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Demokritoub,3, Kevin Kit Parkera,*

aDisease Biophysics Group, John A. Paulson School of Engineering and Applied Sciences, 
Harvard University, Boston, MA 02134, USA

bCenter for Nanotechnology and Nanotoxicology, Department of Environmental Health, T. H. 
Chan School of Public Health, Harvard University Boston, MA 02115, USA

cDepartment of Chemical Engineering, Massachusetts Institute of Technology, 77 Massachusetts 
Avenue 66-570b, Cambridge, MA 02139, USA

Abstract

Engineered nanomaterials offer the benefit of having systematically tunable physicochemical 

characteristics (e. g., size, dimensionality, and surface chemistry) that highly dictate the biological 

activity of a material. Among the most promising engineered nanomaterials to date are graphene-

family nanomaterials (GFNs), which are 2-D nanomaterials (2DNMs) with unique electrical 

and mechanical properties. Beyond engineering new nanomaterial properties, employing safety-

by-design through considering the consequences of cell-material interactions is essential for 

exploring their applicability in the biomedical realm. In this study, we asked the effect of GFNs 

on the endothelial barrier function and cellular architecture of vascular endothelial cells. Using 

micropatterned cell pairs as a reductionist in vitro model of the endothelium, the progression of 

cytoskeletal reorganization as a function of GFN surface chemistry and time was quantitatively 
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monitored. Here, we show that the surface oxidation of GFNs (graphene, reduced graphene 

oxide, partially reduced graphene oxide, and graphene oxide) differentially affect the endothelial 

barrier at multiple scales; from the biochemical pathways that influence the development of 

cellular protrusions to endothelial barrier integrity. More oxidized GFNs induce higher endothelial 

permeability and the increased formation of cytoplasmic protrusions such as filopodia. We found 

that these changes in cytoskeletal organization, along with barrier function, can be potentiated 

by the effect of GFNs on the Rho/Rho-associated kinase (ROCK) pathway. Specifically, GFNs 

with higher surface oxidation elicit stronger ROCK2 inhibitory behavior as compared to 

pristine graphene sheets. Overall, findings from these studies offer a new perspective towards 

systematically controlling the surface-dependent effects of GFNs on cytoskeletal organization 

via ROCK2 inhibition, providing insight for implementing safety-by-design principles in GFN 

manufacturing towards their targeted biomedical applications.

Keywords

2-D nanomaterials; Cytoplasmic protrusions; Nanosafety; Endothelial cells; Cell-material 
interactions

1. Introduction

Graphene family nanomaterials (GFNs) have emerged as an important class of engineered 

nanomaterials for biomedical applications due to their unique properties, such as their 

electrical property, mechanical strength, and high surface area (Parviz et al., 2020; Reina 

et al., 2017). To fully maximize the translational potential of GFNs towards biological 

applications, it is necessary to understand how these 2-D nanomaterials (2DNMs) interact at 

different biological scales for various cell or tissue types (Chng and Pumera, 2015; Fadeel 

et al., 2018; Murphy et al., 2015; Sanchez et al., 2012; Seabra et al., 2014). Previous 

reports shed light on how nanomaterials may perturb complex cellular machinery, such as by 

imparting genotoxicity (Watson et al., 2014) and by influencing the ability of cells to repair 

their DNA (Toprani et al., 2021). It is therefore important to consider the processes that 

occur at the cell-material interface that may dictate higher-order therapeutic or toxic effects 

of nanomaterials on organ systems, as well as to identify design and conditions by which 

they are safely deployed.

Some of the currently known mechanisms of GFN-induced toxicity include physical 

disintegration of cells or stress response to reactive oxygen species (ROS) production (Ou 

et al., 2016). There are also different proposed routes for the cellular uptake of GFNs 

(Alnasser et al., 2019; Kucki et al., 2017; Li et al., 2021; Zou et al., 2017), such as 

through non-covalently-mediated, spontaneous interaction with the cell membrane via its 

edge asperities and corner sites (Li et al., 2013; Wu et al., 2015) or via endocytosis (Huang 

et al., 2012; Wu et al., 2013). Regardless of the mechanism of interaction, similar to other 

nanomaterials, the biological effects of GFNs depend on dose, administration routes, and 

their physicochemical properties (Fadeel et al., 2018). In previous reports, variation in GFN 

oxidation states (i.e., C/O ratio) have been shown to differentially induce cellular behavior 

(Contreras-Torres et al., 2017; Frontiñán-Rubio et al., 2018; Liao et al., 2011; Matesanz 
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et al., 2013; Pelin et al., 2017). The differential effects of GFNs with varying oxidation 

have also been demonstrated for in vivo processes such as monocyte recruitment, neutrophil 

influx post-intratracheal administration, or ROS production in pulmonary tissues (Bengtson 

et al., 2017; Li et al., 2018; Sydlik et al., 2015). Under physiological conditions, the impact 

of C/O ratio or surface oxidation in GFNs have also been reported to be a significant factor 

that affects the extent of corona formation, therefore impacting biodistribution (Bhattacharya 

et al., 2016). Beyond the reported effects of GFN surface oxidation on different cell types, 

for applications requiring transport across the vascular barrier, it is important to understand 

how surface properties of xenobiotic nanomaterials affect the vasculature.

Here, we ask how GFNs can potentiate functional changes on endothelial barriers via 
cytoskeletal remodeling, specifically the formation of extensive actin-based membrane 

protrusions such as filopodia and lamellipodia (Hobbs et al., 2014; Lamalice et al., 

2007). Actin regulators control cell protrusion architecture, forming either branched or 

unbranched actin networks for lamellipodia or filopodia, respectively. Both protrusion types 

are important for cell morphogenesis, wound healing, metastasis, and for angiogenesis 

(Tsygankov et al., 2014). During angiogenesis, endothelial tip cells form cytoskeletal actin 

protrusions, including filopodia, needed to successfully form endothelial tissues or fill open 

gaps (Figueiredo et al., 2021; Lamalice et al., 2007; Rottner and Schaks, 2019). In addition, 

the barrier function of vascular endothelia is largely regulated by actin organization and 

contractility (Belvitch et al., 2018; Claesson-Welsh et al., 2021). Rho-family GTPases 

(RhoA, Rac1, Cdc42) are known to influence the organization, polymerization, and 

contractility of actin (Hobbs et al., 2014; Yao et al., 2010). RhoA/Rho-associated protein 

kinase (ROCK) signaling promotes migration by regulating integrin activity and membrane 

protrusions to the leading edge (Worthylake and Burridge, 2003). In a previous work 

(Eweje et al., 2019), it has been demonstrated that exposure of endothelial cells to 0-D 

(metal and metal oxide nanoparticles) and 1-D nanomaterials (cellulose nanocrystals) lead 

to formation of stress fibers and destabilization of cortical actin. These were quantified by 

utilizing micropatterned cell pairs as a reductionist model of barrier tissues that enables a 

high throughput normalization of cell morphology for nanotoxicology and drug screening 

applications (Eweje et al., 2019; O’Connor et al., 2020). These downstream effects of 

material exposure to endothelial cell architecture and tissue function are less understood for 

2DNMs such as GFNs.

In this work, we hypothesize that the physicochemical properties of GFNs, specifically 

surface oxidation state, can differentially affect endothelial tissue function and the 

Rho/ROCK-mediated cytoskeletal organization of endothelial cells. We focus herein on 

evaluating the oxidation-dependent impacts of GFN exposure on quantifiable structural and 

functional parameters rather than on the mechanism of cell-material interaction. To do 

so, the micropatterned cell pair model was used to systematically quantify the dose-and 

time-dependent effects of GFNs on endothelial permeability and cytoskeletal architecture. 

Significant formation of cytoplasmic protrusions, lamellipodia and filopodia, were observed 

when micropatterned endothelial cell pairs were exposed to GFNs. These findings suggest 

that GFNs can have an effect on Rho/ROCK signaling, which was investigated here via 
activation assays to understand the molecular pathways or specific molecular effectors 

perturbed by the GFN nanomaterial exposure.
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2. Results and discussion

We ask what the effects are of surface oxidation of GFNs on endothelial vascular barrier 

structure and function by taking a top-down approach, starting from the influence on barrier 

function to the effect of GFNs on molecular effectors of cytoskeletal organization. The 

test GFNs used here span from graphene as the reference, to graphene oxide as the most 

oxidized form (Fig. 1a). Graphene with 110 × 110 nm dimensions was used as a reference 

to compare the results of the three other GFNs with varying surface oxidation state and same 

size (400 × 400 nm) (Bazina et al., 2021; Bitounis et al., 2020; Duan et al., 2020; Parviz 

and Strano, 2018). In particular, the four GFNs evaluated in this study are as follows (Table 

S1): graphene in Na cholate, reduced graphene oxide (RGO) in Na cholate, partially reduced 

graphene oxide (PRGO) in Na cholate, and graphene oxide (GO).

2.1. GFN exposure affects endothelial barrier permeability

To assess the functional effect of direct GFN exposure to endothelial layers, we measured 

the permeability of two small molecular dyes (Alexa Fluor 555 and Oregon Green 

488) across confluent human umbilical vein endothelial cell (HUVEC) monolayers on 

a Transwell as a measure of barrier integrity (Fig. 1b–c) (Bischoff et al., 2016). These 

monolayers were treated with GFN concentrations ranging from 0 to 50 μg/mL, which 

were selected based on the common range used for previous literature reports (Ou et 

al., 2016). Because cAMP analogs are known to promote cortical actin structures and 

to stabilize intercellular junctions, 8-CPT-cAMP was added to the HUVEC monolayers 

used for permeability measurements 24 h prior to addition of any test agents (GFNs and 

controls) (Bogatcheva and Verin, 2008; Breslin et al., 2015; Spindler et al., 2010). After 

24 h exposure of the cAMP-treated endothelial tissue monolayers to GFNs, dose-dependent 

increase in permeability was observed for the more oxidized 400 nm GFNs but not for the 

graphene reference (Fig. 1d–g). Starting at 10 μg/mL, PRGO- and GO-treated monolayers 

showed a statistically significant increase in barrier permeability with respect to controls; 

while the RGO-treated monolayers began showing a similar trend at 25 μg/mL. This result 

indicated that the more oxidized GFNs (PRGO and GO) induced a perturbation on HUVEC 

monolayer integrity at lower doses than RGO.

At this point, it is important to note that the observed effects are compared in terms 

of administered dose expressed in μg/mL and duration of exposure. Ideally, the in vitro 
biological activity of GFNs would be compared based on the GFN mass delivered to cells. 

Such normalizations are feasible with dense and small aspect ratio nanoparticles (e.g., metal 

oxides), for which experimental and computational dosimetry methods have been developed 

and embraced by the scientific community (DeLoid et al., 2017; Thomas et al., 2018). 

However, the non-spherical, soft, carbon-based nature of GFN precludes the use of these 

protocols. While experimental and theoretical studies on the particokinetics of anisotropic 

ENMs in liquid media are becoming available (Bitounis et al., 2019; Holt et al., 2021), there 

is yet to be an all-encompassing and easy-to-use method. With this, the similar lateral size, 

planar geometry, and chemical composition of GFNs employed in this study should translate 

to similar kinetics in cell culture medium and thus allowing for an approximate comparison.
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To determine if the measured change in barrier function was related to cell 

viability, we examined the dose-dependent change in mitochondrial reductase activity 

through a colorimetric assay based on a tetrazolium dye (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; MTS) (Fig. S1). A 

dose-dependent decrease in cell viability after 24 h was observed, which was consistent 

with the trend in measured barrier permeability (Fig. S1a). In some conditions, the 

measured absorbance was higher than the control. This is indicative of an increase in 

mitochondrial reductase activity, therefore mitochondrial activity, similar to previously 

reported observations for other engineered nanomaterials (Eweje et al., 2019; Zimmerman et 

al., 2016). Moreover, increasing permeability indices, correlated to loss in barrier integrity, 

were observed for monolayers treated with GFNs with higher surface oxidation increases. 

These results are consistent with the association between cell death and cellular morphology 

contraction, and consequentially, increase barrier permeability. In cases where the viability 

does not significantly decrease but a significant increase in monolayer permeability is 

observed (i.e., PRGO at 10–50 μg/mL), other than cytoskeletal contraction, we can attribute 

this to the impact of GFNs on the stability of junction proteins and formation of intercellular 

gaps. The MTS-based viability assay also showed a significant decrease in cell viability after 

a 24 h exposure of HUVECs to 50 μg/mL RGO and GO (Fig. S1b). We therefore limited 

the GFN concentrations used throughout this work to 50 μg/mL or lower. Taken together, 

dose-dependent changes in barrier permeability and cell viability were observed after a 24-h 

exposure of HUVECs to more oxidized GFNs (RGO, PRGO, GO) at concentrations below 

or equal to 50 μg/mL.

2.2. GFN-triggered cytoplasmic projections of endothelial cell pairs

Cytoskeletal reorganization due to actin stress fiber formation has been established to 

influence focal adhesion complex structure, cell migration, and mediate retraction of 

cell-cell borders into endothelial gaps (Belvitch et al., 2018; Bisaria et al., 2020; Dudek 

and Garcia, 2001; Yao et al., 2010). Based on the measured increase in permeability 

upon exposure to higher concentrations and more oxidized forms of GFNs, we further 

explored how GFNs affect endothelial architecture at the cellular level. Micropatterned cell 

pairs, considered as the smallest functional repeating unit of a continuous barrier tissue 

representing one cell-cell junction, was utilized here as an in vitro model to study cellular 

morphology and cytoskeletal organization (Fig. 2a–b; Fig. S2). By normalizing the geometry 

of the cells, we can quantitatively compare cellular architecture parameters of unexposed 

and GFN-exposed cell pairs. A bihexagonal morphology was utilized for the cell pairs as 

this polygonal geometry mimics the cobblestone-like morphology of endothelial cells under 

physiological environments. Following a previously published protocol (Eweje et al., 2019), 

the endothelial basement membrane extracellular matrix (ECM) protein fibronectin was 

micropatterned via soft lithography techniques and used to generate bihexagonal cell pairs.

After a 24-h exposure to 50 μg/mL GFNs, from the images of cell pairs with phalloidin-

stained F-actin, we observed significant cytoplasmic protrusions (Fig. 2c; Fig. S3–S6) that 

were not exhibited by HUVEC pairs exposed to 0-D or 1-D ENMs under similar culture 

conditions (Eweje et al., 2019). The unexposed control (no GFN) showed cortical actin, 

while the control with dispersant (0.45 mg/mL Na cholate) showed destabilized cortical 
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actin and formation of stress fibers. However, the cytoplasmic protrusions caused by the 

Na cholate control were not as extensive as those observed after 24 h of exposure to 

GFNs. These results suggest that GFNs potentially induce structural remodeling in cells that 

comprise vascular barriers. Under physiological conditions, cytoskeletal remodeling events, 

particularly lamellipodia and filopodia formation, are controlled by the Rho/ROCK signaling 

pathways (Hobbs et al., 2014). The key players in this pathway are RhoA (activated during 

stress fiber formation), Rac1 (activated during lamellipodia formation), Cdc42 (activated 

during filopodia formation) and ROCK (more downstream effector of actin organization) 

(Hobbs et al., 2014; Lamalice et al., 2007). To further explore how GFNs affect the role of 

these key players in cytoskeletal remodeling, cell pairs were then treated with a panel of 

drugs that result in Rho activation, Rho/Rac1/Cdc42 activation, Rac1/Cdc42 activation, and 

ROCK inhibition (Y-27632).

The resulting cell pair morphologies after these drug treatments served as references to 

better understand whether the mechanism by which GFNs triggers the extensive cell 

protrusions is via influencing the activity of Rho family GTPases. In a previous report, 

micropatterned single cells of fibroblasts showed Cdc42 activation in the vertices of the cell 

polygon, resulting in filopodia formation not observed in cells without any vertices (i.e., 

those with circular morphology) (Parker et al., 2002). Despite the bihexagonal morphology 

of the cell pairs, the cytoplasmic protrusions of the GFN-exposed, Rho/Rac/Cdc42-activated, 

and ROCK-inhibited cell pairs were observed stochastically along the cell edges and without 

any preference to the vertices of the polygon pattern. These results further illustrate that 

the cell-cell interactions recapitulated by the pair model provides a distinct perspective from 

single cell assays that do not capture intercellular processes.

To dissect the morphological evolution of cell pairs across the time dimension, GFN-

exposed cell pairs were imaged at different time points (Fig. 3). The extensive cell 

protrusions were observed starting at 2 h across all 4 GFNs. These protrusions present 

structures reminiscent of lamellipodia and filopodia. We then used a previously reported 

tree-graph transformation-based cell mapping approach called CellGeo (Tsygankov et al., 

2014) to distinguish and quantify filopodia across the cell pair samples under different 

exposure conditions (see SI for more details). Quantification of the filopodia protrusion 

parameters (Fig. 4a–b) show that GFN-exposed cell pairs have higher number of protrusions 

than the controls (no GFN and with Na cholate). This quantification also showed that 

the cytoplasmic protrusions started saturating between 4 and 8 h. Protrusion index, 

defined here as the ratio of number of protrusions and mean protrusion length, accounts 

for both the density and length of protrusions per pair and was reported for different 

exposure timepoints. The Na cholate-dispersed GFNs protrusion indices (Fig. 4c) are 

relatively higher than the other exposure conditions, whereby the most oxidized among 

this surfactant-dispersed subset (PRGO) have the largest protrusion index values, especially 

at later timepoints. By exploring the dose-dependent effects of GFNs on the formation of 

cytoplasmic protrusions, we observed a general increase in the number of protrusions as the 

dose increases from 5 to 50 μg/mL. Altogether, these combined results from cytoplasmic 

protrusion quantification suggests that the surface chemistry of the GFNs studied here 

influence the extent of cytoskeletal organization of the endothelial cell pairs (Fig. S7–9).
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2.3. Influence of GFNs to the molecular effectors of cytoskeletal organization

We then asked the question, how does GFN exposure affect the expression of molecular 

effectors, such as small GTPases, involved in cytoskeletal reorganization? In particular, 

we set out to evaluate the effect of GFN-exposure on Rac and Cdc42 activation since 

these two small GTPases are highly correlated with lamellipodia and filopodia formation, 

respectively (Hobbs et al., 2014). We employed G-LISA activation assays to understand 

whether Rac and Cdc42 activation correlates with the extensive protrusion formation due to 

GFN (Fig. 5a–b). Interestingly, only the Na cholate control and graphene after 24 h showed 

a significantly higher Rac activation as compared with the no GFN control (i.e., untreated 

samples). These results suggest that there is some baseline Rac activation occurring due to 

Na cholate surfactant. No significant differences in Rac activation were observed between 

the no GFN condition against the other exposure conditions at 6 h, which is a timepoint 

within the window where the onset of maximum protrusion formation occurs across the 

different GFN exposure conditions. On the other hand, the cell pairs treated with ROCK 

inhibitor (at 6 and 24 h), as well as 400 × 400 nm test samples RGO, PRGO, and GO 

(6 h) showed significantly higher Cdc42 activation than the no GFN control condition. 

These results are consistent with extensive protrusions observed and measured from the 

exposure experiments with micropatterned cell pairs, as well as with the established role of 

filopodia on chemotaxis. In sum, our results show that ROCK inhibitor and the oxidized 

test GFNs affects Cdc42 activation much more than they influence Rac1. It is possible 

that these effects are not significantly demonstrated after 24 h due to the decrease in 

cellular viability at 50 μg/mL for some test GFNs (Fig. S1b). We also note that even 

though the reference graphene-treated cell pairs demonstrated protrusion formation (Fig. 

4), no significant increase in Cdc42 or Rac1 was measured under this condition. This 

result indicates that GFN characteristics could influence the preference for the mechanism 

for protrusion formation. Due to the similarity in trends observed in cell pairs treated 

with ROCK inhibitor and test GFNs, we can infer from the results of G-LISA activation 

assays and quantification of HUVEC cell pair morphology that GFN-triggered cytoplasmic 

protrusions are not solely nor predominantly controlled by small GTPase activation, but are 

also potentially driven by the ROCK inhibitory behavior of GFNs.

2.4. Perturbation of ROCK activity due to GFNs

To test the hypothesis that GFNs can act as ROCK inhibitors, a dose-dependent (5–75 

μg/mL) ROCK activity assay was performed after 30 min of incubation of GFNs with 

assay reagents (see Supporting Information for more details on the method). ROCK is 

involved in many processes that regulate actin organization and contractility (Kümper et 

al., 2016; Yao et al., 2010). During inflammation, it is well established that ROCK activity 

becomes stimulated to trigger F-actin to elongate radially and form stress fibers, followed by 

vascular hyperpermeability (Beckers et al., 2015; Breslin et al., 2015). The ROCK inhibitory 

behavior of GFNs may seem counterintuitive then, since the permeability measurements 

for RGO-, PRGO-, and GO-treated HUVEC monolayers were higher than the no GFN 

condition, but the composite images of GFN-treated pairs do not show significant stress 

fiber formation similar to the Rho activator (calpeptin)-treated control (Fig. 1d). However, 

it is important to note that there are 2 isoforms of ROCK involved in the regulation of 

vascular endothelial hyperpermeability response: ROCK1 that is known to activate stress 

Ardoña et al. Page 7

NanoImpact. Author manuscript; available in PMC 2023 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fiber formation, and ROCK2 that is dispensable for stress fiber formation but still has 

been shown to regulate thrombin receptor-mediated vascular permeability (Beckers et al., 

2015). To note, the ROCK inhibitor control used throughout this work, Y-27632, inhibits 

both Rho kinase isoforms. For the assay we used, we specifically tested the direct effect 

of GFNs on the activity of ROCK2. The ROCK2 activity was measured based on ROCK2-

induced phosphorylation of a recombinant MYPT1 (myosin phosphatase target subunit 1), 

measured through the absorbance of the tetramethylbenzidine substrate at 450 nm. Results 

show a dose-dependent increase in inhibition of ROCK2 activity due to GFNs (Fig. 5c). 

Furthermore, the more oxidized GFNs demonstrated more ROCK2 inhibitory behavior. All 

three more oxidized, 400 nm GFNs potentiate ROCK2 inhibition much more significantly 

than the native graphene.

Attributing the extensive protrusion formation of cell pairs to ROCK2 inhibitory behavior 

is consistent with a previous report involving leukocytes, whereby inhibition of ROCK2 

induces remodeling of actin cytoskeleton towards extensive formation of membrane 

protrusions due to increased integrin adhesion and phosphotyrosine signaling (Worthylake 

and Burridge, 2003). Endothelial cells patterned on gelatin fibrils have also been reported to 

exhibit abnormally long protrusions under culture conditions due to ROCK2 inhibition (Xue 

et al., 2014). Additionally, the apparent inhibition of Rho/ROCK pathway may be influenced 

by the interactions of GFNs with growth factors and cell adhesion molecules that participate 

in G-protein signaling involved in regulating RhoA (Marjoram et al., 2014). It is also worth 

noting that small molecules adsorb on the surface of GFNs to form biomolecular coronas 

that depend on the surface chemistry of the particle (Mei et al., 2018), small molecules 

essential for cell growth (e.g., amino acids, vitamins) have been shown to physisorb on 

carbon-based ENMs (Guo et al., 2008), and GO readily complexes with nucleic acids (de 

Lázaro et al., 2019). Such interactions may alter their bio-accessibility and could partly 

explain changes in the activity of the Rho/ROCK pathway. Importantly, while it is possible 

that there are other downstream effectors of the Rho/ROCK signaling pathway that interact 

or are influenced by the presence of GFNs, our results uncover how GFNs could influence 

a signaling pathway that regulates the formation of membrane protrusions relevant to barrier 

function and angiogenic migration (Fig. 5d).

3. Conclusion

In this study, we investigated the hierarchical surface oxidation-dependent effects of 

graphene family nanomaterials (GFNs) on vascular endothelial cells. Specifically, we tested 

the hypothesis that the surface chemistry of GFNs differentially affects the Rho/ROCK-

mediated cytoskeletal organization of endothelial cells and endothelial barrier function. 

Formation of extensive cytoplasmic protrusions was quantified at different timepoints after 

exposure of micropatterned endothelial cell pairs to GFNs with varying surface oxidation. 

Our results suggest that higher surface oxidation of GFN corresponds to higher endothelial 

permeability and that all test GFNs at 50 μg/mL resulted in the formation of endothelial 

cytoplasmic protrusions. By measuring the changes in Rac and Cdc42 GTPase activation 

after GFN exposure, we found that the more oxidized GFNs (RGO, PRGO, GO) induced 

an increased activity of the filopodia-promoting Cdc42 activity but not the lamellipodia-

promoting Rac GTPase. These results, together with the measured decrease in ROCK 
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activity in the presence of the more oxidized test GFNs, suggest that the GFN-triggered 

cytoplasmic protrusions can be influenced by the oxidation-dependent ROCK inhibitory 

behavior of GFNs. In the future, it would be of interest to decouple the effects of size 

and GFN oxidation, as well as elucidating whether the effects reported in this work can be 

primarily attributed to the influence of GFN internalization or the mechanical stress GFNs 

may cause upon their edge-interaction with cell membranes as 2DNMs. Another important 

subject of future studies would be to elucidate why these GFNs preferentially inhibits ROCK 

and activates Cdc42 over Rac1. Collectively, our results provided insights on how surface 

chemistry of materials could be potentially utilized to systematically influence biochemical 

signaling pathways in cells, enabling more controlled cell-material interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

2DNMs 2-D nanomaterials

8-CPT-cAMP 8-(4-chlorophenylthio)adenosine 3′,5′-cyclic 

monophosphate

FLG few-layer graphene

GFNs graphene family nanomaterials

GO graphene oxide

HUVEC human umbilical vein endothelial cell

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

MYPT1 myosin phosphatase target subunit 1

PRGO partially reduced graphene oxide
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RGO reduced graphene oxide

ROCK Rho-associated kinase

ROS reactive oxygen species
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Fig. 1. 
(a) Molecular representation of GFNs investigated here. (b) Experimental timeline and 

(c) schematic illustration of the setup for permeability measurements. (d-g) Calculated 

permeability coefficients for HUVEC monolayers exposed to 50 μg/mL GFNs for 24 h. n = 

6; Error bars = s.e.m.; *p ≤ 0.05, **p ≤ 0.005, #p ≤ 0.001.
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Fig. 2. 
(a) Schematic illustration of cell pairs as a reductionist model of an endothelial barrier. 

(b) Experimental timeline for cellular morphology and protrusion quantification using 

micropatterned cell pairs. (c) F-actin composite images of micropatterned cell pairs under 

different conditions. Top images for no GFN condition are F-actin composite images from 

average intensity projection. The rest of the images show the maximum intensity projection 

of multiple cell pairs under similar condition. n = 30–70 across at least three independent 

biological replicates; scale bar = 50 μm.
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Fig. 3. 
Maximum intensity projection of F-actin of cell pairs exposed to RGO, PRGO, GO at 

multiple time points (2–16 h exposure of cell pairs to 50 μg/mL GFNs). n = 30–70; scale bar 

= 50 μm.
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Fig. 4. 
Cell protrusion characterization at multiple time points under different exposure conditions: 

no ENM, 0.45 mg/mL Na cholate, and 50 μg/mL GFNs. Using the distinction for filopodia 

as protrusions that are ≥7 μm length and ≤ 7 μm width, (a) number of protrusions per cell 

pair and (b) mean protrusion length per cell pair under each condition and timepoint were 

measured. (c) Protrusion index is reported as the number of protrusions/mean protrusion 

length. n = 30–70 across at least three independent biological replicates.
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Fig. 5. 
(a) Rac and (b) Cdc42 activation assays (G-LISA) were used to assess the influence of GFN 

exposure to small GTPases in HUVECs. Serum-starved confluent layers of HUVECs were 

exposed to 50 μg/mL of GFNs, 10 μM Y-27632, and 0.45 mg/mL Na cholate. Measurements 

were taken at 6 and 24 h. n = 4; Error bars = s.e. m.; *p ≤ 0.05, **p ≤ 0.005. (c) 

ROCK activity at different concentrations of the GFNs under study (0–75 μg/mL); no GFN, 

Abs450 = 2.99 ± 0.11; 0.45 mg/mL Na cholate, Abs450 = 2.58 ± 0.21; 10 μM Y-27632, 

Abs450 = 1.75 ± 0.11. n = 3; Error bars = s.e.m. (d) Schematic illustrating the proposed 

ROCK inhibition of GFNs, which consequentially results in extensive cell protrusions, actin 

network destabilization, and increased tissue permeability observed here.
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