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ABSTRACT

Understanding and predicting how biosystems function requires knowledge about the
dynamic, physico-chemical environments with which they interact and alter by their presence.
Yet, identifying specific components, tracking the dynamics of the system, and monitoring local
environmental conditions without disrupting biosystem function present significant challenges
for analytical measurements. Nanomaterials, by their very size and nature, can act as probes and
interfaces to biosystems and offer solutions to some of these challenges. At the nanoscale,
material properties emerge that can be exploited for localizing biomolecules and making
chemical measurements at cellular and sub-cellular scales. Here, we review advances in chemical
imaging enabled by nanoscale structures, in the use of nanoparticles as chemical and
environmental probes, and in the development of micro- and nanoscale fluidic devices to define
and manipulate local environments and facilitate chemical measurements of complex
biosystems. Integration of these nano-enabled methods will lead to an unprecedented

understanding of biosystem function.

1. INTRODUCTION

Biological systems consist of thousands of interacting molecular components within the
confines of a cell that is only microns in size. Identifying the specific components that are
present, monitoring the local physical and environmental conditions, and tracking the dynamic,
spatial orchestration of its interacting systems present a profound challenge for analytical
measurements. ldeally, such measurements would observe the components of living systems in a

minimally perturbing manner, without the use of extrinsic labels. However, the diverse



components that comprise the biological cell make comprehensive identification and localization
of chemical information extremely difficult. The typical cell contains thousands of genes, and
tracking the production and location of gene products is critical to functional insights. Here,
genetically incorporated labels have greatly facilitated monitoring gene expression and protein
localization (1). In contrast, the small size of typical metabolites prevents simple labeling with
extrinsic or genetically encoded tags. Microbial cells may produce thousands of distinct small
molecules, while higher order organisms can generate orders of magnitude more (2). However,
simultaneously tracking the location and concentration of more than just a few proteins or

metabolites quickly becomes intractable by existing techniques.

Various microscopies have been essential to resolving functional aspects of biological
systems. Often, nanotechnologies are integral to these tools or have led to entirely new
approaches to imaging biological systems. Perhaps the pioneering example is scanning probe
microscopy (SPM). Since its introduction more than three decades ago, SPM was immediately
applied to biological studies and has spun into an extensive array of nanoscale chemical and
physical imaging techniques (3). Similarly, nanomaterial labels expand the range of detection
modalities and facilitate sensitive measurements. Nanomaterials, and the nanometer length scale
in general, cover a size range that bestows useful benefits for imaging at the molecular and
cellular levels. At the nanoscale, material properties emerge that lead to concentration of
electromagnetic fields, useful mechanisms for sensing, and amplification of signals emanating
from the single molecule level. These properties can be readily exploited for localizing biological
species and for making chemical measurements at cellular and sub-cellular scales. Further, the
working levels of biological systems overlap the very size of nanostructures making them

effective probes and interfaces to biological systems. Highly defined spatial and temporal



mapping of cellular components becomes possible as the measurement probe reduces in size.
This can facilitate multimodal imaging where spatial and temporal information are mapped with

chemical information.

Diverse imaging technologies attempt to address chemical identification needs and
typically employ some form of electromagnetic energy to probe biological materials. Spatially
dependent chemical information can be obtained using near infrared, Raman, electron, x-ray and
mass spectrometry-based techniques (4). For many of these techniques, the experimental
approach involves fixing samples and carrying out characterization in a low-pressure
environment. Nevertheless, spatially resolved chemical information can be obtained at defined
time points. Chemical imaging tools that employ mass spectrometry are growing in popularity.
This appeal is due to the technique’s ability to sensitively detect a broad range of chemical
species without the need for labeling (5). Some imaging mass spectrometry techniques are
implemented in vacuum and can be destructive, precluding analyses on living systems. However,
sampling and ionization approaches that are minimally perturbing and function under ambient
conditions are emerging. Mass spectrometry-based chemical imaging methods have been

reviewed recently and will not be covered here (5-7).

In general, chemical imaging and imaging enabled by nanoscale structures, or “nano-
enabled” imaging, can take different forms (Figure 1). The approach of nano-enabled chemical
imaging is emerging and is poised to create a powerful arsenal of tools for attacking the problem
of understanding biological function across complex systems and multiple length scales.
Advances in the founding technology of scanning probe microscopy and its application to
biological systems are well described and will not be discussed here (8, 9). Here, we focus

specifically on tools that use nanomaterials and nanostructured surfaces to facilitate live



biological imaging, where the dynamics of these systems can be observed and measured.
Though biological systems function across molecular and ecosystem scales, we focus
specifically on those tools used for measurements across the molecular, cellular, and multi-
cellular dimensions. Emerging optical imaging technologies that exploit nanofabricated
structures will be highlighted. Optical imaging has long been integral to gaining a physical and
chemical understanding of biological systems. Various nano-enabled optical imaging
technologies are breaking diffraction barrier limits and are poised to increase the accessibility of
super-resolution techniques. Also highlighted will be recent advances in nanomaterial-based
contrast agents. A variety of nanoparticle structures have been developed for detecting chemical
species and environmental conditions. These materials can be delivered to specific locations or
broadly sample a system and its environment. Controlling this environment and facilitating
sensitive chemical measurements through development and application of multiscale fluidic
imaging environments is a final focus topic. Micro- and nanofabrication techniques are being
used to define the imaging environment and to create nanostructures that can enhance spatial
resolution, increase the sensitivity of chemical measurements, or activate chemical processes. A
subset of these nanostructured surfaces includes nanofluidic-based elements, which can be used
for routing and sensing of chemical information. Finally, we conclude with an outlook on these
nano-enabled technologies and how they can be combined to allow an unprecedented

understanding of biological systems.

2. ENABLING OPTICAL IMAGING
Optical imaging techniques are a standard tool for characterizing physical architecture
and chemical composition. However, the spatial resolution of conventional optical microscopy

is diffraction limited and related to the wavelength of light that is employed and the refractive



index of the medium. Breaking this barrier can transform our understanding of biological
systems as demonstrated by the recent accessibility of various super resolution microscopies
(10). Typically, these techniques employ novel fluorescence excitation and sampling schemes to
improve resolution. Alternatively, nanostructured materials can be employed to enhance the
resolution of optical imaging. These approaches leverage the small size and photonic properties
of a nanostructured material to access the non-propagating, near-field information that results
from light-matter interactions. Projecting this near field information into the far field has been
technically challenging, but is increasingly giving way due to advances in nanofabrication.

Highlights of these emerging approaches are described below.

2.1 Accessing near-field information

The scanning near-field microscope (SNOM, or near-field scanning optical microscope, NSOM)
is an early example of the use of nanostructured materials for super resolution imaging. In
SNOM, the information from the evanescent field is translated into the far field by placing a
sharp probe close to the sample, typically at nanometer scale distances. Commonly, the probe is
a sub-wavelength scale aperture that can deliver and/or receive light energy depending on the
excitation scheme employed. Alternatively, far field light can be used to focus energy at the tip
of the probe (tip-enhanced near-field optical microscopy). In either case, the localized interaction
of energy with the surface results in propagating radiation that is detected and translated into an
image by raster scanning the position of the tip relative to the surface. The technique has matured
over the past several decades and numerous reviews detail the various configurations,
operational modes and applications of this powerful microscopy technique (11-13). Particularly
exciting for chemical imaging has been tip enhanced near-field optical microscopy, which

couples the excitation light at the tip to enhance Raman and fluorescence signals (14, 15).



Other approaches to accessing near-field optical information through nanostructured
materials are emerging. When compared to SNOM, many of these microscopy applications are
in an early stage of development but offer exciting possibilities for facilitating the imaging of
biological systems. The ability to fabricate and pattern nanomaterials allows for the control of
light in unprecedented ways (16). Designed “metamaterials” can allow optical designs that
extend near field information into the far field (17-19). These approaches leverage the photonic
properties of nanostructured materials to view subwavelength scale information. Pioneering
experimental efforts have supported the predicted benefits of creating metamaterials with a
negative index of refraction (20). For example, superlenses created from metamaterials have
demonstrated the ability to resolve subwavelength features by propagating and enhancing
evanescent waves through a stack of nanoscale materials (21, 22). Metamaterials prepared from
aligned nanowire arrays are also being considered for breaking the diffraction barrier (23).
Conductance of near field information, either through excitation and guiding of surface plasmon
polaritons (24) or by the transport of evanescent waves through the metamaterial (25) have been
demonstrated. These metamaterial-based lenses are still challenging to fabricate and employ but

offer a promising route to imaging below the diffraction limit.

A practical approach to enhancing resolution uses solid immersion lenses (SILs) (26).
Conventionally, SILs allow for improved imaging resolution by increasing the refractive index
of the medium, and hence the numerical aperture, as with liquid immersion. A nanoscale SIL
(nSIL), where the lens is sub-wavelength in size, has the added benefit of focusing the near field.
Innovative nanofabrication approaches have led to the preparation of nSILs that result in
resolution improvements. For example, calix(4)hydroquinone can self-assemble into plano-

spherical lenses that allow imaging at the nanoscale (27). Recently, Fan and colleagues have



shown that TiO, nanoparticles self-assemble into lens shaped structures after spraying and drying
the particles onto a surface (28). Direct fabrication of lens shaped structures has been
demonstrated by thermal reflowing of electron-beam defined posts, which can be further
replicated by soft lithography (29). Other nSIL fabrication techniques include dip pen
nanolithography (30) and stamping from nanopillars (31). These structures all result in feature
resolution well below the diffraction limit. In practice, the nSIL is in intimate contact with the
object to be imaged and the field of view is limited to the central portion of the face of the lens.

SIL structures are beginning to be applied to biological samples (32).

Super resolution lensing capabilities are also possible using sphere-shaped structures.
Microspheres, on the order of 2 — 9 um in diameter, can act as far-field superlenses (33). Even
larger diameter spheres, up to a few hundred microns also provide super resolution when
immersed in liquids or solids (34). In the transverse direction, rod shaped structures can also
enhance the resolution of imaging, albeit with a magnified field of view along the length of the
rod (35, 36). The origin of the enhancement in microsphere-based imaging is uncertain, and can
stem from the presence of high refractive index materials, an enhanced near field and “photonic
nanojet” phenomena (37-39). Nevertheless, the accessibility and simplicity of the approach
make it a promising tool for cost effective nanoscopy. For example, microspheres are easily
employed with wide field microscopes, and even greater resolution is possible when combined

with a confocal laser scanning system (40).

When using microspheres, numerous techniques for increasing the field of view and ease
of use are emerging. A single microsphere provides a field of view on the order of a few
microns. The use of multiple microspheres or scanned systems can greatly increase information

content. One promising approach embeds an array of microspheres into a coverslip coated with



polydimethylsiloxane (38, 41, 42). This straightforward use of conventional imaging materials
allows prefabrication and combines the spheres with a medium of appropriate refractive index
contrast. Random and directed microsphere scanning methods are also being advanced. Initial
efforts used a micropipette to trap a microsphere and subsequently directed the sphere to the
desired field of view (43). Other approaches have used microspheres attached to the end of the
cantilever of the scanning probe microscope (44, 45). This latter approach permits surface
sensing for precise positioning of the bead above the sample and biological imaging (Figure 2a).
These directed scanning efforts are complemented by untethered approaches. Chemically
powered microbeads, where a portion of the bead surface is coated with a magnetic/catalytic
patch, can be used to directionally traverse the microsphere across a sample (46). Here, the
random sampling method simplifies instrumentation requirements while the use of multiple
microbeads facilitates rapid image collection. Random position scanning techniques, based on
diffusionally transported nanoparticles that collect near field information, have also been
described and present another approach for collecting images over a large field of view (47).
Finally, the simplicity of the microsphere imaging technique has led to rapid demonstration of its
applicability to biological imaging. Molecular and cellular characterizations along with its
compatibility with common fluorescent labeling has been demonstrated for a number of

biological structures (41, 44, 48, 49).

2.2 Super-oscillatory lenses

As described, microspheres, microwires and nSILs can be integrated directly with
samples and approaches to expanding their field of view are being developed. Nevertheless, near
intimate contact of the nanostructured material with the material being image is required. This

can potentially interfere with the sample being studied and may limit the collection of dynamic
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information. Super-oscillatory lenses are an emerging class of nanostructured materials that are
poised to overcome these limitations while also providing super resolution. A super-oscillatory
lens uses a nanostructured mask to diffract light into a subwavelength scale spot at a relatively
long working distance, tens of microns (Figure 2b). The lens can be implemented in a scanning
mode to produce a large field of view, like a conventional laser scanning confocal microscope
(50). Variations of the technology allow sub-diffraction imaging resolution without scanning at
even longer working distances (51). Further, a recent demonstration has shown that super
resolution and long working distances are possible without the need for defining sub-wavelength
features in the lens (52). This can greatly simplify manufacture and adaptation of the

technology.

3. NANOPARTICLES AS CHEMICAL IMAGING AGENTS

Nanoparticles have ushered in exciting possibilities for imaging-based chemical
identification due to their small size — on the order of proteins — and customizable physical
properties. The combinations of different sizes, shapes, compositions, and surface chemistries
with which nanoparticles can be engineered, and their compatibility with conventional imaging
platforms broaden their appeal and potential applications. Indeed, initial demonstrations of
nano-enabled super-resolution imaging technologies employed nanoparticle labels to
demonstrate resolution and sensitivity (32) First discovered in the early 1980s (53), colloidal
semiconductor nanocrystals (quantum dots) have found a long-standing use for localizing
biomolecules and probing cellular functions. In part, these applications have been driven by
shortcomings associated with fluorescent dyes and genetically engineered fluorescent proteins,
which are easily photobleached and have limited multiplexing capabilities due to their broad

excitation and emission spectral profiles. Semiconductor quantum dots, on the other hand, are
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highly resistant to photobleaching with broad excitation spectra and narrow fluorescent emission
spectra. The breakthrough for biological imaging came with the ability to modify the surface of
quantum dots to improve biocompatibility and directly target select biomolecules (54-57).
Quantum dots conjugated to antibodies, ligands, small molecules, and nucleic acids have allowed
dynamic localization of many cellular components and driven insights into cellular functions (58,

59).

Advances in the use of nanoparticles as contrast agents include facilitating their
biocompatibility and targeting abilities. One drawback of using semiconductor quantum dots is
that the presence of cadmium or other heavy metals in the core can cause cellular toxicity and
environmental concerns. Recently, nanoscale carbon particles (carbon dots, C-dots) have been
described that have spectral properties similar to quantum dots (60). One of the first examples of
in vivo imaging using carbon dots involved injecting carbon dots passivated with PEG into mice
and performing whole body imaging to demonstrate sustained fluorescence and non-toxicity of
the nanoparticles (61). In addition, new synthesis methods have been described in which
fluorescent dyes can be incorporated directly into the volume of silica nanoparticles, producing
stably fluorescent and/or radiolabeled nanoparticles that can be surface functionalized (62).
These methods have been further expanded to facilitate the synthesis of volume labeled core-

shell particles (63).

The ability to deliver nanoparticles to cells and subcellular locations and subsequently
use those particles to detect local changes in the chemical environment offers an exciting
opportunity for their use. In eukaryotic cells, nanoparticles can be modified with ligands that
target surface receptors or alter protein adsorption in order to alter their uptake by endocytosis

(64). For example, lysosomal pH was monitored using a fluorescent silicon nanodot conjugated
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to a pH-sensitive FITC-tagged aptamer (65). The aptamer targets nucleolin, a protein enriched in
the membrane of cancer cells. Thus, the resulting nanosensor is selectively taken up by cancer
cells and can be used to monitor lysosomal pH in these cells as demonstrated using the breast
cancer cell line MCF-7 (65). In general, much of the research involving nanoparticles and
bacteria has focused on the use of nanoparticles as antimicrobial agents (66) or in diagnostic
assays (67). Delivery of nanoparticles inside bacteria for functional studies is hindered, at least
in part, by transport across the cell wall, although uptake of nanoparticles functionalized with

adenine has been demonstrated (68).

Another chemical imaging application of nanoparticles is for facilitating Raman
microscopy. Raman spectroscopy is a powerful chemical analysis tool but is limited by the fact
that Raman signals are inherently weak (69). However, the signals can be amplified by a number
of techniques including the use surface enhanced Raman spectroscopy (SERS) in which the
molecular signal is amplified when the molecule of interest is in close proximity to a surface
enhancing feature (70-72). Gold or silver nanoparticles are commonly used as their optical
properties can be modulated by controlling their size and shape, thereby facilitating SERS. This
was demonstrated in biological systems by coating bacteria with silver nanoparticles for
detection in drinking water (73). The ability to detect chemical signatures in microbial
communities is confounded by the diversity of metabolites produced and the relatively low
abundance of any given metabolite. To overcome these issues, silver nanoparticles were used as
the signal enhancing agent when applied to Pseudomonas aeruginosa biofilms that produce the
virulence factor pyocyanin, thereby allowing the distribution of pyocyanin to be mapped in the
biofilm using a combination of SERS and principle component analyses (PCA) (74). A similar

approach was also used to image the localization of flavins in Pantoea sp. YR343 in the presence
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of resonantly enhanced carotenoid pigments (75). The range of surfaces that are compatible with
SERS has been expanded by the introduction of the shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) technique, which protects the gold or silver nanoparticle core with a
continuous shell of inert silica, thereby retaining the surface enhancement but reducing potential
interference by the gold or silver nanoparticles on chemical processes (76). These shell-isolated

nanoparticles have found a wide-range of uses in bioanalyses (77).

Beyond their use as localization probes, distributed nanoparticles can act as sentinels for
chemical species and local environmental conditions. In particular, hybrid nanoparticle design
and synthesis are opening new avenues for reporting on the dynamic distribution of chemical
species and metabolic activity in complex biosystems. A general overview of their structure is
shown in Figure 3a. For example, hybrid nanoparticles are being used to measure the distribution
of metal ions in living systems. Metal ions act as cofactors in many cellular processes, including
gene transcription, enzymatic reactions, and immune functions. Moreover, the presence of
excess metal ions can be toxic to cells and biosystems so it is of particular interest to understand
how these metals are transported and distributed over time. To this end, a copper-sensing hybrid
nanoparticle was recently reported consisting of a core CdSe/ZnS quantum dot that emits red
fluorescence, overlayed with a shell carbon quantum dot that emits blue fluorescence
functionalized with a Cu®* ion-specific compound. Upon binding of Cu?* ions to the hybrid
nanoparticle, the blue fluorescence of the shell particle is quenched, but the core red fluorescence
is unaltered, providing a ratiometric fluorescence sensor of Cu?* ions in HeLa cells(78).
Similarly, a reversible ratiometric hybrid nanoparticle for copper sensing was also reported in
which carbon dots were functionalized with triethylenetetramine to recognize Cu** and

glutathione and demonstrated in yeast cells (79). Mercury ions were also detected in living HelLa
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cells using a similar design in which the fluorescence of a dye coupled to a mercury ion
recognition group was quenched upon mercury binding (80). Producing a ratiometric
nanoparticle with an environmentally insensitive dye at the core allows for a dynamic readout of
changing conditions, but results in a more complex synthesis procedure. A simplified synthesis
approach was used to produce fluorescent carbon dots for mercury sensing that allowed

detection, but not quantification, of mercury in HUVEC cells (81).

In addition to detecting the distribution of metals, hybrid nanoparticles are also being
used to probe the pH of local microenvironments in complex biosystems. This was nicely
demonstrated using ratiometric core-shell nanosensors to image pH in a bacterial biofilm (82).
The nanosensor was designed using a pH-insensitive dye in the core and a pH-sensitive dye in
the shell, allowing ratiometric quantification of local pH environments in a three-dimensional
biofilm (Figure 3b). Comparisons of different sized nanoparticle sensors showed that only the
smallest nanosensors (10 nm diameter) were well-distributed in the biofilm, pointing out the
importance of understanding and controlling nanoparticle delivery and distribution in complex
systems. Similar ratiometric hybrid nanoparticles were designed to monitor pH in lysosomes, an
acidic organelle found in eukaryotic cells. Using the principle of fluorescence resonance energy
transfer (FRET), a pH nanosensor was designed with a donor fluorophore in the particle core and
an acceptor fluorophore on the particle surface that responds to increasing pH by a
conformational change (83). This ratiometic nanoparticle sensor was demonstrated in HelLa cells
in which the nanoparticle sensor localized to the lysosomes and was responsive to changes in pH
induced by treatment with alkaline or acidic buffer solutions (83). Ratiometric nanosensors have
also been described for monitoring the production of hydrogen peroxide (H,O,), a measure of

oxidative stress in live cells. Unlike the previously described ratiometric chemical nanosensors
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in which sensing results in fluorescence quenching, this nanosensor results in increased

fluorescence upon detection of H,O, production by human T lymphocyte Jurkat cells (84).

The applicability of hybrid nanoparticles as chemical sentinels in live cell imaging is
rapidly maturing. The characteristic features of narrow emission spectra and chemical selectivity
will likely lead to multiplexed chemical sensing of a broad range of molecular species. These
efforts leverage diagnostic uses of these materials where they find application for the testing of
water, food or biological materials for the presence of specific contaminants. Indeed, the
synthesis and application of new nanosensors are being reported at a rapid rate, including
nanosensors for detection of glucose (85), telomere DNA (86), double stranded DNA (87),
cadmium ions (88), mercury and biological thiols (89, 90), spores (91), bisphenol A (92), and
phenolic carbofuran (93). While the aforementioned nanosensors were designed primarily for

sample testing, they are likely adaptable for chemical imaging applications in living systems.

4. MULTISCALE FLUIDIC IMAGING ENVIRONMENTS

4. 1 Chemically defined habitats

Micro- and nanofluidics have played an essential role in advancing imaging platforms
and techniques that allow for active chemical interrogation of complex biological systems. In
particular, platforms based on these technologies allow for control of the chemical and physical
environment and facilitate chemical sampling and analysis. The reduced scales and unique
laminar flow profiles that accompany microfluidic systems allow for predictable changes in, and
manipulation of, the hydrodynamic, chemical, and thermal microenvironment at the cellular and
sub-cellular scales (94-97). Early work in the development of soft lithography and silicone-based
microfluidics in the late ‘90s and early 2000s highlighted the use of easily replicated silicone

microfluidics, fluidic control elements, and optical structures created using soft lithography for
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use in the culture and manipulation of living cells (98-101). The transparent nature of the fluidic
elements, gas permeability, low-cost of replication, and potential for large-scale integration (101)
ushered in decades of research built around the simple idea that we could learn more about
biological systems by observing them in functional microscale habitats. In these habitats, the
local environment could be shaped a priori, manipulated in real time, and multiplexed to perform
hundreds of experiments simultaneously. Importantly, these experiments demonstrated the
utility of microfluidics for assembling and supporting cells in both 2D and 3D culture as a means
of promoting differentiation and retention of physiologically relevant phenotypes (102-105).
Microfluidic culture models have had a significant impact on a broad range of research, from
fundamental research in developmental biology to applied work in the fields of biological cell-
based sensing and tissue engineering. The connectivity and networking of multi-chamber fluidic
systems gave rise to the organ, and organism-on-chip concepts, which have opened new
opportunities for experimentally validating pharmacokinetics and pharmacodynamics models of
drug transport and metabolism (106-109). This work highlights the use of fluidic environments
to define habitats for studies at the cellular, tissue- and organism-mimic levels. These efforts
underscore the potential for characterizing complex biological systems by imaging chemical

signals that link events across a broad range of system hierarchies.

In addition to biomedically focused systems, multiscale fluidic environments have been
developed for investigating a range of different biosystems and environmental habitats. Indeed,
multiscale fluidic habitats have been developed to address questions related to plant physiology
(110-113), microbial ecology (114-116), and cross-kingdom interactions between plants and
microbes (117, 118). Similarities in natural architectures led to the recognition that previous

work in the study of axonal growth and development (119, 120) could inform fluidic designs for
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tracking the growth and development of plant roots and fungal hyphae in response to biological,
chemical signals, and topographical signals (121). The optical accessibility of microfluidic
habitats combined with the capacity to shape tortuous environments and species interactions in a
manner that reflects key features of natural systems allows researchers to address questions that

could not be answered in natural settings.

Beyond being simple fluid conduits joined together to form more elaborate networks,
microfluidic systems are being intentionally designed and chemically modified to promote
interactions with biological systems. In this manner, information on the physical and chemical
reactivity of biological systems can be gained. For example, cell attachment and growth can be
enhanced by surface modification of planar glass, silicon or polymer substrates during
microfluidic assembly, allowing control of individual cell growth and death (122), gene
expression of developing micro-tissues (123), microbial cell-cell interactions and aggregation
(124, 125), and interactions between different species and cell types (126, 127). In addition,
microcontact printing, microstenciling, and lithographic patterning of biomolecules can be
performed prior to habitat assembly. Controlling where biological elements reside within a
functional fluidic system is an essential element to many of the platforms described above. This
patterning or capture allows for effective multiplexing of biochemical experiments and/or
biological tissue and cell culture, increasing experimental throughput by facilitating massively

parallel experiments using limited amounts of reagents.

Complementing topographical and chemical modification of surfaces to control the
attachment, growth and development of biological systems, physical containment and
confinement of biological systems can be used to direct the growth and control communication

between living systems (Figure 4). Nanoporous membranes have been created perpendicular to
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the imaging plane using advanced nanofabrication processes that combine photolithography,
advanced electron beam lithography, and reactive ion etching to create nanoporous environments
that allow biological systems to develop in close proximity to one another, communicating
chemically, but not physically (128-130). In contrast, in-situ patterning and crosslinking of
materials like hydrogels and proteins have also been used to structure the local micro-
environment and alter confinement (131-133). Connell et al. used 3D lithography to produce
picoliter scale ‘traps’ from crosslinked proteins to study social interactions within bacterial
communities (133). The fidelity of the process allowed the capture and perturbation of cells

down to the single cell level.

Confinement and control of a biological system of interest can be combined with
complex spatial and temporal gradients of nutrient and chemicals to drive or perturb biological
processes (134). This can facilitate insights into how systems dynamically respond to changes in
the chemical environment. The scale of conventional microfluidics allows laminar flow and
diffusive mixing to effectively and predictably create chemical gradients that can be rapidly
altered, and visualized within the viewing field of a conventional optical microscope. This
allows one to observe the response of living systems to these spatiotemporal fluctuations and
gradients. Gradients of varied complexity in composition and dynamics enable studies of
phenomena such as microbial (135-138) and mammalian cell chemotaxis (139-141). In
conjunction with looking at biological responses to chemoattractants, the response of living
systems to hydrodynamic shear forces combined with changing chemical environments has also
been applied to the study of processes involved in clot formation (142-145), and biofilm

development (146-149).
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4. 2 Fluidics within fluidics

The variety of fabrication techniques available for creating fluidic architectures of
varying scales and intricacy also facilitates direct chemical sampling and analysis. Fluidic
systems embedded within, and adjacent to, microfluidic habitats can be generated to effectively
route chemicals and reagents around and across these habitats. These ‘subnetworks’ afford the
researcher the opportunity to dose and sample the local chemical environment for both targeted
system perturbations and sample analysis, ‘eavesdropping’ on the exchange of chemical
information within the system. The use of nanostructured filters and membranes to separate
fluidic environments and facilitate sampling and dosing without significantly altering the
hydrodynamic profiles within adjacent microfluidic habitats is integral to this approach.
Nanoporous membranes in the sample plane (130) and multilayer membrane platforms systems

have been utilized to facilitate chemical exchange adjacent to living systems (150).

In the context of nano-enabled imaging, a porous (nanoporous) membrane serves
multiple roles. As described above, confining the biological system of interest to specific
locations within a habitat, that is providing a boundary across which nutrients are delivered and
analytes are sampled, is essential. Additional functionality can be imparted to the membrane by
chemical functionalization to potentially extract chemicals of interest via size, charge and
chemical characteristics. Both nano- and microporous membranes, perpendicular to the plane of
the sample, have been utilized for such purposes. Membranes created using a combination of
conventional and advanced lithographic processes have been used to control the exchange of
materials for complex biosynthetic reactions (151-155), housing growing populations of
microbial populations (130, 132, 133), and development of high-throughput mammalian cell

culture arrays (156).
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Multilayer fluidic systems separated by both commercial and nanofabricated membranes,
positioned parallel to and beneath the sample, have been used extensively in the development of
microfluidics-based tissue culture and organ-on-a-chip platforms. Many of these applications
adapted fabrication strategies employed in earlier work that focused on the development of
microfluidics for analytical chemistry. In that work researchers used commercial membranes
embedded in PDMS and PMMA to create multilayer systems for sample clean up and
concentration (157-159). Combining these approaches with familiar Transwell™ plate culture
techniques a host of organ-on-chip platforms have emerged that have explored multilayer cell
co-culture and cell barrier properties using commercial membranes and silicone microfabricated

constructs(107, 150, 160).

One of the truly exciting opportunities that has accompanied the development of these
multilayered and multiscale fluidic platforms is the option to use the underlying and adjacent
fluidic network as a means of sampling and monitoring the environment without physically
disturbing the biological system of interest. In the work of Chen et al. a multilayered fluidic
system was used to sample effluent from both the basal and apical side of the tissue layer,
elucidating the differences in growth factor expression under oxidative stress and highlighting a
possible pathway or cause of disease development (150). The physical arrangement of
microfluidic channels used in this system relied on sampling from one top channel and one
bottom channel. Use of a fluidic channel array as the underlying network could allow sampling
from discrete zones across the entire culture region. Each channel in the network could then be
used to acquire sample from specific zones or ‘pixels’ just above the membrane that separates

the sampling network from the microfluidic habitat above.



21

This idea was further developed with the demonstration of a microfluidic sampling
device, a “chemistrode”, for routing fluid droplets to and from a flat substrate or surface (161).
The entrained droplets capture temporal events and could be routed and analyzed off-line by any
number of analytical techniques. By parking this chemistrode in a single location, dynamic
chemical signaling events could be captured within a train of droplets. By scanning or rastering
the chemistrode, or device of similar composition across a stable tissue or biofilm sample, it was
shown that it was possible to map the chemical composition of a planar sample. Although
physical disruption of the sample and lack a temporal resolution when rastering are potential
drawbacks to such a system, this work points towards the promise of combining digital

microfluidics with local sampling for next generation non-destructive chemical imaging.

4.3 Nanostructured Elements for Enhanced Label-less Analysis

Beyond using microfluidics to route chemical information off chip for analysis in conventional
spectrometry and spectroscopy tools, the integration of nanoscale elements directly within or
onto multi-scale fluidic platforms can be used to provide enhanced sensitivity and reduce the
need for off-chip sample preparation. Once chemical information is routed away from the
biological system of interest, conventional analytical tools, including those that rely on
destruction of the sample, can be utilized without worry of perturbing the biological system of
interest. Nanostructures capable of enhancing both MS and Raman signals derived from captured
analytes can also provide an increased surface area for sample capture and re-collection under
continuous flow. Established methods for fabricating and integrating nano- and microstructured
collection elements within fluidic architectures have been described in the literature and have
been used to realize Raman signal enhancements and enable quantitative analysis by mass

spectrometry. For example, nanostructure geometries, primarily arrays of ‘posts’ of different



22

diameters, densities and aspect ratios have been created using a combination of electron beam
lithography, anisotropic silicon etching and metal evaporation techniques (141, 162, 163).
Aggregates of nanopatterned pillars, of varying randomly dispersed geometries, were created
using electron beam lithography and reactive ion etching. Hot spots were identified via spectral
mapping and could be replicated in precise patterns (164, 165). This points towards possibilities
of integrating these enhancing patterns to create functional substrates. Other techniques have
been developed to realize nanostructured surfaces that provide signal enhancements without the
need for advanced lithographic tools. For example, SERS enhancements have been
accomplished using pillar arrays created using a dewetting process (166). These nanoscale
pillars can be produced across an entire substrate without the need for complex, time-consuming,
or expensive lithographic processes. Enhancements as high as 107 were realized. Surface
functionalization with silane reagents of varied composition (charge, hydrophobicity) can be
carried out as necessary for targeted capture and sample clean-up. In contrast to these passive
nanostructures, active nanoelectrode arrays (NEAs) and electrochemical zero-mode waveguides

have been used to monitor and detect redox active species in space and time (167, 168).

5.OUTLOOK

The ideal of visualizing chemical environments within and around biological systems,
while simultaneously monitoring their growth, development, and response to designed
perturbations, offers tremendous opportunities to understand complex biological processes. Such
capabilities will be essential for addressing the challenge of linking molecular events to
phenotypic expression across system hierarchies. Nanoengineered materials and structures are

bringing us closer to realizing this ideal. Advances in microscopy continue at a rapid pace,
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offering researchers the ability to observe natural processes with unprecedented resolution over
extended times. Nano-enabled tools are aiding these imaging advances and present practical and
accessible approaches to observing biological systems at the molecular level. An assortment of
nanomaterial structures is providing access to near field information and super resolution
capabilities. Increased availability of these structures and simple means for increasing the field
of view will be likely future directions. The intriguing possibility of using biomaterials as the

optical components is also being considered (35, 169, 170).

While imaging technologies allow us to bear witness to physical and structural changes
within such complex living systems, they often leave us in the dark as to the chemical cues and
intermediate signaling mechanisms that are at work behind the scenes. Here, the ability to design
and disperse nanoscale sensors that report on chemical environments is allowing us to see
chemical changes occuring in living systems. This is an incredible feat as it provides the context
for how local chemical differences drive structural and compositional changes of the biological
system. Continued refinement of hybrid nanoparticle-based sensors that improve delivery and
targeting to a wider range of biological systems is needed. Such advances will also benefit
multiplexed chemical detection schemes so as to take advantage of the rich palette of

fluorescence emission properties possible with nanomaterial labels.

Defining and controlling the physical and chemical environment is critical for evaluating
biological systems. Microscale habitats with defined nanoscale features have unlocked new
means for biological system studies at the molecular and cellular levels. Habitat designs that
allow iterative control of the chemical environment and ordering of connections between these
habitats will allow approximation of tissues and whole organisms. Further, the opportunity to

use multiscale fluidic platforms to manipulate and sample the local environment will open the
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door to understanding how living systems respond to local perturbations and adapt their function
over time and space. Because the scales of these sampling techniques can be controlled, it is
possible, in principal, to minimize unintentional disruption of the system of interest. Most
significantly, local, minimally perturbing sampling will allow an interface to a larger suite of

analytical measurement tools that are rarely considered for characterization of living systems.

Nanotechnologies that can be combined with functional habitats to allow enhanced
optical imaging, local monitoring of environmental factors, and the extraction of chemical
information such as those described above will be essential to facilitating the next generation of
chemical imaging technologies. By themselves, these various nano-enabled technology thrusts
provide a powerful arsenal for chemical imaging. In combination, a truly effective approach for
linking the structural development of biological systems with spatial and temporal evolution of
both system composition and the local chemical environment will be possible. The alignment of
these nano-enabled imaging elements in varying ways have been described, and point towards
the opportunities that fully integrated systems may provide. For example, hybrid core shell
nanoparticles have been used for monitoring the acidification, in real-time, of a bacterial biofilm
developing within a microfluidic environment under dynamically varied shear stress and nutrient
concentrations (171). Optofluidic technologies, which combine microfluidic environments and
integrated lens structures, including SILs have been developed and applied for imaging
biological systems (172, 173). Further development and combination of nano-enabled chemical
imaging tools are forthcoming. These advances will unlock new understandings of biological

processes and are poised to unravel the chemical complexity of these systems.
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FIGURE CAPTIONS

Figure 1: Overview of approaches to nano-enabled chemical imaging. (middle) Microscale
fluidic habitats for cellular system can define the chemical and physical environment. (top left)
Nanoparticles can be employed for targeting and for acting as sentinels of chemical and
environmental conditions. Shown are AgSiO; core-shell nanoparticles. Reprinted from (174),
Copyright 2015, with permission from Elsevier. (bottom left) VVarious metamaterials and
nanoscale optical tools, such as nanoscale solid immersion lenses can facilitate the resolution of
features below the diffraction limit. Reprinted with permission from Macmillan Publishers Ltd:
Nature (27), Copyright 2009. (bottom right) Membrane and nanoporous structures, such as a
focused ion beam milled pore in a nanofluidic conduit, can be integrated with multiscale fluidic
habitats for sampling chemical information. Reprinted with permission from (175). Copyright
2015, American Vacuum Society. (top right) The detection and enhancement of chemical
signals can be facilitated by various nanostructure geometries such as silicon nanopost arrays.

Reprinted with permission from (176), Copyright 2012, American Chemical Society.

Figure 2: Nano-enabled approaches to optical imaging allow high resolution. (a) Non-invasive

white-light and fluorescence microscopy images of a C2C12 cell without and with the
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enhancement of a 56 um-diameter microsphere superlens and a 100x (numerical aperture=0.8)
objective. Actin filaments, labelled by Alexa Fluor 488-phalloidin are clearly observed. Scale
bars, 5 um. Reprinted with permission from (44). (b) Super-resolution imaging at long working
distances using a supercritical lens is described. At left is a schematic of SCL microscopy. At
right are images of a nanoscale Big Dipper used to demonstrate the resolution enhancement.
Compared images were collected by scanning electron microscopy (SEM), transmission mode
microscopy (T-mode), laser scanning confocal microscopy (LSCM) and super critical lens

microscopy (SCL). Reprinted with permission from (52) Copyright 2016, John Wiley and Sons.

Figure 3: Schematic diagram and biological application of ratiometric nanoparticles. (a)
Schematic diagram of ratiometric nanoparticle showing a reference core particle surrounded by a
shell particle sensitive to chemical or environmental signals. (b) An example of ratiometric
nanoparticles used to detect pH in an E. coli biofilm. Reprinted with permission from (82),

Copyright 2009, American Society for Microbiology.

Figure 4: Examples of integrated membrane structures. (a) A combination of electron beam
lithography, photolithography and reactive ion etching can be used to create multiscale fluidic
systems with fluidic channels and chambers separated by barriers of controlled porosity. (b, left)
Replicate molding, and soft lithography can be used to create culture chambers in which
mammalian or bacterial cultures (left brightfield, right fluorescence) can be maintained and
imaged over extended periods of time. Porous barriers (inset) are used to keep different species
physically separated while allowing efficient nutrient supply and chemical exchange between

culture chambers. (b, right) Expression of green fluorescent protein (GFP) in response to a
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signaling molecule being secreted by bacteria in the lower chamber is demonstrated. (a-b)
Reprinted with permission from (130). Copyright 2015, American Vacuum Society. (c) A
dynamic mask-based multiphoton lithography process was used to define traps for individual P.
aeruginosa cells . A single trapped bacterium is shown growing into a picoliter colony. An
SEM micrograph of a trap is shown (bottom). Scale bar is 5um. Reprinted with permission from
(277). (d) A commercial membrane sandwiched between two PDMS channels allowed for
controlled flux of ADP into flowing blood. Platelet aggregation was monitored by confocal
fluorescence imaging (not shown) and scanning electron microscopy. Scale bar 5pum.

Reproduced from (143) with permission of The Royal Society of Chemistry.

Figure 5: Examples of nano structure enhancement elements. (a) SEM micrograph (30° tilt) of
silicon nanopost arrays (NAPASs) with a height of 1000 nm and diameter of 100 nm, H/D = 10.
Controlling the aspect ratio of these pillars is essential to optimizing ion yields during during
laser desorption ionization (LDI) mass spectrometry. Reprinted with permission from (176),
Copyright 2012, American Chemical Society. (B) SEM image of a free-standing gold bowtie
nanoantennae with a gap of ~8 nm that was created using a combination of electron beam
lithography, anisotropic silicon etching, and Au evaporation. Both gap size and elevation height
contribute to enhancement in Raman signals as high as 10™ . Reprinted with permission from
(178), Copyright 2010, American Chemical Society. .(c) A Schematic showing the operation and
structure of an electrochemical zero mode waveguide. These devices allow direct correlation of
optical and electrochemical signals during single electron exchange events within the zeptoliter
waveguide volume. (d) An SEM micrograph showing the E-ZMW structure. (c-d) Reprinted

with permission from (168).
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