Self-immolative polymers in biomedicine
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Self-immolative polymers (SIPs) have been under development for over a decade, and efforts in application followed shortly
after their inception. One main area of application is biomedicine, where SIPs are used to construct devices and biosensors,
to develop new biotechnology abilities, or to directly interface with the living system. Where traditional polymers are stable

at room temperature, SIPs undergo rapid degradation when a labile capping group is removed, allowing SIPs to offer a highly

unusual degradation profile compared with traditional polymers. This review summarizes recent efforts to leverage the

unique properties of SIPs for biomedical purposes, which are categorized into sensors, drug delivery, and biotechnology. By

doing so, this review aims to stimulate future studies in this rapidly growing and promising area.

Introduction

Biodegradable polymers not only have emerged as
environmentally friendly alternatives to commodity plastics,
but are increasing finding their adoption in the rapidly growing
field of biomedicine.l* Traditional biodegradable polymers such
as polysaccharides® and polyesters® typically consist of
hydrolyzable bonds in the polymer backbone. Because every
such bond can undergo hydrolysis, a gradual, diffusion-limited
degradation profile starting from the surface of the materials is
often associated with this type of polymer.” For many
applications in biomedicine, however, materials that can
maintain their integrity under physiological conditions, but can
undergo rapid degradation on demand, are desired.8
Self-immolative polymers (SIPs) offer exactly such an unusual
degradation profile. In a typical SIP, cleavage of the capping
group by a specific chemical or biological agent initiates a
cascade of irreversible, intramolecular fragmentation reactions,
leading to the complete disintegration of the polymer into small
molecule components.®14 Thus, a single scission event can lead
to multiple degradation reactions. The development of SIPs can
be traced back to self-immolative spacers,?® 1517 which were
originally developed for prodrug chemistry in 1981.18 SIPs
consist of multiple repeating self-immolative spacers, and were
first reported by three groups in 2003 in the form of
dendrimers.19-21 |n 2008, the first linear SIP was reported by
Shabat and coworkers.22 Since then,
polymer and
applications!2 24, 25 have been extensively explored. There has
been a review article about self-immolative structures roughly
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every two years since 2012, with topics spanning molecular
amplification, self-immolative chemistry, and trigger-controlled
decapping.®14 The current review assumes familiarity with self-
immolative chemistries,3- 25 and instead focuses on a subset of
SIPs that are either chemically and biologically compatible with
living systems or can be adopted for other biomedical fields
such as sensor development and biotechnology, which do not
require directly interfacing the SIP with living systems.

Challenges for SIPs in Biomedicine

While essentially all polymers are thermodynamically
unstable at sufficiently high temperatures, SIPs can rapidly
degrade at room temperature once the SIP end-cap is removed
by an external trigger, which can include pH, temperature,
redox conditions, ions, enzymes, light, among others.>14 The
exposed reactive chain-end undergoes a series of head-to-tail,
domino-like depolymerization reactions (typically sequential
elimination or cyclization), which completely convert the SIP
into small molecule fragments. Because each de-capping
reaction produces many molecules of the fragment, SIPs have
the potential to provide a high degree of amplification, be it
chemical signals or drug release.?6 In addition, the SIPs can be
used to form a bulk material or higher-order assemblies such as
micelles, vesicles, and nanoparticles. Upon degradation, the
structural integrity of the material on a mesoscopic or
macroscopic level is rapidly compromised, leading to a steep
change in their properties.

Several distinct classes of SIPs have been explored to date,
including (thio)carbamates, (thio)carbonates, phthalaldehydes,
benzyl ethers/esters, and glyoxylates (Fig. 1).13 However, not all
of these chemistries are immediately suitable for biomedical
applications. At least three factors must be considered: 1)
compatibility between the degradation chemistry with aqueous
media, 2) rates of hydrolytic vs. triggered degradation, and 3)
toxicity of the polymer and degraded fragments. For example,
linear poly(benzyl ethers) (PBEs), first developed by Phillips and



co-workers, is a highly versatile class of SIPs with a hydrolytically
stable polymer backbone, facile chain-growth synthesis, and
possibility for side-chain initiated depolymerization.23. 27-32
However, because the reactive chain-end facilitating
degradation is a phenoxide anion (conjugate acid pKa of ~10),
protonation in aqueous media at neutral or acidic conditions
would cap the phenolate and dramatically slow down
degradation. Polyphthalaldehydes (PPAs), on the other hand,
are rarely used with biological systems because of the relatively
toxic phthalaldehyde degradation products. The majority of
application for PPA is found in lithographic patterning due to
their rapid degradation rate.2* While the biocompatibility of
these polymers remains a concern, they are well suited for the
construction of devices, tests, etc that do not interface directly
with living systems. In contrast, polyglyoxylates (PGs), which
Gillies and co-workers recently developed,33-3¢ is compatible
with aqueous buffers, and the degradation products are
alcohols and glyoxylic acid hydrate, which are nontoxic at low
concentrations.3” These properties makes PGs an exemplative
SIP for in vitro or in vivo use cases, which have yet to populate
the literature.

Sensory Materials

SIP can be beneficial for sensor designs by increasing
detection sensitivity through signal amplification. By
incorporating a suitable end-cap group, SIPs can be used to
detect a variety of chemical and biological activities. Current
SIP-based sensory platforms are mainly designed for in silico
usage, for which toxicity and even compatibility with aqueous
media may not be a concern. However, for future probes
designed for long-term in vitro monitoring or in vivo studies,
these and other imitating factors cannot be ignored.

Currently, the majority of sensory SIPs are based on the
dendritic structure, wherein the sensing group is located at the
focal point of the polymer.12 38 In principle, dendrimers can
provide faster signal amplification, because each degradation
cycle produces two or more reactive chain ends, leading to an
exponential growth in overall rate. However, due to the
intramolecular steric hindrance, the stepwise synthesis is
increasingly difficult with increasing generation numbers.
Dendritic SIPs with a generation number higher than three is not
often reported.’® As a result, dendritic SIPs often lead to less
total amplification than linear SIPs having a high degree of
polymerization.10. 22,26

While typical sensory SIPs are based on chain end-initiated
degradation, SIPs may be designed to undergo side chain-
initiated self-immolation reactions. Termed chain-shattering,
this mechanism allows materials to spontaneously degrade
along the main chain with a triggering event occurring at each
of the monomer units.3% 40 |n principle, this type of degradation
cannot achieve the same level of signal amplification as end-
capped SIPs, because not all triggering events produce a full
degradation, which would require a near-stoichiometric
amount of the de-capping reaction. However, given a sufficient
analyte concentration, these chain-shattering SIPs can achieve
a faster degradation rates than end-capped SIPs due to the
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higher concentration of potential cleavage sites. Of note, no
sensors to date have been constructed using chain-shattering
SIPs, which presents an opportunity for exploration.

Fluorescent/luminescent polymers

Polycarbamates derived from 4-aminobenzyl alcohol are a
promising SIP for sensor design, which produces amplified
fluorescence signal output. Shabat and coworkers designed and
synthesized a linear self-immolative polycarbamate based on 4-
aminobenzyl alcohol monomers modified with an o-acrylic acid
moiety (Fig. 2A).2%2 41 The free monomer acts as a push-pull
system, producing a fluorescence emission at 510 nm. The
fluorescence is quenched in the polymer form by masking of the
aniline through a carbamate bond. Cleavage of the trigger
releases the fluorogenic building blocks and generates strong
fluorescence. Another key element of the SIP involves the use
of pendant carboxylic acid groups, which gives the polymer
excellent water solubility under physiological conditions.

In addition to using aniline dyes to impart fluorescence on-off
switching to SIPs, chemiluminescence has also been explored as
an output signal (Fig. 2B).*2 Amplified by the SIP,
chemiluminescence can produce superior signal-to-noise ratios
via long-lasting light emissions. Recently, Shabat and coworkers
reported a novel chemiexcitation turn-on mechanism that can
be incorporated SIPs, amplified
chemiluminescence output. This design takes advantage of

into allowing  for
Schaap’s adamantylidene-dioxetane, which is conjugated to a
quinone methide monomer. Upon triggered degradation, a
phenolate-dioxetane species is which
spontaneously decomposes through a chemiexcitation reaction

generated,

(chemically initiated electron-exchange luminescence, or CIEEL)
to generate an excited state benzoate and adamantanone.
Emission of blue light (499 nm) occurs as the benzoate decays
to the ground state. The system successfully responded to three
model analytes (F, Pd(0)/Pd(ll), and H»0,). This CIEEL-based
signal amplification strategy may prove to be highly useful for
the detection of low-abundance analytes. However, broadening
the analyte library to include more biomedically relevant
species and a robust mechanism linking the detection event to
the complete degradation of the polymer remain challenges.

Point-of-care assay platforms

Point-of-care (POC) and point-of-use assays are critical for
identifying and measuring analytes in a variety of non-
laboratory environments. While many qualitative POC assays
are available in the form of dipsticks and lateral-flow tests,
guantitative assays are much more challenging to develop.*3
The POC assay not only should be
straightforward to operate, and provide rapid, quantitative, and

ideal inexpensive,
reproducible results, but also should do so without the use of
an external readout system. “Reader-less” quantitative POC
assay still is a formidable scientific and technological challenge.

Phillips and coworkers were the first to adapt the self-
immolative chemistry to the construction of a quantitative POC
assay platform (Fig. 3).4 In one example (Fig. 3B), a self-
immolative polycarbamate oligomer was designed as a phase-
switching reagent. Upon reaction with hydrogen peroxide (a
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model analyte), water-insoluble oligomers are converted to
water-soluble products. This switching reaction changes the
wettability of the surface of a paper-based microfluidic device,
allowing a sample to wick through the three-dimensional device
more quickly. By measuring the flow-through time, the
quantities of the analyte can be extrapolated down to low
nanomolar concentrations. Instead of depending on the degree
of polymerization to achieve signal amplification, this clever
design leverages the rapid degradation rate of SIPs. Oligomers
as short as octamers enable quantitative detection. In a second-
generation design (Fig. 3C), this general strategy was modified
to include a reference region, which eliminates the influence of
environmental factors such as temperature, humidity, and
sample viscosity.*> The number of channels were further
increased to allow simultaneous detection of Pb2* and Hg2*
using enzyme-conjugated DNAzyme-aptamers complex, which
specifically recognize these ions and release glucose oxidase
(GOX) that in turn generate SIP-activating H,0,.4¢ The time-
based detection assays require a single step by the user, yet
accounts for variations in sample volume, assay temperature,
humidity, and contaminants that would otherwise require
controlled assay condition and multiple processing procedures.
In addition, the assay was able to reach low to mid femtomolar
detection range with measurement times ranging from ~30 s to
~15 min. Overall, these remarkable devices are strongly linked
to the rapid response characteristics of SIPs, and are very
difficult to achieve using traditional degradable polymers.

Overall, the examples listed here demonstrate how the rapid
responsiveness and signal-amplifying properties of SIPs can be
employed to create sensors of outstanding performance.
Undoubtedly, SIP sensors are still a rapidly emerging field
worthy of further ingenuity and investigation.

Drug Delivery

Drug delivery is by far the most explored area for the
biomedical use of SIPs. Compared with most drug delivery
platforms, SIPs promise two key advantages: 1) a diverse range
of stimuli that can be used to induce depolymerization, and 2)
rapid, amplified response to a low concentration of such
stimulus. Challenges for implementation lie in the realization
(through new chemistry) and well-crafted use of these
promises. One possibility is to formulate SIPs into higher-order
assemblies such as capsules, polymeric micelles, vesicles, which
can then encapsulate drug molecules through hydrophobic
interactions. Another possibility is to generate SIP-based, fully
covalent polymeric prodrugs. Currently, the main SIP
chemistries adopted are carbamates and glyoxylates, which are
water-compatible and produces relatively non-toxic fragments.
In terms of polymer architecture, linear SIPs, chain-shattering
SIPs, as well as branched SIPs have all been reported. Despite a
relatively large number of reported efforts, however, the
majority of SIP systems are still in early stages of technology
validation and have not entered into advanced preclinical and
clinical studies.

Microparticles and microcapsules

This journal is © The Royal Society of Chemistry 20xx

In recent years, a number of microparticles with self-
immolative elements have been developed.*” SIPs within
microparticles exhibit similar degradation characteristics as
bulk materials until substantial degradation has taken place,
which would introduce more polymer-solvent interactions.
Moore and coworkers reported the first pH-responsive
microcapsules consisting of self-immolative polycarbamates
(Fig. 4A, a),*8 which were further cross-linked under interfacial
polymerization conditions. Removal of end caps (Boc or Fmoc)
initiated a cascade of 1,6-elimination and decarboxylation,
which stimulated the release of the microcapsule contents via
depolymerization and subsequent capsule rupture. Although
this early study was not specifically targeted for drug delivery, it
serves as an important proof of concept for subsequent work. A
similar approach was adopted by Almutairi to construct UV-and
two-photon NIR-responsive polycarbamate particles, which
were able to realize a burst-release profile (Fig. 4A, b-2, b-5).49
The same group also developed microcapsules based on chain-
shattering SIPs (Fig. 4C, d-1, d-4, d-6), which incorporate 2,6-
bis(hydroxymethyl)-4-methylphenol monomers to achieve
greater sensitivity to external triggers (H202, UV, and near-IR
light).>0-52 While these self-immolative elements are based on
the phenolate anion as the reactive degrading species, which in
principle can be rendered inactive by protonation in water, their
apparent effectiveness suggests that the local hydrophobic
environment of the microcapsule reduces water accessibility
and allows the elimination reactions to occur much faster than
protonation. Cheng et al improved this chemistry by using 2,6-
bis(hydroxymethyl)aniline as the co-monomer (Fig. 4C, e-3).3°
Protonation of the aromatic amine occurs in all but very acidic
media (pKa of PhN*Hsz is ~4.6), thus the polymer is able to
degrade more fully (at least in principle) than the phenol-based
SIPs in the presence of water, although a direct comparison is
not available.

More recently, Gillies and coworkers prepared particles from
polymer blends of PG and poly(lactic acid) (PLA) via emulsion to
realize stimulated drug release (Fig. 4B).>3 The blend led to a
two-stage release profile: an initial rapid release upon triggered
depolymerization of the PG domain, and a slower diffusion-
based release from the PLA. The extent of initial release by UV
light or dithiothreitol [DTT] increased with an increasing PG:PLA
ratio, demonstrating that the release profile can be tuned
according to the particle composition. Of note, while SIPs
derived from 2,6-bis(hydroxymethyl)phenol/aniline can
undergo 1,4-elimination reactions twice, leading to chain
scission and loss of the self-immolation fragment, a single
elimination reaction is sufficient for chain scission.
Representative chemical designs include the use of 1-(4-
aminophenyl) ethane-1,2-diol (Fig. 4C, f-3)>4 and 4-
hydroxybenzaldehyde,>> although both of these studies were
not specifically used for drug delivery.

Common to the self-immolation reactions discussed thus far
is the reliance on nucleophilic oxygen or nitrogen species to
initiate aromatic elimination. These reactions produce quinone
methide or imine methide intermediates, which are potential
alkylating agents and increase safety concerns for in vivo use of
the SIPs at high concentrations. To improve biocompatibility,
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Almutairi et al designed chain-shattering SIPs based on
poly(caprolactone)s>®and poly(ester amide)s (Fig. 4D).57 Instead
of degrading through aromatic elimination, these polymers
carry masked amine groups adjacent to the ester linkages. Once
de-masked, intramolecular cyclization leads to the scission of
the polymer backbone, producing much more biocompatible
fragments (amino acids, cyclic lactams) and no alkylating
species.

With substantial advances in SIP chemistry, in vitro studies of
SIP-based drug carriers are beginning to emerge. Stépanek and
coworkers recently studied a reactive oxygen species (ROS)-
sensitive SIP drug carrier based on 2,6-bis-(hydroxymethyl)-p-
cresol in several cell lines (PC-3, HelLa, DLD1) (Fig. 5).58 The
particles were successful in specifically releasing their drug
cargos (Nile red and paclitaxel) when ROS was introduced at
biologically relevant concentrations for tumors and inflamed
tissues. In addition, there was a statistically significant level of
selectivity towards cancer cells (high ROS) compared to normal
cells (normal ROS). However, in cell viability assays, the ROS-
responsive particles did not substantially outperform the ROS-
nonresponsive particles, suggesting that there is still a
significant knowledge gap between the chemical designs and in
vitro performance that must be closed.

Micelles, nanoparticles, and vesicles

Small particles with large surface area are more exposed to
the solvent, and thus SIPs formulated into these small
structures face additional design requirements, for example
hydrolytic stability (to prevent immature degradation) and
facile degradation chemistry in water. In an early study, Gillies
and coworkers developed an SIP consisting of N,N'-
dimethylethylenediamine and 4-hydroxybenzyl alcohol linked
by carbamate linkages, which is end-capped with poly(ethylene
glycol) (PEG) via an ester linkage (Fig. 6A, a-1).5° The resulting
amphiphilic block copolymer self-assembled into a micellar
form, which was capable of encapsulating and subsequently
releasing a fluorescent dye in aqueous solution through the
hydrolysis of the ester linkage. Recently, the same group
replaced PEG with the thermo-responsive polymer, poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA), as the
hydrophilic block, and adopted a UV-responsive linker as the
end-cap for the SIP block (Fig. 6A, a-10).%0 The resulting material
exhibits dual stimuli-responsiveness. Interestingly, at a
temperature (65 °C) above the lowest critical solution
temperature (LCST) of PDMAEMA, the systems underwent
more rapid depolymerization even for a non-UV-cleavable
control. These data suggest that the depolymerization reaction
itself is temperature-sensitive in the temperature range
studied, and that there is substantial hydrolytic chain scission
causing non-specific depolymerization. In addition to micelles,
SIP-based vesicular assemblies have also been studied. Liu and
reported a polycarbamate-b-poly(N,N-
dimethylacrylamide) (PDMA) block copolymer, which self-
assembled to form polymersomes (Fig. 6B, d-3, d-5, d-6).61
Termed SIPsomes, these structures work exceptionally well in
releasing encapsulated payloads (camptothecin [CPT],
doxorubicin [Dox], eosin Y, and enzymes) in response to

co-workers
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environmental stimuli (e.g. enzyme, UV/visible light, and
reductive environment predetermined by the chosen end-cap).

In recent years, PGs have been identified as an attractive
material for drug delivery due to the benign degradation
product, glyoxylic acid hydrate, a metabolic intermediate. The
chemistry was introduced by Gillies and coworkers, who
reported a range of PG homopolymers and a PEG-b-PG-b-PEG
triblock copolymers (Fig. 6A, b-7).33 The block copolymers
underwent self-assembly to form micelles in an aqueous
solution, which were able to undergo UV-initiated
depolymerization and disintegration. The approach was later
expanded to include additional end-caps which are responsive
to reducing thiols and H,0; (Fig. 6A, b-2, b-8, b-9),52 species that
are intrinsically present in the body and associated with
inflammation and cancer. The micelles were shown to
encapsulate Nile red, Dox, and curcumin. All payloads were
rapidly released in the presence of low concentrations of the
triggering agent, suggesting an amplification effect. The same
team also explored different pendant ester groups and other
aldehyde monomers to tune the micelle core properties in
terms of stability, hydrophobicity, and their ability to load
hydrophobic drugs (e.g. celecoxib).63 All systems released
celecoxib more rapidly when UV light was applied as a stimulus
than when not triggered. Toxicity studies in vitro using MDA-
MB-231 cells showed that the toxicity depended on the
structure of the polymer and whether degradation had been
triggered. Thus, PGs-based micelles represent a highly tunable
system with an excellent safety profile, making them a
promising candidate as SIP-based drug carriers to move forward
with.

Since the degradation of benzyl esters/ethers can be
retarded by the protonation of the propagating phenolate,
systems involving these functionalities must be carefully
designed for use in water. Li and co-workers addressed this
challenge by incorporating the self-immolating units into a
chain-shattering triblock copolymer, PEG-b-poly(benzyl ester)-
b-PEG, with each repeating benzyl ester unit capable of sensing
H,0,. The high concentration of the stimuli-sensing units makes
up for low reactivity of the phenol, allowing the system to
function in water (Fig. 6A, c-4).54 Still, for complete loss of the
benzyl esters, more than 10 days is required in a D,O/acetone
nitrile mixture, which is relatively slow for SIP degradation. For
this model system, drug delivery was contemplated but not
tested.

Another role for SIPs in drug delivery is for them to serve as
gatekeepers to enable controlled drug release. Mesoporous
silica nanoparticles (MSNs) are a classic drug carrier, where drug
molecules with a size under the particle pore size can be
efficiently loaded into the pores.®> Manzano and coworkers
developed an acid-responsive SIP coating for the MSNs (Fig.
6C).56 At physiological pH, the SIP blocks the drug molecules
from diffusing out of the pore. Upon triggering by low pH, the
SIP disintegrates, opening the pores and allowing the cargo to
escape. The benefit of this strategy is that a small amount of the
SIP can be used to control the release of a large quantity of
drugs, which makes the deleterious side effects of the SIP

This journal is © The Royal Society of Chemistry 20xx



fragments more manageable, although this potential has not
been carefully studied.

Polymeric prodrugs

While SIPs can serve as a hydrophobic
encapsulate drug payloads, it is also feasible to utilize pendant
functional groups of the drug molecule to covalently
incorporate the drug with the SIP to form polymeric prodrugs.
Using the chain-shattering polymer design, Cheng and
coworkers integrated 10-hydroxycamptothecin and 9-
aminocamptothecin directly into the backbone of SIPs using
2,6-bis(hydroxymethyl)aniline as a co-monomer to form
polycarbonates and polycarbamates, respectively.6’- 68 Because
a step-growth mechanism is involved in the polymerization, the
bifunctional derivatives of CPT are required for this strategy to
work (Fig. 7). Once the photo-capping agent (o-nitrobenzyl) on
the aromatic amine is removed, the linkages on both sides of
the self-immolative units rapidly degrade, facilitating the
release of free, unmodified drug molecules. Because the
prodrug polymer is completely hydrophobic, a PEG-b-poly(L-
lactide) micelle was used to carry the polymer in the micelle
Remarkably, these prodrug formulations exhibited
relatively low toxicity until the UV activation, which restored the
toxicity of the drug to nearly the same level as the free drug.6”
The same group later adapted this type of materials to sense
intracellular reductive environments using disulfide-capped
self-immolative units.68 Along this line, our group have reported
oligonucleotide-linked self-immolative prodrugs. The drug
component (CPT, paclitaxel) was either connected onto a self-
immolative core (Fig. 8A),%° or tethered onto a non-degradable
polymer as pendants via self-immolative linkers (Fig. 8B).70 The
prodrug polymers were then covalently conjugated with a single
strand of antisense DNA. Again, when the corresponding stimuli
were provided (UV, intracellular thiols), the toxicities of the
conjugated drugs were recovered almost completely. The key
feature of these systems is that the DNA-polymer amphiphiles
form a micellar structure in aqueous solutions. These micelles
are structurally analogous to “spherical nucleic acids”, or SNAs,
which are known to enter cells in large quantities (free nucleic
acid typically does not enter cells). Thus, the poor solubility of
the drug is transformed into an advantage by the prodrug
polymer, which enables the co-delivery of DNA and drug using
nothing but payloads themselves.

Recently, Oupicky and coworkers designed a chain-shattering
polycarbamate containing a bioreductively cleavable disulfide
monomer and a cationic drug co-monomer, NI,N1-
bisethylnorspermine (BENSpm), which is a polyamine analogue
(Fig. 8C).’ The polymer is polycationic due to the drug
component, and thus was capable of forming a polyplex with a
miRNA-34a mimic. Once inside the cell, the nanoparticles
underwent breakage into their small molecule fragments,
releasing BENSpm and the miRNA-34a mimic in their free form.
The team performed a careful biochemical analysis of the
polyplex in vitro, showing upregulation of intracellular miR-34a
and downregulation of Bcl-2 (one of the downstream targets of
miR-34a). Simultaneously, the released BENSpm induced the
expression of rate-limiting enzymes in poly- amine catabolism

reservoir to

core.
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and depleted natural cellular polyamines. The synergy between
the two components not only enhanced cancer cell killing in
vitro, but also enhanced antitumor efficacy in vivo in a
subcutaneous xenograft mouse model (HCT116, human
colorectal carcinoma). This important work is one of very few
studies that bring an original SIP design together with careful in
vitro and in vivo analyses, and validated the feasibility of SIPs as
a powerful delivery vector for combination cancer therapy. As
the self-immolation chemistry systems matures and the SIP
family expands, it is anticipated that future efforts will gradually
bifurcate to include both fundamental chemical research and
studies interfacing SIPs with real biological conditions, using
appropriate cellular and animal models.

SIPS for Biotechnology

Polymer materials are widely used in biotechnology, such as
coatings, biomimetic actuators, bio-separation, chemical
valves, immobilization of biocatalysts, among others.’2 73 As
such, the possibility for SIPs in biotechnology is almost limitless.
However, efforts to adopt SIPs for biotechnological applications
is only at a very early stage. Here, we highlight two distinct
applications of SIPs that have been recently reported.
Antimicrobial polymers

The majority of the synthetic antimicrobial polymers are non-
degradable. However, one can imagine that under certain
scenarios it is desirable for the polymer to be rapidly removed
once its purpose has been served. For example, an antimicrobial
polymer coating can be applied to implanted medical devices to
prevent biofilm formation. However, should inflammatory
responses develop, it is desirable to rapidly remove the polymer
coating with an external or internal trigger. While
biodegradable antimicrobial polymers based on polyesters,
polyurethanes, polycarbonates have been reported, they
typically do not possess the rapid response characters that the
SIPs exhibit.”4

Ergene and Palermo developed the first self-immolative
antibacterial polymers (Fig. 9A).31 These SIPs are based on PBEs
containing pendant primary ammonium groups and silyl ether
end-caps (responsive to fluoride ions). Being polycationic, these
PBEs exerted potent, rapid, and broad-spectrum antibacterial
activity, but were also highly haemolytic. In follow-up work, the
same group grafted varying ratios of PEG in addition to the
primary ammonium to the PBEs to modulate their hydrophobic-
hydrophilic balance and the strength of the antibacterial
activity.32 With 25-50% (mol%) of 800 kDa PEG, antibacterial
activities were largely retained, while haemolytic activities were
tolerable. When activated by fluoride ion, the SIPs were able to
degrade molecule fragments
dimethylformamide. It is unclear, however, whether these
polymers can be activated for degradation in a neutral aqueous
buffer due to the use of the PBE chemistry. Overall, these two
studies represent an initial effort to leverage the properties of
SIP chemistry for a yet unexplored area.

into small in methanol or

Protein Labeling
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The development of tools that allow labelling of proteins in
vitro and in vivo is a highly active and interdisciplinary area of
research. Nagano and co-workers developed the first enzyme
activity-based labelling probe based on a 4-hydroxybenzyl
alcohol-type self-immolative spacer, which generates a quinone
methide species from the catalytic activity of an enzyme.’s
Quinone methides are electrophiles that rapidly alkylate
nucleophilic sites such as amines, thiols, or hydroxyls, which
makes them useful for chemical modification or labelling of
cellular components such as nucleotides and proteins.76-81
Similar to quinone methides, azaquinone methides also reacts
rapidly with nucleophiles, and can be generated from a
degrading polycarbamate SIP. Shabat and co-workers designed
an activity-linked fluorescent labelling SIP probe that responds
to penicillin G-amidase (PGA) and the catalytic antibody Ab38C2
(Fig. 9B).82 Removal of the capping groups by the enzymes
produces azaquinone methide species, which then labels the
enzyme. Interestingly, this process is also fluorogenic, as the
resulting aniline nitrogen allows for extended pi conjugation but
not the carbamate nitrogen. This convenient feature makes it
possible to use fluorescence as the readout for the labelling?2 in
addition to other techniques such as mass spectrometry.
However, it is likely required that the labelled protein solution
be purified before fluorescence intensity is measured, as the
fraction of azaquinone methides that does not label the protein
will react with water to produce the same fluorescence. This is
a potential shortfall that future designs should address.

Summary and Outlook

While the chemistries for SIPs have been studied for over a
decade, the exploration of their use in biomedical research is
only at its infancy. Currently, the majority of the biomedical use
cases for SIPs center around therapeutic delivery, with some
initial explorations in sensor design and biotechnology. For SIPs
to keep moving forward in biomedicine, there must be
continued quest to increase the degree of polymerization,
increase the control of the polymerization to produce desired
polydispersities and chain-end functionalities, and to adopt
more biocompatible chemistries. Furthermore, to develop a
successful biomedical application of SIPs, an appropriate
chemistry must be carefully selected to navigate around the
limitations posed by the environment in which the SIP will
operate and the reactivity/toxicity of the degradation
fragments, and to leverage the unique degradation
characteristics of SIPs over conventional polymers, namely
rapid degradation and triggered activation. This not only
requires familiarity of the chemical intricacies of the various SIP
classes, but also clever ways of using them. The work by Philips
in the construction of time-based detection systems, the
development by Gillies of the biocompatible SIPs based on
polyglyoxylates, and the effort by Oupicky in the testing of a
self-immolative prodrug dual-delivery system are the prime
examples of SIPs’ success in biomedicine. These studies provide
a glimpse into the immense possibilities and unexplored
opportunities represented by SIP-based materials in
biomedicine.
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Figure 9. A) PBE-based self-immolative antimicrobial polymers. Reproduced with permission from ref. 31. Copyright 2017,
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2009, American Chemical Society.
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