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SUMMARY

Advances in cellular reprogramming have radically increased the use of patient-derived cells for neurological research in vitro. However,
adherence of human neurons on tissue cultureware is unreliable over the extended periods required for electrophysiological maturation.
Adherence issues are particularly prominent for transferable glass coverslips, hindering imaging and electrophysiological assays. Here, we
assessed thin-film plasma polymer treatments, polymeric factors, and extracellular matrix coatings for extending the adherence of hu-
man neuronal cultures on glass. We find that positive-charged, amine-based plasma polymers improve the adherence of a range of human
brain cells. Diaminopropane (DAP) treatment with laminin-based coating optimally supports long-term maturation of fundamental ion
channel properties and synaptic activity of human neurons. As proof of concept, we demonstrated that DAP-treated glass is ideal for live
imaging, patch-clamping, and optogenetics. A DAP-treated glass surface reduces the technical variability of human neuronal models and
enhances electrophysiological maturation, allowing more reliable discoveries of treatments for neurological and psychiatric disorders.

INTRODUCTION

Human induced pluripotent stem cells (hiPSCs) and ad-
vances in cell reprogramming technologies have created
new opportunities for pre-clinical research (Ebert et al.,
2012; Hamazaki et al., 2017) by providing in vitro access
to virtually any type of human cell (Ebert et al., 2012; Mert-
ens et al., 2016; Rowe and Daley, 2019; Sarkar et al., 2018;
Vadodaria et al., 2016). Pre-clinical patient-derived hiPSC
models are especially valuable for the study of neuronal tis-
sue, which is otherwise challenging or unethical to obtain
from human brain biopsies (Parr et al., 2017).
Reprogrammed brain tissue is generated in Petri dishes as
adherent cell cultures or non-adherent organoids (Lancas-
ter etal., 2013). Despite recent progress in the development
of non-adherent organoid models (Di Lullo and Krieg-
stein, 2017; Kim et al.,, 2020), adherent cultures largely
remain the standard of choice for neuronal research
in vitro. Adherent cultures offer greater reproducibility
and higher-throughput screening capabilities over non-
adherent systems (Duval et al., 2017; Liu et al., 2018) and
provide easier access for a range of assays, including imag-
ing and electrophysiology (Bardy et al., 2015; Liu et al.,
2018). However, maintaining long-term cell adhesion is
often a technical challenge in post-mitotic neuronal cul-
tures. This is particularly problematic for human neurons,

which require significantly longer periods than animal pri-
mary neurons to mature and establish synaptic circuits
in vitro (Bardy et al., 2016; Ray et al., 2014). With these
long timeline requirements, issues of detachment and ag-
gregation are common, and solutions are limited.

It is widely known that neurons adhere better to plastic
(tissue culture-treated polystyrene [TCPS]) substrates than
standard glass; here, we demonstrate this experimentally
for the first time. However, growing neurons on transferable
glass coverslips remains necessary for most patch-clamping
and functional imaging assays. Glass coverslips provide
several advantages: (1) transferability into imaging/electro-
physiology setup for acute experiments, (2) optimal optical
properties, and (3) optimal weight/buoyancy, which im-
proves the physical stability of cells for patch-clamping or
live imaging in vitro. Therefore, we investigated whether
plasma polymer surfaces could sustain the adhesion of hu-
man brain cells on glass similar to or better than TCPS for
long-term functional maturation. We also tested their effec-
tiveness in combination with various extracellular matrix
(ECM) components or attachment factors.

Previous research efforts have focused mainly on
improving the surface attachment of non-neuronal cell
types (Hamerli, 2003; Lakard et al., 2004) or tethering
growth factors to polystyrene cultureware (Gomez et al.,
2007; Gomez and Schmidt, 2007; Granato et al., 2018;
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Hamazaki et al., 2017; Leipzig et al., 2009). Cultureware
currently used in neuroscience research was not designed
to support the long-term adhesion of functional human
neurons, and the specific biomaterial characteristics
required are unknown.

We performed our experiments on modified glass cover-
slips and identified diaminopropane (DAP) plasma poly-
mer treatment with a laminin-based coating to optimally
support neuronal culture adhesion. We found that DAP-
laminin treatments increase the adhesion of human neu-
rons and astrocytes on glass for as long as 27 weeks and sup-
port their viability and electrophysiological properties. We
also show that this treatment improves the adhesion of
a range of human proliferating neuronal cell types,
including neural/glia progenitors and brain tumor cells.

RESULTS

Neuronal cell cultures detach from standard glass
surfaces sooner than from tissue culture polystyrene
Neuronal culture adhesion is influenced by the cultureware
properties, which can be modified with chemical treat-
ments and ECM coatings (Figure 1A). To quantify the
extent of neuronal detachment from the cultureware, we
matured human neural progenitor cells (NPCs) to neurons
and astrocytes on TCPS (plastic) or standard glass coverslips
(Figure 1B). Detachment was determined using the total
area where cells were no longer present on the surface (Fig-
ures 1C and 1D). All tested ECM proteins and polymeric
attachment factors failed to completely prevent progres-
sive detachment on standard glass. For all ECM and poly-
meric factors tested on glass, <50% of the culture remained
after 5 weeks. The lowest detachment on standard glass was
observed after pre-coating for 24 h with laminin and poly-
ornithine (PLO-Lam; Figure 1E).

In contrast, TCPS (with PLO-Lam) supported cell attach-
ment longer than standard glass (with PLO-Lam). Despite
variability in cell attachment between neuronal batches,
TCPS superiority was consistent over multiple (n = 6) inde-
pendent experiments (Figure 1F; p = 0.0317). On average,
the first sign of detachment commenced after 1 week for
cultures on standard glass and 5 weeks on TCPS. Detach-
ment continued steadily over time and was much more
prominent on standard glass (Figure 1F). Neuronal detach-
ment may occur on any type of substrate, as it strongly de-
pends on the quality of the cells and experimenter
handling. However, TCPS clearly supports long-term cell
adhesion better than standard glass. To exemplify the
importance of long-term culture for electrophysiological
maturation of human neurons in vitro, we measured the
progression of network bursting and synchronous commu-
nication of hPSC-derived midbrain neuronal cultures.
Neuronal cultures required up to 9 weeks of maturation
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before exhibiting network bursting and synchrony, and
these properties continued to increase until at least
13 weeks in culture (Figures 1G and 1H). Therefore, culture-
ware that does not support neuronal adherence for
extended periods (>13 weeks) is suboptimal for studies
requiring electrophysiologically mature neurons.

Composition of plasma monomers determined by X-
ray photoelectron spectroscopy (XPS)

To investigate the advatanges of various plasma treat-
ments for the long-term culture of neuronal cells, we
deposited on the cultureware surface a range of ultrathin
plasma polymer films, prepared from their respective
monomers. We tested allylamine (AAM), DAP, heptyl-
amine (HA), acrylic acid (AAC), octadiene (OD), and
AAM with a layer of heparin adsorbed (AAM-H). The opti-
mized plasma parameters for the high retention of func-
tional groups on the generated plasma polymer films are
listed in Table S1. These functional groups include amine
(in AAM, DAP, and HA), carboxylic (in AAC), and hydro-
carbon (in OD). We measured the plasma film thickness
using a quartz crystal microbalance. Thicknesses ranged
from 33 to 54 nm, and the computed deposition rates
ranged between 0.8 and 3.6 nm/min (Table S1). Film
properties and elemental compositions reported in this
study are consistent with those reported previously (Kirby
et al., 2017; Smith et al., 2016).

Specific plasma polymer treatments improve neuronal
cell adhesion on glass surfaces

We examined six plasma-treated glass surfaces generated
for their ability to promote cell adhesion in comparison
to glass without plasma treatment (standard glass) and
TCPS cultureware. DAP and AAM polymer films on glass
significantly outperformed standard glass or other plasma
treatments (HA, OD AAC, and AAM-H) over multiple inde-
pendent experiments (n = 3-6) (Figures 2A-2C). The
detachment progression over 13 weeks of neuronal cul-
tures on glass-DAP, glass-AAM, and TCPS was minimal
compared to standard glass (Figure 2B). Overall, at
13 weeks, glass-DAP showed the highest mean attachment
(96%) compared to the next 2 best surfaces (glass-AAM,
92%; TCPS, 90%) and substantially outperformed all of
the other surfaces (Figures 2A, 2C, and S1A-S1D; Table
S2). This demonstrates that specific thin-film plasma poly-
mer treatments on glass (DAP or AAM) significantly
improve cell adhesion to a level comparable to TCPS.

The physicochemical properties of plasma polymer
surfaces contribute to their adhesion-promoting
capability

To understand the connection between the chemical prop-
erties of the plasma polymerized surfaces and their ability
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to promote neuronal adhesion, we performed XPS analyses
on the monomers used for plasma treatments and the thin
film of polymers on the glass surfaces. Among the mono-
mers used for the plasma treatments, DAP monomer con-
tained the greatest number of primary amine groups and
nitrogen:carbon ratio, followed by AAM and HA (Figure 2E).
We also confirmed that the monomer nitrogen:carbon ra-
tios were conserved on the polymer films applied to glass
(Figures 2E-2G). The polymers containing amine groups
(DAP, AAM, and HA) outperformed the non-aminated
polymers tested (e.g., AAC, OD), demonstrating the impor-
tance of amine groups for neuronal adherence. We then

6

Weeks in culture

3 6 9 12 15 18
Weeks in culture

Figure 1. Neuronal cells detach from
standard glass surfaces sooner than
from tissue culture polystyrene

(A) Schematic of the cell culture microenvi-
ronment and modifications tested to improve
neuronal attachment.

(B) Human neural progenitor cells (NPCs)
were pre-matured in BrainPhys + supple-
ments for 0-2 weeks, replated on test sur-
faces, and further matured for up to 27 weeks
in BrainPhys + supplements before pheno-
typic analyses. Before replating on test sur-
faces, post-mitotic precursors were sorted for
DAPI exclusion at 2 weeks (see Experimental
procedures).

(Cand D) Live neuronal cultures under phase
contrast at 4X and 20X magnification,
respectively. Detachment was quantified
from 4Xx magnification phase contrast im-
ages by tracing regions with no cells (yellow)
and calculating their combined area as a
fraction of the total field of view area for each
well.

(E) Detachment on standard glass across

Mature human
neurons and
astrocytes
for final analysis at
various time points

100 multiple coating solutions: poly-L-ornithine

oo} (PLO: 0 = 4), PLO-aminin (Lam) (n = 6),

60 22 Matrigel (n = 2), 24 h treatment of laminin

Lao g S (n = 6), 4 h treatment of laminin (n = 2),

Lo S 2 uncoated (n=6), and poly-L-lysine (PLL; n =

Lo g % 2); n replicates from 2 independent experi-
9 12 15 @  ments, means + SEMs represented.

(F) Cell detachment on standard glass
compared to plastic (TCPS) both with PLO-
Lam. Means + SEMs from n = 5 biologically
independent experiments, 2-6 replicates per
experiment.

(G and H) Spontaneous multi-electrode array
(MEA) recordings of hPSC-derived neuronal
cultures showing network burst activity and
synchrony over 15-17 weeks on TCPS plates
pre-coated with PLO-Lam. Means + SEMs
data from 16 replicate wells, each well con-
taining 16 electrodes.

asked whether the hydrophobicity of the surface could in-
fluence neuronal adhesion. We found that the hydropho-
bicity of the most performant polymers (DAP and AAM)
had a contact angle of water in the medium range (~60°),
suggesting that increasing or decreasing the hydrophobic-
ity alone is not sufficient to improve neuronal adhesion
(Figure 2H). We then asked whether the electrical charge
of the surfaces could influence neuronal adhesion. We
measured the zeta potential of the polymer-treated glass
surfaces and found a significant linear correlation (p =
0.01; R? = 0.90) between the electrical charge and neuronal
adhesion (Figure 2I). The most neuronal adherent surface,
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Figure 2. Positively charged amine-terminated plasma polymer treatments improve long-term neuronal attachment on glass
(A) Detachment of neuronal cultures on plasma polymer-treated glass surfaces, diaminopropane (glass-DAP; n = 18, N = 6), allylamine
(glass-AAM; n=26, N=7), heptylamine (glass-HA; n=10, N = 3), octadiene (glass-0D; n=7, N=2), acrylic acid (glass-AAC; n=4,N=1), or
allylamine with added heparin (glass-AAM-H; n =4, N = 1), compared to standard glass (n =26, N =7) and plastic (TCPS; n=22, N=6).n
replicates wells/coverslips across N independent experiments. Means (+SEMs) attachment percentages at termination of experiment
(range, 6-13 weeks). Significance determined using Mann-Whitney tests.

(B) Detachment of neuronal cultures on glass-AAM, glass-DAP, standard glass, and TCPS, all with PLO-Lam. Means (+SEMs) values (0-
7 weeks, n = 4-6 independent experiments with 2-6 replicates per experiment; 8-13 weeks, n = 2 independent experiments with 2-4
replicates per experiment).

(C) Phase contrast images at 4 X magnification of representative wells per condition. Yellow regions indicate detached cell culture, and
crossed boxes indicate complete detachment.

(D-J) X-ray photoelectron spectroscopy (XPS) results of monomer and polymer composition of AAC, AAM, DAP, HA, and 0D, shown against
mean neuronal adhesion at the final time point analyzed. Data shown as means + SEMs. Dotted line indicates line of best fit. (D) Ratio of

(legend continued on next page)
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glass-DAP, had the highest potential, at ~30 mV (measured
in phosphate-buffered saline [PBS] at physiological pH).
These results demonstrate that the properties of the plasma
polymer film can determine the neuronal adhesion capa-
bility. In particular, positively charged, amine-terminated,
hydrophilic plasma polymerized surfaces best support
neuronal adhesion on cultureware (Figure 2J).

Laminin-based ECM coating is required for long-term
neuronal adhesion on glass-DAP

To determine the optimal fresh ECM coating required
before seeding neuronal cells on DAP-treated glass,
AAM-treated glass, and TCPS, we evaluated six com-
mon polymeric/ECM adhesive factors (Figures 3A and
3B). The performance of glass-DAP and glass-AAM sur-
faces remained comparable to that of TCPS regardless
of the polymeric/ECM adhesive factors added. The lam-
inin protein network forms the major component at
the foundation of the ECM for most tissue, including
brain cells (Mouw et al., 2014; Nirwane and Yao,
2018). We found laminin-based coatings on glass-DAP
and TCPS necessary for long-term neuronal adherence
(Figures 3A and 3B). Although adding polymeric factor
PLO to the laminin coat slightly improved cell adhe-
sion on standard glass (Figure 1E), it did not have
any apparent benefit when using glass-DAP (Figures
3A and 3B). Coating glass-DAP (or TCPS) with laminin
for 24 h rather than 4 h improved adhesion over
extended culture periods (>8 weeks) (Figures 3A and
3B). In conclusion, pre-coating TCPS, glass-DAP, and
glass-AAM with either laminin for 24 h or Matrigel
was required to support >90% adhesion of human
neuronal culture for >13 weeks in BrainPhys matura-
tion medium (Figures 3A and 3B).

DAP-treated glass surfaces improve the adherence of
proliferative brain-specific cells

Neural (NPCs) or glia progenitor cells (GPCs) usually prolif-
erate in culture to reach confluency within ~1 week and, as
such, do not usually require long-term adhesion. However,
to optimize live or post-fixation imaging assays, these cells
are often cultured on glass surfaces. Therefore, we assessed
whether proliferating neural stem cells or glia cells could be
cultured on glass-DAP. We compared the proliferation rate
of three human proliferative brain cell types: GPCs and
NPCs (stem cell-derived) and glioblastoma tumor cells

(GBMs; obtained from a brain cancer patient) on glass-
DAP, TCPS, and standard glass. All of the surfaces were
pre-coated for 1 h with fresh Matrigel just before seeding.
Despite initially seeding the exact same number of cells,
8 days later, we found significantly more cells (DAPI + after
fixation) on glass-DAP than standard glass for all neuronal
cell types (NPCs, GPCs, and GBMs) (Figures 4A-4D). We
found no significant difference (Figures 4B and 4C) or a
small benefit (Figure 4A) of glass-DAP compared to TCPS.
These results demonstrate that DAP treatment optimizes
the shorter-term (~8 days) culture of a range of proliferative
neuronal cells on glass.

We then tested the adherence of proliferating non-
neuronal human embryonic stem cells (hESCs) on the
same three surfaces. In contrast with the proliferating
neuronal cells, TCPS appeared to support the proliferation
of stem cells better than glass-DAP. The stem cells formed
three-dimensional (3D) colonies, which challenged the ac-
curate DAPI nuclei counts, but more cells were visible on
TCPS (Figure 4F). The area covered by the colonies was
also significantly larger in TCPS than glass-DAP, and the
smallest was on standard glass (Figure 4E). Therefore,
glass-DAP may also support the short-term culture of
stem cells better than standard glass; but TCPS or other
more specialized polymers may be preferred for non-
neuronal application.

DAP-treated glass surfaces improve adhesion
compared to standard glass while maintaining
neuronal cell viability

We identified that DAP-laminin-treated glass was the
optimal choice to reduce human neuronal culture detach-
ment (Figures 2 and 3). To determine whether such
improvement was mediated by increased cell adhesion or
cell survival, we performed a viability assay on human
neuronal cultures after 9 weeks on TCPS, standard glass,
glass-DAP or glass-AAM. Over time, we did not observe an
increase in lactate dehydrogenase release in the superna-
tant in any conditions, suggesting a similar low cell-stress
level on all substrates (Figure 4G). Despite fewer cells
adhering to standard glass after 9 weeks in culture, propor-
tions of live/dead cells on the various surface conditions
were comparable (Figures 4H and S2). These results support
the fact that DAP treatment improves adhesion without
impairing cell viability.

nitrogen:carbon in monomer (exponential growth, R? = 0.99). (E and F) Content of nitrogen (exponential growth, R? = 0.97) (E) and (F)
carbon (second-order polynomial, R? = 0.91) in the polymer as a percentage of total atoms. (G) Ratio of nitrogen:carbon in the polymer
surface derived from AAC, AAM, DAP, HA, and OD monomers (exponential growth, R? = 0.98). (H) Advancing contact angle of water on AAC,
AAM, DAP, HA, or OD polymer surfaces (second-order polynomial, R? = 0.96); 30 replicate measurements per surface to calculate means =+
SEMs. (I) Zeta potential (mV) of the resulting polymer film (linear regression, slope = 1.63, R =0.90, p = 0.014). (J) Summary of XPS results
for AAC, AAM, DAP, HA, and OD monomers and polymers, and mean culture adhesion at final analysis.
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Figure 3. Laminin-based ECM coatings improve long-term neuronal attachment on TCPS and glass-DAP

(A) Detachment of neuronal cultures on surfaces (TCPS, glass-DAP or glass-AAM) pre-coated with various polymeric/extracellular matrix
(ECM) solutions: PLO/LAM, Matrigel, 24 h laminin treatment (LAM 24 h), 4 h laminin treatment (LAM 4 h), PLO, polylysine (PLL), and no
additional coating (no ECM). Means (+SEMs) percent attachment at 2, 4, 8, and 13 weeks in maturation medium; n = 12 replicates from 2
independent experiments.

(B)Phase contrast images at 4X magnification of representative wells per polymeric/ECM condition on treated surfaces at 2, 4, and
13 weeks in culture. Yellow regions indicate detached cells; crossed boxes indicate complete detachment.

DAP-treated glass surfaces support the adhesion of
mature neurons and astrocytes

hPSC-derived neuronal culture comprises a mixture of neu-
rons and astrocytes, which is essential for establishing synap-
tic circuits. We found that glass-DAP with laminin supports
the maturation of both astrocytes (GFAP* [glial fibriallary
acidic protein positive]) and neurons (MAP2* [microtubule-
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associated protein 2 positive]) and the formation of complex
dendritic networks and synaptic contacts (SYN* [sY"@Psin 1)
(Figures 4I and 4J). To determine whether DAP treatment
affected the astrocyte:neuron ratio in culture, we used lenti-
viral vectors and promoter-driven fluorescent proteins to
quantify the proportion of live neurons (synapsin:GFP)
and astrocytes (GFAP:tdTomato) with flow cytometry.
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(A-D) Analysis of proliferative human brain
cells on various substrates. Attachment
determined by counting fixed nuclei (DAPIY)
over time. Means + SEMs fold change in
number of nuclei per well (normalized to day
0) calculated for 5-6 replicate wells/condi-
tion/time point (1 independent experi-
ment). All of the surfaces were pre-coated
with Matrigel. Proliferative human brain cells
analyzed were (A) patient-derived glioblas-
toma tumor cells (GBMs), (B) hESC-derived
glial precursor cells (GPCs), and (C) hESC-
derived neural progenitor cells (NPCs). (D)
Immunofluorescence staining of DNA (DAPI;
blue) and cell soma (CellTracker, red) at lat-
est time point (8 days for brain cells). See
also Figure S3.

(E) Proliferation of non-neuronal human
embryonic stem cells (H9, hESC) was
measured as the fraction of area covered by
colonies normalized to day 0 (n = 5-6 repli-
cates from 1 independent experiment).

(F) Immunofluorescence staining of DNA
(DAPI; blue) and cell soma (CellTracker, red)
at latest time point (5 days for stem cells).
See also Figure S3.

(G and H) Cytotoxicity analysis of neuronal
cultures. All of the surfaces were pre-coated
with PLO-Lam. (G) Lactate dehydrogenase
(LDH) relative concentrations measured in
neuronal culture supernatant (n = 15 repli-
cates from 5 independent experiments) to
estimate cellular stress. (H) Without fixation,
DNA marker DAPI is incorporated in the
nuclei of dead or dying cells (DAPI™), but not
live cells (DAPI™). Means + SEMs proportions
of live cells (DAPI™).

(I) Immunofluorescence staining of MAP2,
GFAP, and synapsin at 10X magnification
(top) and 40X magnification (bottom) in

m

o o o

Cell density (DAPI+)
normalised to Day 0
(=]

012345

Days since plating
hESCs

neuronal cultures after 9 weeks in maturation medium, on glass-DAP-LAM.
(J) Live neuronal cultures on glass-DAP-LAM under phase contrast at 20X after 27 weeks in maturation medium.
(K) FACS analysis of the proportion of neurons (Lv-synapsin-GFP) and astrocytes (Lv-GFAP-tdTomato) at 9 weeks in maturation medium on

different surfaces.

For (H) and (K), n = 3-5 replicates per condition from 2 independent experiments. p values calculated using Mann-Whitney tests, ns for

p > 0.05.

Despite fewer cells on standard glass, the astrocyte: neuron
ratio remained constant between all of the surfaces tested
(Figure 4K). These results demonstrate that DAP-laminin
coating supports the maturation of complex neuronal/astro-
cytic circuits.

Positively charged DAP coating does not impair
neuronal membrane excitability and supports long-
term electrophysiological maturation

The electrical activity of human neurons is integral to their
development and function. We demonstrated that a
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Figure 5. Positively charged DAP coating does not impair neuronal membrane excitability and supports the fundamental elec-
trophysiological functions of human neurons in vitro

Whole-cell patch-clamp recordings from hPSC-derived midbrain neurons at 5 or 21 weeks. All surfaces (glass-DAP [DAP], glass-AAM [AAM],
standard glass [glass]) were pre-coated with PLO-Lam. Data from standard glass were not obtained at 21 weeks due to substantial
detachment (see Figures 1, 2, 3, and 4).

(A) Representative image of a rhodamine-filled patch-clamped neuron on glass-DAP at 21 weeks (148 days) in maturation medium.

(B) Example action potential (AP) type classifications (based on Bardy et al., 2016).

(C) AP type quantification of neurons (n = 82 neurons) patch-clamped across 22 coverslips at 5 and 21 weeks.

(D-G) Neuronal membrane excitability on test surfaces. (D) Resting membrane potentials (mV) measured from neurons on glass-DAP (n =
13 +9), glass-AAM (n =10+ 16), and standard glass (n = 14) at 5 and 21 weeks, respectively. (E) Rheobase of human neurons on glass-DAP
(n =15+ 17), glass-AAM (n = 13 + 20), and standard glass (n = 17). (F and G) Membrane resistance and capacitance of human neurons,
measured on glass-DAP (n = 11 + 15), glass-AAM (n = 12 + 19), and standard glass (n = 16) at 5 and 21 weeks, respectively.

(H) Example voltage-clamp recordings from neurons on glass-DAP and glass-AAM over 21 weeks, held at —70 mV with +5 mV 500-ms
depolarization steps.

(I-K) Voltage-gated currents of neurons on glass-DAP (n =15 + 16), glass-AAM (n =13 + 19), and standard glass (n=17) at 5 and 21 weeks,
respectively. (I) Peak voltage-gated sodium (Nav) currents. (J) Amplitudes of rapidly inactivating voltage-gated potassium (Kv) currents
following the largest Nav current. (K) Amplitudes of slow inactivating Kv currents at —10 mV.

(L) Evoked AP example traces (type 5) at 21 weeks on glass-DAP and glass-AAM following a 500-ms depolarizing current step.

(M) Maximum firing frequencies (only APs reaching >—10 mV were selected).

(N) AP activation thresholds.

(0) After-hyperpolarization (AHP) amplitudes measured between the AP threshold potential and the lowest potential following the AP
peak.

(legend continued on next page)
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positively charged amine-terminated surface (+30 mV) im-
proves neuronal adhesion (Figure 2). However, it is
unknown whether the positive charge influences neuronal
excitability. To address this, we performed whole-cell
patch-clamp recordings of hPSC-derived neurons after
maturing for 5 weeks (n = 45 neurons) or 21 weeks (n =
37 neurons) on glass-DAP, glass-AAM, and standard glass
(Figure 5). All of the surfaces were pre-coated with PLO-
Lam for 24 h and cultured in BrainPhys maturation me-
dium. TCPS is suboptimal for electrophysiology in vitro
due to low optical quality (high refractive index) and
higher buoyancy in saline solution (reduces the physical
stability required for patch-clamping). Therefore, glass cov-
erslips are considered the gold standard for electrophysi-
ology in vitro, and we did not test neuronal functionality
on TCPS. Human neurons expressing synapsin:GFP and
displaying clear neuronal morphology and dendritic arbor-
izations were patch-clamped (Figure 5A). In current-clamp,
cells were held at —70 mV and injected with incremental
current steps to evoke action potentials (APs), then catego-
rized into 1 of 5 different neuronal types, depending on
their firing frequencies (>—10 mV) defined in our previous
study (Bardy et al., 2016) (Figure 5B). Glass-DAP supported
a greater proportion of highly functional type 5 neurons at
5 weeks (87%) compared to glass-AAM (69%) and standard
glass (53%) (Figure 5C), suggesting that glass-DAP better
supports the adhesion of mature neurons. This trend
continued at 21 weeks, where glass-DAP supported the
highest proportion of type 5 neurons and the lowest pro-
portion of low-functional neurons (types 1-3) (Figure 5C).
Consistent with normal neurodevelopment trajectories,
the membrane excitability, voltage-gated currents, and AP
firing properties significantly matured between 5 and
21 weeks on glass-DAP (Figures 5D-5P). At the earlier
time point (5 weeks), when compared to standard glass,
we did not observe any significant influence of DAP treat-
ment on membrane excitability, voltage-gated currents,
or AP properties (Figures 5SD-5P). At the latest time point
(21 weeks), neuronal cultures on standard glass could not
be recorded due to substantial detachment, but neither
DAP or AAM treatments appeared to affect the neuronal
membrane excitability, voltage-gated currents, or AP prop-
erties negatively (Figures 5D-SP).

We reported that supplementing PLO to the laminin pre-
coating improved attachment on standard glass coverslips
(Figure 1E), but it did not further improve the attachment
on glass-DAP (Figure 3A). To avoid any bias, we compared
the electrophysiology of neurons with PLO-Lam coating
on all glass surfaces (Figures 5 and 6). However, we

confirmed that the coating of laminin without PLO on
glass-DAP was sufficient to support long-term electrophys-
iological maturation for >24 weeks (Figure S4B).

These results demonstrate that cultureware treatment
with a thin film of positively charged DAP polymer and
laminin does not influence the resting membrane potential
or excitability of the neurons. Standard glass with PLO-Lam
may be used for electrophysiological assays at early time
points, but is suboptimal for the longer period required
for functional maturation. Instead, glass-DAP-LAM opti-
mally supports patch-clamping of neurons maturing for
periods as long as >21 weeks.

DAP-LAM surfaces promote the maturation of
synaptically active neural networks

We demonstrated that DAP-treated coverslips optimally
support the excitability of single neurons (Figure 5). How-
ever, it is unknown whether DAP surfaces also support
the formation of neurite arborization and synaptic net-
works. To address this, we immunostained hPSC-derived
neuronal cultures on glass-DAP, glass-AAM, and standard
glass coverslips (Figures 6A-6D). To avoid bias due to partial
detachment, we used an automated high-content confocal
detection system to image only the fields of view with
similar MAP2" neuron density and avoided analysis of
the regions where cells had detached. We confirmed that
adhesion after fixation and density of neurons remained
similar between the field of views selected for morpholog-
ical analysis (Figures S4C-S4E); however, cultures on stan-
dard glass substantially detached before the analysis at later
time points (>8 weeks). We observed similar soma size, neu-
rite complexity (MAP2" dendrites) and presynaptic density
(SYNAPSIN puncta) on the three surfaces at the earlier time
point (4 weeks), and between glass-DAP and glass-AAM at
the later time point (8 weeks) (Figures 6A-6D). Confirming
the formation of mature synapses, we also observed similar
colocalization of pre- and post-synaptic (PSD95) proteins
on the 3 surfaces at the earlier time point (Figures S4F-
S4H). These results demonstrate that DAP and AAM treat-
ments support the formation of neurite arborization and
synaptic circuits on glass for long periods, unlike standard
glass.

Once synapses are formed, they require further matura-
tion time to become active. We performed voltage-clamp
whole-cell recordings of human hPSC neurons cultured
on glass-DAP, glass-AAM, or standard glass to investigate
excitatory and inhibitory synapse functionality after 5
and 21 weeks on each respective surface. a-Amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA)

(P) Highest AP peaks of neurons on glass-DAP (n = 15 + 17), glass-AAM (n = 13 + 20), and standard glass (n = 17) at 5 and 21 weeks,
respectively. All data shown as means + SEMs, p values calculated using Mann-Whitney tests, ns for p > 0.05.
(€©)-(K) and (M)-(P) n replicates from 3-6 independent experiments per time point.

Stem Cell Reports | Vol. 17 | 1-18 | March 8,2022 9

'O‘
©



l/ W Please cite this article in press as: Milky et al., Long-term adherence of human brain cells in vitro is enhanced by charged amine-based plasma
’ polymer coatings, Stem Cell Reports (2022), https://doi.org/10.1016/j.stemcr.2022.01.013

&

ns

5, Msns o ons

0

5

O gl %i

5

0 -
Q =3
e

% )
I

4 weeks 8 weeks

2
2
1
1
0

Soma area of MAP2+
neuron normalised to DAP

0

Neuronal morphology

normalised to DAP
normalised to DAP

Length of MAP2+ dendritic o
network per neuron
H
Density of syn+ puncta on
MAP2+ dendritic network
OO =2 =2 NN
owmowmowm

TR0 *Q. QA QN
TR T PRI

4 weeks 8 weeks 4 weeks 8 weeks

Synaptic properties (patch-clamping)

E 5 AAM H

—2S

< Dt S 6 B Ll M | e
o

Tl Ao '

[Te]

100 ms

Q.
(=4 |
0 Synaptic inputs

1 Silent
G == AMPA only
mm AMPA + GABA

AMPA synaptic spont
events frequency (Hz)
AMPA synaptic spont. events
mean amplitude (pA)

-
A

2s

AMPA event decay

2 AN RN ep
1= 1= & &
T e oF Iee?

5 weeks 21 weeks 5weeks 21 weeks

active synaptic inputs
N A O 8
OO OO OOo
AMPA event rise
slope (pA/ms)

Q.l 2s

r
4
F

50 pA
% neurons with spontaneously

Figure 6. DAP-LAM surfaces promote the maturation of synaptically active neural networks

(A-D) Neurite and synapse morphology of cultures on glass-DAP, glass-AAM, and standard glass imaged using high-content confocal
microscopy. Fold-change data normalized to glass-DAP for each time point, means + SEMs shown (n = 4-8 replicates per surface per time
point from 3 independent experiments). (A) Immunofluorescence staining of MAP2 and synapsin (SYN) in neuronal cultures on glass-DAP
and glass-AAM after 9 weeks in maturation media. (B) Normalized fold change of soma area (mean of 70.8 um? on glass-DAP). (C)
Normalized fold change of total length of MAP2* dendritic network per neuron (mean of 583 um per neuron on glass-DAP). (D) Normalized
fold-change density of synapsin puncta per micron of MAP2* dendritic network (mean of 3 puncta per 10 um on glass-DAP).

(E-K) Whole-cell patch clamp recordings of excitatory (glutamatergic AMPA receptor mediated) and inhibitory (GABAergic GABAa receptor
mediated) events from midbrain neurons matured for 5 or 21 weeks on glass-DAP, glass-AAM, and standard glass pre-coated with PLO-
Lam. (E and F) The traces represent spontaneous excitatory and inhibitory synaptic events recorded from functionally mature type 5
neurons on glass-DAP or glass-AAM at 21 weeks.

(G) Proportion of neurons (AP types 4 and 5 selected; n = 56) with spontaneously active synaptic inputs across 19 coverslips. Neurons with
spontaneous excitatory or inhibitory synaptic events >0.01 Hz were considered active. (H-K) Spontaneous AMPA-mediated synaptic
events frequency, mean amplitude, mean rise slope, and mean decay slope of each neuron (from total 19 coverslips). (B)-(D) and (G)-(K)
Means + SEMs shown; p values calculated using Mann-Whitney tests, ns for p > 0.05.
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receptor-mediated events were recorded while the mem-
brane potential was held artificially at —70 mV (reversal po-
tential of anions; Figure 6E), and GABA receptor-mediated
events at 0 mV (reversal potential of cation; Figure 6F). At
the earlier time point (5 weeks), ~50% of the neurons re-
corded on all of the surfaces received spontaneously active
synaptic inputs either excitatory and/or inhibitory (Fig-
ure 6G). Despite some variance, the average kinetics and
amplitude of AMPA synaptic events were comparable be-
tween surfaces (Figures 6I-6K). However, at the latest
time point (21 weeks), neurons on standard glass detached
substantially and were unusable. After 21 weeks in Brain-
Phys maturation medium, the proportion of synaptically
active neurons increased to ~90% on glass-DAP but re-
mained ~50% on glass-AAM (Figure 6G). Similarly, the fre-
quency of spontaneous AMPA synaptic events was signifi-
cantly higher on glass-DAP (Figure 6H), suggesting more
functionally mature synapses. Overall, these results
demonstrate that glass-DAP (coated with laminin) supports
long-term maturation of active synaptic networks and
outperforms glass-AAM and standard glass.

DAP-laminin surface supports live imaging and
optogenetics applications in human neuronal cultures
Advanced electrophysiology methods are commonly com-
bined with patch-clamping to further explore the biolog-
ical principles underlying the circuitry and function of
neuronal populations. As a proof of concept, to determine
whether glass-DAP can be used for such applications, hu-
man neuronal cultures were prepared for either calcium im-
aging or optogenetics.

Assessing intracellular calcium changes via live imaging
techniques provides insight into the electrical activity of
hundreds of neurons simultaneously. Neuronal cultures on
glass-DAP were transfected with Fluo-4-AM calcium dye
and transferred into a perfusion chamber for live imaging.
Calcium events were recorded over 4 min in BrainPhys Imag-
ing medium (Zabolocki et al., 2020). Regions of interest were
selected at the cell soma to monitor changes in intracellular
Ca”* over time (Figure 7A). Cells exhibiting calcium events
with a AF/F, >5% were determined to be spontaneously
active. After 8 weeks of maturing on glass-DAP, we recorded
a high proportion of active cells per field of view (64%) (Fig-
ures 7B and 7C). We observed spontaneous fast calcium
spikes as well as slow calcium wave events (Figures 7D and
7E). The calcium events could be blocked by voltage-gated
sodium channel antagonist application (tetrodotoxin
[TTX]) (Figures 7C and 7E). These experiments demonstrate
that glass-DAP supports live imaging applications of human
neuronal populations, such as calcium imaging.

Optogenetic techniques modulate neuronal activity us-
ing light, allowing the precise exploration of functional
neuronal circuitries. To determine whether glass-DAP

could be used for optogenetics applications, we trans-
fected human neuronal cultures with a lentivector to
drive the expression of channelrhodopsin tagged with
yellow fluorescent protein (ChETA-EYFP; Gunaydin
et al., 2010) (Figure 7F). Blue light-emitting diode (LED)
light (475 nm) was flashed for 5 ms at 100-ms intervals
onto patch-clamped neurons using 0.1, 0.2, or 0.4 mW
light intensities to evoke APs in BrainPhys Imaging me-
dium (Figure 7G). Blue light stimulation of 0.4 mW
evoked ~500 pA of current, which was sufficient to trigger
APs at an ~100% success rate above a membrane potential
of 10 mV (Figures 7H-7J). Spike-evoked success rates
increased with light stimulation intensity (Figures 7G-
7]). This was repeated to compare glass-DAP and glass-
AAM, with no significant differences found between the
surfaces (Figures S4I1-S4L). Hence, glass-DAP supports ap-
plications requiring optogenetic control of human
neuronal cultures.

DISCUSSION

Cell adhesion is determined by surface interactions be-
tween the cells and the cultureware. Surface modification
of TCPS and glass cultureware is necessary to optimize
these forces to ensure cell adhesion. hPSC-derived
neuronal adhesion on standard glass is unreliable, hinder-
ing electrophysiology and imaging assays that require
long-term cultures.

Physical properties of plasma polymers

Plasma polymerization can be used to modify cultureware
surface chemistries without significantly affecting their
macroscopic properties (Jacobs et al., 2012; Roach et al.,
2007). The polymerization process deposits a highly stable
(due to covalent bonding) randomly crosslinked thin
plasma polymer film on the substrate (Michelmore et al.,
2013, 2014; Ryssy et al., 2016). The physical properties of
plasma polymer surfaces are highly tunable to the desired
outcome, thereby benefiting many applications, including
cell culture.

The resulting polymer surface physicochemistry de-
pends on the properties of the gas entering the plasma
reactor. In general, oxygen or air is used, increasing sur-
face hydrophilicity and providing a negative surface
charge. This process is used to generate TCPS from native
polystyrene, which enables adequate adhesion for most
cell types (Lerman et al., 2018). Specific monomers can
be used to obtain the desired surface functionality (Jacobs
et al., 2012). Amine-based monomers form amine-termi-
nated plasma polymer surfaces characterized by a positive
surface charge, which generally increases cell adhesion
(due to attractive electrostatic interactions) and reduces
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Figure 7. DAP-LAM-treated glass sur-
faces support calcium imaging and opto-
genetic applications in human neuronal
models in vitro
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cell clustering (Dadsetan et al., 2009; Kirby et al., 2017;
Palyvoda et al., 2008). While other systems introducing
positive charge (mostly via nitrogen-containing surface
functional groups) have been successful for multiple cell
types (Granato et al.,, 2018; Lee et al.,, 2017; Lee and
Schmidt, 2015; Meade et al., 2013), plasma polymer sur-
faces were only demonstrated to improve adhesion for
human fibroblasts (Hamerli, 2003; Jacobs et al., 2012;
Strbkovéa et al., 2016) and rarely studied for neurons
(Harsch et al., 2000) or other cells (Smith et al., 2016).
Other glass surface modifications for neuron cultures
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have focused on neurite outgrowth (Cesca et al., 2014;
Corey etal., 1991; Li et al., 2015; Liu et al., 2006) or neural
stem cell differentiation (Ananthanarayanan et al., 2010;
Chen et al., 2018b), but not sustained neuronal adhesion.
Recently nano-structured glass was shown to facilitate
PSC-derived neuron functionality (Harberts et al., 2021),
but again, cultures were not tested >20 days. An addi-
tional benefit of plasma polymer treatment is that the
refractive index (and hence, magnitude of attractive van
der Waals interactions) can be tailored to further promote
the adhesion of various cell types. Here, we tested plasma
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polymer films with the specific intent to increase adhe-
sion for neuronal cultures.

Supporting cell adhesion with plasma polymer films re-
quires a balance between surface charge and surface energy.
We show the amine-based DAP plasma polymer treatment
generates a positively charged, hydrophilic surface with the
greatest neuronal adhesion-promoting ability of all of the
tested polymer treatments.

The DAP monomer is known to be a by-product of plant
metabolism in response to osmotic stress. Polyamines
involved in plant stress tolerance are oxidized to DAP un-
der stress conditions, in which DAP acts as a precursor in
osmoprotective arginine/proline and p-alanine metabolic
pathways. This response is present in crop plants (Pal
et al., 2018; Parthasarathy et al., 2019) and flowering
plants (Duhazé et al., 2002; Jammes et al., 2014). DAP
has also been shown to modulate membrane electrical
and ion transport properties in plants to facilitate stoma-
tal closing during stress (Jammes et al., 2014). However, to
our knowledge, this is the first time that DAP has been
identified as a useful surface treatment for cell adhesion
in vitro.

We identified AAM as another amine-terminated, posi-
tively charged plasma polymer treatment that supports
sustained neuronal adhesion. However, glass-AAM was
less positively charged and displayed slightly inferior
properties, including less support for functional synapses
compared to glass-DAP. The DAP monomer had a greater
number of nitrogen-containing functional groups than
the AAM monomer, resulting in a higher density of amine
surface groups in the plasma polymer film (Ryssy et al.,
2016; Smith et al., 2016). Moreover, the attractive van
der Waals interactions are stronger between cells and
glass-DAP than between cells and glass-AAM, as the refrac-
tive index of DAP is higher than that of AAM. Therefore,
glass-DAP, having the highest positive surface charge
(strongest attractive electrostatic double-layer forces) and
the highest refractive index (strongest attractive van der
Waals interactions) of all of the modified surfaces tested,
best supports sustained neuronal adhesion and neuro-
physiological function in combination with the relevant
ECM.

Interaction between plasma polymerized films and
polymeric/ECM coatings

Conventional cell culture on standard glass and TCPS uses
a combination of polymeric/ECM coatings to provide the
required surface conditions for cell adhesion. On both
glass and TCPS, adhesion is highly variable (Smith et al.,
2016; Yamamoto et al., 1998, 2000), but it is temporarily
stabilized with polymeric/ECM coatings. Optimal
neuronal adhesion is 2-fold. First, polymeric attachment
factors such as PLO and polylysine (PLL) are added to pro-

vide a positive surface charge that is most favorable for
neuronal adhesion (Anselme et al., 2010; Kirby et al.,
2017; Palyvoda et al., 2008). The positive charge, conse-
quent to a dissociation of surface amine groups, results
in attractive electric double-layer interactions between
the polymer surface and the negatively charged cell mem-
brane (Chen et al., 2018a; Stenger et al., 1993). Second,
ECM proteins are added to provide adequate surface
topography (Anselme et al., 2010; Palyvoda et al., 2008).
Laminin and Matrigel (a mixture of collagen and laminin)
are found abundantly in the natural ECM and are
commonly used in vitro to provide a topographic frame-
work favorable for adhesion (Anselme et al., 2010). PLO
coating with additional laminin for at least 24 h (PLO-
Lam) is often considered the most favorable for human
neuronal adhesion. However, no combination of poly-
meric/ECM coatings was previously evaluated for long-
term neuronal cultures on standard glass. Here, we show
that PLO-Lam on glass-DAP sustained neuronal adhesion
for considerably longer than standard glass with any
tested polymeric/ECM coating, highlighting DAP as a crit-
ical surface modification. We also show that the combina-
tions DAP-LAM and DAP-Matrigel performed comparably
to DAP-PLO-Lam. Given that DAP already provides the
ideal physicochemical environment, we speculate that
this renders the PLO function redundant, hence the
similar performance in Matrigel and laminin conditions.
This redundancy occurs due to PLO and DAP’s providing
similar surface chemistry (Harnett et al.,, 2007); however,
they differ in their chemical bond to the substrate. The
plasma polymerization process to generate DAP results
in a highly crosslinked film covalently bound to the sub-
strate (Jacobs et al., 2012; Michelmore et al., 2016; Rao
and Winter, 2009). Consequently, DAP is highly stable
and resistant to degradation (Daunton et al., 2015; Mi-
chelmore et al.,, 2016). In contrast, polymeric coatings
such as PLO, which are deposited from a solution, are
weakly bound to the substrate (Rao and Winter, 2009)
and therefore easier to degrade in culture. Plasma polymer
deposition for desired surface chemistry is more reliable
than solution-based methods, whereby DAP is most suit-
able for neuronal cultures. Plasma polymerization creates
an ultrathin layer (33 nm for DAP) that does not modify
the surface topography (Michelmore et al., 2016; Nguyen
et al.,, 2016). However, additional laminin-based ECM
coatings may increase surface roughness (Jain et al,
2020) and promote integrin-mediated cell adhesion (De
Arcangelis and Georges-Labouesse, 2000) to further sus-
tain long-term adherence.

While we have shown that long-term neuronal adhesion
on glass is optimal on glass-DAP-PLO-Lam, this remains
unchanged with no extra PLO coating. Long-term adhe-
sion is supported optimally on glass-DAP-LAM as is
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neuronal functionality (Figures S4B). Based on this, PLO
becomes unnecessary when using DAP-coated surfaces.

Brain-specific cell types supported by glass-DAP

We discovered that DAP plasma polymer treatment on
glass addresses limitations in long-term human neuronal
culture adhesion. We show that glass-DAP-LAM surfaces
support long-term adhesion, differentiation, and matura-
tion of hPSC-derived midbrain and cortical neurons and as-
trocytes. While we cannot test all neuronal types, no exper-
iment that we performed indicated that the DAP surface
preferentially supports a particular brain cell type. Cells
along the glial and neuronal lineage such as GBMs, GPCs,
and NPCs perform favorably on glass-DAP-Matrigel sur-
faces. We found comparable improved adhesion with
different cell-plating methods such as replating post-
mitotic neurons or direct NPC differentiation on surfaces
(Figures S1A-S1D). In contrast, pluripotent stem cells still
prefer a TCPS substrate and may require a polymer with
different properties; however, glass-DAP-Matrigel surfaces
support stem cell colonies better than standard glass with
Matrigel. Rodent primary neurons mature significantly
faster than human neurons and do not usually require
long-term adhesion. Therefore, the study focused on hu-
man brain cells, and further experimentation will be
required to demonstrate the potential benefits of DAP
coating for non-human cells.

Applications of glass-DAP coverslips

Patient-derived iPSCs are increasingly popular pre-clin-
ical models of neurological and psychiatric disorders
(Bardy et al., 2020; Chailangkarn et al., 2016; Israel
et al., 2012; Mertens et al., 2016; Sarkar et al., 2018;
Tran et al., 2020; van den Hurk and Bardy, 2019). Two-
dimensional monolayer models offer reproducible and
relatively high-throughput drug screening capabilities.
However, variability exists within these models, despite
the use of standard cell culture protocols and cultureware
(Volpato and Webber, 2020). Standard polymeric adhe-
sive factors (e.g., PLO, PLL) for culture degrade over
extended culture times and increase variability. Plasma
polymerized DAP surfaces are consistently uniform and
highly stable (Gengenbach and Griesser, 1999; Jacobs
et al., 2012; Michelmore et al., 2016), and reduce experi-
mental variability and increase statistical power. Plasma
polymerization is highly reproducible, with a relatively
low cost and environmental burden (Igbal et al., 2019;
Jang et al., 2021), so it can be easily upscaled for research
such as drug discovery. We expect that DAP plasma poly-
mer is unlikely to interfere with experimental substances
in such assays despite its positive charge given the high
stability of DAP and the current use of solution-based
positive charge layers added in standard drug discovery
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assays (Darville et al., 2016; Ryan et al., 2013, 2016),
where interference is not reported. Plasma polymeriza-
tion allows DAP to be deposited on objects of complex
geometries, thus also providing potential future applica-
tions for 3D neuronal culture.

Electrophysiology, including patch-clamping and live
functional imaging, is the gold standard method to study
neuronal function. While TCPS may sufficiently promote
neuronal adhesion, its application in electrophysiology
and imaging is limited. Transferable glass coverslips are
preferred for patch-clamping and live imaging assays
because their weight provides a more stable anchor
than lighter plastic material; therefore, microscopic
movements are minimized during recordings. TCPS also
scatters light more than glass, which reduces imaging
quality (Lerman et al., 2018). DAP-treated glass cover-
slips or plates will therefore be ideal for virtually all im-
aging assays (live or fixed) requiring high optical resolu-
tion, such as highly magnified synapses or organelles, for
example. Finally, plasma polymerization of DAP can also
be applied to TCPS if plastic is preferred (Figures S1E-
S1J), perhaps for practical or economic reasons. Applying
DAP plasma polymer to multi-electrode array plates re-
quires further investigation. Plasma polymerization
would need to be performed without insulating the elec-
trodes. In addition, the material used on the culture sur-
face of a multielectrode array (MEA) plate is generally un-
known (proprietary). However, MEA plates using TCPS
may not benefit from DAP coating as much as glass
would.

Conclusions

DAP-LAM-treated cultureware provides the optimal
microenvironment for long-term neuronal adhesion and
functional maturation, benefiting models of human brain
diseases often confounded by cell detachment over
extended periods. Plasma polymerization deposits
strongly onto virtually any substrate (Aziz et al., 2015,
2018) and on objects of complex geometries (Michelmore
etal., 2016). Therefore, the DAP treatment can be applied
to various cultureware to maintain specific cell surface
properties and experimental homogeneity. DAP-treated
cultureware with laminin-based coating provides a repro-
ducible and stable microenvironment that extends adhe-
sion of a range of human brain cells (mature neurons, as-
trocytes, and proliferating neural/glia cells). The novel
application of DAP as a surface modification for neuronal
adhesion is timely given the rapid expansion of innova-
tive pre-clinical patient-derived neuronal models and
electrophysiological and imaging assays. DAP surface
treatment will improve the quality of in vitro human
neuronal models, and therefore will facilitate translation
in neurology and psychiatry.
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EXPERIMENTAL PROCEDURES

A detailed description of the Experimental procedures is provided
in the supplemental information.

Plasma polymerization

Plasma polymerization was performed using a custom-built
plasma reactor, as described previously as comprising a cylindrical
stainless steel vacuum vessel (diameter 30 cm, volume 20 L) (Mi-
chelmore et al., 2013; Smith et al., 2016). Plasma parameters were
optimized for maximum functional group retention (Table S1).

Maturation of neural progenitors to neurons and
plating on test surfaces

For neuronal maturation, hESC neural progenitors were seeded at
7.9 x 10°-2.10 x 10° cells/cm?® in neural progenitor medium
(NPM) (see Supplemental experimental procedures) on TCPS or
glass coverslips. The next day, neuronal maturation media
(NMM) was added (BrainPhys Neuronal Medium [Bardy et al.,
2015; cat. no. 05790, STEMCELL Technologies] with supplements
[see Supplemental experimental procedures]). For most of the ex-
periments, NPCs were differentiated into post-mitotic neuronal
cultures for 2 weeks in NMM, then live cell (DAPI) sorted (BD FACS-
Melody) and replated at 1.58 x 10°-2.1 x 10° cells/cm?* on TCPS,
coated glass coverslips, or standard glass coverslips, in NMM con-
taining half-concentrations of growth factors (Figures 1, 2, and 3,
detachment; Figure 6, morphology; and Figures 5, 6, and 7, electro-
physiology). In a few experiments, neuron cultures were cultivated
directly onto test surfaces without the fluorescence-activated cell
sorting (FACS) sorting step (Figure 4, FACS viability; Figures 1, 2,
and 3, detachment). The same protocol was used in each experi-
ment comparing the effect of the substrates. All of the periods
stated correspond to the time that neuronal cultures spent on
the test surface only (Figure S1).

Quantification of cell detachment

Neuronal cultures were imaged at 4x magnification in phase
contrast (CoolLED PE4000) on an inverted microscope (Olympus
IX73) biweekly for the duration of the experiments. Image]J soft-
ware (Schneider et al., 2012) was used to define the detached re-
gions and calculate the total detached surface area.

Immunostaining and image analysis

Cells were fixed for 10 min in 4% paraformaldehyde at room tem-
perature (RT) and treated with 0.1% Triton X-100 with 3% donkey
serum in 0.1 M Tris-buffered saline for 60 min. Cells were incu-
bated with primary antibodies against Synapsin-I (1:500; cat. no.
AB1543P, Merck), GFAP (1:200; cat. no. ab4648, Abcam), MAP2
(1:2000; cat. no. ab5392, Abcam), and PSD95 (1:500; cat. no.
ab13552, Abcam) at 4°C overnight, and then incubated with fluo-
rescence-tagged secondary antibodies (1:250; Abcam) at RT for
60 min. After incubation, coverslips were stained with 4’,6-diami-
dino-2-phenylindole (DAPI; cat. no. D9542, Sigma) before
mounting and sealing.

Whole-cell patch-clamp recordings

Human neurons cultured on DAP, AAM, or glass coverslips were
transferred into a recording chamber and perfused with artificial
cerebrospinal fluid (ACSF) or BrainPhys Imaging (cat. no. 05796,
STEMCELL Technologies; Zabolocki et al., 2020) at RT (21°C-
23°C). Following successful seal formation (>1GQ) and break-in,
cells received a —5-mV test pulse in voltage-clamp to determine ac-
cess resistance, membrane resistance, and capacitance. To record
voltage-gated sodium (Nav) and potassium (Kv) channel currents,
cells were patch-clamped, held at —70 mV in voltage-clamp, and
injected with incremental current steps (+5 or +10 mV) across 15
sweeps following an initial decrease to —75 mV. Amplitudes of
slow-inactivating and rapidly inactivating Kv currents were
measured, respectively, at —10 mV membrane potentials and
maximum Nav currents. Resting membrane potentials were re-
corded in current-clamp and held with O pA of current, following
evoked AP recordings. AMPA receptor-mediated events were
observed in voltage-clamp at —70 mV (close to Cl™ reversal poten-
tial) and in GABAa-receptor events in voltage-clamp at 0 mV (close
to Na* reversal potential). Total AMPA or GABAa patch-recording
lengths were up to 180 s, conducted in a gap-free run. AMPA and
GABA events with an event duration of 1-10 or 10-100 ms, respec-
tively, were included for further analysis. AMPA synaptic events
were fitted with a 6-terms sum of exponentials to determine their
kinetics and amplitudes.

Analysis and statistics

We were blinded to all of the plasma polymer-treated surfaces
tested. Unblinding occurred only after cell phenotypic analyses
were performed. For each independent experiment, the same cell
batch and cultureware were used and different substrates were
tested side by side to reduce the technical variability bias. All of
the treated glass surfaces were prepared at the same time within
each experiment. Statistical analysis was performed using Prism
9. Normality was not assumed for samples with <50 replicates. Sta-
tistical significance was assessed using two-tailed non-parametric
unpaired (Mann-Whitney) or two-tailed paired Wilcoxon tests.

Data and code availability

The raw data are freely available upon reasonable request to the
corresponding author. DAP-coated coverslips can be made avail-
able upon reasonable request to the corresponding author.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.01.013.
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Figure S1 (related to Figures 2-4) DAP coating produces a reproducible adhesion environment regardless cell
differentiation method or substrate. a-b, Rate of detachment (Mean +SEM) of neuronal cultures on glass-AAM,
glass-DAP, standard glass and TCPS all with POL-Laminin for a, experiments directly plating NPCs for differentiation
(n = 3-4 independent experiments with 2-4 replicates per experiment), and b, experiments replating post-mitotic
cultures after live (DAPI-) cell sort (n = 2-3 independent experiments with 2-3 replicates per experiment). ¢, Schematic
of experiment timelines for the two plating methods used. d, Rate of detachment (Mean £+SEM) of neuronal cultures on
plasma polymer treated glass surfaces, diaminopropane (glass-DAP; n = 18, N = 6), allylamine (glass-AAM; n = 26, N
=7), heptylamine (glass-HA; n = 10, N = 3), octadiene (glass-OD; n =7, N = 2), acrylic acid (glass-AAC; n =4, N = 1)
or allylamine with added heparin (glass-AAM-H; n =4, N = 1), compared to standard glass (n = 26, N = 7) and tissue
culture polystyrene (TCPS; n = 22, N = 6). n replicate wells/coverslips across N independent experiments. e-i, Neurite
and synapse morphology of cultures on TCPS and TCPS coated with DAP (TCPS-DAP) imaged using high-content
confocal microscopy. Mean £ SEM shown (n = 10-14 replicate wells per surface per time point from 2 independent
experiments). e, Total cell density after paraformaldehyde (PFA) fix. f, soma area. g, density of synapsin puncta per
pum of MAP2+ dendritic network. h, total length and i, total area of MAP2+ dendritic network per neuron. j,
Immunofluorescence staining of MAP2 and synapsin (SYN) in neuronal cultures on TCPS and TCPS-DAP after eight
weeks in maturation media.
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Figure S2 (related to Figure 4) Flow cytometry analysis pipeline to determine the proportion of live cell types
in culture. a, Gating was performed to exclude doublets, such that the gated region only included single cell events.
b, Gating was then performed on single cell populations to exclude debris. ¢, Gating was then performed to only
include DRAQ5+ nuclei. All samples displayed. d, Viable cells were gated as DRAQ5+/DAPI- and dead cells as
DRAQ5+/DAPI+. e, Live cells were transfected with two lentivectors to identify neurons (Synapsin:GFP+) and
astrocytes (GFAP:tdTomato+). The viable cell population was gated around GFP+/tdTomato- cells (neurons) and
GFP-/tdTomato+ cells (astrocytes), using as references f, single-stain GFP and single-stain tdTomato controls.
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Figure S3 (related to Figure 4): Glass-DAP with added Matrigel supports proliferative brain-specific cell types.
Immunofluorescence staining of DNA (DAPI; blue) and cell soma (CellTracker; red) over time for (a) patient-derived
glioblastoma tumour cells (GBMCs), (b) hESC-derived glial precursor cells (GPCs), (c) hESC-derived neural
progenitor cells (NPCs) and (d) human embryonic stem cells (H9, hESC) on Glass-DAP, standard glass and TCPS.

All surfaces were pre-coated with Matrigel.
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Figure S4. (related to Figure 5, 6, 7) Diaminopropane supports calcium imaging and optogenetic applications,
in vitro. a, Experimental conditions homogeneity between the time spent in maturation medium for patch-clamped
cells selected at the 5- and 21-week time points. b, whole-cell patch-clamp recording examples of evoked APs,
voltage-gated sodium and potassium current traces, and spontaneous AMPA events of neurons cultured for 24 weeks
on Glass-DAP with laminin (without PLO). c-e Fold-change normalized to Glass-DAP and shown as mean + SEM (n =
4-7 replicate wells/coverslips per surface per time point from 3 independent experiments). ¢, normalized fold change
of adhesion after paraformaldehyde (PFA) fix. d, normalized fold change of nuclei density per randomly selected field
of view (FOV) (mean 196 and 290 cells per 20X FOV on Glass-DAP) e, normalized fold change of MAP2+ DAPI+
neuron density per FOV (mean of 39 and 92 neurons per 20X FOV on Glass-DAP). f, percent overlap of presynaptic
(synapsin) and postsynaptic (PSD95) markers along MAP2+ neurites on Glass-DAP, Glass-AAM and standard glass.
g, density of mature synapses (Syn+ PSD95+) per um of MAP2+ dendritic network. h, immunofluorescence staining
of MAP2, synapsin (SYN) and PSD95 in neuronal cultures on Glass-DAP, Glass-AAM and standard glass after four
weeks in maturation media. i, typical optogenetic responses from the patch-clamped stem cell-derived midbrain
human neurons to blue LED stimuli on Glass-DAP (n = 5 neurons) and Glass-AAM (n = 3 neurons), across two
coverslips. Top traces: action potentials evoked by ChR2-evoked membrane depolarization in current-clamp. Bottom
traces: ChR2-mediated currents recorded in voltage-clamp, held at -70 mV. j, total spike success rate (%) of each
human neuron across 10 sweeps. A successful spike was defined as > -10 mV in amplitude. k, maximum amplitudes
of APs evoked by ChR2 membrane depolarisation. I, max amplitudes of ChR2-mediated currents. a-g, j-I, data shown
as mean +SEM. P-values calculated using two-tailed non-parametric unpaired tests (Mann Whitney) and annotated as
ns for p > 0.05.



Supplemental Table 1 | Optimised plasma parameters used for the production of the plasma film coatings
and their resulting elemental compositions.

Monomer RF power . Film Deposition
i Deposition , . Plasma
Monomer pressure  applied ti .\ thickness rate ti

(mbar) (W) tme(min) "o (nmyminy - ©0ating
Diaminopropane | 1.1 x 10-2 4 40 33 0.8 DAPpp 75.6 18.7 5.8 0.25 0.08
Allylamine 2.0x 10-2 5 30 40 1.3 AAMpp 80.7 13.8 5.5 0.17 0.07
Heptylamine |[2.0 x 10-2 8 30 37 1.2 HApp 89.9 7.6 25 0.08 0.03
Acrylic Acid  [2.0 x 10-2 5 15 54 3.6 AACpp 72 - 28 - 0.39
1,7-Octadiene |2.1 x 10-2 3 25 34 1.4 ODpp 941 - 5.9 - 0.06

Supplemental Table 2 | Maximum adhesion time for TCPS, standard glass, and plasma polymer coated glass
surfaces

Surface with PLO- Average time to 90% Average time to 50% Maximum culture time  Number of independent

Laminin adhesion (weeks) adhesion (weeks) tested (weeks) experiments
TCPS 13 remained > 90% 13 6
Glass-DAP 13 remained > 90% 13 6
Glass-AAM 13 remained > 90% 13 7
Glass-HA 6 remained > 85% 8 3
Glass-AAM-H 3.5 55 7 2
Glass-AAC 3 8.5 7 1
Glass-OD 1.5 8 8 1
Standard Glass 1.5 5 13 7




Supplemental Experimental Procedures

Plasma polymerisation

Allylamine (AAM), diaminopropane (DAP), heptylamine (HA), acrylic acid (AAC), and 1,7-octadiene (OD)
precursors for the corresponding plasma coatings were purchased from Sigma-Aldrich (Australia) at
>99% purity and used as received. Heparin sodium salt from porcine intestinal mucosa (Grade I-A, 2180
USP units/mg, powder) was purchased from Sigma-Aldrich (Australia). Glass coverslips (Cat No. G401-
08, ProSciTech, Australia) were etched via sonicated washes in undiluted nitric and hydrochloric acids,
rinsed thoroughly with Milli-Q water then washed thoroughly with absolute ethanol and dried with
nitrogen gas prior to plasma coating.

During plasma polymerization, glass coverslip substrates were placed on the ground electrode and the
reactor was pumped down to a base pressure of 1 X107 mbar, using a two-stage rotary pump (Edwards,
U.K.) with a liquid N, cold trap. A needle valve (Chell, U.K.) was used to control the flow of monomer
vapor into the vacuum chamber. The monomers underwent three freeze/thaw cycles prior to use to
remove dissolved gases. The plasma was ignited using a radio frequency generator (RFG050) at 13.56
MHz read from a power meter and was delivered via an automatic impedance matching network
(AMN150) (Coaxial Power Systems Ltd., U.K.). The chamber pressure was allowed to stabilize for a few
minutes prior to the plasma being ignited and allowed to flow for an additional 5 min after the power was
switched off, before the monomer flow was switched off and the chamber pumped back to base
pressure. The thicknesses of the plasma coatings were measured by a USB-powered thin film thickness
monitor using a 6 MHz gold-coated sensor crystal (Sycon Instruments, USA) (Table S1).

Heparin coating

Allylamine coated coverslips were submerged in 300 mL of a 50 pug/mL solution of heparin in PBS and
left at room temperature overnight. After coating with heparin the coverslips were washed 3 times in PBS
and then left to dry in a laminar flow cabinet.

Surface Characterization - X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were performed on a SPECS SAGE spectrometer equipped with a non-monochromated
X-ray Mg Ka (hv = 1253.6 eV) source operated at 10 kV and 20 mA. A survey spectrum was acquired
over the binding energy range 0-1100 eV at a pass energy of 100 eV and a step size of 0.5 eV.
Quantification of atomic percentages on the plasma layers were performed using CasaXPS software
(version 2.3.14dev38), provided by the XPS manufacturer.

Zeta potential measurements

Zeta potential was determined from the streaming potential measurements, in a dilute PBS solution
(conductivity 125 uS-cm™', pH 7.4). The average value taken from three measurements for each of five
samples.

Water contact angle measurements

A 4 pm droplet of Milli-Q water was carefully dispensed on top of the polymerized surface and after 5
minutes wait, the contact angle was measured over 20 seconds (10 measurements: 1 measurement
every 2 second that can be averaged). Data expressed as mean +SEM of n=3 samples, 10
measurements per sample. Note that the acrylic acid surface is so hydrophilic that the contact angle
cannot be measured.

Sterilisation and coating of glass coverslips

Plasma-deposited coverslips and uncoated glass coverslips were transferred to a sterile plate then
exposed, with the lid open, to ultraviolet light for 10 minutes. All wells were washed with sterile water and
filled with Anti-Anti (50X; Cat No. 15240096, Life Technologies) and MycoZap (500X; Cat No. VZA-2031,
Lonza) in PBS and incubated at room temperature overnight. The PBS solution was aspirated and wells
were washed twice with sterile water. Wells to contain neurons were coated with a relevant coating
solution, based on the manufacturer instructions.

Coating of coverslips or plates with ECM proteins or polymeric factors

Wells were coated with a single adhesion coating unless stated as a combination. For wells coated with
poly-L-ornithine hydrobromide (PLO; Cat No. P3655, Sigma) a 50 ug/mL solution of PLO in sterile water
was added for 2 hours at RT. If followed by laminin coating, wells were washed twice with sterile water
and once with DMEM/F12+Glutamax (Cat No. 10565018, Life Technologies). For laminin-coated wells a
5 pg/mL solution of laminin (Cat No. 23017015, Life Technologies) in DMEM/F12 was added for at least
24 hours at 4°C unless specifically timed, whereby laminin was added for 4 hours or 24 hours at RT. For
hESC-qualified Corning Matrigel coated wells Matrigel (Cat No. BDAA354277, Bio-Strategy) was
dissolved in DMEM/F12+Glutamax and added for 1 hour at RT. For wells coated with poly-L-lysine
hydrobromide (PLL; Cat No. P1524, Sigma) a 0.0002% w/v solution of PLL in sterile water was added for
20 minutes at RT, followed by three washes with sterile water.



hESC culture and neural induction to neural progenitor cells (NPCs) and differentiation to
neurons

WAQ9 (H9) ES cell colonies (WiCell, Wisconsin, U.S.A.) were maintained in mTeSR™1 (Cat No. 05825,
STEMCELL Technologies) as per manufacturer’s instructions on cell cultureware coated with hESC-
qualified Matrigel. hESCs were split by Dispase treatment (1 U/mL; Cat No. 07923, STEMCELL
Technologies) and mechanical scraping every 3-5 days onto fresh Matrigel. For neural induction,
Embryoid body-based neural induction was performed based on a previous protocol(1) with
modifications. Briefly, hESCs were cultured in an ultra-low attachment plate in a neural induction medium
(NIM) consisting of DMEM/F12 with 15 mM HEPES, 1x SM1, 1x N2-A, 10 yM SB431542 (Cat No.
72232, STEMCELL Technologies) and either 500 ng/ml Noggin (Cat No. 120-10C, PeproTech) or 100
nM LDN193189 (Cat No. 72147, STEMCELL Technologies). Media was exchanged every other day for 7
days to allow embryoid bodies (EBs) formation. EBs were transferred to a tissue culture dish coated with
10 pg/ml poly-L-ornithine and 5 pg/ml laminin in NIM supplemented with 1 pg/ml laminin. Media was
exchanged every other day for 7 days until neural rosettes were clearly visible. Neural rosettes were
manually selected under phase contrast (EVOS XL Core Imaging System, Life Technologies) and
transferred onto fresh Matrigel-coated plates in neural progenitor medium (NPM). Midbrain neural
progenitor differentiation: Midbrain neural progenitor medium (mNPM) was composed of
DMEM/F12+GlutaMAX supplemented with 1x SM1, 1x N2-A, 200 ng/ml Sonic Hedgehog (Cat No. 100-
45, PeproTech), 100 ng/ml FGF8b (Cat No. 100-25, PeproTech), 200 nM ascorbic acid (Cat No. A4403,
Sigma) and 1 pg/ml laminin. Cortical neural progenitor differentiation: Cortical neural progenitor medium
(cNPM) consisted of DMEM/F12+GlutaMAX plus 1x SM1, 1x N2-A, 10 ng/ml FGF2 (Cat No. 78134,
STEMCELL Technologies), 200 nM ascorbic acid and 1 pg/mL laminin. Neuronal progenitor cells (NPCs)
were maintained at high density, fed every other day with fresh NPM and split about once a week at 1:3-
1:4 ratio onto Matrigel-coated plates using Accutase (STEMCELL Technologies).

For neuronal maturation, media consisted of BrainPhys Neuronal Medium supplemented with specific
factors to encourage midbrain or cortical fate. Midbrain NMM supplements consisted of: N2A, SM1, 200
nM ascorbic acid, 1 pg/mL (1.2 nM) laminin, 20 ng BDNF (Cat No. 78133.1, STEMCELL Technologies),
20 ng GDNF (Cat No. 78139.1, STEMCELL Technologies) and 0.5 mM dibutyryl cyclic-AMP (Cat No.
D0627, Sigma). Cortical NMM supplements consisted of N2A, SM1 without Vitamin A (Cat No. 05731,
STEMCELL Technologies) 200 nM ascorbic acid, 1 pg/mL (1.2 nM) laminin, 20 ng BDNF, 20 ng GDNF,
IGF (Cat No. 78022.1, STEMCELL Technologies) and 0.5 mM dibutyryl cyclic-AMP.

Glial cell culture

For glial induction, hESCs were cultured in ultra-low attachment plates in glial induction medium (GIM)
consisting of DMEM/F12 supplemented with SM1, N2A, 500 ng/mL Noggin and 10 ng/mL PDGF-AA
(Cat No. 78095, STEMCELL Technologies). Media was exchanged on alternating days to allow EB
formation. Noggin was removed from the medium after 15 days. After 22 days, hEBs were dissociated
and replated on a Matrigel-coated plates in glial progenitor medium (GPM) consisting of DMEM/F12
supplemented with SM1, N2A, 20 ng/mL FGF2 (Cat No. 78134, STEMCELL Technologies) and 20
ng/mL EGF (Cat No. 78136, STEMCELL Technologies). Glial progenitors were maintained in GPM for
the duration of experiments.

Brain tumour cells (glioblastoma multiforme; GBM) were obtained through the South Australian
Neurological Tumour Bank from an informed patient with explicit written consent undergoing surgery for
GBM at Flinders Medical Centre, Australia as approved by Southern Adelaide Clinical Human Research
Ethics Committee (AU/15/0E63315). The GBM cultures were established and maintained in DMEM/F12
supplemented with SM1, N2A, 5 ng/mL FGF2 and 5 ng/mL EGF.

Lentiviral vectors

Lentiviral vectors were produced in Lenti-X™ 293T cells (Takara Bio) cultured in DMEM, high glucose,
no glutamine (Cat No. 11960044, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(Cat No. 16000044, Life Technologies), 4 mM GlutaMAX Supplement (Cat No. 35050061, Life
Technologies) and 1 mM sodium pyruvate (Cat No. S8636, Sigma) on cell cultureware coated with
0.002% PLL. Lenti-X™ 293T cells were transfected with 12.2 ug lentiviral transfer plasmid (LV Syn-
hChR2-T159C-E123T- EYFP-WPRE [hSyn:ChETA-YFP; (2), or LV pCSC-Synapsin(0.5kb)- MCS-EGFP,
a derivative of pCSC-SP-PW-EGFP, or pBOBI-GFAP-tdTomato) and packaging plasmids (8.1 ug
pMDL/RRE, 3.1 ug pRSV/REV and 4.1 uyg pCMV-VSVg) using a polyethylenimine transfection method.
Culture medium was exchanged six hours after transfection. Supernatant containing lentiviral particles
was collected 66 hours after transfection, filtered through a 0.45-um filter (SFCA) and ultracentrifuged at
25,000 rpm (Beckman) at 4°C for 2 hours. Virus pellet was resuspended in HBSS (Cat No. 14025092,
Life Technologies) and virus titer determined using Lenti-X™ gRT-PCR Titration Kit (Clontech) according



to the manufacturer instructions. Neuron cultures were transduced with titer-matched lentiviral vectors
(2.67x10° viral RNA copies/cell) for 48 hours prior to wash. Lentiviral transfection in neuronal cultures

were performed at least one week prior to experimentations. If expression levels were low, neurons were
left in culture for an extra 3-5 days before experiments commenced.

Imaging analysis

Images of fixed hPSC-derived neuronal cultures were acquired using a Leica SP8 confocal microscope
or Operetta CLS high content screening system (PerkinElmer) using 20X and 40X magnification. For
analysing soma, neurite and synapse morphology, image acquisition was carried out using Harmony 4.9
Software (PerkinElmer). First, cell nuclei was determined using DAPI channel, then MAP2+ cells and
SYN+ and puncta were selected based on fluorescence intensity. Analysis was performed using a
custom tracing algorithm based on the CSIRO Neurite Analysis 2 formula of Harmony 4.9 Find Neurite
plug-in (CSIRO Data61, Epping, VIC, Australia) for soma and neurite morphology, and the Find Spots
plug-in for quantifying number of SYN+ and/or PSD95+ puncta. A minimum of 9000 MAP2+ cells were
analysed per sample. Data sets from 6-12 independent biological replicates per sample were collected
and statistical significance was determined.

Flow cytometry analysis

Human neuronal cultures were infected with fluorescence-labelled lentivirus, prepared in the laboratory
as previously described, one week prior. For flow cytometry, cells were stained with DRAQ5 (5 uM; Cat
No. 62251, Life Technologies) then detached using Accutase. Cells were collected in BrainPhys Imaging
(3); Cat. No. 05796, STEMCELL Technologies) or BrainPhys without phenol-red (Cat No. 05791,
STEMCELL Technologies) and filtered through a 70 ym nylon mesh cell strainer. 16 yM DAPI was
added to achieve a final concentration of 0.05 pug/mL prior to sample analysis (BD LSRFortessa X20
Analyser) at 405 nm (violet, 450/50), 488 nm (blue, 520/30), 561 nm (yellow, 585/15) and 640 nm (red,
730/45). Data was analysed using FlowJo software.

Cell viability analysis

A lactate dehydrogenase assay (Cat No. J5021, Promega) was used to measure cell cytotoxicity after
media was collected from each well. Reagents were added according to manufacturer instructions and
absorbance was measured at 490 nm (0.1s) by a luminometer (PerkinElmer).

Multielectrode array recordings

For multielectrode array (MEA) recordings, neuronal cultures were replated at 15,000 viable neurons/pL
and a 10 pL droplet of cell suspension was seeded directly over the recording electrodes of each well of
the MEA. For maintenance of all cultures, media was exchanged on alternating days using NMM.
Neurons were cultured for up to 27 weeks for subsequent analysis. MEA recordings were performed by a
Maestro Pro MEA system (Axion Biosystems) using Lumos MEA 48 plates (Cat No. M768-tMEA-480PT,
Axion Biosystems) in BrainPhys +supplement medium. Neuronal cultures were maintained at 37°C with
5% CO, environment during recordings, and were rested for 10 minutes before a 7 minute recording
commenced. Version 2.4 AxIS acquisition software (Axion Biosystems) was used to sample voltage
potentials simultaneously across 16 electrodes per well with a sampling frequency of 12.5 kHz. The
spike-detecting threshold was set on a per-electrode basis and defined as the voltage exceeding 6
standard deviations away from the mean background noise. Signals were subject to a Kaiser window
low-pass filter (3 kHz) and IIR high-pass filter (200 Hz). An electrode was defined as active if the mean
firing rate exceeded 0.017 Hz (> 1 spike per min).

Whole-cell patch clamp recordings

Neurons were selected for patch-clamping if they expressed synapsin and displayed clear neuronal
morphology (4). ACSF or BrainPhys Imaging media was continually bubbled with a combination of CO,
(5%) and O, (95%), and maintained optimal in-vitro electrophysiological function.Patch electrodes were
filled with internal solutions containing 130 mM K--gluconate, 6 mM KCI, 4 mM NaCl, 10mM Na-HEPES,
0.2 mM K--EGTA, 0.3mM GTP, 2mM Mg-ATP, 0.2 mM cAMP, 10mM D--glucose, 0.15% biocytin and
0.06% rhodamine for somatic whole-cell recordings. The internal solution maintained pH and osmolarity
similar to physiological conditions (pH 7.3, 290-300mOsmol). Whole-cell patch-clamp recordings were
performed under an upright Olympus BX51 microscope with a 40x water-immersion objective lens
(LUMPLFLN40XW, 0.8NA, Semiapochromat) and PCO.Panda 4.2 digital camera. All cells were infected
with a synapsin:GFP lentiviral vector at least 7 days prior to patch-clamping (see ‘Lentiviral vectors’ for
more details). A cool-LED pE300 illumination unit at 460 nm was used to visualise synapsin:GFP.
Whole-cell recordings were amplified via a Digidata 1440A/Multiclamp series 700B, digitized, and
sampled using PClamp software (v10.7, Molecular Devices) at 50 KHz or 100 KHz for evoked action
potential recordings. Recorded membrane potential values were adjusted for pipette offset, and electrode
capacitance was compensated for in cell-attached mode.



All synaptic activity traces were subject to a Gaussian low-pass filter (10 KHz) prior to analysis. The
average access and patch-pipette resistances across all neurons were 25.37+14.45 and 3.92+0.60 MQ
(Mean+SD), respectively. Final data were analyzed in Clampfit (v10.7) and corrected for liquid junction
potentials (-10 mV). AP type classification was based on a combination of morphology, transcriptome
and electrophysiology data previously reported (4).

Optogenetics Stimulation During Patch-clamping:

Optogenetic  stimulation was performed on whole-cell patch-clamped neurons expressing
synapsin:Cheta-YFP (improved channelrhodopsin 2, tagged with yellow fluorescent protein YFP and
expression controlled by the human synapsin promoter) under an Olympus BX51 upright microscope
with a 40x water immersion lens (LUMPLFLN40XW, 0.8NA, Semiapochromat). Synapsin:Cheta-YFP
lenti-viral transfection was completed at least 7 days prior to patch-clamping. All neurons were
continuously perfused with ACSF or BrainPhys Imaging media bubbled with a mixture of CO, (5%) and
0. (95%) . Neurons were then subject to blue light stimuli (475 nm) controlled by a computer-triggered
signal to the LED illuminator (CoolLED, pE300) synchronized with pClamp protocols through a Master 9
programmable pulse stimulator (A.M.P.I). Stimulation protocols included a burst sequence consisting of
10 flashes of blue light at a frequency of 10Hz. Each flash had a duration of 5 ms. This burst stimulus
was repeated at least ten times every 10s for each patched neuron. In Figure 7g-j, the intensity of blue
light ranged between 0.1, 0.2, and 0.4 mW. For Figure S4a-d, the intensity of blue light was adjusted to
evoke a 100% total spike success rate (spikes > -10 mV) for each condition. The average access and
patch-pipette resistance across all neurons patched and subject to optogenetic stimulation was
respectively 23.89+6.76 and 3.51+0.38 MQ (Mean*SD). Final data were analyzed in Clampfit (v10.7).

Calcium imaging

hPSC-derived neurons matured on Glass-DAP coverslips in 48-well plates (Cat. No. CLS3548-100EA,
Sigma) were incubated with calcium dye to monitor changes in intracellular calcium over time. To
establish a final Fluo 4-AM concentration of 1uM, 0.5 L of Fluo 4-AM (1mM, Cat. No. F14201, Thermo
Fisher Scientific) was added to 500 pL of BrainPhys media + supplements. Incubation was conducted
over 20 minutes in a humidified incubator (37 ‘C with 5% CO, and 21% O), with all excess dye removed
following rinsing three times with ACSF. De-esterification occurred over 30 minutes at room-temperature
(21-23°C) in a perfusion chamber continuously perfused with ACSF bubbled with CO. (5%) and O.
(95%). The final concentration of Fluo4-AM was not reported to induce harmful effects on neuronal
cultures (5). For each field-of-view (FOV), intracellular calcium was visualised using a PCO.Panda 4.2
digital camera and Olympus BX51 upright microscope with a 10x water immersion lens (UMPLFN10XW,
NAO0.3, Semi-Plan Apochromat). A cool-LED pE300 illumination unit was consistently set to 460 nm (1%)
to excite Fluo 4-AM with minimal light exposure. Time-lapse image sequences were acquired across 4
minute time lengths in BrainPhys Imaging media bubbled with

CO; (5%) and O (95%). At the end of each experiment, the perfusion media was switched to BrainPhys
Imaging + 1 uM Tetrodotoxin (TTX, Cat No. ab120054, Abcam) bubbled with CO, (5%) and O, (95%).
Images were recorded at 5 Hz using a 200 ms exposure time for each FOV. Using Imaged software (6),
a region of interest (ROI) was manually placed around each soma displaying a defined cellular
morphology. For each ROI, a fluorescence intensity vs time series was extracted using Imaged, and
each frame normalised to the average baseline fluorescence (dF/F) in MATLAB. Each ROI was
considered ‘active’ if they displayed at least one calcium transience with a dF/F > 0.05 (5%), and were
considered ‘inactive’ otherwise. ROI's which were inactive in both BrainPhys Imaging and BrainPhys
Imaging + TTX media were excluded from further analysis. All ‘active’ calcium events were manually
categorized into subcategories of calcium ‘waves’ or ‘spikes’ (see Figure 7D). Raster plots were
generated in MATLAB using a 200 ms ‘minpeakdistance’, 0.05 ‘minpeakprominence’, and 0.05 (5%)
‘minpeakheight’.

Extracellular solutions for electrophysiological and live imaging assays

BrainPhys Imaging was used for patch-clamping, optogenetics and calcium imaging experiments. ACSF
contained (in mM) 121 NaCl (Cat. No. S6191, Sigma), 1.1 CaCl2 (Cat. No. 21097, Sigma), 4.2 KCI (Cat.
No. 60128, Sigma), 29 NaHCO3 (Cat. No. S5761, Sigma), 1 MgSO4 (Cat. No. 63138, Sigma), 0.45
NaH2P0O4-H20 (Cat. No. S5011, Sigma), 20 glucose (Cat. No. G7021, Sigma) and 0.5 Na2HPO4 (Cat.
No. S5136, Sigma).
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