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Abstract

Despite the significant global prevalence of chronic pain, current methods to identify

pain therapeutics often fail translation to the clinic. Phenotypic screening platforms

rely on modeling and assessing key pathologies relevant to chronic pain, improving

predictive capability. Patients with chronic pain often present with sensitization of pri-

mary sensory neurons (that extend from dorsal root ganglia [DRG]). During neuronal

sensitization, painful nociceptors display lowered stimulation thresholds. To model neu-

ronal excitability, it is necessary to maintain three key anatomical features of DRGs to

have a physiologically relevant platform: (1) isolation between DRG cell bodies and

neurons, (2) 3D platform to preserve cell–cell and cell-matrix interactions, and (3) pres-

ence of native non-neuronal support cells, including Schwann cells and satellite glial

cells. Currently, no culture platforms maintain the three anatomical features of DRGs.

Herein, we demonstrate an engineered 3D multicompartment device that isolates DRG

cell bodies and neurites and maintains native support cells. We observed neurite

growth into isolated compartments from the DRG using two formulations of collagen,

hyaluronic acid, and laminin-based hydrogels. Further, we characterized the rheological,

gelation and diffusivity properties of the two hydrogel formulations and found the

mechanical properties mimic native neuronal tissue. Importantly, we successfully lim-

ited fluidic diffusion between the DRG and neurite compartment for up to 72 h, sug-

gesting physiological relevance. Lastly, we developed a platform with the capability of

phenotypic assessment of neuronal excitability using calcium imaging. Ultimately, our

culture platform can screen neuronal excitability, providing a more translational and

predictive system to identify novel pain therapeutics to treat chronic pain.

K E YWORD S

dorsal root ganglia, in vitro device, neuronal excitability, peripheral sensitization, phenotyping

1 | INTRODUCTION

Chronic pain is the leading source of disability and disease in the

world and affects up to 20% of people during their lifetime in the

United States.1–3 Current treatments for chronic pain commonly

include pharmacological therapeutics and surgical intervention; how-

ever, chronic pain treatments are limited and have high rates of

adverse effects.4,5 Some common methods for identifying therapeu-

tics to treat chronic pain include probing molecular pathways and

assessing pain-like behavior in animal models.6–11 While these
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methods have provided foundational knowledge about the molecular

pathways that drive many pain states, the lack of clinical translation of

pain treatments from these findings highlights an unmet need for

screening models with better predictive capability.

Phenotypic screening platforms rely on modeling and assessing high-

level pathologic function, rather than molecular changes and are therefore

more likely to impact painful pathology. Thus, phenotypic screening plat-

forms can have a stronger predictive capability.6,9,12 For example, chronic

pain patients present with pathology such as lowered pain thresholds.13–15

These lowered pain thresholds can be caused by noxious inflammatory or

mechanical stimuli in peripheral tissue that repetitively stimulates

nerves.15–18 Repeated stimulation of peripheral nerves due to noxious

inflammatory and mechanical factors can result in an increased neuronal

excitability, which presents pathologically as a lowered pain thresh-

old.14,15,19–21 Traditional molecular screening relies on targeting specific

ion channels and signaling cascades that eventually lead to lowered pain

thresholds, but these molecular changes do not always scale back up

to alleviate painful pathology. However, phenotypic screening relies on

higher order changes in neuronal behavior (such as firing threshold) which

correlate more directly to the painful pathology.6 Since phenotypic screen-

ing platforms have closer proximity to the painful pathology and do not

require knowledge of molecular targets, they have an increased potential

for translational efficacy. Importantly, a review by Swinney et al.22 showed

that the majority of first-in-class small molecule drug therapeutics

approved by the food and drug administration from 1999 to 2008 were

identified from phenotypic screening compared to target-based screening.

This review suggests that the identification of molecules with appropriate

(and potentially multiple) targets may not emerge as quickly or at all from

following a focused target-based approach since the nuanced interaction

between drug and targetmay bemissed.

A phenotypic screening platform that models heightened neuro-

nal excitability present in chronic pain patients is a promising tool for

TABLE 1 Literature review of current DRG culture platforms indicating if each platform meets the three physiological criteria of DRG culture,
as outlined.

Culture platform Isolation
Native
support cells

Environment

References3D Substrate Substrate coating

Petri dish � �

3D Hydrogel � + +

Campenot + � � Polystyrene Collagen Jonas et al.23

Ponce et al.24

Klusch et al.25

Campenot et al.26

Explant chamber + + � Polystyrene Poly-D-lysine

and laminin

Vogelaar et al.27

Boyden chamber + + � Glass Poly-D-lysine

and laminin

Ying et al.28

Neuron-oligodendrocyte

co-culture device

+ � � Glass Matrigel on

poly-D-lysine

Ristola et al.29

Multi-nodal neural

network microfluidic chip

+ � + Glass Poly-L-ornithine

and laminin

Wijdeven et al.30

Dipartite microfluidic

system

+ � � Glass

(or)

Polystyrene

Poly-L-lysine

Poly-D-lysine

Poly-L-ornithine

Silva et al.31

Jia et al.32

Park et al.33

Sundaramoorthy et al.34

+ � Glass Poly-D-lysine Leitao et al.35

Tripartite microfluidic

system

+ � � Glass

(or)

Lumox

PLL

PDL and laminin 1

Vysokov et al.36

Jocher et al.37

Dumoulin et al.38

Abbreviation: DRG, dorsal root ganglia.
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discovery of novel drugs to treat this pain. Review of the literature

highlights three key anatomical criteria that are necessary to mimic

in vitro to maintain relevance to the in vivo environment, (1) maintain-

ing isolation between distal neurites and DRG cell body, (2) presence

of three-dimensional environment, and (3) presence of native non-

neuronal support cells. However, a literature review of current dorsal

root ganglia (DRG) culture models yields no culture systems that

incorporate these three features―to our knowledge―, highlight-

ing a gap in the field (Table 1).23–38 Thus, the goal of this work was to

develop a physiologically relevant phenotypic screening DRG platform

of neuronal excitability that maintains key anatomical features to

recapitulate the in vivo environment (Figure 1).

1.1 | Maintain isolation between distal neurites
and DRG cell body

DRGs are located adjacent to the spinal cord and contain a cluster of

primary sensory neuron cell bodies whose neurites extend into

peripheral tissue, anatomically and environmentally isolated from the

cell bodies.20,39,40 Noxious stimuli at the peripheral site of inflamed or

diseased tissues initiates pain by acting directly on pain-sensing neur-

ites (nociceptors), distant from the DRG cell bodies.20,41–43 In vitro,

this isolation can be modeled using compartmentalized devices which

separate DRG cell bodies and neurites with a barrier that allows neur-

ite growth between compartments while limiting fluidic diffusion.44 A

commonly used platform to model DRG isolation is the Campenot

chamber45 which uses a Teflon divider to create two or three com-

partments to mimic the in vivo isolation (Table 1).45–47 However, the

Campenot chamber can only be used with dissociated DRG neurons

in 2D, which disrupts the native cellular composition and decreases

physiological relevance, specifically neuronal excitability.48,49 Dissoci-

ation is the process in which DRG cells are disrupted by mechanical

agitation to produce primary neurons; however, it is also common to

remove non-native support cells in this process due to over

proliferation.50–52 In this study, we developed a compartmentalized

device for culture of explant DRGs with spatial fluidic isolation

between DRGs and neurons.

F IGURE 1 Schematic depicting experimental processes. (A) Dorsal root ganglia (DRG) harvest from adult Sprague Dawley rats. (B) Render and
fabricate multicompartment (MC) device. (Right) MC device secured in 48-well plate. (C) DRG explant embedding and culture within the collagen-
laminin-methacrylic anhydride hyaluronic acid hydrogels. (D) DRG phenotypic assessment with fluorescent calcium imaging to assess neuronal
excitability. Schematic made in Biorender.
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1.2 | Three-dimensional environment

There is growing consensus that 3D culture conditions are more rele-

vant because cell–cell and cell-extracellular matrix interactions are

more like those present in vivo.48,53–58 Specifically, previous work has

shown that the stiffness of the culture environment influences axonal

growth,59,60 branching,61 and neuronal excitability of DRGs.45,57

Despite this knowledge, the majority of in vitro DRG platforms utilize

2D culture, as represented in Table 1.23–25,45 Commonly, the methods

of 2D DRG culture include direct plating onto a rigid surface or

onto a coating of varying substrate stiffness.39,62–66 However, in

3D culture, cells are embedded within a matrix where the mechani-

cal properties are tunable by modifying the composition.61,67–70

Specifically, increasing matrix stiffness of a 3D hydrogel has been

correlated with decreased neurite length of sensory neurons from

neonatal rat superior cervical ganglia71; therefore, it is important

to use a matrix with mechanical properties that mimic native neu-

ronal tissue. It is important to note that both dissociated and 3D

explant DRGs have been cultured in 3D matrices in previous litera-

ture, as indicated in Table 1. In our study, we used collagen type I,

methacrylated hyaluronic acid (MAHA), and laminin hydrogels to

promote cell–cell and cell–extracellular matrix interactions and to

maintain physiologically relevant mechanical and diffusivity prop-

erties that mimic native tissue.

1.3 | Presence of native non-neuronal
support cells

In vivo, the presence of non-neuronal support cells such as Schwann

cells and satellite glial cells (SGC) are important for function of periph-

eral sensory neurons in both healthy and hyperexcited states.39,62–66

Schwann cells encapsulate axons, forming the myelin sheath that

allows for saltatory signal transduction.64 In addition, SGC are essen-

tial glial cells in sensory ganglia and are critical for DRG function.

SGCs envelop the cell bodies of DRGs and have a role in sensory sig-

naling.65 In chronic pain conditions, activation of Schwann cells and

SGCs has been correlated with increased levels of pro-inflammatory

cytokine secretion, which is implicated in increased nociceptor excit-

ability.66 To date, most studies using compartmentalized culture plat-

forms to characterize DRG phenotype have used dissociated DRGs

(Table 1). However, the use of DRG explants to maintain non-

neuronal support cells is established in the field and results in more

relevant neuronal excitability; therefore, it is an advantageous method

for phenotypic screening.46,72–74 Specifically, explant DRGs that main-

tained non-neuronal support cells have been used in multicompart-

ment (MC) devices (Table 1). In this study, we used adult rat DRG

explants in a compartmentalized device to ensure the presence of

non-neuronal support cells.

Despite many studies using compartmentalized culture platforms,

to our knowledge there are no current culture platforms that maintain

all three key anatomical features of the in vivo environment (Table 1).

We have engineered a 3D MC culture platform that (1) maintains

isolation between distal neurites and DRG cell bodies, (2) uses a

three-dimensional hydrogel of relevant stiffness, and (3) includes

native non-neuronal support cells that can be used as a phenotypic

screening platform to measure neuronal excitability by using calcium

imaging.

2 | MATERIALS AND METHODS

2.1 | Hydrogel fabrication

Throughout this study two unique hydrogel formulations were used

due to differences in diffusivity properties. The two fabrication pro-

cesses and two formulations are described in detail below. Herein, the

hydrogel formylations will be referred to as hydrogel 1 and

hydrogel 2.

Hydrogel 1 contains the following components: methacrylated

hyaluronic acid (MAHA, 53747-10G, Sigma-Aldrich) at 1.25 mg/mL,

collagen type I rat tail at (50,205, Ibidi) at 4.5 mg/mL, laminin

(3446-005-01, R&D Systems) at 0.75 mg/mL, 0.15% Irgacure

(2-Hydroxy-40-[2-hydroxyethoxy]-2-methylpropiophenone, 410896-10G,

Sigma-Aldrich), 1� Dulbecco's Modified Eagle's Medium (DMEM,

D2429-100ML, Sigma-Aldrich), and sodium bicarbonate (S6014-500G,

Sigma-Aldrich) at 23.125 mg/mL. To fabricate hydrogel 1, hyaluronic

acid (HA) was methacrylated with methacrylic anhydride (276685,

MilliporeSigma) groups following previously established methods.75–77

Hydrogels prepared for this study used MAHA with a methacryla-

tion range of 85.0%–115.0%, which has been demonstrated in pre-

vious literature to promote neurite outgrowth and maintain robust

mechanical properties.76,78 The degree of methacrylation of

MAHA was validated using nuclear magnetic resonance to detect

hyaluronic acid and water peaks (data not shown) using methods

previously described.76 To prepare MAHA, 0.6% Irgacure was dis-

solved in a solution of 80% vol/vol concentrated DMEM/HEPES

solution and 20% vol/vol 1� PBS. Then, 5 mg/mL MAHA was dis-

solved in Irgacure-DMEM solution for 48–72 h at room tempera-

ture in the dark with gentle agitation. On the day of gel

fabrication, type I collagen was neutralized immediately prior to

experimentation. For neutralization, 2% 1 M sodium hydroxide

(NaOH, 221465-500G, Sigma-Aldrich), 4% milliQ H2O, and 84%

type I collagen at 8 mg/mL was combined and then buffered with

10% 10� PBS and the solution was mixed vigorously on ice with a

pipette and the pH was tested using litmus paper. Neutralized type

I collagen solutions with a pH between 6.8 and 7.8 were used. For

the final hydrogel concentrations, neutralized type I collagen

(2.5 mg/mL) was then rigorously mixed with MAHA (2.5 mg/mL),

laminin (0.75 mg/mL), and 1� phosphate buffered saline (PBS) to

create Hydrogel 1. Hydrogel 1 was thermally crosslinked for 30 min

at 37�C in an incubator then UV-crosslinked for 90 s with a high

intensity UV lamp (UVP B 100-AP, Analytik) with a power of 12.5

± 2.5 W/cm2. Hydrogel 1 was used for diffusivity, gelation, rheol-

ogy, neurite growth, immunohistochemistry, and calcium imaging

experiments in this study.

4 CAPARASO ET AL.
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Hydrogel 2 follows the same fabrication process as hydrogel 1 out-

lined above. However, hydrogel 2 has a final composition of 2.5 mg/

mL MAHA, 2.5 mg/mL type I collagen, and 0.75 mg/mL laminin.

Hydrogel 2 was thermally crosslinked for 30 min at 37�C in an incuba-

tor then UV-crosslinked for 110 s with a high intensity UV lamp (UVP

B 100-AP, Analytik) with a power of 12.5 ± 2.5 W/cm2. Hydrogel

2 was subjected to a longer UV-crosslinking period to account for the

additional MAHA.79 Hydrogel 2 was used for diffusion, gelation, rheol-

ogy, and neurite growth experiments in this study.

2.2 | Maintaining isolation between distal neurites
and DRG cell bodies

2.2.1 | Device design and fabrication

A MC device with three distinct compartments was designed and fab-

ricated to maintain fluidic isolation between DRG cell bodies and

neurites in culture for up to 72 h. The MC computer-aided design

(CAD) model was rendered using AutoDesk Inventor 2022. The MC

CAD model was exported as a STL file and uploaded to a Form 3 (For-

mlabs) SLA 3D printer using Preform 3.23.1 software (Formlabs). The

printer was calibrated according to manufacturer's standards and

devices were printed using High Temp V2 (FLHTAM02, FormLabs)

resin with a layer height of 25 μm. The highest aspect ratio (length-to-

width) of the tunnels was determined by assessing the resolution of

the 3D printer to print tunnels of varying lengths and widths. Tunnel

lengths of 1.2, 1.0, 0.8, and 0.6 mm were printed with widths of

0.250, 0.225, 0.200, 0.175, 0.150, 0.125, and 0.100 mm. The success-

ful formation of tunnels was assessed visually using a surgical micro-

scope (WL37166, Carl Zeiss Microscopy, Inc.).

3D printer testing showed intermittent ability to print tunnels at

0.200 mm in width (data not shown); however, consistent successful

tunnel formation was achieved at widths ≥0.225 mm, and therefore

this dimension was used as the tunnel width in this device. Tunnel

geometry was chosen to minimize the cross-sectional area and maxi-

mize length of the tunnel, thereby minimizing diffusion between com-

partments while still allowing robust neurite growth into the outer

compartments. The final devices had a tunnel length of 1.0 mm and

width of 0.250 mm (Figure 2B). A single connecting tunnel between

compartments was used instead of multiple due resolution limitations

of the 3D printer. Two outer neurite compartments were selected to

allow treatment and control compartments during experimentation.

After printing, the final devices were washed using a Form Wash

(Formlabs) for 60 min in isopropanol (>96%). Once washed, devices

were post-cured at 80�C for 120 min in a Form Cure (Formlabs) at

405 nm. The devices were then thermally cured in an oven at 160�C

for 180 min and sterilized via autoclave for 45 min on gravity cycle.

F IGURE 2 Computer aided
design of multicompartment
(MC) device showing distinct
compartments and features.
(A) Angled side view of MC
device displaying height and
outer diameters. Outside of MC
device has been made
transparent to allow for

visualization of interior.
(B) Bottom view of MC device
displaying dimensions of tunnels
and embedding area. Magnified
view displays image of tunnel in
fabricated device. (C) Cut side
view of MC device core depicting
height of tunnel and hydrogel.
Outside of the MC device has
been made transparent for
visualization of interior. Volumes
for hydrogel and media per
compartment displayed in table.
Scale bar = 0.250 mm. All
dimensions displayed in
mm. Italicized measurement from
fabricated device. Non-italicized
dimensions correspond to
computer aided design model.
DRG, dorsal root ganglia.
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2.2.2 | Validation of maintaining isolation between
compartments in MC device

To evaluate the diffusivity of hydrogels 1 and 2, a diffusion assessment

was performed in a 6.5 mm hanging transwell system with a 0.4 μm

polymer membrane (230635, Celltreat). One hundred micro liters of

hydrogel 1 and 2 was added to respective transwell inserts and cross-

linked according to the methods described above in Section 2.1. After

gelation, 100 μL of varying molecular size fluorescein isothiocyanate

(FITC)-dextran solutions at 0.25 mg/mL in 1� PBS were added on top

of the hydrogel into the transwell insert. FITC solutions of size 10 kDa

(FD10s-100MG, Sigma-Aldrich) or 150 kDa (46946-100MG-F, Sigma-

Aldrich) were used in this study. The inserts were then loaded into a

well of a 24-well plate with 800 μL of 1� PBS to maintain the same

fluidic height between the buffer solution and FITC-dextran to

remove pressure differentials and ensure diffusion is concentration-

driven. The amount of FITC that diffused through the hydrogel was

determined by removing 30 μL of volume from the buffer solution,

transferring the volume to a 96-well plate, and measuring the fluores-

cence at 485 ± 45 nm excitation and 525 ± 45 nm emission using a

plate reader (Synergy, Biotek). Media aliquots were immediately

added back to the transwell inserts after measurement. Fluorescent

measurements were collected at time 0, 24, 48, and 72 h. Diffusion

across the hydrogel was assessed for up to 72 h, which is the longest

period most cells are left in culture between media changes. FITC

solutions (10 and 150 kDa) at 0.25 mg/mL in 1� PBS were measured

in parallel with sample time points and the resulting fluorescence was

considered 100% fluorescence for the respective FITC sizes and

deemed “FITC control.” For each measurement of the sample aliquot,

the fluorescence was calculated as a relative percentage of the FITC

control. A total of n = 3 experiments were performed with triplicate

hydrogels of each type (hydrogel 1 and hydrogel 2) for each

experiment.

To assess diffusion across compartments, devices were secured

to a well in 48-well plate by applying sterile vacuum grease

(077472132287, DOWCOR) to the bottom of the devices within the

silicone grooves (Figure 2B) and allowed to dry overnight, and then of

52.9 μL hydrogel 1 or 2 was added to each neurite compartment and

65.1 μL of hydrogel 1 or 2 was added to the DRG compartment.

Hydrogels 1 and 2 were thermally crosslinked according to the

methods outlined above in Section 2.1. 63.3 μL of FITC-dextran solu-

tions at 0.25 mg/mL in 1� PBS with either 10 or 150 kDa were added

on top of the left neurite compartment. 63.3 μL of 1� PBS was added

to the remaining in the adjacent neurite compartment and 78.1 μL of

1� PBS was added in the DRG compartment to maintain the same

fluid height between all compartments. The amount of FITC that dif-

fused through the hydrogel was determined by removing 30 μL of

volume from the buffer solution from each compartment, transferring

the volume to a 96-well plate, and measuring the fluorescence at

485 ± 45 nm excitation and 525 ± 45 nm as outlined above in

Section 2.2.2. Following each measurement, the aliquots were added

back to the respective compartments to maintain matched compart-

ment fluidic heights. The fluorescence from each compartment was

compared to FITC control solutions, as outlined above in Section 2.2.2,

to determine diffusion between compartments. A total of n = 3

experiments were performed with triplicate hydrogels for each type

(hydrogels 1 and 2) for each experiment.

2.3 | Three-dimensional environment

2.3.1 | DRG explant isolation

All animal experiments were performed in accordance with the Guide

for the Care and use of Laboratory Animals and approved through the

University of Nebraska-Lincoln's Institutional Animal Care and Use

Committee. Female Sprague Dawley rats aged 14–24 weeks were

purchased from Charles River and humanely euthanized with CO2

inhalation followed a bilateral pneumothorax. Blood was subsequently

drained through the ventral side of the animal. Following euthanasia,

rats were placed ventral side down on a sterile pad and sprayed with

70% EtOH. The skin was removed using blunt-nosed scissors along

the length of the spine to visualize the musculature. Muscle was then

removed around the spine using sharp-nosed scissors to expose the

vertebra. Straight cup Rongeurs (16004-16, Fine Science Tools) were

used to remove spinous and transverse processes T8-L6. When

removing the articular processes, the Rongeur was kept parallel to

spine to maintain consistent removal depth of about halfway down

each facet. The spinal cord was gently lifted with forceps and

removed using small sharp-nosed scissors (14094-11, Fine Science

Tools) to carefully cut through bilateral attached nerve roots that

remained connected to DRGs. Bilateral DRGs were visualized and

removed using forceps and small straight edge spring scissors

(15024-10, Fine Science Tools) by sterile dissection and immediately

placed in cold sterile complete DRG media consisting of 86% Neuro-

basal A basal media (1088022, Fisher) supplemented with 4% fetal

bovine serum (FBS, 26140079, Gibco), 1% penicillin/streptomycin

(15140122, Fisher), 1% GlutaMax (35050061, Fisher), and 1% Vitamin

B27 (17504044, Gibco). Excess tissue and nerve roots surrounding

the DRG cell bodies were trimmed, and the cell body was cut into

pieces �0.3 mm in diameter. DRGs were embedded in three-

dimensional (3D) hydrogels as previously described.76 In short, one

DRG piece was centrally embedded into the hydrogel and the hydro-

gel was crosslinked as described above in Section 2.1.

2.3.2 | Validation of DRG growth in three-
dimensional MC environment

After preparing the hydrogels and securing the device into the

48-well plate, 52.9 μL volume of hydrogel 1 or 2 was added to each

neurite compartment and 65.1 μL of hydrogel 1 or 2 was added to the

DRG compartment to maintain a uniform gel height throughout the

well. Trimmed DRGs were carefully placed centrally in the x–y plane

of the embedding area and halfway down the hydrogel in the z-plane

(Figure 2). Location in the x–y plane is confirmed with a widefield
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microscope before gelation and the position can be adjusted if

needed. Protrusions are included on the device indicating the position

of the tunnels from above (Figure 2C). After embedding, hydrogels

were crosslinked according to the methods outlined above in

Section 2.1. DRGs in MC devices were cultured in complete DRG

media as outlined above in DRG explant isolation. 63.1 μL of media

was added to each neurite compartment and 78.1 μL media was

added to the DRG compartment. Half media changes were completed

every 3 days. For quantifying neurite length, control DRGs were

embedded in 250 μL hydrogel 1 or 2 only, without MC devices, and

cultured according to the methods in DRG explant isolation. After

28 days, DRGs with and without MC devices in hydrogels 1 and 2 were

fixed for 1 h with 4% paraformaldehyde (PFA, 441244, Sigma-Aldrich),

washed 3 � 15 min with 1� PBS and stored at 4�C. Brightfield images

at 4� magnification were collected using a cell imaging plate reader

(Cytation 1, BioTek) over a range of focal distances to collect data for

all neurites. After acquiring a z-stack, the images were combined into a

2D rendering with in-focus features of all neurites. This allowed a repre-

sentative assessment of whole DRG morphology while protecting the

data from each unique image. Images were brightness and contrast

enhanced for ease of neurite visualization. The objective of the system

is to promote robust neurite outgrowth into the outer compartment to

allow experimentation of isolated neurites. Due to constraints of the

MC device design, not all neurites will grow into the outer compart-

ments; however, this is not necessary for adequate function. Since the

longest 3–5 neurites are generally observed to grow through the tun-

nels into the outer compartments of the MC device, the same number

of neurites from plain control hydrogels were quantified. Therefore, the

neurite length of the 3–5 longest neurites per DRG was manually

selected and measured by one blinded observer from the maximum

projections of Z-stacks using SimpleNeuriteTracer (Fiji, ImageJ) an accu-

rate tool for semi-automated neurite length tracing.49,76,78 A total of

n = 3 independent experiments with unique culture were performed

with 3–5 DRGs for each experiment. Neurites (3–5) per DRG were

averaged to account for 13–15 DRGs per condition.

2.3.3 | Characterization of three-dimensional
environment

Gelation kinetics assesses the amount of light absorbed by the gel

over time at 405 nm. This process indicates fibril formation as the gel

becomes increasingly opaque as collagen fibrillation occurs, which suggests

collagen crosslinking.76,78 One hundred micro liters of hydrogel 1 and 2 was

pipetted in triplicate into a 96-well plate and placed into a 37�C preheated

microplate reader and the absorbance was read every minute for 30 min.

The change in absorbance was calculated as the normalized absorbance

from NA¼ A2�A1
Max�A1 where NA is the normalized absorbance, A2 is absor-

bance at a specific time point, A1 is the initial absorbance, and Max is

the maximum absorbance over the data series.78

Rheological characterization of hydrogel 1 and 2 was performed

and compared to previously published data on various neuronal tissue

to verify the hydrogels were within the same range of moduli as

native neuronal tissue.80,81 Mechanical properties were assessed

using an Anton Paar MCR 203 with sand-blasted plates to reduce slip-

page and a humidity bath using methods as described in Piening

et al.78 Briefly, hydrogels were mixed as described above in

Section 2.1, and then the solution was injected into 8-mm diameter

silicone molds (666305, Grace Bio-Labs) and secured between two

glass slides using a 21-gauge needles (305129, BD). The molds were

thermally gelled at 37�C for 30 min, followed by UV crosslinking for

90 or 110 s for hydrogel 1 and hydrogel 2, respectively. The gels were

then removed from the molds and soaked in 1� PBS for 30–60 min.

Initially, an amplitude sweep was performed to determine the strain

value within the linear viscoelastic region of the hydrogels. The linear

viscoelastic region was determined to be 0.01% strain and a fre-

quency sweep was performed at this strain rate from 0.1 to 100 rad/s

with 20 data points collected. Each run was performed with the tem-

perature set to 37�C in a humidity bath. Prior to each run, the gel was

subjected to a 1-min equilibration period on the rheometer stage.78

Data were calculated for the storage (G0) and loss (G00) modulus. The

dynamic shear modulus (G*) was calculated as G� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G02þG002p

and

tan δ was calculated as tanδ¼G00=G0: A total of n=3 experiments

were performed with triplicate hydrogels for each experiment.

2.4 | Presence of native non-neuronal
support cells

2.4.1 | Validation of native non-neuronal
support cells

Immunostaining on DRG explants cultured in hydrogel 1 (4.5 mg/mL

type 1 collagen, 1.25 mg/mL MAHA, 0.75 mg/mL laminin) was per-

formed to validate presence of native non-neuronal support cells.

DRGs were fixed in 300 μL of 4% PFA (441244-1KG, Sigma-Aldrich)

for 1 h at room temperature at day 14 in culture after robust neurite

growth was observed. DRGs were then washed with 1� PBS for

3 � 15 min and stored in 1� PBS at 4�C until immunostaining. Fixed

DRGs in gels were stained for Schwann cells (SOX10),82 SGCs

(CD11b), and microtubules (β-III-tubulin). The cells were permeabilized

in 200 μL of blocking buffer (0.5% Triton X-100 [93443, Sigma-

Aldrich] and 4% goat serum [G9023, Sigma-Aldrich] in 1� PBS) for

1 h at room temperature with gentle agitation of 100 rpm. The block-

ing buffer was removed and 200 μL of primary antibodies against

SOX10 (Ab155279 Abcam, 1:1000), CD11b (MCA275R, Bio-Rad.

1:500), and β-III-tubulin (NB100-1612, Novus Biologicals, 1:500) were

added to each well for 36 h at 4�C. The primary antibody was

removed from each well, and the gels were washed 3 � 4 h in PBST

(0.05% Tween 20 [BP337, Fisher Scientific] in 1� PBS) with gentle

agitation at room temperature. Secondary antibodies for SOX10

(α-rabbit 488, ab150081, Abcam, 1:500 in blocking buffer), CD11b

(α-mouse 555, ab150118, Abcam, 1:500 in blocking buffer), and β-III-

tubulin (α-chicken 647, a21449, Thermo Fisher, 1:500 in blocking

buffer) were added and incubated overnight at 4�C protected from

light. The secondary antibodies were removed, and the gels were

CAPARASO ET AL. 7
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washed 3 � 4 h in PBST at room temperature, with gentle agitation,

protected from light and stored in 1� PBS at 4�C until imaged. Fol-

lowing staining, the gels were removed from the well plate and trans-

ferred to a petri dish for imaging using Confocal microscope (LSM

800, Carl Zeiss Microscopy, Inc.) at 488, 555, and 647 nm with 10 and

20� objectives. Triplicate DRGs from two rats were imaged.

2.4.2 | Assessment of neurite phenotype

Calcium indicator dyes are a common method to measure neuronal

excitability since intracellular calcium dynamics during depolarization

closely model the firing frequency of action potentials which can

serve as an indirect measure of neuronal excitability.41,83 Upon bind-

ing of calcium ions, indicator dyes undergo a conformational change

resulting in an emission of a photon which can be measured with fluo-

rescent imaging.84 Herein, calcium imaging was used to investigate the

functional properties of neuronal excitability by agonizing DRGs with

capsaicin, which activates TRPV1+ neurites through binding the ion

channel's transmembrane segments.83 Explant adult rat DRGs were har-

vested and embedded in 250 μL of hydrogel 1 in a 48-well plate, as

described above in Sections 2.3.1 and 2.1, respectively. A sterile 2 nM

stock solution of Oregon Green BAPTA-488 (O6807, Fisher) was pre-

pared in dimethyl siloxane (DMSO) and sonicated for 5 min at ambient

temperature. A working solution of 2 μM Oregon Green BAPTA-488

was prepared with 0.04% Pluronic F-127 (P3000MP, Sigma) and DRG

media as described above. One hundred and fifty microliters of 2 μM

Oregon BAPTA-488 in complete DRG media was added to attain a final

in-well concentration of 1 μM. The DRGs were incubated at 37�C with

the fluorescent probe for 1 h. After incubation, the DRGs were washed

3 � 5 min by removing 200 μL of the well contents and replacing with

fresh complete DRG media for each wash, to remove unbound probe.

The intact gels with embedded DRGs were transferred from a 48-well

plate to a petri dish and immediately imaged with a confocal microscope

(LSM 5 Exciter, Carl Zeiss Microscopy, Inc.) with a 10� objective and a

488 nm laser. A scan area containing at least three unique neurites at a

consistent z-depth was selected for imaging, and the scan area was

adjusted to contain the distal terminal of each neurite within the frame.

The hydrogel was spiked with 100 nM capsaicin and 1 μM capsaicin

(75 μL in 1� PBS) (as seen in Figure 7A) and the neurites were imaged

using high-speed confocal microscopy with a frame rate of 1 Hz and

size of 512 � 512. The hydrogels were washed for 2 � 5 min with

complete DRG media between the two capsaicin challenges. DRGs

were recorded for 2 min for each trial.

The fluorescence was analyzed by the average of all pixels within

a region of interest (ROI) covering the indicated neurite. Three ROIs

per neurite were averaged. ROIs were selected by first determining

the frame within the data series with the highest mean fluorescent

intensity using Zen Blue software (Carl Zeiss Microscopy, Inc.). A rect-

angular ROI was then drawn on three distinct regions on three distinct

neurites for a total of nine ROIs per DRG (Figure 7A). Each ROI was

the same size within a DRG; to adjust the size of the set of ROIs the

average fluorescence was calculated and the size (length and width)

of the ROIs were adjusted until the background or non-fluorescent

pixels were minimized. Fluorescent data is an average of three ROI

per neurite and three neurites per DRG. Data presented as the rela-

tive change in fluorescence (ΔF/F0), where F0 is baseline fluorescence

corresponding to signal intensity before a capsaicin challenge and

ΔF = F � F0 of each respective neurite as shown in Figure 7A. For all

analyses the change in fluorescence was given a minimum threshold

of >1% the baseline, resulting in the vehicle control group displaying a

normalized value of no fluorescent change.

Next, we tested the ability to screen neuron phenotype to differ-

entiate healthy and sensitized DRG explants in hydrogel 1 using cal-

cium imaging. Twenty-four-hour incubation with noxious sensitizer

lipopolysaccharide (LPS, L4516, Sigma-Aldrich) lowers TRPV1+ neu-

ron firing threshold to induce neuronal sensitization. DRGs in hydrogel

1 were incubated with LPS at 100 ng/mL in media for 24 h. Prior to

LPS incubation, DRGs were stimulated with 50 nM capsaicin (red

solid) and the fluorescence was recorded with calcium imaging. Fifty

nanomolars of capsaicin is below neuron firing threshold and causes

no fluorescent change and therefore was used as a negative control

for healthy or unsensitized neurons. After LPS incubation, DRGs were

stimulated with 50 nM capsaicin and the fluorescence was recorded.

Florescence was analyzed according to the methods outlined above in

Section 2.4.2. A total of n = 3 experiments were performed with five

DRGs for each experiment.

2.5 | Statistical analysis

All statistical analyses were performed using Prism 9 (GraphPad). Sig-

nificant differences were determined via one-way analysis of variance

(ANOVA) and Tukey's multiple comparisons tests with significance

threshold p < .05 for diffusion, gelation, rheology, and neurite length

experiments. Neurite length experiments were assessed for normality

using a D'Agostino and Pearson test to determine that each experi-

mental group (hydrogel 1 and 2 with and without MC devices) have a

normal distribution of data. Analysis of florescent change for calcium

imaging was performed using the Kruskal–Wallis test followed by

Mann–Whitney U test with Bonferroni correction for each group

combination to compare median fluorescent between groups at each

time point. All data is displayed as p < .05. All data is displayed as the

mean ± SD unless otherwise noted.

3 | RESULTS

3.1 | Maintaining isolation between distal neurites
and DRG cell bodies

3.1.1 | Fabrication methods and design of MC
device

A MC device was successfully fabricated using 3D printing with High

Temp V2 resin. The culture device is cylindrical in shape; its diameter

8 CAPARASO ET AL.
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tapers from 11.61 mm at the top to 11.34 mm in diameter at its base

over its height of 16.50 mm (Figure 2A). The interior of the device

consists of three compartments, one DRG compartment and two

neurite compartments (Figure 2B). The DRG compartment is in the

center of the device and is flanked by each of the neurite compart-

ments. Within the DRG compartment, the embedding area is 1.3 mm

in width. On each side of the embedding area, a tunnel connects each

of the neurite compartments to the embedding area of the DRG com-

partment, allowing for growth of neurons from the DRG compartment

into the neurite compartments through a continuous hydrogel. Each

tunnel was designed to be 0.225 mm in width, 1.0 mm in length, and

2.06 mm in height. Adding 52.9 μL hydrogel to each neurite compart-

ment and 65.1 μL hydrogel to the DRG compartment yields a hydrogel

height of 2.46 mm (Figure 2C). The average width of the fabricated tun-

nels, measure at 0.235 ± 0.036 mm (Figure 2B), were quantified using

images taken with a microscope camera (MU1803-HS, AmScope)

mounted to an inverted compound microscope (82026-630, VWR Vista

Vision). A fully annotated engineering drawing of the MC device is dis-

played in Figure S1. Notably, High Temp V2 resin exhibits considerable

autofluorescence in 488–647 nm wavelength when fully cured, which

can impact imaging quality. However, we developed methods to dimin-

ish the autofluorescence using a dampening solution of 0.3% wt/vol

Sudan Black B (S0593-5, Bio Basic) powder in 70% EtOH. Importantly,

we assessed the effect of Sudan Black B on neurite growth using a pre-

vious device design iteration and did not observe neurite growth

through both tunnels. It is possible that Sudan Black B can impact the

F IGURE 3 Characterizing diffusivity of hydrogel shows fluidic isolation is maintained between compartments of multicompartment
(MC) device for up to 72 h. A. (Left) Schematic representing experimental setup to characterize diffusivity of hydrogels 1 and 2 using transwell
insert and fluorescein isothiocyanate (FITC)-dextran solutions at 10 and 150 kDa. Hydrogel was crosslinked within transwell inserts, FITC-dextran
solution (0.25 mg/mL in 1� phosphate buffered saline [PBS]) was added on top of hydrogel, and 1� PBS was added to well to match height of
FITC-dextran solution to ensure diffusivity was concentration driven and not influenced by pressure gradients. Aliquots of 1� PBS were collected

every 24 h up to 72 h and fluorescence was read (485 ± 45 nm excitation and 525 ± 45 nm wavelength). (Right) Absorbance of 10 and 150 kDa
FITC-dextran in 1� PBS aliquots as a relative value of FITC-dextran controls from hydrogels 1 and 2. Significant differences were observed
between hydrogel 1 and 2 for 10 kDa suggesting hydrogel 2 has limited diffusion compared to hydrogel 1. (B, Left) Schematic representing
experimental setup to characterize diffusivity of hydrogels 1 and 2 within MC devices. Hydrogels were crosslinked in MC devices, FITC-dextran
solution was added to left neurite compartment, and 1� PBS was added to the center dorsal root ganglia (DRG) compartment and right neurite
compartment. Aliquots from each compartment were collected every 24 h up to 72 h and fluorescence was read (485 ± 45 nm excitation and
525 ± nm wavelength). (Right) Absorbance of 10 and 150 kDa FITC-dextran in the center compartment as a relative value of FITC-dextran
controls from hydrogel 1 and 2. No significant differences were observed between the size of FITC-dextran per compartment for hydrogel
2, suggesting limited diffusion is maintained between compartments up to 22 h for particles ≤150 kDa. Only data from center compartment is
displayed for ease of visualization. Schematics made in Biorender. Mean ± SD. Significant differences between groups were assessed using a one-
way analysis of variance (ANOVA). a = p < .05 between 10 and 150 kDa for hydrogel 1. b = p < .05 between 10 and 150 kDa for hydrogel
2. c = p < .05 between 10 kDa for hydrogel 1 and 2. d = p < .05 between 150 kDa for hydrogel 1 and 2.
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ability for neurites to grow through tunnels; however, the concentration

can be adjusted. We chose to not use Sudan Black B in our study

because we conducted immunohistochemistry after fixing cells and

removed the MC devices before imaging. To use Sudan Black B, sub-

merge MC devices in a solution of Sudan Black B (0.3% wt/vol) dis-

solved in 70% EtOH within 15 mL conical tubes before thermal curing.

Sonicate for 30 min, remove from solution, and thermally cure as previ-

ously mentioned in Section 2.2.1. The images of resin autofluorescence

before and after Sudan Black B are shown in Figure S2.

3.2 | Three-dimensional environment

3.2.1 | Characterization of hydrogel diffusivity

Diffusivity of hydrogel 1 and 2 was assessed using a transwell insert

and FITC-dextran solutions of size 10 and 150 kDa (Figure 3A). The

diffusion of FITC-dextran through both hydrogel formulations showed

that the lower molecular weight FITC (10 kDa) diffused 95 ± 4.6%

through hydrogel 1 and 76 ± 4.3% through hydrogel 2 at 72 h. Higher

molecular weight FITC (150 kDa) diffused 32 ± 4.8% through the hydro-

gel 1 and 25 ± 4.8% through the hydrogel 2 at 72 h (Figure 3A). These

data show that particles ≤10 kDa can diffuse through both hydrogel 1

and 2 by 72 h. However, for hydrogel 1 and 2 the 150 kDa FITC solu-

tion did not show a significant increase between 48 and 72 h, suggest-

ing that rate of diffusion for particles of this size is longer than a 72-h

period. Together, these data show that particles ≤150 kDa can diffuse

through hydrogel 1 and 2 by 72 h. However, hydrogel 1 has a signifi-

cantly higher diffusivity than hydrogel 2 (Figure 3A).

3.2.2 | MC Devices maintain temporal fluidic
isolation between compartments

Diffusion across the MC devices was assessed by adding FITC-

dextran (10 or 150 kDa) to the left neurite compartment, and 1�
PBS to the center compartment and right neurite compartment on

top of the hydrogel (Figure 3B). To assess diffusion across the

F IGURE 4 Gelation and rheological properties of hydrogels 1 and 2. (A) Change in absorbance of hydrogels 1 and 2 at 405 nm measured over

time at 37�C shows collagen fibrillation occurs around 12 min for both formulations. (B) Storage (G0) and loss (G00) moduli of the hydrogel
formulations at 3.59 rad/s. Comparing G0 and G00 of hydrogel 1 and 2 to previously published data characterizing gray matter80,81 suggests both
hydrogel formulations mimic mechanical properties of native neuronal tissue. (C) Rheological characterization of the storage (G0) and loss (G00)
moduli of the hydrogel formulations at an oscillatory shear strain rate of 0.1–10 rad/s. Both hydrogel formulations maintain elastic properties up
to 10 rad/s. Hydrogel 1 G0 is significantly greater than hydrogel 2 G0. (D) Rheological characterization of the dynamic shear modulus and tan (δ) of
the hydrogel formulations shows no significant differences between hydrogel 1 and 2. Mean ± SD. Significant differences between groups were
assessed using a one-way analysis of variance (ANOVA). *p < .05.
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tunnel, the fluorescence of an aliquot from the center compart-

ment was measured. Fluorescence of the center compartment for

10 kDa FITC for hydrogel 1 and 2 was 63 ± 8% and 13 ± 7%, respec-

tively at 72 h. Fluorescence of the center compartment for 150 kDa

FITC for hydrogel 1 and 2 was 54 ± 3% and 6 ± 3%, respectively

(Figure 3B) at 72 h. Interestingly, for hydrogel 1 and 2 the fluorescence

did not show a significant difference between either FITC concentration

from 48 to 72 h, suggesting that the 10 and 150 kDa FITC solutions

reached an equilibrium point. These data show only hydrogel 2 was able

to maintain fluidic isolation between device compartments for up to

72 h for particles ≤150 kDa. Therefore, this formulation can achieve

treatment isolation between the DRG cell bodies and neurites.

3.2.3 | Characterization of three-dimensional
environment

For hydrogels 1 and 2, collagen fibrillation started at 3 min and reached

95% of the maximum absorbance by 13 min (Figure 4A) and no signifi-

cant differences were observed between formulations. The storage and

loss moduli of hydrogel 1 at 3.59 rad/s were 549 ± 49 Pa and

68 ± 4 Pa, respectively. The storage modulus and loss moduli of hydro-

gel 2 at 3.59 rad/s were 477 ± 35 Pa and 57 ± 6 Pa (Figure 4B,C),

respectively. The storage modulus of hydrogel 1 was significantly higher

than hydrogel 2; however, both hydrogel 1 and 2 maintained integrity

and were robust when handled. Hydrogel 1 maintained viscoelastic

F IGURE 5 Neurite outgrowth into hydrogel 1 and 2 is maintained with multicompartment (MC) device. (A) Representative images showing
neurite growth in hydrogel 1 (H1) and hydrogel 2 (H2) with and without the MC device in brightfield. Images taken with Cytation 1 (BioTek)
microscope at 4� magnification. The three longest individual neurites are indicated with white arrows. Scale bar = 1000 μm. (B, Left)
Representative image showing neurite tracing of the three longest neurites (red line) for quantification. (Right) Scatter plot of individual neurite

lengths with average and SD of group overlayed. Three independent experiments with unique culture were performed with 3-5 dorsal root
ganglia (DRGs) for each experiment. Analysis of maximum neurite length of the three longest neurites per DRG shows no significant differences
between H1 and H2 suggesting both formulations promote viable neurite outgrowth. (C) Representative image of neurite outgrowth from DRG
compartment into outer neurite compartments in brightfield within H1. Magnified 3D rendered image of neurite growth through the hydrogel
tunnel into the outer neurite compartment (region I) stained for microtubules (cyan, β-III-Tubulin). Scale bar = 2000 μm, magnified scale
bar = 10 μm. Significant differences between groups were assessed using a one-way analysis of variance (ANOVA). *p < .05. N, neurite
compartment.
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properties indicated by the dynamic shear modulus of

549 ± 51.9 Pa and tan δ of 0.157 ± 0.036 from 0.1 to 10 rad/s;

hydrogel 2 had significantly lower viscoelastic properties than

hydrogel 1 indicated by the dynamic shear modulus of

436 ± 43.6 Pa and tan δ of 0.162 ± 0.039 from 0.1 to 10 rad/s

(Figure 4D). To compare, the average storage and loss moduli from

published values of white and gray matter neuronal tissue23,78

were 510 and 43 Pa, respectively (Figure 4B) suggesting hydrogels

1 and 2 are comparable to native neuronal tissue.

3.2.4 | Validation of DRG growth in
three-dimensional MC environment

No significant differences were observed in neurite length between

the control hydrogels 1 and 2. Maximum neurite length of the three

longest neurites per DRG was 1239 ± 291 μm for control hydrogel 1

and 1318 ± 323 μm for control hydrogel 2 (Figure 5B). Importantly, a

previous study culturing mouse DRG explants in a 3D Matrigel85

showed robust neurite outgrowth comparable to this culture platform,

suggesting this platform parallels previous literature. In addition, the

maximum neurite length for DRGs embedded in MC devices within

hydrogel 2 was 1062 ± 185 μm, suggesting the presence of the MC

device did not inhibit neurite growth (Figure 5B). However, we

observed a significant increase in neurite length for DRGs in MC

devices with hydrogel 1 compared to MC devices with hydrogel 2. In

addition, we observed a significant increase in neurite length for DRGs

in MC devices with hydrogel 1 compared to control hydrogel 1. Although

significant differences were noted in neurite growth between hydrogel

1 and 2 with MC devices, robust neurite growth in hydrogel 2 was

observed through both tunnels, suggesting both formulations are suffi-

cient for proposed phenotypic studies. Of importance, we observed a

similar yield of DRG growth with and without devices in hydrogel 1 and

2, where about 75% of DRGs sprouted neurites. However, we observed

that about 25% of DRGs that sprouted neurites in MC devices with

hydrogels 1 and 2 grew through both tunnels. MC device culture was

deemed successful when robust neurite outgrowth was observed in the

outer compartments. The goal of this platform is to have significant

neurite extension in the outer compartments for isolated treatment and

analysis of the isolated neurites. Therefore, the 3–5 neurites that grew

through both tunnels was deemed sufficient for robust experimental

testing. Additional culture time or adjustments to the hydrogel for-

mulation could be used to increase the number of neurites present

in the outer compartments. Representative 2D brightfield image of

neurite growth through both tunnels of the MC device stained with

β-III-tubulin to show microtubules (Figure 5C, top). A magnified 3D-

rendered representative image shows neurite growth through one

tunnel of the hydrogel into the outer compartment, which is stained

for microtubules (cyan, β-III-Tubulin) (Figure 5C, bottom). In addi-

tion, no morphological differences, including Schwann cell popula-

tion, were observed for the DRGs cultured in either hydrogel 1 or 2.

Importantly, β-III-tubulin staining of DRG neurites coincides with

brightfield tracks in both plain control hydrogels and MC device

(Figure S3). Together, these data show that hydrogel formulation

has no effect on the ability of neurites to grow through the tunnels

into the outer compartments of MC devices.

F IGURE 6 Native support cells of dorsal root ganglia (DRGs) are maintained in culture in hydrogel 1. (A) Representative individual channel
images for cell nuclei (blue, DAPI). Schwann cells (red, SOX10), microtubules (cyan, β-III-Tubulin) and merged for primary sensory neurite. Magnified
view of end of neurite (region I, red solid line). Scale bar = 50 μm, magnified scale bar = 10 μm. (B) Representative individual channel images for cell
nuclei (blue, DAPI), macrophage/microglia marker (red, CD11b), neuronal cell bodies (cyan, NeuN) and merged for DRG explant. Magnified view of
neuronal cell bodies (region II, red dashed line) show co-localization of macrophage/microglial marker and NeuN indicated by white arrows. Scale
bar = 50 μm, magnified scale bar = 10 μm. Images taken with Confocal microscope (LSM 800, Carl Zeiss) at 10� or 20� magnification as indicated.
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3.3 | Presence of native non-neuronal
support cells

3.3.1 | Validation of native non-neuronal
support cells

Immunohistochemistry revealed presence of non-neuronal support cells

from explant DRGs cultured in hydrogel 1. Staining with SOX10 shows

robust Schwann cell presence co-localized with cell nuclei (DAPI) along

the extending neurite axon suggesting maintenance of Schwann cells in

our culture platform (Figure 6A). Staining with NeuN for neuronal cell bod-

ies, and CD11b for SGCs shows co-localization (white arrows) of SGCs

and DAPI surrounding the neuronal cell bodies (Figure 6B). Magnified

views of the distal neurite and cell bodies are displayed in Figure 6A,B.

3.3.2 | Calcium imaging displays a dose-dependent
response to characterize neuronal excitability

Oregon Green BAPTA 488 (OG488, O6807, Fisher) was successfully

loaded into the DRG neurons and visualized using confocal microscopy

(Figure 7A). DRGs show an increase in intracellular calcium as evidenced

by a fluorescent response, after a 100 nM or 1 μM capsaicin challenge

with significance between 0.1 and 1 μM concentrations (Figure 7B).

The maximum change in fluorescence (ΔF/F0) was a 20-fold increase in

the 1 μM capsaicin and a 5-fold increase in the 0.1 μM capsaicin, with

significance between groups (Figure 7C). For neuronal sensitization, we

observed a significant increase between the pre- and post- LPS groups

and between post-LPS and control (Figure 7D). These data demonstrate

the ability to sensitize neurons with this platform and detect changes in

neuronal excitability over time.

4 | DISCUSSION

4.1 | Maintaining isolation between distal neurites
and DRG cell bodies

4.1.1 | Fabrication methods and design of MC
device

The use of 3D printing enabled high-throughput device fabrication,

allowing for a quick turnaround from design concept to fabrication. This

facilitated the testing of multiple compartment geometries before arriv-

ing at the final design (Figure 2A). Furthermore, the use of 3D printing

allowed this device to be made quickly, easily, and at low cost (�$1/

print), given readily available access to a printer. One advantage of the

High Temp V2 resin is the ability to clean and reuse MC devices, further

limiting cost. To reuse MC devices, the hydrogel must first be removed

from the tunnels and silicone groove. This can be achieved by soaking

the devices in 70% EtOH with gentle agitation until all hydrogel residue

is fully removed. Then, the devices can be autoclaved and reused. By

designing the device to fit into the well of a 48-well plate, many

replicates and conditions can be run on the same plate, increasing

experimental throughput. Furthermore, the tapered embedding area in

the final design allows for easy embedding and adjustment of DRGs.

It is also important to note Kreß et al. showed that mesenchymal

stem cells co-cultured in well with a 3D printed piece of High Temp V2

resin displayed a significant decrease in cell viability and health.86 How-

ever, since similar amounts of DRGs grew neurites in the MC devices as

in plain gel controls, it indicates that our current devices are not cyto-

toxic. The differences in cytotoxicity of the High Temp V2 resin in this

study may be explained by differences in post-processing procedures,

such as an increased isopropanol wash time, the presence of heat dur-

ing UV curing, and the use of a 3-h thermal cure. Each of these changes

would decrease the amount of uncured resin in the 3D prints, thus

reducing potential leachates. Future studies can directly probe the

effect of resin cytotoxicity on cells using elution studies.

4.1.2 | MC Devices maintain temporal fluidic
isolation between compartments

No differences were observed in neurite growth between hydrogel 1

and 2 controls and the mechanical properties of both hydrogel formu-

lations were comparable to each other (Figure 5B) and to native neu-

ronal tissue.80,81 However, we observed significant differences in

diffusivity between hydrogels 1 and 2, where hydrogel 1 had a signifi-

cantly greater diffusivity than hydrogel 2 in both transwell and MC

device experiments. Therefore, to maintain spatial isolation between

DRG cell bodies and sensory neurons for up to 72 h it is suggested to

use hydrogel 2. One limitation of this system is the potential fluidic

mixing between compartments after 72 h, thereby compromising the

isolation between neurites and DRG cell bodies. However, previous

literature has demonstrated that increasing hyaluronic acid concentra-

tion significantly increases crosslinking density, resulting in limited

macromolecular diffusivity.79 Therefore, we believe the improved dif-

fusivity with hydrogel 2 is due to the increased concentration of

MAHA compared to hydrogel 1, and fluidic isolation can be further

improved with increased hydrogel stiffness. This platform has utility

to temporally treat isolated neurites and probe neuronal excitability.

4.2 | Three-dimensional environment

4.2.1 | Validation of DRG growth in
three-dimensional MC environment

We demonstrated the ability to culture neurites in a MC device with

neurite growth through both tunnels in both hydrogels 1 and

2 (Figure 5B). Morphologically, we observed no differences in neurite

phenotype or Schwann cell populations between DRGs that were

grown in hydrogel 1 and 2 with and without MC devices. We did

observe a significant increase in neurite growth with hydrogel 1 with

MC device compared to hydrogel 2 with MC device; however, hydrogel

2 promoted neurite growth through both tunnels demonstrating that
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phenotypic assays can be conducted with hydrogel 2. In addition, the

neurite length and growth rate (data not shown) showed no significant

differences when culturing DRG explants in hydrogel 2 with or without

the MC devices, suggesting presence of the MC device does not alter

growth rate. One limitation of this platform is the yield of DRGs (25%)

with neurite outgrowth grew through both tunnels. Future work can

examine varying the MC device design or hydrogel formulation to

promote guided growth through the tunnels.

4.2.2 | Characterization of three-dimensional
environment

Hydrogels 1 and 2 have a stiffness comparable to that of neural tis-

sue80,81 making this a more translational and physiologically relevant

platform to assess neuronal excitability and function than previous

models (Table 1). An advantage of this system is the tunability of the

hydrogel formulation, where the stiffness can be altered by adjusting

the concentrations of MAHA and collagen to better mimic different

target tissue stiffness, as demonstrated in the significantly different

rheological properties of hydrogel 1 and 2. Our system can be modi-

fied to mimic properties of multiple tissues across the various com-

partments, similar to a microphysiological system (MPS). An MPS is an

in vitro system to recapitulate multi-organ physiology. Several studies

have used MPS to examine excitability properties of cornea neu-

rons87,88 suggesting ability to translate into this platform.

4.3 | Presence of native non-neuronal
support cells

4.3.1 | Validation of native non-neuronal
support cells

We demonstrated the presence of non-neuronal support cells in an

explant DRG embedded within hydrogel 1, suggesting our culture

F IGURE 7 Capsaicin stimulation increases intracellular calcium concentration in neurons within dorsal root ganglia (DRG) explants embedded in
hydrogel 1. (A) Schematic representing data collection and analysis for calcium imaging experiments. (B) Representative images of adult Sprague
Dawley rat neurons before (top) and after (bottom) simulation with 1 μM capsaicin. White arrows show regions of increased intracellular calcium
indicated by increase in fluorescence of OB488-labeled cells. Scale bar = 100 μm. (C) Tracing of fluorescent peaks plotting the relative change in
fluorescence ΔF

F0

� �
indicating an increase in calcium in response to 1μM capsaicin (red solid), 0.1μM capsaicin (gray dashed), and no response to

0.055% EtOH vehicle control (black hashed). Data suggests this platform can detect differences in intracellular calcium to identify neurite
phenotype based on excitability. (D) 24-h lipopolysaccharide (LPS) treatment (100ng/mL in media) resulted in the sensitization of DRGs in

hydrogel 1 shown by a significant increase between the pre- and post-LPS groups and between post-LPS and control (black). Errors bars omitted
from C to improve clarity. Mean± SD. Significant differences between groups were assessed using Kruskal–Wallis and Mann–Whitney U tests.
*p< .05. Schematic made in Biorender. Oregon Green BAPTA 488, OB488.
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platform maintains native support cells (Figure 6A,B). This platform

permits analysis of neuronal subpopulations or cell–cell interactions in

one system without modification to culture conditions. Several studies

have examined non-neuronal support cell and neurite interactions

within various in vitro platforms; however, these studies used isolated

neurons and reintroduced non-neuronal support cells following disso-

ciation. This includes a Campenot chamber to co-culture dissociated

DRGs and Schwann cells,89 and co-culture of dissociated DRGs and

glial cells in a hydrogel.90 However, our platform is the first to promote

the interactions of explanted DRGs and native non-neuronal support

cells in a 3D MC device, replicating the in vivo environment. Therefore,

our MC device provides a novel platform to probe the role of Schwann

cells and SGCs on neurite behavior providing more physiologically rele-

vant predictions of neuronal function and excitability. In many chronic

pain states, microglia (including SGCs) can become reactive, meaning

they can become activated in response to a stimulus, such as injury or

inflammation. Reactive SGCs are often involved in the development

and maintenance of chronic pain states. SGCs can be visualized by tar-

geting CD11b.91,92 Of importance, CD11b is a surface marker of macro-

phages and microglia, and therefore a limitation of this antibody is the

potential of marking DRG macrophages in addition to SCGs.

4.3.2 | Calcium imaging displays a dose-dependent
response to characterize neuronal excitability

Our platform can detect dose-dependent responses to capsaicin,

thereby allowing identification of differences in neuronal excitability.

It is well established that capsaicin challenges elicit a rise in intracellu-

lar calcium in neurites.84 However, few studies have examined neuro-

nal excitability from calcium imaging using explant DRGs,84,93 and to

our knowledge there have been no studies using explant DRGs in a

hydrogel. A study by Lawrence et al.84 used explant DRGs from mice

to examine a 1 μM capsaicin challenge using fluorescent calcium

imaging and reported a maximum (ΔF/F0) of 19, which compares to

23 ± 9 from our study suggesting our platform does not alter the

native DRG behavior. One limitation of this study is that we did not

verify the neuronal excitability of the DRGs in MC devices outside of

immunofluorescent and growth analyses; however, this can be exam-

ined in future work. Based on the growth and protein characterization

of the DRGs, we expect the neuronal excitability for DRGs in the MC

devices to be similar to data shown above in plain gels (Figure 7C).

For these studies, the calcium assay was performed in plain hydrogels

without the MC device to demonstrate key phenotypic properties of

DRGs. Since the neurite outgrowth was not significantly decreased

between DRGs with and without the MC device and there were no

morphological differences between the groups (Figure 5), it is likely

that these data can be translated into the MC device. Future studies

will pursue calcium imaging of DRGs in the MC device.

Despite the potential translational limitations that arise from using

interspecies cells in these studies, the lack of clinical translation can

largely be attributed to DRG culture conditions (such as 2D culture with

dissociated neurons) that change properties of neuronal excitability.46,74

This platform addresses these concerns by recapitulating key physiologi-

cal features of DRGs including isolation between distal neurites and

DRG cell bodies, a 3D environment, and presence of non-neuronal sup-

port cells thereby promoting a more translational environment.

5 | CONCLUSION

Herein we described a novel in vitro platform which mimics three

essential anatomically relevant features of DRGs including fluidic iso-

lation between DRG cell bodies and distal neurites, presence of a 3D

environment, and maintenance of non-neuronal support cells. Further,

we described the development of a phenotypic screening platform

using calcium imaging that shows a dose-dependent response to cap-

saicin, demonstrating our ability to detect differences between neuro-

nal excitability to indicate phenotype. This MC device can have a

multitude of applications to both probe pathologic mechanisms in

chronic pain states and screen potential therapeutics to reduce the

burden of chronic pain. This platform can be used to probe changes in

neuronal excitability with the goal of screening therapeutics to improve

clinical translation. Lastly, the applications of this device are not limited

to DRGs; various tri-culture microenvironments can be modeled and

assessed in this platform, furthering insight into diseases beyond

chronic pain. Future work can use different hydrogel formulations in

our platform to mimic different tissues, similar to MPS. While previous

culture models have shown success in the culture and evaluation of

sensory neurons, there are currently no available models which utilize

all three design criteria in a high-throughput screening platform adapt-

able for multiple cell lines, making this an attractive culture platform for

probing pathologic mechanisms and screening therapeutics.
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