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Abstract
Objective. Current neuronal cell culture is mostly performed on two-dimensional (2D) surfaces, 
which lack many of the important features of the native environment of neurons, including 
topographical cues, deformable extracellular matrix, and spatial isotropy or anisotropy in 
three dimensions. Although three-dimensional (3D) cell culture systems provide a more 
physiologically relevant environment than 2D systems, their popularity is greatly hampered by 
the lack of easy-to-make-and-use devices. We aim to develop a widely applicable 3D culture 
procedure to facilitate the transition of neuronal cultures from 2D to 3D. Approach. We made 
a simple microwell device for 3D neuronal cell culture that is inexpensive, easy to assemble, 
and fully compatible with commonly used imaging techniques, including super-resolution 
microscopy. Main results. We developed a novel gel mixture to support 3D neurite regeneration 
of Aplysia bag cell neurons, a system that has been extensively used for quantitative analysis 
of growth cone dynamics in 2D. We found that the morphology and growth pattern of bag 
cell growth cones in 3D culture closely resemble the ones of growth cones observed in vivo. 
We demonstrated the capability of our device for high-resolution imaging of cytoskeletal and 
signaling proteins as well as organelles. Significance. Neuronal cell culture has been a valuable 
tool for neuroscientists to study the behavior of neurons in a controlled environment. Compared 
to 2D, neurons cultured in 3D retain the majority of their native characteristics, while offering 
higher accessibility, control, and repeatability. We expect that our microwell device will facilitate 
a wider adoption of 3D neuronal cultures to study the mechanisms of neurite regeneration.

Keywords: 3D culture, neuron, neurite outgrowth, high resolution imaging, growth cone, 
cytoskeleton, cell culture

S  Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

Y Ren et al

Printed in the UK

035001

JNEIEZ

© 2018 IOP Publishing Ltd

15

J. Neural Eng.

JNE

1741-2552

10.1088/1741-2552/aaaa32

Paper

3

Journal of Neural Engineering

IOP

7 Author to whom any correspondence should be addressed.
Department of Biological Sciences, Purdue University, 915 West State Street, West Lafayette, IN 47907-2054, United States of America.

2018

1741-2552/18/035001+11$33.00

https://doi.org/10.1088/1741-2552/aaaa32J. Neural Eng. 15 (2018) 035001 (11pp)

https://orcid.org/0000-0003-1301-1799
https://orcid.org/0000-0002-5230-7229
mailto:dsuter@purdue.edu
https://doi.org/10.1088/1741-2552/aaaa32
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-2552/aaaa32&domain=pdf&date_stamp=2018-02-27
publisher-id
doi
https://doi.org/10.1088/1741-2552/aaaa32


Y Ren et al

2

1. Introduction

Axonal growth and guidance are critical processes during both 
development and regeneration of the nervous system. They 
can be studied in vivo either in normal or perturbed physi-
ological environments [1, 2]. In recent years, in vivo studies 
have benefited from rapid developments of breakthrough 
technologies such as deep tissue live imaging [3–5], tissue 
clearing [6, 7], and genome editing [8, 9]. Whereas in vivo 
approaches have the benefit that neurons develop axons and 
dendrites in a physiological environment, they suffer from the 
lack of complete control of the environment. This advantage is 
present when neurons are cultured in vitro in an experimentally 
defined environ ment that is permissive for neurite regeneration  
[10–12]. However, the potential of such in vitro studies is 
increasingly impeded by the limitations of the traditionally 
used cell culture method, namely two-dimensional (2D) cul-
ture. In its most common form, 2D culture involves plating of 
cells on flat and rigid surfaces with protein coatings of varying 
degrees of biological relevance. Drastically different from 
three-dimensional (3D) in vivo environments, the 2D culture 
method forces all cellular activities to be carried out on a flat 
surface of non-physiological stiffness, which induces a strong 
polarization orthogonal to the plane while missing key features 
such as topographical cues and proper interaction with the 
extracellular matrix (ECM) [13–15]. This imposes additional 
challenges to cultured neurons because of the restraints on 
growth and guidance of developing neurites for inter-neuronal 
wiring [16–18]. Although neurite regeneration can happen on 
2D substrates, neurons cultured as such have been shown to 
have substanti ally altered morphology [18–20], excitability 
[21, 22], and gene expression profile [19, 23], which may not 
only confound data interpretation, but also severely diminish 
the translational power of experimental results [24].

To bridge the gap between in vivo and in vitro studies, a 
number of devices and biocompatible materials have been 
developed for 3D neuronal cell cultures, which better mimic 
the native environment of cells while offering freedom of 
experimental control [20, 25–27]. Natural polymers such as 
collagen gels [21, 28–31], artificially synthesized scaffolds 
[13, 22, 32, 33], and artificial hydrogels [20, 34, 35] are on 
the growing list of 3D culture methods, each tailored to spe-
cific needs of the research community. However, despite the 
clear caveats of 2D culture systems and numerous avenues 
opened up by 3D culture techniques, the former approach has 
remained more popular in current bioscience research. We 
believe that this is largely because many published 3D culture 
devices and materials require special instruments to fabricate 
them (3D-printer, electrospinning machine, photo or chemical 
etching instrument) and because many available protocols are 
either expensive or challenging to follow, or have only narrow 
applications. As a result, a typical lab would have to rely on 
2D culture for in vitro research, viewing 3D culture only as an 
auxiliary or supplementary approach. A versatile 3D neuronal 
culture microwell device, which is inexpensive and easy to 
make, would help erase the concerns about 3D culture-based 
procedures and accelerate the dissemination of biologically 
relevant knowledge.

In this paper, we demonstrate a novel microwell system for 
3D neuronal cell cultures that is simple and inexpensive. We 
exemplify the utility of our device by culturing Aplysia bag 
cell neurons, a neuronal cell type commonly used for the study 
of peptide release, neuronal excitability, and growth cone 
dynamics [36, 37], for the first time in 3D using a novel col-
lagen-based gel to induce neurite regeneration. We show the 
compatibility of our microwell with different modes of high-
resolution imaging techniques for both fixed and live neurons, 
including differential interference contrast (DIC) microscopy, 
wide-field fluorescence, and super-resolution imaging of sub-
cellular components. We believe that the affordability and 
simplicity of our device will make it a valuable addition to 
the arsenal of 3D culture systems, which will be of significant 
interest to the neuroscience community.

2. Materials and methods

2.1. Microwell fabrication

Plastic squares were cut from single sheet polyester shims 
(0.020 inch thickness, Yellow, SHSP-200, Small Parts, Inc., 
Miami Lakes, FL) as shown in figures  1(A)–(C). Before 
assembling the microwell, one side of the plastic square was 
covered with double-sided tape (3M 442KW double-sided 
film tape, S-18740, Uline, Pleasant Prairie, WI). Then, the 
yellow plastic piece was punched with quarter-inch hole 
puncher. A glass coverslip was attached to the plastic shim 
via the double-sided tape to make a tight seal (High perfor-
mance cover glass, 0.17 mm thickness, 22  ×  22 mm, 474030-
9020-000, Carl Zeiss Microscopy, Thornwood, NY). We used 
high vacuum grease (High vacuum grease, 1018817, Dow 
Corning, Midland, MI) to adhere the microwell to the bottom 
of a 35 mm cell culture dish, so that the microwell does not fall 
when flipped during the gelling period (figure 1(D)). Next, the 
gel/cell mixture was added into the microwell, and the gel was 
allowed to solidify in the inverted Petri dish in a humidified 
37 °C incubator for 50 min. After the gel had solidified, the 
dish was flipped around again in order to add L15 cell cul-
ture media (Thermo Fisher Scientific, Waltham, MA) supple-
mented with artificial seawater (ASW; 400 mM NaCl, 9 mM 
CaCl2, 27 mM MgSO4, 28 mM MgCl2) [37, 38]. Petri dishes 
were kept at room temperature (RT) for 1–4 d. For low magni-
fication imaging with a 10×  long-working distance objective, 
neurons were directly imaged within the culture dish. For high 
magnification imaging, an imaging chamber was assembled 
with a second cover glass following a similar procedure as 
previously reported [37, 38] and as shown in figure  1(D). 
After imaging, the second cover glass was removed, and the 
microwell with neurons was put back into the culture dish 
with medium for continued growth.

2.2. Collagen gel mixture

The following collagen gel mixture was prepared: 50% 
volume of type I rat tail collagen (354236, Corning incor-
porated, Corning, NY), 15% volume of 5×  ASW, 25% 
volume of Aplysia hemolymph, 10% volume of 200 µg ml−1 
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poly-L-Lysine (PLL; poly-L-lysine hydrobromide, molec-
ular weight 70 000–150 000, P6282, Sigma, St. Louis, MO), 
pH 7.9, osmolarity: 1000 mOsm. The final concentration of 
collagen was between 2–3 mg ml−1. During the gel optim-
ization process, four final concentrations of PLL (0 µg ml−1, 
10 µg ml−1, 20 µg ml−1, 40 µg ml−1) and three concentrations 
of Hemolymph (0%, 10%, 25%) were compared. PLL was 
found to be critical for providing the collagen gel with the 
necessary mechanical strength in high-salt media. 20 µg ml−1 
PLL in the final gel mixture was the minimum to maintain a 
solid gel in cell culture medium, while no difference in the 
percentage of regenerating neurons was found between gels 
with PLL concentration 20 µg ml−1 and 40 µg ml−1. 25% 
hemolymph was the minimum amount required to induce 
robust neurite regeneration.

2.3. Neuronal cell culture

Aplysia bag cell neurons were obtained after enzymatic diges-
tion of the abdominal ganglion from adult Aplysia californica 
(150–200 g, Marinus Scientific, Long Beach, CA) as previ-
ously reported [37, 38]. Typically 15–20 bag cell neurons 
were mixed with collagen gel solution described above and 
loaded into the microwell for culture. This low cell density 
was selected to avoid overlapping neurites from neighboring 
neurons, whereas regeneration of  >50 Aplysia bag cell neu-
rons in the same viewing plane can be supported simultane-
ously by our device. After the gel had solidified, L15-ASW 
was added as cell culture medium.

2.4. Fluorescent labeling

Neurons were fixed directly in the gel with 3.7% parafor-
maldehyde in ASW supplemented with 400 mM sucrose for 

15 min before permeabilization was performed with 0.05% 
saponin in fixative solution for 10 min. The sample was then 
immersed in PBS/0.005% saponin for washing. Blocking 
was done with 5% bovine serum albumin (BSA) in phos-
phate-buffered saline (PBS) containing 0.005% saponin for 
1 h. To stain microtubules, the primary antibody (mouse 
monoclonal anti-alpha-tubulin, clone B-5-1-2, Sigma) was 
diluted to 10 µg ml−1 in blocking solution and incubated for 
1 h. Following three washes with PBS/0.005% saponin, the 
secondary antibody (goat-anti-mouse Alexa-647, A-21235, 
Thermo Fisher Scientific) was diluted to 4 µg ml−1 in 
PBS/0.005% saponin and incubated for 30 min. To stain 
F-actin, Alexa-488 Phalloidin (A12379, Thermo Scientific) 
was diluted to 66 nM in PBS/0.005% saponin and incubated 
for 30 min. After incubation with fluorescent probes, three 
washings with PBS/0.005% saponin were carried out before 
imaging. To label mitochondria in live neurons, TMRM 
(Tetramethylrhodamine, Methyl Ester, Perchlorate, T668, 
Thermo Fisher Scientific) was added to culture medium to a 
final concentration of 100 nM for 30 min before imaging. All 
labeling was done at RT.

2.5. mRNA preparation and injection

pRAT-Src1dSH2-EGFP is an Aplysia-specific biosensor for 
tyrosine phosphorylation and based on the YFP-dSH2 con-
struct previously used in vertebrate cells [39]. To generate 
this construct, two SH2 domains derived from Aplysia Src1 
were cloned in front of the N-terminus of EGFP in pRAT 
vector. The Aplysia Src1 SH2 domain sequence was used as 
a PCR template (Ap Src1 amino acids 126-224) flanked with 
5′ PstI and 3′ AgeI restriction enzyme sites (forward primer: 
5′ agctagctgcagatgacgccacagacgcaagactggt3′; reverse primer: 
5′ agctagaccggtcccctggggcacgccgctcccag3′). A second round 

Figure 1. Design of 3D culture device. (A) Schematic showing top view of the microwell device mounted on a coverslip. (B) Side view 
of microwell filled with neuron-containing collagen gel. The height is exaggerated in this drawing for illustrative purpose. (C) Picture of 
a glass coverslip with an attached microwell in an empty Petri dish. (D) Schematic demonstrating the work flow of neuronal culture and 
imaging using the 3D culture device. A color version of this figure is available online.
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of SH2 domain amplification generated a Src1 SH2 domain 
flanked with AgeI sites on both sides (forward primer:  
5′  agctagaccggtaacgccacagacgcaagactggt 3′; reverse primer: 
5′  agctagaccggtcccctggggcacgccgctcccag 3′). This SH2 
domain was inserted into the AgeI site of pRAT-Src1SH2-
EGFP to create pRAT-Src1dSH2-EGFP, the phosphotyrosine 
(pY) biosensor, which was verified with sequencing (Purdue 
Genomics Core Facility). mRNA of the pY sensor was made 
from the mMESSAGE mMACHINE T7 Ultra in vitro tran-
scription kit (Ambion, Thermo Fisher Scientific) according to 
manufacturer’s instruction. Typical mRNA concentration for 
injection was 0.5 mg ml−1. mRNA was mixed with fluores-
cent dextran (2.5 mg ml−1 final concentration; 3 kD Texas red 
dextran, fixable, Thermo Fisher Scientific) before injection as 
previously reported [40]. Microinjection was performed in bag 
cell neurons embedded in gel using an NP2 micromanipulator 
and FemtoJet microinjection system (Eppendorf, Hauppauge, 
NY). Fluorescent protein expression was evaluated 24 h after 
microinjection.

2.6. Image acquisition and analysis

Except for super-resolution imaging, images were acquired 
on a Nikon TE2000 E2 inverted microscope (Nikon, Melville, 
NY) with 10×, 40×  air, 60 ×, or 100×  oil immersion objec-
tives, sometimes with additional 1.5×  magnification. All 
imaging was performed at RT. Focus during extended time-
lapse imaging was maintained by a Nikon Perfect Focus 
system. Fluorescent illumination was provided by an X-cite 
120 metal halide lamp (EXFO, Quebec, QC, Canada) and 
appropriate filter sets (Chroma Technology, Bellows Falls, 
VT). Images were acquired by a Cascade II charge-coupled 
device (CCD) camera (Photometrics, Tucson, AZ) con-
trolled with MetaMorph 7.8 software (Molecular Devices, 
Sunnyvale, CA). Image analysis was performed with either 
MetaMorph 7.8 or ImageJ software (available at https://
imagej.nih.gov/ij/).

For super-resolution microscopy, raw data were recorded 
on a custom-built single molecule switching nanoscopy 
setup based around an Olympus IX-73 microscope stand 
(IX-73, Olympus America Inc., Waltham, MA) with a 
100×/1.35 NA silicone oil-immersion objective lens (FV-
U2B714, Olympus America Inc.), a 405 nm (DL-405-100, 
CrystaLaser, Reno, NV) for activation and a 642 nm laser 
(2RU-VFL-P-2000-642-B1R, MPB Communications Inc.) 
for excitation. The filter turret contained a quad bandpass 
(Di03-R405/488/561/635-t1 and FF01-446/523/600/677, 
Semrock Inc.). A Deformable Mirror (Multi-3.5, Boston 
Micromachines, Cambridge, MA) removed optical aberra-
tions following the procedure described previously [41, 42]. 
Fluorescence passed through an additional bandpass filter 
(FF01-731/137-25, Semrock Inc.) placed just before the 
camera. The fluorescence signal was recorded on a sCMOS 
Orca-Flash4.0v3 (Hamamatsu, Tokyo, Japan). The overall 
system magnification was ~54×, resulting in an effective 
pixel size of 120 nm. Molecules were localized using previ-
ously described algorithms [42, 43].

3. Results

3.1. Device design and workflow

A simple device for 3D neuronal cell culture was developed 
by attaching a punched plastic chip to a standard #1.5 cov-
erslip using waterproof double-sided tape (figure 1(A)). The 
cylindrical space created thereby has a volume of 16 µl and 
can be used as a chamber for 3D neuronal culture. To facili-
tate single cell neurite growth analysis, we have chosen bag 
cell neurons from Aplysia californica, which have a large 
cell soma, are easily identifiable in vitro, and have been used 
in a number of growth cone motility and neurite outgrowth 
studies [11, 36, 44]. As shown in figure 1(D), after the liquid 
gel mixture with neurons was loaded into the microwell and 
inverted during the gelling phase, gravitational force pulled 
neurons close to gel surface until further movement was 
balanced by the surface tension of the gel. This procedure 
typically positioned neurons within 50 µm of the gel surface, 
and this proximity was maintained after gel solidification, 
when the microwell was flipped again and medium added. 
Positioning of bag cell neuron is achieved within 5 min after 
inverting, but a typical gelling time of 50 min was chosen to 
ensure complete gel solidification. The distance between cell 
soma and gel surface is far enough to allow neurite regen-
eration in 3D with most regenerated neurites being close 
enough to the gel surface to be imaged with high-resolution 
objectives. In contrast to many current 3D culture methods, 
our setup eliminated the contact between soma and coverslip 
during cell culture, which has been shown to not only bias 
neurite outgrowth towards coverslip surface but also change 
gene expression patterns [19]. The short distance between 
neurons and culture media also makes it easy to apply 
 cell-permeable molecules and inject cells as shown below. 
To induce neurite outgrowth, we created a novel collagen-
based gel mixture, which contains 20 µg ml−1 PLL and 25% 
Aplysia hemolymph. PLL helped to maintain the mechanical 
strength of collagen gel in high salt media, whereas hemo-
lymph was found to be critical for stimulating neurite regen-
eration, possibly due to the presence of endogenous growth 
promoting factors. Both PLL and hemolymph were added at 
their minimum effective concentration to promote robust out-
growth at highest possible rates.

3.2. Neurite outgrowth in 3D

Bag cell neurons exhibited robust neurite regeneration in the 
3D gel. As shown in figure 2(A), multiple neurites developed 
from the identified neuron between 24 and 30 h after neurons 
had been embedded (figure 2(A)). Contrary to the growth pat-
tern on a coverslip, neurite outgrowth was no longer confined 
to a planar surface [18, 45]. The three-dimensional exploration 
of the gel space was evidenced by the neurite tips growing out 
of the plane of focus between 26 and 30 h (figure 2(A)). We 
could observe a variety of complex behaviors of neurite growth, 
including elongation, retraction, and branching (supplementary 
video 1 (stacks.iop.org/JNE/15/035001/mmedia)). In contrast 
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to the flattened cell bodies commonly seen in 2D cultures  
[19, 23], the cell body of a bag cell neuron retained its spherical 
shape (figure 2(B)), again suggesting the isotropic property 
of the culture environment. The growth in 3D was very clear 
when a neurite branching point was imaged, where almost all 
daughter neurites became out of focus, whereas the mother 
neurite remained in focus (figure 2(C)). To directly show the 
growth of a neurite in 3D at high magnification, a neuronal 
growth cone at a neurite tip was identified and imaged for 4 h 
(figure 2(D); supplementary video 2). During this time period, 
we saw a net advancement of more than 20 µm with an average 
growth rate of 5.2 µm h−1. The average advance rate of 22 
growth cones in our 3D culture system was 5.6  ±  0.6 µm h−1 
(±SEM), which is similar to growth rates of bag cell neurons 
cultured on PLL-coated 2D glass coverslips [18]. As shown 
in figure 2(D), the neuronal growth cones in this 3D culture 
system are significantly smaller, more compact, and club-
shape when compared to the large, fan-shaped growth cones 
developed by these neurons, when plated on PLL-coated 2D 
glass coverslips [11, 37, 38, 40, 44]. The average growth cone 
diameter in this 3D culture system is 6.4  ±  0.4 µm (±SEM; 
n  =  34) compared to the large, fan-shaped growth cones in 2D 
that span 50–100 µm and more [11, 18]. The smaller size is 
likely due to the fact that the growth cones have less space to 
expand in the 3D gel and face an almost isotropic environment 
in all dimensions. In 2D culture systems, we have recently 
shown that smaller growth cones tend to grow faster than large 
fan-shaped cones [18]. Smaller, club-shaped growth cones are 
more commonly observed in vivo and in 3D cultures; thus, our 
findings on bag cell neurite outgrowth in 3D is consistent with 
previous reports [2, 46, 47]. Taken together, our novel gel mix-
ture supports neurite regeneration of Aplysia bag cell neurons 

in 3D, which can be readily imaged at different magnifications 
using our microwell device.

In addition to transmitted live cell imaging, the porous 
nature and optical clarity of collagen gel allows fluorescent 
labeling of molecules of interest after chemical fixation. To 
demonstrate the compatibility of our device with fluorescent 
imaging, we identified specific neurons with nascent neurite 
outgrowth 24 h after embedding (figure 3(A) inset), and fixed 
them 24 h later. Significant neurite outgrowth can be seen in 
figure 3(A), which is reminiscent of the in vivo morphology of 
mature Aplysia bag cell neurons [48]. The location of F-actin 
and microtubule cytoskeleton fits well with their known role 
in neurite regeneration, F-actin being concentrated in the tip 
of the neurite whereas microtubules being prominent along 
the length of the neurites (figure 3(B)). Similarly, the distri-
bution of F-actin and microtubules in the growth cone in 3D 
seems to follow the same principle as in growth cones in 2D 
cultures [38, 49–51], with F-actin enriched in the growth cone 
periphery followed by microtubules in the neurite shaft (figure 
3(C)). Figure  3(D) shows another example of a neuronal 
growth cone at higher magnification, where bundles of micro-
tubules terminate at hotspots of F-actin. This distribution of 
the growth cone cytoskeleton is similar as previously reported 
for spiral ganglion neurons growing in 3D matrigel culture 
[31]. It is also consistent with earlier in vivo observations of 
pioneer growth cones in developing grasshopper embryos, 
which showed that microtubules follow F-actin accumulation 
in filopodia [52, 53], as well as with in vitro findings dem-
onstrating that microtubules preferentially grow along filopo-
dial bundles of actin filaments in the growth cone periphery 
[51, 54]. Because of the preservation of both morphology and 
antigenicity of cytoskeletal proteins after fixation in 3D, our 

Figure 2. Neurite outgrowth in a 3D collagen gel. (A) Snapshots of a bag cell neuron regenerating neurites in 3D. Note the extension of 
neurites in multiple directions. See also supplementary video 1. (B) The cell body of a bag cell neuron in the gel retains spherical shape. (C) 
A neurite branching point with the mother neurite remaining in focus. Note the abundant daughter neurites growing in different directions. 
(D) A neuronal growth cone growing at an average rate of 5.2 µm h−1 was imaged for 4 h. See also supplementary video 2. Scale bars: 50 
µm (A); 20 µm (B)–(D).
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microwell can serve as a reliable tool to study localization of 
molecules during neurite regeneration.

3.3. High-resolution fluorescent live cell imaging in 3D

A major benefit of our microwell is its compatibility with 
high-resolution live cell imaging of fluorescently labeled 
proteins and organelles of interest, which is in increasing 
demand in cell biological research. We have demonstrated this 

capability of our system with two live cell imaging probes as 
shown in figures 4 and 5. In the first approach (figure 4(A)), 
we added cell-permeable dye TMRM (tetramethylrhoda-
mine methyl ester) into the cell culture media, which readily 
diffuses into embedded neurons and specifically labels 
healthy mitochondria with intact membrane potential [55]. 
As shown in figure  4(B), a dense population of mitochon-
dria were successfully labeled along the neurite shaft and in 
the neuronal growth cone. We magnified the boxed region in 

Figure 3. Cytoskeletal labeling of fixed neurons. (A) DIC image of a bag cell neuron embedded in the collagen gel showing robust neurite 
outgrowth at 48 h after plating. Inset shows the same cell with nascent neurites 24 h earlier at the same scale. Scale bar: 50 µm.  
(B) Fluorescent cytoskeletal staining of the neuron shown in A. Microtubules were stained with a primary tubulin and fluorescent secondary 
antibody (green), whereas F-actin was stained with Alexa-488 phalloidin (red). (C) Enlarged boxed region in B showing the localization of 
microtubules and F-actin along neurite and within the neuronal growth cone. Yellow indicates co-localization of microtubules and F-actin in 
growth cone neck. Scale bar: 12.5 µm. (D) A club-shaped neuronal growth cone at higher magnification in 3D culture system. Bundles of 
microtubules terminate at hotspots of F-actin. Scale bar: 5 µm.

Figure 4. Live cell imaging of neurons in 3D using a mitochondrial dye. (A) Workflow of live cell imaging. TMRM was used to label 
healthy mitochondria. (B) A segment of a neurite with dense mitochondria. The neuronal growth cone is advancing towards the upper-right 
direction. The DIC image in the inset is shown at half the magnification. Scale bar: 10 µm. (C) Time-lapse montage of the neurite region 
boxed in panel B. Solid oval indicates a docked mitochondrion, whereas the dashed oval points to an anterogradely moving mitochondrion 
(mean rate 0.8 µm s−1). Scale bar: 20 µm. See also supplementary video 3. A color version of this figure is available online.
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figure 4(B) and assembled a time-lapse montage showing the 
dynamics of mitochondria in a developing neurite. Whereas 
the majority of mitochondria were docked during this period 
(the solid oval in figure 4(C) marks a stationary mitochon-
drion), transportation of mitochondria in both directions 
was evident (supplementary video 3). The average rate of 
anterogradely transported mitochondria is 0.5  ±  0.1 µm s−1 
(±SEM; n  =  5; dashed oval in figure 4(C)), which is in good 
agreement with established values of fast axonal transport 
of mitochondria [56]. Both the high labeling efficiency and 
intensity as well as the transportation rate indicate the pres-
ence of active mitochondria and speak to the healthiness of 
regenerating neurites. Furthermore, this experiment demon-
strated the feasibility of using small membrane-permeable 
molecules for live cell fluorescent imaging.

A second approach to introduce intracellular labeling of 
live cells is through ectopic expression of fluorescent proteins. 
In the case of embedded bag cell neurons, we can achieve this 
by injecting mRNA encoding fluorescent proteins into the cell 
bodies (figure 5(A)). This is possible because of the large soma 
size of Aplysia bag cell neurons and the short distance between 
neurons and gel surface. As an example, we microinjected  
in vitro transcribed mRNA of a phosphotyrosine (pY) bio-
sensor along with Texas Red dextran as a cytosolic injection/
volume marker into embedded neurons. This Aplysia-specific 
pY biosensor was adapted from a previously developed ver-
tebrate pY biosensor [39] and contains two SH2 domains 
derived from Aplysia Src1 tyrosine kinase linked to EGFP. We 
initially validated this biosensor by expressing it in bag cell 
neurons cultured in 2D. We found a typical punctate distri-
bution of pY signals in the growth cone including increased 
signal at the tips of filopodia (data not shown), which is in 
agreement with previous studies conducted on 2D neuronal 
cultures that showed enriched tyrosine phosphorylation at 
filopodia tips including Src-mediated phosphorylation pro-
moting filopodia extension [40, 57–59]. Microinjection of pY 
biosensor mRNA into neuronal cell bodies did not prevent the 
regeneration of neurites in 3D (figure 5(B)). The fluorescent 

signals from both ectopically expressed protein (figure 5(C)) 
and fluorescent injection/volume marker (figure 5(D)) could 
be observed in the neurite regenerating in the 3D gel. Most 
importantly, we found that the pY biosensor showed preferen-
tial localization to the tip of dynamic filopodia (figures 5(C) 
and (E); supplementary video 4) as found in 2D neuronal cul-
tures. The pY distribution was distinct from the relative flat 
signal profile of fluorescent dextra n along the length of filo-
podia (figures 5(D) and (F); supplementary video 4). In sum-
mary, these results demonstrate that we can use cell injection 
to express genetically encoded fluorescent proteins in neurons 
cultured in 3D, and perform multi-channel, high-resolution 
live cell imaging of regenerating neuronal growth cones.

3.4. Super-resolution imaging of neuronal growth cones  
in 3D cultures

Recent developments in sub-diffraction-limited imaging 
techniques have resulted in discoveries of previously hidden 
cellular structures such as actin rings in neuronal processes 
[60], and offered exciting new insights into the structural 
organization of macromolecular complexes especially in the 
cell membrane such as synapses [61–63]. To demonstrate the 
compatibility of our microwell device with  super-resolution 
imaging, we immunostained microtubules and per-
formed direct stochastic optical reconstruction microscopy 
(dSTORM) imaging of microtubules in distal neurites of bag 
cell neurons near the neuronal growth cone in 3D [64, 65]. 
As a contrast to the diffraction-limited image of microtubules 
(figure 6(A)), the reconstructed super-resolution image of 
the same sample revealed bundles of microtubules near the 
neck of the growth cone with significantly improved resolu-
tion (figure 6(B)). The axial positions of individual localized 
molecules within the microtubules and microtubule bundles 
in this example are indicated by colors and span a depth of 
1 µm. Taken together, our simple microwell showed good 
performance when conducting super-resolution imaging of 
neuronal growth cones in 3D.

Figure 5. Live cell imaging of pY biosensor. (A) Workflow of live cell imaging. In vitro transcribed mRNA of pY biosensor was injected 
into the neuronal cell body together with Texas Red dextran as a volume marker. (B) DIC image of a distal neurite branching into two 
growth cones in 3D. Scale bar: 5 µm. (C) pY signal of the growth cone shown in B. The arrow indicates a bright spot of phosphotyrosine 
signal at the tip of the filopodium. (D) Texas Red dextran signal of the growth cone shown in B. No bright spot can be seen at the tip of the 
filopodium. (E) Fluorescent line scan of the pY signal along the filopodium next to the dotted line shown in C. The peak signal corresponds 
to filopodium tip. (F) Fluorescent line scan of dextran signal at the same location. No bright spot was detected at tip of the filopodium. See 
also supplementary video 4. A color version of this figure is available online.
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4. Discussion

4.1. Cost-effective fabrication of a 3D neuronal cell culture 
device

In recent years, the supporting device for in vitro neurite 
regeneration has expanded from protein-coated glass cover-
slips to compliant materials, patterned substrates, and bio-
compatible gels [13, 16, 28, 35, 66]. This trend in creating 
a more physiologically relevant environment for neurons is 
a logical step going beyond the limitations of the tradition-
ally used flat and rigid cell culture surfaces. However, for 
many laboratories such scientific reasoning is often counter ed 
by high costs of device fabrication or challenging device 
assembly. The motive of our work here is to build an afford-
able and simple microwell device to assist researchers over-
come some of these barriers to 3D neuronal cell cultures. To 
that end, we used commonly available lab and office supplies, 
including standard glass coverslip, hole puncher, double-sided 
tape and plastic shims. The cost of our microwell is estimated 
to be significantly lower than most other 3D culture devices, 
and its assembly requires no special instrument or training. In 
our present study, a small amount (16 µl) of gel was sufficient 
to support 3D neurite outgrowth. Due to its straightforward 
design, we expect that individual labs will be able to easily 
modify microwell parameters such as size and thickness to 
meet their needs. In summary, the affordability and simple 
design of our microwell will make 3D neuronal cell culture 
conducive to a wider audience.

4.2. Proper positioning of neurons facilitates neurite 
 outgrowth and imaging

We engineered a workflow with our microwell to optimize 
positioning of neurons in gel, for both sustained 3D neu-
rite outgrowth and efficient imaging with both low- and 

high-power objectives. During neurite regeneration, the 
neuronal soma and all growing neurites interact only with 
collagen gel fibers and are not influenced by the gel-device 
interface. The uniform arrangement of neurons during embed-
ding and the small cell-to-cell microenvironment variability 
increases data reproducibility and helps identifying suitable 
cells for imaging. We demonstrated how our microwell can 
be used to track neurite outgrowth from a single neuron at 
low magnification (figures 2(A) and 3(A)–(C); supplemen-
tary video 1), and high magnification (figures 2(B)–(D) and 
3(D); supplementary video 2). Due to the proximity of the 
neurons to the gel surface, we were able to apply a cell per-
meable fluorescent dye or inject cells with mRNA for fluo-
rescent protein expression. We performed high-resolution, 
live cell imaging of organelle transport along the neurite 
(figure 4; supplementary video 3) as well as monitoring sig-
naling events at the growth cone (figure 5; supplementary 
video 4). Finally, we tested the compatibility of our 3D cul-
ture microwell with super-resolution imaging and were able 
to resolve bundles of microtubules in the growth cone (figure 
6). All images and videos were acquired without making any 
modification to existing microscope platforms. Therefore, 
our microwell is a versatile tool for 3D neuronal cell culture, 
and can be adopted quickly to other cell culture systems and 
imaging set-ups.

4.3. Morphology and dynamics of Aplysia growth cones 
in 3D culture

We used a novel mixture of collagen to promote regeneration 
of Aplysia bag cell neurons in 3D. In comparison to outgrowth 
in 2D, neurites grow at similar rate but towards different direc-
tions in 3D, resulting in a growth cone morphologies that are 
not fan-shaped as observed in 2D cultures but more similar 
to growth cones observed in vivo in other species, such as 

Figure 6. Super-resolution imaging of microtubules in distal neurite and neuronal growth cone in 3D cultures. (A) Diffraction-limited wide 
field fluorescent image of stained microtubules in the growth cone and distal neurite of a bag cell neuron cultured in 3D. Scale bar: 5 µm. 
(B) The same growth cone shown after reconstruction of 0.47 million molecules using single molecule switching nanoscopy. Arrow points 
to a microtubule bundle within the growth cone neck. Color encodes the axial position of labeled alpha-tubulin molecules. The growth cone 
was located about 5 µm from the cover glass surface.
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zebrafish [2]. At this point, it is difficult to determine the exact 
relative contribution of molecular versus dimensional signals 
to neurite growth in our gel system; however, the fact that 
growth cone size and advance rate could be altered by adding 
the gel on top of neurons cultured on PLL-coated coverslips 
suggests that the 3D environment supports neurite regenera-
tion [18]. The regenerated neurites are healthy, harboring rapid 
transport of mitochondria along the neurite (figure 4; supple-
mentary video 3), and display dynamic activity at the growth 
cone (figures 2(D) and 5; supplementary video 4). In agree-
ment with previous studies, the basic organization of actin and 
microtubule cytoskeleton are consistent between 2D and 3D 
cultured Aplysia bag cell neurons (figures 3 and 6), as well as 
the enrichment of pY signaling at filopodia tips in the growth 
cone (figure 5) [38, 58]. This suggests that the central motility 
and signaling machinery is maintained under these different 
environmental conditions, which in turn result in distinct 
growth cone morphologies. Our system will enable future 
studies to further explore the exact underlying cellular and 
molecular mechanisms of growth cone advancement in 3D.

5. Conclusions

We present in this paper a low-cost and easily fabricated 
microwell device for in vitro 3D cultures of Aplysia bag cell 
neurons. To our knowledge, this is the first example of growing 
large Aplysia neurons in a defined 3D environment. We have 
shown that these neurons exhibit robust neurite regeneration in 
our novel collagen-based gel mixture. A simple procedure was 
developed to ensure the proper positioning of neurons in the gel 
to facilitate (1) sufficient neurite outgrowth in 3D, (2) efficient 
delivery of small molecules, (3) cell injection, and (4) high-res-
olution imaging. We demonstrate the utility of our microwell for 
various modes of high-resolution imaging of neurite outgrowth, 
and cytoskeletal organization, mitochondrial and pY labeling in 
regenerating neurites and growth cones of live neurons in 3D. 
Because our microwell can be conveniently assembled and used 
for different cell types and purposes, we believe that it could be 
quickly adopted by the research community for in vitro invest-
igations beyond neurite regeneration of Aplysia neurons.
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