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Abstract By quantitatively comparing a variety of mac-

romolecular surface coating agents, we discovered that

surface coating strongly modulates the adhesion and mor-

phogenesis of primary hippocampal neurons and serves as

a switch of somata clustering and neurite fasciculation in

vitro. The kinetics of neuronal adhesion on poly-lysine-

coated surfaces is much faster than that on laminin and

Matrigel-coated surfaces, and the distribution of adhesion

is more homogenous on poly-lysine. Matrigel and laminin,

on the other hand, facilitate neuritogenesis more than poly-

lysine does. Eventually, on Matrigel-coated surfaces of

self-assembled monolayers, neurons tend to undergo

somata clustering and neurite fasciculation. By replacing

coating proteins with cerebral astrocytes, and patterning

neurons on astrocytes through self-assembled monolayers,

microfluidics and micro-contact printing, we found that

astrocyte promotes soma adhesion and astrocyte processes

guide neurites. There, astrocytes could be a versatile

substrate in engineering neuronal networks in vitro.

Besides, quantitative measurements of cellular responses

on various coatings would be valuable information for the

neurobiology community in the choice of the most appro-

priate coating strategy.

1 Introduction

There is a growing interest in engineering neuronal net-

works in vitro [1, 2]. Such artificial neuronal networks have

been employed as models for studying the functions of

neuronal network [3–5] for engineering artificial intelli-

gence [6, 7] and for neuro-interfacing [8]. As neurons are

the building blocks of neuronal networks, technically, in

order to construct a neuronal network, one has to control

the positioning of the somata of the neuron, the guidance of

the axons and the dendrites of neurons into specific loca-

tions and orientations. The realization of such designs, i.e.,

the engineering of the networks, requires delicate control of

neuronal adhesion and morphogenesis.

Development in micro- nano- technology has brought in

several new tools for engineering the patterning of cell

adhesion and morphogenesis [9–13]. Many cell types have

been successfully patterned with microfluidics [14–16],

lCP [17], inkjet printing [18, 19], plasma treatment [20],

self-assembled monolayers [21–24], self-assembled con-

structs [25], laser scanning lithography [26], atomic force

microscope lithography, dip-pen nanolithography [27],

topography [28, 29], carbon nano-tubes [30], or their

combinations [31, 32]. Neurons are, however, distinctive

cells with highly polarized morphology, much smaller

somata, and thus few anchoring points for adhesion in

comparison to most types of adherent mammalian cells.

These features make the patterning of neurons especially
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difficult. The development of polarized morphology fol-

lows cell adhesion, and continues for days and weeks

before maturation, introducing additional challenges for

engineering the neurites after the establishment of the

patterns of adhesion. Microfluidics [33–36] has been used

for positioning neuronal somata. However, culturing neu-

rons within microfluidic chips over long terms is a chal-

lenge, possibly due to limited nutrient exchange. Surface

chemistry [37–39] allowed elegantly patterned neuronal

networks with potentially useful functions, but long term

maintenance of the networks is a problem. SAMs [40, 41]

represent a convenient way for engineering cell adhesion

[42], as SAMs do not involve complicated instruments

during the experiment. Coating is widely used for tailoring

the biocompatibility of the neuron-materials interfaces

[43–45]. Various coating agents have been used, but few

studies systematically investigated the effectiveness of

these molecules in adhesion and morphogenesis. We

hereby set out to study how surface coating alone affects

the adhesion, morphogenesis and therefore network struc-

ture of neurons, and building ordered neuronal networks

with these coating strategies.

2 Experimental

2.1 Micro-Fabrication, Self-Assembled Monolayers

and Microfluidics

Standard photolithography and soft lithography were

employed for fabricating microfluidic channels and the

stamps for micro-contact printing. AutoCAD (Autodesk)

was used for designing the masks and high-resolution

printer was employed afterwards for generating the masks.

The master was fabricated through standard photolithog-

raphy on a mask aligner (MJB4, Suss MicroTec) with SU-8

2025 and 2100 photo-resist (MicroChem). Poly-dimethyl-

siloxane (PDMS, Dow Corning) replica molding was per-

formed to obtain the elastic stamps for micro-contact

printing and the microfluidic channels.

Patterned SAMs was created according to standard

protocol with thiols on gold plates. Gold plates were pre-

pared by firstly evaporating a layer of 8 nm-thick titanium,

followed by a 40 nm of gold, both with an vacuum elec-

tron-beam evaporator (Edward Auto 500), on acid-rinsed

glass cover-slips. Alkanethiols terminated with –CH3

(HS(CH2)15CH3, Sigma) were used for creating patterns to

promote cell adhesion through lCP. Patterned gold sub-

strates were immersed in –EG6 terminated thiols

(HS(CH2)11(OCH2OCH2)3OH(C11EG3), Sigma) for 2 h at

ambient temperature to make the rest of the surfaces anti-

fouling.

2.2 Surface Coatings

We used Matrigel (MG, BD Biosciences, 1:100 v/v in

serum free DMEM), laminin (LN, R&D Systems and BD

Biosciences, 50 lg/mL in Dulbecco’s phosphate buffer

saline, D-PBS), fibronectin (FN, BD Biosciences, 25 and

50 lg/mL in D-PBS), polyethyleneimine (PEI, Sigma, 25

and 50 lg/mL in sterile water), poly-D-lysine (PDL, Sigma,

molecular weight 70,000–150,000, 25 and 50 lg/mL

in sterile water.), poly-L-lysine (PLL, Sigma, MW

70,000–150,000. 25 and 50 lg/mL in sterile water), as the

coating layer over glass cover slips on which neurons were

seeded. These are most frequently used coating agents for

neuronal culture. The coating procedures were strictly

consistent between different coating agents: all agents were

applied for 2 h at 37 �C, rinsed with corresponding solu-

tions (sterile water for polymers and D-PBS for proteins)

and incubated with plating medium.

Patterned SAMs were coated with PLL, LN, and MG

respectively, incubated for 2 h at 37 �C, then rinsed with

D-PBS and incubated with DMEM/F12 medium supple-

mented with 10 % of horse serum at 37 �C before plating

neurons.

To generate patterns like those in Fig. 8, PDMS stamps

were treated with air plasma (Harrick Scientific), lCP of

LN (200 lg/mL) stripes was performed directly on acid

rinsed glass cover slips. PDMS microfluidic channels were

sealed with the substrate, keeping the channels perpen-

dicular to the laminin stripes. PLL (50 lg/mL) was used to

promote cell adhesion in the channel areas [46]. The

channel was incubated with DMEM/F12 medium supple-

mented with 10 % of horse serum at 37 �C. We introduced

purified astrocytes into one of the channels with DMEM/

F12 medium supplemented with 10 % of horse serum at

37 �C, and they adhered and spread before we introduced

neurons into the other channel, also with DMEM/F12

medium supplemented with 10 % of horse serum at 37 �C.

2.3 Primary Culture of Hippocampal Neurons

and the Purification of Cerebral Astrocytes

Neonatal (P0) and embryonic (E18) Sprague–Dawley (SD)

rat pups were decapitated, treated in 0.25 % Trypsin

(GIBCO) supplemented with DNase I (Sigma) for 15 min

at 37 �C water bath, and triturated. Dissociated neurons

were seeded onto surfaces in DMEM/F12 medium (GIB-

CO) supplemented by 10 % horse serum (GIBCO).

After cell adhesion, the surfaces were rinsed gently with

D-PBS three times depending on the cell density, and

replaced with Neurobasal medium supplemented with 2 %

B27 and 1 % GlutaMax-1 (all from GIBCO) without

antibiotics. The medium were replaced by half every
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4 days. All animal experiments were approved by IACUC

of National Center for Nanoscience and Technology.

Cerebral astrocytes were obtained from P0 SD rats

according to standard protocol [47] with modifications. In

brief, cerebral cortex was treated in 0.25 % Trypsin

(GIBCO) for 15 min at 37 �C water bath, and triturated.

Dissociated tissues were filtered with membranes having

50 lm-sized pores, seeded onto untreated plastic culture

clusters (Corning, TC treated grade) in DMEM/F12 med-

ium (GIBCO) supplemented by 10 % horse serum (GIB-

CO) for 50 min. The supernatant were plated onto culture

clusters pretreated with PDL (10 lg/mL) in order to

exclude fibroblasts and epithelial cells that adhere faster.

After 24 h of cell adhesion, the cultures were rinsed with

D-PBS for three times, and refilled by DMEM/F12 with

10 % horse serum. The cultures were shaken every day,

and the medium were replaced completely every 4 days to

prohibit oligodendrocyte and neuron growth. At 14 days in

vitro (DIV) when the cells form a contact-inhibited

monolayer, the culture clusters were shaken at 220 rpm,

37 �C for 12 h to get rid of most of the contaminating

oligodendrocyte. After that, each well was rinsed with

warmed D-PBS for three times. Very high purity astrocyte

could be obtained with this method.

2.4 Immunocytochemistry

Cell cultures were rinsed with D-PBS (37 �C) then fixed in

4 % paraformaldehyde for 30 min, followed by perme-

abilization with 0.3 % Triton X-100 for 15 min at ambient

temperature. After blocking with 10 % goat serum in

D-PBS for 1 h, primary antibodies against Tuj1 (Sigma),

Smi312 (Covance) and GFAP (Sigma) were applied, and

incubated overnight at 4 �C, followed by rinsing in D-PBS

for 5 times and visualization with Alexa Fluor 488, 555,

633 conjugated secondary antibodies (1:400, Invitrogen).

Rhodamine or Alexa Fluor 488 labeled Phalloidin (1:40,

Invitrogen) was used for labeling actin cytoskeleton.

Hoechst 33342 was used for labeling the cell nucleus.

Samples were sealed with the mounting medium Anti-fade

Gold (Invitrogen). All reagents were purchased from

Sigma unless otherwise noted.

2.5 Imaging

Phase contrast imaging was carried out on Leica AF6000

live cell imaging workstation. Fluorescence imaging was

performed with Zeiss LSM 710 or Olympus FV1000 laser

scanning confocal microscope and Leica DMI 6000B wide-

field fluorescence microscope. For fluorescence imaging,

the samples were prepared up-side-down for imaging on

inverted microscopes to avoid fluorescence quenching

caused by the gold thin-film substrates. Imaging was per-

formed immediately after preparation.

We used specific time points optimized for specific

measurement and analysis: 4 h for adhesion (Fig. 1), 6 h

for distribution (Fig. 2), 12 h for morphology (Fig. 3), 24 h

for further analysis of morphology (Fig. 4) and 3-11 DIV

for patterning (Fig. 6). We have chosen these time points

for the convenience of measurements since the morphology

of the cells at longer time points would be complicated for

global analysis such as adhesion and distribution.

2.6 Data Processing and Statistics

Image quantifications were performed in ImageJ (NIH)

NeuronStudio (Computational Neurobiology and Imaging

Center, Mount Sinai School of Medicine) and Image Pro

Plus (Media Cybernetics). These include the numbers of

neurons adhered onto a specific surface (Figs. 1, 7), the

locations of the neurons (Fig. 2) and morphological char-

acters of neurons (Figs. 3, 4, 5, 8).

Data analysis was done in Matlab (The MathWorks).

Statistical analysis was performed by R (The R Foun-

dation for Statistical Computing) and Stata (StataCorp).

For groups of two conditions, statistical tests were per-

formed using two-tailed Student’s t test or Mann–Whitney

U test. For groups of three or more conditions, one-way

parametric ANOVA or Kruskal–Wallis’ ANOVA were

used, followed by Tukey–Kramer’s or Bonferroni’s post

hoc multiple comparisons tests. Descriptive statistics are

presented as mean ± SEM. All error bars designate SEM.

2.7 Measurement of Neuronal Adhesion

Neurons were rinsed thoroughly with D-PBS for three

times after 4 h of adhesion, and immunocytochemistry

with neuronal marker Tuj1, astrocyte marker GFAP. Actin

was labeled with Alexa Fluor 488 labeled Phalloidin and

cell nucleus was counterstained with Hoechst 33342. Phase

contrast and fluorescence images were collected simulta-

neously. Cells were counted in as adherent neurons only if

they satisfy three conditions simultaneously. Firstly, cells

should assume normal neuron morphology. Phase contrast

images of the cells should not be too bright (possibly

indicating non-adherent cells) or too dark (sometimes dead

cells). The size and shape of the nucleus should be that of a

normal neuron. Secondly, they should be Tuj1 positive and

GFAP negative. Thirdly, actin should be significantly

weaker than that of astrocytes or fibroblasts. Cell numbers

and locations were measured semi-automatically with

ImageJ and Image Pro Plus. Locations of the cells were

determined by calculating the geometric center of the

somata profile with ImageJ. The somata profile was

obtained by manually drawing lines around the somata.
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The rate of neuronal adhesion was measured by time-

lapse imaging. Coated substrates were monitored under

live cell imaging workstation immediately after plating

neurons. Neurons are considered to be adhered if they

adhere and spread over the substrates and remain within

focus for more than half an hour. We measured the time

consumed by the adhesion process as the rate of

adhesion.

Fig. 1 Surface coating modulates the adhesion of neurons. a Bar plot
showing the number of neurons adhered onto substrates with different

coatings at 4 h after plating. The concentrations of the coating agents

were 50 lg/mL except for MG, which was diluted to 1:100 v/v. MG:

n = 6, LN: n = 4, FN: n = 6, PEI: n = 10, PDL: n = 5, PLL:

n = 5. b Pair-wise comparisons between neuronal adhesion on

different types of surfaces show that the number of neurons adhered

onto different substrates are significantly different (Kruskal–Wallis

ANOVA followed by Tukey–Kramer’s post hoc multiple compari-

sons tests against the same dataset in a). Red error bars denote no

significant difference, and this applies to FN against LN, and to any

combination between PEI, PDL and PLL. Yellow error bars denote

difference that are significant (0.01 \ P \ 0.5) depending on the

standard chosen, and this applies to FN or LN against MG. Blue error
bars denote significant difference (P \ 0.001), and this applies to any

combination between PEI, PDL or PLL against FN, LN or MG.

Yellow shaded area highlights the significance zone. c The number of

neurons adhered depends on the concentration of the coating agents

(Students’ t test, P \ 0.001 for each pair, numbers of samples at

25 lg/mL, LN: n = 6, FN: n = 6, PEI: n = 10, PDL: n = 6, PLL:

n = 5, numbers of samples at 50 lg/mL, same as those in a); Error
bars SEM

Fig. 2 Surface coating

determines neuronal adhesion

pattern. a–c Confocal

fluorescence images of rat

hippocampal neurons that were

plated with the same density

onto MG-, LN- and PDL-

coated surfaces at 6 h after

plating. Hoechst with blue
pseudo-color labels the nucleus

and red colored neuronal

marker Tuj1 specifically labels

neurons. d Normalized relative

neighborhood density(see text

for details) illustrating the

extent of clustering on MG

(red), LN (blue) and PDL

(green) respectively. Scale bar
100 lm
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2.8 Measurement of Neuronal Morphology

Phase contrast and fluorescence images were collected as

above. Fluorescence images were used to as judgments of

whether a structure is a neurite from a normal neuronal

soma rather than debris. Measurements were performed

with phase contrast images, as the signal is more consistent

on fine distal part of neurites. The areas of the somata were

measured by first draw splines around the somata and

calculating the areas within the profile with ImageJ. The

length and number of neurites were determined with

models constructed in NeuronStudio. A neurite is con-

firmed if it is Tuj1 positive and bearing Phalloidin signal in

the tips of the neurite. All neurites of a neuron is added

together to obtain the neurite number. The longest neurite

is determined by routines in Matlab.

2.9 Reconstruction of Neuronal Morphology and Sholl

Analysis

Three-dimensional reconstruction of neuronal morphology

(Fig. 5a–f) was performed with NeuronStudio.

Fig. 3 Comparison of neuronal morphology on different surfaces at

12 h after plating. a–c Bar plot showing the somata area, neurite

number and average neurite length of neurons on various surfaces

(MG: n = 5, 5 data points; PEI 50 lg/mL: n = 5, 30 data points;

PDL 50 lg/mL: n = 3, 76 data points; LN 50 lg/mL: n = 3, 32 data

points; PLL 50 lg/mL: n = 3, 45 data points). d–f Multiple

comparisons between different between different surface coating

conditions corresponding to a–c. Somata areas and neurite numbers of

neurons are significantly on various substrates (P \ 0.01 for blue

error bars, P [ 0.05 for red error bars) while neurite lengths are not

significantly different (Kruskal–Wallis ANOVA followed by Bonfer-

roni’s post hoc multiple comparisons tests). g–i Somata areas, neurite

numbers and neurite lengths are not significantly different between

surface coating agents at 25 and 50 lg/mL. (PEI 25 lg/mL: n = 5, 50

data points; PDL 25 lg/mL: n = 14, 60 data points; LN 25 lg/mL:

n = 5, 15 data points; PLL 25 lg/mL: n = 9, 55 data points.

Student’s t test). Error bars SEM
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Sholl analysis (Fig. 5g, Supplementary Fig. 6) was

performed with standard method via an ImageJ plugin

(Ghosh Lab, UCSD).

Relative neighborhood density quantifies the neurons

density with respect to the original position of a specific

neuron, averaged for all neurons.

For a surface with N neurons, the distribution function

of the neurons n(r) is a variable that depends on the loca-

tion of the plane, for arbitrary neuron i, we define its

specific neighborhood density as:

DiðrÞ ¼
P

r nðrÞ
Prþd

r AðrÞ

in which A(r) is the area of an annuli with a distance of r

from neuron i, with width d.

We then have the relative neighborhood density by

averaging over all N cells on the plane:

DðrÞ ¼
PN

i¼1 DiðrÞ
N

In this paper, the width of the annuli d, which defines the

resolution of the analysis, is set to 1 lm.

2.10 Clustering Analysis

Clustering analysis was used for the quantitative classifi-

cation of different types of molecules in terms of numbers

of cells adhered and morphology. Euclidean distance was

used for the measurement.

Fig. 4 Comparison of the morphology of neurons between PLL and

MG at 24 h after plating. a–b Immunofluorescence photomicrographs

of neurons on MG (a) and PDL (b) with neuron specific marker Tuj1,

cell nuclei counterstained with Hoechst. Neurons on PDL surfaces

develop more neurites, have shorter neurites, and the longest

neurites are shorter compared to neurons on MG. See text for details.

c–f Somata areas, neurite numbers, neurite lengths are the length of

the longest neurite for each neuron are significantly different on MG

and PDL (c MG, n = 5, PLL, n = 15; d MG, n = 17, PLL, n = 17;

e MG, n = 11, PLL, n = 16; f MG, n = 5, PLL, n = 5. Mann–

Whitney U test, **P \ 0.01). Scale bars 200 lm
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Fig. 5 Development of neuronal morphology on MG and PDL

coated-surfaces within the first 24 h after plating. a–f Reconstruction

of neuronal morphology on MG and PDL coated-surfaces at 6, 12 and

24 h after plating respectively. g Sholl analysis of typical neuron on

MG and PDL coated-surfaces at 6, 12 and 24 h after plating

respectively. See Supplementary Fig. 6 for details on the methods.

h–j Time-dependent development of neuronal morphology on MG

and PDL coated-surfaces in terms of somata area, neurite number and

neurite length. In j MGmax and PDLmax designate the longest

neurites. Scale bars a 5 lm, b 5 lm, c 50 lm, d 5 lm, e 5 lm,

f 10 lm
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3 Results and Discussion

3.1 Surface Coating Affects Neuron Adhesion

The number of neurons adhered onto coated glass surfaces

depends significantly on the surface coatings at 4 h after

plating (Fig. 1a). In generally, the numbers of cells on

polymers (PEI: 264.00 ± 5.52/mm2, n = 10; PDL:

271.20 ± 17.51 mm2, n = 5; PLL: 276.40 ± 7.78/mm2,

n = 5) is much higher than those on proteins (MG:

21.88 ± 6.48/mm2, n = 6; LN: 58.25 ± 8.33/mm2, n = 5;

FN: 69.00 ± 10.20/mm2, n = 6). There were significant

differences between different coating agents at a given

concentration (Fig. 1b, Kruskal–Wallis’ ANOVA followed

by Tukey–Kramer’s post hoc multiple comparisons tests).

There were significant differences between each combi-

nation of a protein with a polymer (P \ 0.001, Fig. 1b).

The numbers of cells adhered also depend significantly on

the concentration of the coating agent (P \ 0.001, Fig. 1c).

We classified the coating agents according to the number of

cells adhered using standard clustering analysis (Supple-

mentary Fig. 1, see ‘‘Experimental’’ for details), and found

that extracellular matrix (ECM) proteins (MG, LN and FN)

are similar in terms of the amount of cells adhered while

polymers (PEI, PDL, PLL) are also clustered. We found

that a substantial portion of cells adhered onto FN coated

surfaces are non-neuronal cells. We focused our discus-

sions on MG, LN and PDL.

The distributions of adhesion are different between

various surface coatings after 6 h of adhesion (Fig. 2).

Neurons are homogeneously distributed on PLL-coated

surfaces, but tend to cluster on LN- and MG- coated sur-

faces (Fig. 2a–c). As we will discuss later, the clustering

process gradually occurred during the course of in vitro

culture. In order to quantitatively measure the distribution

of adhesion, we calculated the relative neighborhood den-

sity of the neurons (Fig. 2d). The relative neighborhood

density [48] provides intuitive measurement of the proba-

bility for finding a neuron at a certain distance (see

‘‘Experimental’’ for details of the algorithm). The proba-

bility of finding another neuron on MG decays rapidly as

the distance grows, indicating that neurons are highly

clustered. Meanwhile, the curve decays much more slowly

on PDL. We did another analysis by segmenting the pho-

tomicrographs into subunits with identical areas and enu-

merated the number of neurons present within each subunit

(Supplementary Fig. 2). 3D column plots, which depict the

number of neurons within each unit area, illustrate the

highly heterogeneous distribution of neurons on MG and

LN as compared with the case on PLL. The histogram,

which shows the frequency at which a certain number of

neurons fall within a unit, indicates that the adhesion

process between PLL and MG are different random

processes.

We measured the rate of adhesion on various substrates

by time-lapse imaging (see ‘‘Experimental’’ for details).

Neuronal adhesion is much faster on surfaces coated with

polymers (2–5 min for PDL and PLL, n = 5. 5–10 min for

PEI, n = 5) than on surfaces coated with polymers MG

(1–3 h, n = 3), LN (2–4 h, n = 3) and FN (2–4 h, n = 3).

3.2 Surface Coating Regulates Neuron Morphogenesis

We quantified the morphologies of neurons on MG-, LN-,

PEI-, PDL- and PLL- coated surfaces in terms of somata

area, neurite number and neurite length at 12 h after plating

(Fig. 3, see ‘‘Experimental’’ for details on measurements).

This particular time window is chosen because morpho-

logical differences are evident at 12 h. Somata areas of

neurons on various substrates were significantly different

(P \ 0.01, Kruskal–Wallis’ ANOVA followed by Bonfer-

roni’s test, Fig. 3d), and there are significant differences

between each combination of a protein with a polymer. The

average area of soma on polymer-coated surfaces is

134.23 ± 2.98 lm2 (n = 78, data pooled from neurons on

PDL, PLL and PEI). In contrast, neurons on MG- and LN-

coated surfaces have an average area of about

102.43 ± 6.80 lm2 (n = 25). Neurons on protein coatings

generally have 3 neurites at this time window, while those

on polymers have 4 (Fig. 3b). The numbers of neurites

assumed by each neuron on various coatings are signifi-

cantly different (P \ 0.01, Kruskal–Wallis’ ANOVA fol-

lowed by Bonferroni’s test, Fig. 3e). The difference on the

length of neurites is more elusive. While neurites on pro-

tein coatings are generally larger than those on polymers

(Fig. 3c), there is no significance between them (Kruskal–

Wallis’ ANOVA, Fig. 3f). There is no significant differ-

ence of morphologies including somata area, neurite

number and neurite length, among different polymeric

coating agents at different concentrations (Student’s t test,

Fig. 3g–i). We classified the coating agents in terms of

somata area, neurite number and neurite length using

standard clustering analysis based on Euclidean distances

(Supplementary Fig. 3), and found that extracellular matrix

(ECM) proteins (MG, LN) are similar in terms of the

amount of cells adhered while polymers (PEI, PDL, PLL)

are also clustered in terms of somata area (Supplementary

Fig. 3a) and neurite length (Supplementary Fig. 3b), but

results is counterintuitive in terms of neurite number

(Supplementary Fig. 3c).

As neurons within their categories (polymers or pro-

teins) exhibit characteristic morphological features, we

focus our discussion on PDL and MG and extended culture

time into the time window of 24 h.
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After 24 h of in vitro culture, neuronal morphology is

significantly different between PDL and MG (Fig. 4a, b). The

somata area of neurons on PDL surfaces are larger and appear

dark under phase contrast microscopy (MG: 125.55 ±

8.42 lm2, PDL: 165.98 ± 6.32 lm2, P \ 0.01, Mann–

Whitney U test, Fig. 4c), indicating that they spread more and

are thinner, and the distribution of their somata areas span

across a fairly wide range (Supplementary Fig. 4). Besides,

each neuron on PDL develops more neurites (MG:

3.00 ± 0.24, PDL: 4.73 ± 0.43, P \ 0.01, Mann–Whitney

U test, Fig. 4d). Neurons cultured on PDL have shorter pro-

cesses than their MG counterparts (MG: 64.04 ± 9.02 lm,

PDL: 23.95 ± 1.49 lm, P \ 0.01, Mann–Whitney U test,

Fig. 4e). In particular, the longest neurites on MG are several

times longer than those on PDL after 24 h of in vitro culture

(MG: 261.68 ± 18.66 lm, PDL: 70.33 ± 3.51 lm,

P \ 0.01, Mann–Whitney U test, Fig. 4f). Because the sig-

nificantly longer neurites are presumably axons [49], this

result indicates that MG may accelerate axon specification by

promoting the growth of the longest neurite.

We further studied the development of neuronal mor-

phology within the first 24 h after plating (Fig. 5). Mor-

phology of neurons cultured on MG- and PDL- coated

surfaces at 6, 12 and 24 h after plating were reconstructed

(Fig. 5a–f). While neurons on PDL-coated surfaces feature

more neurites than their MG counterparts, the neurites is

significantly longer for neurons on MG-coated surfaces.

This is clearly shown on the sholl analysis (Fig. 5g, see

Supplementary Fig. 6) as the initial value of intersections

for neurons on PDL-coated surfaces is always higher than

those on MG-coated surfaces. We also found that the peaks

of the curves, which corresponds to the occurrences of

branches, gradually shift rightwards, indicating the neurite

branches takes places further away from the soma as

neuron develops. The area of the somata (Fig. 5h) and the

number of neurites (Fig. 5i) for neurons on MG-coated

surfaces is smaller than those on PDL-coated surfaces.

However, the length of the neurites (Fig. 5j) is longer for

neurons on MG-coated surfaces, particularly for the longest

neurites (MGmax and PDLmax), which would potentially

grow into the axon. All parameters (area of somata, neu-

rites number and length) exhibit time-dependent increase.

3.3 Surface Coating Affects Network Structure

on Self-Assembled Monolayers in Long-Term

Culture

SAMs is a robust technology for engineering cell adhesion

in vitro. We patterned neurons into geometric shapes with

SAMs treated with different molecules discussed above

over several weeks. Briefly, patterns promoting neuron

adhesion were formed through lCP with thiols terminated

with –CH3 on gold substrates evaporated on glass cover

slips. The gold substrates were immersed in –EG6 termi-

nated thiols to make the rest of the surfaces anti-fouling

(see ‘‘Experimental’’ for detailed methods).

We found that PDL coating on SAMs strongly affects

surface patterning in long-term culture, particularly on pat-

terns with features smaller than 1,000 lm. While immediate

patterning works well, cells would grow onto PEG surfaces

that are supposed to be anti-fouling after several days.

In contrast, MG surfaces lend well to long-term culture

of patterned neuronal networks (Fig. 6). We used a pattern

of concentric rings here. Neuronal networks could be

robustly maintained up to a month. We also found that cells

gradually cluster over time in long-term culture. The

emergence of rings of clustering is a time-dependent pro-

cess, taking place sometime around 6 DIV (Fig. 6). The

clusters are located along the midlines of the concentric

rings, and are laterally connected to form rings of clusters.

Clustering was also frequently reported by other groups

using other patterning approaches [37].

Polymeric surface coatings such as PDL cannot be used

with the most robust technology, SAMs, to confine neurons

into micro-patterns. While ECM protein coatings constitute

a physically defined interface that affects neuronal adhe-

sion and development, it would be interesting to see if

other natural interfaces such as cell surfaces would affect

neuronal patterning and development.

3.4 Astrocyte as Substrates for Engineering Neuronal

Network Structure

Astrocytes are natural neighbors of neurons. There is

accumulating evidence that astrocyte is a functionally

indispensable part of neural circuits [50]. Banker and co-

workers successfully evolved a method for co-culturing

neurons with astrocytes for improving the viability of

neurons [51]. In addition, the viability of astrocytes is more

robust in culture, making it more straightforward to pattern

astrocytes. We wondered if patterned cellular surfaces of

astrocytes could be used in place of coating agents in

experiments where patterning is necessary.

We introduced astrocytes onto SAMs of defined patterns

treated with FN to form a patterned astrocyte monolayer

(Fig. 7a), and plated neurons onto this layer (Fig. 7b). The

kinetics and efficiency of neuronal adhesion on astrocytes

falls between PLL and MG. Neurons adhere well over

astrocytes, and after a few days in culture, neurons do not

cluster on astrocytes severely (Fig. 7c). We studied the

adhesion of neurons over patterned astrocytes plated at two

densities (Fig. 7d). The numbers of adhered neurons over

high-density astrocytes is 824.73 ± 37.51/mm2 (n = 8)

and over low-density astrocytes is 482.20 ± 17.90/mm2

(n = 10). There are significant differences between the

number of neurons adhered onto patterned astrocytes, MG
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and PDL coatings (P \ 0.001, Kruskal–Wallis’ ANOVA

with Tukey–Kramer’s post hoc test. n = 8 in high-density

astrocyte pattern, n = 10 in low-density astrocyte pattern,

n = 9 in PDL, n = 6 in MG, Fig. 7e). The difference

between astrocytes at different densities is also significant

(P \ 0.001, Kruskal–Wallis’ ANOVA with Tukey–Kra-

mer’s post hoc test. n = 8 in high-density astrocyte pattern,

n = 10 in low-density astrocyte pattern, Fig. 7e).

We further studied how astrocytes could affect the

polarized morphology of neurons. While there is a number

of ways for patterning multiple types of cells controllably

on the same substrate [52, 53], the specific morphology of

neural cells that evolve polarized morphology after adhe-

sion makes it essential to develop new methods for cul-

turing multiple neural cells together. Through the

combination of lCP with microfluidic channels (Fig. 8a),

we found that astrocyte processes could be patterned with

ordered orientation (Fig. 8b, red indicates astrocyte pro-

cesses). These astrocyte processes could guide the exten-

sion of axons (Fig. 8b, green indicates axons, white arrows

show where they are adjacent to each other). Three-

dimensional reconstruction of the engineered neuronal

network shows that neurites reside on or beside astrocyte

processes (Fig. 8c). The compass plot shows orientation of

neurites from neurons adjacent to astrocyte processes

(Fig. 8d). Most of the neurites goes along the astrocyte

processes (red, 0�, n = 28) or along the channel edges

(blue, 90�, 270�, n = 17). The length of neurites guided by

the astrocytes (236.00 ± 18.91 lm, n = 10) is signifi-

cantly longer (P \ 0.001) than those growing along the

channel (70.20 ± 29.30 lm, n = 10, Fig. 8e).

4 Discussions

The assembly of neuronal circuit is a highly complicated

dynamic process, in which neurites would grow and

connect with each other, forming circuits. The number of

cells adhered would affect the density and scale of the

network. The relative position of the neurons (i.e., the

spatial distribution of the somata) would affect the time

required for neurites from these neurons to contact and

connect with each other. The length of the neurites actually

represents the temporal dynamics of neurite growth, and

therefore affecting the connections between neurites. The

number of neurites from each neuron would affect the

complexity of the circuit. Altogether, the differences in

adhesion and morphology are key parameters that control

the spatiotemporal dynamics of circuit assembly and finally

network structure, and the network structure substrates

network function.

We found that surface coating strongly modulate the

adhesion and morphology of the neurons. We systematic

compared the abilities of regularly used coating agents as

well as astrocytes in promoting neuronal adhesion. Poly-

meric coatings [54] such as PDL, PLL and PEI exhibit

similar properties in adhesion and morphogenesis, while

ECM proteins like MG and LN are similar to each other,

and there are significant differences between polymeric

coatings and extracellular proteins (Figs. 1, 2, 3, 4). Similar

observations have been made on neuronal migration [55].

The number of neurons adhered are significantly higher

on polymeric surfaces (Fig. 1a, b), indicating that the

density of the network would be higher for polymeric

surfaces. We also found the concentration of the coating

agents to be an effective measure for controlling the

number of adhered neurons (Fig. 1c).

Matrigel leads to somata clustering (Fig. 2a) and the

process will get reinforced on SAMs (Fig. 6). On the con-

trary, the distribution of neurons is fairly homogenous over

polymeric surfaces such as PDL (Fig. 2c, d). The distribu-

tion of neuronal somata will affect the formation of synaptic

connections between neurons through contact of neurites

after extensive development of the neurites, as adjacent

Fig. 6 Robust long-term culture of neuronal networks on MG-coated

surfaces with geometric patterns. Time-lapse phase contrast imaging

of concentric patterns after 3 days in vitro (DIV), 6 DIV, 9 DIV, 11

DIV, respectively. The green dashed lines highlight the edges of the

pattern here and below. Clustering appears as early as at 6 DIV, and

become strengthened with the passing of time (red arrow). Scale bar
100 lm, applicable for all four panels
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neurons are more likely to be wired together. The uneven

distribution of the somata therefore would lead to patches of

more closely coupled sub-networks within a large network,

the functional implication of which remains to be explored.

The larger soma areas on polymeric coatings (Figs. 3a,

d, 4c) indicates that cells adhere more strongly over these

surfaces. Neurons on polymeric surfaces exhibit much

higher rate of adhesion, which is a further proof that the

adhesion is stronger over these surfaces. Neurons also

develop more neurites on polymeric coatings (Figs. 3b, e,

4d), and as a result, neurons on polymeric surfaces would

have more exuberant arborizations, and the networks

would be more complicated. ECM proteins such as Ma-

trigel promote the growth of the neurites (Figs. 3c, f, 4e)

and accelerate the establishment of neuronal polarity

(Fig. 4f). As physiological characters of neurons are clo-

sely associated with neuronal morphology [56–58], the

differences in morphological characters of neurons induced

by different surface coatings would profoundly alter the

function of the networks.

The observation that PDL negatively affects patterning

in long-term culture reveals a potential drawback of poly-

meric coatings that was previously unexplored. While there

are reports on the patterning of poly-lysine over PEG

Fig. 7 Patterning neuronal networks via patterned astrocytes a Puri-

fied cerebral astrocytes patterned on SAMs. GFAP (green channel) is

the astrocyte marker. This photomicrograph was taken 2 h after

plating astrocytes. b Patterning neurons over patterned astrocytes.

Neuronal marker Tuj1 and astrocyte marker GFAP are used to

distinguish the two cell populations that are homogeneously distrib-

uted over the pattern. This laser scanning confocal photomicrograph

was taken 1 DIV after plating neurons. c Three-dimensional

reconstruction of the neuronal networks, the neuronal networks have

developed extensively to envelop the astrocytes. Note that this picture

is shown upside down. This laser scanning confocal photomicrograph

was taken 6 DIV after plating neurons. d Scatterograph of the number

of neurons per unit area with respect to the number of astrocytes

underneath (if applicable). Red dots show the group in which neurons

are seeded over astrocytes- patterned surfaces. This is further

classified into two groups with astrocytes seeded at intentionally

different densities. Brown dots show the group of 50 lg/mL PDL

treated surface, and blue dots show the group of MG- treated surface.

The data on PDL and MG for generating the figure here is the same

set of data for Fig. 1. e Significance differences exist between

astrocyte patterned surfaces and MG- and PDL- treated surfaces.

Neuronal adherence is also significantly different on surfaces with

different astrocyte density. Ah denotes high-density astrocyte pattern,

Al denotes low-density astrocyte pattern. (***P \ 0.001, Kruskal–

Wallis’s ANOVA with Tukey–Kramer’s post hoc test. n = 8 in high-

density astrocyte pattern, n = 10 in low-density astrocyte pattern,

n = 9 in PDL, n = 6 in MG.) Scale bars 50 lm
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surfaces, our observation indicates that the long term

robustness of anti-fouling effects of MG is better.

We found the modulation of adhesion and morphogen-

esis through surface coating to be robust, and these results

could be tailored for specific experimental needs for

engineering neuronal network structures.

Our study further shows that adhesion over astrocytes is

the best (Fig. 8). As LN and MG exhibit largely similar

property in terms of the numbers of neurons adhered, and

taking into account that MG is a cocktail of ECM proteins

including LN, LN is likely to be the key component in

ECM for neuron adhesion [59]. The results seem to indi-

cate that surface proteins on astrocytes contribute to the

strong adhesion of neurons.

While the discussions here mainly evolved around

SAMs and microfluidics, the data obtained here shed light

on characteristics of neuronal adhesion and morphogenesis

in other culture methods.

The discovery that astrocytes could be used for pat-

terning neuronal adhesion and guiding neurites provides a

new substrate onto which to engineer neuronal networks in

vitro (Figs. 6, 7). While astrocytes were traditionally used

for nurturing neuronal culture [51], we demonstrated the

possibility to directly pattern neuronal adhesion and mor-

phogenesis on astrocytes. As it is widely accepted that

astrocytes are functionally indispensable parts of neural

microcircuits, the capability to precisely engineer neurons

and astrocytes simultaneously gives unprecedented access

to study the interaction between neurons and astrocytes.

While the method of using poly-lysine for coating and

astrocytes for nurturing lends well to morphological studies

of neuronal development, neuronal culture without astro-

cytes suffers from poor synaptogenesis [60], thereby pre-

venting functional study of these networks. Our method of

using astrocyte surfaces holds promise for building func-

tional networks while making patterning possible.

Highly polarized morphology unique to neurons brings

about a special challenge for patterning neuronal networks:

there is actually infinite possibility of connectivity with the

same pattern of somata location. However, only a few

Fig. 8 Astrocyte-mediated patterning of neuronal networks.

a Schematic illustration of the combination of micro-contact printing

and microfluidics for patterning neurons and astrocytes together.

b Immunocytochemistry showing that neuronal axons labeled by

Smi312 (green) are guided by astrocytes GFAP (red). Astrocytes

were patterned to extend long and slender processes in the horizontal

direction. White arrows show where neuronal axons and astrocyte

processes are adjacent to each other. c 3D confocal reconstruction of

the neuronal networks formed by co-culturing neurons and astrocytes.

Neurons are labeled with pan neuronal marker Tuj1, while astrocytes

are labeled with GFAP. Black arrows show where neuronal processes

and astrocyte processes are adjacent to each other. d The compass

plot shows orientation of neurites from neurons adjacent to astrocyte

processes. Most of the neurites go along the astrocyte processes (red
0�, n = 28) or along the channel edges (blue 90�, 270�, n = 17).

e The length of neurites guided by the astrocytes is significantly

longer than those growing along the channel (***P \ 0.001, astro-

cyte: n = 28, channel: n = 17, Student’s t test). Scale bar 200 lm.

Units in c is lm
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patterns of connectivity potentiate functions. Engineering

neuronal networks, therefore, requires engineering neurite

guidance in addition to somata positioning. Our finding that

astrocyte processes guides neurite processes as well as

somata positioning point out a new paradigm for engineering

neurite guidance and therefore network connectivity.

5 Summary and Conclusions

We quantitatively compared the adhesion and morpho-

genesis of several coating agents for neuron culture, and

found significant differences between polymeric coatings

and ECM proteins. We found surface coating to be a key

parameter in modulating the adhesion and morphology of

the neurons, both are important for circuit assembly hence

network structure. We demonstrated in this paper the ver-

satile capability of astrocytes, in combination with pat-

terning methods through microfluidics and micro-contact

printing, in positioning somata and guiding neurites that are

essential steps towards engineered neuronal networks. We

successfully constructed a neuronal network by patterning

astrocytes first. By precise control of the surface coatings,

various neuronal networks could be designed. These net-

works would be useful in applications ranging from basic

neurobiology studies to neural prosthetic devices and arti-

ficial intelligence.
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