Journal of Materials Chemistry B

&
4

Journal of

Materials Chemistry B

Assessing the Range of Enzymatic and Oxidative Tunability
for Biosensor Design

Journal: | Journal of Materials Chemistry B

Manuscript ID | TB-REV-11-2019-002666.R1

Article Type: | Review Article

Date Submitted by the

Author 01-Feb-2020

Complete List of Authors: | Schunk, Hattie; University of Texas at Austin Cockrell School of
Engineering, McKetta Department of Chemical Engineering
Hernandez, Derek; University of Texas at Austin Cockrell School of
Engineering, Department of Biomedical Engineering

Austin, Mariah; University of Texas at Austin Cockrell School of
Engineering, McKetta Department of Chemical Engineering

Dhada, Kabir; University of Texas at Austin Cockrell School of
Engineering, Department of Biomedical Engineering

Suggs, Laura; University of Texas at Austin Cockrell School of
Engineering, Biomedical Engineering

Rosales, Adrianne; University of Texas at Austin Cockrell School of
Engineering, McKetta Department of Chemical Engineering

o

SCHOLARONE™
Manuscripts




Page 1 of 39

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

1 Introduction and Motivation

1.1 The Grand Challenge in Biosensing: Achieving a Specific In Situ

Material Response

Journal of'Materials Chemistry/B

Assessing the Range of Enzymatic and Oxidative Tunability for
Biosensor Design

Hattie C. Schunka?, Derek S. Hernandez?, Mariah J. Austin®, Kabir S. Dhada?, Adrianne M. Rosales®*
and Laura J. Suggs®*

Development of multi-functional materials and biosensors that can achieve an in situ response designed by the user is a
current need in the biomaterials field, especially in complex biological environments, such as inflammation, where multiple
enzymatic and oxidative signals are present. In the past decade, there has been extensive research and development of
materials chemistries for detecting and monitoring enzymatic activity, as well as for releasing therapeutic and diagnostic
agents in regions undergoing oxidative stress. However, there has been limited development of materials in the context of
enzymatic and oxidative triggers together, despite their closely tied and overlapping mechanisms. With research focusing
on enzymatically and oxidatively triggered materials separately, these systems may be inadequate in monitoring the
complexity of inflammatory environments, thus limiting in vivo translatability and diagnostic accuracy. The intention of this
review is to highlight a variety of enzymatically and oxidatively triggered materials chemistries to draw attention to the range
of synthetic tunability available for the construction of novel biosensors with a spectrum of programmed responses. We
focus our discussion on several types of macromolecular sensors, generally classified by the causative material response
driving ultimate signal detection. This includes sensing based on degradative processes, conformational changes,
supramolecular assembly/disassembly, and nanomaterial interactions, among others. We see each of these classes
providing valuable tools toward coalescing current gaps in the biosensing field regarding specificity, selectivity, sensitivity,
and flexibility in application. Additionally, by considering the materials chemistry of enzymatically and oxidatively triggered
biomaterials in tandem, we hope to encourage synthesis of new biosensors that capitalize on their synergistic roles and
overlapping mechanisms in inflammatory environments for applications in disease diagnosis and monitoring.

necessarily due to a lack of understanding of individual enzymes and
oxidants in physiological and pathophysiological contexts, but a
tendency to overlook the contribution of both enzymatic and
oxidative susceptibility when it comes to biomaterial design.

Physiological and pathological processes are inherently dynamic and
are tightly linked to the fluctuation of a variety of biological
conditions (e.g. pH, temperature, redox state, chemical species,
etc.). Stimuli-responsive biomaterials have long been investigated to
elicit a specific response to these biological signals in order to deliver
therapeutic or diagnostic agents in a spatially and temporally
controlled manner.!3 In particular, enzymatic* and oxidative®
mechanisms are ubiquitous throughout life; hence, we have a range
of materials at our disposal that respond to these stimuli.6-2¢
However, a key challenge has been to engineer materials that
selectively and accurately respond to one type of mechanism (e.g. a
specific oxidant or enzyme) or respond to both mechanisms
synergistically, while also maintaining stability in vivo. This is not
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Many reviews on biologically triggered materials have focused
exclusively on enzymatic#620222527  gnd oxidative®11,1314,26,:28
response mechanisms, significantly overlooking contributions from
off-target species. Now, more than ever, there is increased
knowledge of the chemistry of physiologically relevant reactive
oxidants!??°33 and enzymes,343¢ how they interact with other
biological molecules,33® how they contribute to signalling
pathways,3236:3%9-41 and evidence linking these events to distinct
pathological conditions.?%?138 Given this knowledge, the next
generation of biosensors will ideally achieve detection with high
specificity, selectivity and sensitivity to their target, largely
undisturbed by other processes in the biological environment.** For
clarity, we adopt a distinction between the terms ‘selectivity’ and
‘specificity’ established by Haedke et al.*> Namely, selectivity
describes the ability for a probe to “choose” one single species
among many (e.g. oxidant vs. enzyme), whereas specificity is a
measure of the rate of false positives. This means highly specific
probes have little off-target effects, but may be modified by multiple
different sub-species if they have common chemical functionality.
Designing a system that uniquely interacts with and responds to
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specific enzymes and oxidants to produce an accurate, informative
and detectable signal in this way requires a multidisciplinary

approach guided by consideration of the interplay between
materials chemistry and biological effects. In this review article, we
aim to provide a portfolio of approaches for designing biomaterials
triggered by tightly linked enzymatic and oxidative inflammatory
biomarkers. By connecting materials chemistry with inflammatory
environments, we hope to inspire a comprehensive approach
towards future biosensor design.

1.2 Inflammatory Environments: A Case for Oxidative and
Enzymatic Sensing

Chronic oxidative stress'1223133  and the dysregulation of

proteases3>3% are considered important contributing factors to the
etiology of inflammatory diseases such as cancer,
neurodegeneration and cardiovascular dysfunction.?%313646 As 3
oxygen species (ROS),

metalloproteases, caspases, cathepsins etc.), catalytic enzyme pairs

result, reactive proteases (matrix
(phosphatases/kinases), as well as other oxidative and enzymatic
species, serve as important inflammatory biomarkers of diseased
cells, as well as triggers to facilitate desired changes in materials
aimed to target these diseases.”?® For detecting and sensing of these
species in complex inflammatory environments, biosensors aim to
take advantage of local abnormalities: for example, the upregulation
of ROS associated with immune activation,?>3%33 or increased activity
of cathepsins and other proteases in mediating extracellular matrix
degradation in tumor metastasis.3® However, the interplay and
dysregulation between enzymatic and oxidative species are also
important to consider. For example, ROS-induced activation of
matrix metalloproteases (MMPs) promotes  cancer  cell
migration,*?43 and oxidation at the catalytic site of protein tyrosine
phosphatase (PTP) regulates intracellular inflammatory response
cascades. Despite the contribution of these mechanisms to
inflammatory disease pathology,3”-38 a lack of accurate methods to
differentially monitor the entire spectra of components encountered
in vivo exists (Figure 1A). Developing systems capable of
differentiating ROS and enzymes (ROS Selective Probes and Enzyme
Specific Sensors, Figure 1B), as well as multi-responsive materials
that respond to enzymatic and oxidative triggers in synergy (Multi-
Responsive Materials, Figure 1B) would not only facilitate our
understanding of their roles in disease pathology, but also contribute
to the development of improved diagnostic and therapeutic

strategies that more accurately define these diseases.

In light of these goals, this review aims to inspire the use of materials
chemistry to design novel sensors that address a spectra of
enzymatic/oxidative susceptibility in tandem. To accomplish this
task, we first highlight current state-of-the-art oxidatively and
enzymatically triggered biomaterials to draw attention to the range
of synthetic tunability available in biomaterials fabrication. In doing
so, we intend to establish a toolbox of macromolecular materials
chemistries capable of interacting with the complex biological
signalling underlying inflammatory disease with programmed

2| J. Name., 2012, 00, 1-3

degrees of responsive behavior. Our hope is that these contributions
will motivate the development of new, multi-functional materials,
while keeping in mind current limitations and bringing to light
mitigation strategies for optimal translation of materials with
widespread applications in the detection, monitoring and treatment
of inflammatory disease.

1.3 Oxidatively and Enzymatically Triggered Biomaterials: Key
Components to Biosensor Design

In general, the design of a biosensor has three requirements: (1) it
must have a responsive component, defined as the part of the sensor
that recognizes the stimulus (i.e., the enzymatic or oxidative trigger),
(2) it must translate the action of the target to the rest of the material
and (3) the translation has to cause a change in the overall properties
of the material sensitive enough to elicit a detectable signal.
Integration of these components into enzymatically and oxidatively
triggered materials can be accomplished in a variety of ways, and is
often concomitant with a higher order response.*’=1 This can include
the separation of materials caused by degradative processes,
dynamic supramolecular assembly and disassembly of peptide
chains, analyte-mediated interactions between nanoparticles, or
swelling-induced conformational changes of materials. Although this
is primarily mediated by only a few types of reactions (bond
formation/cleavage, transfer/removal/addition of functional groups,
and redox reactions), the material changes can be rather diverse,
resulting in a number of material responses with detectable outputs
that can be exploited in sensing applications.

Keeping this diversity of responses in mind, we have organized our
discussion into four general categories based on the material
response driving the sensing output. These responses include: (1)
Degradative Processes, (2) Supramolecular Assembly/Disassembly,
(3) Nanomaterial Interactions, and (4) Conformational Changes. We
see each of these classes providing unique advantages and trade-offs
when it comes to designing the “ideal” biosensor (Figure 2). For
example, sensors based on material degradation, characterized by an
irreversible separation of the biosensor components, are marked by
high
supramolecular self-assembly/disassembly, such as self-aggregating
amphiphilic peptides, are characterized by inherent flexibility and

levels of sensitivity. Alternatively, sensors based on

the ability to sense dynamic behavior. Sensors based on analyte-
mediated interactions of nanomaterials demonstrate high degrees of
specificity due to their “by-design” target affinity, an attractive
feature for multiplexed applications. Similarly, sensors based on
conformational changes, such as swelling triggered by analyte-
mediated hydrophobic to —philic exchanges, exhibit environment-
dependent adaptability resulting from highly tunable chemistries.
Although these classes are generalizations and inevitably find some
overlap, we believe such organization will provide valuable insight
for application in inflammatory disease sensing where the
overlapping oxidative and enzymatic mechanisms necessitate an

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 39



lournal of:-Materials Chemistry E

Journal Name ARTICLE

extensive toolbox of material responses that intelligently interact
with the complexity of the inflammatory environment in a variety of
ways.

To give a snapshot of the extensive research in the area, we first
provide a compilation of reports on oxidatively and enzymatically
triggered biomaterial platforms (Tables 1 and 2) for detection of
oxidative and enzymatic inflammatory biomarkers, specifically
drawing attention to the responsive component, specific analyte,
method of detection and level of sensitivity achieved. In regard to
scope, we have focused primarily on biosensors relying on
spectroscopic (SPR shift) or optical (fluorescence, luminescence)
readouts— thus amenable to in vivo application due to their
compatibility with photoacoustic (PA) and fluorescence imaging
modalities. We have centered discussion on macromolecular
sensors, excluding small molecular dyes and activity-based probes.
Beyond sensors, we have chosen to highlight select examples using
similar, important materials chemistry approaches for applications in
drug delivery. By discussing what can be learned from these systems
from a materials chemistry standpoint, we intend to demonstrate
the numerous and versatile ways to achieve oxidative and enzymatic
molecular recognition in the inflammatory environment, thereby
providing valuable handles for future development of “by design”
systems that can both detect and treat inflammatory disease.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Table 1: Oxidatively Triggered Biomaterials

Responsive Component

Trigger** Macromolecular Signal/Method of Detection++

Detection Based on Degradative Processes

Sensitivity (Lowest Reported
Detection)

Oligomers

Phenylboronic Esters/Ethers/Acids H,0, Fluorescence, Nanoparticle size 2.5 uM>2; 50 uM>3; 0.025 mM>4; 5
UM>%; 100 uM®8; 0.1 mMP7#; 1mM>8

Selenide groups H,0, 0,™ Fluorescence, Nanoparticle size, Chromatography 50 uM>%; 10 mM®*; 0.1 v/v%c061; 1
mM®2; 0.1 mM®3

Telluride groups H,0,, 0, Fluorescence, Nanoparticle size 0.1 mM®3

Silicon SIN-1 (ONOO-and *OH) Fluorescence 1-2 mMm®&4

Proline, Oxazoline, N-ethylglycine H,0, (+CuS0,) Chromatography [5 mM H,0, + 50 uM CuSQ,; 1 mM

SIN-1]6>8¢; [0.5 mM H,0, + 50 uM
CuS0,4]®”

Poly-D-Lysine SIN-1 (ONOO"and "OH) SPR, Fluorescence 5 uM ONOO-8#; N/AS?

Thiols/thiophenes OH’ (Fenton Reaction), Fluorescence, SPR 250 uM H,0, (in presence of Fe*)70;
clor 0.7 uM ClO" 72#

Polypropylene sulfide (PPS) / H,0, SIN-1 (ONOO-and | Fluorescence, Nanoparticle size [0.0033 v/v% H,0,; 100 uM SIN-1]72

Thioethers/esters *OH)

Silver (Ag) H,0,, HOCI SPR 30-100 uM73 H,0,; 0.2 mM HOCI74; 100

pm7s

Polythioketal

0,°, H,0,, KO, Fluorescence, Chromatography, Nanoparticle size, Luminescence

100 mM H,0,7%; [10mM KO,/H,0,]77;
[400 mM+3.2 CuCl,]78; 100 uM H,0,7%;
N/AZ; 10 mM H,0,8%; 400 mM H,0,
and 3.2 uM CuCl,2%; 100 uM KO,23

Hyaluronic Acid;

OH’, ClO;, ONOO;, 0,°- Luminescence, Fluorescence

[0.03 uM OH’; 0.02 uM CIO"; 0.06 UM
ONOO-; 0.1 uM 0, ]84
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L-cysteine/thiols

H,0,

SPR, Fluorescence

2 |J.M86; 1 |J-M87

Cerium**

H,0,, ONOO-, OCI, *OH

Fluorescence

0.64 uMS8

containing polymers

Phenylboronic Esters/Ethers/acids

H,0,, *OH, ONOO", NO

Genetically Encoded Fluorescent Proteins H,0, Fluorescence, Bioluminescence 20 nM3%; N/A%9; 10 uM®°

(HyPer Probes/ E. coli protein OxyR) 20-30 nM°%92

Polypropylene Sulfide (PPS) / H,0,, ClO" Nanoparticle size, Fluorescence, SPR [20 U/mL CPO or 5 U/mL MPO + 500

Thioethers/Esters UM H,0,, and 2000 ppm NaOCl]%3; 50
mM H,0,%

L-cysteine H,0, Fluorescence, Nanoparticle size 0.1 v/v%°%; 1 uM2; 10 nM°7

Selenium, Tellurium, and Ferrocene- H,0, Fluorescence; Nanoparticle size 0.1 mMP®8; 100 uM®?; N/A0; 450

Luminescence, PET, Fluorescence

mMIL; 100 uM102

0.5 uM H,0,%%3#; 20 uM H,0,%%4*; 0.75
UM H,0,195%; 0.68 M «OH16#; 0.95
MM H,0,1°7%; 100 pM ONOO-1%8; 100
MM H,0,1%; 5 nM H,0,!1%;, 100 nM
H,0,11%; <1 UM H,0,112, 0.0335 uM
H202113#, 0.015 HM H202114

Peroxalate esters

H202

Luminescence, Fluorescence, Nanoparticle size

1 nM115; 400 uM16#; 500 nM 117

Silver (Ag), Gold (Au) and Copper (Cu)
Nanocrystals

H,0,, ONOO-, OCI, *OH

Luminescence, Fluorescence

0.3 uM H,0,'18; 30 nM*1%; 0.1 - 0.5
HM Hzozuo

Silicon

*OH (Fenton Reaction)

Luminescence, Fluorescence

0.97 pM121#

#indicates ratiometric, *indicates reversible

** Triggers included: Single Species: H,0, (hydrogen peroxide), O, (superoxide anion), KO, (decomposed to 0,*), *OH (hydroxyl radical), HOCI (hypochlorous acid); OCI- (hypochlorite), and
ONOO- (peroxynitrite); Reactions: SIN-1 (decomposes to ONOO-and *OH), Copper catalyzed reactions (H,0, +CuSO,~> *OH; H,0,+CuCl, 2°OH ); Fenton Reaction (Fe**+ H,0, > Fe3* + ¢OH +

OH")

++ Methods of Detection: Fluorescence (e.g., fluorescence spectroscopy, imaging, FRET); Surface Plasmon Resonance (SPR) (e.g., absorption spectroscopy, photoacoustic imaging);
photoinduced electron transfer (PET); Luminescence (Chemi- or Bioluminescence); Nanoparticle size (analytical methods include Dynamic Light Scattering (DLS), electron microscopy, turbidity);
Chromatography (e.g., High Performance Liquid Chromatography (HPLC), Liquid Chromatography- Mass Spectrometry (LC-MS), Gel permeation chromatography (GPC))

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Journal of'Materials Chemistry/B

2 Applications and Discussion: Oxidatively
Triggered Materials
2.1 Targeting Inflammatory ROS/RNS

ROS play important physiological roles that contribute to a variety of
diverse biological processes, for example: maintaining redox balance
in cells, acting as secondary messengers, and contributing to cell
growth and apoptosis.’?2 However, local oxidative stress (high levels
of ROS) in cells leads to cellular dysfunction, ultimately contributing
to abnormalities associated with inflammatory disease
pathogenesis.t2%33 As a result of the prevalence of ROS in
inflammatory environments, exploiting these cell-generated species
to trigger a response in biomaterial platforms has seen significant
progress in recent years.8152628 However, to achieve accurate
measurement and detection of these species for successful diagnosis
of inflammatory disease, it is important to appreciate that ROS are
not single entities, rather, a broad range of chemically distinct
reactive species that individually and synchronously contribute to
disease progression. ROS consist of H,0, (hydrogen peroxide), O,*
(superoxide), *OH (hydroxyl radical), and OCI- (hypochlorite ion).
Reactive nitrogen species (RNS) such as NO (nitric oxide) and ONOO"
(peroxynitrite) are also important inflammatory biomarkers, among
others.>10-12

Pioneering research in the field of ROS detection centered around
the use of small molecular dyes (e.g., dihydrodichlorofluorecein, and
dihydrorhodamine).?6 Although these dyes set the groundwork for
commercially available probes for detection of ROS in vivo, they are

1

often insufficient in meeting the criteria of an “ideal” biosensor. The
challenge in small molecule ROS sensing is that these systems employ
non-specific mechanisms of activation, thus responding to multiple
reactive species, as well as a complex milieu of other biological
stimuli.30.122-124 Additionally, given the highly reactive and extremely
short-lived nature of ROS/RNS, robust, sensitive detection on
appropriate timescales is often difficult.!?® In

considerable efforts on integrating ROS-sensitive small molecules

recent years,

into biomaterial platforms to improve their sensitivity, selectivity and
specificity in application have led to major advancements in ROS
sensing.126 Despite progress, this field is still in its infancy.1° In Table
1, we list specific examples of ROS biosensors along with other
examples of oxidatively triggered biomaterials in drug delivery in
order to illustrate the breadth of materials chemistries available for
future design of oxidatively triggered systems. Recalling Figure 2,
these systems primarily fall into the following material response

supramolecular
interactions, and

categories: degradative
assembly/disassembly, nanomaterial
conformational changes. On the microscale, these changes are

processes,

mediated through oxidation of a chemical group (the responsive
component), and detection can be achieved by a variety of signals
(fluorescence, luminescence, chromatography, changing
nanoparticle size, etc.) dictated by the final material response. In
addition to those responses illustrated in Figure 2, Table 1 also
includes a section on energy transfer and chemiluminescent based
systems, as the high chemo-selectivity of these ROS-related
reactions, which directly produce light from oxidation,'12 are
commonly leveraged in ROS biosensors specifically. In this section,
we will summarize select examples of functional results in both in
vitro and in vivo sensing systems, as well as discuss their limitations
from a materials chemistry standpoint. By taking this comprehensive
approach, we aim to demonstrate the versatility of ways to achieve
oxidative molecular recognition in order to make full use of the bio-
orthogonality of these materials chemistries for sensing in
inflammatory contexts.

2.2 Oxidatively Triggered Materials: Detection Based on
Degradative Processes

Dating back many decades, research has revealed that various ROS-
sensitive functional groups (e.g., phenyl boronic acid/esters,
diselenides, proline oligomers, polythioketals, etc.) undergo
oxidation-induced degradation eventually leading to polymer
backbone cleavage.1013.1516.28 Additionally, ROS-mediated oxidation
resulting in the natural degradation of peptides and proteins has long
been studied.1?’131 Sensors intended to report ROS activity in living
systems often take advantage of these oxidatively labile peptide
linkers and chemical groups to cause the degradation of a material in
a way that provides a detectable signal. Many of these systems utilize
fluorescence-based methods of detection. For example, sensors
based on fluorescence resonance energy transfer (FRET) have
become a popular strategy for ROS detection in which separation
caused by degradative processes leads to fluorescence
recovery.>>>%7880 Additionally, there are a number of systems in
which fluorescent imaging agents are conjugated to ROS-degradable
protecting groups or encapsulated within ROS-susceptible polymeric
scaffolds for release in ROS-rich environments.?8132 Utilizing these
ROS-susceptible
functional groups and peptides into biomaterial platforms has led to

substantial progress in ROS detection. Select examples of the

degradative mechanisms, incorporation of

chemistries of these macromolecular sensors are provided here,
emphasizing that signal amplification, sensitivity, selectivity and
specificity can be leveraged through bulk material properties.

In FRET-based systems, detection mechanisms are often linked to the
de-quenching of a fluorophore or the efficient FRET between the

Page 6 of 39
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donor and acceptor moieties. For signal amplification, various
donor/acceptor configurations and choices of material are
possible 3>59.7880,103,105 \Wejnstain et al.

interaction of a fluorescently labeled polycationic cell-penetrating

exploited electrostatic

peptide (CPP) and a polyanionic peptide in a hairpin structure bound
by an H,0,-susceptible linker.>> Oxidation of the boronic
acid-containing linker leads to fragmentation of the intact CPP such
that separation of the donor and acceptor moieties causes FRET
disruption (Figure 3A). Their probes exhibited selectivity towards
H,0, and high sensitivity (Figure 3B), allowing for low micromolar
levels of detection and quantification of H,0, in HL-60 cells.
Furthermore, their system preserved spatial resolution, and proved
sensitive enough to react with endogenous levels of ROS in an in vivo
model of lung inflammation as visualized through fluorescence
imaging (Figure 3 C).

Although peptide-based FRET systems serve as powerful, non-
invasive techniques to visualize endogenous ROS biology, limitations
still exist in their photo-bleaching, stability within the local
environment, low-depth tissue penetration of UV wavelengths, and
auto-fluorescence from living tissue.?%133134 |n light of these issues,
conjugating ROS-sensitive substrates to metallic nanoparticle donors
may impart chemical and physical robustness. Metallic nanoparticles
are especially attractive for their quenching efficiency, unique optical
properties, biostability, ability to deliver non-membrane permeable
components into the cell, and compatibility with multiple imaging
platforms, all of which translates to improved performance in vivo.13%
Additionally, they can be functionalized with a variety of labeling
molecules, leading to a wide range of possible biomolecular sensing
constructs.*® For example, in a recent study, Deepagan et al. used a
PEGylated gold nanoparticle (AuNP) bearing fluorescein dyes and an
H,0,-sensitive diselenide linker for ROS detection in activated
macrophage cells.>® Exposure of the nanoprobe to a H,0,-rich
environment enabled fluorophore release upon diselenide bond
This
nanoprobes as a result of the diselenide bonds’ enhanced hydrolytic
stability under physiological conditions, and sufficient sensitivity

cleavage. probe improved over previously developed

towards physiologically relevant levels of ROS (50 puM). Other
synthetic strategies utilizing a variety of non-toxic cores with optimal
optical properties!3® are constantly emerging, such as carbon dots, %
(QDS),121'137'138
Similarly, additional resonance energy transfer processes have been
explored to enhance sensitivity for in vivo imaging applications. For

quantum dots and metal nanoclusters.120:13

example, upconversion nanoparticles (UCNPs),’88* which convert
near infrared radiation (NIR) to visible light have proven beneficial in
biosensing applications due to their ability to operate in the NIR
region, avoid auto-fluorescence and enhance penetration depth.4°

To further leverage biomolecule functionality, hybrid approaches
incorporating synthetic nanomaterials and chemical modification of
biomolecules have also been proposed.41-144 |n one example, Jiang
et al. combined a chemically-modified a green fluorescent protein
(GFP) with a galactose-functionalized Au nanoparticle (AuNP-Gal) to

This journal is © The Royal Society of Chemistry 20xx

Journal ofsMaterials ChemistryB

yield a platform with high stability and synergistic functionality for
endogenous H,0, detection in live cells (Figure 4A).52 By modifying
the GFP lysines with various amounts of a boronate functionality,
protein/AuNP-Gal complexes were formed through boronate ester
(Figure 4B), which quenched GFP fluorescence.
Subsequent incubation with H,0, caused the complex to irreversibly

formation

dissociate as a result of bio-orthogonal oxidation of the boronate
functionalities. This degradative process resulted in restoration of
fluorescence (Figure 4D) as the phenylboronate (PB)-GFP and AuNP-
Gal separate. Interestingly, the “ON”/ “OFF” H,0, sensitivity of their
system could be fine-tuned by altering the ratio of boronate
functionalities conjugated to GFP (Figure 4C). To test their system in
vitro, they incubated their GFP functionalized AuNPs with human T
lymphocyte Jurkat cells, successfully demonstrating in situ cellular
oxidative stress monitoring. Thus, these hybrid strategies can
leverage the unique physical and structural attributes of synthetic
nanomaterials with the multi-site functionality of biological
materials.

The majority of aforementioned systems use a single fluorescent
intensity as the sensing signal, which may be hindered by variations
in excitation intensity, inhomogeneous cell distribution, or probe
concentration.'#> Additionally, they often lack the necessary spatial
resolution to accurately track and monitor ROS in small volumes of
cells, limiting their applications in vivo. In recent years, several
strategies to overcome these limitations have been developed. For
one, ratiometric approaches have become a common strategy to
enhance sensitivity by affording simultaneous recording of two
measurable signals in the presence and absence of their analyte
without backscattering effects, a common by-product of
fluorescence imaging. Additionally, by employing a reference signal,
“built-in” which

translates to higher levels of accuracy in terms of quantitative

ratiometric sensors have a self-calibration,
analysis.#® Several nanoparticle biosensor platform systems using a
combined FRET/ratiometric approach for ROS detection in vitro 0>~
107121 and imaging in vivo!®® of endogenous ROS have been
developed. Going one step further, PA imaging modalities have also
emerged to improve spatial and temporal resolution#7:148 through

the use of exogenous contrast agents, such as AuUNPs.14°

While this section focuses on degradation as the material response,
consideration of degradative susceptibility has been demonstrated
as a key design criterion for stability in ROS-targeted platforms. For
example, Dhada et al. created a PA contrast agent using a Au nanorod
(AuNR) core with a shell consisting of poly-D-lysine (PDL) coupled to
a ROS-sensitive near infrared dye, IR775c, (Figure 5A) for tracking
mesenchymal stem cell viability in diseased environments (Figure
5D).58 In this system, PDL was chosen based on known enzymatic
resistance,®® while the ROS-sensitive dye coupled with AuNRs as a
secondary signal enabled highly sensitive visualization of the analyte
through ratiometric detection (Figure 5B). Specifically, the probe’s
PA signal exhibits a broad peak at 780-800 nm and a small peak at
910 nm coinciding with IR775c and the AuNR, respectively. The

J. Name., 2013, 00, 1-3 | 7
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addition of ROS lead to a decrease in the IR775c¢ PA signal while the
AuNR PA signal did not change (Figure 5C). Their ratiometric system
allowed for longitudinal, in vivo tracking of cell viability with high
spatial and temporal resolution.

Many systems have also leveraged oxidatively induced molecular
degradation to cause the bulk disassembly of a biomaterial platform,
resulting in the release of fluorescent dyes as an indirect measure of
ROS.101114,150 |n these cases, arylboronic esters are again the most
commonly employed ROS-responsive units for detection of oxidative
species with high sensitivity.1610 For example, De Gracia Lux et al.
developed boronic ester-containing polymeric nanoparticles capable
of undergoing H,0,-induced backbone degradation, resulting in
release of small molecule fluorescent imaging agents.>3 Advantages
of this specific system are the fast cleavage kinetics, tunable polymer
structure and good sensitivity (50-100 uM H,0;). Alternatively,
Muhammad et al. exploited the oxidant susceptibility of thiol groups
for an inflammation-triggered drug/imaging agent release system
*OH only.”? In this system, the
nanochannels of mesoporous silica nanoparticles were loaded with
camptothecin, and then subsequently capped with thiol-stabilized
zinc sulfide (ZnS) QDs.
destabilization of the ZnS ‘nanolids’ leads to disassembly and release

specifically responsive to

Upon oxidation of the thiol group,

of the loaded contents, enabling detection of ROS at inflammatory
sites with confocal imaging. In another follow-up study, they extend
this strategy to oxidant-prone silver ‘nanocaps’, demonstrating
utility to a variety of nanomaterials for ROS detection based on
degradative processes.’374

Despite the usefulness of these types of oxidation-induced
disassembling release systemes, it is often difficult to deliver imaging
agents to diseased tissue in a specific and controlled manner. To
improve on these limitations for optimal clinical translation,
materials that degrade only in response to combined stimuli (“AND”
logic gates) could help improve accuracy, enhance effectiveness, and
ultimately lead to targeted imaging specific to diseased conditions.?>!
Several small molecule fluorescent probes based on molecular logic
gates have been constructed for ROS detection. For example,
Sedgwick et al. recently developed a novel probe for simultaneous
evaluation of ONOO™ and glutathione (GSH), two closely related
inflammatory markers.’>> Based on this groundwork, similar,
synergistic approaches have begun to be incorporated into
Mahmoud et al.
developed a dual-response strategy with a polymeric nanoparticle

macromolecular sensors.>”# For example,

that degrades upon exposure to two inflammatory disease
biomarkers stimuli (acidic pH and elevated levels of H,0;) in
Their system is sequential
transformations: first, backbone thioether oxidation by ROS, which

tandem.’® based on chemical
leads to greater solvation of the polymer, and second, acid-catalyzed
cleavage of backbone ketal groups. In a similar fashion, Viger et al.
designed dextran-based polymeric nanoparticles for detection of the
same two stimuli (low pH and ROS).>® In their design, dextran was

rendered pH-sensitive by functionalization with acetal groups, and a
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separate batch of dextran was rendered oxidation-sensitive by
functionalization with arylboronic esters. Both responsive polymers
were combined in nanoparticles loaded with a NIR dye. This
dual-functionalization enabled the fluorescent probe to selectively
turn”ON” in acidic and oxidative environments through release of
the dye (Figure 6A-C). By using a combination of triggers, they
achieve a variety of tunable material responses as dictated by
environmental conditions (Figure 6F). By further modulating the
material’s interaction through variation in the biological targets,
their nanoprobe demonstrates control over the speed, sensitivity
and selectivity of signal activation (Figure 6D, E).

Combining materials responsive to complementary biomarkers (e.g.,
low pH and increased levels of ROS), allows for detection of
inflammatory conditions with enhanced sensitivity over systems
responsive to only one biomarker. Furthermore, integrating a variety
of responsive units into a single platform demonstrates the distinct
advantages of taking a multifaceted approach to achieve a desired
response. As the field of stimuli-responsive systems continues to
grow, new design strategies leveraging the oxidatively degradable
materials chemistries discussed here will pave the path to creating
highly tunable platforms with enhanced sensing capabilities in
inflammatory contexts with numerous closely tied biomarkers.

2.3 Sensing Based on Supramolecular Assembled Materials:

As described in the examples already presented here, and more
extensively in a recent review by Stubelius et al.,'® the chemistry of
boronic acids render extensive versatility for use in a wide range of
biological applications. Beyond their use for ROS-triggered polymer
degradation, oxidatively activated supramolecular assembly has also
been achieved by incorporating boronic esters into polymers.
Although the inherently dynamic nature of these types of systems
compromise some level of selectivity towards single species, their
reversible nature may enable the monitoring of dynamic enzymatic
and oxidative pathways, warranting them valuable tools for further
development in biosensing applications. For example, Huang et al.
developed a redox self-assembly system designed to fluoresce only
above a certain concentration of oxidant, facilitating detection of
pathogenic threshold levels of ROS.85 Their system leveraged an
H,0,- activatable fluorogenic quinazolinone derivative (BQA) capped
with an arylboronate immolative linker on a tetra peptide chain.
Upon oxidation of the BQA, a phenyl group is exposed, which forms
an intramolecular hydrogen bond and causes planarization of the
molecule. The planarization then facilitates intermolecular m-n
stacking and self-assembly (Figure 7A). The novelty of this system lies
in the fluorescence dependence on the critical assembly
concentration (CAC), tunable with the short peptide sequence
(Figure 7B). They successfully used their system to show highly
fluorescent assemblies inside malignant cells (Hep G2, MCF-7, and
PANC-1) but not in corresponding normal cells (L-O2, MCF-10A and
HUVEC), as validated with ROS inhibitors and inducers (Figure 7C).
Because ROS exists in all living biological environments in some
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capacity, differentiating basal and pathogenic levels of ROS is an
important challenge in ROS sensing— especially in diseased contexts
in which ROS concentrations are significantly increased to start.
Therefore, the capability to not only detect ROS, but also report the
threshold at which ROS becomes pathogenic, could be more
informative for disease diagnostics.

2.4 Detection Based on Nanomaterial Interactions

While the above mentioned systems focus on a variety of oxidation
reactions which result in material degradation and supramolecular
assembly, targeted oxidation reactions can also be leveraged to
mediate changes in nanomaterial interactions to produce a clear
spectral shift. Although a limited number of systems in oxidative
sensing have employed this approach, the chemistries employed are
unique additions to the toolbox of materials provided in Table 1. For
example, illustrating the functional diversity of sulfur-containing
groups, cysteines can by transformed to cystines through iodide (1)
catalyzed oxidation. As demonstrated by Wang et al., this approach
can be used to indirectly monitor glucose oxidation through
downstream changes in AuNP interactions (Figure 8A). Specifically,
simple oxidation-induced disruption of cysteine-capped AuNP
aggregates (Figure 8D-G) result in detectable absorbance shifts
(Figure 8B-C).%% Furthermore, they illustrate the ability to use this
colorimetric sensor to probe closely tied oxidative and enzymatic
mechanisms. They implemented their detection platform to analyze
H,0, generation associated with the acetylcholine esterase/choline
oxidase (AChE/ChOx) cascade, thereby validating the incorporation
of simple chemistries into sensing platforms for analysis of more
complex biological processes.

In another unique approach to utilizing nanomaterial interactions for
ROS sensing, Gao and colleagues designed H,0, nanosensors using a
DNA competitive binding approach.®® In their system, competitive
coordination of cerium oxide nanowires with tagged, single-stranded
(ss) DNA led to a fluorescent signal upon H,0, displacement of
adsorbed DNA from the nanowire surface. The binding occurs
rapidly, enabling real-time monitoring of H,0, fluctuations in RAW
264.7 macrophage cells. The fast response and high sensitivity was
also demonstrated in vivo, leading to successful mapping of
inflammation in wound-induced oxidative damage in zebrafish
larvae.

2.5 Oxidatively Triggered Materials: Detection Based on
Conformational Changes

Similar to the development of oxidatively triggered systems for ROS
detection based on the degradation of materials, systems that rely
on material conformational changes for detection also utilize
reactions with ROS-susceptible functional groups. These groups
include:  L-cysteine, selenium, tellurium, ferrocene and
polythioketals, among others. By incorporating these moieties into

biomaterial platforms in contexts that lead to bond formation,
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transfer, or rearrangement upon addition of oxidative stimuli, a
variety of conformational changes in materials can be achieved. For
example, oxidation of surface exposed cysteines within proteins can
result in disulfide bond formation. This mechanism has been
exploited in the well-known, commercially available HyPer probes.
Beyond cysteine functionalities, other less-reactive sulfur-containing
groups, such as the thioethers, are commonly exploited in
poly(propylene sulfide) (PPS) based systems which undergo
hydrophobic to -philic transitions in ROS rich environments.?3°*
These reactions are based on oxidation of hydrophobic sulfides to
hydrophilic sulfone or sulfoxides resulting in material swelling and
cargo release.’>3 Here, we focus on a select few of these cases to
highlight how molecular changes in chemistry can be translated to
large macromolecular conformational material responses for ROS
detection.

Oxidatively triggered systems that undergo a change in
hydrophobicity include sulfide,®3%* tellurium,®®192 ferrocene,100.101
and selenium®8 linked polymers. On the micro-scale, these groups
react with ROS to add double-bonded oxygen atoms onto the chain,
thus increasing overall hydrophilicity of the material. When
incorporated into the main chain or side chains of hydrophobic and
-philic polymer blocks, the resulting amphiphilic systems takes on a
“solubility switch” mechanism that can be leveraged to release drugs
and imaging agents as a result of swelling of the material. This was
demonstrated by Allen et al. in which PPS particles undergo swelling
and release cargo upon ROS stimulation.?®> Notably, their system
responded to enzymatically driven H,0, generation, thereby
providing insight to upstream chloroperoxidase (CPO) and
myeloperoxidase (MPO) enzyme activity. In another approach
utilizing oxidation-induced hydrophobic to -philic transitions, Qiao et
al. developed a unique polymer-peptide nanoparticle system for in
situ treatment evaluation of a cytotoxic peptide.®* Their system
enabled ROS monitoring onset by poly(B-thioester) backbone
oxidation. Specifically, transformation of the thioether bond to
hydrophilic sulfoxides and sulfones lead to swelling and release of a
“built in” PA imaging agent reporter, which subsequently formed H-
aggregates in solution for enhanced signal.

It should also be noted that the ROS-responsive degradation
properties of the boronic esters, discussed in 2.2, can be transduced
into a solubility switch mechanism when integrated into block
copolymers. This was demonstrated by Chen et al., in which boronic
acid groups were incorporated into a cross-linked polymer such that
unmasking of the boronic esters upon oxidation transformed the
group into a hydrophilic alcohol, leading to swelling of the
material.}16 Detection was attained through the use of a dual-colored
ratiometric fluorophore, whose emission is highly sensitive to the
surrounding environment. Upon swelling of the material, increasing
polarity within the polymer nanoprobe lead to a green-to-blue
ratiometric fluorescent transition. This example contrasts that
previously demonstrated by Viger et al. with modified hydrophobic
dextran particles,*® in which full degradation and disassembly of the
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backbone occurred upon oxidation. Essentially, these two examples
illustrate the versatility conferred through the incorporation of
boronic acids into materials in different fashions, demonstrating the
ability to transduce the degradation properties of boronic esters into
a larger scale material response.

Since their discovery nearly two decades ago, the field of genetically
encoded fluorescent proteins has drastically expanded. Their ability
to measure dynamic signal transduction pathways in living cells in a
highly sensitive and spatiotemporal fashion has enabled a diverse
array of biosensor designs for use in a wide range of applications. To
best illustrate the breadth of this field, we direct the reader to an
extensive review by Greenwald et al,’®* which provides a
comprehensive list of published genetically engineered fluorescent
biosensors. Here, we turn to a subset of these sensors: the well-
developed and commercially available HyPer probes. These systems
are traditionally based on redox-sensitive variants of green
fluorescent protein (GFP), which undergo intramolecular disulfide
bond that
rearrangements. In turn, alterations in protein conformation result
in spectral changes. Rather than providing a complete account on

formation directly leads to conformational

this extensive subject, we will highlight only outstanding and recent
design strategies of HyPer systems for in vivo applications, as
digested in a recent review by Bilan et al.®?

HyPer probes enable spatiotemporal information at high resolution
as a result of their ability to be localized within a biological
environment (e.g., cellular compartments or tissues of living
organism).?2 This property has contributed to their popularity for
investigating the pathological and physiological function of H,0, in a
wide variety of in vivo models. HyPer probes are chimeric proteins
comprised of two functional domains: OxyR (the regulatory domain
of E. Coli transcription factor) linked via peptides to a fluorescent
protein. The most frequently employed probes are grouped into
three families represented by five variants: three circularly permuted
yellow fluorescent proteins (cpYFP, HyPer1,2,3), one based on red
fluorescent proteins (HyPer Red) and one based on redox sensitive
GFP (roGFP) fused with yeast thiol peroxidase (Orp1) (Figure 9A-C).*!
These systems are characterized by two fluorescence peaks, with
unique ratiometric advantages resulting from peak intensity
increasing proportionally with oxidation. Improved versions have
expanded the dynamic range of H,0, detection by introducing point
mutations into the OxyR activating regulon domain, exemplifying the
ability to alter the properties of proteins using single amino acid
substitutions.1>>156 The success of HyPer probes is also due to their
compatibility with various imaging modalities, such as confocal
microscopy, two-photon excitation, and fluorescent lifetime imaging
(FLIM) microscopy. Because the fluorescence of most versions of
HyPer are excited at two separate peaks, HyPer probes can yield
ratiometric, dynamic and quantitative readouts that do not depend
on protein expression levels in different cells.

10 | J. Name., 2012, 00, 1-3

Despite success in vivo, HyPer probes still suffer from several
limitations. As a result of their biologic nature, these probes are often
highly unstable and susceptible to other biological species. For
example, high intracellular thiol-oxidizing environments can cause
HyPer probes to become completely oxidized, which leads to
confounding signals in sensing applications. Additionally, all HyPer
probes are highly sensitive to pH changes in the physiological range.
In light of these limitations, new strategies have emerged to improve
sensing capabilities by combining the features of HyPer with other
chemical functionalities, thereby allowing HyPer based probes to
sense more than one parameter. For example, Mishina et al. fused
HyPer with the pH domain of a tyrosine kinase to create a genetically
encoded probe for sensing both H,0, and phosphatidylinositol 3,4,5-
triphosphate  (PIP3), which indirectly reflects activity of
phosphatidylinositol  3-kinase.*® The
demonstrated in fibroblasts, in which both H,0,and PIP3 levels were
successfully visualized, demonstrating the ability to develop

probe’s efficacy was

biosensors with combined functionalities. In another example, Tao
and colleagues demonstrated that H,0, could be precisely quantified
in the wound region of a zebrafish larval tail fin (a common model for
inflammation).1>” For this system, they used a HyPer-Red probe in
combination with a green fluorescent protein biosensor to create a
multi-parameter system which enabled the simultaneous imaging of
H,0, and NADPH oxidase in real time. As illustrated by these
examples, engineering biological functionality into sensing systems
holds promise in the development of materials that seamlessly
assimilate into the complex inflammatory milieu.

In summary, identification of oxidatively suceptible moiteties has
translated to a number of efficacious systems for applications in drug
delivery and biosensing. However, off-target activaton and low
sensitivity levels continue to hinder optimal clinical translation.
Furthermore, consideration of closely tied mechanisms, such as
enzymatic inflammatory biomarkers, are often overlooked in
biosensor design. By highlighting the common materials chemistries
strategies utilized to detect and treat ROS-related disease, along with
the advantages associated with differing types of material responses,
we hope to provide a picture of ways to build upon these current
limitations as we work towards integrated biosensors designed to
capture the full spectrum of oxidative and enzymatic inflammatory
pathways.

3 Applications and Discussion: Enzymatically Triggered
Materials

3.1 Targeting Inflammatory enzymes

Enzymes dictate a wide range of biochemical reactions. Because their
expression and activity are tightly linked to their local environment,
they are optimal targets for biosensing applications.??> Within the
inflammatory environment, several classes of enzymes exist,
including proteases (serine, cysteine, metallo, etc.), protein kinases
(protein tyrosine/serine kinases) and protein phosphatases (protein
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serine/threonine phosphatases). Imbalances or dysregulation of
these enzymes often occur in inflammatory states, establishing them
as informative biomarkers of disease progression.3® Several materials
have been developed to sense enzymatic activity (Table 2). Recalling
Figure 2, these systems primarily fall into three of the four material
response categories: degradative supramolecular
These
changes are largely initiated by enzymatic interaction with specific

peptide substrates. As a result, the biggest hurdle in designing

processes,

assembly/disassembly, and nanomaterial interactions.

sensors that achieve accurate detection and avoid signal convolution
lies in overcoming substantial overlap in peptide substrate
specificity. 4158160 This challenge arises from the complex, cascading
operations in enzyme activation and regulation in biological
contexts. Thus, a better understanding of individual protease
activity, as well as their interplay with numerous other species such
as ROS, is necessary to successfully exploit enzymatic biomarkers for
inflammatory disease detection. In an effort to identify what has
been done this field, this section will provide a digest of current
strategies to achieve accurate enzymatic molecular recognition in
inflammatory settings.

3.2 Enzymatically Triggered Materials: Detection based on

Degradative Processes

Enzymes play a significant role in extracellular matrix turnover and
tissue remodeling, making them especially attractive targets for
biosensors based on degradative processes. Similar to oxidatively
triggered materials in this realm, most systems employ fluorescence
methods of detection. In particular, a common mechanism is the
site-specific proteolytic cleavage of a peptidic scaffold resulting in
fluorescence increase of the reporter molecule. To enhance sensor
sensitivity beyond this single cleavage event, several systems
combine the high quenching efficiency of AuNPs with the specific
recognition properties of peptide substrates.®6980161-164 |n gne
example, Park et al. developed an AuNP FRET-based system for the
detection of MMP-7 wherein carboxy AuNPs were tethered to a
labeled, sequence-defined peptide via the coordination of Ni(ll)
metal ions.’®®>  Upon MMP-7 addition, significant fluorescent
recovery was observed with a detection limit of 10 ng/mL. In a similar
approach, Lee et al. used a AuNP with a near infrared fluorescence
(NIRF) Cy5.5 probe conjugated to an MMP-specific peptide. Their
system exploited the increased tissue penetration of NIR fluorescent
imaging to visualize MMP-2 activity in tumor-bearing mice.162 A third
example further optimizes NIR fluorescent AuNP probes using a
combinatorial approach. Mu et al. synthesized libraries of AuNP
probes with various surface compositions of self-assembled
heterogeneous monolayers of dye-labeled peptides and PEG (Figure
10A-B).166
plasminogen activator (uPA) led to several trends for design criteria
of the probes, as well as extended circulation time in vivo, as

Functional screens of trypsin and urokinase-type

validated with NIR imaging of a tumor phantom model in an
immunodeficient mouse (Figure 10C-D). Future research building on
this combinatorial synthesis strategy could lead to multiplexed
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systems for detection of numerous species in intricate inflammatory
environments.

Beyond AuNPs, sensing with other nanoparticle platforms is another
common method for enhancing detection sensitivity. Wang et al.
used a FRET sensor employing two nanoparticles, upconversion
phosphors (UCPs) and carbon nanoparticles (CNPs), as energy donor
and acceptor pairs.1%” Their system was composed of a polypeptide
chain comprising the MMP-2 substrate domain and a nt-rich motif to
the surface of UCPs. The FRET process was initiated by the m-mn
interaction between the peptide and carbon nanoparticles. Upon
proteolytic cleavage of the substrate by the protease, the donor was
separated from the acceptor thus restoring fluorescence. Owing to
the hypersensitivity of this method, only 1 pL of clinical samples were
needed for accurate quantification. In another two particle
approach, Shi et al. developed a hybrid nanomaterial consisting of an
encapsulated silica nanoparticle as energy donor and AuNPs as
energy acceptors linked by a caspase cleavable substrate.1®® Their
peptide-bridged hybrid system allowed for ratiometric sensing of
caspase-3 upon enzymatic triggered cleavage, increasing sensitivity
(limit of detection ~6 pM), while also imparting selectivity over a
variety of other species through their “satellite”-shaped hybrid
structure.

While silica nanoparticles have risen as a promising tools in
developing multifunctional nanomaterials in recent years,'® other
innovative nanomaterial structures offer additional strategies for
improving probe characteristics. These include Au nanoclusters
functionalized with MMP-cleavable linkers,’° Au nanocages with
surface plasmon resonance peaks well separated from the emission
peak of the dye,’”* QDs,72717> UCNPs,167176 and metal organic
frameworks (MOFs).177-180
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Table 2: Enzymatically Triggered Biomaterials

Responsive Component

MMP cleavable peptide substrate

Trigger**

MMP-2,3,7,9,13, collagenase IV

Macromolecular Signal/Method of Detection++

Fluorescence, Luminescence, SPR, Chromatography

Sensitivity (lowest reported
detection)

50 ng/mL'%3; 0.72 ng/mL%; 5 nM18%;
[250 ng/uL]'6%; 50 nM182; 25 ng/mL8%;
10 ng/mL?%3; 2 ng/mL175; 1 nM162; 10
pg/mL1%7; N/A83; 10 U/mL184; 0.52
ng/mL'85#; 0.15 nM¥7% 0.1 ng/mL'7?

Caspase cleavable peptide substrate

Caspase-1,3,8,9

Fluorescence, Luminescence

5-40 NM85; 6 pM158; 20 pM172#; 1
nM?164; 15 U183; 0,1-5 U/mL!%7; 0.6
nM*8; 0.12 ng/mL18&0

Cathepsin cleavable peptide substrate

Cathepsin-K, B, L

Fluorescence, Luminescence

250 pM/mL*8%; 0.1-5 pug/mL%7; 0.001
U/mlL77; 2.5 U/mLY78; 0.027 U/L19%; 3.2
ng/mL191

Serine protease cleavable peptide
substrate

Trypsin, chymotrypsin

Fluorescence, Luminescence

2.5 mg/mL19%; 250 U66; N/A1S3; 0.2
pg/mL

Peptide triple-helical substrates

MMP-2,9

Fluorescence

5 nM194

Genetically encoded fluorescent proteins

MMP-9, Caspase-1

Fluorescence, Luminescence

10 “g/meS; N/A196

Peptoid based substrates

MMP-13 and MMP-14/MT1-MMP,
Cathepsin-G

Chromatography, Fluorescence

20 nM*7; 10 nM1%8

Poly-L-Lysine

Trypsin

Fluorescence

2.5 mg/mL199:89

Hyaluronic Acid

MMP cleavable peptide substrate

Hyaluronidase

MMP-2,9

Fluorescence

Chromatography, Fluorescence, Nanoparticle size

0.1 U/mL2%; 0.6 ng/mL'7®

1 pug/mL2%; 100 ng/mL2%%; 10 nMI293;
[MMP-2: ~50 U/L; MMP-9: ~80 U/L]204

Please do not adjust margins
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Journal Name ARTICLE
Caspase cleavable DEVD peptide substrate | Caspase-3,7 Chromatography, Fluorescence, Nanoparticle size 1 pM2%5; 0.0049 U/mL206
Serine, tyrosine-containing substrates Protein Kinase A (PKA), Protein Fluorescence, Nanoparticle size [PKA: 5 ug/mL+ 2 mM ATP; PP1: 0.8
Phosphatase-1 (PP1), PKCa ug/mL + 1 mM MnCl,]2%4*; 0.05

U/mL2%7; [0.1 U/uL PKA or 1.1 ng/uL
PKCa]28

Phosphoanhydride bonds Alkaline Phosphatase Chromatography, Nanoparticle size, Fluorescence 150 U/L%%°

Hyaluronic Acid Hyaluronidase Fluorescence, SPR, Nanoparticle size 0.02 U/mL21%; 1 U/mL2!%; 0.0017
U/mLZIZ#

MMP susceptible substrates MMP-2,7,9 MRI, SPR, Nanoparticle size, Fluorescence 6.5 U/mL?13; 2 ug/mL214;
3 nM215; 221 U/mL21¢; 100 ng/mL27;
10 pM218

Caspase Cleavable DEVD Peptide Caspase-3 SPR 0.005 pg/mL?1®

Substrate

Cathepsin cleavable peptide substrate Cathepsin-L SPR 16 ng/mLt

Threonine, tyrosine, and serine-containing | PTP/Abl Kinase, ALP, PKA, Src Kinase, | MRI, SPR, Nanoparticle size, Fluorescence [4 U/uL PTP; 0.5-2.5 U/uL Abl

substrates Her2 Kinase, Trypsin, chymotrypsin kinase]?2° *; 0.01 U/mL2%%; 50 U/mL?22,
5nM?23; 7.5 nM173; 0.032 U/mL??%;
250 U/mL2%%; [85 nM trypsin or 170
UM chymotrypsin]??6; 0.01 U/mL?27

*#indicates ratiometric, *indicates reversible

**Triggers Included [Enzyme class (subclasses)]:[matrix metalloproteinases (MMP-1,2,3, 7, 8,9,13), membrane type 1 MMP (MT1-MMP)], [cysteine proteases (caspase 3,7,8, cathepsins K, G,
B)]; [serine proteases (trypsin, chymotrypsin)]; [protein phosphatases (Protein Phosphatase-1, PP1), (protein tyrosine phosphatase, PTP), (Alkaline Phosphatase, ALP)]; [Protein Kinases A, (PKA),
protein kinase C (PKC) Abelson tyrosine Kinase (Abl kinase), Src Kinase], hyaluronidase

++ Methods of Detection: Fluorescence (e.g., fluorescence spectroscopy, imaging, FRET); Surface Plasmon Resonance (SPR) (e.g., absorption spectroscopy, photoacoustic imaging);
photoinduced electron transfer (PET); Luminescence (Chemi- or Bioluminescence); Nanoparticle size (analytical methods include Dynamic Light Scattering (DLS), electron microscopy, turbidity);
Chromatography (e.g., High Performance Liquid
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MOFs have become an increasingly attractive area in biosensing
research in recent years for their ability to impart stability and retain
biological activity.22® Most notably, nanoparticles linked to MOFs
have been developed as a platform for a dual-recognition switch in
sensing applications. Similar to the ROS systems that employed
“AND” logic methodology discussed previously, nanoparticle MOF
constructs can be used to detect intracellular enzyme activity in
combination with pH changes. Shen et al. demonstrated this
approach using a core-shell nanoparticle peptide MOF for stepwise-
responsive recognition of cathepsin B in living cells, the first report
of a bio-recognition switch embedded into a MOF for imaging in live
cells.'’® Specifically, their system used a pH-sensitive shell and a
AuNP core functionalized with a peptide substrate susceptible to
cathepsin B to sequentially respond to acidic conditions and
enzymatic activity of lysosomal cathepsin B, enabling highly localized
and sensitive imaging inside Hela cells.

Beyond nanoparticles, proteins have been utilized as energy donors
to complement QD energy acceptors in a variety of ways. One
innovative approach leveraged bioluminescence energy transfer
(BRET). While FRET requires fluorescence initiation by an external
source, which can cause background noise and photo-bleaching,
BRET utilizes energy released by a chemical reaction in the form of
light emission.?2>-231  Taking advantage of these characteristics, Yao
et al. developed a BRET-based QD sensor for detection of MMPs.17>
In their system, a bioluminescent light-emitting protein, Renilla
luciferase, served as the energy donor. Their ratiometric approach
enabled detection of MMP-2 to levels as low as 5 ng/mL (~75 pM)
and demonstrated selectivity over other members of the MMP
family (MMP-7). In another protein-QD example, Boeneman et al.
genetically modified a caspase-3 cleavage site into a fluorescent
mCherry protein for conjugation to QDs, achieving sensitivities in the
picomolar range (~20 pM).172

Although the use of nanoparticle platforms dominate substrate-
based FRET detection methods, systems using polymeric platforms
have also found success. For example, Lee et al. developed a
polymeric nanoparticle of poly(lactic-co-glycolic acid) (PLGA) and
polyethylenimine (PEI) linked to an MMP-2 activated peptide sensor
consisting of an NIR fluorescence dye and quencher (Figure 11A-
B).182 Their system (MMP-2-PLGA-PEI) allowed for the continuous
tracking and accurate detection of MMP-2 activity in “MMP-2-
positive” cancer cells (HaCat cells) as compared to “MMP-2-
negative” cells (MCF-7) (Figure 11C). Most notably, the particles
showed high specificity for MMP-2 over MMP-1,3,7 and also
substantial specificity over MMP-9 and 13 (Figure 11D). Analogous
to Lee’s MMP-probe, copolymers for imaging cathepsins have also

been used. Jaffer et al. developed a NIRF imaging agent using a
Cy5.5-labelled copolymer with a cathepsin susceptible peptide
sequence.’8? This system showed high selectivity for cathepsin K and
was used to monitor the activity of cathepsin K in mouse and human
atherosclerosis models, eliciting high fluorescence signals in plaque
sections. The probes demonstrated the ability to image enzymatic
activity localized primarily in the vicinity of cathepsin K positive
macrophages.

As presented thus far, most sensors are designed for detection of
single species, making it difficult to reveal the interrelationship of
biomarkers in situ. To improve understanding of the complex and
the
environment, sensors capable of detecting both upstream and

cascading operations of enzymes within inflammatory
downstream regulatory proteins in order to monitor their roles in
biochemical pathways are needed. To sequentially visualize the
evolution of cathepsin B and caspase-3, two important biomarkers of
the apoptotic pathway, Gao et al. designed a AuNP probe with two
fluorogenic peptide chains functionalized to the surface using a
selenide bond.'®” Their design exhibited stability and anti-
interference in MCF-7 cells, allowing real-time in situ monitoring of
cathepsin B and caspase-3 activity. In an adjacent approach, Park et
al. linked fluorescent protein-conjugated AuNPs for simultaneous
detection of multiple caspase activities.’® Using simple peptide
substitutions and different colored fluorescent proteins, they were
able to detect different types of caspases (both initiator caspases-8
and -9 as well as effector caspase-3) for real-time detection of the
apoptotic pathway in vitro. Future development of sensors that can
be used in complicated biological systems for investigation of
intracellular enzyme interactions could greatly advance our
understanding of mechanistic cellular behaviors dictating disease
pathogenesis, which would ultimately translate to improving disease

diagnosis.

As illustrated by the systems discussed here, the use of synthetic
peptide substrates has resulted in a variety of efficacious sensing
systems capable of detecting numerous proteases based on
degradative processes relevant in inflammatory contexts. Although
overlapping specificity issues and cross-reactivity remain a challenge,
a variety of inorganic platforms have facilitated stability of these
systems, while numerous synthetic strategies have been developed
to add additional levels of tunabilty. Future development of these
sensing systems based on degradative processes appear promising in
the detection of cascading enzymatic
inflammatory environments.

activity present in
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3.3 Enzymatically Triggered Materials: Detection Based on

Supramolecular Assembly/Disassembly

Although efficacious, enzymatically-degradable substrates often
serve as “one-time” sensors and are therefore limited in the
information they provide. In light of this limitation, materials based
on the enzymatically triggered supramolecular assembly and
disassembly of molecules have been developed in an attempt to
dynamic detection.2>232  Supramolecular
materials are held together by non-covalent forces, enabling

achieve assembled
inherent flexibility and adaptability for sensing applications.?33.234
This ability to dictate supramolecular material action through the
systematic tuning of the underlying materials chemistries is
important in the development of biosensors in which programmed
responses are desired. We highlight a number of these systems here,
which can be designed to control engagement and susceptibility to
enzymatic action through a variety of techniques.

Many enzyme-responsive supramolecular materials rely on the self-
assembly of peptide structures, which are known for their ability to
partake in intermolecular interactions such as B-sheet formation and
a-helical structures. Using rational design of peptide sequence,
modular platforms with intracellular supramolecular organization
have been achieved.?%32% |n g unique approach for real-time tracking
of drug release, Cheng et al. used an MMP-2 responsive prodrug that
selectively cleaved into two parts: one containing a CPP linked to a
therapeutic unit (doxorubicin, DOX), and the other containing a
tetraphenylethene peptide derivative (PyTPE) that fluoresces upon
self-aggregation (Figure 12A).293 Without MMP-2, the prodrug
cannot efficiently enter the cells. Post MMP-2 cleavage, the
therapeutic domain is freed to enter the cell via the CPP while the
PyTPE self-aggregates due to hydrophobic interactions, resulting in
yellow fluorescence and confirming intracellular release of the DOX
therapeutic unit. The group was able to successfully demonstrate
long-term tracking of anticancer drugs in Hela cells, as well as detect
variations in MMP-2 expression levels across different cell lines
(Figure 12B-E). In another example, Ye et al. detected caspase-3/7
through the intracellular aggregation of fluorescent probes in tumor-
bearing mice.2% Their probe contained a caspase-sensitive peptide,
DEVD, which was cleaved in apoptotic tumor tissue, leading to
intracellular uptake and intramolecular cyclization. Due to
hydrophobic interactions between cyclized molecules, fluorescent
nanoaggregates were formed with good retention at the apoptotic
site and high fluorescent signal.

One of the most attractive features of enzymes as triggers is the fact
that many of enzymatic reactions are reversible and thus can be
exploited for reversible material changes. For this reason, exploiting
enzyme pairs that catalyze complementary and reverse reactions—
the phosphatase/kinase enzyme pair serving as the most prolific
example—could find use in dynamically monitoring their complex
and overlapping activity in inflammatory contexts. For example,
Wang et al. prepared a doubly hydrophilic peptide-polymer system
consisting of a PEG and polylysine block.2® When mixed with ATP,
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electrostatic interactions allowed the ATP to attach to the lysines,
creating a ‘superamphiphile’ that subsequently self-assembled into
micelles. These structures could then be disassembled through
introduction of phosphatase, restoring the polymers’ hydrophilic
nature through hydrolysis of the ATP phosphoanhydride bonds.
Despite advantages of dynamic systems such as these, only the
phosphatase/kinase system has successfully accomplished reversible
conformational changes in a material,24220235 and few have
successfully been employed in sensing applications. Recognizing this
research gap reiterates the call for a comprehensive approach
towards development of next generation biosensors that exploit the
intertwined activities of a wide range of inflammatory biomarkers.

3.4: Enzymatically Triggered Materials: Detection Based on

Nanomaterial Interactions

Beyond peptide self-assembly, nanoparticle-based systems have also
been used as a simple yet sensitive method in sensing and imaging
applications.#813>141,236-238 |n contrast to degradative systems that
characteristically utilize fluorescent methods of detection through
cleavage of fluorogenic peptides linked to a nanoparticle, the
method of detection in this category is based on colorimetric assays;
namely, colloidal suspensions of NPs exhibit dispersion-dependent
absorbance due to interparticle plasmon coupling, which can be used
to provide a label-free, convenient readout for the detection of
enzymatic activity.*323° This is typically quantified by SPR shifts due
to changes in interparticle spacing following enzymatic engagement.
In these systems, two types of nanoparticle interactions are typically
seen: (1) those based on aggregation due to physical, non-covalent
mediated nanoparticle interactions (hydrophobic association and/or
electrostatic interactions) and (2) those based on biochemical affinity
between nanoparticles as a result of antibody,??3 avidin-biotin,??* or
DNA-mediated?'8240 interactions.

Non-covalent aggregation based assays are attractive in that they
take place rapidly because molecular recognition on the nanoparticle
surface is not necessary.??2 For example, kinase was shown to de-
phosphorylate peptide substrates, leading to enhanced electrostatic
interactions that facilitated adsorption onto AuNPs. Above a critical
concentration, the adsorbed peptides induced AuNP aggregation,
leading to a colorimetric change (Oishi et. al).222 A similar approach
using AuNRs was performed by Kitazaki et al.??” In another example
of enzyme-mediated electrostatic interactions, Pan et al. designed a
AuNP with a caspase-sensitive peptide substrate that released a
positively charged fragment upon cleavage.?'® Upon binding of the
positively charged fragment to the AuNP surface, the electrostatic
stability of the AuNPs was disrupted, leading to aggregation and a
color change related to caspase-3 activity. Although not in our
discussion scope here, it should also be noted that the aggregation
of iron oxide nanoparticles can be tuned with MMP-degradable
coatings, leading to enzymatically-sensitive MRI imaging and
detection, 213:214

Alternatively, affinity-based interactions between nanoparticles can
also be mediated by metal chelators,?!> antibodies,’#223 or highly
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specific binding pairs.226 While the metal binding affinity approach
circumvents the need for antibody labeling, complex media contains
salts and metal ions that may cross-react with the nanoparticle
surface. Thus, nanoparticle interactions using highly specific
antibodies or binding pairs such as streptavidin-biotin have had
greater success in applications requiring efficient biochemical
interaction with the analyte of interest. Strategies using these types
of binding interactions to drive particle aggregation have been
demonstrated for detection of kinases??3 and MMPs.2%6 In one study,
kinase-catalyzed biotinylation of peptide-coated  AuNPs was
detected using complementary streptavidin-coated AuNPs. Upon the
high affinity streptavidin-biotin interaction, the resulting particle
aggregates led to a detectable colorimetric change of the
suspension.??>241  However, these types of detection formats
typically require a two-stage process, necessitating both surface
modification of the nanoparticles with ligands as well as labeling of
the analytes. Drawbacks of these cumbersome procedures limit in
vivo translation. To circumvent these issues, Gupta et al. developed
an alternative, single step approach in which two populations of
AuNPs were used to detect kinase activity.??® Their system was based
on simultaneous addition of kinase, unlabeled ATP and two particle
types: one particle coated with a protein kinase substrate peptide
and the other coated with complementary antiphosphotyrosine
antibodies (Figure 13A). In a “one pot” approach, enzymatic
phosphorylation of the peptides led to interparticle cross-linking due
to specific recognition by the antibody-functionalized particles,
which led to changes in absorbance intensity of the plasmon
resonance peak (Figure 13B). Specificity and selectivity towards
distinct targets of this type of system is especially high because the
antibodies bind directly to the phosphate groups, thus minimizing
the risk of off-target binding and confounding signals. Sensitivity is
also high with detection levels in the nanomolar range, meeting
requirements for in vivo diagnostic applications.

Nanoparticle interactions can also be mediated by enzymatically-
triggered molecular recognition of nucleotide based systems. The
most useful aspect of utilizing DNA in sensing applications is their
inherent biocompatibility, stability and information storage capacity,
which enables the possibility to encode information.144242 Utilizing
this approach, Kim et al. synthesized AuNP platforms functionalized
with DNA-peptide molecules.?’® Upon MMP-2 cleavage of the
peptide-DNA bond, the DNA diffused away from the NP to form a
DNA-RNA heteroduplex on another set of AuNPs functionalized with
fluorescently labeled RNA on the surface. Duplex formation lead to
RNA digestion by RNase H, leading to fluorescence recovery upon
liberation of the labeled RNA molecules. While diffusion dependence
is less feasible in complex environments where interference with
other biomolecules is likely, the advantage of this system is the high
level of sensitivity as quantified by the low level of detection of
10 pM, thereby demonstrating the benefits of oligonucleotide
duplex formation for signal amplification.

In summary, the versatility of enzymatically suceptible substrates
has translated to a number of successful systems for applications in
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biosensing. By highlighting the common approaches utilized to
monitor and track enzymatic acitivity, we hope to further build
upon the toolbox of materials chemistries presented in section 2.
Together, we believe this repertoire of stimuli-responsive
macromolecular materials will pave the path towards integrated,
multi-responsive biosensors designed to cohesively capture the full
spectrum of overlapping enzymatic and oxidative inflammatory
pathways.

with Wide

4: Multi-Responsive Systems

Applicability

As the field of stimuli-responsive systems continues to grow, new
design strategies will drive progress on creating highly tunable
platforms with enhanced sensing capabilities in inflammatory
contexts with numerous closely tied biomarkers. The ability to
develop next-generation materials hinges on the ability to achieve
sensitive responses in these complex biological environments.
Despite the development of many enzymatically and oxidatively
triggered sensing systems, they often suffer from non-specific
ROS
these

activation owing to proteolytic cross reactivity’®® or

instability’”1® in inflammatory environments. Despite
limitations, much can be learned from the materials chemistry
research progress in these fields, which poses the opportunity to
exploit selective oxidative and enzymatic mechanisms to create
multi-responsive materials. To date, a limited number of systems
have been developed employing synergistic enzymatic and oxidative
mechanisms in application. However, development of systems
consisting of well-defined structural elements that specifically,
accurately and sensitively respond to enzymatic and oxidative stimuli
in a cooperative fashion could provide a route to systems capable of
sensing specific patterns of multiple biochemical stimuli through
programmed enzyme and oxidative-directed material responses.
Here, we highlight a few select cases which provide an overview of
progress in the field toward multi-responsive materials in the
categories of degradative processes, supramolecular assembly and
nanomaterial interactions.

4.1 Degradative Processes: Dual-Responsive Materials for
Theranostic and Imaging Applications

Adapting a multi-responsive approach to exploit simultaneous and
selective enzymatic and oxidative degradation, Han et al. used AuNPs
covered by PEG chains with separate MMP-degradable and ROS-
labile linkers (Figure 14).8° Upon exposure to tumor tissue where
MMP-2 is overexpressed, the MMP-degradable linker is cleaved,
releasing a fluorophore to image the tumor. Meanwhile, the AuNPs
are internalized by tumor cells, wherein the thioketal (TK) ROS-
sensitive linker is degraded, releasing DOX to kill the tumor cells. To
demonstrate the ability to differentiate tumor cells from healthy
ones, the authors imaged their probe with squamous cell carcinoma
cells (SCC-7) and normal kidney fibroblasts (COS7), and found that
fluorescence recovery was more significantly observed in the
cancerous cells. Furthermore, they demonstrated DOX release upon
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light irradiation, which yielded antitumor therapeutic efficacy via
growth inhibition of the SCC-7 cells. Other multifunctional systems
exploiting thioketal chemistries and enzymatic and oxidative

synergism for theranostic applications have also been

explored.’883.243 Yye et al. proposed a theranostic system based on
pegylated UCNPs
chemotherapeutic

loaded with a photosensitizer and a

drug for simultaneous optical

photodynamic therapy and chemotherapy.”® These results not only

imaging,

show promising potential for targeted, on-demand drug release and
localized tumor imaging, but they also illustrate the value in taking a
holistic approach to biomaterial design by exploiting synergistic
oxidative and enzymatic effects for combined therapeutic and
diagnostic goals.

4.2 Supramolecular Assembly: Linking Morphology to Different
Enzyme Activities

Systems exploiting enzyme pairs that catalyze complementary and
reversible reactions, such as the phosphatase/kinase pair, have
found great utility in the controlled self-assembly and disassembly of
materials for dynamic sensing applications. Employing a multiplexed
approach, Ku et al. created a polymer-peptide amphiphile system
leveraging sequence-specific peptides that take on distinct self-
assembled morphologies following enzymatic interaction.?%* Peptide
substrates were selected for four different inflammatory associated
analytes: protein kinase A (PKA), protein phosphatase-1 (PP1), MMP-
2, and MMP-9. By incorporating these various enzyme substrates
into the polar head groups of copolymers, the supramolecular
assembly and disassembly could be modified by multiple enzymatic
mechanisms: dephosphorylation by PP1 at serine residues,
phosphorylation by PKA at serine residues, and/or peptide cleavage
by MMPs at Gly-Leu peptide bonds. Depending on the enzymatic
stimulus, several material responses were observed: larger
amorphous aggregates, “network” aggregates or spherical micelles
(Figure 15). Most notably, this system was able to selectively sense
one analyte over another based on the final material response,
demonstrating the ability to design enzymatically switchable micellar
morphologies through simple sequence-specific incorporation of
enzymatically susceptible peptides. To date,

materials including oxidative functionalities pale in comparison to

supramolecular

endeavors in creating enzyme responsive supramolecular materials
(discussed in section 3.2). To truly exploit the potential of
supramolecularly assembled materials for accurate detection of
inflammatory conditions, we must improve our understanding of the
underlying chemistries dictating self-assembly processes, and also
consider oxidative susceptible functionalities. Further development
of dynamic supramolecular assembly systems, such as those
discussed here, will provide valuable knowledge tools in sensing
specific patterns of multiple stimuli

biochemical through

programmed enzyme and oxidative-directed material responses.
4.3 Nanomaterial Interactions:

Applications in Multiplexed

Detection
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As we have mentioned, applications aimed to detect multiple
enzymes have often led to complications such as substrate cross-
reactivity, signal overlap and loss of sensitivity. However, these
issues can often be addressed using systematic synthetic
design.173174 Lowe et al. demonstrated this in a unique multiplexing
approach capable of differentially detecting enzymes from two
classes, proteases and kinases, in complex environments.'’3 Two
different enzyme-specific peptide sequences were synthesized with
orthogonal terminal functionalization for attachment to QDs with
distinct emission spectra. One peptide substrate was cleavable by
uPA, and the other peptide substrate contained a tyrosine for
phosphorylation by the kinase activity of human epidermal growth
factor receptor 2 (Her2). Upon simultaneous enzymatic activity, the
addition of orthogonally functionalized QDs allowed for distinct
changes in emission spectra (Figure 16). Specifically, the cleaved uPA
peptide bound via streptavidin-biotin led to de-

quenching, while the phosphorylated peptide bound via His tag

interaction

affinity led to FRET with labeled anti-phosphotyrosine antibody. The
ability to accurately sense multiple analytes highlights the value in
capitalizing on the specificity of biomolecular interactions based on
antibodies and peptides, and further illustrates the value in taking a
hybrid nanomaterial approach in biosensor design. Furthermore, the
modular nature of this biosensor design is amenable for extension to
different classes of enzymes.

A holistic consideration of the materials chemistries presented in this
section illustrate that the ideas for the development of multi-
functional biosensors are essentially limitless. With a plethora of
synthetic strategies at our disposal, nearly any fluorescent protein,
small molecule probe or fluorogenic peptide substrate can be
combined with a variety of material platforms to impart unique
sensing capabilities. In particular, leveraging key elements of
biomolecular specificity with the optical and spectroscopic attributes
of nanomaterials enables selective detection of specific enzymes,
ROS, or multi-responsive behavior towards both.

5: Looking Forward to Advanced Biosensor Design

An overwhelming amount of approaches, even beyond those
discussed here, have been employed to detect RNS/ROS and
enzymes. However, the key challenge in achieving sensing systems
that are selective, specific and sensitive enough to accurately and
differentially detect ROS and enzymes stems from their complex and
overlapping roles in diseased environments (Figure 1A). As a result,
many systems still suffer from cross reactivity with off-target species,
lack of specificity towards a single biomarker, in vivo instability, and
insufficient detection limits. Research on stimuli-responsive
biomaterials with tighter chemical control and connection between
material response and analyte of interest is improving, and the
integration of these materials into biological surroundings, such as
inflammatory environments, for disease detection is increasing. This
knowledge is complemented with increased understanding of the
chemistry and biology dictating ROS/RNS and enzyme interactions,

as well as evidence linking dysregulation of these species to distinct
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pathological conditions. Additionally, the impact of synthetic design
strategies, such as sequence-controlled materials, is an emerging
research area that holds promise in the field of biosensing.?** In this
section, we discuss some of the most pressing limitations of
enzymatic and oxidative biosensors, as well as strategies for
mitigation based on the toolbox of materials chemistries and design
strategies discussed. By connecting these contributions
comprehensively, future biosensors can be designed to seamlessly
interact with their environments for improved accuracy in detection

and monitoring of pathological conditions.
5.1 Avoiding Cross-Reactivity for Enhanced Selectivity

Achieving accurate detection of one species in complex biological
environments where other oxidants and enzymatic species are
present is a major challenge in biosensing.!>® Despite reported
success of many systems, protecting against cross-reactivity is often
overlooked in sensor design. For example, hyaluronic acid (HA) is
susceptible to degradation by ROS, as well as hyaluronidase, another
enzyme biomarker found in inflammatory environments. Despite this
cross-reactivity, several HA-based probes for ROS and hyaluronidase
have been developed. For example, Chen et al. developed an UCNP
for highly sensitive bioimaging of ROS in vitro, as well as effective
diagnosis of rheumatoid arthritis in vivo.3* Their system utilized HA
as a ligand to engineer UCNPs with luminescence energy transfer
(LRET) detection. In this approach, multiple functional groups on the
HA backbone enabled conjugation of upconversion luminescence
(UCL) acceptor chromophores. The nanoprobe exhibited
susceptibility towards various ROS and RNS (*OH, CIO-, ONOO" and
0,) with low detections limits (0.03, 0.02, 0.06 and 0.1 uM,
respectively). Alternatively, Yang et al.2%° and Wang et al.l7¢
developed carbon dot and UCNP based systems permitting sensitive
detection of hyaluronidase through the digestion of HA, resulting in
fluorescence recovery. It is clear that HA is susceptible to both ROS
and enzymes in inflammatory contexts. This could lead to potentially
confounding signals in application due to overlapping enzymatic and
oxidative sensor susceptibility.

One intriguing approach to minimize cross-reactivity and improve
sensor stability is the use of ‘selectivity filters,” which employ a steric
barrier that limits analyte diffusion or requires a user-designed
precursor step that leads to sensor activation. Physical or steric
barriers have been used to limit competitive peptide degradation by
other enzyme species,?*> but these barriers are most effective when
screening out potential cross reactants based on size. A sensor
developed by Kumar et al. demonstrates this best by entrapping a
ROS-sensitive enzyme, horseradish peroxidase (HRP), within hollow
Au ‘nanoshells.” The pores of the metallic nanoshell are large enough
to allow diffusion of ROS and small substrates for detection, yet they
restrict access by molecules larger than 10 kDa.?*® In addition to
preventing degradative molecules from accessing HRP, the shell
provides the added benefit of containing the HRP within the sensor
for long-term localization. The second selectivity filter design
implements a screening precursor step that can, for example, bind a
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catalytic element, or expose a reactive substrate via stimuli-
responsive degradation that activates the sensor. This strategy can
be especially useful to localize a sensor to its target region of interest,
as demonstrated by Cui and colleagues.?*’” They used an acid-
sensitive PEG coating that localized their particle to sites of
inflammation, which typically have a lower pH, before exposing its
functional elements. Similar strategies can be used for selective
sensing of ROS within acidified intracellular compartments and
tumor cores. In another example, Rotello’s group demonstrated that
enzymatic substrate selectivity could be controlled using
physiochemical properties of NPs, successfully using amino-acid-
functionalized gold clusters to modulate the catalytic behavior of a-
chymotrypsin towards cationic, neutral or anionic substrates.?*® By
balancing steric effects and electrostatic effects between the
negatively-charged amino acid-containing NP monolayer and
enzyme substrates, they observed repulsion of anionic substrates

and increased specificity for cationic substrates.?*°

5.2 Improving Substrate Specificity

The use of protein substrates can limit the specificity and in vivo
stability of sensors. In complex biological environments, opposing
factors, such as pH and presence of ROS, can influence overall
protein properties, such as charge state—which in turn can influence
substrate-analyte interactions. Additionally, as proteolysis proceeds,
protein substrates change, altering susceptibility that is difficult to
control and monitor in sensing applications. Stability of these
systems against hydrolysis in the bloodstream or cross-degradation
of the substrate by off-target enzymatic species present in
surrounding tissue can also diminish specificity, significantly affect
the accuracy of detection. As a result, the use of synthetic, sequence-
controlled peptide and peptoid substrates may be an attractive
approach moving forward because their susceptibility is not
necessarily dependent upon higher-order folded structure.2**

Although synthetic peptides can be used to improve selectivity of
systems against off-target degradation, developing systems with
sufficient specificity within enzyme and ROS subclasses is also a
significant challenge. For example, the gelatinases (MMP-2 and -9)
are two closely related biomarkers associated with cancer cell
invasion and cancer-related angiogenesis. However, expression
levels of MMP-2 are often much higher than those of MMP-9,
resulting in sensing signals reflecting proteolytic activity of MMP-2
rather than MMP-9, despite MMP-9 being a more informative
prognostic marker in cancer.'® Failure to link detection signals to
distinct proteolytic species and their activity in pathological
processes can severely limit diagnostic capabilities, yet most
detection methods are based on substrates general to classes of
enzymes and ROS, rather than distinct species. For example, Akers et
al. developed a NIRF probe based on triple helical peptide substrates
containing gelatinase sensitive sequences. Upon enzymatic cleavage,
the peptide chains are released, resulting in amplified fluorescent
signal.’®* Although their results proved suitable for in vivo detection
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of general MMP activity, they could not differentiate between MMP-
2 and MMP-9. Several other systems suffer from this same limitation.

When it comes to research improving substrate specificity profiling,
substantial efforts revealing important trends and “consensus”
sequences towards distinct subclasses of proteases have been made,
but developing systems that achieve accurate and specific detection
in application remains difficult.158-160.250 Thjs results from the fact
that the proteases are involved in numerous and overlapping intra-
and inter-cellular inflammatory pathways, such that even well-
established “consensus” peptide sequences often serve as good
substrates for multiple species or specie subtypes. Progress towards
improved specificity, as well as the continuous discovery of new
“consensus” substrates, warrants an entire field in itself, and it is
anticipated that sequence profiling will continue to improve.?*!
However, these studies still expose an inherent limitation by
employing purely natural substrates. Namely, there exists significant
overlap and interchangeability between amino acid sequences,
which hinders both substrate specificity and selectivity in complex
biological environments.

To mitigate cross-reactivity issues, synthetic strategies have been
employed. For example, it has been demonstrated that incorporating
non-natural residues within peptide substrates could potentially lend
bio-orthogonal functionality to consensus sequences, while
significantly simplifying synthetic design requirements.1®7.1%8 For
example, Stawikowski and colleagues designed triple helical
substrates with select N-substitutions (peptoid residues) to evaluate
helical stability and proteolysis of collagenolytic MMPs.2%7 Their key
finding was a substrate with two peptoid substitutions (synthetic
peptidomimetics) that achieved specificity for MMP-13 over MMP-1
and MMP-8 at low detection limits (20 nM). Importantly, the
distinction in cleavage behavior resulted from interactions with the
peptoid residue and allosteric sites on the enzyme required for
optimal activity. More recently, Groborz et al. also demonstrated
that by incorporating unnatural amino acids into the cleavage site,
they could design FRET substrates with enhanced specificity towards
distinct members of the neutrophil serine proteases.!®® Specifically,
they designed three libraries with unnatural amino acids and
screened them against Cathepsin G in order to identify the most
optimal substrate. The screening results allowed them to conclude
that by changing one amino acid residue in the peptide backbone,
they could obtain specficitiy towards Cathepsin G over other closely
related members within the serine protease family. They validated

substrate specificity in vitro against human neutrophil elastase.
5.3 Dictating Dynamic Hierarchical Responses

Substantial progress has been made in peptide based self-assembled
materials for dynamic detection, although limitations remain.
Developing design rules to control supramolecular organization and
morphology while maintaining desired sensing function requires a
thorough investigation of the material properties dictating
hierarchical organization such as size, shape and charge. Employing
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these strategies, Son et al. presented a modular platform to
customize surface charge, supramolecular organization and enzyme
specificity of peptide nanostructure with the exchange of just a few,
simple amino acids.2%2 By using the rational design of self-assembling
peptide ampiphiles, they demonstrate the ability to control enzyme
engagement and susceptibility to dictate final material structure
(disassembly, morphology switch, etc.), successfully producing 12
unique nanostructures upon MMP-9 exposure. Using this systematic
customization approach, they demonstrate the ability to
predetermine material response kinetics for potential use in a variety
of biomedical applications —from the selective killing of cancer cells

to the delivery of drugs and imaging agents.

Despite progress towards customizing morphology and response
kinetics of peptide nanostructures through systematic design,
traditional self-assembling peptide amphiphiles are still limited by
their proteolytic instability towards off-target species. The use of
non-natural structures, such as peptoids or B-peptides, can again
address these limitations, while also offering distinct advantages in
the area of self-assembled materials.?? In particular, their sequence-
definition, ease of synthesis, and versatile side-chain chemistry allow
for a broad range of functionality in application. For example, Luo et
al. recently demonstrated a new class of dynamic nanotubes by
assembling sequence-defined peptoids in a unique “rolling-up”
process.?>3 By co-assembling ligand-tagged tube-forming peptoids,
they created a multifunctional system for targeted tumor imaging
and chemo-photodynamic therapy. Notably, their system was able
to track intracellular generation of 10, and correlate it to enhanced
activities of caspase 3/7. In summary, the sequence-definition, bio-
orthogonality, and chemical diversity of peptidomimetics may create
a promising new class of sensors with a range of functionality in
application.?*

Section 6: Conclusion/Outlook

Biomaterials chemistry has provided a substantial toolbox for

engineering sensing elementsand transducing components
amenable to detection in vivo. Numerous contributions have
resulted in a strong repertoire of stimuli-responsive macromolecular
materials able to target specific enzymatic and oxidative responses,
but their interplay remains an obstacle for accurate sensing
applicable in inflammatory disease diagnosis. Our hope is that this
review enacts a perspective shift in material design wherein the
global environment of application is considered in the fundamental
conception of new ideas. We feel this evaluation merits further
characterization of existing chemistries to better understand their
response to multiplexed stimuli and aims to encourage continued
creativity able to advance the field’s ability to meet the “ideal”
biosensing criteria outlined in this review: dynamic, sensitive,
specific, and selective. Considered together, we believe this toolbox
of stimuli-sensitive macromolecular materials will provide strategies
to incorporate multiple domains for different sensing elements, as
well as the ability to form ordered structures for signal amplification.

We anticipate the continued development of bioinspired synthetic
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techniques will find valuable application in realizing design rules
which dictate the balance between stability and susceptibility in
cellular environments. Recalling the original landscape outlined in
Figure 1, we envision comprehensive characterization of systems to
determine where they lie on the spectra of enzymatic and oxidative
susceptibility and what design components can be incorporated to
shift those responses for tailored application.
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Figure 3. Oxidatively activated FRET degradation probe.
(A) Reaction schematic of H,O, -reactive CPP. FRET

quenching occurs when fluorophore moieties are in
proximity then ceases upon H202-induced cleavage of the

boronic acid linker, liberating the inhibitory polyanion (D-
Glug) from the CPP (D—Argg). (B) FRET disruption visualized

as the fluorescence shift from high wavelength (Cy5
acceptor, pink) to lower wavelength emission (fluorescein
donor, green) upon cleavage. (C) Detection of endogenous
H,O, levels in lipopolysaccharide (LPS) model of mouse
lungs scaled by emission ratio. Lungs of LPS-treated mice
demonstrated a ~2-fold increase in fluorescein/Cy5
emission ratio compared to a control with no ACPP, as well
as a control with D-penicillamine (LPS + DPA) added to
scavenge H,O,. Adapted with permission from ref. 55.
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Figure 4. Hybrid nanomaterial degradation approach to sensing hydrogen peroxide. (A) Schematic representation of
fluorescently engineered nanomaterial platform with PB-GFP affixed to AuNP-Gal for H,O, detection in situ, stimulated by

phorbol 12-myristate-13-acetate (PMA). (B) ROS-responsive reaction mechanism using bio-orthogonal boronate
functionality to trigger molecular disassembly and release of GFP for fluorescence monitoring. (C) Chemical modulation of
normalized fluorescent quenching using ratio of boronate moieties conjugated to GFP (represented as PB#-GFP to indicate
# of PB per protein molecule). Fluorescence of the control GFP in solution is independent of AuNP-Gal concentration added,
whereas PB-GFP fluorescence is quenched as a function of AUNP-Gal concentration and boronate functionalization. (D)
Tunable, sensitive fluorescence response of PB20-GFP as a function of H202 concentration. Reprinted from ref. 52 with

permission from John Wiley and Sons.
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Figure 5. ROS detection utilizing ratiometric signal amplification. (A) Schematic representation of PA nanoprobe synthesis.
PEGylated AuNRs are silica coated and bound to PDL and IR775c via electrostatic interactions. Following probe interaction
with ROS, the dye degrades while the stable AUNR does not change, thereby providing different PA signals (green to red).
(B) Upon exposure to ONOQ', the PA signal at 790 nm is reduced. (C) Upon exposure to ONOO, the PA spectra shows
differing responses for the dye peak (790 nm) and the AuNR peak (910 nm), enabling ratiometric detection. (D) Visualization
of successful stem cell viability tracking in vivo using ratiometric imaging. Higher values on the ratiometric heat map (green,
day 0) indicate living stem cell populations, while lower values indicate dying or dead populations (red, day 7). Adapted with
permission from ref. 68. Copyright 2019 American Chemical Society.
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Figure 6. Dual-responsive H202/Iow pH nanoparticle system. (A) lllustration of pH/ROS-sensitive nanoprobe components
for NIR imaging in inflammatory environments. (B,C) Detectible switching between the ‘ON’ and ‘OFF’ state as a function
of low pH and H,O, exposure is depicted in fluorescence microcopy images and emission spectra of the nanoprobes,
respectively. (D) Sensitivity of the nanoprobes quantified by fluorescence intensity as a function of pH and H,O,
concentration. (E,F) Combined triggers showing synergistic degradation contributions of inflammatory environments by the
percentage of nanoprobes in tact as function of time (quantified by DLS) and corresponding transmission electron
micrograph (TEM) representations of the nanoprobes after two hours at 37°C in each condition, respectively. Reprinted
from ref. 56 with permission from Elsevier.
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Figure 7. Dynamic fluorescence output enabled by supramolecular assembly system. (A) Schematic representation of
oxidation-induced supramolecular self assembly of BQA connected to a tetra peptide chain (GGFF). Upon reaction with
intracellular H,0, -1 stacking leads to nanofiber formation. (B) Fluorescence depends on CAC and hydrogelation

concentration of BQA-GGFF in water at pH 7.4. As demonstrated, concentration of BQA-GGFF as high as 10 mM
remained non-fluorescent without the addition of H,O,. Upon addition of 3 equivalents of H,O, (as indicated by +) the

fluorescence significantly increases. (C,D) Fluorescence images of various cells incubated with 500 uM of BQA-GGFF.
BQA-GGFF successfully distinguishes cancer cells (Top Panels: Hep G2, MCF-7, PANC-1,) from normal cells (Bottom
Panels: L-O2, MCF-10A and HUVEC). This is confirmed by decreased fluorescence in the presence of normal HelLA +
ROS inhibitor (N-acetyl-cysteine, NAC) and increased fluorescence in HUVEC cells in the presence of ROS inducer (4-
hydroxyphenylretinamide, HPR). Scale bar: 20 yM. Reproduced from Ref. 85 with permission from The Royal Society of
Chemistrv.
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Figure 8. Reversible colormetric sensor based on nanoparticle aggregation. (A) Schematic representation of oxidation-
induced nanoparticle interactions and resulting absorbance shifts mediated through cysteine/cystine transformations (B)
Characteristic time-dependent change in absorbance ratio of un-aggregated AuNPs (520 nm) to aggregated AuNPs

(650nm) as a result of the iodide (I') catalyzed oxidation of cysteine by H,O, (20 pM) over 30 minutes (C) Absorbance
shifts as a result of cysteine capped AuNPs treated with differing concentrations of H,O, (a-j corresponding to a range of
0-80 uM). I' concentration was fixed at 2 uM. Inset is a calibration curve derived from the absorbance of the aggregated
AuNPs and H,O, concentration, demonstrating aggregation inhibition as H,O, concentration increases. Analysis indicated
a detection limit of 2 yM H,O,, (D-G) TEM images of AUNP aggregates resulting from treatment with H,0, (D =bare AuNPs;

E=no Hzoz' F =16 uM of H202 +02uM I ; G=40puM H202+ 0.2 uM I'. Reprinted with permission from ref. 86. Copyright

2013 American Chemical Society.
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Figure 9. Genetically encoded fluorescent proteins as redox
probes. Left: Schematic of the three most commonly used
families of HyPer probes. Right: As illustrated, detection is
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Reprinted from ref. 91 with permission from Elsevier.
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Figure 10. NIRF AuNP probe utilizing functional screens of trypsin and uPA-targeted libraries and validated in vivo. (A)
Diagram of AuNP probes with unique peptide surface composition, selectively activated by the target protease. (B)
Schematic illustration demonstrating method for signal detection based on differing absorbance spectra of AUNP probe
components (top to bottom): bare AuNP (cyan curve), fully intact probe consisting of PEG and peptide labeled substrates
(green curve), and liberated peptide substrates post enzymatic engagement (purple and red curves). As indicated by the
differing purple and red signals, multiplexing is achieved through design of peptide linkers. (C-D) In vivo NIR imaging of
tumor model. (C) Confirmation that presence of AuNPs in fully intact probe does not decrease fluorogenic peptide signal.
(D) Activation of probes shown by a strong fluorescent signal in the presence of the target protease (250 U Trypsin), with
no nonspecific activation by other biological species, as demonstrated by lack of signal for both the bare AuNPs and probes
in the absence of trypsin. Reprinted with permission from ref. 166. Copyright 2010 American Chemical Society.
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Figure 11. PLGA/PEIl-based MMP-2 specific nanoparticle sensor with embedded rhodamine B for continuous monitoring
of particle location. (A) Structure of MMP-2 sensitive peptide probe with Cy5 (NIR fluorophore, pink) and BHQ-3 (dark
quencher, blue) installed as FRET moieties. (B) Graphic representation of MMP-2-PLGA-PEI nanoparticles reacting with
activated MMP-2. In the absence of MMP-2 rhodamine B allows for particle tracking to localized environments. Cell
excreting MMP-2 will cause the peptide linker to be cleaved and Cy5 to be released. (C) Confocal microscopy images of
fluorescence signal recovery as a function of MMP-2 expression in MCF-7 (MMP-2 negative) and HaCat (MMP-2 positive)
cell lines. After only 30 minutes of incubation, ~2-fold increase in Cy 5 fluorescence is observed and continues to increase
with time. (D) Selectivity for MMP-2 is demonstrated by fluorescent response to peptide cleavage by various recombinant
MMP types. Content reproduced from A. Lee et al., distributed under the Creative Commons Attribution License, copyright
2018, accessible at https://creativecommons.org/licenses/by/4.0/.
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Figure 12. Protease-responsive cancer imaging probe
and drug release platform. (A) Schematic representation
of MMP-2 cleavable peptide sequence (LGLAG) with
tethered DOX and PyTPE units. Cleavage of the peptide
sequence (a) results in a DOX-linked CPP able to rapidly
release DOX (b1) and diffuse into cells (c1), innately
producing fluorescence signal (d) and killing the cells (e).
On a slower timescale, the PyTPE-modified portion of the
peptide linker self-aggregates and produces yellow
fluorescence (b2, c2). (B-E) Cell lines with varying MMP-
2 expression levels visually demonstrate the fluorescent
response. (B = MCF-7 cells, high level MMP-2 expression;
C = Hela, high level MMP-2 expression; D = E-J cells, low
level MMP-2 expression; E= HLF cells, low level MMP-2
expression. (F) Average fluorescence intensity in red
circled region of interest for PyTPE fluorescence (495-575
nm, channel 1) and DOX (595- 675 nm, channel 2).
Adapted with permission from ref. 203. Copyright 2016
American Chemical Society. release DOX
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Figure 13. Single-step kinase sensing based on peptide-
coated AuNP aggregation. (A) Graphic depiction of two
particle populations, one coated in cysteine-bound Src-
kinase peptide substrate (Ac-lYGEFKKKC) and the other
with complementary antiphosphotyrosine antibodies. In the
presence of kinase and ATP the peptide is phosphorylated,
resulting in interparticle cross-linking. (B) UV-Vis spectra
and TEM of NPs incubated with enzyme compared to
controls. Particle aggregation causes a plasmon resonance
red shift and ~30% decrease in absorbance intensity after
6.5 hours as a result of precipitated clusters. Reprinted from
ref. 223 with permission from John Wiley and Sons.
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Figure 14. Dual-responsive AuNP theranostic platform
targeting  MMP-2 overexpression in tumor cells. fB-
cylcodextrin-coated AuNPs are conjugated to reactive
probes with adamantine (Ad) linkers via host-guest
interactions and quench fluorescence of bound fluorophores
(A). PEG chains with an MMP-2 cleavable linker are used
to release protoporphyrin IX (pplX), a photosensitizer, for
tumor tissue imaging in the inflammatory environment with
upregulated MMP-2 (B). The NPs and freed pplX are then
internalized (C) and irradiated to degrade TK and release
DOX on-demand (D), causing apoptosis of tumor cells (E).
Reproduced from ref. 80 with permission from The Royal
Society of Chemistry.
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Figure 15. Polymer-peptide amphiphile nanoparticles with
enzyme-directed morphological switches. Spherical
micelles were formed using block copolymers with peptide
brushes responsive to kinase degradation (PKA-
substrate, red) and proteolysis (MMP-substrate, blue)
incorporated onto the hydrophilic head. By changing the
relative ordering of substrates bound to the polymer
backbone, the corona and shell of the micelle are able to
be effectively functionalized by design. In both cases,
micelles treated with kinase and ATP are phosphorylated,
leading to large amorphous aggregates, which can then
be reverted back to defined micelles when
dephosphorylated by protein phosphate 1. When the
MMP-substrate is added second the micelles remain
intact upon exposure to MMP-2 and MMP-9. When the
micelle corona is made up of MMP-substrate, however,
proteolysis disrupts the micellar structure and leads to an
amorphous network of aggregates. Reprinted with
permission from ref. 204. Copyright 2011 American
Chemical Society.
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Figure 16. Specific enzyme detection via orthogonal
functionalization to  photoluminescent QDs. This
multicomponent solution-based assay is able to detect uPA
and Her2. Enzyme-specific detection was enabled using
amino acid recognition sequences selective to each
enzyme, orthogonal conjugation chemistry, QDs with
distinct emission spectra and inverse FRET behavior. The
uPA probe (blue, sequence SGRSAN) was biotinylated on
the N-terminus for coupling to streptavidin-labeled QD525
and C-terminally covalently attached to an AuNP using a
cysteine residue. When conjugated, the AuNP quenches
luminescence (A) allowing for disruption of FRET upon
hydrolytic  cleavage with uPA and detectible
photoluminescence (B). The Her2 responsive component
(purple, sequence DNEY*FYV, star  indicates
phosphorylated residue) includes an N-terminal His tag with
affinity for ZnS shell of QD655 and spacer glycine residues
to enable antibody accessibility. The QD is initially
luminescent (C), but is quenched when a dye-labeled
antibody is bound as an acceptor moiety (D). Reprinted with
permission from ref. 173. Copyright 2012 American
Chemical Society.



