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Supplementary Methods

Preconjugation of adhesion peptides
to poly(ethylene glycol)

Norbornene-functionalized poly(ethylene glycol) (PEGNB,
20 kDa, 8-arm; Jenkem) was dissolved in H2O at a 0.01 mM
concentration and combined with 0.05% w/v Irgacure 2959
photoinitiator (I2959; Ciba Specialty Chemicals, Tarrytown,
NY) as well as a 2 · molar excess of either head-to-tail
cyclized Arg-Gly-Asp-[d-Phe]-Cys (cyclic RGD; Genscript,
Piscataway, NJ) adhesion peptide or linear H-Cys-Arg-Gly-
Asp-Ser-NH2 (linear RGD, Genscript). The mixtures were
reacted under 365 nm ultraviolet (UV) light for 5 minutes
at a dose rate of 4.5 mW/cm2 to covalently attach the peptides
to norbornene groups through the thiol-ene reaction.S1

To remove buffer salts and unreacted peptides from the
decorated PEGNB, the reaction mixtures were dialyzed in
deionized H2O for 2 days. The dialyzed solutions were fro-
zen in liquid nitrogen and lyophilized. The coupling effi-
ciency of peptides to the PEGNB was quantified using
proton nuclear magnetic resonance (NMR) to detect disap-
pearances of alkene protons at 6.8–7.2 PPM caused by cova-
lent bonding of the peptides to the norbornene group.

Preparation of poly(ethylene glycol) hydrogel solutions

Proangiogenic hydrogels consisted of PEGNB molecules,
preconjugated PEGNB-RGD molecules, MMP-degradable
H-Lys-Cys-Gly-Gly-Pro-Gln-Gly-Ile-Trp-Gly-Gln-Gly-Cys-
Lys-NH2 crosslinking peptide (MMPDP; Genscript), and
0.2% w/v I2959 photoinitiator (Ciba, Basel, Switzerland)
dissolved in phosphate-buffered saline (1· PBS) (Fig. 1B).
Before inclusion in precursor solutions, the purity of the
crosslinking peptide was verified using Ellman’s Assay
(Thermo Fisher). Crosslinking molecules were added to the solu-
tion to achieve crosslinking of 50% total norbornene functional
groups present in solution. Once completed, all hydrogel solutions
were immediately stored at �80�C, thawed immediately before
use, and subjected to only one freeze–thaw cycle before use.

Assembling hydrogel arrays

Hydrogel screening arrays were constructed as follows:
l-plate angiogenesis 96-well plates (Ibidi, USA, Madison

WI) were coated using poly(l-lysine) (PLL; 150,000–
300,000 Da; Sigma-Aldrich). A 0.01% v/v solution of PLL
in H2O was pipetted into the wells at 10 lL volume to evenly
coat the bottoms of the wells. After a 5-minute incubation
at room temperature, the solution was aspirated from all
wells. Each well was then washed with H2O twice before
drying.

Poly(ethylene glycol) (PEG) hydrogel solutions were
pipetted into the wells in 9 lL volumes and cured for 8 min-
utes under 365 nm, 4.5 mW/cm2 UV light. Afterward, the
hydrogels were swollen at 2�C–8�C in 70 lL 1· PBS over-
night. In case of Matrigel� arrays, growth factor-reduced
Geltrex� (Thermo Fisher) was added to the 96-well angio-
genesis plates in 10 lL volumes and incubated in a humidi-
fied 37�C incubator for at least 30 minutes before cell
seeding (Fig. 1).

Verifying effects of receptor tyrosine kinase signaling
inhibition and oxidative stress on neurovascular unit
morphology

Using cell culture conditions and neurovascular unit (NVU)
coculture ratios determined previously, a 0.2–40 lM dose
range of sunitinib malate, a receptor tyrosine kinase inhibi-
tor affecting multiple angiogenic signaling pathways,S2 and
a 0.03–4 mM dose range of hydrogen peroxide, a direct inducer
of oxidative stress,S3,S4 were applied to the NVU model to ver-
ify morphological changes to capillary network formation.

The three cell types of the NVU model were passaged, for
simultaneous seeding onto the PEG hydrogels. The endothe-
lial cells (ECs) were stained using Cell Tracker Red, and ei-
ther pericytes (PCs) or astrocytes (ACs) were stained using
Cell Tracker Green, but not both cell types simultaneously.
Endothelial maintenance medium was combined with either
0.2% v/v dimethyl sulfoxide (DMSO) or DMSO and inhibi-
tors at double the desired final concentrations and added as
35 lL volumes to each well (e.g., a culture well assigned
to a 10 lM sunitinib malate condition was given 35 lL of
20 lM sunitinib malate in medium). All conditions contained
0.2% v/v DMSO to maintain equivalent concentration of ve-
hicle throughout the experiment. Afterward, 35 lL endothe-
lial maintenance medium containing 22,500 ECs, 1125 PCs,
and 2183 ACs were added to each well of the hydrogel array.

Cells were left undisturbed for 24 hours, after which the
NVU networks were photographed by epifluorescence

SUPPLEMENTARY FIG. S1. The NVU model cultured for 72 hours. Medium was exchanged in the wells after 24 and
72 hours of culture. Red: ECs. Green: ACs. Scale bar: 0.5 mm.



microscopy using a Nikon Eclipse microscope. After photog-
raphy, cells were fixed by 30-minute incubation in 10% buff-
ered formalin.

Cytotoxicity studies

Cytotoxicity studies were carried out according to the
Cytotox 96� Non-Radioactive Cytotoxicity Assay kit and
protocol (Promega, Fitchburg, WI). The assay kit detects ac-
tivity of alcohol dehydrogenase released into medium after
cell death by necrosis. NVU models were seeded onto PEG
hydrogel arrays without cell tracker staining, along with all
critical priority chemicals, and incubated at 37�C for 3.75
hours. The dose application range used for each chemical
was identical to those used in dose–response curve genera-
tion. Afterward, 7 lL lysis buffer was added into preassigned
lysis buffer control wells. After a further 45-minute incuba-
tion (4.5-hour incubation total), 50 lL cell culture medium
was removed from each well and tested for lactate dehydro-
genase (LDH) activity using the cytotoxicity kit. The chem-
ical incubation time was 4.5 hours to measure LDH activity

before the 9-hour half-life of LDH in medium, as recommen-
ded by the manufacturer protocol (Promega). A control of
lysis buffer (included in CytoTox� Assay; Promega) repre-
sented 100% cytotoxicity. The NVU models themselves
were fixed by 30-minute incubation in 10% buffered formalin.

Supplementary Results

Receptor tyrosine kinase inhibition and oxidative
stress on coculture model

The NVU model was incubated with sunitinib malate and
hydrogen peroxide to confirm that significant chemically
mediated changes to network morphology were detectable
and quantifiable. Sunitinib malate and hydrogen peroxide
disrupt network formation through inhibition of receptor ty-
rosine kinase signalingS2 and increased oxidative
stress,S3,S4 respectively. Incubation with sunitinib malate
resulted in disrupted network formation and cell clustering.
Incubation with hydrogen peroxide resulted in rounded
nonadhesive cells gathering toward the centers of the

SUPPLEMENTARY FIG. S2. Morphological analysis of NVU features, readouts sorted by relevance to ECs, ACs, and
PCs behavior. (A) Endothelial Network Area, Astrocyte Area, and Pericyte Area with and without fluazinam treatment on
PEG hydrogels. (B) Colocalization of PCs and ACs with EC networks. (C) Network organization quantified as the number
of branching intersections in skeletonized network images. (D) Total area of fine bridges and protrusions in binary images.
ACs, astrocytes; ECs, endothelial cells; NVU, neurovascular unit; PCs, pericytes; PEG, poly(ethylene glycol).



wells (Supplementary Fig. S3A). In the case of Sunitnib
Malate treatment, the effects on endothelial network area,
protrusions, and nodes were only clearly quantifiable at a
40 lM dose rather than at lower doses (Supplementary
Fig. S3B). In contrast, hydrogen peroxide affected endothe-
lial network area and protrusions in a gradual dose-dependent
manner (Supplementary Fig. S3C), although the node measure-
ment was not suitable for quantifying morphologies of cells con-
centrated at the centers of NVU model wells.

Cytotoxic effects of critical priority chemicals

To determine whether morphological effects on the NVU
were the result of necrosis and immediate cell membrane per-
meabilization by any applied chemicals, we utilized a cytotox-
icity assay to detect activity by LDH released into medium
upon chemical dosing. We observed low levels of cytotoxicity
associated with most of the chemical treatments performed
here, with most of the significant increases observed at the
highest dosage levels of chemicals applied. The only exception
was 5HPP33, which exhibited increased cytotoxicity levels at
20 lM concentrations. However, the active concentration 50
(AC50) values generated with 5HPP33 exposure were ob-
served at 2–4 lM doses, well below the 20 lM dose.

In most of the cases wherein increases in cytotoxicity were
significant, percentage cytotoxicity did not exceed 30%, indi-

cating that in most cases, chemical dosing did not result in
high levels of cytotoxicity. The only cases wherein cytotoxic-
ity increased beyond 30% were cases such as 4-Nonylphenol
Branched, 5HPP33, reserpine and 1-hydroxypyrene (Supple-
mentary Fig. S6). A control of lysis buffer (included in Cyto-
Tox Assay) represented 100% cytotoxicity.

Supplementary Discussion

The most common outcome of chemical treatment ob-
served in these studies was the adoption of rounded nonadhe-
sive morphology, which is likely associated with increased
oxidative stress and apoptosis. The role of oxidative stress
in inducing this outcome was confirmed using NVU incuba-
tion with hydrogen peroxide, which induces increased oxi-
dative stress in cells directlyS3,S4 (Supplementary Fig. S3).

Phenolphthalein, disulfiram, triclocarban, fluazinam,
1-hydroxypyrene, and 5HPP33 all triggered this morpholog-
ical outcome. However, the underlying mechanisms of action
are suspected to be different for each chemical. For example,
phenolphthalein can interfere with estrogen receptor a sig-
naling to result in increased BMP6 expression and subse-
quent increases in oxidative stress.S5–S7 Disulfiram, an
inhibitor of alcohol dehydrogenases, may inhibit activity of
PLK-1 and make cells more susceptible to apoptosis.S8

Finally, triclocarban, an antibacterial agent, can interfere

SUPPLEMENTARY FIG. S2. (Continued).



with the expression of antioxidant enzymes, particularly glu-
tathione,S9,S10 and also results in increased oxidative stress.

These suspected mechanisms require further adverse out-
come pathway development for confirmation, as the morpho-
logical outcomes alone do little to inform experimenters on
divergent pathways, leading to the same apoptotic outcome.
5HPP33, synthetic variant of thalidomide, induced a similar
morphological change to the aforementioned chemicals.
Rather than affecting oxidative stress, it inhibits microtu-
bule formation in ECs and, therefore, inhibits angiogene-
sis and tissue growth.S11–S13 The distinguishing property of
5HPP33 was that it generated usable AC50 values of eight
of nine morphological characteristics measured here. This
may be a unique outcome of microtubule inhibition. 1-
Hydroxypyrene, another chemical that resulted in rounded
nonadhesive cell morphology, required very high doses
(maximum dose 160 lM) to generate reliable AC50 values
compared with other chemicals requiring doses of 80 lM
or less. Given that 1-hydroxypyrene is a common metabolite
present in low concentrations in patients exposed to air pol-
lution and smoking,S14 it may require extreme concentrations
of the metabolite to disrupt the neurovascular function. This
prediction is supported by the fact that 1-hydroxypyrene
demonstrated significantly elevated cytotoxicity at its maxi-
mum doses.

When considering the chemical structures of phenolphtha-
lein, disulfiram, triclocarban, fluazinam, 1-hydroxypyrene,
and 5HPP33, a common feature of these molecules is the
ability to maintain charged chemical groups on aromatic
rings.S15 The only exception to this is disulfiram, which is es-
sentially two thiocarbamide groups bridged by a disulfide
bond. 5HPP-33, the most potent member of this group, re-
sembles a hormone in addition to its ability to maintain an
aromatic phenol group.

We were able to observe an instance where oxidative
stress would lead to two distinct morphological outcomes
depending on whether apoptotic pathways were activated
or not. In this study, pyridaben, a pesticide that interferes
with mitochondrial complex 1 and the electron transport
chain,S16,S17 was the only chemical that brought about the
formation of densely meshed fine capillary networks in the

PEG-based NVU model. This outcome may conceivably be
linked to changes in the electron transport chain. In contrast,
fluazinam, a fungicide, also interferes with oxidative respira-
tion in cells. However, in addition to mitochondrial complex
1, fluazinam is also known to affect p38 and p53 activi-
ty,S18,S19 and, therefore, leads to increased oxidative stress
and apoptosis. Therefore, fluazinam resulted in NVU cells
adopting rounded nonadhesive morphologies similar to phe-
nolphthalein, disulfiram, and triclocarban.

When considering the chemical structures of pyridaben
and fluazinam, these chemicals similarly feature pairs of
ring structures containing multiple charged groups. The pres-
ence of charged groups on fluazinam is greater than that on
pyridaben, with fluazinam containing tetrafluoro groups
where pyridaben contains tert-butyl groups, among other dif-
ferences.S20 This may be related to fluazinam’s functionality
in causing oxidative stress in addition to affecting the elec-
tron transport chain. If these morphologies can suggest gen-
eral categories of pathways for further investigation, we
expect this technology to accelerate the process of deriving
safe exposure limits based on phenotypic changes in
human tissue.

We observed that several chemicals were highly effective
at generating AC50 values in both Matrigel and PEG-based
NVU models, whereas other chemicals were only effective
in one or neither model. We predict that comparing the per-
formance between the two NVU models may highlight
whether different models are amenable to detecting specific
mechanisms of action over others.

5HPP33 was almost universally effective at generating us-
able AC50 values in both PEG-based and Matrigel-based
models. This may suggest that the effects of microtubule in-
hibition may be highly visible on Matrigel and PEG-based
models. Disulfiram was also similarly effective on both mod-
els, though never as effective as 5HPP33. When considering
the chemical structures of these molecules, a common fea-
ture is the presence of short carbon chainsS20 that may interfere
with chemical–extracellular matrix interactions. Other
chemicals related to oxidative stress—fluazinam, phenol-
phthalein, and triclocarban—generated fewer usable AC50 val-
ues on Matrigel than on PEG-based NVU models.

SUPPLEMENTARY FIG. S3. Pruning skeletonized network images to remove processing artifacts. (A) Skeletonized
image without pruning. (B) Overall form of the skeletonized image remains intact, but small extraneous branches were re-
moved using an automated function.



SUPPLEMENTARY FIG. S4. NVU model response to sunitinib malate and hydrogen peroxide treatment. (A) Represen-
tative examples of morphological differences between DMSO-treated NVU models and those treated with either 40 lM suni-
tinib malate or 4 mM hydrogen peroxide. Sunitinib malate treatment resulted in the formation of disconnected structures
throughout the wells, whereas hydrogen peroxide resulted in a large aggregate of nonadhesive cells forming at the centers
of each well. Scale bar: 0.5 mm. Red: ECs. Green: ACs. (B) Endothelial morphology parameters quantified with varying
doses of sunitinib malate. Forty micromolar doses of sunitinib malate caused significant changes in NVU morphology com-
pared with those observed in lower doses. *p < 0.05, Tukey’s multiple comparisons test. A single * denotes significant dif-
ferences compared with all other sunitinib malate doses. (C) Endothelial morphology parameters quantified with varying
doses of hydrogen peroxide. Gradual dose-dependent changes to NVU morphology, with exception to the nodes measure-
ment, were observed with hydrogen peroxide treatment. DMSO, dimethyl sulfoxide.
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There is a possibility that the effectiveness of Matrigel in
detecting disulfiram activity, but not fluazinam, phenolphtha-
lein, and triclocarban, may highlight subtle differences in ad-
verse outcome pathways between the four chemicals. These
differences may be harder to detect using the PEG-based
NVU model alone. Uniquely, 1-hydroxypyrene lost all abil-
ity to generate useful AC50 values on Matrigel. If the effect of
1-hydroxypyrene is a necrotic effect, the complex environ-
ment of Matrigel may dampen the effect. Pyridaben and
quercetin largely affected EC morphology, and this was
largely preserved between the NVU models. However, the
visual effects of chemical exposure were distinct in the sys-
tems, likely due to the differential mechanisms of network
formation on the materials.

The final chemicals characterized with dose–response
curves—reserpine and 4-nonylphenol branched—were not
highly detectable in either NVU model. Although we did
dose the chemicals in the recommended dose range, it may
be possible that the neurotransmitter release mechanisms of
reserpineS21,S22 or endocrine signaling mechanisms of 4-
nonylphenol branchedS23 may not be amenable to AC50

generation by either NVU model.
It should be noted that although most of the 10 chemi-

cals studied here generated AC50 values that were within
the range of AC50 values presented in the ToxCast library,
1-hydroxypyrene, reserpine, and 4-nonylphenol branched.
This may occur through a combination of three possible
reasons: (1) a novel mechanism of action is observable in
our system, as may be the case with 1-hydroxypyrene’s ne-
crotic effect, (2) the mechanism of action is related to a cell
type not specifically tested in the ToxCast assays, as sug-
gested by reserpine’s effects on PCs, or (3) the model
was inappropriate to observing any relevant mechanisms
of action of a given chemical, as suggested by the nonde-

tection of 4-nonylphenol branched. Results such as these high-
light the need to develop numerous tissue toxicity models to
gather information on chemical activity in a variety of biologi-
cal contexts.

The 10 chemicals tested in this study were categorized by
their ability to generate AC50 values specific to their related
cell types: ECs, PCs, or ACs (Fig. 4E, Table 1). In general,
the chemicals were either most effective in their ability to af-
fect the cell types for which they were listed as ‘‘critical pri-
ority’’ or were effective at generating AC50 values for all cell
types in the NVU model. The most effective chemicals in
this case were pyridaben and phenolphthalein affecting
ECs, and reserpine affecting PCs. The notable exception to
this finding was 4-nonylphenol, branched, which failed to
find AC50 values in our study. Regarding quercetin, it af-
fected EC network properties strongly as predicted by the
initial screens, but it also demonstrated autofluorescence ef-
fects that interfered with PC and AC measurements.

Any discrepancies that exist between the results of the ini-
tial screen and the AC50 curves could be related to the limited
number of measurements used in the initial screen (EC area
and colocalization measurements related to PCs and ACs
only). In addition, although significant morphological
changes were detected at 20 lM chemical doses in the initial
screen, this did not necessarily translate to the derivation of a
full AC50 curve. Most of what is known about the activity of
these chemicals on vasculature is found in the ToxCast data-
base,S15 but novel findings related to specific effects on ECs,
PCs, and ACs here can motivate more focused studies to de-
termine mechanisms of action in these cell types. For exam-
ple, although previous studies found that 10 lM doses of
disulfiram do not affect astrocyte proliferation,S8 the higher
doses found in our studies (Table 1) affect other astrocyte
properties that are potentially worth further characterization.
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One limitation in the analysis used in these studies is auto-
fluorescent interference by certain chemicals. This mainly
concerned 5HPP33, reserpine, and quercetin. With 5HPP33
and reserpine, we were able to use lower concentrations of
chemicals to generate functional dose–response curves if
the autofluorescence levels began to interfere with PCs and
ACs morphology analysis. Quercetin, an autofluorescent
molecule often used to quantify cell uptake of flavonoids,S24

would likely result in false positives in screening experi-
ments using epifluorescent microscopy. Quercetin clearly
had antiangiogenic activity, as it was able to decrease total
network area with increasing dose without impacting protru-
sions significantly. This was the only chemical able to do
this, and is in agreement with suspected antiangiogenic capa-
bilities of the chemical.S25,S26 However, PC and AC results
were uncertain. We attempted to track PCs and ACs with
Cell Tracker� Blue to circumvent this issue, but blue auto-
fluorescence levels in the PEG-based NVU model were pro-
portional to quercetin present in the medium (Supplementary
Fig. S5). Interestingly, this effect was not repeated on Matri-
gel, as all conditions had similar levels of autofluorescence in
the presence of all tested concentrations of quercetin. This
may suggest Matrigel’s superiority in performance with
regard to dampening autofluorescence.

Additional limitations to this study should be addressed
during further development of the PEG hydrogel-based
screening system. A single induced pluripotent stem cell
(iPSC) clone was used as a source of ECs and ACs in
these studies, and each of these cells was expanded from
a single lot. Future studies should evaluate the sensitivity
of image analysis methods described here on cocultures
derived from multiple iPSC clones to confirm data repro-
ducibility.

It is also known that PCs require a period of time >24 hours
to fully interact with neighboring cell types.S27 We have
attempted to culture the NVU coculture for a period >24
hours, and we were able to preserve network structure for
72 hours (Supplementary Fig. S7) and through multiple
media changes. However, by this time, desired throughput
and fluorescent readouts were diminished, and proliferation
levels began to exceed desired levels as well. This experiment
does highlight the possibility for the assay to be adapted for
longer term studies. However, in the context of conducting
long-term toxicity studies, interactions between ECs, PCs,
and ACs should be studied more closely, as many interactions
may not manifest in the first 24 hours of culture.S27

Finally, there is the potential to further improve the spec-
ificity and sensitivity of the screening assay. Rather than
using a blanket criterion of a two-standard deviation change
from means, we recommend that future iterations of the
assay should tune the selection criteria based on the variabil-
ity present in ECs, PCs, and ACs measurements.
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