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Introduction

Until recently, scientists interested in examining cellular-
level physiological responses to perturbations have used 
cultures of cells grown on dishes within a supportive 
medium. These cell cultures reduce the complexity of 
the living system to a level at which we can reasonably 
begin to understand the chemical, physical, and spatial 
influences affecting cellular behavior. Over the years, 
reductionist research strategies have advanced a broad 
range of scientific fields. However, it has become obvious 
that cells behave differently in cell culture than they do 
within the body. These differences may lead researchers to 
incorrect conclusions, with potentially detrimental effects 
on health-related research and scientific advancement. 
To solve this issue, and to gain more accurate insight 
into the physiologically based relationships among cells 
within the body, there has been a push to develop relevant 

microsystems in which cells are arranged in layers, cultured 
with other cells, or seeded onto various structures and 
geometries or within materials that more closely mimic those 
found in the body (1-3). The goals are twofold: to improve 
the relevance of the cell culturing environment through the 
introduction of chemicals, gradients, cell types, and three-
dimensional (3D) structures, and to create platforms that 
allow spatial and temporal specificity during sampling. 

While there are many benefits to using reductionist 
techniques, they tend to limit the amount of information 
that can be gained from cells removed from the context in 
which they develop, especially when investigating dynamic 
cellular processes. The actual chemical messengers, such 
as proteins, peptides, and metabolites, rather than genetic 
differences, are often the markers for change within 
a biological system. Traditional cell culture systems 
cannot reproduce the variety of chemical, structural, and 
mechanical interactions that influence cellular growth, 
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development, communication, and susceptibility to 
disorders and pathologies (3,4). In fact, cells cultured 
in 3D systems have been shown to have different 
morphologies (2,5), biochemical gradients and content  
(2,5-11), electrophysiological profiles (12), and responses to 
chemotherapeutics and irradiation (7,8,13), as compared to 
two-dimensional (2D) cell cultures. 

The relevance of the cell culture environment to the 
physiological system being investigated is particularly 
important in the study of neurochemistry. The nervous 
system uses a variety of intercellular messengers, including 
classical neurotransmitters, neuropeptides, metabolites, 
l ipids, and even gases, to communicate important 
information throughout the body (14). These intercellular 
signaling molecules and the information conveyed through 
them vary depending on their locations, amounts, and 
degradation pathways within the nervous system (15-17).  
Additionally, the presence of these molecules and the 
responses of the target cells also depend on the surrounding 
environment, changing along with external perturbations 
(18,19), the presence or absence of other chemical or spatial 
signals (20,21), and the structural or geometric patterns 
in a growth system (22). The goal of some neurochemical 
research is to gain a more complete understanding of 
the molecules involved in both healthy and diseased 
neurological systems in order to create better therapeutics 
for neurological disorders. This is a tall order that involves 
dynamic monitoring of intracellular, extracellular, signaling, 
and non-signaling molecules. We need to be able to 
understand specific relationships between perturbations in 
the nervous system and the resulting information flow via 
chemical messengers in both a temporal and spatial manner. 
While this is a daunting task, the development of in vitro 
environments that mimic in vivo environments can bring us 
a step closer to realizing this goal.

In addition to creating physiologically relevant environments 
through the introduction of chemicals, gradients, and 3D 
structures or geometries within a system, microphysiological 
devices also improve the ability to spatially and temporally 
define physical sampling steps within an experiment (23-28). 
This is vital to neurochemical investigation in which the specific 
spatial localization of perturbations allows the study of neural 
damage and repair, release of cell signaling molecules, and even 
the specific cells involved in the response. Similarly, temporal 
relationships between cellular insults and signal transmission are 
central to gaining an improved understanding of the influence 
these molecules have on information transfer. 

As with advancements in any field, moving toward the 

development of more physiologically relevant microsystems 
comes with a need to apply emerging analytical toolsets to 
the new cell culture platforms and importantly, improve 
the chemical characterization of microneurological 
systems. Often, characterization of microphysiological 
systems is performed using morphological or physiological 
methods that provide little chemical information. In some 
cases, immunological techniques are used to target a few 
preselected molecules for analysis, and/or gene expression 
profiles determined. However, to be confident that a newly 
developed system appropriately represents the chemical 
make-up of the tissue being mimicked, in-depth chemical 
characterization should be employed. After all, while 
transcriptomics provides information on the potential of 
a system, it is the molecules present that dictate its actual 
physiological state. The improved physiological relevance 
of microphysiological systems should lead to important 
new discoveries, particularly in the neurochemical or cell 
signaling realm; therefore, we should be focusing on ways 
to better interrogate the systems for unique chemical 
information. Mass spectrometry (MS) is the single most 
information-rich chemical characterization technique 
available, allowing the detection and identification of a wide 
range of molecules in both a targeted and an untargeted 
manner. We expect that through the coupling of MS to 
these microsystems, we will be able to better characterize 
the dynamic chemical make-up of the cells involved, as 
well as the molecular messengers used in the information 
flow between cellular groups, both under physiological 
conditions and as a result of external perturbations. 

For those of us who are more accustomed to thinking 
about reductionist approaches, there are multiple examples 
of biologists and engineers working together to create 
innovative platforms for the development of relevant 
microsystems. In this review, we broadly outline MS 
approaches of relevance to these systems, discuss the use of 
microfluidic devices, spheroids, hydrogels, and scaffolds to 
create appropriate microsystems, and lastly, highlight the 
exciting progress and future potential of interfacing these 
approaches to obtain improved chemical information for 
advancing neurochemical research. 

MS as a chemical characterization approach

Introduction to MS

While the goal of many microsystem designs is to create 
an improved cell culturing environment and enhanced 
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sampling system defined by the spatial and temporal 
aspects of the device, eventually the samples need to be 
characterized. If a preselected set of molecules are of 
interest, specific molecular or affinity probes can be used. 
However, for more untargeted or less well-characterized 
analytes, MS remains the most chemically information-
rich approach because it allows the characterization and 
quantitation of thousands of molecular species, usually 
without analyte preselection. There are a multitude of 
modern mass spectrometric techniques to choose from. 
The method selected depends on several factors, including 
sample properties and instrumental parameters, which 
together determine the compounds detected. Although 
detailed descriptions of all of the available hardware and 
operating procedures for MS are not within the scope of this 
review, a brief overview is provided to aid in the selection 
of the appropriate MS-based characterization approach. 
Critical considerations include choosing the appropriate 
sample conditioning method (including a separation step), 
vaporization and ionization approaches, and mass analyzer. 
Readers interested in learning more about MS are referred 
to several recent reviews (29-31). 

Analysis of small sample volumes via MS

Researchers interested in characterizing a wide range of 
molecules using a microphysiological system, either present 
in the environment surrounding the system or found within 
the system, can efficiently couple the device to a mass 
spectrometer for the collection of small-volume samples. 
The most straightforward microphysiological systems 
for this type of sampling are those with direct inlet and 
outlet ports and/or direct access to the material that will be 
collected. The next steps depend on the desired information 
and the MS instrumentation available. The two most 
commonly employed MS characterization approaches are 
matrix-assisted laser desorption/ionization (MALDI) and 
electrospray ionization (ESI), as they are both well suited 
for small-volume samples (32-36). 

For a dried sample, MALDI MS is a fast method that 
involves incorporating the analyte with an organic matrix, 
which when irradiated with a laser, vaporizes and ionizes 
the sample (34,37). MALDI measurements have been 
performed from cellular releasates, individual cells, and 
even directly from tissue slices (38). Basically, if a small-
volume (picoliter to microliter) sample is dried and the 
appropriate chemical matrix added, efficient detection of 
a broad range of molecules becomes possible. MALDI 

has a high salt tolerance and requires nanoliter-volume 
samples (27,32,39), making it useful for the analysis of 
small-volume biological samples, and even individual cells 
(40-42). Additionally, for precious samples, the recovery 
of leftover analytes is possible (43). Sample conditioning 
can enhance MALDI analysis, for example, by desalting 
and concentration via solid phase extraction (SPE) (44,45). 
After extraction, analytes of interest can be eluted onto a 
target plate (by SPE) or dried down, reconstituted in an 
appropriate amount of solvent, and then placed on the plate 
(by SPE or liquid extraction). In both situations, the sample 
is plated, mixed with a matrix, and dried in preparation for 
mass spectrometric analysis.

While MALDI has a number of advantages, an issue with 
MALDI is that interfacing it to separations, such as liquid 
chromatography (LC) or capillary electrophoresis (CE), adds 
complexity as compared to ionization techniques that use 
samples in solution. Without a preseparation with MALDI, 
ion suppression can occur; thus, there are applications 
that are better suited to LC-ESI-MS. In ESI-MS, a liquid 
sample is sprayed from a capillary via the application of an 
electrical potential to the end of the capillary (35,46). The 
electrosprayed droplets are desolvated and vaporized, resulting 
in multiply charged ions, which are introduced into the mass 
analyzer (35). ESI works well as a characterization approach 
after a liquid phase separation, and so often follows CE (44,47) 
or LC (48). The figures of merit of ESI make it particularly 
useful for the identification and quantitation of a wide range of 
analytes within complex samples (35). Researchers interested 
in evaluating the analytes within a microphysiological system 
would benefit from using these techniques, although other MS 
ionization approaches are available (49).

Analysis of large, complex samples via MS

At the other end of the volume scale, a number of 
metabolomics or proteomics approaches have evolved that 
take larger-volume samples, condition them, and then 
perform an LC separation followed by high performance 
MS, including tandem MS (MS/MS) (48). As mentioned 
in the previous section, LC separation is important for the 
reduction of the chemical complexity and dynamic range 
inherent to biological samples, with the goal of separating 
the samples into chemically simpler fractions. LC-MS/
MS generally requires larger amounts of sample than 
direct MALDI MS profiling, but is useful for peptidomic, 
metabolomic, or proteomic studies, as well as for 
quantitation.
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Direct imaging of samples using MS

MALDI MS is increasingly being employed for spatially 
resolved tissue characterization in an approach termed 
mass spectrometry imaging (MSI) .  In a  common 
embodiment of MSI, a laser samples the surface in a 
raster pattern, and at each point, a mass spectrum is 
acquired. The resulting spectra are then used to create 
images of ion intensity at specific locations within the 
sample (50). Similar to interrogating a tissue with MS, 
one can use MSI to spatially measure the compounds 
within a microfabricated device (51,52). Additionally, 
because microphysiological systems can contain complex 
3D structures, these structures can be removed from the 
systems and processed as though they are tissue through 
a series of stabilization and sectioning steps prior to 
analysis (38,53). MSI can be performed using MALDI MS, 
secondary ion MS (SIMS), or desorption ESI MS (54). 
Each ionization method has distinct figures of merit as 
well as different sample preparation requirements (50,54). 
No matter which detection modality is used, MSI is useful 
for researchers who want to obtain spatial information 
on the molecular content of their samples, both for basic 
study and to determine how well the model systems 
compare to the in vivo systems they are mimicking. 

Single cell measurements via MS

Understanding the chemical differences between cells is an 
important objective for neurochemical studies. Various MS 
methods can be employed for single cell measurements, 
including the aforementioned MALDI, ESI, and SIMS 
(38). Single cells contain femtoliters to picoliters of liquid 
and, therefore, measurements require high sensitivity 
and low limits of detection. Additionally, cells contain 
a complex mixture of molecules, requiring wide analyte 
coverage and ionization of intact biomolecules. Direct 
sampling from specific cells using liquid microjunction 
extraction for CE-ESI MS (55), and direct MALDI 
profiling of individual cells sorted into microarrays (42) 
or dissociated onto slides (56), are methods that are 
currently employed to interrogate the chemical content of 
single cells, offering great potential for integration with 
microphysiological systems.

Sample preparation considerations for MS

Here we outline the factors that impact the selection of the 

sampling and measurement protocols. For sampling from 
a microphysiological system, we expect that cells, tissues, 
and extracellular fluid would be the most common types 
of samples obtained. The sample preparation method 
selected for an MS analysis depends on a variety of factors, 
including the tissue or model the sample came from, the 
chemical information the researcher is trying to obtain, 
the instrument that will be used for the analysis, and how 
much time will elapse between sample preparation and 
analysis. In addition, a decision has to be made about 
whether it is important to the experimental objective to 
maintain structural, temporal, or location information, 
a choice that impacts how samples are collected and 
prepared. 

For example, if chemical characterization of different 
cellular populations is the goal, cells could be detached 
(or “dissected”) from the device, suspended in a liquid 
media, stabilized with glycerol or a similar substance so 
that they remain intact during a drying step, placed on 
a slide or MALDI target, washed to remove the excess 
glycerol, dried under a nitrogen stream, and coated with 
a matrix in preparation for MALDI. Alternatively, the 
cells could be individually prepared for intracellular media 
sampling by CE. These sampling approaches would allow 
for intracellular chemical characterization of different cell 
types, but would not maintain the spatial relationships of the 
cells. In studies where retaining spatially relevant chemical 
information is more important, the system could instead be 
frozen, cryogenically sliced, and then the slices deposited 
onto MALDI target plates, stabilized, and covered in a 
matrix for MS analysis. This type of sample preparation 
maintains intra- and extracellular areas as well as spatial 
relationships between cells. On the other hand, if analysis 
of cell signaling molecules is the goal, extracellular fluid 
can be collected from the device in a temporal or spatially 
relevant manner, subjected to sample clean-up via SPE to 
remove the salts from the extracellular media, and then 
either mixed with a MALDI matrix or prepared with an 
appropriate solvent for LC-MS analysis. Finally, if the goal 
is to understand as much chemical information as possible 
about a certain system (at the expense of spatial detail), the 
cells or tissues can be homogenized, the proteins, peptides, 
small molecules, or metabolites extracted, and the sample 
subjected to an SPE step and then prepared for LC prior 
to MS analysis. These are just a few examples of sample 
preparation methods that can be employed prior to MS 
analysis. 
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Microphysiological systems for neurobiological 
studies

Microfluidic systems

Microfluidic systems for biological applications rely on 
the physics and chemistry of small-volume materials and 
fluidic interactions to create intricate platforms for the 
growth, analysis, and manipulation of cells on a micrometer 
scale (57). When applied to biological systems, they have 
historically been used as a reductionist approach for single 
cell analyses, cell sorting, and compartmentalization; 
however, microfluidic devices are also used to create 
microphysiological systems (28,58-63). The small-
volume fluidic interactions allow for the formation of 
specially controlled microenvironments that can mimic 
the physiological milieu and structural relationships, while 
also providing opportunities for sampling, observation, 
and introduction of specific perturbations (64,65). These 
attributes allow for the design of studies to provide a more 
accurate picture of cellular responses. Our research group 
has had success using microfluidic devices to sample from 
cells for mass spectrometric analysis (27,51,52,66), and we 
look forward to performing similar experiments utilizing 
microphysiological systems.

The move away from traditional cell culture and toward 
constructing a microphysiological system can be facilitated 
by co-culturing different cell types in a microfluidic 
device. While many fields use the technology, the intricate 
relationships between neurons and their surrounding 
cells make co-culture for neurochemical investigation 
particularly relevant. First and foremost, neurons and glia 
are interdependent, and studies have shown that neurons 
behave differently with and without glia in their cultures 
(28,58,61). Therefore, both types of cells need to be 
incorporated into the microfluidic device. For example, 
Majumdar et al. (58) demonstrated a microfluidic device 
for the co-culture of primary hippocampal neurons and 
glial cells in which both types of cells were not physically 
in contact, but glial-conditioned media flowed directly 
from glia to the neurons. They found that the neurons co-
cultured with glia had greater transfection efficiency than 
traditional cell cultures, demonstrating the influence of 
glial presence in the culture system. Li and Ren et al. (28) 
developed a microfluidic device in which axonal injury can 
be studied within a system that includes both neurons and 
glia. They showed that their system allowed re-growth of 
axons when glial cells were introduced to the culture system. 
With the understanding that neuronal/glial interactions are 

important to study, Park et al. (59) kept the neuronal cell 
bodies physically separated, but allowed interaction between 
oligodendrocytes and the neuronal axons for the study of 
myelination (Figure 1A).

With microphysiological systems, it is important that 
target tissues are incorporated within the model system. 
Neurons develop, regenerate, and function based on 
their surroundings (14,28,67), supporting the need for 
functional neuromuscular junctions, sensory systems, and 
brain structures that can be studied. The neuromuscular 
junction consists of the spinal motor neurons, the cell 
bodies of which can be found in the ventral horn of the 
spinal cord, and their target organ, muscle. Recently, Kim 
et al. (60) demonstrated a microsystem in which spinal 
cord and muscle tissues were placed within channels 
located on opposing sides of the device, connected with 
microchannels. Axons from the spinal cord grew across 
the microchannels and innervated the muscle tissue. 
Southam et al. (61) described the use of a commercial dual-
chamber microfluidic device to culture motor neurons and 
glia on one side of the device and myocytes on the other. 
They demonstrated the growth of motor neuron axons 
through the microchannels and into the myotube side 
(Figure 1B), and discussed the importance of glial cells and 
target muscle tissue for the health of the motor neuron in 
culture. Perhaps more exciting is a system reported by the 
Perlson group (20,62), created using a slice of an embryonic 
spinal cord explant co-cultured with myotubes. In this 
microfluidic device, the axons from the motor neurons grew 
through grooves to innervate the myotubes. One of their 
studies revealed not only that the axons grew more quickly 
through the grooves when the myoblasts were present 
than when they are not, but also that the growth factor 
glial cell line-derived neurotrophic factor only promoted 
axonal growth and innervation when applied to the axons 
of the motor neurons, and not when applied to the cell  
body (20). This outcome is a demonstration of the 
important new biochemical insights that can be gained from 
using microphysiological systems. 

For the peripheral sensory nervous system, there is one 
more “side” to account for within the microsystem. The cell 
body of the sensory neuron resides in the sensory ganglia 
located near the spinal cord (70,71). Sensory neurons only 
have one outgrowth, an axon, which bifurcates, extending 
one branch to the skin or viscera and the other into the 
dorsal horn of the spinal cord. Using a popular microfluidic 
device design (72), Tsantoulas and colleagues (67) created 
the sensory ending side of this system by culturing primary 
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Figure 1 Microfluidic devices for the creation of microneurological systems. (A) Schematic illustration of the microfluidic 
compartmentalized CNS neuron co-culture platform. A 3D view of the circular device {reproduced from Park J, Koito H, Li J, et al. 
Microfluidic Compartmentalized Co-Culture Platform for CNS Axon Myelination Research. Biomed Microdevices 2009;11:1145. 
Copyright [2009] with permission of Springer (59)}; (B) false-colored SEM image showing motor neurons (red) interacting with myotubules 
(blue) in the distal chamber of a microfluidic device. Scale bar: 5 µm {reprinted from Southam KA, King AE, Blizzard CA, et al. Microfluidic 
Primary Culture Model of the Lower Motor Neuron–Neuromuscular Junction Circuit. J Neurosci Methods 2013;218:164-9. Copyright 
[2013] with permission from Elsevier (61)}; (C) co-culture of rat neonatal keratinocytes (stained for cytokeratin 5, red) with rat neonatal 
primary sensory neurons (stained for B3 tubulin, green) in a dual chamber device. Scale bar: 100 µm [adapted from Tsantoulas C, Farmer 
C, Machado P, et al. Probing Functional Properties of Nociceptive Axons Using a Microfluidic Culture System. PLoS One 2013;8:e80722. 
Provided under Creative Commons license 3.0 (67)]; (D) schematic of a neurovascular unit created within a microfluidic device [adapted 
from Brown JA, Pensabene V, Markov DA, et al. Recreating Blood-Brain Barrier Physiology and Structure on Chip: A Novel Neurovascular 
Microfluidic Bioreactor. Biomicrofluidics 2015;9:054124. Provided under Creative Commons license 3.0. (68)]. CNS, central nervous 
system.
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sensory neurons from the dorsal root ganglion on one side 
of a two-chamber device and keratinocytes on the other, 
to resemble the skin (Figure 1C). They demonstrated 
the successful innervation of the keratinocytes by the 
sensory neurons, as have other groups using separate two-
compartment co-culture models (21,73,74). As for the side 
of the sensory neuron axon that extends to the spinal cord, a 
few groups have demonstrated functional cultures between 
neurons of the dorsal horn of the spinal cord and those of 
the dorsal root ganglia (75-78). Additionally, Johnson et al. 
(26) demonstrated a 3D printed tri-chamber device within 
which they successfully cultured peripheral sensory neurons, 
Schwann cells and either epithelial cells or hippocampal 
neurons in separate chambers. While hippocampal neurons 
are not secondary sensory neurons, this is one of the only 
successful central nervous system (CNS) to peripheral 
nervous system micro-cultures. Unfortunately, there are not 
yet any microsystems that can mimic the peripheral sensory 
system from skin to spinal cord; however, work is being 
done in this area.

Another important area of research for the design 
of microfluidic systems includes the re-creation of the 
blood-brain barrier (BBB). Understanding the BBB is 
important to the study of neurochemistry because it is 
the gatekeeper of the brain, regulating which molecules 
are allowed to enter the CNS from the blood. Various 
groups have designed devices that mimic certain aspects 
of the BBB (79). Two similar device designs, one created 
by the Sundaram group (63) and another by the Wikswo 
group (79), successfully modeled the neurovascular unit 
by using multiple layers, including a neural chamber 
and a vascular chamber, and a microporous membrane 
separating the two (Figure 1D) (68). The neural chamber 
consisted of a physiologically relevant mix of neurons and 
supported cells such as astrocytes and microglia (for the 
Sundaram group) or pericytes (for the Wikswo group), and 
the vascular chamber contained microvascular endothelial 
cells. Both groups reported the ability to include flow 
within their design, which is imperative for the appropriate 
function of endothelial cells and for mimicking vasculature. 
Importantly, the Wikswo group seeded the neurons and 
astrocytes within a collagen gel in the “brain” chamber to 
even better model brain structure, and also used human-
derived cells within their system. Another noteworthy 
BBB device design is the Ingber group’s (80) use of a 
microfluidic system to create a cylindrical lumen inside 
a microchannel within which astrocytes, pericytes, and 
endothelial cells were seeded. This work is important 

because it incorporates the appropriate shape of the blood 
vessels (cylinder), unlike the rectangular channels used 
by other groups, and also removes the membrane barrier 
between cell types, allowing them to be in physical contact 
with each other, as they are in the body.

Spheroids

Another way to create physiologically relevant nervous 
system models is to place neurons and their support cells 
together and let them assemble or aggregate on their own. 
The creation of spheroid cultures relies on the cells’ natural 
proclivity to aggregate, rather than on the strict design of 
structural, chemical, and physical relationships used by 
microfluidic devices. A spheroid culture is both a way to 
create a more natural state for the cells under investigation, 
and a means to study the natural formation of cellular 
aggregates. Spheroid culturing technique is based on keeping 
cells in suspension so that they will join together, rather than 
settle on and form attachments to a particular cell-culturing 
surface. Aggregation can be encouraged through stirring, 
suspending cells in drops from a surface, and plating in non-
adhesive microarray wells. Once aggregated, the spheroids 
tend to demonstrate behavior similar to that found in vivo, 
such as exhibiting the proper intercellular relationships or 
secreting their own extracellular matrix (ECM) (81). The 
creation of spheroids and spheroid networks can be useful 
in the study of intercellular interactions and cell-ECM 
interactions (81), toxicity studies (82), and even neural tissue 
transplantation (83). 

As an example of spheroid neural cultures being used 
to study disease, the Lee lab (82) built an in vitro model 
of Alzheimer’s disease using a network of neurospheres 
to model the layered cellular architecture of the brain’s 
cortex for the study of beta amyloid exposure. Building on 
this model, Park et al. (84) incorporated the constant fluid 
flow that is found in physiological systems. The potential 
implications for their model in the study of Alzheimer’s 
disease is important to note, particularly for understanding 
the response of the tissue to beta amyloid exposure as well 
as for toxicity studies for potential therapeutics.

Another group, led by Kato-Negishi (83), created a 
network of neurospheres that could then be used as a stamp 
and placed directly onto cortical tissue. While it is unclear 
how this type of brain tissue would actually function once 
incorporated into a living system, the researchers did show 
integration between the stamped neurosphere network and 
the whole brain tissue, which is a promising step forward 
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for future cognitive interface work. 
Recently, Pamies et al. (85) demonstrated the creation 

of a reproducible, size-controlled spheroid culture using 
induced pluripotent stem cells differentiated into a structure 
containing appropriately localized neurons, oligodendrocytes, 
and astrocytes as well as neural sub-populations, such as those 
expressing dopamine, glutamine, or GABA. Since they are 
derived from human cells and are uniformly made, these 
brain microphysiological systems, as they are called, could be 
particularly useful for pharmaceutical or neurotoxicity studies.

Spheroids can also be used within microfluidic devices. 
For example, the Kamm group (65) described an enhanced 
co-culture microfluidic device in which a 3D system was 
created that allows for the culture of both a neurosphere on 
one side of the device and a muscle strip on the other, with 
axonal outgrowth from the neurosphere connecting to the 
muscle strip (Figure 2A). 

Hydrogels, fibers, and other soft materials

The incorporation of various soft materials into cell 
culture is another way that physiological relevance can 
be enhanced in an engineered system. Hydrogels are 
highly absorbent cross-linked polymers that can be used 
in a variety of ways. They are particularly useful in the 
creation of microphysiological systems because they 
are mechanically and structurally similar to tissue and  
ECM (88). This similarity to natural tissue, combined with 
a level of porosity that allows for cell migration and nutrient 
and waste exchange, make hydrogels prime materials for 
creating 3D cell cultures (86,88).

Lozano et al. (86) designed a system in which a peptide-
modified polymer, Gellan gum-RGD, was mixed with 
cortical cells and printed using a 3D printing system into a 
layered structure similar to that of the cortex (Figure 2B).  
The authors found that the neurons and glia were functional, 
and that synapses formed between printed layers. Therefore, 
they succeeded in creating a 3D cortex-like structure 
with viable neurons encapsulated inside, demonstrating  
appropriate growth and neurite extension. Similarly, Kunze  
et al. (87) used microfluidic devices to create alginate-enriched 
agarose hydrogel layers that model the structure of the cortex 
(Figure 2C). The layers can also be perfused with nutrients 
and/or stimulated with chemicals in a gradient and are 
oriented in the x-y plane for facile microscope imaging. While 
their system used only one type of cell, the importance of their 
device in correctly simulating the external environment for the 
neurons of the cortex cannot be dismissed.

Huval et al. (89) created a 3D system in which a dorsal 
root ganglion explant was placed within a dual hydrogel 
encasement system that had been treated with both growth-
permissive and growth-inhibiting molecules so that the 
axonal outgrowth followed a discrete nerve-like path. 
This “microscale organotypic model of peripheral nerve 
tissue,” as they described it, has a similar structure and 
electrophysiological function as nerve tissue, making it 
a potential model for use in pharmaceutical and clinical 
testing. It would also be an interesting model for injury, 
regeneration, and neurochemical studies. 

A multi-layered microfluidic device to fabricate hydrogel 
constructs that mimic the structure of a nerve bundle, with 
its complex cross-sectional morphology, was designed by 
Kitagawa et al. (90). They used sodium alginate to create 
stiff microfibers that were encapsulated by a softer hydrogel, 
which included sodium alginate mixed with propylene 
glycol alginate. The PC12 neuron-like cells grew along the 
stiff microfibers, creating an analogous structure to an axon 
surrounded by Schwann cells. 

Hydrogels influence cellular responses based on the 
stiffness, charge, and other properties of the gel (91). 
While the ability to tune a hydrogel creates unlimited 
opportunities for creating various environments within 
which cells can grow, the sensitivity of the cells to the 
hydrogel environment may not make them optimal for the 
study of in vivo responses, unless a hydrogel that has the 
exact same parameters as the cell’s environment is used. 

Daud et al. (92) created nerve-like structures via 
electrospun polycaprolactone fiber scaffolds. These fibers, 
aligned in groups and created with uniform diameters of 1, 5, 
or 8 µm, allowed for the alignment of neurons, axons, and 
Schwann cells as they grew in culture. They used primary 
cell cultures and dorsal root ganglion explants, observing 
that neuronal and Schwann cell co-localization occurred 
for the dorsal root ganglion cultures, but not as extensively 
for the neuronal and primary Schwann cell cultures. The 
authors also studied primary neuron cell culture versus 
neuron/Schwann cell co-culture and concluded that axons 
extended further in the presence of Schwann cells than 
without. Both results add evidence to the importance of 
using an in vitro system that is the most closely related to 
the in vivo system.

A microscaffold system made from an array of 
microfabricated towers is the solution that Rowe et al. (93) 
designed to overcome the lack of appropriate circulation 
to 3D cell cultures. They used hollow microtowers that 
contained multiple fluid ports, which allowed for media 
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and nutrient perfusion throughout the device. This group 
also included electrodes on the towers for ease of future 
electrophysiological stimulation or recording. 

As a final example, Zou et al. (94) used self-assembly of 
the peptide IKVAV to create a scaffold of nanofibers, which 
were useful for guiding the outgrowth of axons from a 
dorsal root ganglion explant.

Applying MS to microphysiological systems for 

chemical analyses

The microsystems highlighted in this review were initially 
developed to improve scientists’ ability to model in vivo 
physiology, with many used to perform morphological, 
immunofluorescent, and even some biochemical analyses. 

Figure 2 The use of neurospheres and hydrogels in microphysiological model systems. (A) Schematic of the integration of neurosphere 
culture within a microfluidic device [adapted from Uzel SGM, Platt RJ, Subramanian V, et al. Microfluidic Device for the Formation of 
Optically Excitable, Three-Dimensional, Compartmentalized Motor Units. Science Advances 2016;2. Provided under Creative Commons 
Attribution-NonCommercial 4.0 International license. http://advances.sciencemag.org/content/2/8/e1501429.full (65)]; (B) hydrogel 
layered cortex models. Top: 3D printed hydrogel layers Bottom: fluorescent images showing the layers with and without cells. The scale 
bar represents 100 µm {reprinted from Lozano R, Stevens L, Thompson BC, et al. 3D Printing of Layered Brain-Like Structures Using 
Peptide Modified Gellan Gum Substrates. Biomaterials 2015;67:264-73, Copyright [2015] with permission from Elsevier (86)}; (C) 
schematic of a microfluidic device used to create hydrogel layers imitating the cortex {reprinted from Kunze A, Giugliano M, Valero A, 
et al. Micropatterning Neural Cell Cultures in 3D with a Multi-Layered Scaffold. Biomaterials 2011;32:2088-98. Copyright [2011] with 
permission from Elsevier (87)}.
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Each of the microfluidic systems discussed are also well 
suited for chemical integration with mass spectrometric 
analysis and can be used to collect cellular releasates, 
or would only need small adjustments in the form of 
stimulation and sampling ports for coupling with off-chip 
analysis by MS. 

Microfluidic devices have a history of being coupled with 
mass spectrometric analysis (27,52,95-98), and we expect 
this will continue. Perfusion of media through input and 
output ports for stimulations and sample collection is the 
simplest approach, while others might opt for employing 
microdialysis-like methods, or adding more intricate on-
chip processing steps to the sample collection (96,98). 
Although these adjustments could require changes to the 
design and fabrication of a microfluidic device, existing 
media perfusion ports can also be used for perturbations or 
sampling. For designs that do not have direct access, holes 
of varying diameters can be punched into the devices using 
biopsy punches or via less invasive sampling methods, such 
as a syringe and needle. Finally, researchers may opt to revise 
their designs and fabrication methods to create an optimized 
interface between their devices and the mass spectrometer. 

Neurospheres can be incorporated into MS in two ways. 
First, they can be cultured within a microfluidic framework, 
as described by Uzel et al. (65). Within a microfluidic 
device, neurospheres would provide a physiologically 
relevant cell culture construct and sampling would occur 
through perfusion, similarly to how it is outlined above. 
Additionally, the cellular and chemical composition 
of a neurosphere, as well as its ability to create its own 
ECM, would be interesting to study using MSI. The 
neurospheres can be sectioned and then subjected to MSI 
to examine their chemical make-up, as described by the 
Hummon group (53,54) in their study of spherical cultures  
(Figure  3 )  (54) .  Impress ive ly ,  they  were  ab le  to 
identify proteins and their distributions within colon 
carcinoma spheroids. Additionally, the surroundings 
of the neurospheres could be directly imaged using 
SIMS or MALDI without sectioning, helping to better 
understand the development of the ECM and surrounding 
environment, similar to how our group images biofilms (99). 

Systems created out of hydrogels, scaffolds, and fibers can 
be sectioned and imaged similarly to neurospheres, or can 
be perfused and have analytes collected via sampling from 
device output ports, similar to sampling from microfluidic 
devices. Additionally, procedures such as microdialysis 
may be successful for sampling from within a hydrogel 
or scaffolded “tissue”. Specifically for polymer-based 

systems, one issue that may occur is that even if sampling is 
successful, the polymer content may suppress or overwhelm 
the signal from the sample. However, the current success 
in coupling MS with microfluidic devices that employ 
polymer materials, as described above, the use of hydrogels 
for localized protein extraction prior to MS analysis (100), 
and the compatibility of MS with microsystems using 
poly(dimethylsiloxane) (101), polycarbonate (102), and 
poly(methyl methacrylate) (103), demonstrate that polymer 
contamination from devices may not be as large an issue 
as some have assumed. Should concerns arise when using 
specific polymer-based devices, these issues could be 
potentially resolved through data analysis techniques, such 
as subtraction of the peaks associated with the intervening 
polymers. Further, the development of non-polymer-
based materials, improved sample clean-up techniques, and 
increased instrumental resolution and sensitivity could be 
future solutions to potential polymer contamination issues. 

Additionally, single cell measurements for the detection 
of rare cells or the measurement of appropriate cell 
ratios/types within the system can be performed through 
direct sampling from the microphysiological device or 
by harvesting the cells through enzymatic digestion 
and dissociation and measuring their cell profiles using 
microarrays (42) or microscopy-guided MS analysis after 
dispersion (56).

We acknowledge that a limitation of using MS to 
chemically characterize microphysiological systems is the 
potentially low amount of analyte present in such small 
systems, particularly when performing non-targeted analyses. 
However, recent improvements to mass analyzers and 
sample introduction systems have led to large decreases in 
the sample amounts required, with work using zeptomole 
amounts of metabolites and proteins now being reported 
(104-106). However, when using MS for these small-volume 
studies, researchers are cautioned that although the chemical 
information obtained by MS analysis does not require analyte 
preselection, the resulting data is often not comprehensive.

Finally, when working with human tissue samples, there 
are often time delays, and issues with sampling variability 
and non-uniform storage conditions, all of which can 
greatly impact the chemical information obtained from the 
tissues. When robust microphysiological systems become 
available, they will be an excellent source of samples from 
which we could gain a multitude of chemical details about 
normal human growth, development, and aging, as well as 
disease progression. It is important to develop the analytical 
techniques now for when that time comes.
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Conclusions
 

For years, the study of neurochemistry has relied on both 
in vivo systems, which can be difficult to control, and a 
range of in vitro 2D cell cultures and organotypic slices, 
which offer improved control and access to the cells but are 
not ideal models for living systems. Now, thanks to both 
improved microtechnologies and a better understanding of 
the nervous system, we have the tools at hand to build in 
vitro systems that behave more closely to in vivo systems. 

A range of  MS measurement approaches  of fer 
the most information-rich, non-targeted chemical 
characterization options available for characterizing 
metabolites, peptides, and proteins within a living 
system. Coupling microphysiological systems to mass 
spectrometers requires attention to the hyphenation details 
in order to obtain the greatest information on a dynamic 
cellular environment without introducing biases. While 
the analytical performance for mass spectrometers is 
impressive, there are numerous opportunities for improved 
interfaces between microphysiological systems and mass 
spectrometric measurement technologies, and we expect 

systems with enhanced spatial, chemical, and temporal 
resolution to be introduced in the coming years. Presently 
there are only a few examples of microphysiological 
systems having been used for analytical inquiries, and even 
fewer in neurochemistry; nonetheless, we look forward to 
the neurochemical insights to be gained from continued 
research in this area. We envision exciting progress in 
the integration of microphysiological systems with mass 
spectrometric analysis, and expect that the high information 
content of MS will enable new discoveries about the 
molecular players in both health and disease.
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