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1 Abstract
2
3 Engineered nanomaterials (ENMs) are increasingly used in consumer products due to their 

4 unique physicochemical properties, but the specific hazards they pose to the structural and 

5 functional integrity of endothelial barriers remain elusive. When assessing the effects of ENMs 

6 on vascular barrier function, endothelial cell monolayers are commonly used as in vitro models. 

7 Monolayer models, however, do not offer a granular understanding of how the structure-

8 function relationship of endothelial cells and tissues are disrupted due to ENM exposure. To 

9 address this issue, we developed a micropatterned endothelial cell pair model to quantitatively 

10 evaluate the effects of 10 ENMs (8 metal/metal oxides and 2 organic ENMs) on multiple 

11 cellular parameters and determine how these parameters correlate to changes in vascular barrier 

12 function. This minimalistic approach showed concerted changes in endothelial cell 

13 morphology, intercellular junction formation, and cytoskeletal organization due to ENM 

14 exposure, which were then quantified and compared to unexposed pairs using a “similarity 

15 scoring” method. Using the cell pair model, this study revealed dose-dependent changes in actin 

16 organization and adherens junction formation following exposure to representative ENMs (Ag, 

17 TiO2 and cellulose nanocrystals), which exhibited trends that correlate with changes measured 

18 using an endothelial monolayer permeability assay. Together, these results demonstrate that we 

19 can quantitatively evaluate changes in endothelial architecture emergent from nucleo-

20 cytoskeletal network remodeling using micropatterned cell pairs. The endothelial pair model 

21 therefore presents potential applicability as a standardized assay for systematically screening 

22 ENMs and other test agents for their cellular-level structural effects on vascular barriers. 

23
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1 Introduction

2 The vascular endothelium is a selective biological barrier that regulates the exchange of 

3 proteins, fluids, and solutes between the intravascular fluid and surrounding vascularized 

4 tissues. When damaged due to inflammatory agents, pathogens, or tissue injury, vascular 

5 endothelial tissues can become dysfunctional and potentiate unnecessary interstitial fluid 

6 accumulation, impaired tissue perfusion, and plasma protein leakage via paracellular 

7 pathways.1 Together, these events induce pathophysiological processes that contribute to organ 

8 dysfunction in many disease states—most notably sepsis and septic shock.2 Engineered 

9 nanomaterials (ENMs), though increasingly incorporated into a variety of consumer products 

10 due to their unique physiochemical properties,3 have been reported to cause negative effects on 

11 the barrier function of the vascular endothelium.4-6 Particularly, several ENMs were shown to 

12 induce changes in endothelial cell morphology, intercellular junction formation, and 

13 cytoskeletal protein organization with negative ramifications on endothelial barrier function.7-

14 12 In such studies, tissue monolayers are commonly used as in vitro endothelial models for 

15 assessing the effects of ENMs on vascular barrier structure and function. Although changes in 

16 cellular-level features could lend important mechanistic insights into ENM toxicities, 

17 monolayer models are typically used for monitoring tissue-level function and are often not 

18 amenable for systematically measuring alterations in cellular structure during nanomaterial 

19 exposure. The indeterminate cell size, shape, and orientation within endothelial monolayers 

20 make it difficult to quantitatively analyze how ENMs may impact sub-cellular structures, 

21 especially at lower doses of exposure. 

22 Since the emergence of soft lithography in biological applications,13-15 micropatterned 

23 multicellular assemblies have been considered a promising alternative model for systematically 

24 evaluating morphological changes of cells or tissues in response to a plethora of external 

25 stimuli.16, 17 Substrates with micropatterned proteins control the geometry of cells with sub-

26 micron resolution and thus recapitulate important aspects of the in vivo microenvironment by 
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1 dictating limits on cell architecture, adhesion, and spreading reminiscent of those imposed by 

2 the extracellular matrix (ECM) and neighboring cells in the body.16, 18, 19 Protein 

3 micropatterning has also been used for generating isolated cell pairs (i.e., two cells sharing one 

4 edge) to study epithelial cell-cell adhesion, junction organization, and stability,20-22 as well as 

5 to investigate cardiomyocyte electrical and structural coupling,23-25 cellular self-organization,26 

6 and contact-mediated keratinocyte differentiation.27 Cell pairs effectively serve as the smallest 

7 functional repeating unit of a continuous tissue, which are useful for modeling junction-

8 dependent cell interactions that occur in physiological tissue barriers. The confinement of cell 

9 pairs within specific protein micropatterns therefore presents a way to systematically evaluate 

10 the effects of different nanoparticle test agents on barrier tissues at a more local spatial scale.

11 In this study, we hypothesize that micropatterned endothelial cell pairs with defined 

12 geometries and junction orientation can serve as a reductionist model for revealing how certain 

13 ENMs induce concerted changes amongst structural features of vascular endothelial cells.  

14 Because ECM protein micropatterns drive a reproducible cell pair shape and arrangement, this 

15 model enables a systematic and quantitative analysis of changes in cellular-level structural 

16 parameters that can be used as indicators of degrading barrier function. Here, structural changes 

17 in endothelial cell pairs were measured following exposure to 10 different ENMs commonly 

18 used for commercial or research purposes (Au, Ag, TiO2, ZnO, SiO2, CuO, Fe2O3, Al2O3 and 2 

19 nanocellulose forms). Adherens junction protein expression and intercellular gap formation, 

20 which are commonly correlated to the degree of paracellular permeability across endothelial 

21 cells, were among the parameters measured using the pair model. In an effort to further 

22 investigate how the impact of various ENMs on tissue barrier function are reflected in the 

23 overall cellular structure, we also evaluated key cell architectural features such as cell 

24 morphology, cytoskeletal reorganization (e.g., transition from predominantly cortical actin to 

25 stress fiber formation, changes in focal adhesion distribution) and nuclear morphology. 

26 Additionally, the cell pair model serves as a probe for understanding how such cellular features 
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1 change due to the perturbation of cell-cell and cell-ECM interactions upon exposure to ENMs. 

2 The summative ENM-induced changes in these endothelial structural features were then 

3 assessed for their correspondence to effects on cellular viability and tissue-level barrier function. 

4 The analyses described here will focus on decreasing endothelial barrier function due to 

5 structural integrity degradation (i.e., increased permeability) rather than barrier blockage by 

6 external agents. Overall, endothelial cell pairs are demonstrated here as a reductionist model 

7 for: (i) quantifying the cellular level effects of selected ENMs on endothelial barriers; (ii) 

8 identifying the doses at which those ENMs start to strucally impact the cells; and (iii) 

9 establishing whether such structural changes in cells correlate to functional effects at the 

10 endothelial tissue-level. 

11

12 Results and Discussion

13 Formation of Endothelial Cell Pairs

14 Cell pairs, or two cells with a shared junction, serve as the basic functional repeating 

15 unit of a continuous tissue such as the vascular endothelium (Fig. 1a). Here, endothelial cell 

16 pairs with defined morphologies were produced by seeding human umbilical vein endothelial 

17 cells (HUVECs) on protein micropattern arrays on a 2D substrate. Fibronectin (FN) is among 

18 the ECM components that facilitates the attachment of vascular endothelial cells to the 

19 basement membrane and supports tension-mediated processes that lead to changes in cell shape 

20 and proliferation.28, 29 FN islands were shaped as two adjacent hexagons with a single shared 

21 edge (Fig. 1a-c); the hexagonal shape mimics the polygonal, cobblestone-like shape of 

22 confluent endothelial cells which maximizes the number of adjacent cells under physiological 

23 conditions.30 The microcontact-printed FN islands on polydimethylsiloxane (PDMS)-coated 

24 glass substrates were then seeded with HUVECs to form cell pairs confined in bihexagonal 

25 patterns. The cell pairs that underwent structural analysis were screened based on the following 

26 criteria: (i) the FN island underlying the pair had a bihexagonal shape without defects; (ii) the 
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1 island contained two cells as evidenced by the presence of two nuclei, where each cell was 

2 confined to a single hexagon of the island; and (iii) the two cells were directly adjacent to one 

3 another, with their cell-cell junction area being within 45° to 90° of the long axis of the cell 

4 pair. Selecting for this specific orientation enables a systematic comparison of shape- and 

5 orientation-dependent structural parameters that can be measured from the images of 

6 immunostained cell pairs under different exposure conditions. Additionally, imposing these 

7 criteria normalizes intercellular tension between selected cell pairs, as junction length and 

8 strength may vary with junction orientation and are affected by cellular tension.31, 32 However, 

9 it is worth noting that the pair model does not account for the effect of multiple adjacent cells 

10 bordering one cell in the native endothelium; this is instead simplified as a one-neighbor/one-

11 shared barrier model to increase the throughput of the assay model. 

12 To promote the formation of cell pairs in this arrangement, each hexagon of the FN 

13 island had an area of 2500 µm2, in accordance with the island area used to isolate single 

14 endothelial cells in previous studies.33, 34 In addition to the shape being biomimetic, a hexagonal 

15 morphology was selected to impose a low aspect ratio to the cells, which minimizes any prior 

16 increase in cell stiffness that can occur when endothelial cells are forced to conform to shapes 

17 with higher aspect ratios.35 All experiments were conducted in static culture conditions, such 

18 that any observed changes following ENM exposure would be independent of the influence of 

19 shear stress on endothelial cell morphology. Following a 72-h culture period without ENM 

20 exposure (Fig. 1d), an average of 13.96 ± 0.84% of the FN islands on a coverslip contained cell 

21 pairs confined in the specified orientation eligible for screening using our assay (n = 55 images, 

22 5 fields of view from 11 substrates). 

23

24 Intracellular Localization and Cytotoxic Effects of ENMs

25 After a 48-h culture period, the cell pairs were exposed to ENM dispersions for an 

26 additional 24 hours (except for the control, unexposed cell pairs). To demonstrate the broad 
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1 utility of this assay for screening multiple nanomaterials, HUVEC pairs were exposed to 10 

2 different ENMs of varying sizes and composition. This library of ENMs includes metals (Au, 

3 18 nm; citrate-capped Ag, 22 nm) and metal oxides (TiO2, 29 nm; ZnO, 46 nm; SiO2, 15 nm; 

4 CuO, 50 nm; Fe2O3, 10 nm; Al2O3, 28 nm), as well as polymorphs of an organic nanomaterial—

5 nanocellulose (cellulose nanocrystals, CNC, 250 nm × 25 nm;  cellulose nanofibrils, CNF, 50 

6 nm). These ENMs are commonly used for commercial applications, and therefore are good 

7 representative samples for developing a generalizable ENM toxicity screening platform. 

8 To assess the dose-dependency of the ENM-induced effects on endothelial cell 

9 architecture, three ENMs were selected from this library to represent different ENM types: 

10 citrate-capped Ag nanoparticles (NPs), photocatalytic-grade TiO2 NPs, and CNC as 

11 representatives of metal, metal oxide and organic nanomaterials, respectively. In our previous 

12 work, Ag and TiO2 at 100 µg/mL were shown to have significant effects on the contractility of 

13 cardiac tissues, providing further reasoning for screening these ENMs for their effects on 

14 vascular barrier cells.36  Currently, nanomaterial-induced damage has been attributed to either 

15 1) oxidative stress due to reactive oxygen species (ROS) formation, or 2) disruption of cell-cell 

16 junctions, in conjunction with actin cytoskeleton remodeling.11, 37-39 Surface chemistry and size 

17 have a significant influence on the mechanism of action of permeability-inducing ENMs.40 

18 Metal oxides such as ZnO, CuO and Fe2O3 were previously reported to induce increases in 

19 intracellular ROS levels resulting in endothelial barrier gap formation.7, 37 On the other hand, 

20 TiO2 and SiO2 have been reported to physically interact with cell-cell junctions, resulting in 

21 intercellular gaps or inducing a signaling cascade that increases endothelial permeability.11, 38, 

22 41 Interactions of nanocellulose with endothelial cells are less studied than the other inorganic 

23 nanoparticles reported here, but previous reports suggest that they do not have significant 

24 cytotoxic effects on endothelial cells.42 Regardless of the mechanism, alterations in cellular 

25 structure precede the disruption of endothelial barrier function. In the subsequent sections, such 
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1 cellular-level changes induced by the aforementioned test ENMs will be quantified using 

2 micropatterned cell pairs.

3 Using darkfield imaging, representative ENMs internalized by cells and displaying 

4 significant optical scattering (TiO2, Fe2O3, SiO2) were observed to have a high propensity for 

5 localization in the perinuclear region (Fig. 2a), which is consistent with previous reports.43-46 

6 Due to the size range of the metal and metal oxide particles studied  (~15 nm to 50 nm), the 

7 observed perinuclear localization is further rationalized by the inability of ENMs to translocate 

8 across the nuclear membrane, which hasf pore sizes (~5.2 nm) that may not be large enough for 

9 the ENMs studied herein.47 The cytotoxic effects of the selected ENMs were then measured at 

10 different exposure levels (10 to 100 μg/mL) within a 24 h duration, in order to observe any 

11 dose-dependent trends for each ENM type. First, a colorimetric assay based on 3-(4,5-

12 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

13 was used on unpatterned HUVECs to assess dose-dependent ENM cytotoxicity. The measured 

14 absorption of MTS-treated culture media correlates to mitochondrial reductase activity, and 

15 therefore to cellular viability. For most metal/metal oxide particles studied here, a dose-

16 dependent decrease in cellular viability was observed, the two exceptions being Fe2O3 and 

17 Al2O3 (Fig. 2b). Though only Fe2O3 exposure at 100 µg/mL caused a statistically significant 

18 increase in absorption, the increase observed in HUVECs post-Fe2O3 and Al2O3 exposure 

19 suggests an increase in metabolic stress similar to what has been previously reported for other 

20 nanomaterials.48 The increase in metabolic stress as Fe2O3 dose increases is also consistent with 

21 a previous report which showed that Fe2O3 nanoparticles enhance endothelial permeability by 

22 promoting ROS-induced microtubule remodeling.7 No significant decrease in cellular viability 

23 was detected for both nanocellulose polymorphs. 

24 In addition, all of the ENMs induced a significant increase in release of lactate 

25 dehydrogenase (LDH, a necrotic marker) with respect to the unexposed case, except for Ag at 

26 10 μg/mL (ESI Fig. S1a-b). Most notable LDH increases were observed for Ag (100 μg/mL), 
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1 TiO2 (50 and 100 μg/mL), ZnO (10 μg/mL) and CuO (10 μg/mL)—all of which are consistent 

2 with the decreased mitochondrial reductase activity detected using the MTS assay. Increasing 

3 LDH release trends were also measured for Fe2O3 and Al2O3, which are the ENMs that showed 

4 increasing metabolic activity as the ENM dose increases. These data suggest that HUVECs 

5 exposed to Fe2O3 or Al2O3 undergo increases in metabolic stress and cell death at higher ENM 

6 dosages. In addition, the expression of Ki67 in HUVECs with and without ENM exposure was 

7 measured to compare cellular proliferation across the exposure conditions (ESI Fig. S1c-d) and 

8 to demonstrate that the two cell-limit per island is maintained throughout the 72-h experiment 

9 as per our analysis population criteria (see Figure 1d for experimental timeline). An increase in 

10 cell proliferation could increase the number of FN islands per field of view that contain more 

11 than two cells, which do not meet our criteria for analysis. Among the library of ENMs tested, 

12 no significant increase in Ki67 expression was measured except under TiO2 (100 μg/mL), CuO 

13 (10 μg/mL), and Al2O3 (10 μg/mL) exposure as compared to the unexposed control. These 

14 ENMs also caused an increase in LDH release, which may imply the necrotic cells under these 

15 exposure conditions have less contact inhibition, resulting in increased propensity to proliferate. 

16 On the other hand, less Ki67-positive cells were observed at higher doses of Fe2O3 (50 and 100 

17 μg/mL).  These data suggest that the majority of ENMs studied here do not significantly 

18 increase the propensity of HUVECs to proliferate over the course of the 24-hour ENM exposure 

19 period, therefore validating that the integrity of cell count per FN island is maintained 

20 throughout the assay.

21

22 ENM-Induced Changes in Cellular Morphology

23 Because cellular retraction correlates to increased barrier permeability and increased 

24 isometric tension exerted by cytoskeletal actin networks, ENM-induced changes in HUVEC 

25 pair cell morphology were measured under different exposure conditions.49 Here, 

26 morphological changes in the cell pairs were quantified from the ratio between the total area of 
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1 each cell pair and the underlying FN island. This evaluation is important for determining the 

2 direct effect of ENMs on morphology and in altering the integrity of adhesion of endothelial 

3 cells to basement membrane ECM proteins.50  The cell pair-to-FN island area ratio (AR) was 

4 measured through analyzing actin- and FN-stained cell pair images (Fig. 3a). The dose-

5 dependent effects of Ag, TiO2 and CNC on cellular morphology were also quantified using our 

6 cell pair model (ESI Fig. S2 and Fig. 3b). Among the library of ENMs tested, Au, TiO2, ZnO 

7 and Al2O3 induced a significant decrease in AR at 10 μg/mL (ESI Fig. S3), while Ag caused an 

8 increase in this ratio. While a decrease in AR value may be attributed to the onset of decreased 

9 cellular viability, either cellular retraction or expansion can occur due to cytoskeletal 

10 rearrangement when ENMs accumulate within the perinuclear region of the cell. Due to the 

11 dynamic nature of cell spreading or retraction, we account for temporal variability in cell 

12 morphology by averaging at least 20 cell pairs from two separate biological replicates per 

13 analysis. 

14 In the case of TiO2 and CNC, a decrease in AR was observed with increasing ENM 

15 dosage (Fig. 3b). While the cell retraction with increasing TiO2 dosage corresponds to the 

16 observed decrease in cell viability (Fig. 2b), the change in AR values when exposed to CNCs 

17 cannot be attributed to a decrease in cell viability. This observation is similar to the case of Au, 

18 TiO2, ZnO and Al2O3 at 10 µg/mL. ENM screening using the micropatterned pair models 

19 therefore allows the detection of the onset of significant structural changes even at doses which 

20 do not affect cellular viability, such as in the case of CNC exposure. Interestingly, exposure to 

21 Ag NPs at 50 μg/mL induced a dramatic increase in AR value corresponding to cellular 

22 expansion, but decreases again at 100 μg/mL when a significant number of cells begin to 

23 undergo cell death. Therefore, these observed cellular behaviors caused by ENM exposure 

24 cannot solely be attributed to effects on cellular viability, but may also be due to the activation 

25 of GTPase-dependent pathways that lead to cytoskeletal reorganization.51 Due to these findings, 

26 in which the cells failed to abide by the ECM protein adhesion and shape cues, ENM-induced 
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1 endothelial cytoskeletal remodeling was further investigated as a potential explanation for this 

2 behavior.

3

4 Remodeling of Cytoskeletal Organization Due to ENM Exposure

5 To study cytoskeletal remodeling due to ENM exposure, changes in the organization 

6 and intracellular distribution of actin filaments were quantified. Actomyosin contraction 

7 regulates the permeability of endothelial layers. Filamentous actin at the periphery of cells 

8 (cortical actin) serves as an important supporting network in intercellular junction formation 

9 and cell-ECM adhesion,52 while contractile stress fibers are distributed across the cell body and 

10 develop in response to permeability-increasing agents.49, 53, 54 Particularly, it is well-supported 

11 that stress fiber formation is induced during myosin light-chain kinase and RhoA-Rho kinase 

12 pathway activation, which consequently disrupts the integrity of adherens junctions.49 

13 Considering that the cytoskeleton has a vital role in shaping cellular architecture and in 

14 maintaining the barrier integrity of endothelial tissues, quantifying changes in actin 

15 organization and stress fiber formation is an important probe for screening ENMs that can 

16 compromise the barrier function of endothelial cells. Previously, it has been reported that 

17 certain nanoparticles can lead to actin fiber reorganization, resulting in increased endothelial 

18 layer permeability.9 Here, we hypothesize that ENM exposure may disrupt barrier function by 

19 shifting the distribution of polymerized actin in endothelial cells from cortical rings to central 

20 stress fibers.

21 Cell pair actin distribution maps were generated by compiling actin-stained images for 

22 each exposure condition into average intensity composites (Fig. 4 and ESI Fig. S4-S5). The 

23 radial actin distribution from the center of each FN hexagon composing the cell pair island (Fig. 

24 4g and ESI Fig. S6-S10) was then quantified for each ENM type. Two additional control groups 

25 were used as a point of comparison: cell pairs treated with (i) calpeptin, a Rho activating drug, 

26 which increases stress fiber formation; and (ii) Y-27632, a ROCK inhibiting drug, which 
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1 disrupts cortical actin formation (ESI Fig. S7). Results show a significant increase in 

2 fluorescence signal from actin staining in the central region (0 to 15.5 µm from the center of 

3 each hexagon) and a decrease in the peripheral region (15.5 to 31 µm), following exposure to 

4 most ENMs at 10 μg/mL, except for Au (Fig. 4g and ESI Fig. S9-S10). Additionally, a dose-

5 dependent increase in stress fiber formation was observed as the ENM dose increased for Ag, 

6 TiO2 and CNC (Fig. 4d-f). At the cell-cell junctions, actin intensity was also significantly 

7 greater after exposure to different doses of Ag, TiO2 and CNC (ESI Fig. S11). In the case of Ag 

8 at 100 μg/mL, where the cell viability is considerably low, the highly localized central signal 

9 that is non-filamentous in nature can be attributed to the depolymerization of actin during 

10 cellular death. Nonetheless, in most cases, increasing the ENM concentration leads to an 

11 observable transition from predominantly cortical actin to the formation stress fibers 

12 reminiscent of faulty endothelial barriers. 

13  The expression of vinculin, an important protein in focal adhesion complexes, was also 

14 assessed in the ENM-exposed and unexposed HUVEC pairs (ESI Fig. S12). Mapping the 

15 distribution of focal adhesion proteins such as vinculin offers insight into the impact of ENMs 

16 on cellular tension, because focal adhesion complexes are force-generating and tension-bearing 

17 structures.55 Immunostained vinculin features that are filamentous or elongated in nature were 

18 predominantly colocalized with actin fibers (ESI Fig. S12-S13). As expected, calpeptin-

19 exposed (Rho-activated) and Y-27632-exposed (ROCK-inhibited) pairs showed increased and 

20 decreased formation respectively of these features in the cell periphery relative to unexposed 

21 pairs (ESI Fig. S14). However, these elongated vinculin features indicative of focal adhesions 

22 were less pronounced at the cell edges for Ag-exposed HUVEC pairs as compared to unexposed 

23 pairs.  In addition, decreased vinculin localization at the junction area is particularly notable in 

24 cell pairs exposed to all doses of Ag. 

25 To gain a more specific and quantitative understanding of vinculin expression in the cell 

26 pairs (pre- and post-ENM exposure), we measured vinculin distribution within the pairs using 
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1 a modified version of the method used to analyze actin distribution. Because of non-specific 

2 vinculin staining observed largely in the middle of the cells, we conducted this analysis on the 

3 periphery of the outer half of each pair (ESI Fig. S15). The cell periphery for the distribution 

4 analysis here covers R = 15.5 μm to 26.9 μm (an inscribed circle), as opposed to 31 μm to 

5 reduce the number of potentially null pixels profiled. In agreement with the observations made 

6 based on the vinculin heat maps, calpeptin-exposed pairs showed increased peripheral vinculin, 

7 while Ag and TiO2-exposed pairs showed decreased peripheral vinculin at all exposure levels. 

8 Because actin-bound vinculin is associated with both cell-cell and cell-ECM adhesions,56 the 

9 reduction of peripheral vinculin expression could be a cellular response to maintain balance in 

10 intracellular and paracellular tension during ENM exposure, which is consistent with previous 

11 reports.9, 22, 57

12 Interestingly, immunostaining against FN showed features reminiscent of the 

13 distribution patterns observed in actin and vinculin across the cell pairs. These cellular artefacts, 

14 which were not observed on FN patterns without cells (Fig. 5a), provide evidence of cells 

15 adhering to the substrate at localized points (i.e., via focal adhesion complexes). The appearance 

16 of these artefacts is consistent with the known ability of endothelial cell to rearrange exogenous 

17 fibronectin.34 These features were then used as an indicator for the distribution of tension-

18 bearing structures within cell. In particular, the colocalization of vinculin-FN pixels from the 

19 images of immunostained cell pairs was measured as a metric for cell-ECM adhesion and to 

20 validate the observed changes in vinculin localization after ENM exposure (Fig. 5b-c). Using 

21 vinculin-FN colocalization to quantify focal adhesion distribution also further mitigated the 

22 effects of non-specific vinculin staining, thus providing a more specific metric than vinculin 

23 pixel intensity alone.

24 To assess changes in distribution of tension-bearing features within cell pairs (i.e., 

25 localized at the edge or at the center), radial distribution profiles were generated for all vinculin-

26 FN colocalization images (ESI Fig. S16). Consistent with the vinculin distribution results, 
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1 peripheral vinculin-FN colocalized pixel intensity was significantly decreased in Ag- and TiO2-

2 exposed pairs at all doses relative to the unexposed controls. Contrary to the vinculin-only 

3 analysis, calpeptin induced a decrease in relative colocalized pixel intensity between exposed 

4 and unexposed pairs. This inconsistency suggests that the results of these two methods of 

5 analysis (distribution of vinculin-only vs. vinculin-FN colocalized pixels) may vary if pairs are 

6 exposed to factors that induce marked increase in focal adhesion density such as calpeptin. 

7 Though the differences between the pixel intensities in CNC-exposed and unexposed pairs were 

8 statistically significant, no clearly observable trend in variation was observed. 

9 At the highest Ag concentration (100 μg/mL) and for calpeptin-exposed samples, total 

10 (non-region specific) % colocalization of vinculin and FN was significantly higher than in the 

11 unexposed condition (ESI Fig. S17). The former may be attributable to cell protein 

12 rearrangement following cell death, similar to the actin rearrangment shown in Figure 4d. The 

13 latter is likely the result of increased focal adhesion formation in the Rho-activated pairs. CNC 

14 exposure at 50 and 100 μg/mL was also associated with a significant increase in % 

15 colocalization, which is likely a byproduct of increased stress fiber formation (see ESI Fig. S9) 

16 and thereby increased focal adhesion formation, as would be the expected response in an 

17 otherwise normal cell. No trend in vinculin-FN colocalization was observed with respect to 

18 TiO2 dosage. Altogether, we show how this micropatterning-based assay enables the 

19 quantification of stress fiber formation and the distribution of vinculin expression—both of 

20 which are factors that suggest changes in the organization of tension-bearing cytoskeletal 

21 proteins in response to ENM exposure as an external stimulus.

22

23 Changes in Nuclear Morphology and Separation Post-ENM Exposure

24 Remodeling of the cytoskeleton can influence nuclear morphology via direct linkages 

25 between the nuclear lamina and cytoskeleton, which could in turn modify chromatin dynamics, 

26 gene expression, as well as mechanical homeostasis.58-61 Given that several of the ENMs tested 
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1 here induced changes in endothelial actin distribution and stress fiber formation, we next sought 

2 to determine whether ENM exposure had any effect on nuclear morphology and internuclear 

3 separation. Because the actin networks of two cells are mechanically tethered to one another 

4 via actin-associated adherens junctions, and to their respective nuclear lamina via linker 

5 proteins bridging the nuclear envelope,59, 60 we hypothesized that ENM-induced actin 

6 remodeling could lead to changes in nuclear eccentricity. Previous work has demonstrated that 

7 nuclear elongation can occur as the result of combined lateral compressive and longitudinal 

8 elongation forces applied by stress fibers in endothelial cells.62 We therefore used the cell pair 

9 model to systematically measure changes in nuclear eccentricity as a function of ENM dosage. 

10 Additionally, the assay was used to test whether exposure to select ENMs leads to changes in 

11 internuclear separation and nuclear morphology (Fig. 6a). We define internuclear separation as 

12 the distance between the center of the nuclei of the two cells in the pair (Fig. 6b). Nuclear 

13 eccentricity was measured by fitting nuclei to ellipses as previously described (Fig. 6c).63 

14 After exposing the cell pairs to each of the 10 ENMs at a low concentration (10 µg/mL), 

15 only TiO2 and SiO2 NPs induced a significant increase in internuclear separation (ESI Fig. 

16 S18a). A significant increase in internuclear separation was also observed after exposing the 

17 pairs to Ag NPs at a high concentration (100 µg/mL, Fig. 6d). Because contractile actomyosin 

18 fibers bind cell nuclei and adherens junctions via interactions with VE-cadherin/catenin protein 

19 complexes,64, 65 it is possible that the contraction of these fibers following Ag NP exposure at 

20 10 and 50 µg/mL decreases internuclear separation, while non-filamentous actin aggregates 

21 observed after exposure at 100 µg/mL (Fig. 4d) do not create this effect. While CNC exposure 

22 did not result in any significant changes in nuclear parameters, TiO2 exposure resulted in a 

23 dose-dependent decrease in internuclear separation distance following an initial increase at the 

24 10 µg/mL dosage (Fig. 6d). Given that more stress fibers formed with increasing TiO2 exposure 

25 (Fig. 4e), contraction of these fibers could draw the nuclei together and result in this downward 

26 trend. 
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1  While most ENMs did not show any statistically significant changes in nuclear 

2 eccentricity in comparison to unexposed samples, increased nuclear elongation was observed 

3 after Ag NP exposure at 10 µg/mL (Fig. 6e and ESI Fig. S18b). Contrary to what was expected 

4 due to increased stress fiber formation, eccentricity of the cell pair nuclei trended downwards 

5 with increasing Ag NP dosage following this initial increase. This effect may be because 

6 increasing the dosage of Ag increased the rate of cell death, as well as the degradation rate of 

7 the actin cytoskeleton which occurs during the final stages of this process.66, 67 This observation 

8 is consistent with higher cytotoxicity and apoptotic activity following Ag exposure relative to 

9 TiO2 and CNC (Fig. 2b and ESI Fig. S1a), as well as the appearance of the previously mentioned 

10 non-filamentous actin aggregates in the cell pairs exposed to Ag NPs at 50 and 100 µg/mL. 

11 Although TiO2 and CNCs induced nominal increases in nuclear eccentricity as the dosage level 

12 increased from 10 to 100 µg/mL, the trends were not statistically significant. Together, these 

13 results show that our micropatterned model offers a way to not only measure changes in nuclear 

14 eccentricity, but also to systematically quantify the internuclear separation between paired cells.

15  

16 ENM Effects on the Formation of Adherens Junctions and Intercellular Gaps

17 Lastly, the direct impact of ENMs on the formation of endothelial adherens junctions, 

18 which have an important role in the control of paracellular transport, was investigated using the 

19 cell pair model. Actin filaments are tightly linked to these junctions; therefore, an orchestrated 

20 balance in tension within this network is required for proper tissue development and 

21 homeostasis.68 When quantifying ENM-induced changes in cell-cell junction features, our 

22 HUVEC pair model presents the advantage of having cells constrained to a defined area and 

23 orientation, resulting in cell-cell contacts being in approximately the same location and of the 

24 same length in each pair. Considering that the formation of adherens junctions is the result of 

25 calcium-dependent homophilic interactions between vascular endothelial (VE)-cadherins in 

26 adjacent cells,69, 70 the fluorescence intensity of immunostained VE-cadherins was 

Page 16 of 45Nanoscale



17

1 systematically measured along the intercellular junction area of the cell pairs. To observe VE-

2 cadherin expression, the cell pairs were stained with an anti-VE-cadherin antibody which binds 

3 VE-cadherin independent of its dimerization state. VE-cadherin junction area expression was 

4 quantified by first creating a linear profile along the midline of the junction area for an analyzed 

5 pair, and then calculating the mean intensity of the pixels along the length of this profile (Fig. 

6 7a). The reported values were averaged from these measured mean intensities, then normalized 

7 with respect to the unexposed cell pairs. Confocal imaging conditions were made consistent 

8 across all samples.

9 A significant decrease in intercellular junctional VE-cadherin expression intensity was 

10 observed following exposure to CNC at 10 μg/mL (0.92 ± 0.02 vs. 1 ± 0.02 in unexposed 

11 samples), but no significant decrease was measured for any of the other ENMs tested at this 

12 dosage level (Fig. 7b and ESI Fig. S19a).71 When cell pairs were exposed to higher dosages of 

13 Ag, TiO2, and CNC, a decreasing VE-cadherin junction expression intensity was measured as 

14 the dose increased from at 10 to 100 μg/mL (Fig. 7b). These results suggest that each of these 

15 three nanomaterials have a negative and dose-dependent impact on the formation of endothelial 

16 adherens junctions. 

17 Given that a decrease in adherens junction formation diminishes the strength of cell-cell 

18 interactions, we next asked whether ENM exposure results in any structural changes at the cell-

19 cell junctions, such as the formation of intercellular endothelial gaps. Formation of endothelial 

20 gaps in vivo provide a pathway for protein, fluid, and inflammatory cell leakage into body 

21 tissues, resulting in a pathophysiological imbalance in both fluid homeostasis and inflammatory 

22 cell activity. Intercellular gap formation was measured by identifying regions of interest within 

23 actin-stained images of cell pairs where separation between the edges of the two cells was 

24 visible despite the possibility of cell-cell contact, thresholding the image, and measuring the 

25 total area of the observed gaps (Fig. 7c). Mean intercellular gap area is defined as the total gap 

26 area observed in all pairs analyzed divided by the number of pairs analyzed, as opposed to the 
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1 number of gaps observed. This accounts for the variation in frequency of gap occurrence per 

2 pair. The sample size is reported as the number of pairs containing at least one gap with a 

3 minimum area of 2 μm2, which was the average area of small gaps in the intercellular junctional 

4 area that were visible in VE-cadherin-stained cell pair images regardless of ENM exposure. No 

5 significant gap formation was observed following exposure to any of the ENMs at 10 ug/mL 

6 (ESI Fig. S19b). This result is consistent with the absence of changes in intercellular junctional 

7 VE-cadherin expression intensity following exposure to all ENMs tested at this dosage level, 

8 with the exception of CNC. Significant intercellular gap formation was observed following 

9 exposure to Ag and TiO2 NP at 100 μg/mL, with the mean gap size induced by Ag NPs (37.93 

10 ± 17.18 μm2) being nominally larger than that induced by TiO2 NPs (24.42 ± 20.04 μm2) (Fig. 

11 7d and ESI Fig. S20-S21). 

12 The findings discussed above were consistent with a previous report, demonstrating that 

13 TiO2 reduces junctional VE-cadherin expression leading to intercellular gap formation and 

14 increased endothelial permeability.11 It was shown that TiO2 NPs (23.5 μm diameter) directly 

15 bind to VE-cadherin in adherens junction, disrupting the VE-cadherin homodimer, which 

16 induces the phosphorylation of VE-cadherin at two protein residues and leads to internalization 

17 and degradation. Importantly, the gap formation and increased permeability were shown to be 

18 size-dependent, as TiO2 microparticles (680 nm diameter) did not induce these effects, while 

19 both Ag NPs (20 nm diameter) and SiO2 NPs (15 nm diameter) did. Given that the Ag and TiO2 

20 NPs tested here were similar in size (with diameters of 22 and 29 nm, respectively), it is possible 

21 that both NPs exert their effects through this mechanism, as supported by the previously-

22 mentioned work11 and other studies showing Ag-induced VE-cadherin internalization.72, 73 

23 Other permeability-increasing and inflammatory agents have also been shown to induce VE-

24 cadherin phosphorylation, internalization, and intercellular gap formation in endothelial cells.74, 

25 75 However, in addition to differences in surface chemistry, the CNCs tested (250 nm) here are 

26 larger than the Ag and TiO2 NPs, making it unlikely that the reduction in junctional VE-
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1 cadherin expression observed following CNC exposure is the result of the same direct binding 

2 mechanism. Previous studies have shown that CNCs exerted no cytotoxic effects on endothelial 

3 cells (consistent with our MTS assay results in Fig. 2b) and were not taken up by the cells.76 In 

4 this case, it is possible that some other form of interaction between the nanocrystals and the 

5 extracellular domain of the VE-cadherin proteins results in the significant decrease of VE-

6 cadherin in the intercellular junctional area. 

7 Many of the ENM-exposed pairs also showed the appearance of “discontinuous” 

8 adherens junctions (ESI Fig. S22), or areas along the intercellular junction line where junctional 

9 proteins like VE-cadherin are distributed in short, linear structures that are approximately 

10 perpendicular to the cell border.65 As opposed to being associated with cortical F-actin, such 

11 junctions are localized at the ends of stress fibers. Discontinuous adherens junction are formed 

12 by the structural transformation of existing adherens junctions via cortical actin remodeling.64 

13 Subsequently, the contraction of actomyosin fibers associated with discontinuous adherens 

14 junctions has been shown to induce junction deformation and the generation of intercellular 

15 gaps in endothelial tissues.65, 77 Multiple ENMs were shown to induce stress fiber formation in 

16 the EC pairs. Other than stimulating VE-cadherin homodimer dissociation via direct binding 

17 (as with Ag or TiO2
 NPs), ENM-induced stress fiber formation resulting in increased junctional 

18 tension and deformation is another potential mechanism by which ENM exposure contributes 

19 to both decreased VE-cadherin junction area expression intensity and intercellular gap 

20 formation as shown here.

21  

22

23 Correlating Assay Parameters to Tissue-Level Permeability

24 To compare ENM-induced cell- and tissue-level effects, the previously measured effects 

25 of ENMs on cellular structural features (Fig. 8, black traces) were correlated to their impact on 

26 HUVEC monolayer permeability (Fig. 8, red traces). The ENM-induced changes measured 
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1 using the cell pair model and the endothelial monolayer permeability assay were also compared 

2 to assess the similarity in the gathered data trends from each approach. Tissue-level 

3 permeability measurements were acquired for HUVEC monolayers exposed under the same 

4 ENM dose range as in the cell pair studies (ESI Fig. S23). For these measurements, HUVECs 

5 were grown on a Transwell membrane insert until confluency, after which the apical layers of 

6 these wells were subjected to Ag, TiO2 and CNC exposure at 10, 50 and 100 μg/mL for 24 

7 hours.

8 As expected, increasing endothelial monolayer permeability corresponded to decreasing 

9 AR or progressing cellular retraction as the TiO2 dose increased (Fig. 8a). The TiO2 dose-

10 dependent increase in monolayer permeability also correlated to the increase in stress fiber 

11 formation, as measured from the centralized actin expression (Fig. 8b). These observations were 

12 consistent with the trends from the cytotoxicity data in Fig. 2, as well as with literature 

13 precedents that report a correlation between increased cellular tension due to the formation and 

14 contraction of stress fibers, to cell retraction and increased monolayer permeability.52 The 

15 trends in the two junctional parameters quantified (decrease in VE-cadherin junctional area 

16 expression and increase in intercellular gap formation) also corresponded to increased 

17 monolayer permeability as the TiO2 dosage was increased (Fig. 8c-d); with the most significant 

18 changes occurring between TiO2 dosages of 50 and 100 μg/mL in both parameters. The TiO2-

19 exposed cell pairs also showed the highest correlation coefficients between the measured 

20 parameters and tissue permeability. However, no clear dose-dependent trends were observed in 

21 monolayer permeability following Ag NPs and CNC exposure despite the dose-dependent 

22 decrease in cellular viability due to Ag shown in Fig. 2. In the case of exposure with Ag NPs, 

23 the unusual decrease in permeability at 50 μg/mL can be explained by the measured increase in 

24 AR (Fig. 8a) and expansion of actin network (Fig. 8b). The permeability increases again when 

25 the cell viability significantly decreases at 100 μg/mL Ag exposure.  Additionally, these data 

26 show that CNC exposure at 10 to 100 µg/mL leads to dose-dependent changes in cellular 
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1 morphology, stress fiber formation, and VE-cadherin expression, but does not significantly 

2 affect cellular viability or tissue-level permeability (Fig. 8). Using the cell pair approach, we 

3 also assessed the structural impact of Fe2O3 (ESI Fig. S24), which was previously reported to 

4 increase endothelial permeability by upregulating ROS production.7 Our measurements show a 

5 strong inverse correlation (r= -0.956) between the the dose-dependent changes in cell area and 

6 tissue permeability (ESI Fig. S24c). These results are consistent with the cellular shrinkage 

7 caused by ROS formation, which eventually degrades endothelial barrier function. Taken 

8 together, these results across multiple types of ENMs demonstrate how this cell pair assay 

9 provides information on nanomaterial-induced changes in cellular architecture parameters that 

10 are not accessible using traditional cytotoxicity tests or assays based on monolayer tissues. 

11 Finally, a similarity index scoring method was used to define a “healthy” cell pair 

12 phenotype based on the unexposed cells with completely formed adherens junctions. In 

13 particular, this method enables the quantification of the extent to which a cell pair deviates from 

14 the unexposed phenotype after ENM exposure for 24 hours. The index implements a modified 

15 implementation of the Hellinger distance formula, which is used to quantify the similarity 

16 between two probability distributions (see ESI for the full discussion of the mathematical 

17 approach).78 This index combines the metrics which we defined in the sections above to be 

18 important in screening whether an ENM induces dysfunction to an endothelial cell pair. The 

19 index score falls between 0 and 100, where a score of 0 indicates that the distributions are 

20 completely different (i.e., no match between the exposed and unexposed cell pairs for that 

21 exposure condition), and a score of 100 indicates that the distributions are completely identical 

22 (i.e. a complete match between the exposed and unexposed cell pairs for that exposure 

23 condition). Despite the absence of dose-dependent trends for some individual parameters, the 

24 combined scores for each Ag and TiO2 exposure condition showed a dose-dependent decrease 

25 that coincided with increasing monolayer permeability (Fig. 9). The observed collective trends 

26 for Ag and TiO2 support how structural features of cells change in a concerted manner and 
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1 contribute to barrier dysfunction. Our model deconstructs the structural features of endothelial 

2 cell pairs into measurable parameters while the associated scoring method allows for 

3 quantitative comparisons between the effects of different ENM exposure conditions.  

4 Altogether, the scoring index implemented here enables quantitative comparisons of sample 

5 conditions imposed upon the cell pairs—allowing for the summative analysis of the effects of 

6 ENM exposure on endothelial cell morphology, ECM adhesion, actin distribution, and 

7 intercellular junction protein expression. 

8

9 Conclusions

10 In this study, the influence of select ENMs on multiple key features of endothelial cell 

11 architecture and cell-cell junctions were quantified using a reductionist micropatterning assay. 

12 All measurements were performed on geometrically-controlled cell pairs with a specific 

13 orientation, which can be formed reproducibly by seeding HUVECs on bihexagonal 

14 micropatterns of a cell adhesion protein such as fibronectin. From these micropatterned 

15 endothelial cell pairs, changes in morphological features, nucleo-cytoskeletal organization and 

16 adherens junction formation after ENM exposure were measured. This approach revealed the 

17 connections between changes in multiple cellular features, as well as their correlation to 

18 changes in tissue-level endothelial barrier permeability upon exposure to ENMs at different 

19 doses. Using our assay, the extent to which the tested ENMs induce deviations from a healthy 

20 HUVEC pair phenotype were quantified using a “similarity index”, which evaluates the overlap 

21 in values from two distributions of experimental data. Particularly, Ag and TiO2 nanoparticles 

22 showed a dose-dependent decline in score, indicating increasing deviation from the unexposed 

23 phenotype. In the case of TiO2, a dose-dependent trend was observed in cellular feature 

24 deviation, which also correlated to increasing tissue-level permeability. Overall, we have 

25 developed a quantitative assay based on micropatterned cell pairs, which aims to provide a 

26 clearer probe into changes in cellular-level features due to permeability-inducing agents such 
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1 as some of the ENMs studied here. Importantly, this assay paves the way to consequently 

2 monitor changes in cell-cell interactions and cell-ECM adhesion during and after ENM 

3 exposure, which is rarely the case in traditional in vitro models of endothelial tissues. Therefore, 

4 this endothelial cell pair model and the associated assay can be useful towards standardizing 

5 the screening methods for assessing the effect of drugs and toxicants on cells with barrier-like 

6 function in physiological settings. 

7

8 Experimental Section

9 PDMS stamp fabrication: PDMS stamps for microcontact printing were prepared as 

10 previously described.23 A photolithographic mask was designed in AutoCAD (Autodesk Inc.) 

11 and ordered from Output City (Brandon, OR, USA). Each mask consists of an array of 

12 bihexagonal islands with a single shared edge, each shape having a total area of 5000 µm2 

13 (hexagon edge length, 31 µm). This mask was imposed on top of a silicon wafer (Wafer World, 

14 FL, USA) spin-coated with SU-8 2002 negative photoresist (MicroChem Corp., MA, USA), 

15 which was then exposed to UV light to crosslink the pattern. Uncrosslinked regions were 

16 dissolved by submerging the wafers in propylene glycol methyl ether acetate, followed by 

17 isopropyl alcohol, and then dried. PDMS (Sylgard 184, Dow Corning, MI, USA) was poured 

18 over the wafer and then degassed in a vacuum desiccator. After curing, the patterned PDMS 

19 was peeled off the surface and cut to be used as stamps (ESI Fig. S25). 

20 Micropatterning fibronectin on PDMS substrates: PDMS stamps were sonicated in a 

21 70% EtOH bath for a minimum of 15 minutes and dried with compressed air under a sterile 

22 hood. The stamps were coated with 50 µg/mL fibronectin (Sigma-Aldrich, MO, USA) for a 

23 minimum of 45 minutes prior to patterning. Prior to this step, PDMS-coated 18-mm diameter 

24 circular glass coverslips were prepared by spin-coating with Sylgard 184 PDMS, which was 

25 cured overnight in a 65°C oven, and then pre-treated in a UV-ozone cleaner (Jelight, CA, USA) 

26 for surface activation right before stamping. After fibronectin incubation, the stamps were 
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1 gently dried with compressed air and placed onto the UVO-treated coverslips to transfer 

2 fibronectin in the desired pattern. Following pattern transfer, the coverslips were immersed in 

3 1% Pluronic F127 (Sigma, MO, USA) for a minimum of 5 minutes to block cell adhesion to 

4 unpatterned areas, then rinsed three times with phosphate buffered saline (PBS). The patterned 

5 coverslips were stored in PBS at 4°C until cell seeding. 

6 Endothelial cell culture: Human umbilical vein endothelial cells (Lonza, HUVECs) 

7 were used for all the in vitro studies discussed in this study. HUVEC culture was maintained 

8 under sterile conditions, at 37º C and 5% CO2, using Medium 200 (Gibco, MA, USA) with the 

9 corresponding low serum endothelial growth supplement (Thermo Fisher Scientific, MA, USA). 

10 This medium supplement contains fetal bovine serum (2% v/v), hydrocortisone (1 µg/ml), 

11 human epidermal growth factor (10 ng/ml) basic fibroblast growth factor (3 ng/ml) and heparin 

12 (10 µg/ml). All cells used were between passage four to eight, with media exchange after 24 

13 hours of seeding and every 48 hours thereafter. The micropatterned coverslips, with ~3600 FN 

14 islands/cm2
, were placed in a standard 12-well plate and seeded with HUVECs at a density of 

15 ~5,300 cells/cm2. The cells were allowed to adhere to the fibronectin pattern, and the medium 

16 was supplemented with 2.5 µM 8-CPT-cAMP (Abcam, MA, USA) between 24 to 72 hours 

17 after seeding to ensure compete adherens junction formation. 

18 ENM synthesis and characterization: The ENMs used in our experiments were procured, 

19 synthesized, and characterized by Engineered Nanomaterials Coordination Core (ERCC)—part 

20 of Nanotechnology Health Implications Research (NHIR) Consortium at Harvard School of 

21 Public Health. Detailed synthesis and characterization of the ENMs used in this study have been 

22 described elsewhere: citrate capped-capped Au and Ag NPs have been presented by Konduru 

23 et al.79 and Ahn et al.,36 respectively; SiO2, Fe2O3, and Al2O3 ENMs have been presented by 

24 Beltran-Huarac et al.80; CNC and CNF have been presented by Pyrgiotakis et al.81. The 

25 following ENMs were commercially available: TiO2 were purchased by Acros Organics and 

26 have been previously characterized by Ahn et al.36; CuO and ZnO were purchased from Sigma 

Page 24 of 45Nanoscale



25

1 Aldrich and Meliorum Technologies, respectively. The characterization data for CuO and ZnO 

2 are presented in ESI Fig. S26 and Tables S1-S2.

3 ENM dispersion preparation: The dispersion preparation and colloidal characterization 

4 were conducted according to literature procedures.82-84 We used an ultrasonic processor/sonic 

5 dismembrator (FB-505, Fisher Scientific, USA) calibrated according to a literature protocol,85 

6 which was found to deliver an acoustic power of 2.51 J/s. Each ENM stock solution was 

7 prepared with DNase/RNase free distilled water (Invitrogen, MA, USA) at a concentration of 

8 500 μg/ml. To determine the minimum amount of sonication time for fully dispersing TiO2, 

9 ZnO, SiO2, CuO, Fe2O3 and Al2O3 in water, the critical delivered sonication energy (DSEcr) 

10 was first calculated for each ENM type according to a literature procedure.86 The DSEcr of a 

11 specific ENM is defined as the DSE (in J/mL) required to achieve a solution with the lowest 

12 particle agglomeration state in DI H2O. A 1 mL solution from the stock was used to measure 

13 the hydrodynamic diameter (dH) using dynamic light scattering (DLS; Malvern Nanosizer, 

14 Worcestershire, UK). The solution was sonicated for 1 min, vortexed for 10 s, and measured 

15 again. The process was continued until the dH and polydispersity index (PDI) values were not 

16 changing significantly (± 5%).

17 All stock suspensions for the 6 ENMs mentioned above were then prepared in water 

18 according to their respective DSEcr values. The DSEcr for these ENMs are as follows: TiO2= 

19 380 J/mL; ZnO= 420 J/mL; SiO2= 161 J/mL; CuO= 271 J/mL; Fe2O3= 320 J/mL; Al2O3= 388.5 

20 J/mL. The working solutions (10 to 100 μg/mL) for these ENMs were prepared by diluting the 

21 sonicated 500 μg/mL stock solutions with HUVEC culture medium. For Au and Ag NPs, the 

22 supplied colloidal solutions were concentrated to 1200 µg/mL by using ultracentrifugation at 

23 13,000 RPM for 20 min at 4°C, which was then re-dispered in water, vortexed for 30 s, and 

24 then diluted to the final working concentrations with HUVEC cell culture media. For the 

25 nanocellulose polymorphs (CNC and CNF), a 1 mg/mL stock solution was first prepared in 

26 water and then vortexed at a high speed for 30 s seconds to ensure dispersion. The nanocellulose 
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1 stock solutions were diluted with HUVEC cell culture media to the desired final concentrations. 

2 The DLS profiles for the stock solutions in water and ENM dispersions in cell culture media, 

3 except for CNC and CNF that have higher aspect ratios, are presented in the ESI Fig. S27.

4 ENM exposure studies: After 24 h in normal culture and 24 h with cAMP-supplemented 

5 media, HUVEC pairs were treated with ENMs at varying concentrations for another 24 h (Fig. 

6 1d). For HUVEC monolayers, ENM suspension on cAMP-supplemented culture media was 

7 introduced to the apical side of the well for 24 h. All ENM exposure experiments with HUVEC 

8 pairs and monolayers were performed three times. For the studies with ENM-induced 

9 cytoskeletal reorganization, cell pairs treated with calpeptin (Rho activator I, Cytoskeleton, 

10 Inc.; working concentration= 1 unit/ mL) and Y-27632 (ROCK inhibitor, EMD Millipore; 

11 working concentration= 10 µM) were used as additional control groups. Exposure time for both 

12 drugs is 30 minutes as per the manufacturer’s protocol to achieve maximum effect on actin 

13 fibers.

14 Permeability assay: HUVECs were seeded at a density of ~15,000 cells/ cm2 on 

15 Transwell® polyester membrane cell culture inserts (6.5 mm, 0.4 μm pore size, 0.33 cm2 

16 surface area; Corning, NY, USA). Prior to seeding, each insert was coated with 50 μg/mL of 

17 fibronectin for at least an hour at room temperature. The cells were cultured for 48 hours to 

18 allow for confluence prior to permeability measurements. We followed a previously-reported 

19 protocol87 for calculating the macromolecular permeability of two representative fluorophores, 

20 Alexa Fluor 555 (400 Da; Invitrogen, MA, USA) and Oregon Green 488 (1.2 kDa; Thermo 

21 Fisher Scientific, MA, USA), across the HUVEC monolayers after 24 h of exposure to ENMs. 

22 Permeability measurements were also taken before exposure to ENMs to ensure that all 

23 monolayers have statistically similar permeability measurements prior to ENM exposure. 

24 Cytotoxicity measurements: To measure ENM-induced changes in cellular viability, 

25 commercially-available assay kits were used for detecting the release of lactate dehydrogenase 

26 (LDH; Promega, WI, USA) and mitochondrial reductase activity using 3-(4,5-dimethylthiazol-
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1 2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS; Abcam, MA, 

2 USA). For these tests, unpatterned HUVECs were seeded on 96-well plates at a density of 

3 ~15,600 cells/cm2. For the LDH assay, cell culture media were collected from each sample in 

4 triplicate and then incubated with the reagents from the LDH assay kit. The absorbance of the 

5 resulting solution at 490 nm was recorded using a plate reader (Synergy HT; BioTek, NJ, USA). 

6 Similarly, the MTS assay was executed according to manufacturer’s protocol, whereby the 

7 absorption of test solutions was also recorded at 490 nm. To establish the correct baseline per 

8 reading, the background signal at 650 nm and from each ENM suspension on fresh culture 

9 media at 490 nm were subtracted from the recorded absorbance values. 

10 Immunostaining: Cells were fixed in 4 % paraformaldehyde (PFA) for 10 min, followed 

11 by permeabilization with 0.05% Triton-X for another 15 min. Non-specific binding was 

12 prevented by blocking with a 5% bovine serum albumin (BSA) solution in PBS for 1 h. After 

13 these steps, the samples were incubated with primary antibodies against vinculin (1:500; Abcam, 

14 MA, USA), VE-cadherin (1:500; Abcam, MA, USA), or fibronectin (1:500; Sigma, MO, USA) 

15 for 2 h at room temperature, followed by incubation with the appropriate secondary antibodies 

16 (against rabbit IgG (H+L) conjugated to Alexa Fluor 488 or mouse IgG conjugated to Alexa 

17 Fluor 633; 1:200; Life Technologies, CA, USA) and Alexa Fluor 546 Phalloidin (1:200; Life 

18 Technologies, CA, USA) for 1 h at room temperature. To stain for nuclei, samples were 

19 incubated with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; Invitrogen, CA, USA) 

20 solution with a working concentration of at least 300 nM for 5 minutes. The samples were 

21 washed at least three times with 0.5% BSA solution in between steps. After the last staining 

22 step, all samples were washed with PBS for at least three times and then mounted on a glass 

23 slide with Prolong Gold anti-fade agent (Life Technologies, CA, USA).

24 Cellular proliferation measurements: Proliferation of HUVECs with or without ENM 

25 treatment were assessed by immunostaining against a Ki67 antibody as the proliferation marker 

26 (1:500, Thermo Fisher Scientific, MA, USA; against rabbit IgG (H+L) conjugated to Alexa 
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1 Fluor 488) and DAPI for counting the total number of cells. The standard immunostaining 

2 protocol described above was followed.  For this measurement, unpatterned cells were seeded 

3 on 24-well plates at a density of ~5,300 cells/cm2. The % of Ki67-positive cells per number of 

4 DAPI-positive cells were calculated and averaged from two independent experiments with 3 

5 wells per treatment condition (least 4 fields of view per well). 

6 Darkfield microscopy: ENM localization was observed using the darkfield mode of an 

7 integrated hyperspectral and Raman microscope (CytoViva, AL, USA/ Horiba, CA, USA). The 

8 corresponding darkfield images were obtained using a halogen lamp with aluminum reflector 

9 (Part L1090; International Light Technologies, MA, USA). All test samples with HUVEC pairs 

10 were fixed with 4% paraformaldehyde prior to mounting onto a glass slide with PBS. 

11 Confocal microscopy and data analysis: All immunofluorescence images were acquired 

12 using a spinning disk confocal microscope (Olympus ix83, Andor spinning disk). Image 

13 analysis was conducted using Fiji, a distribution of ImageJ focused on biological image 

14 analysis.88 Further details on image analysis, quantification of cell pair features and calculation 

15 of similarity index can be found in the Supporting Information. Custom ImageJ macros used 

16 for image analysis are available from the authors upon request. All data shown are mean ±  

17 standard error of the mean (SEM). Pearson product-moment correlation coefficient was 

18 calculated between the cellular architecture measurements and tissue permeability values 

19 reported in Figure 8. Statistical significance was determined using a two-tailed Student’s t-test 

20 (*p < 0.05, **p < 0.005, #p < 0.001). 
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1

2 Figure 1. Formation of endothelial cell pairs on micropatterned substrates. (a) Schematic 
3 illustration of cell pairs as a functional repeating unit of the vascular endothelium and the local 
4 structural parameters that can be assessed following ENM exposure. (b) Representative phase 
5 contrast and confocal images of an endothelial cell pair. Healthy endothelial cell pairs formed 
6 adherens junctions at the cell-cell contact border and expressed filamentous actin (F-actin) 
7 around the cell cortex. (c) PDMS substrate patterned with double hexagon FN islands (area= 
8 2500 µm2 per hexagon) prior to endothelial cell seeding and 48 hours after seeding. (d) 
9 Experimental timeline for endothelial cell pair ENM exposure studies. 
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1
2
3 Figure 2. Distribution of ENMs in cell pairs following exposure and their cytotoxic effects. 
4 (a) Representative darkfield images of cell pairs exposed to 10 μg/mL of (i) TiO2, (ii) Fe2O3 
5 and (iii) SiO2. (b) Cellular viability of unpatterned HUVECs after exposure to ENMs for 24 h, 
6 as determined by MTS assay; absorbance measurements normalized against the unexposed (no 
7 ENM) condition. Error bars represent standard error of mean; n ≥ 3 per exposure condition, 
8 where n is the number of wells per exposure condition. Red dashed line represents the value for 
9 no ENM condition. For statistical comparison, *p <0.05, **p <0.005, #p <0.001 with respect 

10 to control.
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1
2 Figure 3. Impact of ENM exposure on the response of endothelial cells to extracellular 
3 shape cue. (a) Schematic diagram of analysis method for calculating the cell pair-to-FN area 
4 ratio (AR). After thresholding FN and F-actin cell pair images, the cell pair area and fibronectin 
5 island area were measured, and the ratio was calculated. (b) AR values following exposure to 
6 Ag, TiO2, and CNC at 10, 50, and 100 µg/mL (n ≥ 30, where n is the number of cell pairs per 
7 exposure condition). For statistical comparison, *p <0.05, **p <0.005, #p <0.001 with respect 
8 to control.
9
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1
2 Figure 4. Dose-dependent effect of ENM exposure on actin filament distribution in 
3 endothelial cell pairs. Composite confocal images of cell pairs immunostained against F-actin; 
4 (a) without ENM exposure, (b) with calpeptin (a Rho activating drug, induces stress fiber 
5 formation), (c) with Y-2763 (a ROCK inhibiting drug, disrupts cortical actin), and those 
6 exposed to 10 µg/mL, 50 µg/mL, and 100 µg/mL (d) Ag, (e) TiO2 and (f) CNC for 24 hours. 
7 Scale bars= 50 µm; n ≥ 20 per composite heat map, where n is the number of cell pairs per 
8 exposure condition. (g) Quantification of actin distribution in the central region (inset: red 
9 highlighted area, radius, R, = 0 to 15.5 µm from the center of a hexagonal cell) of ENM-exposed 

10 (10 µg/mL) patterned cells using radial scanning; normalized against the values for unexposed 
11 cell pairs (red dashed line). For statistical comparison, *p <0.05, **p <0.005, #p <0.001 with 
12 respect to control.
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1
2 Figure 5. Distribution of colocalized vinculin and fibronectin features. (a) Micropatterned 
3 bihexagonal FN island images (immunostained against FN) before and 72 h after cell seeding; 
4 scale bars= 100 µm. (b) Representative images of cell pairs exposed to Ag, TiO2 and CNC at 0 
5 and 50 μg/mL, immunostained against vinculin and FN; scale bars=50 µm. Colocalization of 
6 vinculin and FN pixels were defined using Costes method (see ESI). (c) Relative peripheral 
7 intensity of colocalized vinculin and FN pixels (with respect to total vinculin pixels) for cell 
8 pairs under different exposure conditions (inset: peripheral region pertains to the red highlighted 
9 area, R= 15.5 to 26.9 µm of one cell). Red dashed line represents the measurement of unexposed 

10 cell pairs (no ENM); n ≥ 10, where n is the number of cell pairs per exposure condition. 
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1
2 Figure 6. Dose-dependent effect of ENM exposure on distance between endothelial cell 
3 pair nuclei and nuclear eccentricity. (a) Illustration of tension-induced nuclear remodeling of 
4 cell pairs following ENM exposure. (b) Schematic diagram depicting the analysis procedure 
5 used to determine cell pair internuclear separation. Internuclear separation was defined as the 
6 distance between the centers of the nuclei of the two cells. (c) Schematic diagram depicting 
7 nuclei fitted to ellipses for measuring nuclear eccentricity, resulting in values from 0 to 1, where 
8 0 corresponds to a circle. (d) Internuclear separation following exposure to Ag, TiO2, and CNC 
9 at 10, 50, and 100 µg/mL (n ≥ 20, where n is the number of cell pairs per exposure condition). 

10 (e) Nuclear eccentricity following exposure to Ag, TiO2, and CNC at 10, 50, and 100 µg/mL (n 
11 ≥ 40, where n is the total number of cells per exposure condition). For statistical comparison, 
12 *p <0.05, **p <0.005, #p <0.001.
13
14
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1
2
3 Figure 7. Changes in VE-cadherin expression and formation of intercellular gaps between 
4 endothelial cell pairs due to ENM exposure. (a) Procedure for measuring VE-cadherin 
5 expression intensity per contact length in the intercellular junction area. A linear profile was 
6 created along the midline of the junction area for each analyzed pair and the mean intensity of 
7 the pixels composing the profile was calculated. The values reported are an average of these 
8 measured mean intensities, normalized with respect to the unexposed cell pairs. (b) VE-
9 cadherin intensity per contact length following exposure to Ag, TiO2, and CNC at 10, 50, and 

10 100 µg/mL (n ≥ 20, where n is the number of cell pairs per exposure condition). Red dashed 
11 line represents the value for no ENM condition. (c) Procedure for measuring intercellular gap 
12 size in EC pairs. d) Mean intercellular gap size following exposure to Ag, TiO2, and CNC at 
13 10, 50, and 100 µg/mL (n ≥ 20, where n is the number of cell pairs per exposure condition. For 
14 statistical comparison, *p <0.05, **p <0.005, #p <0.001 with respect to control.
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1
2
3 Figure 8. Correlation plots: changes in cellular architecture correlated to endothelial 
4 barrier permeability. (a) Cell pair-to-FN island area ratio or AR, (b) central actin intensity 
5 ratio, (c) VE-cadherin expression intensity in intercellular junction area, and (d) mean 
6 intercellular gap size (all black) plotted with EC monolayer permeability (red, normalized with 
7 respect to unexposed conditions) as a function of ENM exposure level. For statistical 
8 comparison, *p <0.05, **p <0.005, #p <0.001 with respect to control. The correlation 
9 coefficient, r, between a cellular architecture parameter and tissue permeability is reported in 

10 each plot.
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1
2
3 Figure 9. Similarity index based on cell pair assay metrics. Cell pair scoring index, which 
4 compares the state of cell pairs exposed to different ENM conditions and those that are 
5 “healthy”, unexposed endothelial cell pairs. The index is a modified implementation of the 
6 Hellinger distance formula, which is used to quantify the similarity between two probability 
7 distributions. A score of 100 indicates complete similarity between two data sets, while a score 
8 of 0 indicates complete dissimilarity. The combined score represents the average score from 
9 the following individual parameters: cell pair-to-FN island area ratio, central actin intensity, 

10 VE-cadherin intensity, and intercellular gap size.
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