPi2b in ovarian and lung cancers, which holds
FDA Fast Track status and is in Phase I/I1a trials. Proceeds will also support TUB-030, pre-
clinical ADCs, and platform expansion. CEO Dr. Dominik Schumacher said the financing
underscores confidence in Tubulis’ vision to deliver differentiated ADCs that offer superior
therapeutic benefits.

’ v
A S
} TOOLS AND TECHNOLOGIES

MEDSIR and Ataraxis Al launch Al platform to optimize ADC use in breast
cancer [11]

Spanish oncology group MEDSIR has teamed up with New York-based Ataraxis Al to
integrate an Al platform into breast cancer trials, aiming to improve the prediction of
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patient responses and personalize treatment selection. MEDSIR will employ Ataraxis’
Al-powered Breast platform, which merges pathology and clinical data to forecast out-
comes for therapies including ADCs. The collaboration seeks to refine drug-matching
strategies in an increasingly complex therapeutic landscape, advancing precision oncol-
ogy and optimizing the clinical application of ADCs in breast cancer management.

CONFERENCE, EVENTS, AND PUBLICATIONS

Systimmune and Bristol Myers Squibb present first global data for
bispecific ADC iza-bren at ESMO 2025 [12]

SystImmune and Bristol Myers Squibb unveiled the first global Phase I data for iza-bren
(BL-B01D1), a first-in-class EGFRxHER3 bispecific ADC, at the ESMO Congress 2025. In
the US-Lung-101 trial (NCT05983432), iza-bren showed a 55% confirmed response rate
at the 2.5 mg/kg dose and a median progression-free survival of 5.4 months in heavily
pretreated patients with advanced NSCLC, both EGFR-mutant and wild-type. The ADC
demonstrated a manageable safety profile with primarily hematologic adverse events
and no interstitial lung disease. Granted FDA Breakthrough Therapy Designation, iza-
bren is now advancing into global registrational studies across lung, breast, and urothe-
lial cancers.

Corbus to present updated Phase I/l data on next-generation Nectin-4
ADC at ESMO 2025 [13]

Corbus Pharmaceuticals will present new data at the ESMO Congress 2025 from its ongo-
ing Phase I/II trial of CRB-701 (SYS6002), a next-generation Nectin-4-targeting ADC for
advanced solid tumors. Based on a September 2025 data cut, the updated results include
efficacy findings from 122 evaluable patients across head and neck, cervical, urothelial,
and other cancers. CRB-701 features a site-specific, cleavable linker and a homogenous
DAR of 2 with an MMAE payload. Granted FDA Fast Track status, CRB-701 is designed
to improve precision and tolerability over earlier Nectin-4 ADCs.

Cellectar presents preclinical data for novel actinium-based radioconjugate
in pancreatic cancer [14]

Cellectar Biosciences unveiled promising preclinical results for CLR 225, its investi-
gational actinium-225 radioconjugate targeting pancreatic ductal adenocarcinoma
(PDAC), at the AACR Special Conference on Pancreatic Cancer. CLR 225 demonstrated
potent anti-tumor activity, selective biodistribution, and strong uptake across multiple
pancreatic cancer xenograft models. The agent showed meaningful tumor inhibition,
survival benefit, and favorable safety with no observed toxicities. Having completed
IND-enabling studies, CLR 225 is positioned to advance into Phase I trials, representing
a novel bioconjugate approach to overcoming the delivery barriers of dense pancreatic
tumors and improving therapeutic outcomes.
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Iksuda to unveil Phase | data for HER2-targeting ADC at ESMO 2025 [15]

Iksuda Therapeutics will present new clinical data on IKSO014, its HER2-targeting
ADC, at the ESMO Congress 2025 in Berlin. The Phase I, open-label, multicenter study
(NCT05872295) assesses IKS014 in patients with advanced or metastatic HER2-positive
solid tumors. Results from the dose-escalation phase conducted in Australia will highlight
safety, tolerability, pharmacokinetics, pharmacodynamics, immunogenicity, and pre-
liminary efficacy, supporting dose selection for Phase 2 development. IKS014 represents
Iksuda’s lead clinical ADC, developed to enhance tumor specificity and therapeutic potency
across HER2-expressing cancers.

Tubulis reports positive first-in-human data for NaPi2b-targeting ADC
TUB-040 at ESMO 2025 [16]

Tubulis unveiled encouraging early clinical results from its NAPISTAR1-01 Phase I/Ila

study (NCT06303505) of TUB-040, a NaPi2b-targeting ADC, in platinum-resistant high-
grade serous ovarian cancer (PROC-HGSOC) at the ESMO Congress 2025. Among patients

treated at 1.67-3.3 mg/kg, TUB-040 achieved an objective response rate of 59% and a dis-
ease control rate of 96%, including responses in those previously treated with other ADCs.
The therapy was well tolerated, with mostly low-grade hematologic adverse events and no

ocular, neuropathic, or pulmonary toxicity. The data validate Tubulis’ Tubutecan platform

and establish proof of concept for its differentiated ADC design, supporting plans for piv-
otal trials and expansion into new tumor types.

SUMMARY

The bioconjugation sector continues its rapid expansion with major collaborations,
regulatory milestones, and significant clinical and financing activity. Boehringer
Ingelheim strengthened its oncology portfolio through a $991M licensing deal with
Korea’s AimedBio, while Tempus Al and Whitehawk Therapeutics formed a data-
driven alliance to advance biomarker-based ADC development. Catalent partnered
with Lisata Therapeutics to integrate certepetide into its SMARTag platform, and
AstraZeneca teamed up with Turbine to leverage Al-powered cell simulations for ADC
discovery.

On the regulatory front, Mabwell secured dual IND clearance in China and the US
for its CDH17-targeting ADC 7MW4911, and Thousand Oaks Biologics’ Shanghai
facility earned EU QP certification, confirming GMP compliance for ADC manufac-
turing. Financing momentum remained strong: ADC Therapeutics raised $60M to
support the relaunch of ZYNLONTA, while European firms Adcytherix and Tubulis
closed $122M and $361M rounds, respectively, to accelerate clinical and pipeline
development.

At the ESMO Congress 2025, several companies presented promising ADC data.
Daiichi Sankyo’'s DS-3939 showed durable responses in multiple solid tumors;
Systlmmune and Bristol Myers Squibb reported a 55% response rate for their bispe-
cific EGFRxHER3 ADC iza-bren; Corbus Pharmaceuticals showcased progress with
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Challenges and future directions
of dual payload antibody-drug

conjugates

Rakesh Dixit

EDITORIAL

‘Determining optimal dosing for dpADCs represents a
multidimensional optimization problem that extends
beyond traditional maximum tolerated dose identification”

Bioconjugation Insights 2025; 1(4), 137-141 - DOI: 10.18609/bci.2025.025

Dual-payload ADCs represent an emerging
strategy to address tumor heterogeneity
and resistance mechanisms by delivering
two distinct cytotoxic agents via a single
antibody scaffold. While this approach
offers potential advantages in therapeu-
tic breadth and efficacy, it introduces sub-
stantial challenges across the development
spectrum. Complex linker chemistry, hetero-
geneous drug-to-antibody ratios, increased
hydrophobicity, and complex analytical

www.insights.bio

characterization complicate manufactur-
ing and scale-up. Translational hurdles
include non-overlapping pharmacokinetic
profiles, toxicity attribution difficulties, and
intricate clinical trial design requirements.
Recent innovations in orthogonal conjuga-
tion platforms, site-specific chemistry, and
model-informed development strategies are
beginning to address these obstacles. With
multiple dual-payload ADC programs now
entering clinical evaluation, the field stands
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at a critical juncture where scientific inge-
nuity must converge with manufacturing
pragmatism to realize the therapeutic prom-
ise of dual-payload platforms.

RATIONALE FOR DUAL-PAYLOAD
STRATEGIES

Single-payload ADCs have transformed
oncology treatment over the past decade,
but tumor heterogeneity and acquired
resistance continue to limit their efficacy.
Tumors frequently exhibit variable anti-
gen expression across cell populations, and
cancer cells can develop resistance through
multiple mechanisms, including drug efflux
pump upregulation, target antigen down-
regulation, and alterations in apoptotic
machinery. Dual-payload ADCs (dpADCs)
aim to overcome these limitations by
simultaneously delivering two cytotoxic
agents with complementary or synergistic
mechanisms of action.

The conceptual appeal is straightfor-
ward: a topoisomerase I inhibitor combined
with a microtubule inhibitor can attack
cancer cells through orthogonal pathways,
potentially reducing the likelihood of resis-
tance emergence. Similarly, pairing a mem-
brane-permeable bystander payload with
a cell-resident agent addresses both anti-
gen-positive tumor cells and neighboring
heterogeneous populations that may lack
target expression. However, translating
this biological rationale into manufactur-
able, clinically viable therapeutics presents
formidable technical challenges that span
chemistry, manufacturing, controls, and
clinical development.

SCIENTIFIC & TECHNICAL
CHALLENGES OF dpADCs

Linker chemistry complexity and
payload release control

Conjugating two distinct payloads to a sin-
gle antibody scaffold requires orthogonal
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linker strategies that maintain chemical
selectivity throughout synthesis while
ensuring appropriate stability and release
kinetics in vivo. The linker must remain
stable in circulation to prevent premature
payload release and systemic toxicity yet
efficiently liberate both drugs within tar-
get cells following internalization and traf-
ficking to lysosomes.

Recent advances in linker design
offer multiple strategies to address these
competing demands. Mix-and-match
approaches combine a bystander-capable
payload, such as monomethyl auristatin E
(MMAE) or deruxtecan (DXd) on a cleav-
able linker, with a cell-resident payload
like monomethyl auristatin F (MMAF) on
a non-cleavable linker. This configuration
balances efficacy against heterogeneous
tumors while limiting systemic toxicity
from membrane-permeable cytotoxins.

Tandem-cleavage linkers represent
another innovation, employing glucuron-
ide caps that require sequential enzymatic
removal within lysosomes before pay-
load release. This dual-barrier approach
prevents extracellular protease cleavage
and has demonstrated reduced hema-
tologic toxicity in preclinical models.
Peptide sequences can be tuned through
motifs such as glutamate-valine-citrul-
line, valine-alanine, or other modified
sequences to adjust plasma stability,
cathepsin specificity, and release kinetics
independently for each payload.

Click-to-release chemistry utilizing bio-
orthogonal pairs such as trans-cyclooctene
and tetrazine enables triggered payload
liberation, allowing one drug to be released
lysosomally. At the same time, another can
be activated externally at a defined time
point. Site-specific and orthogonal conju-
gation methods—employing azide-DBCO
and methyltetrazine-TCO click chemistry
or enzymatic tagging—provide precise
control over drug-to-antibody ratios (DAR)
and minimize heterogeneity in dual-pay-
load constructs.




Stabilized =~ maleimide  chemistries
address the retro-Michael deconjuga-
tion problem inherent to traditional
cysteine-maleimide  adducts through
self-hydrolyzing maleimides or post-conju-
gation ring-opening strategies. Alternative
enzyme triggers, including B-glucuronidase
or sulfatase-cleavable linkers, offer orthog-
onal payload release mechanisms, enabling
independent control of each drug’s libera-
tion within the same ADC construct.

DAR control and product
heterogeneity

Dual payloads amplify the heterogeneity
challenges already present in single-pay-
load ADC development. Rather than achiev-
ing a uniform DAR of 4 or 8, dual-payload
systems must control both total DAR and
the relative ratio between payload A and
payload B. A nominally ‘4+2’ construct may
exist as a distribution of species: 4+2, 3+3,
5+1, and other combinations, each with
potentially different pharmacokinetic (PK)
properties, efficacy, and toxicity profiles.

Both total DAR and the payload ratio
constitute critical quality attributes that
directly impact clinical performance.
Programs such as KH815 (an anti-TROP2
dpADC combining a topoisomerase I inhib-
itor with an RNA polymerase II inhibitor)
and IBI3020 (a dual-payload anti-CEA-
CAMS ADC) [1] have established tight spec-
ifications for DAR ranges (e.g., 5.8-6.2) and
payload ratio tolerances (e.g., 4+0.2:2+0.2)
to ensure batch-to-batch consistency.

Early adoption of site-specific conjuga-
tion platforms with orthogonal chemical
handles provides the foundation for repro-
ducible payload distribution. Enzyme-
mediated tagging, branched linkers, or
sequential click chemistry reactions enable
controlled conjugation that scales reliably
from development batches to commercial
manufacturing. At the production scale,
micro-mixing gradients and local reagent
concentration variations can produce
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over-conjugated species, necessitating
staged reagent feeds, validated mixing pro-
tocols, and in-process DAR monitoring.

Hydrophobicity and colloidal
stability

Dual payloads, particularly when both
are hydrophobic drugs such as MMAE
and Exatecan derivatives, substantially
increase ADC aggregation risk, reduce
plasma half-life through accelerated clear-
ance, and promote non-specific uptake
in healthy tissues. Hydrophobicity is not
equally distributed between payloads;
MMAE contributes significantly more to
hydrophobic character than MMAF, mak-
ing the payload ratio selection consequen-
tial for formulation stability.

Hydrophilic masking strategies incorpo-
rate polyethylene glycol, polyethylene gly-
col oligomers, polysarcosine, or sulfamide
groups into linker spacers to improve solu-
bility and manufacturability at high DARs.
Capping total DAR at levels that maintain
acceptable hydrophobic interaction chroma-
tography retention times represents another
practical approach. Formulation develop-
ment may require evaluation of lyophilized
presentations to reduce free drug formation
during storage, along with excipient screen-
ing to maintain colloidal stability.

Analytical characterization
demands

Demonstrating consistency, stability, and
bioactivity for two payloads adds substan-
tial analytical complexity. Real-time DAR
tracking through native hydrophobic inter-
action chromatography-mass spectrome-
try or intact mass spectrometry provides
process control during manufacturing.
Orthogonal assays must quantify each
payload independently, track site-specific
occupancy through peptide mapping and
middle-up analysis, and measure free drug
levels separately for each cytotoxin.
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Preparative = chromatography tech-
niques, including mixed-mode or hydropho-
bic interaction chromatography, can polish
DAR distributions by removing high-DAR
or improperly conjugated species, sup-
porting release consistency. Bioanalytical
methods must distinguish intact ADC,
total antibody, and each free payload in
plasma and tissue samples—a requirement
that substantially increases method devel-
opment and validation burden compared to
single-payload ADCs.

Forced degradation studies must sep-
arately track each payload’s degradation
pathway, as linker hydrolysis, payload
deconjugation, and aggregation may occur
at different rates for the two drugs. Potency
assays present particular challenges, as
regulatory agencies expect demonstration
that both payloads contribute to biological
activity through mechanistically relevant
endpoints, not simply generic cell killing
assays.

Manufacturing and scale-up
challenges

The conjugation process for dpADCs
typically employs sequential or one-pot
approaches with orthogonal chemistry.
Sequential conjugation provides clear sepa-
ration between reaction steps but increases
processing time and potential product loss.
One-pot methods streamline manufactur-
ing but require careful validation to pre-
vent cross-reactivity between conjugation
chemistries.

Process development must establish
critical process parameters, including pH,
reagent stoichiometry, mixing regime, tem-
perature control, and antibody reduction
state for thiol-based conjugations. At com-
mercial scale, technology transfer from
development laboratories to GMP manu-
facturing facilities requires demonstration
that the process performs consistently
across different equipment configurations
and production sites.
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Supply chain management becomes
more complex with dual payloads, as two
independent payload-linker supply chains
must be maintained with appropriate reg-
ulatory traceability. Lead times, quality
specifications, and contingency planning
must account for both payloads, and man-
ufacturing schedules must accommodate
the possibility of payload-specific supply
disruptions.

PRECLINICAL & CLINICAL
ADAPTATIONS & DEVELOPMENT

Preclinical model adaptations for
translational production

dpADCs require specialized preclinical
approaches to predict human PKs and
safety, as each payload exhibits distinct
release mechanisms, distribution patterns,
and toxicity profiles. Multi-analyte bioanal-
ysis represents the foundation, with hybrid
ligand-binding assay-liquid chromatogra-
phy-mass spectrometry methods quanti-
fying intact ADC, total antibody, each free
payload, and key catabolites. DAR-resolved
mass spectrometry tracks conjugation het-
erogeneity and differential clearance of
high- versus low-DAR species.

Species selection and genetic models
must account for antibody-specific con-
siderations. Human FcRn transgenic mice
align antibody salvage with human kinet-
ics, while antigen knock-in models address
situations where cynomolgus monkeys
lack target cross-reactivity. Early screening
in human and cynomolgus plasma identi-
fies species differences in carboxylesterase
or protease activity that may affect pay-
load release.

Dual-tracer  strategies  employing
multi-isotope radiolabeling enable mass
balance studies and distinguish antibody
versus payload localization through auto-
radiography and whole-body imaging.
Tumor distribution studies using co-culture
mosaic assays and conditioned-medium




transfer experiments assess payload-spe-
cific bystander killing, with outputs param-
eterizing mechanistic pharmacokinetic/
pharmacodynamic (PK/PD) models of
tumor penetration and kill radii.

Organ-specific toxicology platforms
address poorly predictable toxicities that
may emerge with dual-payload combi-
nations. Human lung organoids evaluate
topoisomerase I inhibitor payloads for
interstitial lung disease risk, dorsal root
ganglion neuron assays assess aurista-
tin-mediated peripheral neuropathy, and
corneal explant models predict ocular lia-
bilities. These platforms enable earlier
identification of toxicity risks than tradi-
tional animal studies alone.

Clinical trial design innovations

Determining optimal dosing for dpADCs
represents a multidimensional optimi-
zation problem that extends beyond
traditional maximum tolerated dose iden-
tification. Toxicities and efficacies may
arise from either payload independently or
from their combination, with potential for
synergistic effects in both therapeutic and
adverse domains.

Two-dimensional dose exploration
treats dose-finding as a problem account-
ing for exposures to both payloads. Model-
assisted designs, such as Bayesian optimal
interval-combo methods, identify tolera-
ble dose regions rather than single max-
imum tolerated doses. Parallel testing of
different DAR configurations or payload
ratios allows adaptive selection of the most
favorable formulation during early clinical

development.
Time-to-event  toxicity = modeling
addresses late-onset adverse events

characteristic of ADCs, including inter-
stitial lung disease, ocular toxicities, and
peripheral neuropathy that may emerge
beyond cycle one. Time-to-event contin-
ual reassessment method or time-to-event
Bayesian optimal interval designs allow
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dose escalation to continue while account-
ing for incompletely observed toxicity data,
improving both safety and efficiency.

Joint efficacy-toxicity optimization
through seamless Phase I/II design mod-
els both endpoints simultaneously to
identify optimal biologic doses that may
differ from maximum tolerated doses. This
approach aligns with regulatory guidance
under Project Optimus, which encourages
randomized dose-ranging cohorts early
in development with exposure-response
analyses and patient-centric tolerability
endpoints.

Model-informed drug development
plays a central role in dpADC programs.
Extensive PK sampling for total ADC, total
antibody, and free payloads enables joint
exposure-response modeling. Translational
physiologically based PK and population
PK models inform exposure caps per pay-
load and guide adaptive dosing algorithms.
Schedule engineering through split dosing
(e.g., Day 1 and Day 8 in 21-day cycles) can
reduce Cmax-driven toxicities while main-
taining cumulative exposure.

Intra-patient dose titration, where indi-
vidual patients undergo adaptive escala-
tion based on their PK/PD responses, may
accelerate convergence on therapeutic
exposure windows when inter-patient vari-
ability is high. Safety run-ins incorporating
prophylactic supportive care, such as gran-
ulocyte colony-stimulating factor or ocular
protection, help determine whether these
measures can expand tolerable dose ranges.

BALANCING BIOLOGICAL
RATIONALE WITH PRACTICAL
CONSTRAINTS

Payload selection for dpADCs requires
integration of mechanistic biology with
chemistry, manufacturing, and controls
feasibility. Tumor heterogeneity combined
with multidrug resistance or efflux pump
expression favors pairing a bystander pay-
load with a non-permeable, efflux-resistant
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agent. Preclinical studies in HER2 and
TROP2 tumor models have demonstrated
that MMAE plus MMAF dual-payload ADCs
outperform either mono-payload ADC alone
or co-administered single ADCs targeting
the same antigen, validating this approach.
For tumors with topoisomerase I resis-
tance or requiring deeper DNA damage,
combining a topoisomerase I inhibitor with
a microtubule inhibitor provides orthog-
onal killing mechanisms while limit-
ing cross-resistance. The combination
of topoisomerase I inhibitors with RNA
polymerase II inhibitors, as exemplified by
KH815 (NCT06885645), offers transcrip-
tional shutdown alongside DNA damage and
has advanced to first-in-human evaluation.
Payload ratio optimization often proves
more impactful than maximizing total
DAR. In MMAE plus MMAF constructs,
MMAE count primarily drives hydropho-
bicity; configurations biased toward 4+2
(MMAE+MMAF) frequently demonstrate
better efficacy and pharmacokinetics than
2+4 splits or high-DAR MMAE alone in resis-
tant or heterogeneous tumor models. When
combining orthogonal mechanisms such as
topoisomerase I inhibitors with microtubule
inhibitors, assigning the more permeable or
bystander-capable payload to lower per-an-
tibody stoichiometry can preserve thera-
peutic index while expanding kill coverage.
Linker and release logic must prioritize
compatibility and orthogonality. Microbial
transglutaminase Q295 tagging combined
with azide-DBCO and tetrazine-TCO click
pairs enables clean 4+2 builds with no
cross-reactions, with both payloads releas-
ing after lysosomal cathepsin cleavage.
Branched glutamate-valine-citrulline-pa-
ra-aminobenzyloxycarbonyl linkers provide
plasma stability while preserving rapid
lysosomal release—particularly valuable
when carrying bystander warheads.
Engineering release hierarchy ensures
that more lipophilic or bystander-active
payloads receive slower-cleaving trig-
gers or lower copy numbers. In contrast,
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cell-resident payloads such as MMAF follow
slower or faster or membrane-imperme-
able routes, leading to greater tumor reten-
tion. This strategic asymmetry maintains
therapeutic index while addressing tumor
heterogeneity.

CLINICAL VALIDATION & FUTURE
DIRECTIONS

The advancement of dpADC programs
into clinical evaluation validates manu-
facturing and analytical feasibility while
providing critical insights into safety man-
agement and dose-finding strategies for
mixed-mechanism  constructs. KH815,
combining topoisomerase I and RNA poly-
merase II inhibitor payloads conjugated
to an anti-TROP2 antibody, has entered
Phase I evaluation. IBI3020, a dual-payload
anti-CEACAMS5 ADC, similarly reached clin-
ical stage, demonstrating that the technical
challenges of dual-payload manufacturing
can be surmounted at commercial scale.

These programs will generate essential
exposure-response data for each payload
and the intact ADC, informing optimal DAR
split selection and recommended Phase II
doses. Early clinical read-outs on tolerability,
bystander effect management, and the rela-
tionship between payload ratios and thera-
peutic index will guide second-generation
design decisions across the field.

Several pitfalls must be avoided as the
field matures. Treating dual-payload ADCs
as simply ‘two mono-ADCs on one antibody’
overlooks critical pharmacologic differ-
ences; co-dosing separate ADCs targeting
the same antigen creates antigen compe-
tition, whereas a single dual-payload ADC
ensures both warheads reach the same inter-
nalization event. Chasing maximum total
DAR without payload ratio optimization
frequently compromises pharmacokinet-
ics and solubility, as ratio tuning consis-
tently outperforms ‘more drug’ approaches.
Mismatched release kinetics between pay-
loads can drive off-target toxicity if one
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payload is released systemically while the by delivering two distinct cytotoxic agents
other remains intracellular, demanding via a single antibody, but they present sig-
deliberate trigger selection and verification nificant challenges in linker chemistry,

through orthogonal release assays. DAR control, hydrophobicity management,
analytical characterization, manufacturing
SUMMARY scale-up, and complex clinical trial designs,

with recent advances and ongoing clinical
dpADCs offer a promising approach to over- programs beginning to address these issues
come tumor heterogeneity and resistance  and guide future development strategies.
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