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Abstract

The interactions between tumour cells, the tumour microenvironment (TME), and non-

tumour tissues are of interest to many cancer researchers. Micro-engineering approaches and
nanotechnologies are under extensive exploration for modelling these interactions and measuring
them J/n situ and in vivo to investigate therapeutic vulnerabilities in cancer and extend a systemic
view of tumour ecosystems. Herein, we highlight the greatest opportunities for improving the
understanding of tumour ecosystems using microfluidic devices, bioprinting, or organ-on-a-chip
approaches. We also discuss the potential of nanosensors that can transmit information from
within the TME or elsewhere in the body to address scientific and clinical questions about changes
in chemical gradients, enzymatic activities, metabolic- and immune profiles of the TME and
circulating analytes. This review aims to connect the cancer biology and engineering communities,
presenting biomedical technologies that may expand the methodologies of the former, while
inspiring the latter to develop approaches for interrogating cancer ecosystems.

TOC Blurb:

Tumour ecosystems encompass a multitute of variables, including enzymatic, metabolic, and
immune components within the tumour and across organs. This Review summarizes how
microengineering approaches and nanosensors have been used to establish multicomponent
tumour models and to assess tumour plasticity.
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Introduction

The tumour ecosystem comprises molecular and cellular interactions between tumour cells,
the tumour microenvironment (TME), and other organs or tissues.1=# Appreciating these
interactions is crucial for understanding tumourigenesis and tumour progression.3-% Tumour
cells survive and proliferate in extreme cellular environments, subject to conditions such

as hypoxia [G], acidosis, nutrient deficiency, and immunoediting [G].#%-8 Cellular and
molecular crosstalk in tumour ecosystems is linked to every stage of tumour growth,
invasion, and metastasis.® Therefore, understanding the spatial and temporal complexities of
signaling and metabolic pathways, secreted factors, extracellular matrix (ECM) components
and the immune compartment of the TME is crucial for determining the drivers of tumour
progression and for identifying potential therapeutic interventions. Although biochemical
and omics-based approaches have been conventionally used to study the tumour ecosystem,
improved measurement technologies and tumour ecosystem modeling through micro- and
nanoscale engineering can help deconvolute these studies. For example, tracking biomarker
and metabolic profiles dynamically /n situ, yields an extra level of spatial information

about the TME that can provide novel biological insights. Micro- and nanoscale engineering
utilizes innovative systems and designs at small dimensions to either recapitulate the TME
or provide spatiotemporal reporting of biochemical signals.

With this Review, we aim to connect the cancer biology and engineering communities,
stimulating closer collaboration among them for expanding current toolsets to address
open questions about cancer ecosystems. We first review available micro- and nanoscale
engineering approaches and discuss how they can be implemented to recapitulate
complex and dynamic molecular, cellular, and systemic components of the TME by
incorporating various chemical gradients, ECM-mimicking structures, signalling and
metabolic components, and cell types into models. Next, we discuss the development of
bioimaging and sensing probes that can help monitor molecular and cellular crosstalk and
detect biomarkers /n situand in vivo. Finally, we discuss roadblocks hindering the broad
use of engineered tools and opportunities for addressing outstanding questions on tumour
ecosystems.

Engineering approaches for cancer research

Developments in micro- and nanotechnologies and related engineering approaches have
advanced toward basic and translational research applications (Table 1). Microscale
technologies find wide applications in high-throughput screening and structural fabrication.
For example, microfluidic systems [G] have been developed for high-throughput single-
cell analysis to investigate potential therapeutic vulnerabilities.1? Tumour models with
self-assembled microvessels [G] have been used to recapitulate disease pathophysiology
in pharmacological testing.1! Multi-organ chips comprised of engineered tissues linked

by vascular flow enable the study of cytokine-mediated communication, circulating cells,
and exosomes, and to assess clinical pharmacokinetic and pharmacodynamic profiles of
drugs and toxicity biomarkers.12 Microscale bioprinting can incorporate perfusable blood
vessel networks into 3D tumour models to mimic in vivo cellular heterogeneity, cell-cell
interactions, and spatial tomography, to predict therapy responses.13 Nanoscale approaches
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leverage molecular interactions on nanometer-sized materials to generate precise responses
for an analyte of interest. Optical, magnetic, and radiolabelled nanoparticles are used as
sensing materials for cancer biomarkers and diagnosisl4, scavenging platforms to enrich and
isolate cancer-derived analytes for omics analysis,® and in vivo tumour imaging?6 (Table 2).
Several promising micro- and nanoengineered technologies are approved or under clinical
investigation to improve outcomes in cancer patients (Box 1).

While the translational potential of micro- and nano-engineering approaches has been
widely investigated, many existing, promising engineering technologies have not yet been
deployed in cancer research. Opportunities exist for the use of these technologies in
extending a systemic view of tumour ecosystems. Since bioengineered tumour models can
mimic TME features, they exhibit promise for studying metastasis and the mechanisms of
tumour growth, as well as drug toxicity and therapeutic efficacy. Nanoengineered sensing
materials and measurement techniques can be employed to temporally and quantitatively
monitor subtle changes in targets of interest in live cells and in vivo, enabling mechanistic
investigations of biological processes and leading to new drug targets.

Engineering of tumour models

All stages of cancer research, from mechanism and biomarker discovery to translational and
clinical research, require the development of preclinical models that approximate aspects
of tumour ecosystems. These range from conventional two-dimensional (2D) cell culture
systems to multicellular spheroids!’ [G], organoids [G], and mouse models (Figure 1).
Conventional 2D culture systems of cancer cell lines lack the geometrical and biological
complexity of the TME, and suffer from genetic drift [G] and bottleneck effects [G]

due to long-term maintenance 7 vitro.18 Moreover, spheroid or organoid cultures usually
lack microenvironmental components, and differences in research protocols can result in
heterogeneity.1® Encouraging steps are being taken to optimize and standardize 3D cell
culture conditions and introduce microenvironmental components.2%:21 Both 2D and 3D
culture systems are static, where the dynamic, flow-related biophysical, and physiological
conditions of the ecosystem cannot easily be reproduced. 3D bioprinted cancer models
incorporate perfusable vessels, different modular cell types with controlled organization,
and an ECM within the model, recapitulating tissue plasticity or stromal cell epigenetic
modifications induced by the tumours.22:23 However, the complex architectures of 3D
bioprinted cancer models require expensive equipment and highly trained interdisciplinary
teams.

Mouse tumour xenograft models [G] comprise the use of immunocompromised

mice transplanted with human patient-derived xenografts (PDXs) or cell-derived
xenografts(CDXs), genetically-engineered mouse models (GEMMSs), or environmentally-
induced tumour mouse models. PDX mouse models, where patient tumour cells are
transplanted into immunocompromised mice, either orthotopically or heterotopically, have
been used to model therapeutic drug responses in patients with high accuracy.24 However,
the absence of the immune component hampers their application for the development and
testing of immunotherapies.2> In GEMMs, the genomes of mice are altered such that one
or several genes involved in carcinogenesis or tumour progression are mutated, deleted, or
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overexpressed; subsequently, the effects of such genetic modifications on autochthonous
tumour development and responses to therapies can be investigated over time. GEMMs
involve immunocompetent mice that better reflect the TME than PDX models. However,

in GEMMs, a limited number of genes are typically modified, which is not reflective of

the mutational landscapes observed in human cancer cells. Recent developments in somatic
engineering of cancer genomes in vivo are rapidly reducing the cost and time required

for GEMM generation and enabling the development of more complex models.26 Finally,
carcinogen-induced tumour models, such as ultraviolet B (UVB)-induced skin cancer, offer
greater genome instability than GEMMS that better reflects tumourigenesis in humans, but
the models are rarely used due to genetic complexity, considerable variation in progression,
and the limited number of cancers that can be modeled.2” Murine models present a more
comprehensive TME picture than in vitro models. However, challenges remain in high cost
and time for model development, ethical concerns, and deconvolution of the TME networks.

Micro- and nano-engineering approaches to mimic the TME can augment the physiological
relevance and complexity of the currently available tumour models. They can facilitate
aspects such as spatially defined co-cultures, confined cell migration, systematically
controlled nutrient or hypoxia gradients, shear stress, and traction forces (Figure 2). Such
engineered models range from static culture systems with spatial features of controlled
geometry and mechanical properties such as electrospun nanofibers [G],28:2° nanoprinted
scaffolds [G],3931 to systems incorporating dynamic physiological features into both nano-
and micro-structure substrates32. Static engineered microenvironments such as microcontact
printed lines [G] allow for the decoupled study of factors that influence cancer cell
migration, including confinement size, substrate stiffness, ligand density, and the effect

of external gradients.33:34 These in vitro models provide a simplified approach to the

in vivo setting and enable the well-controlled modulation of the microenvironment to
investigate cell shape, protein activation, actin polymerization,35-38 and the effects of
chemical gradients on cell migration.3° Furthermore, tumour-on-a-chip (ToC) devices are
microfabricated cell cultures that combine the advantages of microfluidic technology and 3D
cell culture technology to mimic the complexity and characteristics of native organs.40-43
Microfluidic devices can reconstruct dynamic physiological characteristics in tissues, such
as fluidic flow, shear stress and tension, and nutrient delivery.#4-47 Spatiotemporal dynamics
of biological processes in the TME can be assessed by high-resolution real-time imaging

of nanoengineered ToC platforms. In ToC platforms, the tissue height is well-defined

and typically sub-millimeter in thickness, making quantitative investigation of key TME
parameters, including cell interactions, in live systems easiler compared to traditional 3D in
vitro models, like primary cancer organoids*. Below, we describe how engineered platforms
are used to recapitulate the pivotal structural and functional characteristics of the TME.

Oxygen and chemokine gradients

Hypoxia occurs within the TME due to abnormal blood vessel formation, impaired blood
flow and, therefore, decreased oxygen supply caused by rapid tumour growth. Such oxygen
level gradients can be reproduced within the microscale dimensions of ToCs. While
pericellular oxygen conditions are not possible to control in traditional hypoxia chambers,4°
oxygen gradients can be systematically modeled in various ways: by engineering physical
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barriers made of polymers that limit oxygen diffusion through them to generate oxygen
gradients®®; by incorporating tumour spheroids to naturally establish a hypoxic core®L; or by
placing the entire microfluidic chip inside a hypoxia chamber.>2 Other ToC models employ
flanking channels filled with oxygen-supplying and oxygen-scavenging medium (such as
sodium sulfite) to create a precise gradient across the tissue compartment,3 for example, to
reproduce tumour growth and migratory behavior in response to hypoxia inducible factor 1a
(HIF1a) expression as a result of the low oxygen levels (that is oxygen concentrations of less
than 5%).%4

Similarly to oxygen gradients, microfluidic approaches can be used to generate precisely
controlled levels of chemokines [G].55°6 Microfluidic chips have been used to study
immune and cancer cell interactions by using chemokine-guided migration assays to
investigate how macrophages induce cancer cell migration®”:58 and how pre-activated
natural killer (NK) cells migrate towards cancer cells.>® Gradient control in 3D scaffolds
has been employed to study endothelial sprouting in response to vascular endothelial growth
factor (VEGF) gradients,® to assess directed migration of cancer cells or sprouting of
spheroids,®0 to conduct chemotherapeutic screening of different anti-cancer drugs,®! and to
investigate chemokine-guided immune cell migration into the TME.56:62.63

The precise control of oxygen, nutrient, and chemokine gradients in microfluidic chips
facilitates the study of cancer cell behavior under hypoxia, nutrient deficiency, or other
chemical stimuli (e.g., drug resistance) (Fig. 2a—c).

Structural components of the TME

Cell migration is a crucial step in metastasis. Cancer cells migrate by moving through
pre-existing paths that are defined by anatomical structures,®46° or through paths that have
been newly-created, either via ECM remodeling,66:67 or through the previous migration of
cancer-associated stromal cells or ‘leader’ cells.®® However, TME heterogeneity and the
diversity of migration mechanisms of cancer cells complicate the effort to model cancer

cell migration under physiological conditions. Specifically, conventional 2D culture systems
and cell cultures with ECM gels cannot reproduce the complexity of the TME.S® To this
end, various assays presenting channel-like and fiber-like tracks of defined dimensions and
stiffness have been developed to study confined migration (Fig. 2d,9).

Engineering of 3D cell culture scaffolds allows for investigation of the effect of stiffness,
porosity, and ECM composition on the migratory behavior of immune cells into the tumour
site, of the viability of cancer cells, and of cancer cell growth. Various ECM stiffness can
be patterned in situ to mimic different characteristics of solid tumours. For instance, a UV-
crosslinkable gelatin methacryloyl hydrogel can generate a tailored ECM with stiffness and
porosity that resemble the properties of multiple cancer matrices.>® Moreover, microfluidic
hydrogel models have been used to evaluate correlations between immune cell cytotoxicity
and obstruction of migration.5%.70 Interstitial fluid flow and hydraulic resistance are tumour-
associated biophysical factors that promote tumour growth and macrophage migration in
the TME. ToC models can mimic these events by fluidic perfusion of the TME.®2.71 Such
ToC platforms can be imaged to quantify the speed and direction of immune or cancer

cell migration®2:72.73 and to uncover specific cell—-cell interactions between heterotypic cell
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populations!!, ToCs may not only incorporate multiple cell types into a 3D environment but
also integrate a vascular-like flow component.22.74-78 2D and 3D micro- and nanostructured
features such as arrays of nanopillars or quantum dot nanodiscs have been employed as
culture substrates to investigate physical forces between cancer cells and their environment,
which govern a number of functional processes such as cell adhesion, cell migration, cell
signalling, mechanotransduction [G] and ion channel regulation.”®:80 Cell traction forces
can be quantitatively assessed via traction force microscopy platforms that optically map
deformations on nano- or micro-patterned elastic substrates’9:81.82,

Studying cancer cell behaviour on micro- or nano-engineered surfaces offer a unique
capability to decipher the role of different structural elements of the TME in cell growth
and migration.

Cellular and tissue components of the TME

Tissue morphology can be recapitulated in 3D cell culture models using porous 3D
scaffolds, on which tumour cells can be co-cultured with fibroblasts. For instance, a lung-
on-a-chip model was constructed using a porous, nanofiber membrane made of polylactic
acid-glycolic acid (PLGA) via electrospinning. On this porous nanofiber membrane, which
resembled the alveolar respiratory membrane, human non-small cell lung cancer cells (A549
cells) were co-cultured with human fetal lung fibroblasts (HFL1) and human umbilical vein
endothelial cells (HUVECS) to investigate tumor invasion and resistance to the epidermal
growth factor receptor (EGFR)-targeting drug gefitinib [G].7 In this model, cancer cells
induced endothelial cell death prior to cancer cell invasion. Co-culture with HFL1 revealed
the drug resistance mechanism of A549 cells: Insulin growth factor 1 (IGF1) secretion

by the fibroblasts activated the PI3K/Akt pathway in A549 cells to promote resistance to
gefitinib.”® The particular architecture of this lung chip enabled the in vitro induction of
alveolar biochemical factors that contributed to tumor invasion and drug resistance.

Spatial orientation of cells and cell type composition can be tailored to mimic various
physiological conditions. For example, immune- and cancer cell compositions could be
controlled to mimic different types of tumour—immune cell interactions, ranging from
interactions found at early-stage tumours, in which only a few cytotoxic lymphocytes

are located in the periphery to fully infiltrated tumours.”* Moreover, the ratio of cancer
cells to fibroblasts, immune cells, and endothelial cells could be tuned in a microfluidic
chip to assess the antagonistic immunomodulatory effect of cancer-associated fibroblasts
(CAFs) via single-cell tracking and quantification of cell—cell interactions.”® Spatiotemporal
imaging of ToC platforms provides insights regarding tumour—immune cell interactions and
a platform for assessing cellular therapies and other anti-cancer drugs in real-time, which is
otherwise challenging to achieve (Fig. 2f).

Besides original cell co-culture models, organoids and spheroids can be integrated into
chips providing, for example, in vitro alternatives to conventional murine in vivo metastasis
assays.’”:"8 Spheroids-on-a-chip offer both the advantages of spheroid cultures (3D
arrangements, cell type, and genomic diversity) and ToC platforms.
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Multicellular and multitissue ToCs expand toolset for studying TME from the molecular to
the organ level. Precise spatial arrangement of different cells within those platforms (for
example, via robotic single-cell manipulation systems) can enable the formation of even
more physiologically realistic complex architectures that are now not feasible.

Vasculature and perfusion

Blood and lymphatic vasculatures are crucial components of the TME because they facilitate
delivery of oxygen, nutrients, and hormones that directly affect tumour behavior and growth,
and just as importantly, dictate response to therapies via the mechanisms of immunevasion
and subversion of T cell-mediated immunosurveillance.”-83 While conventional cell cultures
fail to mimic shear stress conditions resulting from interstitial fluid or blood flow,
microfluidic systems can be used to recapitulate their physiological and rheological
properties by integrating vasculature-like perfusion and channels (Fig. 2e). By incorporating
planar monolayers, vascular lumen [G], self-assembled microvessels, and/or endothelial
cells into their ToC models, several studies mimicked in vivo-like nutrient or drug delivery
to the surrounding tissue.8485 Additionally, integration of rheological features of perfusion
into in vitro tumour models can help mimic the continuous nutrient delivery and removal

of metabolic waste from the TME®8, the culture of cells under vascular intraluminal flow
can help model their migratory behavior inside the TME under interstitial flow%2, and the
integration of lymphatic and blood vasculatures into multiorgan chips to study off-target
toxicities and pharmacokinetics of drugs (Fig. 2h).87

High-resolution live-cell imaging in self-assembled microvessels revealed the dynamic roles
of inflamed neutrophils in promoting extravasation of cancer cells through the formation of
intraluminal clusters of neutrophils and cancer cells.1! Performing real-time imaging while
perfusing provides the opportunity to concomitantly test the perfused media and analyze the
kinetics of secreted factors like cytokines [G] and the state of circulating tumour cells with
temporal resolution.11

The heterogeneous tumour microenvironment can also be reconstructed by 3D bioprinting
using patient-derived cells, including glioblastoma cells, astrocytes, and microglia,13:78.88
For example, perfusable blood vessels were created using a sacrificial bioink [G] coated
with brain pericytes and endothelial cells.13 Glioblastoma cells in this 3D bioprinted
tumour model showed similar growth curves, drug responses, and genetic signatures as in
orthotopic transplantation models. Vascularization and perfusion in ToC models recapitulate
nutrient delivery and shear stress conditions in the TME. Construction of dimensional and
cellular hierarchies and reproduction of molecular and cellular heterogeneity in vascular
networks remain challenging.89 Development of new bioinks, and the combination of
bioprinting technologies with traditional nanolithography [G] tools will improve engineering
the complexity of vascular networks in ToCs.

To summarize, incorporation of diverse engineering approaches with micro- or nanoscale
resolution into tumour models enables recapitulation of complex tumour ecosystems at a
molecular, cellular, tissue, and systemic level. Such engineering approaches assist studies on
cancer cell invasion and dissemination and provide the opportunity to assess drug efficacy
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in vitro with improved clinical relevance. In the next section, we discuss nanoscale analytic
technologies to investigate tumour ecosystems in live cells and in vivo.

Probing tumour ecosystems

Hypoxia, acidosis, and nutrient deficiency make the TME a hostile environment for
cellular proliferation.*® The complex metabolic interplay and communication between
tumour cells, the TME, and distal organs orchestrate ever-evolving ecosystems for tumour
initiation, expansion, and metastasis. (Figure 2).°> The measurement of spatiotemporal
information as conferred by the levels of biomarkers and metabolites in tumour ecosystems
is important because the functions and interactions of tumour cells are highly time- and
location-dependent.1:2:99.91 Challenges remain in studying cancer metabolism, including
measurement of the metabolic crosstalk, both within the TME and systemically, and in
assessing responses to genetic or therapeutic interventions.® Compared to conventional
assays focusing on whole-tissue and terminal readouts, the development of nanosensors
(Figure 3) provides an opportunity to dynamically capture information and unveil
mechanistic details in vivo that might otherwise be missed in vitro and ex vivo studies.

Tumour hypoxia

Imbalances caused by hypoxia in aerobic and anaerobic respiration exacerbate oxidative
stress, which is characterized by the accumulation of reactive oxygen species (ROS)*8,
including hydrogen peroxide (H,05), nitric oxide (NO), hydroxyl and superoxide

radicals, and oxidatively modified macromolecules such as oxidized thiols, lipids, and
carbohydrates®2. Conventional methods to measure oxygen levels, like the use of
pimonidazole and EF5 (a 2-nitroimidazole-based molecule) staining,%3 require cell fixation
followed by immunostaining and, thus, preclude continuous measurements in cells or mice.
Direct measurement of oxygen levels using extraceullular flux technology (e.g. oxygen
consumption rate) can be adapted to certain model organisms (such as the C. Efegans or
the zebrafish models),%* but the extracellular assay-based analysis using culture medium
lacks precise spatiotemporal resolution in an organ or tissue level. Additionally, hypoxia
assays often utilize the reductive cleavage of small molecules under hypoxic conditions.
The irreversibility of these assays prevents dynamic monitoring of oxygen levels and may
provide misleading information if cleaved nanoprobes translocate to the normoxic region.
Several nanosensors technologies were developed to address these challenges (Fig. 2a).

Sensors based on single-walled carbon nanotubes (SWCNT) [G] can continuously measure
ROS in live cells and in vivo. SWCNTSs are photostable and fluoresce in the second near-
infrared (NIR) region (1000-1700 nm; NIR-II), where the scattering and absorption of light
through tissues and autofluorescence are minimal.%>=97 When in proximity to ROS, the
fluorescence intensity of SWCNT sensors is attenuated through a reversible Fermi level
shift in the electronic band structure of SWCNT, resulting in bleaching of the absorption
transition and concomitant fluorescence quenching® (Figure 3a, top). Wrapping SWCNTSs
with specific moieties can confer sensitivity towards specific ROS species. For example,
SWCNT wrapping with a single-stranded-DNA (ssDNA) with the sequence (GT);5 confers
sensitivity to H,05, singlet oxygen, or hydroxyl radicals.%® SWCNTs wrapped by an
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(AT)15 sSDNA or by dextran exhibit reversible fluorescence intensity reduction caused

by electron transfer from SWCNT to NO.100.101 S\WCNT-based ROS sensors can trace

a broad ROS concentration range (0.07-60 uM for NO and 0.15-0.9 mM for H,05).

These nanosensors were successfully used to monitor H,O,signalling downstream of EGFR
activation in epidermal carcinoma cells1%2 and singlet oxygen produced during enzymatic
suicide inactivation [G].103

In addition, dye-conjugated lanthanide nanoparticles have been developed for the detection
of ROS (Figure 3a, middle). The oxidation state of lanthanide-doped fluorophores

can be modulated by ROS, resulting in variations in fluorescence intensity and/or
fluorescence lifetime. For instance, nanoparticles covered with neodymium ions (Nd3*-
doped nanoparticles) that are non-covalently conjugated with the NIR dye MY-1057 exhibit
Férster resonance energy transfer (FRET) when in proximity to ONOO™.194 Peroxynitrite
degrades the FRET acceptor MY-1057, recovering the fluorescence lifetime and intensity
of the FRET donor Nd3*. Such nanosensors can be useful for deep tissue measurements,

as NIR emission lifetime is independent of the depth of tissue penetration. However, ROS-
induced oxidation of the NIR dye is irreversible, similar to conventional hypoxia assay. To
dynamically monitor ROS, nanosensors carrying reversibly ROS-reactive fluorophores may
be used.105

Finally, polymeric nanoparticles consisting of oxygen-sensitive platinum(ll) porphyrin and
the oxygenin-sensitive conjugated polymer polyfluorene were developed to reversibly image
hypoxic environments in vivo (Figure 3a, bottom).196 These nanosensors used ratiometric
intensity change to quantify oxygen levels. Specifically, the oxygen-insensitive fluorescence
peak was used as an internal reference. The presence of oxygen caused a decrease in

the phosphorescence at ~660nm due to energy transfer from the triplet excited state of
platinum(11) porphyrin and the triplet oxygen state. The intensity ratio between the peaks

at the fluorescence of polyfluorene moieties (420-460nm) and phosphorescence from
platinum(Il) porphyrin (630-680 nm) linearly correlated with the O, concentration, enabling
spatiotemporal mapping of resolved oxygen levels in live cells or in vivo.

Tumour hyperacidity

The extracellular pH in the TME can vary between 5.8-7.4. This pH variability depends

on tumour-intrinsic factors, like aerobic and anaerobic respiration, hypoxia, angiogenesis,
perfusion, CO, hydration, and proton excretion. Given their dynamic and transient
regulation, acidity gradients within intracellular compartments, such as lysosomes of tumour
cells, as well as within the TME are not fully understood. Conventional techniques used to
detect intracellular pH are unsuitable for temporal tracking of pH and in vivo use. Common
acidity probes, as, for example, fluorescent stains, exhibit a time-dependent alkalizing effect
on lysosomes1%7 and are susceptible to photobleaching upon prolonged excitation.

To directly assess the dysregulated pH in tumours, several optical nanosensors have

been developed (Fig. 2a), including tunable pH-sensitive amphiphilic polymers and
nanoparticles.108.109 polymers comprised of ionizable tertiary amine and poly(ethylene
oxide) segments can form pH-activatable micellar nanoparticles (Figure 3b, top). At high
pH, the neutralized amine segments self-assemble into micelles due to their increasing
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hydrophobicity, and micelle formation results in fluorescence quenching through FRET. At
lower pH, micelles disassemble due to protonation at the amines, and the fluorophores
brightly fluoresce. The pKa values of ammonium groups and the hydrophaobicity of

the amine segments can be adjusted to ensure transitions at different pH values. The

pH nanoprobe design showed fast (<5ms) and sensitive response (<0.25pH unit). The
systematic design of polymers enabled the dynamic range of the nanosensors to cover the
entire physiologic pH range (4—7.4) in the visible and NIR regions (400-820 nm). Such
nanosensors have been applied in studies with lung and clear cell renal carcinoma cell
lines. Nanosensor activation occurred inside the late endosomes and lysosomes and enabled
intracellular pH monitoring modulated by a V-ATPase inhibitor.108

FRET-based nanosensors composed of the ratiometric pH-sensitive dye ANNA
(N-carboxyhexyl derivative of 3-amino-1,2,4-triazole fused 1,8-naphthalimide) and
biocompatible metal oxide nanoparticles (Fe304) were constructed to spatiotemporally map
microenvironmental pH in vivo.110:111 For instance, ANNA was linked with nanoparticles
with a peptide substrate of matrix metalloprotease 9 (MMP-9), a frequently detected
protease in tumour ECM. FRET between ANNA and substrate-linked nanoparticles
quenches the fluorescence, however, MMP-9-mediated peptide—substrate cleavage activates
ANNA fluorescence allowing pH measurements specifically within the tumour ECM.
Imaging studies using such nanoparticles in a mouse model of human gastric cancer revealed
that the tumour extracellular pH is spatially heterogeneous, ranging from 6.6-7.6.111

pH-activatable fluorescent nanosensors were developed to monitor metabolic acidosis in
solid cancers and are under clinical trials for fluorescence-guided surgery.112-114 Sych
nanosensors have a sharp response at pH 6—7 and exploit pH differences between healthy
and diseased cells as a biomarker. For instance, pH-low insertion peptides (pHLIPs) exploit
the folding and insertion of pH-sensitive peptides across the cell membrane.114115 When a
pHLIP encounters acidic diseased tissue, the protonatable residues of the peptide become
neutral at the surface of the cellular membrane. The protonation leads to an increase in the
hydrophobicity of the peptide, triggering pHLIP to partition into the hydrophobic bilayer,
resulting in the formation of a stable transmembrane helix. pHLIPs can be conjugated

to dyes, such as Cy5 for fluorescence imaging!6 or the IR dye QC1 for optoacoustic
imaging®, and can be radiolabeled for PET imaging! to mark the periphery of the tumour
(Figure 3b, middle). While acidity-responsive imaging holds great potential for sensitive and
specific tumour imaging and reliable imaging-guided tumour resection, the narrow dynamic
range of pH-activatable fluorescent nanosensors may limit the degree of spatially mapping
the hyperacidity in the TME.

Lastly, plasmonic nanoparticles [G] functionalized with pH-sensitive reporter molecules
(such as 4-mercaptopyridine and 4-mercaptobenzoic acid) were designed for continuously
measuring local pH in live cells via surface-enhanced Raman spectroscopy [G]
(SERS).118-121 The Raman probes exhibited quantitative pH-dependent intensity changes in
SERS spectra by the protonation state of the reporter molecule. SERS-based pH nanosensors
do not photobleach, can be minimally invasive, and have flexible excitation wavelengths.

A nanopipette [G] functionalized with such plasmonic nanosensors can measure local
intracellular pH (Figure 3b, bottom).120 Raman hyperspectral imaging enables spatially
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resolved endolysosomal pH imaging in cells.118.119 porous silicon nanoneedle arrays have
been used to “nanoinject” pH-sensitive fluorescent dyes to spatially map pH distribution in
live OE33 esophageal adenocarcinoma cells.122

Tumour metabolism

Stromal, immune, and cancer cells constantly compete for limited nutrients in the TME,
and metabolic adaptation reorganizes the nutrient uptake and utilization to favor tumour
cell growth.123.124 While mRNA or protein expression can change at a time scale of hours
to days, the level and type of metabolites can change in the target tissue within minutes

or seconds.125 Therefore, robust approaches to investigate key metabolites in the TME in
real-time to find potential cancer vulnerabilities are needed (Fig. 2a—c).

Glucose metabolism—Tumour cells rely on glucose to grow and proliferate, and
activation of glycolytic pathways in tumour cells causes a shift in the metabolic profile

of the TME.*123 Additionally, T cells primarily use glucose to sustain their immune
surveillance functions in the TME.# Leveraging advancements in glucose detection for
other diseases, like diabetes, have led to clinical studies monitoring hyperglycemia during
chemotherapy (NCT04473378).126 Glucose oxidase-functionalized nanopipettes have been
developed to extend these investigations to the single cell level (Figure 3c, top).127 The
nanopipettes detect the oxidation of p-D-glucose to D-gluconolactone and H,05, measured
as a change in electrical impedance. The electrochemical nanoprobe can capture the
spatiotemporally resolved glucose levels in cancer cells. Alternatively, a hollow fiber
sensor capable of liquid exchange can monitor glucose consumption rate in real-time. 128
Nanopipettes have also been employed as a nanobiopsy platform to sample a small amount
of liquid in live cells. Nanopipettes can be inserted into a single cell and collect cytoplasmic
materials for post-biopsy analyses for single-cell and spatial genomics, transcriptomics,
proteomics, and metabolomics. 129130

Tumour cells under hypoxic conditions preferably replenish ATP using glycolysis and
secrete lactate, leading to an increase in concentrations of lactate in the TME by up to ten
times as compared to healthy tissue regions.131 Hence, rapid lactate production and secretion
by cancer cells is a hallmark characteristic of the TME. Secreted lactate can be utilized
non-cell autonomously as an alternative energy source by oxygenated tumour cells!32, or it
can disrupt the differentiation of immune cells leading to disabled functions of T- and NK
cells. This phenomenon enables cancer cells to evade immunosurveillance.133

Commercially available lactate assays are incompatible with continuous monitoring of
lactate in live cells and in vivo due to their irreversible detection mechanisms relying on
coupled reactions with multiple enzymatic, fluorescent or bioluminescent substrates.134 To
address this challenge, novel optical and electrochemical nanobiosensors that detect secreted
lactate were developed.135.136 The selectivity of the nanosensors was achieved by covalent
immobilization of lactate dehydrogenase (LDH). LDH catalyzes the conversion of lactate
into pyruvate while reducing the cofactor NAD* to NADH. LDH-immobilized optical
nanosensors have been employed to measure local lactate levels in live cells by detecting the
fluorescence of the enzymatic product, NADH (excitation at 360nm, emission at 460nm).13
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As the concentration of the generated NADH is proportional to the levels of lactate, a
change in NADH fluorescence intensity can reflect changes in concentrations of lactate.
LDH-immobilized nanosensors have been used to quantify the extracellular lactate levels in
HeLa cells, in MCF7 breast cancer cells, and in human fetal osteoblasts, indicating that via
the Warburg effect, cancer cells produce higher lactate levels than normal cells (0.3-0.6mM
vs. 0.2mM).135 Additionally, LDH and gold nanoparticle-embedded electrodes have been
developed for the electrochemical detection of lactate. Gold nanoparticles on the electrode
catalyze the oxidation of NADH to generate current through an electrocatalytic reaction,
which is proportional to NADH and lactate concentrations. Electrochemical sensing with
nanowire electrodes enables fast response times and high sensitivity. However, this sensor
technology has not yet been employed to measure lactate levels in the TME.136

Amino acid metabolism—Amino acid concentrations can differ from the tumour
periphery to the tumour core, and tumour cells compete with T cells for amino acid

uptake.? While both tumour cells and T cells heavily rely on glutamine catabolism, tumor
cells can use local cystines to reduce glutamine dependency, and T cells can harness
arginines to activate T-cell function and differentiation. Such metabolic adaptation for amino
acids can be therapeutically targeted. Thus, there is a need to understand the dynamics

and availability of amino acids across the TME. Currently, complete nutrient analysis is
performed by mass spectrometry (MS)-based metabolomics of cells, which can only offer
an endpoint analysis. Few amino acid nanosensors have been developed due to challenges

in differentiating structurally similar small molecules. Nitrogen and sulfur-doped fluorescent
carbon dots were developed for dual-sensing of ferric ions and L-cystine (L-Cys) in live
Hep G2 cells and in vivo. The carbon dots formed a complex with ferric ions, quenching
their red fluorescence (centered at ~600 nm). The addition of L-Cys recovered the carbon
dot fluorescence by forming stronger complexation between L-Cys and ferric ions. In
addition, covalent functionalization of the nanopipette tip with the DNAzyme [G] selectively
recognizes L-histidine (L-His), enabling electrochemical sensing of cytosolic amino acids in
live cells137. Self-cleavage of the DNAzyme by L-His changes the electrical current of the
nanopipette. The nanopipette measured intracellular L-His by targeting specific subcellular
regions of individual cells and time-dependent quantification of L-His under carnosine and
hydrocortisone treatments. Further investigations on application of these sensors to tumour
cells and in vivo tumour models are warranted.

Lipid metabolism—Lipid metabolism is substantially altered in cancer cells. Increased
de novo lipogenesis and/or uptake of lipids contribute to rapid tumour growth,138.139
Furthermore, increasing evidence shows that cancer stem cells, which have been implicated
in therapy resistance and cancer recurrence, rely on lipid metabolism to maintain their
stemness and proliferative capacity.240 Lipid accumulation within the endolysosomal
lumen is also closely related to nonalcoholic steatohepatitis, 14! a strong risk factor for

liver cancer.142 Conventionally, stains such as oil red O are used to detect the general
accumulation of lipids within cells and tissues.143 A number of nanosensors have been
developed to study lipid metabolism in cells and 7 vivo. Fluorophore-conjugated and
intrinsically fluorescent lipid analogues are used to analyze lipid trafficking, as demonstrated
by the tracking of uptake and incorporation of lipids into the cell membrane in A172
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glioblastoma cells.}** Lipid dynamics in live cells can be tracked using fluorescent proteins
fused with lipid-binding domains14° or polarity-sensitive dye-conjugated phospholipid-
binding motif of gelsolin (or its short peptide)46. SWCNT-based nanosensors that localize
specifically to the endolysosomal lumen and report lipid contents in live cells were
developed.107:147 The hydrophobic interactions between ss(GT)g-wrapped or ssCT,C3T,C-
wrapped SWCNT surface and biological lipids decrease the local solvent dielectric,

leading to a solvatochromic shift [G] in SWCNT fluorescence. The nanosensors enabled
the mapping of heterogeneity in lipid levels across lysosomal compartments in bone-
marrow-derived monocytes%” and measured the dynamics of lysosomal lipid flux in liver
macrophages non-invasively in vivo via near-infrared imaging.14

Oncometabolites—Oncometabolites are a class of unique metabolites specifically present
in tumours.148:149 They can be found in tumour cells within the TME, accumulating

in abnormal concentrations'®0 as a result of mutations in genes encoding metabolic
enzymes. Sensors based on fluorescent indicator proteins were developed for real-time
monitoring of metabolite levels and have successfully screened several small molecules

in subcompartments in living cells.151:152 These nanosensors typically consist of a ligand-
sensing domain, allosterically coupled to a pair of fluorescent protein variants capable

of FRET. Metabolite binding induces conformational changes that alter the nanosensor
FRET efficiencies, allowing for estimation of metabolite levels with micromolar affinity.
Alternatively, synthetic molecular recognition [G] can be used to replace the protein
moieties of metabolite-specific nanosensors.1®3 In synthetic molecular recognition-based
nanosensors, sensing relies on physisorption and/or close interactions between polymer-
wrapped SWCNTSs (sensing agent) and target analytes, although no molecularly specific
binding site is present in the SWCNT (Figure 3c, bottom). For example, an SWCNT-
based optical nanosensor was developed for detecting D-2-hydroxyglutarate (D2HG), an
oncometabolite in cancer cells with mutated isocitrate dehydrogenase.1>* Screening of

a library of ssDNA-wrapped SWCNTs identified an ssSDNA sequence of (ATTT)y that
modulates SWCNT fluorescence intensity within pathological levels of D2HG found

in gliomas, acute myeloid leukemia, and breast cancer.1% The fluorescence response

of (ATTT)7-wrapped SWCNT could discriminate D2HG from other related metabolites,
including its enantiomer. Such SWCNT nanosensor could be used to detect oncometabolites
with subcellular spatial and high temporal resolution, though the compatibility of the
nanosensor in cellular environments has not been optimized yet.156

In addition to measuring specific metabolites at the TME using nanosensors, metabolic
insights can be gained through the monitoring of cellular processes that are triggered
under nutrient deprivation. Tumor cells activate autophagic pathways both intrinsically
and in surrounding stromal cells, including CAFs, to recycle cellular components and
thereby sustain their survival and metabolic needs.15” However, prolonged activation of
the autophagic pathways can induce autophagy-associated cell death.1%® Hence, autophagy
sensors for high spatiotemporal resolution at TME could facilitate the understanding of
autophagy in cancers (Fig. 2b). As lysosomes are hyperacidified in cells undergoing
autophagy, pH nanosensors can be used to map autophagy flux in live cells.119:159
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Plasmonic nanosensors were developed to track autophagy process via real-time detection
of intracellular ROS in the breast cancer cell line MCF7.160 As some of the pH and

ROS nanosensors described in the previous section have already been applied in xenograft
models, 110111 they can be potentially engineered to specifically traffic into the lysosomes
for measuring autophagy.

Immunoediting and inflammation

During cancer immunoediting, the immune system constrains the expansion of
immunogenic cancer cell clones, leading to the selection and escape of less immunogenic
clones. Cancer cell clones that escape immune surveillance are believed to contribute to
tumour progression and advancement.” Thus, monitoring immune responses can help
elucidate the relationship between tumour cells and the immune system and facilitate the
development of strategies to immunologically target tumours or overcome immunotherapy
resistance.*>8.74 Immunoassays and flow cytometry are widely used to investigate immune
responses in the TME. However, these techniques are incompatible with longitudinal
tracking of changes in the TME due to their inherent nature as endpoint experiments.
Therefore, obtaining spatial resolution to investigate questions pertaining to T cell response
in the TME still presents major challenges.125 Sensor technologies that can detect immune
cells, immunocytokines, and ROS were developed (Fig. 2f,9).

Multiple nanoscale imaging agents can monitor the expression of immune checkpoint
receptors [G], including programmed cell death 1 (PD-1), programmed cell death ligand
1 (PD-L1), cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), and lymphocyte
activation gene 3 (LAG-3), and detect immune cells in the TME using positron emission
tomography (PET), computed tomography (CT), and magnetic resonance imaging (MRI)
as reviewed elsewhere61 (Figure 3d, left). Such agents are often constructed through the
conjugation of radiolabels or paramagnetic nanoparticles to ligands that specifically bind
to immune checkpoint biomarkers and enable high-resolution spatial imaging of these
biomarkers within the TME.

Electrochemical aptamer-based biosensors enable real-time molecular measurements in vivo
for pharmacodynamic studies'62:163 and biomarker monitoring in non-cancer disease models
(Figure 3d, right).164 These sensors employ electrochemistry to interrogate a binding-
induced conformational change in an electrode-bound, redox reporter-modified aptamer.

The recognition of small-molecule targets by receptors induces conformational changes,
affecting the rate of electron transfer and thus changing the intensity of the electrochemical
signal. This sensor platform can be applied to cancer-specific pharmacodynamic studies

by incorporating aptamers specific to immune checkpoint receptors, such as PD-L1, and
immune cell receptors, such as CD16165,

Lastly, ROS can be used as a marker for inflammation. During the innate immune response,
phagocytes, like neutrophils and macrophages, spontaneously increase ROS production
to clear damaged cells via oxidative stress.*® During adaptive immune responses, T-cell
receptor activation triggers the generation of ROS inside T cells to support T-cell activation
and cytokine secretion8. Polymeric nanoparticles with superoxide anion (O,"")-activatable
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chemiluminescence reporters have been exploited for in vivo imaging of T-cell activation in
the TME.166

Proteolytic activity

Extracellular proteases—The proteolytic activity of the TME has been heavily explored
and has been therapeutically targeted in various cancers.187:168 Hundreds of TME-associated
proteases have been implicated in cancer cell proliferation, invasion and metastasis, and

in angiogenesis.1%9 For example, cathepsin B, a tumour-enriched protease, has optimal
enzymatic activities in an acidic environment and is known to remodel ECM.170 Protease-
responsive optical sensors were developed!10:171-174 tg spatially map the TME proteolytic
landscape (Fig. 2e). As also mentioned under the subsection on tumour hyperacidity, a
FRET-based nanosensor was developed to simultaneously detect protease activity and pH

in the TME. The nanosensor was constructed by linking a Fe304 nanoparticle with a
pH-sensitive dye (ANNA) and the NIR dye Cy 5.5 via an enzymatically cleavable peptide
linker (Figure 3e).110 Upon reaching the tumour, the peptide linker connecting ANNA

to the nanoparticle is cleaved by MMP-9, and this cleavage results in the activation of

the pH-sensing fluorophore. MMP-9 activity was quantified by comparing the activated
emission of ANNA against the constant fluorescence of Cy5.5. Imaging studies using a
mouse model of human colon cancer revealed that the overexpression of MMP-9 and
abnormal microenvironmental pH are spatially heterogeneous and synergistically promote
tumour invasion.110

Intracellular proteases and cell death—Intracellular protease activities are associated
with different types of programmed cell death. For instance, caspase-3 activation is a
hallmark of apoptosis.1’> As many cancers develop anti-apoptotic mechanisms to evade

cell death, a variety of nanosensors were devised to monitor the induction of apoptosis

in live cells. Graphene oxide- and gold nanoparticle-based nanosensors were developed

for real-time, live cell imaging of apoptosis markers via surface functionalization with
Cy5-labelled cytochrome ¢ aptamers and fluorescein-labeled caspase-3 recognition peptides
(Fig. 2¢).176.177 The Cy5 and fluorescein signals are quantitatively turned on based on the
activities of cytochrome ¢ and caspase-3, respectively.

Nanosensors for in vivo application—The development of reversible, robust, and
biocompatible biosensors enable dynamic monitoring of biological processes/analytes in the
TME, facilitating in vivo cancer studies. Current methods, for example, for determining the
levels and types of lymphocytes and cytokines in whole blood and tumour tissue biopsies,
are often invasive and ineffective in reflecting the dynamic processes occurring in tumour
ecosystems. Nanoreporters have the potential to longitudinally and non-invasively assess
biological processes, as well as detect key analytes in vivo. Several nanoengineered sensing
materials and measurement techniques discussed in previous sections (Table 1) have the
potential to detect analytes in live animals, but only a few biosensors have demonstrated
efficacy in preclinical animal studies or have been approved for implantation in humans.

Targeted delivery and uptake of nanosensors remain largely unexplored in in vivo cancer
models. Effective delivery strategies to control biodistribution will facilitate the in vivo
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application of such sensors. Injecting nanoparticles directly into the tumour can sometimes
cause physical disruption. Therefore, less invasive TME targeting approaches should be
investigated. Nanoparticles can “passively” accumulate within the TME in mouse tumour
models via the enhanced permeability and retention [G] (EPR) effect (although this
mechanism is a subject of some debatel78). Surface coating of sensors with antifouling
and/or stabilizing agents may be necessary. Selective accumulation and retention of
nanosensors within the TME may be modulated as a function of the physicochemical
properties of nanoparticles, such as size, shape, and surface chemistry.17® Localization of
nanosensors to specific TME compartments can be achieved via surface functionalization
with ligands that bind specific ECM components or cell surface targets. For instance,
encapsulation of nanosensors with peptides that bind a cell surface receptor facilitates the
targeting of a nanosensor to angiogenic vasculature within solid tumours.180

Biocompatibility concerns may arise from phototoxicity in long-term and/or deep-tissue
imaging. Sensor mechanisms may involve transmission via radionuclides, magnetic
resonance, optical, or other mechanisms. Optical sensors that can be excited and fluoresce at
the NIR region, such as SWCNTSs, can improve upon the use of visible wavelengths. Visible
light overlaps with strong tissue scattering, absorption, and autofluorescence, preventing
deep tissue imaging and causing phototoxic damage to cells in the tissue. The development
of highly phosphorescent or fluorescent nanosensors in the NIR-1 (650-1000 nm) or NIR-

I1 windows (1000-1700 nm) can reduce photocytotoxicity and improve light penetration
substantially.

Finally, incorporating nanosensors into implantable or wearable devices could facilitate
long-term monitoring and improve their translational potential. Nanosensors can be
encapsulated into microfibrous textiles to fabricate wearable optical textiles to monitor

local oxidative stress81 or be incorporated into semi-permeable implantable membranes or
nanoneedle arrays to monitor TME biomarkers.122.182.183 gy ch platforms can be extended
as diagnostics and prognostic tools to detect abnormal conditions earlier. Nanosensors and
biosensors may enable minimally invasive, real-time, in vivo imaging without missing
important biological information. Moreover, they could facilitate longitudinal tracking of
tumours, uncovering spatially-resolved tumour heterogeneity in vivo, or measuring temporal
responses to therapeutic treatment, and other metrics.

Outstanding Questions, Challenges, and Opportunities

A fundamental understanding of the complex interactions within cancer ecosystems is
essential to establish a systems view of cancer biology, find new therapeutic vulnerabilities,
enable early diagnoses, and improve clinical outcomes. To address complex problems in
cancer biology, new approaches are warranted that combine the expertise of engineers,
biologists, and clinicians. Engineering-based interdisciplinary research tools hold promise in
overcoming limitations associated with conventional tumour models, assays, and research
designs by better reflecting and monitoring heterogeneity in tumour ecosystems. In a
systemic or cellular perspective, advanced tumour models can control intercellular densities,
structure, nutrient gradients, oxygen gradients, chemokine gradients, and physical forces,
and introduce multiple cell types and perfused vasculature. In a cellular or molecular
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perspective, optical, radio-emitting, and electrical nanoscale technologies have been
developed to monitor biomarkers in tumour cells and in vivo. Engineering approaches,

thus, offer increasingly powerful capabilities, including the modeling and monitoring of the
TME-associated signaling pathways and the detection of biomarkers with spatiotemporal
resolution. However, many promising nanosensor technologies have not yet been deployed
in cancer research. Thus, there is potential for the synergistic application of these
technologies in tumour models. Additionally, combining genetic engineering or synthetic
biology approaches with nanotechnologies can help expand the tools available to understand
the /in vivo dynamics of protein expression and/or genetic alterations (Box 2).

For many important problems and questions in cancer biology, new technologies may

be required to adequately address them. Foremost, there is an unmet need for improved
cancer models that recapitulate in vivo 3D environments. Many models exist, but most
have not been validated rigorously in prospective co-clinical trials. Specifically, there is a
need for models that better capture the plasticity of cancer systems, especially integrating
multiple tissue types and tumour sites, including primary tumours, sentinel lymph nodes
[G], and metastatic sites. Also, models that can be maintained for longer time points to
better model evolutionary dynamics of tumours as they progress, and respond to various
stresses, are needed. Models that connect various engineered tissue types such as kidney,
gut, liver, and tumour in specific tissues could be valuable for drug pharmacokinetics and
pharmacodynamics studies. Technologies that report how RNA, protein, and/or metabolite
levels change within or around cells in vivo in response to various stimuli and over time
would be valuable. In addition, extractable or ex vivo trackable nanosensors that can report
on tissue-specific interstitial fluid metabolite concentrations in vivo would address unmet
needs in cancer metabolism. Currently, in vivo detection of specific cytokines, metabolites,
or other chemicals that are in contact with cells, and of their changes over time, in response
to various stimuli, remain elusive.

Apart from their use as tools in basic research or drug discovery, an increasing humber of
investigations have demonstrated the translational potential of micro- and nanotechnologies
for disease detection, risk assessment, progress monitoring, prediction of responses to
therapy, and personalized treatment (Table 2). Micro- and nanoengineered tumour models
mimicking dynamic and complex physiological characteristics of the TME can be used

for high-throughput screening assays to identify personalized treatment options or robust
and reproducible prediction of clinical response. For example, a microfluidic preclinical
platform was developed for multiplexed cancer drug testing in slice cultures from human
glioma xenografts and patient tumor biopsies.1®* In another study, microfluidic-based cell
invasion assays were used for the patient-specific prediction of progression-free survival and
recurrence time in patients with glioblastoma.185

Nanosensor technologies provide insights into efficacy, resistance, and toxicity for
therapeutic interventions. Rather than relying on survival studies and histology-based
methods, longitudinal and non-invasive monitoring with nanosensors can be a substitute
for large in vivo studies and decrease the delay to obtain readouts for preclinical and
clinical endpoints in drug development research for the optimization of targeted therapies.
These technologies can be useful to study and optimize in vivo pharmacodynamics,
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pharmacokinetics, intratumoural penetration, and cargo delivery mechanisms that can be
significantly different from those observed in experiments performed in vitro.

Finally, the development of nanotechnology tools that enrich and isolate cancer-derived
bioanalytes from patient biofluids would enable the development of noninvasive tests for
cancer screening, diagnosis, or monitoring8 and facilitate multi-omics-based biomarker
discovery, the investigation of molecular mechanisms, and the design of personalized
therapies.1®

Many outstanding questions and problems remain unaddressed to improve clinical
outcomes, presenting translational opportunities for (hano)engineers. For instance, within
the field of precision prevention, increasing evidence suggests that normal epithelia harbour
mutated cells that may eventually turn malignant. The development of new detection
technologies that continuously monitor biomarkers, or simple liquid biopsy screening
methods183.188 notentially enables low-volume and/or early-stage cancer detection. These
methods could be deployed in high-risk individuals with cancer predisposition genetic
syndromes (such as familial adenomatous polyposis) or chronic inflammatory diseases
(such as inflammatory bowel disease). In cancer treatment, highly sensitive and specific
imaging technologies that can identify single or small clusters of malignant cells116.187.188
could be developed to improve the identification of residual cancer cells intraoperatively
while minimizing the need to remove large amounts of normal tissue to achieve good
resection margins. Bioengineering approaches and nanomaterials that can be administered
systemically and retrieved later to longitudinally collect biological material, such as nucleic
acids, protein, metabolites, or even cells from tumours, would help monitor drug delivery
and efficacy. Tissue embeddable and retrievable, or circulating, sensors of drug uptake,
metabolism, and perhaps also activity, would be beneficial.
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A subnormal concentration of oxygen. In cancer tissue, hypoxia is often the result of
abnormal vasculature

Immunoediting

Describes the complex relationship between a developing tumour under constant pressure
from the host immune system. Cancer immunoediting consists of three phases: elimination
(that is, cancer immunosurveillance), equilibrium and escape. The immune system not
only protects the host against development of primary cancers but also sculpts tumour
immunogenicity

Multicellular spheroids

Multicellular spheroids are either self-assembling or are forced to grow as 3D spherical cell

clusters. They can be established from a single cell type or can be multicellular mixtures of

tumour, stromal, and immune cells. These aggregates can mimic tumour cell behavior more
effectively because they harbor a gradient of cells that are surface-exposed and cells that are
deeply buried thereby also estabishing a gradient of nutrient and oxygen availability

Organoids

Organoids are tissue-like 3D cultures originating from human stem cells, organ-specific
progenitor cells, or dissociated tumour tissues, grown in a reconstituted extracellular
matrix. Organoids mimic primary tissues by retaining some aspects of tissue architecture
and function. Tumour-derived organoids retain the diversity and fidelity of mutational
landscapes, and, when transplanted into mice, reconstitute many of the histopathological
features of their tumours of origin

Genetic drift
Changes in the frequency of a genetic variant in a population owing to chance alone

Bottleneck effects

A population bottleneck is an event that drastically reduces the size of a population.
Bottlenecks produce a decrease in the gene pool of the population because many alleles, or
gene variants, that were present in the original population are lost. Due to the loss of genetic
variation, the new population can become genetically distinct from the original population

Mouse tumour xenograft models

Hetero-transplantation of human tumour cells into immunodeficient mice, in either the
orthotopic (same organ) site or ectopic (foreign) site. Mice are typically athymic nu/nu
T cell deficient or severe combined immunodeficient (SCID), lacking B cell and T cell
functions

Electrospun nanofibers

Fibers with diameters in the nanometer range created using electrospinning. Electrospining
relies on the electrostatic repulsion between surface charges to continiously draw nanofibers
from a viscoelastic fluid

Nanoprinted scaffolds

Nat Rev Cancer. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 20

3D-scaffolds with nanometer scale features that mimic interstitial tissue or extracellular
matrix. They are used either as cell migration or tumor formation platforms

Microfluidic systems

These small “‘plumbing’ systems deal with the accurate control and manipulation of fluids
that are confined to micron-sized environments. This enables the supply of nutrients, oxygen
and the flow of media to be precisely controlled

Microcontact printing

Microcontact printing is a method of transferring patterns of various materials

such as polymers, proteins, nanoparticles, etc., onto another surface. Typically a
polydimethylsiloxane (PDMS) stamp is dipped in a solution of a material that has to be
patterned and is brought into contact with the surface

Chemokines

A family of inducible chemoattractant cytokines that regulate the chemotaxis of tumour cells
and other cell types. Chemokines also affect processes such as proliferation, migration and
invasion

M echanotransduction
Mechanisms by which cells convert mechanical stimulus into biochemical signals

Gefitinib
The first quinazoline-based reversible small-molecule EGFR tyrosine kinase inhibitor

Sacrificial bioink

A biomaterial used as ink in 3D printing of biomimetic structures, that has gentle and
reversible crosslinking properties and can be easily removed (or “sacrificed”) without
harming the involved cells and structures

Nanolithography
Set of top-down fabrication techniques that allow patterning materials and building devices
with nanoscale resolution

Vascular lumen
The inside space of a vessel, composed of a cord of endothelial cells

Self-assembled microvessels
Spontaneously created in vitro vascular networks driven by inherent cellular interactions
between endothelial cells and stromal cells to undergo morphogenesis

Cytokines
Small, secreted proteins produced by immune cells that are used in cellular communication

Single-walled carbon nanotubes
sp2-hybridized carbon-based hollow cylindrical nanostructures that exhibit unique electronic
and optical properties for intracellular and in vivo imaging and sensing
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Enzymatic suicide inactivation
Irreversible or permanent inhibition of an enzymatic activity
Plasmonic nanoparticles
Metallic nanoparticles whose electron density can couple with certain wavelengths of light.
Plasmonic nanoparticles exhibit interesting scattering, absorbance, and coupling properties
based on their structures, geometries, and relative positions
Surface-enhanced Raman spectroscopy
Highly sensitive technique that enhances the Raman scattering of molecules supported by
nanostructured materials
Nanopipette
A nanoscale pipette that locally collects analytes for mass spectrometry, electrochemical,
and optical analysis
Synthetic molecular recognition
Recognition of target analytes conferred by synthetic polymers that create a selective
molecular recognition site on a nanoparticle for the molecule of interest, leading to sensitive
and selective optical response
Dnazyme
Single-stranded DNA oligonucleotides with high catalytic activities toward specific
substrates
Solvatochromic shift
Phenomenon in which emission wavelength of a fluorophore changes in response to the
dielectric constant of its environment
Immune checkpoint receptors
Cell-surface molecules that are expressed by T cells and the normal function of which is
to maintain self-tolerance and regulate the magnitude and duration of immune responses.
Checkpoint receptors, including PD1 and TIM3, can be co-opted by tumours to inhibit
antitumour immune responses
Enhanced per meability and retention effect
Compared to healthy tissues, some tumors exhibit increased permeability and renteion
for large moelcular weight molecules primarily due to structural abnormality of tumor
vasculature
Sentinel lymph node
The first lymph node that connects to a primary tumor site, also it is likely the first lymph
node where cancer cells spread
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Box 1 |
Engineering technologies in clinical translation.

Multiple classes of micro- and nanotechnologies have reached the clinic. Drug screening
platforms using micro- or nanoengineered technologies are in clinical use. Patient-
derived tumour slices on microfluidic devices have been developed for multiplexed

drug testing in glioblastoma and metastatic colorectal cancer.184 Cell-based microfluidic
assays have been tested for combinatorial drug screening using a single-cell suspension
created from pancreatic tumour biopsies.1®1 Such microfluidic platforms have enabled
rapid screening of drugs and dose optimization, requiring smaller amounts of patient
samples and drugs than conventional well plate-based assays.2%2 To personalize treatment
options in the clinic, patient-derived organoids-on-a-chip have been tested to screen
drugs via microfluidic chip-based assay, compare the results of patient’s medication
regimen, and assess response to guide colorectal cancer treatment (NCT04996355).203
Bioprinted 3D tumor models have demonstrated the potential to assist in the development
of personalized anticancer therapies, including preclinical drug screening and the
prediction of patient treatment response.13:23 Patient-derived colorectal cancer tissues
have been employed to establish a 3D bioprinted model and to predict clinical efficacy of
chemotherapeutic drugs (NCT04755907).204

A handful of nanoscale contrast agents have progressed to clinical trials as key
breakthroughs for diagnostics and in vivo imaging. The near-infrared fluorophore-
labeled pH-responsive peptide enables high contrast, resolution, and sensitivity imaging
of tumors /n vivo and has demonstrated great potential for imaging-guided tumour
resection in breast cancer (NCT05130801).29° A recently reported human trial on
superparamagnetic iron oxide nanoparticles (SPIONs) was used to non-invasively image
tumour-associated macrophages using MR (NCT04682847).188.206.207 Ag the density

of tumour-associated macrophages in many solid tumours indicates the severity of the
inflammatory microenvironment, SPIONSs offer key diagnostic information that correlates
to clinical outcomes for chemotherapy or radiotherapy.188.208 C-dots are a class of
silica-based nanoparticles that have been used for multimodal (PET and fluorescence)
tumor imaging. Surface conjugation of the tumor-specific antibody fragments or peptides
enables the targeted delivery.187.209 C-dots labelled with 124| for PET imaging and
functionalized with an integrin-targeting peptide, cyclo-(Arg-Gly-Asp-Tyr), have been
used to detect integrin-expressing cancers and are in trials for imaging melanoma,
malignant brain tumours, and oral cavity squamous cell carcinoma (NCT02106598).210
C-dots also display a high level of safety and pharmacokinetics profile attributed to their
ultra-small size (<10 nm). Compared to nanosensors larger than 10nm, C-dots are readily
cleared through renal pathways and minilize uptake by reticuloendothelial systems.
Perflutren Protein-Type A Microspheres are gas-filled particles used as ultrasound
contrast agents in clinics (NCT03199274).211.212 The microspheres vibrate and re-emit
backscatter ultrasound that is distinct from the surrounding tissues. Proteins, lipids, and
surfactants can further stabilize the microspheres to circulate in the blood, and further
functionalization of ligands can accumulate microspheres at the disease sites, for example
in liver cancer.
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Many drug delivery technologies are approved or in trials, and they are reviewed
elsewhere,213.214
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Box 2 |

Combining nanotechnologies with genetic engineering and synthetic
biology

The combination of genetic engineering or synthetic biology approaches with
nanotechnological techniques can help expand the tools available to understand the

in vivo dynamics of protein expression and/or genetic alteration. For instance, these
approaches could be used to produce hybrid virus- or bacteria-like particles that can make
“decisions” based on biological inputs, such as activation of a receptor followed by the
functional output of a nanoparticle (i.e., drug release) downstream.21%:216 Such hybrid
particles could be spatiotemporally controlled by external inputs such as magnetic fields,
tissue-penetrating light, or infusion of chemicals. This would enable “return missions”

by the particles to tumours to collect biospecimens, measure biochemical properties, or
perhaps record biological processes such as signalling events or dwell time of specific
cell types over time into DNA-based recorders — conceptually much like wildlife cameras
are used to examine the behaviour of animals in the wild. Multimodal CRISPR-based
recorders capable of storing complex information, such as movies, have been developed
and applied in bacteria.?? In addition, different types of hybrid particles could be used in
a cooperative network, information is synthesized by particles that sense not only specific
aspects of the tumour ecosystem but also one another to make decisions.21®> Examples of
such scenarios would include release of immunostimulatory drugs only in the presence
of specific immune cell types, cytokines, and/or target cells or emission of FRET spectra
reporting proximity of two or more cell types within the tumour. These types of active
diagnostics will enable phenotyping of tumours and monitoring of drug responses at
unprecedented resolution, which may lead to new opportunities in personalized medicine.

Nat Rev Cancer. Author manuscript; available in PMC 2024 March 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Physiological relevance

Onagel—
matrix

Onan
engineered
surface

ooooo

Page 36

Animal models
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Figure1|. Preclinical models of tumour ecosystems.
Preclinical tumour models with variable dimensionality, biological complexity and

physiological relevance fulfil different requirements to study tumour ecosystems. Building
upon the simplest two-dimensional (2D) cell-culture technique, micro- or nano-engineered
surface matrices are introduced to recapitulate complex cell—cell and cell-extracellular
matrix (ECM) interactions, respectively. Three-dimensional (3D) cell culture models,
including multicellular organoids, spheroids, and 3D cell cultures bioprinted on gel matrices,
increase the physiological relevance and complexity of studies to better capture a solid
tumour environment. Tumour-on-a-chip (ToC) approach increased the controllable and
customizable parameters in different analytes that better mimic the TME and are able

to illustrate complex interactions between tumour and environments. /1 vivo murine

models can closely recapitulate tumour ecosystems with high physiological relevance and
complexity, such as human patient-derived xenografts (PDX), cell-derived xenograft (CDX),
environmentally-induced model (carcinogen or environmental factors exposure to induce
cancer development), and genetically-engineered mouse models (GEMM). Although the
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complexity and heterogeneity make the in vivo murine models challenging to pinpoint the
ecosystem dynamics with spatiotemporal details, micro- and nano-engineering aims to reach
a similar level of physiological relevance and complexity but with controllable parameters.
The blue ovals correspond to the variability of dimension and biological complexity for each
model system.
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Figure 2 |. Research toolsto investigate hallmark processes and bioanalytesin tumour

ecosystems.

Tumour cells undergo extensive cellular and molecular crosstalk with the immediate niche
and distant organs to achieve homeostasis in their ecosystems. Cancer hallmarks like
cellular energetics (a), proliferative signalling and cancer cell metabolism (b), apoptotic
resistance (c), physical and structural components of the tumour microenvironment (TME)
(d), angiogenesis (e), inflammation and immunoediting (f), to metastasis (g) or systemic
drug responses (h) are important to characterize at every stage of tumourigenesis and
progression. Technologies including nanosensors and ToC models have been developed

to precisely monitor and mimic the complex biological processes occurring in tumour
ecosystems. These micro- and nanoscale engineering approaches capture unique features of
tumours and TME and provide novel insights for tumour development. Images in the inner
circle represent related biological processes and analytes. The outer circle lists illustrative

examples of nanoscale approaches to monitor or model them.
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Figure 3 |. Nanosensor technologiesto investigate tumour ecosystems.
a | Reactive oxygen species (ROS), reactive nitrogen species (RNS), and oxygen level can

be detected based on fluorescence quenching in single-walled carbon nanotubes (SWCNT),
reduction of FRET efficiency in dye-conjugated quantum dots, or ratiometric luminescence
change in oxygen-sensitive polymeric nanoparticle, respectively. b | pH-sensing nanosensors
largely use the functionalization of protonatable functional groups, such as amine and
carboxyl groups. Dye-labelled pH-low insertion peptide (pHLIP) spontaneously folds and
inserts across cell membranes at low pH, enabling sensitive optical imaging of cells in
acidic tumour tissues. Protonation of the functional group at low pH decreases the surface-
enhanced Raman spectroscopy (SERS) signal in plasmonic nanopipettes and photoinduced
electron transfer from tertiary amine to dye in polymeric nanoparticles, activating dye
fluorescence. c | Metabolite-sensing nanopipettes can be coupled with an enzyme that reacts
with the metabolite of interest or cofactor, transducing electrochemical signals by enzymatic
reactions. Diverse physicochemical interactions between SWCNT and metabolites can alter
the dielectric environment of SWCNT and generate a fluorescence wavelength or intensity
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shift. d | Immuno-nanosensors are constructed by conjugation of nanoparticles with cytokine
binding proteins or aptamers. Cytokine-specific bindings can change the electrochemical
signals of a nanopipette or enable localization of radioemitting nanoparticles in the tumour
microenvironment (TME). e | Protease-specific nanosensors are conjugated with peptides
and detect protease-cleavage events based on the reduction of FRET efficiency of dye-
conjugated metallic nanoparticles.
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Table 1 |

Nano- and microengineering approaches for therapeutic target discovery and modulation

Page 41

Model setup Advantages | Outcome Ref
Target selection
Droplet-based microfluidic chip for High-throughput; Faster and reliable processing for single-cell RT- | 10
single-cell RT-PCR Streamlined workflow that integrates cell PCR
lysis and reagent addition into one device
Droplet-based microfluidics for Rapid incubation and separation of target Identification of dissociation constants of the 189
ligand-binding affinity evaluation beads and binding ligands antigen EpCAM and its corresponding aptamer,
SYL3C
Microfluidic vasculature system for Recreation of physiological dynamic flow | Identification of inhibition of CXCL12-CXCR4 190
target identification conditions and circulation of metastatic binding on endothelial cells as a therapeutic
breast cancer cells in the vascular channel | target for breast cancer metastasis
Lead identification
Microfluidics platform for Minimal reagent and tissue consumption; Identification of potential synergistic effect 101
combinational drug screening on Screening of cells from patient tumours between PHT-427 and selumetinib; Drug-
cancer biopsies without need for ex vivo culturing steps induced toxicity screening
Tumor cell spheroids in a 3D Co-culture; Closer approximations of drug efficacy in 192
hydrogel scaffold assay for drug Recapitulate epithelial-mesenchymal humans measured during clinical trials than
screening transition-induced tumour dispersion and prediction by 2D and/or monoculture models.
endothelial cell-dependent phenotypic
changes in cancer cells
Preclinical studies
Droplet-based 3D cell culture model High-throughput; Higher resistance of HepG2 cells to doxorubicin 193
using nanolitre-scale droplets in a Miniaturized platform for 3D cell culture; in 3D than 2D models
microfluidic chip Better control to spheroid sizes and flows
in spatiotemporal domains
Multiplexed drug testing of intact High-throughput; Differential responses in 2D vs slice culture and 184
cancer slice cultures from xenograft Real patient tissue testing flank versus intracranial slice cultures
or patients
Pressurized in vitro circulating Pressure control Doxorubicin resistance can be increased under 194
tumour cell culture platform high pressure culture condition through ABCC1
overexpression
Lung on a chip with electrospun Co-culture of NSCLC cell and fibroblasts; | IGF-1 secretion by HFL1 cells activates 7
membrane Shear stress control the PI3K/Akt pathway in A549 cells which
promotes gefitinib resistance
Flexible lung alveolus chip Co-culture of NSCLC, normal lung Increased resistance to the third-generation 195
alveolar epithelial cells and lung tyrosine kinase inhibitor, rociletinib, mediated
endothelial cells; by mechanical strain-induced changes in EGFR
Cyclic strain control phosphorylation
3D chamber seeded with A549 Co-culture; Production of HGF by CAFs inhibits paclitaxel- 196
lung cancer cells connected to a Nutrient gradient control induced apoptosis in lung cancer cells
chamber seeded with CAFs, with a
concentration gradient generator
SERS nanosensors mapping redox Real-time monitor; Monitoring apoptosis and drug resistance via 121
potential and pH in 3D tumour 3D mapping of redox potential and pH changes in the redox potential gradients in the
spheroids gradients spheroids

RT-PCR: Reverse transcription-polymerase chain reaction. EpCAM: Epithelial cell adhesion molecule. SYL3C: Anti- EpCAM aptamer. CXCL12:
Chemokine stromal cell-derived factor 1. CXCR4: C-X-C chemokine receptor type 4. PHT-427: Dual Akt and PDPK1 inhibitor, NSCLC:
Non-small cell lung cancer, EGFR: epidermal growth factor receptor, SERS: Surface enhanced Raman spectroscopy. CAF: cancer-associated
fibroblast, HGF: hepatocyte growth factor, ROS : reactive oxygen species.
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Page 42

Nanosensors categorized based on base material Sensor design Signal Instrumentatio Target Advantage

Limitation
Sensor design Signal transduction Instrumentation Target Advantage Limitation
Single-walled carbon nanotube (SWCNT)
Conjugation of Solvatochromic effect- | NIR fluorescence miRNAs!82; Biocompatibility NIR-11 Low quantum yield

plasmonic
nanoparticle

Optical nanopipette

Redox potentialt2!

actuators induced fluorescence spectrometer and Proteinsl03.183 emission Photostability (1-20% in aqueous
intensity and/or microscopy media);
Polymer wavelength change Proteins?53; Possibility of
wrapping Metabolites153.154. low selectivity
R0S99-101. in molecular-
Lipidsl07.147 recognition-based
P sensors for /in vivo
Incorporation of Proteins!86.197; use.
fluorescent pH198
quantum defects
Metallic nanoparticle
Conjugation of Vibrational fingerprint | Raman pH119-121,159, Flexible excitation Invasive
actuators to in SERS spectra microscopy; ROS160: wavelength implementation of

Photostability

probe tip

Conjugation of
actuators to
quantum dot or

FRET-based intensity
modulation

Visible/NIR
fluorescence
spectrometer and

pH110,111;

RO 5104;
Protease activityl10

Tunable
photophysicochemical
properties Structure

Photobleaching
Potential
cytotoxicity in long-

conjugation of

Chemiluminescence

spectrometer and

Protease activity%;
ROS166; Oxygen

metal oxide microscopy versatility High quantum | term /n vivo use
yield High chemical
stability

Polymeric nanoparticle

Encapsulation Fluorescence intensity | Visible and NIR pH108.109.112. Broad functional Dearth of

or covalent change; fluorescence tunability; robust NIR-I1

Biocompatibility

dyes; Irreversible

actuators to
radiolabelled
inorganic
nanoparticles or
peptides

Immune cells61

actuators to microscopy levels106 disassembly-based
polymers signal activation
Radiolabelled nanoparticles

Conjugation of PET imaging PET scanner Proteins6l; Picomolar range Expensive

sensitivity;

Whole body imaging
capability; Non-invasive;
Multimodal imaging
capability2%0

instrumentation

Electrochemical probe

Conjugation of
actuators to
probe

Electrical impedance
change by target
analytes

Amperometric
nanopipette

Proteins64;
Metabolites!36:137;
Glucosel?7.128137

High sensitivity Fast
response time Integration
ina 2D or 3D

array platform for high-
throughput sensing20

Invasive
implementation of
probe tip; Localized
measurement

FRET: Forster resonance energy transfer. miRNAs: microRNAs. NIR: near infrared. SERS: Surface enhanced Raman spectroscopy. PET: Positron
emission tomography. ROS: reactive oxygen species.

Nat Rev Cancer. Author manuscript; available in PMC 2024 March 01.



	Abstract
	TOC Blurb:
	Introduction
	Engineering approaches for cancer research
	Engineering of tumour models
	Oxygen and chemokine gradients
	Structural components of the TME
	Cellular and tissue components of the TME
	Vasculature and perfusion

	Probing tumour ecosystems
	Tumour hypoxia
	Tumour hyperacidity
	Tumour metabolism
	Glucose metabolism
	Amino acid metabolism
	Lipid metabolism
	Oncometabolites

	Autophagy
	Immunoediting and inflammation
	Proteolytic activity
	Extracellular proteases
	Intracellular proteases and cell death
	Nanosensors for in vivo application


	Outstanding Questions, Challenges, and Opportunities
	References
	Figure 1 |
	Figure 2 |
	Figure 3 |
	Table 1 |
	Table 2 |

