ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

REVIEW

Traceless linkers used for reversible protein—

{ '.) Check for updates ‘
polymer conjugations

Cite this: Chem. Sci., 2026, 17, 3410

2 Mikayla F. Tan,®® Daniele Vinciguerra, (22°

*ab

Douglas A. Rose,?° Zihuan Fu,
Priera H. Panescu®® and Heather D. Maynard

Proteins and peptides are an important class of biomolecules employed as therapeutics. Polymer
conjugation to therapeutic proteins and peptides can improve their stability and circulation time, as well
as reduce aggregation compared to the native biomolecule. However, the steric effect of a large
polymer has the potential to drastically reduce or even completely inhibit the bioactivity of the protein.
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Introduction

Protein conjugation is a versatile tool that allows for the alter-
ation of protein stability, activity, and functionality.® Specifi-
cally, polymer conjugation to therapeutically relevant proteins
often results in an increased stability and circulation time in
vivo.>* As a result, there are over 30 protein-polymer conjugates
approved by FDA used in the clinic and many more in various
stages of clinical trials, all of which are protein-poly(ethylene
glycol) (PEG) conjugates. However, the addition of polymers
can lead to a significant or complete loss of activity compared to
the native proteins, especially when amino acid residues near
a protein binding site are modified.”” To minimize such
undesired effects, site-specific conjugation techniques can be
employed to ensure that placement of the polymer is distant
from the active site.® However, this is not broadly applicable to
all proteins of interest and requires a tailor-made strategy for
each, resulting in a significant investment of time and
resources.

Another approach to circumvent this loss of activity is to
place unstable linkages between the protein and the polymer
substrate to create a reversible conjugate. These reversible
linkages are referred to as traceless linkers. The resulting
conjugates are fundamentally different than degradable poly-
mer—protein conjugates, as the result is full release of the native
proteins, rather than protein with attached small chemical
fragments. This in turn allows for a stimulus-dependent
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recovery of protein activity (Fig. 1). Indeed, traceless linkers
have made a significant impact on the field of protein—-polymer
conjugates over the past decade, during which two conjugates,
Ascendis Pharmaceutical's palopegteriparatide® and lona-
pegsomatropin,'® were approved by the FDA for clinical use.

Several aspects of traceless linkers are crucial to consider
when designing protein conjugates including conjugation rate,
selectivity, reversibility, and rate of release, especially when
protein activity is of a high importance, or a long-acting thera-
peutic is needed. Several reviews have been published detailing
traceless linkers and reversible conjugation in general.'*** The
reversible linkers detailed in this review have also been exten-
sively utilized in the related fields such as antibody-drug
conjugates (ADCs), prodrugs, and other bioconjugates. There
are excellent reviews on these subjects.”®” This review will
focus on an overview for the various traceless linkers specifically
used in the context of protein-polymer conjugation chemistries
to help bioconjugation chemists choose a linker based on their
desired application.

Lysine and N-terminus modification

Lysine residues are the most commonly used handles for bi-
oconjugation reactions due to the high prevalence and reactivity
of the amines across a wide array of proteins.*® This has led to
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Fig. 2 Traceless protein—polymer conjugates via lysine modification.

the largest diversity in traceless linker conjugation strategies for
lysine and N-terminal amines.

Anhydride linkers

The first recorded demonstration of reversible protein conju-
gation employed maleic anhydride to modify the lysine residues
prior to a tryptic digest or purification step (Fig. 2a).*** The
linkers were subsequently reversed by hydrolysis under acidic
conditions (pH 2-4). However, these reports showed little data
on the rate of release because that was not the primary focus of
the work. Once identified as a potential reversible strategy, it
was quickly demonstrated that a substituted maleic anhydride
with a variety of functionalities including sulfonates, sugars,
fluorophores, and polymers could be used to reversibly modify
protein solubility, stability, or functionality.”*>* Garman and
Kalindjian demonstrated that urokinase-MA-PEG;o, conjugate
was able to regenerate its activity upon incubation at pH 7.4 and
37 °C with a half-life of 6.1 hours presumably by PEG removal
(Fig. 3).>> More recently, deeper examination into the anhydride

O _OH
WAL PN (U
: 4\0/\),0 pH 7.4 N (‘/\0}:
n 0

Fig. 3 Synthesis and cleavage of urokinase-PEG conjugate.?
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class of linkers demonstrated release kinetics for a variety of
different payloads across multiple proteins. It was shown that
the rate at pH 5 is sufficient to achieve >80% protein release
within 12 hours.*

Tumors have more acidic endosomes than normal cells and
they also develop acidic extracellular microenvironments with
pH = 6.5-7.0; therefore, acid sensitive substituted maleic
anhydride linkers are intriguing candidates for anti-tumor
applications.”® This feature was exploited to deliver antitu-
moral therapeutic RNase A. Specifically, RNase A was conju-
gated to a histidine-rich cationic oligomer for enhanced protein
transduction. Whereupon entering the acidic environment of
the endosome, the linker was cleaved, releasing native RNase A
into the cytosol.”” Liu and coworkers designed a pH-responsive
hyaluronidase (HAse) delivery system that used a 3-
(bromomethyl)-4-methyl-2,5-furadione linker in the formation
of a dextran-based HAse nanoparticle. Release of the protein in
the extracellular matrix that is responsible for the irregular
tumor microenvironment (TME) was evidenced by the rapid
decrease in nanoparticle size when buffer exchanging from pH
7.4 to pH 6.0 (Fig. 4). Furthermore, a measured increase in
enzymatic activity after exposure to weakly acidic conditions in
vitro further confirmed the release of HAse. Lastly, in vivo
fluorescence images indicated a decrease in tumor vasculature
when treated with Dex-HAse.?® This research group then applied
the same methylmaleic anhydride linker in the preparation of
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Fig. 4 DEX-HAase conjugate releases HAase in tumor microenvi-
ronment. Reproduced from (ref. 28) with permission from John Wiley
& Sons.

blood-brain-barrier (BBB) crossing antibody-polymer conju-
gates that would release upon entering glioma tumors. In vivo
and ex vivo studies confirmed significant tumor growth
suppression upon treatment with such conjugates.” Other
types of therapies such as anticancer immunotherapy or
enhanced cancer combination therapies have also been recently
developed using the same reversible conjugation of biocom-
patible polymers to various biologics.****

In addition to cancer treatment applications, the anhydride
linkers have been shown to help in the design and improvement
of other types of drug delivery vehicles. Kandil et al. used a di-
methylmaleic anhydride moiety to modify the peptide melittin
in order to prepare an improved siRNA polyethylenimine (PEI)
delivery system with enhanced control of drug release in
endosomal compartments.® Dynamic light scattering (DLS)
and laser Doppler anemometry analyses confirmed that in
acidic conditions, the zeta potential of the polyplexes increased
as a result of the unmasking of lysine residues on the peptide
surface. This further confirms the hypothesis that there would
be successful cleavage upon entering the endosome where the
pH is in the range of 4.5-6.0. Of particular interest is the
synthesis of protein-containing nanoparticles or nanogels
utilizing substituted maleic anhydride linkers. Nanosystems
leveraging these linkers conjugated to model proteins
myoglobin®* and BSA** have been developed to demonstrate the
potential of these drug delivery systems.

Chapman and coworkers have also demonstrated a maleic
anhydride-furan Diels-Alder adduct linker.** Instead of the
conformation lock achieved with the maleic anhydride double
bond, it was replaced with the rigid bicyclic Diels-Alder adduct
moiety, resulting in a similar pH sensitivity. This linker was
then used to conjugate PEG onto antibody to human serum
antigen (a-HSA). The binding activity of the antibody was
reduced significantly upon conjugating as little as 5 equivalents
of PEG. Then, after incubating at pH 5.5 buffer for 12 hours,
almost 90% of the original activity was recovered.

Bicin linkers

Another cyclization-based linker, the bicin linker (Fig. 2b), was
initially demonstrated by Greenwald et al., which allows for the
hydrolysis of an amide linkage to the protein through the
anchimeric assistance of two ethyl alcohol-based appendages.*®
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Fig. 5 Traceless hydrolytic release of native protein from a PEGylated
conjugate through use of a bicin linker.3®

These ester-containing appendages once hydrolyzed then
backbite on the amide, thus favoring release of the amine and
the resulting 4-(2-hydroxyethyl)morpholin-2-one byproduct
(Fig. 5). This was originally demonstrated through the conju-
gation of branched or linear PEG to lysozyme to form the mono-
PEGylated conjugate. Upon incubation in rat plasma at 37 °C,
native lysozyme was slowly released with varying half-lives
depending on the linker structure.*” This strategy was then
adapted for the delivery of SS1P, a recombinant anti-mesothelin
immunotoxin. The SS1P was PEGylated with either linear or
branched PEG-bicin derivatives. These conjugates showed a 10-
fold increased half-life compared to native SS1P in vivo, and the
linear and branched conjugates reduced tumor size by 68 and
92%, respectively using a xenografted tumor mouse model.*®

Urea-based cyclization linkers

Similar to the bicin linkers, urea-based linkers release native
protein payloads via a cyclization mechanism (Fig. 2c¢).*
Ascendis Pharmaceutical utilized this type of linker in the
successful development of Yorvipath (Palopegteriparatide) for
the treatment of hypoparathyroidism (Fig. 6a). Hypoparathy-
roidism is an endocrine-deficiency disease characterized by low
serum calcium levels, elevated serum phosphorus levels, and
lack of parathyroid hormone (PTH) in the circulation.*® Full-
sized parathyroid hormone, PTH(1-84), has a short half-life of
approximately 3 hours following subcutaneous administra-
tions, thus limiting its effectiveness. Palopegteriparatide is
a PEGylated inactive prodrug of the N-terminal fragment of
parathyroid hormone, PTH(1-34). The peptide is conjugated
with two PEG,009 chains using the urea-based linker. After
injection, the B-amino group can assist the backbiting and
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Fig. 6 (a) Ascendis pharmaceutical's palopegteriparatide long-acting
PTH-PEG conjugate. (b) Traceless release release of native proteins via
urea-based linker.
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subsequent hydrolysis of the amides by the urea, resulting in
the release of native peptide, as well as the cyclization byproduct
2,4-imidazolidinedione (Fig. 6b). The PEG increases the circu-
lation time of PTH and gradually releases active PTH with a half-
life of approximately 2.5 days, thus maintaining a steady
concentration of PTH in the bloodstream.** In 2024, the FDA
approved Palopegteriparatide as a long-acting, daily injection
treatment of adult hypoparathyroidism.’

B-Mercaptocarbamate linkers

The B-mercaptocarbamate linkage was initially developed as an
alternative stimuli-responsive traceless protein linker by Chen
et al. to include a thiol specific triggering mechanism (Fig. 2d).**
In the presence of 5 mM glutathione (GSH), the B-mercapto-
carbamate would undergo a thiol-thioester exchange which
unmasked the thiol, resulting in an intramolecular cyclization
to release the native protein along with carbon dioxide and
ethylene sulfide byproducts (Fig. 7). This strategy was demon-
strated through the mono-PEGylation of lysozyme, which had
a half-life of 0.73 hours in PBS at 37 °C in the presence of 5 mM
GSH, simulating cytosolic conditions. Following lysozyme
release, protein activity was recovered showing no significant
difference when compared to fresh lysozyme. However, no
release or recovery of activity was observed following incubation
in the absence of GSH, signifying its importance in the release
mechanism.

Following this report, researchers began using disulfides as
an alternative chemical trigger to the thioesters (Fig. 7). Dutta
et al. demonstrated this switch by using cytochrome C (CytC) to
crosslink poly(methyl methacrylate) functionalized with the a B-
mercaptocarbonate side chain.*® The resulting CytC nanogels
were shown to display near quantitative recovery of protein
activity after incubation under reducing conditions for 4 hours
at 37 °C. Recently, Scherger et al. demonstrated the ability to
carry out a post-polymerization modification of a RAFT-
polymerization-based thiocarbonylthio end-group to an acti-
vated B-mercaptocarbonate.** The same team then optimized
the reactive handle to install a imidazole carbamate moiety for
more facile conjugation to lysine residues.*” This chemistry was
then used to conjugate poly(N,N-dimethylacrylamide) (pDMA)
polymers to lysozyme and a nanobody against the mannose
receptor of macrophages (¢-MMR Nb). It was demonstrated that
both protein-polymer hybrids with traceless linkers can be
released upon exposure to reducing conditions with near full
restoration. In addition, this disulfide strategy was employed in
the preparation of pDMA-Toll-like receptor agonist conjugate,
resulting in a prodrug that releases the cargo in a controlled
manner.*®
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Fig. 7 Thioester (top) or disulfide (bottom) triggered mechanism of
protein release for the B-mercaptocarbamate traceless linkers.
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Fig. 8 Traceless releases of proteins from stimuli-responsive nanogel.
Reproduced from (ref. 47) with permission from the Royal Society of
Chemistry.

In another paper, stimuli-responsive protein nanogels were
fabricated such that upon conjugation of the polymer to the
protein, dithioethylcarbamate bonds were be formed, which
were cleaved when exposed to glutathione or dithiothreitol
(Fig. 8).*” After introduction of the nanogel to a 10 mM solution
of glutathione, DLS measurements were taken at regular time
intervals. The size of the nanogel decreased over time, indi-
cating release of the protein. Additionally, SDS PAGE analysis
confirmed release of protein upon addition of DTT to the
sample. Similarly, Thayumanavan and coworkers prepared
a dithioethylcarbonate-containing drug nanoassembly that
tracelessly releases the attached drug molecule bortezomib.*®

Quinone methide elimination linkers

The quinone methide elimination class of linkers is the most
prevalent and diverse set of traceless linkers for lysine modifi-
cations (Fig. 2e). The first demonstration of this chemistry was
performed using a small molecule model system wherein an
aniline-based linker was masked with a lysine residue. Upon
cleavage of the lysine residue using trypsin, the aniline under-
went a 1,6-elimination to release p-nitroaniline as a colorimetric
reporter molecule.*

Following the seminal publication, the applicability of this
linker to protein-polymer conjugation was quickly identified
and diversified using a variety of strategies to unmask protect-
ing groups, including disulfide reduction,** ester hydro-
lysis,®*” and boronate oxidation.”®*®® All of these examples
result in the deprotection of either a phenol, thiophenol, or
aniline head group that subsequently undergoes a 1,6-elimi-
nation reaction to release the protein cargo, as well as quinone
methide and CO, byproducts.

In 2021, the FDA approved Ascendis Pharmaceutical's Sky-
trofa (lonapegsomatropin) for use as a human growth hormone
(hGH) replacement in pediatric patients.'®***” And in 2025, the
FDA approval was expanded to the treatment of adult growth
hormone deficiency.®® hGH is an ideal protein for the use of
a traceless linker due to its short half-life of 20 minutes and its
extreme activity loss, with less than 10% of its native activity,
when PEGylated. Lonapegsomatropin is a PEGylated version of
hGH containing a 4-arm PEG group attached to the hGH
through a carbamate masked 1,6-benzyl carbamate linkage

Chem. Sci., 2026, 17, 3410-3429 | 3413
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Fig.9 Acendis Pharmaceutical's lonapegsomatropin-tcgp long acting
traceless hGH-PEG conjugate.

(Fig. 9). The release of native hGH was monitored in vitro and
shown to have a half-life of 75 hours in PBS at 37 °C. Further
studies in cynomogus monkeys showed that a single adminis-
tration of the PEGylated hGH prodrug resulted in higher levels
of IGF-1, a pharmacodynamic marker for hGH, when compared
to daily hGH administration. This was confirmed in phase 3
clinical trial comparing a once weekly subcutaneous adminis-
tration of the lonapegsomatropin prodrug at 0.24 mg kg ',
which outperformed daily hGH injections in pediatric patients
with human growth hormone deficiency.* This particular
example further demonstrates the usefulness of traceless
linkers when applied to protein-polymer therapeutics, in
reducing the frequency of therapeutic injections, as well as
improving patient outcomes.

Our group with Houk reported a new class of traceless
linkers based on ortho- or para-hydroxybenzylamines.” These
linkers are stable in aqueous environments and can be conju-
gated to amines via reductive aminations on lysine and the N-
terminal amine residue in a wide range of pH values.
Compared to benzyl carbamates, these linkers produce
a secondary amine, thus maintaining the isoelectric point of the
protein. Once the protection group on the phenol is unmasked,
the amine containing payload was slowly released (Fig. 10) via
either 1,6- or 1,4-elimination. Importantly, the rate of release
could be tuned by altering the electronics of the linkers
substituents. In this work, the model enzyme lysozyme was
used. After conjugation, it was determined that mono-
PEGylated lysozyme lost approximately 30% of its original
activity. However, upon release of the linker, near full recovery
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Fig. 10 Hydroxybenzylamine traceless linkers releases lysozyme from
lysozyme-PEG conjugate. Reprinted with permission from (ref. 70).
Copyright 2022 American Chemical Society.
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of lysozyme activity was seen. Recently, we demonstrated that
using polycyclic aromatic cores instead of a benzene core,
allows the rate of release to be increased significantly.”
Together, these two reports demonstrate half-lives ranging from
18 minutes to 14 days were achieved, further extending the
applicability of these linkers.

B-elimination linkers

The fluorenylmethyloxycarbonyl (Fmoc) based linkers are
another prevalent class of traceless linkers used in the prepa-
ration of protein conjugates (Fig. 2f). Small molecule Fmoc
groups were first used for reversibly modifying any surface
accessible lysines present on the protein of interest to toggle
activity on and off.”””7* This was later advanced to using
a sulfonated Fmoc-containing PEG species to modify the lysine
residues of various therapeutically relevant proteins including
interferon o, human growth hormone,”® insulin,” and
enkephalin.” These traceless protein conjugates all demon-
strated an increased circulation time in vivo with a steady
release of native protein over time.

The versatility of this linker has led Nektar therapeutics to
develop a long acting IL2 protein polymer conjugate relying on
an Fmoc derived B-elimination linker. The traceless protein-
polymer conjugate consists of 6 PEG chains conjugated to IL2
resulting in a 4-fold increase in the half-life in vivo compared to
the non-PEGylated control. The PEG chains slowly release at
physiological pH, creating conjugated-IL2 species with fewer
PEG chains and increased bioactivity. Sustained signaling
through the heterodimeric IL2 receptor pathway (IL2RBY)
preferentially activates and expands effector CD8 T and NK cells
over Tregs.”®' Unfortunately, it failed its Phase III clinical trial
in 2022 because its benefit in combination with other anti-
cancer therapeutics was found to be statistically insignificant.*

An alternative B-elimination traceless linker was recently
developed by Santi et al. who created a tunable set of traceless
linkers by modulating the pK, of the B-proton to the carbamate
linkage (Fig. 2f).* This was controlled by modulating the elec-
tronics of the substituents, which in turn control acidity of the
C-H bond on the linker. This approach allowed the creation of
a set of linkers with half-lives ranging from 14 to 10500 hours at
pH 7.4 and 37 °C. This technology was applied to exenatide,
a glucagon-like peptide-1 agonist, by conjugation to a traceless
PEG or incorporation into a degradable hydrogel material.®**¢
In both instances, the peptide was linked to the polymeric
material through the aforementioned B-elimination linkers.
The resulting release of the peptide was monitored in vivo and
demonstrated a 56-fold increase to the half-life compared to
that of the unmodified peptide.

E1cB linkers

Phenyl carbamate linkages (Fig. 2g) attached to lysine residues
can be degraded via an E1cB mechanism. In neutral to basic
aqueous conditions, the carbamate undergoes elimination to
form an isocyanate intermediate, which is rapidly hydrolyzed to
release the primary amine and CO, byproduct. This strategy was
initially demonstrated by Brandl et al., who modified the end-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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group of a 4-arm PEG species to contain an activated aryl
carbonate.®” Lysozyme and BSA was then used to crosslink the
multi-arm PEG species to form a hydrogel. Degradation of the
resulting hydrogel was observed at pH 9.0 and 50 °C over
a week, after an initial 24 hour onset period where almost no
protein was released. A similar strategy to modify lysozyme was
carried out by the same group using a linear PEG derivative
rather than the multi-arm PEG.* The structure of the linker was
also diversified by altering the electronics of the aromatic core,
which in turn displayed different rates of lysozyme release
varying from 63% lysozyme released in 24 hours to 44%
released over 28 days. This linker demonstrated a maximum
release of 63%, which the authors hypothesized was due a side
reaction between the amines on the protein reacting with the
isocyanate intermediate produced, resulting in protein dimer-
ization; this side product was observed via SDS-PAGE.

Retro-Michael addition linkers

Retro-Michael addition has recently been investigated as
a mechanism of release for lysine based traceless linkers
(Fig. 2h). This concept was initially demonstrated by Diehl et al.,
who showed that the Michael addition of a primary amine onto
a derivative of Meldrum's acid could be reversed in the presence
of a thiol containing “decoupling agent” like dithiothreitol,
cysteine, or ethanedithiol (Fig. 11).*° To demonstrate the ability
of this linker to function as a traceless linker, the researchers
functionalized the lysine residues on myoglobin, followed by
a secondary addition of PEG-thiol. This PEGylated protein was
then incubated with the decoupling agent for 36 hours, and
quantitative release of the native myoglobin was observed by
LCMS.

Zhuang et al. more recently demonstrated an alternative
approach through the use of a functionalized «,B-unsaturated
carbonyl compound.® These linkers were demonstrated as
traceless through their initial modification of B-lactoglobulin B
and subsequent displacement by 2-(2-methoxyethoxy)ethane-
thiol over the course of two hours. This reaction is not, however,
specific for the lysine residue and does simultaneously modify
cysteine residues, which are also reversible.

Photocleavable linkers

Photocleavable linkers have long been used as an orthogonal
protecting group strategy towards the protection of amines;
typically, an o-nitrobenzyl group has been employed for this
purpose (Fig. 2i). This concept was initially brought into the
field of protein polymer conjugates by Georgianna et al. by
modifying a PEG end-group with an o-nitrobenzyl group.®* This
PEG was then used to modify the lysine side chains of lysozyme

Protein
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Fig. 11 Meldrums acid derived traceless linker relying on a retro-
Michael addition to facilitate protein release.
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producing an average of 4 PEG chains per protein. Irradiation of
the conjugate with 365 nm light resulted in the full restoration
of lysozyme activity. A similar strategy was employed by Karas
et al. in the synthesis of an amyloid-B peptide fragment.*> The
peptide was highly prone to aggregation, making solid-phase
peptide synthesis and the subsequent HPLC purification chal-
lenging. The incorporation of a triethylene glycol tag through
a o-nitrobenzyl group to a lysine residue on the peptide reduced
aggregation prior to cleavage from the resin and during HPLC
purification. The triethylene glycol tag was readily removed via
irradiation at 365 nm without significant degradation, allowing
for the study of the aggregated fibril formation.

Our group also published the synthesis of noncovalent
enzyme nanogels utilizing a heterobifunctional, photocleavable
linker. Initial covalent modification with this linker established
a polymerizable handle at the surface of phenylalanine
ammonia lyase (PAL), followed by radical polymerization with
poly(ethylene glycol) methacrylate (PEGMA) monomer and
ethylene glycol dimethacrylate crosslinker in solution. Final
photoirradiation cleaved the linkage between the polymer and
PAL to afford the noncovalent enzyme nanogels with enhanced
enzymatic activity. Furthermore, the stability of PAL after
exposure to trypsin or low pH was assessed and was found to be
more stable in the noncovalent nanogel compared to the
enzyme alone.” We also used this chemistry to prepare poly(-
polyethylene glycol) acrylate (PEGA)-lysozyme conjugates with
both grafting-to and grafting-from strategies. Following UV
irradiation, 83% of the lysozyme activity was recovered.**

Cysteine modifications

Polymer conjugation to cysteine residues is also prevalent in the
bioconjugation field due to their numerous advantages over
other residues. For instance, due to its natural low abundance
in proteins, cysteine residues are often targeted when site-
selective conjugation is desired. Additionally, the unique
nucleophilicity of the thiol containing cysteine residue allows
for relatively quick and efficient conjugation reactions.”>*°
Nonetheless, some proteins do not contain any cysteine resi-
dues, or the few present are hidden in hydrophobic pockets
and/or involved in disulfide linkages vital to protein structure.
In these cases, cysteine can be introduced using protein engi-
neering techniques such as mutagenesis.””*®

Importantly, due to their unique reactivity, cysteines are
often structural components of the protein active site and their
modification can greatly diminish protein activity.”>'® There-
fore, developing conjugation strategies able to reversibly bind to
cysteine and subsequently release the native protein in a trace-
less fashion is of particular significance for turning “off-on”
protein activity. In this section, we will explore reversible
conjugation reactions that specifically target cysteines or di-
sulfide bridges.

Retro-Michael addition linkers

The gold standard in reversible cysteine conjugation has been
the use of pyridyl disulfide to form a disulfide bond.****** This
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strategy has been discussed thoroughly elsewhere and will not
be covered in detail in this review.

Another common cysteine bioconjugation strategy is conju-
gation to maleimides which are known for their reactivity
towards thiols as Michael acceptors. Generally, they are regar-
ded as stable and non-reversible linkages, however, it has been
demonstrated that in specific conditions they can undergo retro
and exchange reactions in the presence of other thiols.'® An
important factor when designing these linkers is that this
reversibility can be eliminated by a hydrolytic ring-opening
reaction.'**"

Oppositely, to make the thioether bond more readily
reversible, maleimide analogues carrying leaving groups, such
as bromine atoms have been designed. The resulting vinyl
sulfide adduct has a higher propensity to undergo thiol-
exchange reactions, which in turn regenerates the native
peptide.'®*"** For instance, the Grb2 adaptor protein containing
a single cysteine mutation (L111C) was reacted with 1 equiva-
lent of N-methyl bromomaleimide, resulting in complete
conversion within one hour.'® The reaction was selective for the
cysteine residue over the 8 surface accessible lysine residues
present on the protein. When the conjugate was treated with an
excess of TCEP, 85% of the native protein was released in 3
hours at 0 °C. Using a dibromo-substituted maleimide, a second
functionalization can be performed, as was demonstrated with
glutathione or thioglucose.' In each case, an excess of 2-mer-
captoethanol, TCEP, or glutathione was required in order to
release the native protein. It was observed that native protein
was released within 4 hours under conditions mimicking the
cell cytoplasm. Interestingly, the incorporation of an electron
withdrawing N-substituent, e.g. N-phenylmaleimides, increased
the occurrence of an undesirable ring-opening side reaction,
thus creating an irreversible conjugate unable to release the
protein.”*® The reversible chemistry was applied through
a chemical vapor deposition polymerization of 4-(3,4-di-
bromomaleimide)[2.2]paracyclophane to form a polymer
coating able to react with and release thiolated peptides. This
strategy could be applied for the functionalization of biomed-
ical sensing and diagnostic materials."**

Other classes of Michael acceptors exist and are utilized as
reversible and traceless linkers, often with improved properties
over maleimides. For instance, 5-methylene pyrrolones (5 MPs)
exhibit high thiol specificity, improved stability under physio-
logical conditions and traceless release at basic pH or by thiol
exchange. 5 MPs were synthesized bearing different moieties as
N-substituents including biotin, fluorescein or doxorubicin.
These were subsequently conjugated to a histone H4 mutant
(H4-R45C) containing a single cysteine. The conjugation was
selective for cysteine and proceeded almost quantitively in two
hours at a pH 7.5. The protein was then incubated in either a pH
9.5 solution or in the presence of glutathione at pH 7.5, both of
which led to release of the unmodified protein.***

Similar to maleimide, pyridazinedione and its brominated
derivatives were also designed to reversibly bind cysteine, while
also demonstrating lower rates of hydrolysis compared to mal-
eimides, with up to four possible points of chemical
attachment.”*"” The Chudasama group reported that in the
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case of pyridazinedione, thiol addition and release rate can be
tuned by modulating the electrophilicity of the pyridazinedi-
one.'® Tripeptide CGY conjugated hydrogel was used as an
example of this reversible cysteine modification. CGY was first
conjugated to a Dbicyclononyne (BCN) functionalized
pyridazinedione. This conjugate was then reacted with a 4-arm
PEG azide via strain-promoted azide-alkyne cycloaddition
(SPAAC) to achieve one CGY peptide per PEG chain on average.
The resulting 4-arm PEG-CGY azide was again reacted with a 4-
arm PEG-BCN via SPACC to achieve the hydrogel material. After
incubating this hydrogel material in pH 7.4 PBS buffer, an
increase in free CGY concentration was observed by HPLC,
showing the release of cargo from the hydrogel (Fig. 12).""” The
chemical reversibility of dibromopyridazinedione conjugation
was also demonstrated upon incubation in the presence of
a large excess of 2-mercaptoethanol or cytosolic glutathione
concentrations, which released native protein within one
hour.”® The high versatility of this scaffold was later shown
when three different functionalities were incorporated within
a single pyridazinedione-protein conjugate. A dual clickable
dibromo pyridazinedione bearing an azide and a tetrazine was
designed, synthesized and reacted initially with the protein, and
subsequently with bicyclo[6.1.0]Jnonyne (BCN)-fluorescein and
dibenzocyclooctyl-(DBCO)-biotin, to attach the tetrazine and the
azide, respectively. The remaining bromo group was subse-
quently displaced by either a cysteine-containing peptide or an
azide functionalized aniline, which was later used to incorpo-
rate PEG. Neither of the conjugates released the protein at
normal blood concentrations of glutathione over 24 hours and
were stable in serum for 7 days. Only the conjugates incorpo-
rating the cysteine-containing peptides released native protein
in the presence of high glutathione concentrations, while the
aniline conjugates showed no cleavage of the pyridazinedione.
The increased stability of the aniline conjugate was attributed to
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Fig. 12 Pyridazinedione-based hydrogel releases CGY peptide.
Adapted from (ref. 117). Copyright 2023 Royal Society of Chemistry.
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decreased electrophilicity of the resulting linker, preventing the
thiol displacement necessary to release native protein."®

In 2020, Zhuang et al. developed a chemical switch based on
a Triggerable Michael Acceptor (TMAc) bearing a good leaving
group at the B position.” The acceptor is initially coupled to
a nucleophile, resulting in the formation of an a,B-unsaturated
carbonyl. The presence of a second, stronger nucleophile results
in a Michael addition and subsequent release of the initial
nucleophile. The unique structure of the TMAc allows for
a modular electronic design of the linker to fine tune the
kinetics of the system. The concept was applied to selectively
modify B-lactoglobulin B (BLGb) on its free cysteine using the
appropriate TMAc. After, myoglobin (Myo) was modified with
another TMAc and subsequently released with an excess of thiol
within 2 hours. A similar concept was employed using a 4-
substituted cyclopentenone with fast kinetics. In the presence
of a Michael donor, the conjugated protein underwent a trace-
less release with no observable impact on protein structure or
functionality. UBXD protein was used as a model and reacted
with the cyclopentenone. The reaction occurred within one
hour with a high specificity for cysteine residues, while showing
no impact on the protein structure. The linker could be
removed in 3 hours with an excess of mercaptoethanol.**®

Maity et al. reported a light-controlled strategy for the
reversible modification of Michael addition-linkers to the
cysteine residue of a protein.”® Human Cellular Retinol Binding
Protein II (hCRBPII) was labelled with a fluorescent ligand.
Upon irradiation with UV light, the conjugation was reversed,
presumably through a retro-Michael addition process, yielding
a fluorescent species. This photoswitchable system enables
better development of imaging and labeling of various proteins
and can potentially be used in the design of future polymeric
conjugates.

Unfortunately, there are very few examples of polymer
conjugation reported using these strategies, largely because
model studies are easier to carry out with small molecules.
Although still uncommon, we believe most of the presented
strategies could be applied to the polymer-protein conjugate
field. Moreover, much of the currently published work does not
investigate how these chemical modifications affect protein
activity before and after traceless release. Assessment of protein
activity before and after conjugation, as well as after release
should become more widespread to verify that the reversible
release is indeed traceless and does not negatively impact the
protein function.

Pyridinium Linkers

ot N

W DAY z
0

o. PBS buffer (pH 7.4)

RN

o

GSH
37°C, 2 hours
Step (i)

1, 10 mins.
step (i)

wiE
Fig. 13 BSA protein releases tracelessly via pyridinium linkers.

Reprinted with permission from (ref. 121). Copyright 2024 American
Chemical Society.
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Pyridinium linkers

Recently, Wan et al. reported a pyridinium-based traceless
linker for cysteine modification.’* Electron-deficient halo-
pyridiniums can undergo rapid SyAr reactions with cysteine to
form thiol-pyridinium adducts (Fig. 13). The rate of the reaction
could be predicted and fine-tuned by adjusting the electronics
of the substituents. Using bovine serum albumin (BSA) as
a model protein, the authors demonstrated quantitative
conjugation using a PEG3-alkyne bearing pyridiniums in under
10 minutes. The cleavability of this linker was examined by
adding excess GSH. BSA recovery ranged from 35% to quanti-
tative after 2 hours depending on the substitution position on
the pyridinium ring.

Disulfide bridging linkers

Disulfide bridges are found naturally in proteins and are often
surface-exposed. Their primary function is to impart stability to
the protein tertiary structure and therefore need to be preserved
to maintain protein functionality." Brocchini et al. pioneered
site-specific modification of various protein's disulfide bridges
using bis-thiol alkylating PEG reagent.'*»'** These first reports
used irreversible conjugation, which can be detrimental to
protein activity. For instance, in the case of human interferon a-
2b, it led to a 92% loss of activity in vitro."**

More recently, new linkers have been developed in an effort
to achieve reversible conjugates, the most prevalent being the
maleimide derivatives. The first example was provided by Smith
et al. who developed dibromomaleimide as a new class of
reversible bridging maleimide linker.'*®* TCEP was used to
reduce the disulfide present in somatostatin, a 14 amino acid
cyclic peptide, analogues of which are used in the treatment of
acromegaly and gastroenteropancreatic tumors. Treatment of
the reduced peptide with dibromomaleimide resulted in
complete conversion to the disulfide bridged one. Researchers
also demonstrated rapid conjugation of a fluorescein-
maleimide to somatostatin. Exposure of the conjugate to
another nucleophilic thiol, such as 2-mercaptoethanol, reg-
enerated the reduced somatostatin. Once identified as a viable
approach, this strategy was quickly extended to other peptides
and explored for polymer conjugation. For instance, di-
bromomaleimide was functionalized with PEG via a modified
Mitsunobu reaction and rapidly conjugated to salmon calci-
tonin (sCT), a 32 amino acid peptide used in the clinic for the
treatment of various bone conditions. The authors then pro-
ceeded to demonstrate their method using an ATRP generated
PPEGA. The initial attempt of employing a dibromomaleimide-
functionalized initiator proved unsuccessful due to retardation
of the polymerization by the maleimide moiety. To circumvent
this issue, a strategy involving a postpolymerization modifica-
tion of the initiator via a copper catalyzed azide-alkyne cyclo-
addition (CuAAC) click reaction or condensation reaction with
dibromomaleic anhydride, was used to introduce the mal-
eimide functionality. The conjugation reactions between ATRP
polymer and sCT proceeded smoothly in less than 30 minutes
(Fig. 14).*® The same strategy has been used for PEGylation of
other proteins such as an antibody,**® BID, and RNase S variant
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Fig. 14 sCT disulfide bridging vith ATRP generated pPEGA via di-
bromomaleimide linker. Reprinted with permission from (ref. 125).
Copyright 2012 American Chemical Society.

peptide.** This work has many advantages, such as low reaction
time and no purification required due to the use of stoichio-
metric or near stoichiometric amount of reagents. While
promising, the release and retention of activity was not inves-
tigated. Additionally, an initial reduction step is required,
which could lead to protein unfolding, aggregation'®® or di-
sulfide scrambling®®® due to the presence of free thiols before
the conjugation.

To solve this issue, dithiophenolmaleimides, another class
of maleimide derivatives, were developed for use in one-pot
reactions with a reducing agent to limit any disulfide
scrambling.”®***> The approach was demonstrated first by
conjugating PEG to somatostatin. Initially, the two-step reac-
tion, (reduction with TCEP followed by conjugation) led to
complete bridging in 10 minutes with an equimolar amount of
linker, which was a considerable improvement compared to
aliphatic dithiomaleimide, requiring 10 equivalents and 1 hour
to achieve complete functionalization. Later, one-pot in situ
reduction of disulfides proved to be possible and quantitatively
completed in 20 minutes, whereas use of dibromomaleimide
resulted in only 60% functionalization due to its side reactions
with TCEP.™ The conjugate showed retention of activity, but
the release of native peptide was not demonstrated at this stage.
Due to the higher tolerance of dithiophenolmaleimide to TCEP,
the authors explored the possibility of using the linker as an
ATRP initiator without any protecting groups. The PEGMA
polymerization proceeded with acceptable linear first order
kinetics, but similarly no release data was shown."' Later,
Collins et al. studied the reversibility of this strategy by conju-
gating a dithiophenolmalemide-functionalized pPEGMA to
oxytocin, a cyclic peptide used to prevent postpartum hemor-
rhaging which has very limited stability in solution.’** The
peptide disulfide was first reduced with TCEP, followed by
reaction with the functional polymer overnight at 10 °C. After
purification, the resulting conjugate was tested for stability
which was greatly improved compared to the native peptide:
after 28 days in accelerated conditions, only 2.5% of native
oxytocin remained while 93.9% of oxytocin-p(PEGA,g¢)20, and
86.5% of p(PEGA,50)100 remained respectively. Finally, when the
conjugate was exposed to an excess of glutathione (GSH) in the
biorelevant range the native peptide was quantitatively released
over 4 days.

Aryloxymaleimides are another class of maleimide deriva-
tives with attenuated reactivity; this results in a higher selec-
tivity for disulfide bridging rather than formation of the bis-
adduct seen frequently when using dibromomaleimide. They
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are also resistant to TCEP, allowing for a one step in situ
conjugation. Depending upon the peptide chosen, the conju-
gation reaction was shown to be reversible. Additionally, due to
the intrinsic equilibrium of the reaction, the bridged peptide
could be treated with another functionalized bromomaleimide,
leading to reversible dual functionalization. The resulting dual-
functionalized peptide could then be quantitatively released
upon treatment with 2-mercaptoethanol.’*

Other than maleimide derivatives, bis-sulfone reagents can
be used to bridge disulfides. The resulting bis-sulfide bond was
reversible in vitro in MCF-7 breast cancer cells, where GSH
concentration is higher (10 mM), but not at the lower GSH
concentrations present in plasma (20 uM), making this system
ideal for cancer targeting delivery systems.'** Moreover, di-
bromopyridazinedione was utilized to bridge the somatostatin
disulfide, followed by the release of reduced somatostatin over
72 hours when exposed to an excess of 2-mercaptoethanol.™*

Interestingly, the high affinity between metals and disulfides
can also be exploited as a bridging system. Arylarsenous acid
was conjugated to sCT in less than 2 minutes via either an in situ
or a two-step reduction-conjugation approach. The bond was
cleavable by exposure to an excess of ethanedithiol (EDT).
Notably, the selectivity for disulfide bonds compared to free
thiols present in the same protein was higher than di-
bromomaleimides. The arsenic moiety could also be used as
initiator for SET-LRP to obtain pPEGA. The resulting polymer
had negligible toxicity across multiple cell lines compared to
the arsenical small molecules. Quantitative conjugation of the
polymer to sCT was achieved by treating the polymer with GSH
to stabilize the arsenous acid As(m) and by increasing the
amount of polymer used. The native peptide could be released
following treatment with excess chelating agents, such as EDT
or reduced lipoic acid in 107 or 30 minutes, respectively
(Fig. 15).***

Unfortunately, very few of these papers explore the possible
loss of activity of the peptide or protein conjugate due to the
modification of disulfide bonds. Moreover, most of these
approaches provide the reduced peptide after release, which
would require a further oxidation step to reform their disulfide
linkages necessary to maintain the natural conformation and
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Fig. 15 (a) sCT conjugation to pPEGA via arylarsenous linker. (b) sCT

releases in the presence of chelating agent such as EDT. Reprinted
with permission from (ref. 135). Copyright 2015 American Chemical
Society.
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avoid loss of activity. Therefore, the development of a method
affording the disulfide without the need for a subsequent
oxidation reaction, which could be harmful for other protein
residues, would be of great importance.

Briefly because this work is outside the main scope of this
review, a similar approach was employed in the area of revers-
ible peptide stapling, which consists of the constraint of
peptides for various applications, such as avoiding or inhibiting
protein—protein interactions, increasing stability, enhancing
cell-uptake or improving target binding affinity."*® The already
thoroughly discussed dibromomaleimides'*”**” and pyr-
idiniums*** were applied also in this field; whereas examples of
new approaches include the wuse of dithioaryl(TCEP)
pyridazinedione as a 2 in 1 reagent with both reducing and re-
bridging function,'® a photocleavable s-tetrazine linker,** UV-
cleavable bis(bromomethyl)nitrobenzene linker,"** or 1,3,5-
tris((pyridin-2-yldisulfanyl)methyl)benzene (TPSMB) as
a planar, trivalent, thiol-specific linker.***

Methionine modifications

Lysine and cysteine have been the main focus in the field of
traceless, reversible protein—polymer conjugation due to their
nucleophilicity and ease of functionalization. However, the
abundance of lysine in proteins limits the possibility of site-
selective conjugation, while cysteine mostly exists in the
oxidized disulfide form that often requires reduction prior to
conjugation. Chai et al. recently reported a new traceless
approach for reversible conjugation to methionine, the other
sulfur-containing amino acid.** Similar to the quinone
methide elimination linkers detailed in the lysine modification
section, this linker utilizes the 1,6 or 1,4-elimination of masked
hydroxy- or amino-benzylsulfoniums to release the methionine
thioether upon exposure to stimuli. The conjugation was con-
ducted using benzyl bromide species at pH under 5.5. In these
conditions, methionine was selectively modified in the presence
of lysine, cysteine, and histidine due to their protonation and
thus diminished nucleophilicity. To demonstrate the potential
of this new linker, the authors chose Macropin, a naturally
occurring peptide as a model system. It exhibits potent anti-
microbial properties but also causes hemolysis.'** An alkyne-
functionalized azido-benzyl bromide linker was used to selec-
tively modify the methionine at pH 3. Then mPEG;((,-N3 was
conjugated via copper catalyzed azide-alkyne cycloaddition
(CuAAC) reaction. In contrast to native Macropin, the Macropin-
PEG conjugate displayed negligible cytotoxicity and antimicro-
bial properties (Fig. 16). Upon treatment of reducing agent
tris(hydroxypropyl)-phosphine (THPP) to reveal the aniline, the
antimicrobial activity of Macropin was largely recovered.

Noncovalent traceless linkages

While covalent traceless strategies can effectively mitigate loss
of biological activity, they still present synthetic challenges.
Covalent linkers require chemical reactions between the poly-
mer and protein (or peptide) followed by purification, which can
be cumbersome and reduce scalability and yield. Noncovalent
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Fig. 16 Macropin-PEG conjugate using methionine 1,6-benzyl linker
shows reduced antimicrobial activity and cytotoxicity. Adapted with
permission from (ref. 142). Copyright 2025 American Chemical
Society.

conjugation strategies, which rely on physical polymer-protein
interactions, can circumvent these issues.*** Through selective
and thermodynamically stable noncovalent complexes, poly-
mers can strongly interact with proteins and peptides without
chemically modifying their structures. These high-affinity
complexes are what distinguish noncovalent conjugates from
typical protein excipients. For example, lectin-specific
complexation of a fucose-capped PEG with fucose-binding lec-
tin has yielded noncovalent, multivalent protein-polymer
complexes with micromolar binding dissociation.*** For protein
bioconjugations, molecular recognition usually occurs via host-
guest, hydrophobic, metal coordination, or ionic interactions
(Table 1). Noncovalent linkages through these interactions are
considered traceless if they demonstrate reversibility in relevant
physiological conditions.

Host-guest complexes

Most host-guest bioconjugations apply the protein as the guest
and polymer as the host molecule. For example, insulin has
been coordinated and stabilized with cyclodextrin (CD)- or
cucurbit[7]uril ~ (CB[7])-functionalized  polymeric ~ host
molecules.** Webber and Appel et al. modified PEG with CB
[7] and demonstrated binding with the B-chain N-terminal
aromatic phenylalanine residue of insulin, as well as weaker
interactions with midchain residues of glucagon, and an anti-
body for human CD20 (Fig. 17).*> The resulting conjugates
improved the in vitro stability and function of the proteins. For
insulin, the polymeric bioconjugate preserved stability and
activity for 100 days in physiological conditions (pH 7.4, 37 °C)
with agitation. This was greatly improved compared to free
insulin and insulin + CB[7] (non-polymeric), which both
aggregated and lost significant activity within ~14 hours.
Insulin with CB[7]-PEG was further evaluated and demonstrated
extended in vivo activity (with PEG¢g00)'*> as well as increased
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Table 1 Binding affinities of select noncovalent linkages applied to protein—polymer conjugates

Interaction type Noncovalent linkage Affinity (K,) M) Ref.
Host-guest CB[7] + N-terminal aromatic amino acids (e.g. tryptophan and phenylalanine) 10° 146
CB[7] + midchain aromatic or cationic ammonium residue 10° to 10* 146
Hydrophobic interactions Insulin + cholesterol-PEG 1.14 x 10° 147
Insulin + cholane-PEG 3.98 x 10* 147
Metal coordination complexes G-CSF + 8-arm PEG-(NTA)8 2.1 x 10° 148
Ionic interactions Keratinocyte growth Factor-2 + pentosane polysulfate-PEG20 1.1 x 107 149
Bovine serum albumin + hyaluronic acid 4 x10° 150

Fig. 17 Strategy for supramolecular PEGylation. (a) Copper-free click
reaction between cucurbit[7]uril (CBI[7]) supramolecular host molecule
bearing a single azide moiety (CB[7]-N3) and PEG-DBCO (Mn =5, 10,
or 30 kDa) yields CBI[7]-functionalized PEG. (b) Cartoon depicting
supramolecular PEGylation of the insulin protein through strong
noncovalent binding of the CB[7] moiety to the B-chain N-terminal
phenylalanine residue. Reprinted with permission from (ref. 152).
Copyright 2016 PNAS.

occurrence of fast-acting, monomeric insulin."* Moreover, CB
[7]-PEG binding did not affect insulin diffusivity or its associa-
tion state. In a different approach, Meudom et al. engineered
a Bl-alanine insulin and installed a benzoic acid moiety on the
N-terminus which has lower binding affinity to CB[7]-PEG. This
insulin-CB[7]-PEG conjugate dissociated rapidly in subcuta-
neous space, thus enabling stabilization in formulation, while
not increasing the duration of action, reducing the risk of
a undesirable subcutaneous depot effect."”® Furthermore,
stimulus-responsive properties were introduced to the N-
terminus of the peptides to impart pH- or sugar-dependent
host-guest binding.***

Kramer et al. also demonstrated that instead of PEGylation,
a zwitterionic polypeptide monofunctionalized with CB inhibi-
ted aggregation when complexed to peptides insulin and
calcitonin.”” These conjugates exhibit good biocompatibility,
as they were nontoxic and could be degraded by protease. In
another work, Webber and coworkers synthesized multifunc-
tional dendrimers in which one side of the molecule was
modified with PEG-linked cholesterol to facilitate cell
membrane integration and the other side of the molecule was
modified with CB.**®

3420 | Chem. Sci., 2026, 17, 3410-3429

Hydrophobic interactions

Proteins are amphiphilic and will oftentimes unfold to present
non-polar patches in solution. These hydrophobic areas are
then available to interact with other non-polar moieties through
hydrophobic interactions. Hydrophobic interactions are
hypothesized to block surface absorption-induced protein
aggregation and denaturation. As a result, studies which create
PEG modifications with hydrophobic dansyl-,"**'* tryptophan-
,169161 phenylbutylamine-,**® benzyl-,'* cholesteryl-,**”*¢>'®* and
cholane-*¥” groups have examined the efficacy of stabilizing
proteins and peptides. Asayama et al. synthesized a cholesteryl-
PEG polymer attached through a urethane linkage.'®> The
polymer associated with insulin through cholesterol interaction
with non-polar amino acids in insulin, such as alanine, valine,
leucine, isoleucine, and phenylalanine (Fig. 18). The urethane
linkage promoted additional noncovalent interactions via
hydrogen bonding with hydrogen-bond-forming amino acids,
such as serine, threonine, tyrosine, glutamine, and asparagine.
The authors demonstrated that the cholesteryl-PEG interaction
with insulin improved protein stability to protease digestion
and enhanced in vivo activity as demonstrated through sup-
pressed levels of glucose in mice.

Urethane
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i
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Fig. 18 Design concept of the cholesterol end-modified poly(-
ethylene glycol) (Chol-U-Pr-mPEG) for by-product-free intact modi-
fication of insulin. Reprinted with permission from (ref. 162). Copyright
2025 American Chemical Society.
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Metal coordination complexes

Metal coordination complexes applied for protein conjugation
typically leverage the strong interactions of metal ions (such as
Ni** or Cu®") with nitrilotriacetic acid (NTA), and histidine.
There are expressed hexahistidine (His6)-tagged proteins that
have been complexed with Ni*" and NTA-polystyrene,'** NTA-
PEG," or  NTA-poly(N-acryloylmorpholine-stat-N-acrylox-
ysuccinimide).'®® While effective for site-specific labelling and
protein stabilization, these examples require native protein
modification and are therefore not considered truly “traceless”.
However, there is an example of a naturally histidine-rich
protein, GCSF, which was able to bind to Cu** and flexible,
multi-arm 8-arm PEG-(NTA)s polymer.**® Unfortunately, the in
vivo half-life of GCSF was unaffected by the addition of polymer.
The authors hypothesized that this was due to dissociation
through dilution and/or competition with plasma proteins,
which reduce the stability of the complex. Another study
demonstrated metal coordination of native transferrin protein
via Werner complexation.'®® Here, a PEG-amine and transferrin,
specifically the protein amines, were coordinated with Co". In
vitro studies demonstrated ligand exchange with competitive
binder ethanolamine, but the in vivo complexation and revers-
ibility of bioconjugates created through metal coordination
complexes must be further investigated.

Ionic interactions

Tonic interactions, which leverages the electrostatic attraction
between charged polymers and oppositely charged proteins,
have also been explored as an option for traceless noncovalent
conjugates. Mono-ion complexation of a diethylaminoethyl
end-modified PEG to catalase has been studied.'®” This non-
covalent bioconjugate preserved protein activity, including in
the presence of protease, trypsin or 10% fetal bovine serum,
with similar efficacy compared to a covalent PEG-catalase
conjugate, while keeping the native protein conformation
more intact. Most other examples of ionic interactions used
for protein stabilization are via polyelectrolytes.'**1%17
These are important multivalent, reversible complexes, but will
not be discussed further in this review; polyelectrolyte-protein
interactions have been recently reviewed in detail else-
where.””* Their specificity decreases with increased ionic
strength of the experimental media,'”” making these interac-
tions potentially less practical for in vivo studies. Hydrophobic
groups, specifically ethyl, 1-hydroxyethyl, and benzyl, have
been utilized to overcome these competing ionic interactions
by reacting with poly(N,N-dimethylaminoethylmethacrylate)-
block-PEG polymer to form cationic quaternary amine poly-
electrolytes with enhanced affinity toward a-amylase in saline
conditions.'”®

As seen in Table 1, ionic interaction binding affinities vary
widely, likely due to the many possible experimental and material
variations. With the exception of insulin, there is a lack of studies
that demonstrate the efficacy of noncovalent complexes in vivo.
Noncovalent traceless strategies require physical interactions
that are specific and thermodynamically- and kinetically favored,
even in dilute solutions with competitive interactions. It follows

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that in vivo application is challenging due to the many additional
proteins and small molecules that can disrupt molecular recog-
nition events, thus lowering the complex binding affinity.
However, this could be exploited to prepare a non-covalent
conjugate that stabilizes the protein and then immediately
releases it upon injection. Alternatively, if the noncovalent
interaction is too robust, it may be difficult for the biomolecule to
release within a therapeutically relevant timeframe. More exper-
iments need to be conducted to confirm the ideal binding affinity
for efficacious noncovalent, traceless bioconjugates.

Guidance for linker selection

This review highlights the diversity and breadth of traceless
linkers currently in the field of reversible conjugation of polymers
to peptides and proteins. The purpose of this review is to outline
the different strategies for each conjugation handle, in order to
allow readers to decide which linker design would fit best for
their specific application. The first point of selection is to decide
between covalent and non-covalent linkages. Non-covalent
linkers have the advantage of synthetic and purification ease as
well as high scalability. They require specific properties of the
target proteins such as N-terminal aromatic residues for CB[7]
host-guest interactions, and highly charged proteins for ionic
interactions. Covalent linkages on the other hand can be more
general and stable. If covalent linkers are to be used, the amino
acid residues targeted should be carefully considered based on
the amino acids present in the protein of interest, and how many
polymers are desired. Lysine is abundant in proteins, and is often
surface exposed, making it a popular conjugation site. Due to its
abundance, the site selectivity and number of conjugations must
be considered. Cysteine is the other common conjugation target
due to its unique reactivity. However, most proteins lack surface
exposed free cysteine, making engineered cysteine required in
these cases. Disulfide bonds can also be exploited using various
disulfide stapling methods. The main drawback is that disulfide
linkages are usually important in protein conformation; modifi-
cation can sometimes reduce the activity of the released proteins.
Another consideration is what trigger is desired to release the
polymer; this will decide what exact linker to utilize for a specific
amino acid target. Furthermore, practical challenges during
large-scale production and clinical translation may also need to
be deliberated. For example, many traceless linkers mentioned in
this review involve multi-step synthesis with low overall yield and
air or moisture-sensitive intermediates which may not be
economically and practically viable for manufacturing large-scale
therapeutics. Some traceless linkers also exhibit premature
release and degradation during synthesis, conjugation, and
storage due to the inherent lability of these linkers. This insta-
bility can lead to reduced conjugation efficiency or potential
safety issue with unwanted released protein present. Therefore,
no one linker design is a perfect fit across all applications, but
rather the specific constraints around each protein and applica-
tion can inform the bioconjugation chemist which linker is the
most appropriate, using the specific examples in this review as
a guide.

Chem. Sci., 2026, 17, 3410-3429 | 3421
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Future outlook

As traceless linkers are adapted towards increasingly specific
applications, the specificity of the linker design is likely to
increase. This includes the design of traceless linkers that are
primarily cleaved under tissue specific conditions, which would
require more precise triggering conditions, as compared to the
more commonly used hydrolysis and reductive triggering
functionalities.

Several other traceless linkers have been used in reversible
modification of small molecules and proteins, but could be
employed as interesting new traceless linkers for protein-poly-
mer conjugates. For example, trimethyl lock is comprised of
a masked phenol, which upon unmasking undergos rapid
intramolecular cyclization with the pendant amide bond to
form the released amine product and dihydrocoumarin deriv-
ative byproduct.'””'”® Various phenol masks have been explored,
such as esters'”® and phosphoric esters*®® for esterase and
phosphatase mediated releases, quinones for reduction-
responsiveness,'® and acrylate for Michael addition trigger.'**
Another exciting example, Tauton and coworker developed an
inverted cyanoacrylamide-based Michael acceptor for reversible
cysteine conjugation.*®® This conjugate can undergo B-elimina-
tion to release the native protein. The release rate of this
traceless linker can also be tuned by modulating the substituent
of the cyanoacrylamide, resulting in release rate from minutes
to days. It seems straightforward to apply these to polymer
conjugates. Additionally, as the field of site-selective protein
conjugation grows, the number of residue-specific chemistries
has begun to broaden to serine and threonine,'® as well as
aspartic acid and glutamic acid.***®” However, to our knowl-
edge, these new conjugation chemistries have also remain
unexplored in the application of protein-polymer conjugation.
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