Journal of Colloid and Interface Science 634 (2023) 323-335

journal homepage: www.elsevier.com/locate/jcis

Journal of Colloid and Interface Science

Contents lists available at ScienceDirect

“Non-cytotoxic” doses of metal-organic framework nanoparticles
increase endothelial permeability by inducing actin reorganization

Check for
updates

Jinyuan Liu®¢, Alex Rickel ™, Steve Smith ¢, Zhongkui Hong ™“%* Congzhou Wang **

2 Nanoscience and Nanoengineering, South Dakota School of Mines and Technology, 501 East Saint Joseph Street, Rapid City, SD 57701, USA
b Biomedical Engineering, University of South Dakota, 4800 N Career Avenue, Sioux Falls, SD 57107, USA

€ BioSystems, Networks & Translational Research (BioSNTR), 501 East Saint Joseph Street, Rapid City, SD 57701, USA

4 Mechanical Engineering, Texas Tech University, 805 Boston Ave, Lubbock, TX 79409, USA

GRAPHICAL ABSTRACT

c
8
E o O
S () ® ) Assembly Bundling
o O >
© @ 6
(= =
5 e ©
z
G-actin F-actin Well-oriented stress fibers
Endocytosis 0 Altered assembly
[
—»® »® <y
Z Py " . zn*
o.0
ZIF-8 NPs
Endosome/lysosome
degradation "Octopus" actin branches
ARTICLE INFO ABSTRACT

Article history:

Received 27 October 2022
Revised 28 November 2022
Accepted 5 December 2022
Available online 9 December 2022

Keywords:

Zeolitic imidazolate framework-8
nanoparticles

Human aortic endothelial cells
Non-cytotoxic doses

Endothelial permeability

Actin reorganization

Cytotoxicity of nanoparticles is routinely characterized by biochemical assays such as cell viability and
membrane integrity assays. However, these approaches overlook cellular biophysical properties includ-
ing changes in the actin cytoskeleton, cell stiffness, and cell morphology, particularly when cells are
exposed to “non-cytotoxic” doses of nanoparticles. Zeolitic imidazolate framework-8 nanoparticles
(ZIF-8 NPs), a member of metal-organic framework family, has received increasing interest in various
fields such as environmental and biomedical sciences. ZIF-8 NPs may enter the blood circulation system
after unintended oral and inhalational exposure or intended intravenous injection for diagnostic and
therapeutic applications, yet the effect of ZIF-8 NPs on vascular endothelial cells is not well understood.
Here, the biophysical impact of “non-cytotoxic” dose ZIF-8 NPs on human aortic endothelial cells (HAECs)
is investigated. We demonstrate that “non-cytotoxic” doses of ZIF-8 NPs, pre-defined by a series of bio-
chemical assays, can increase the endothelial permeability of HAEC monolayers by causing cell junction
disruption and intercellular gap formation, which can be attributed to actin reorganization within adja-
cent HAECs. Nanomechanical atomic force microscopy and super resolution fluorescence microscopy fur-
ther confirm that “non-cytotoxic” doses of ZIF-8 NPs change the actin structure and cell morphology of
HAECs at the single cell level. Finally, the underlying mechanism of actin reorganization induced by the
“non-cytotoxic” dose ZIF-8 NPs is elucidated. Together, this study indicates that the “non-cytotoxic”
doses of ZIF-8 NPs, intentionally or unintentionally introduced into blood circulation, may still pose a
threat to human health, considering increased endothelial permeability is essential to the progression
of a variety of diseases. From a broad view of cytotoxicity evaluation, it is important to consider the
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biophysical properties of cells, since they can serve as novel and more sensitive markers to assess nano-

material’s cytotoxicity.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

“The dose makes the poison.” This adage by Paracelsus
describes that the administered dose of a substance is a fundamen-
tal parameter that determines its toxicity [1]. Likewise, cellular
uptake of nanoparticles induces dose-dependent detrimental
effects on cells, which are routinely characterized by biochemical
cytotoxicity assays [2-3]. Among these, cell viability (e.g., MTT)
and membrane integrity (e.g., lactate dehydrogenase, LDH) assays
are the most-used biochemical assays for evaluating nanoparticle
cytotoxicity [4-5]. Typically, nanoparticle doses that cause obvious
changes in cell viability and membrane integrity are considered as
“cytotoxic” or “harmful” doses at the in vitro level, implying that
the nanoparticles should not be harmful to cells below these “cyto-
toxic” doses. However, these assays used to define “cytotoxic”
doses neglect the cellular biophysical changes that nanoparticles
can cause, such as alterations of the actin cytoskeleton, cell stiff-
ness, and cell morphology.[6-8] Indeed, the majority of previous
research assumes these biophysical changes are the consequences
of reduced cell viability and membrane integrity, when cells are
exposed to “cytotoxic” nanoparticles.[9-11] However, recent stud-
ies suggested that before reaching a certain “cytotoxic” dose as
defined by biomedical assays, these biophysical changes have
already taken place on cells.[12-13] For instance, a pioneering
study by Liang, Parak, and co-authors found that the actin
cytoskeleton and cell morphology can be affected by gold nanopar-
ticles, under “non-cytotoxic” doses when cell viability and mem-
brane integrity have not yet been changed.[12] Another study by
Leong’s group also demonstrated that TiO, nanoparticles altered
the morphology of cancer cells and thus increased their migration
ability after exposure to “non-cytotoxic” doses of nanoparticles.
[13] Together, the following questions arise: Are the “non-
cytotoxic” doses really “non-harmful” to cells, and how will these
so-called “non-cytotoxic” doses of nanoparticles affect cells in
terms of their often-overlooked biophysical properties?

Metal-organic frameworks (MOFs), a class of hybrid crystalline
materials formed by coordination bonds between metal ions and
organic linkers, have shown great promise in a variety of environ-
mental and biomedical applications, such as biosensing,[14-18]
bioimaging,[19-23] bio-preservation,[24-27] drug delivery,[28-
32] photodynamic therapy,[33-34] and immunotherapy.[35] As
an important member of MOF family, zeolitic imidazolate
framework-8 nanoparticles (ZIF-8 NPs), consisting of zinc ions
and 2-methylimidazole, have been extensively utilized to encapsu-
late and deliver drug molecules for treating diseases,[36-38]
owing to their high drug loading efficacy, mild drug loading condi-
tion, and responsive drug release in acidic pH.[39-42] This is also
because ZIF-8 is typically recognized as a biocompatible material
with relatively low cytotoxicity since both zinc and the imidazole
group are abundant in cellular systems.[43] To date, the cytotoxi-
city of ZIF-8 NPs has been assessed using conventional biochemical
assays on a broad range of mammalian cells including cancer cells,
macrophages, epithelial cells, and fibroblasts.[43-45] However,
there is still missing information about how ZIF-8 NPs interact
with vascular endothelial cells, the cell monolayer that forms the
interior surfaces of blood vessels. Considering contact of ZIF-8
NPs with vascular endothelial cells can occur due to the transloca-
tion of the NPs into blood circulation after unintended oral and
inhalational exposure, or intended intravenous injection for
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biomedical applications,[46-49] it is of great importance to under-
stand the impact of ZIF-8 NPs on vascular endothelial cells.

In this work, we investigated whether and how the “non-
cytotoxic” doses of ZIF-8 NPs affect the biophysical properties of
vascular endothelial cells. Human aortic endothelial cells (HAECs)
were selected as our endothelial cell model since they are widely
used to study endothelial dysfunction and cardiovascular diseases
caused by air pollution, oxidative stress, inflammation, and
nanomaterial exposure.[50-53] First, we identified the “non-
cytotoxic” doses of ZIF-8 NPs on HAECs using a series of
biochemical assays. Next, we evaluated the effect of “non-
cytotoxic” doses of ZIF-8 NPs on the endothelial integrity and
permeability, considering the main function of endothelial cells is
to maintain the vascular homeostasis via regulating the transport
of macromolecules, circulating cells, and nanomedicines between
tissues and the bloodstream.[54-55] We found the confluent HAEC
monolayer, after treatment with these “non-cytotoxic” doses of
ZIF-8 NPs, showed significantly increased permeability by forming
micrometer-sized gaps between adjacent cells. We further exam-
ined the ZIF-8 nanoparticle-treated HAECs at the single cell level
by atomic force microscopy and super resolution fluorescence
microscopy, and demonstrated that ZIF-8 NPs, even at “non-
cytotoxic” doses, changed the actin cytoskeleton and morphology
of HAECs, resulting in a disruption to the cell junction and an
increase in the endothelial permeability. Finally, we elucidated
the underlying mechanism of how “non-cytotoxic” dose ZIF-8
NPs induced structural changes in the actin cytoskeleton of HAECs.
Together, this work provides an important safety guideline for
in vivo applications of ZIF-8 NPs (e.g., intravenous injection for
drug delivery), given that even “non-cytotoxic” doses of ZIF-8
NPs have the potential to cause endothelial dysfunction and
increase the risk of cardiovascular diseases. From the broad point
view of nanotoxicity evaluation, the cellular biophysical character-
istics offer novel and more sensitive indicators to assess nanopar-
ticle induced cytotoxicity.

2. Results and discussion
2.1. Characterization and cytotoxicity of ZIF-8 NPs

ZIF-8 NPs were synthesized using an established protocol,[45]
which led to monodispersed nanospheres with an average diame-
ter of 63.4 + 9.7 nm, as shown in transmission electron microscope
images (Fig. 1A and S1). This size falls into the optimal size range of
nanoparticles for cellular uptake.[56] All of the diffraction peaks
associated with a standard ZIF-8 crystal structure were visible in
powder X-ray diffraction of synthesized ZIF-8 NPs, indicating the
formation of ZIF-8 crystalline NPs (Fig. 1B).[57] The colloidal stabil-
ity of ZIF-8 NPs in aqueous media were characterized using
dynamic light scattering (DLS). The hydrodynamic size of ZIF-8
NPs in PBS buffer was measured to be 66.3 nm (PDI: 0.114), and
the size slightly increased to 69.4 nm (PDI: 0.179) in cell culture
medium due to the formation of protein corona on the nanoparti-
cle surface (Fig. 1C). The formation of protein corona was con-
firmed by the SDS-PAGE experiment, suggesting that a series of
serum proteins adsorbed on the nanoparticle surface, where the
strongest band corresponds to the most abundant albumin in
serum (Figure S2). There was no significant change in the hydrody-
namic size after incubating with cell culture medium for 24 h,
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Fig. 1. Characterization, cytotoxicity, and HAEC uptake of ZIF-8 NPs. (A) Representative TEM image of ZIF-8 NPs. (B) Powder XRD pattern of synthesized and simulated ZIF-8.
(C) Hydrodynamic diameter of ZIF-8 NPs in aqueous media. For ZIF-8 NPs in PBS, the peak size is 66.3 nm and the PDI is 0.114. For ZIF-8 NPs in cell medium, the peak size is
69.4 nm, and PDI is 0.179. (D-F) Biochemical-based cytotoxicity assays (D: XTT assay, E: LDH assay, F: live/dead staining) evaluating dose-dependent effect of ZIF-8 NPs on
HAECs. Scale bars: 200 pm. Data are mean * SD, n = 6. One-way ANOVA test, ***P < 0.001. (G-H) Fluorescence images of individual HAECs after cell incubation with 25 and
50 pg/mL of FITC@ZIF-8 NPs for 6, 12, and 24 h. Scale bars: 10 um. (I-]) Quantitative analysis of correlated total cell fluorescence of 25 and 50 pg/mL FITC@ZIF-8 NPs treated

HAECs. Data are mean * SD, n = 10. One-way ANOVA test, **P < 0.01, ***P < 0.001.

indicating good colloidal stability of ZIF-8 NPs in the physiological
fluid within a short term (Figure S3). The powder X-ray diffraction
of ZIF-8 NPs after incubation with cell medium for 24 h maintained
all the diffraction peaks of freshly prepared ZIF-8 NPs, with three
additional peaks at 10.968°, 18.912°, and 23.912°, consistent with
previous reported data,[58] suggesting good chemical stability of
ZIF-8 NPs in the physiological fluid within a short term (Figure S4).

The cytotoxicity of ZIF-8 NPs on human aortic endothelial cells
(HAECs) was evaluated through three commonly used biochemical
assays, including an XTT, a LDH, and a live/dead staining assay. The
XTT assay assesses cell viability by measuring cellular metabolic
activity, whereas the LDH assay determines cell membrane dam-
age by quantifying the leaked cytosolic enzyme, lactate dehydroge-
nase (LDH).[59-60] As a combination and complement of XTT and
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LDH assays, live/dead staining assay determines cell viability by
counting total versus membrane-compromised dead cells. As
depicted in Fig. 1D-1F, the cell viability and membrane integrity
of HAECs after incubation with ZIF-8 NPs for 24 h manifested a
dose-dependent manner. The HAECs maintained over 90 % viability
after being treated with lower concentrations of ZIF-8 NPs
(<50 pg/mL), whereas the cell viability dropped significantly to
57 % and 40 % when ZIF-8 nanoparticle doses increased to 75 and
100 pg/mlL, respectively. A similar trend was noticeable on the
membrane integrity: Lower doses of ZIF-8 NPs (<50 pg/mL) caused
negligible membrane damage, while doses higher than 50 pg/mL
(i.e., 75 and 100 pg/mL) led to significant LDH leakage, suggesting
the membrane damage after the nanoparticle treatments.
Together, the two biochemical assays identified a non-cytotoxic
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to cytotoxic threshold for ZIF-8 NPs on HAECs, centered around
50 pg/mL. In other words, the doses no higher than 50 pg/mL could
be considered as “safe” or “non-cytotoxic” doses, which was fur-
ther reinforced by the live/dead staining assay (Fig. 1F and S5). In
the following experiments, we selected the doses of 25 and
50 pg/mL to assess the effects of presumably “safe” doses of ZIF-
8 NPs on HAECs.

2.2. HAEC uptake of ZIF-8 NPs

To investigate the uptake of ZIF-8 NPs by HAECs, a small molec-
ular dye, fluorescein isothiocyanate (FITC), was loaded into ZIF-8
NPs during synthesis to generate fluorescence-labelled ZIF-8 NPs
(i.e., FITC@ZIF-8 NPs).*> FITC@ZIF-8 NPs can emit green fluores-
cence under excitation and the internalized amounts of ZIF-8 NPs
by cells can be determined using a quantitative method estab-
lished in our group, namely, correlated total cell fluorescence
(CTCF).|61] Fig. 1G-1J and S6-S7 show that ZIF-8 NPs are internal-
ized by HAECs in a dose- and time-dependent fashion. As incuba-
tion time and nanoparticle dose increase, HAECs exhibited
increased fluorescence intensity across the entire cells except the
cellular nuclei, suggesting that ZIF-8 NPs were indeed internalized
by HAECs, instead of adhering on the cell surface. This was further
confirmed by the presence of fluorescent intracellular vesicles (i.e.,
the isolated green dots, Fig. 1G and 1H), suggesting that the
nanoparticles were likely accumulated within the endosome/lyso-
some after endocytosis.[62] As a control experiment, incubating
HAECs with free FITC in cell medium for 24 h only produced min-
imal CTCF (Figure S8). The cellular uptake of nanoparticles was
found to be largely through a caveolae-mediated pathway as pre-
treating the HAECs with methyl-B-cyclodextrin (an inhibitor for
caveolae-mediated endocytosis) significantly reduced the cellular
uptake of nanoparticles (Figure S8). Through the fluorescence
images, we also noticed that the HAECs gradually changed their
morphology within the 24 h incubation period, during which the
cell shape became rounded as manifested by a reduced aspect ratio
of individual cells (Figure S9). These results demonstrate the time-
and dose-dependent HAEC uptake of ZIF-8 NPs, along with the
morphological change of HAECs induced by the “non-cytotoxic”
dose ZIF-8 NPs.

2.3. Cellular uptake of ZIF-8 NPs increases endothelial permeability of
HAECs

Considering the morphology of endothelial cells is pivotal to the
endothelial barrier function,[63,64] we further ask an important
question: Will the morphological change of HAECs here induced
by “non-cytotoxic” dose ZIF-8 NPs affect the integrity and perme-
ability of endothelium? To answer this question, we conducted an
endothelial permeability assay by growing a confluent layer of
HAECs on a porous transwell insert, exposing the endothelial layer
to ZIF-8 NPs, and then quantifying the amount of FITC-dextran that
can translocate across the endothelial barrier (Fig. 2A). Here, the
amount of FITC-dextran eventually detected in the bottom cham-
ber provides a quantitative measure for the endothelial permeabil-
ity. The results showed that treating the confluent HAEC layer with
ZIF-8 NPs increased endothelial permeability in a dose- and time-
dependent fashion (Fig. 2B and S10), a similar trend that can be
correlated with the HAEC uptake of ZIF-8 NPs (Fig. 1G-1 ]). Specif-
ically, after a period of incubation (24 h) with 25 and 50 pg/mL ZIF-
8 NPs, we observed a 1.9-fold and a 2.8-fold increase, respectively,
in the FITC-dextran transport across the endothelial barrier
(Fig. 2B), suggesting that ZIF-8 nanoparticle treated endothelial
barrier became more permeable. In contrast, the lower dose of
ZIF-8 NPs (3 pg/mL) caused the negligible increase of FITC-
dextran transport (Figure S11). To interrogate whether the cellular
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uptake of ZIF-8 NPs or the extracellular degradation of ZIF-8 NPs
(e.g., zinc ions and 2-methylimidazole in cell medium) caused
the increased endothelial permeability, we conducted two control
experiments: (1) Treating the confluent HAEC layer with ZIF-8
nanoparticle pre-treated cell medium (i.e., incubating ZIF-8 NPs
with cell medium for 24 h and then removing the particles through
centrifugation to obtain supernatant); and (2) Treating the
confluent HAEC layer with cell media containing zinc nitrate and
2-methylimidazole for 24 h, assuming ~ 10 % and ~ 100 %
degradation of ZIF-8 NPs in cell media within 24 h. The results of
the permeability assay indicated that both ZIF-8 pre-treated cell
medium and ~ 10 % degradation of ZIF-8 NPs did not increase
the FITC-dextran transport, and ~ 100 % degradation of ZIF-8 NPs
(an extreme situation) only caused a slight increase in the
FITC-dextran transport (i.e., 1.5-fold). These results suggest that
the internalization of ZIF-8 NPs by HAECs, not extracellular
nanoparticle degradation, plays a major role in the increased
endothelial permeability of the HAEC layer (Figure S12). The
importance of cellular internalization of particles was further
supported by treating endothelial monolayer with larger size of
ZIF-8 particles (1019.2 + 94.3 nm in diameter, 50 pg/mL for
24 h), which corresponded to a lower cellular uptake and negligible
impact on the endothelial permeability (Figure S13).

It is known that the integrity and permeability of the endothe-
lial barrier are dependent on the intact cell junctions.[65] A conflu-
ent endothelial barrier with intact cell junctions restricts the
transport of FITC-dextran, whereas the disrupted cell junctions
can result in the enlarged gaps between adjacent endothelial cells,
facilitating the passage of FITC-dextran. Here, the intact cell junc-
tions are maintained by pairs of transmembrane VE-cadherin
through VE-cadherin homophilic interactions.[66-67] Thus, we
further inspected HAEC junctions by immunofluorescence staining
of the cell junction protein, VE-cadherin. As shown in Fig. 2C and
S14, VE-cadherin proteins were found to locate along the cell junc-
tions, profiling the boundary of individual endothelial cells. Clearly,
the untreated HAECs possessed integral cell-cell contacts through
interacting VE-cadherin, whereas the ZIF-8 nanoparticle treat-
ments caused micrometer-sized gaps between neighboring cells,
as marked by red arrowheads (Fig. 2C and S14). Around the gap
regions, it was also perceivable that the amount of VE-cadherin
significantly decreased, causing a breakdown in cell-cell contacts.
The decrease of membrane VE-cadherin was further confirmed by
Western blotting (Figure S15). By measuring the area of the gaps,
we found that the higher doses of ZIF-8 NPs induced larger and
more gaps on the otherwise confluent monolayer (Fig. 2D), in
accordance with the FITC-dextran transport data (Fig. 2C). These
results indicate that “non-cytotoxic” dose ZIF-8 NPs increased
the endothelial permeability and gap formation by disrupting the
cell junctions of HAECs.

We next asked how are the cell junctions disrupted by “non-
cytotoxic” doses of ZIF-8 NPs? Previous studies demonstrated that
gold and titanium dioxide nanoparticles induced leakiness of
microvascular endothelial barriers by directly binding to VE-
cadherin.[67-68] However, it is unlikely that ZIF-8 NPs can directly
interact with VE-cadherin in our case since the HAECs here, as
macrovascular endothelial cells, have much smaller tight junction
size of 1-3 nm located on the apical surface of cell junctions,[69-
70| preventing the direct contact of ZIF-8 NPs with VE-cadherin
in the underlying adherens junctions. Thus, we switched our focus
to the actin cytoskeleton of HAECs, the intracellular structure that
physically connects to the transmembrane VE-cadherin and
regulates the integrity of cell-cell contacts.[71] Fig. 2E and S16
summarize the fluorescence staining of F-actin of HAEC layers
subjected to different treatments. The untreated HAECs (i.e., the
control group) showed well-aligned and evenly distributed actin
stress fibers across the entire cell body. However, after treatment
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Fig. 2. (A) Schematic illustrating the working principle of endothelial permeability assay. (B) Quantitative analysis of FITC-dextran transport across the HAEC monolayer after
different treatments (untreated HAECs as control, HAECs treated by 25 and 50 pg/mL ZIF-8 NPs for 24 h). Data are mean * SD, n = 5. One-way ANOVA test, ***P < 0.001. (C)
Immunofluorescence staining of VE-cadherin showing the formation of intercellular gaps (red arrowheads) on HAEC monolayer after ZIF-8 NPs treatments. Green: VE-
cadherin. Blue: nucleus. Scale bars: 30 pm. (D) Quantification analysis of gap area indicating ZIF-8 NPs increased endothelial permeability in a dose-dependent manner. Data
are mean * SD, n = 10. One-way ANOVA test, ***P < 0.001. (E) Fluorescence staining of actin cytoskeleton of HAECs after different treatments. ZIF-8 NPs treatments altered
actin organization in HAEC monolayer. (F) The intracellular fluorescence profiles (along dotted lines in E) indicating the reduced actin stress fibers after ZIF-8 NPs treatments.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with “non-cytotoxic” dose ZIF-8 NPs, the HAECs displayed fewer
stress fibers (Fig. 2F), along with more branched actin filaments
(marked by white dotted boxes in Fig. 2E). Notably, the branched
actin filaments were mostly located around the gap areas, implying
the important role of actin structure in the gap formation. Consid-
ering the reduced VE-cadherin around the gap areas, it is possible
that the branched actin network generated a localized contraction
force to pull VE-cadherin toward the intracellular space, disrupting
the cell-cell contacts and enlarging the intercellular gaps. Based on
these collective data, we propose that the cellular uptake of ZIF-8
NPs, even at “non-cytotoxic” doses, disrupts the cell junctions by
causing the reorganization of actin filaments and the change of cell
morphology.

2.4. ZIF-8 NPs cause actin reorganization of a single HAEC

To further investigate whether ZIF-8 NPs would change the
actin structure and morphology of HAECs, we applied a single-
cell imaging tool, atomic force microscopy (AFM), to characterize
the single HAEC with or without ZIF-8 nanoparticle treatments.
Compared to imaging an HAEC monolayer, examining an HAEC at
the single cell level allows for more detailed quantitative charac-
terization of the actin cytoskeleton and cell morphology. Here,
Peak-Force quantitative nanomechanical mapping, a unique mode
under AFM, was employed to image single, live cells, allowing a
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simultaneous collection of cell morphology, surface topography,
and Young's modulus images of HAECs.[72-74| Importantly, the
Young’s modulus image provides a clear visualization of actin
structures located in the dorsal layer of HAECs as they are the main
contributor to cell stiffness (Fig. 3A).[75-77] The Young’s modulus
value (unit: kPa) for each pixel in the modulus image was calcu-
lated by fitting the indentation force curve obtained on that partic-
ular coordinate (x,y) using a Hertz model (Fig. 3B). Fig. 3C includes
the images of untreated and treated HAECs in three imaging chan-
nels. For the untreated HAECs, the cells showed elongated,
cobblestone-like morphology, and well-aligned actin stress fibers
along the entire cell body including the thick central area and
the thin periphery of the cells. Notably, these actin stress fibers
were mostly parallel with the long axis of the cell and exhibited
precise spatial correlation among the three imaging channels. In
stark contrast, HAECs treated by ZIF-8 NPs presented an altered
actin organization and cell morphology. For the HAECs treated by
25 pg/mL ZIF-8 NPs, actin filaments parallel with the cell’s long
axis can only be found in the periphery of cells, while the actin fil-
aments in the central area became disorganized. HAECs treated by
50 pg/mL ZIF-8 NPs showed even more disorganized and branched
actin filaments in both central and peripheral regions of the cells,
along with rounded cell shape as manifested by the decrease in
the aspect ratio of individual cells from 1.75 to 1.22 (Figure S17).
More AFM images for the untreated and treated HAECs are
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presented in Figure S18-S20. To quantify the actin change, we ana-
lyzed the orientation of actin filaments in AFM images using our
custom-made program developed in MATLAB.[78-79] We found
that ZIF-8 nanoparticle treatments caused an increased dispersion
of actin orientation in HAECs (Fig. 3D). Particularly, the summa-
rized percentage frequency of the actin filaments around the dom-
inant orientation angle (-10 to 10°, —20 to 20°) showed a decreased
trend after the treatments, further substantiating the disorganized
actin structures induced by ZIF-8 NPs (Figure S21).

We further examined the actin structure at the ventral layer of
HAECs using direct stochastic optical reconstruction microscopy
(dSTORM), a super resolution imaging tool integrated with total
internal reflection illumination (TIRF) microscopy. The TIRF micro-
scopy illuminates fluorescence-labelled ventral actin located only
100 nm above the coverslip owing to the thin evanescent field pen-
etration depth (Fig. 4A).[80] Compared to widefield microscopy,
dSTORM offers a sub-diffraction limited resolution by stochasti-
cally activating individual fluorophores, precisely localizing these
fluorophores in each imaging frame, and reconstructing the super
resolution image by stacking thousands of imaging frames col-
lected at different time points (Fig. 4B-4C).[81-84] Fig. 4D show-
cases the drastically improved imaging resolution of dSTORM
versus conventional widefield microscopy. Consistent with the
AFM results, the untreated HAECs possessed homogeneously dis-
tributed actin filaments mostly parallel with the long axis of the
cell throughout the entire cell body. However, HAECs treated with
ZIF-8 NPs showed fragmented or disappeared actin filaments in the
central area of cells. In the periphery of cells, we observed more
actin branches and networks in response to the increase of ZIF-8
nanoparticle doses. More dSTORM images and actin orientation
analysis for the untreated and treated HAECs are presented in
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Figure S22-S25. In summary, these two imaging techniques reveal
that the so-called “safe” doses of ZIF-8 NPs induced actin reorgani-
zation and morphological changes in single HAECs. Thus, it is rea-
sonable to conclude that the altered actin organization and cell
morphology were responsible for the increased permeability and
gap formation of the endothelial barrier.

2.5. Elevated intracellular zinc directly alters actin assembly

To further understand how ZIF-8 NPs changed the actin organi-
zation and cell morphology of HAECs, we began to explore the
mechanism of altered actin organization by ZIF-8 NPs. By a careful
literature search, we noticed that earlier cytotoxicity studies on
metal-based nanoparticles generally proposed two actin-
disrupting mechanisms: (1) The oxidative stress by internalized
metal-based nanoparticles produces reactive oxygen species
(ROS), and the increase of ROS in cells can alter actin assembly pro-
cess because actin and actin-binding proteins are sensitive to ROS
levels [85,86]. Chemically inert gold nanoparticles represent a typ-
ical example of this mechanism [12,87,88], (2) In the case of
degradable nanoparticles, the elevated intracellular metal ions
due to the degradation of endocytosed metal-based nanoparticles
can either increase the ROS level to indirectly change the actin
assembly, or directly participate and alter the actin assembly pro-
cess [9,89-92]. However, it is worth noting that the majority of
previous research was conducted under cytotoxic doses of
nanoparticles in which the cell viability or membrane integrity
were significantly compromised. It is still unclear how non-
cytotoxic doses of metal-based nanoparticles affect the actin
organization.
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Fig. 4. (A) Diagram depicting the TIRF setup for identifying ventral actin organization in single HAECs. (B-C) The workflow of dSTORM: stochastically activating individual
fluorophores, precisely localizing these fluorophores in each imaging frame, and reconstructing the super resolution image by stacking thousands of imaging frames collected
at different time points. (D) The ventral actin organization in untreated, 25 pg/mL ZIF-8 treated, and 50 pg/mL ZIF-8 treated HAECs imaged using wide-field and dSTORM

microscopy. White dotted boxes mark the zoom-in areas for dSTORM imaging.

Based on these considerations, we first measured the ROS level
of HAECs after different treatments, including untreated HAECs
(the control group), and HAECs treated with ZIF-8 NPs at concen-
trations of 25 and 50 pg/mL (Figure S26). The ROS assay indicated
that the intracellular ROS level of ZIF-8 treated HAECs did not show
obvious increase compared to the untreated group, implying that
the ROS level may not be the cause of altered actin organization
when HAECs were subjected to “non-cytotoxic” doses of ZIF-8
NPs. Indeed, these results are consistent with our earlier cell viabil-
ity measurements, in which the “non-cytotoxic” doses of ZIF-8 NPs
(25 and 50 pg/mL) did not induce the mitochondrial damage (i.e.,
XTT assay detects mitochondrial function). Then we turned to
determine the intracellular zinc ion (Zn?*) concentration in the dif-
ferent HAEC groups. Interestingly, we observed considerable
increases in intracellular Zn?* in the ZIF-8 treated HAECs. The
HAECs treated with 25 and 50 pg/mL ZIF-8 NPs manifested a 1.7-
fold and a 2.9-fold increase in the intracellular Zn?*, respectively,
compared to the control group (Figure S25). Together, these anal-
yses eliminate the involvement of ROS in the altered actin struc-
tures and thus inspired us to form the following hypothesis: The
increased intracellular Zn?" could cause actin reorganization by
directly interfering with the actin assembly process in HAECs.

To validate this hypothesis, an actin assembly assay was con-
ducted by adjusting the Zn?* concentrations upon the actin poly-
merization, aiming to mimic what will happen when intracellular
Zn?* increases and how this will impact the actin assembly in
the cells. Here, the actin assembly assay serves as a simplified
model to comprehend the impact of increased intracellular Zn?*
on the actin organization of HAECs [93-95]. As shown in AFM
images (Fig. 5A and S27), the actin monomer (i.e., globular actin)
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can assemble to single, linear actin filaments under a normal poly-
merization condition.[96-97] In stark contrast, when we increased
the Zn?* concentrations in the polymerization buffer (resulting in a
2.9-fold increase in the concentration of divalent metal ions, as
quantified in HAECs) to mimic the ZIF-8 nanoparticle treated
HAECs, we observed branched and thick actin bundles and net-
works (Fig. 5B and S28). This is in line with previous studies that
actin protein contains multiple binding sites for divalent metal
ions and the presence of these metal ions can alter the assembly
process of actin filaments.[98-100] Intriguingly, the “octopus”-
like actin branches are morphologically similar to the actin struc-
tures observed from the AFM and dSTORM images of single HAECs,
where the actin stress fibers lost their dominant parallel orienta-
tion and reorganized to actin branches and networks (Fig. 3 and
Fig. 4). These results support our hypothesis that the higher quan-
tities of intracellular Zn?" have the potential to directly affect the
actin assembly and change the actin organization in HAECs. We
illustrate the proposed actin-disrupting mechanism in HAECs in
Fig. 5C: In normal HAECs, the actin monomer can polymerize to
form single filamentous actin and subsequently assemble to
well-oriented actin bundles (i.e., stress fibers) to maintain the
endothelial cell morphology, cell tension, and integrity of cell junc-
tions. However, the elevated intracellular Zn?* caused by the
degradation of internalized ZIF-8 NPs in acidic endosome/lysosome
alters the actin assembly process,[101-102] leading to changed
actin organization, cell morphology, and cell tension, thereby
resulting in disrupted cell junctions and increased endothelial
permeability.

In addition to endothelial cells, this phenomenon was also
observed on another cell model. Considering the increased interest
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Fig. 5. Actin assembly assay investigating the actin assembly process in the presence of elevated zinc ions. (A) AFM images of typical G-actin-polymerized single, linear actin
filaments under normal conditions. Scale bars: 0.5 pm. (B) AFM images of altered actin structures polymerized from G-actin upon elevated Zn?* concentrations. White dotted
boxes mark the zoom-in areas. Scale bars: 0.5 pm. (C) Schematic illustrating the mechanism of actin reorganization in HAECs. Without treatment, the G-actin can form stable
actin oligomers, further assemble to single, linear actin filaments, and then form actin bundles (i.e., the well-aligned actin stress fibers). After cellular uptake of ZIF-8 NPs, ZIF-
8 NPs can be degraded in acidic endosome/lysosome, releasing Zn?* into cytoplasm. The increase of intracellular Zn?* concentration can directly alter the actin assembly

process, leading to “octopus”-like actin structures.

of ZIF-8 based vaccination,[26,103] which is usually administered
through subcutaneous injections, we further studied if the “noncy-
totoxic” dose of ZIF-8 NPs can affect the cell morphology and actin
cytoskeleton of RAW 264.7 macrophages. Our fluorescence imag-
ing results support a similar conclusion: After treated by a ‘noncy-
totoxic” dose of ZIF-8 NPs for 24 h (50 pg/mL), the RAW 264.7
macrophages became smaller in size and also showed altered actin
cytoskeleton (i.e., more actin aggregates after the treatment,
Figure S29-S30). Together, these results suggest that actin
cytoskeleton and cell morphology could be more sensitive indic-
tors of nanoparticle cytotoxicity for a variety of cell models, and
these biophysical changes of cells should not be overlooked. It is
also worth noting that microtubules and intermediate filaments
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are other two cytoskeletal components and it would be interesting
to look at how they were affected. However, we mainly focused on
actin cytoskeleton because of the major role of actin in the regula-
tion of endothelial junctions and endothelial permeability.

3. Conclusion

We have demonstrated that HAEC uptake of “non-cytotoxic”
doses of ZIF-8 NPs can increase the endothelial permeability of an
HAEC monolayer. The  “non-cytotoxic” doses  were
pre-determined by a series of conventional biochemical assays, in
which the HAECs maintained over 90 % viability and membrane
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integrity after exposure to ZIF-8 NPs. Through immunofluorescence
staining of VE-cadherin and actin cytoskeleton of ZIF-8 treated
HAEC monolayer, we found that the increased endothelial perme-
ability was accompanied with increased gap formation and dis-
rupted cell junctions between adjacent HAECs, as well as re-
organized actin structures within HAECs. Nanomechanical AFM
and dSTORM further confirmed the alterations in actin cytoskeleton
and cell morphology at the single HAEC level, which includes the
loss of well-aligned actin stress fibers, the development of actin
branches and network, and a decrease in cell aspect ratio. After
eliminating the involvement of oxidative stress in the altered actin
structures, we hypothesized that the altered actin organization and
cell morphology could be attributed to the elevated intracellular
Zn?* following endosomal/lysosomal degradation of ZIF-8 NPs. A
simplified actin assembly assay validated this hypothesis, suggest-
ing that elevated Zn ions could directly interfere with the actin
assembly process and lead to the actin reorganization observed in
HAECs. Considering that endothelial permeability plays an indis-
pensable role in a number of physiological and pathological pro-
cesses, especially the development of cardiovascular diseases and
cancer metastasis,[104-106] it is rational to believe that “non-
cytotoxic” doses of ZIF-8 NPs, intentionally or unintentionally intro-
duced into blood circulation, may still pose a threat to human
health. From a broad view of cytotoxicity evaluation, the biophysi-
cal properties of vascular endothelial cells including actin structure
and cell morphology can serve as novel and more sensitive markers
(compared to biochemical assays) for safety assessment of
nanomaterials.

4. Experiments
4.1. Materials

Vascular cell basal medium and endothelial cell growth Kkit-
VEGF were purchased from ATCC. PBS buffer, DPBS buffer, peni-
cillin, and streptomycin were obtained from Gibco. Zinc nitrate
hexahydrate (Zn(NOs),-6H,0, >98 %), 2-methylimidazole
(>99 %), fluorescein isothiocyanate (FITC, >90 %), cysteamine
(>98 %), catalase (>4,000 units/mg protein), glucose oxidase
(>100,000 units/g solid), glucose (>99.5 %), MES hydrate
(>99.5 %), sodium chloride (>99 %), magnesium chloride (>98 %),
Tris (hydroxymethyl)aminomethane (>99.8 %), and Triton X-100
were purchased from Sigma-Aldrich.

4.2. Preparation and characterization of ZIF-8 NPs

The size controlled ZIF-8 NPs and FITC@ZIF-8 NPs with an
expected size at around 60 nm were prepared using a previously
reported approach.[45] First, a 10 mL of methanol was used to dis-
solve Zn(NOs),-6H,0 (0.2 g) and 2-methylimidazole (0.44 g),
respectively. Subsequently, 2-methlimidazole methanol solution
was added into the Zn(NOs),-6H,0 methanol solution in a drop-
wise fashion and then the mixed solution was stirred at room tem-
perature for 5 min. Finally, the ZIF-8 NPs were collected and
washed three times by methanol using centrifugation (7,000 rpm
for 10 min in each time) and stored in methanol for future use.
To prepare a larger size ZIF-8 particles, 2 mL of 2-
methylimidazole aqueous solution (210.2 mg/mL) were added into
2 mL Zn(NOs),-6H,0 aqueous solution (35.12 mg/mL) and the mix-
ture was stirred for 24 h, followed by three times of washing using
ultrapure water (4,000 rpm for 10 min in each time). The final pro-
duct was stored in deionized water.

JEOL JEM 2100 transmission electron microscope and Helios 5
CX scanning electron microscope were utilized to determine the
shape and size of synthesized NPs in the dry state. Powder X-ray
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diffraction (Bruker, D8-Advance) was carried out to investigate
the crystallinity of NPs. Dynamic light scattering (Malvern, Zeta-
sizer Nano ZS) was applied to determine the hydrodynamic size
of ZIF-8 NPs in different aqueous media.

4.3. SDS-PAGE of protein corona

A series of ZIF-8 NPs (1, 2, and 5 mg/mL) were incubated with
HAEC cell medium at 37 °C and 5 % CO, incubator for 24 h. Next,
the pellets of ZIF-8 NPs were collected and washed by three times
of centrifugation (7,000 rpm for 10 min in each time). To elute the
adsorbed proteins on the ZIF-8 NPs, the pellets were resuspended
in SDS-sample buffer (Bio-Rad, 1610747) and boiled for 5 mins at
90 °C. The SDS-PAGE with all samples was performed using a 4-
20 % precast polyacrylamide gel. 0.5 mg/mL BSA and 1 % FBS were
used as the control samples.

4.4. Cytotoxicity of ZIF-8 NPs on HAEC cells

Normal Primary Human Aortic Endothelial Cells (HAECs) were
purchased from ATCC (PCS-100-011). The HAECs were grown in
vascular cell basal medium supplemented with the endothelial cell
growth kit-VEGF and incubated at 37 °C and 5 % CO, incubator
according to manufacturer’s instruction. Three commonly used
cytotoxicity assays, XTT, LDH, and live/dead staining assays were
applied to evaluate the cytotoxic effect of ZIF-8 NPs on HAECs.
For XTT and LDH assays, in a 96-well plate, the HAECs were seeded
at a density of 5,000 cells/cm?. After 12 h cell culture, each well
was filled with growth medium containing varied concentrations
of ZIF-8 NPs (0, 3, 6, 12, 25, 50, 75, and 100 pg/mL) and cultured
with cells for 24 h. Thereafter, the free (un-internalized) ZIF-8
NPs in the supernatant were replaced by XTT (X12223), LDH
(C20301), or live/dead staining (R37609) reagents purchased from
Thermo Fisher Scientific to measure the cell viability or membrane
integrity.

4.5. HAEC uptake of ZIF-8 NPs

The internalization of ZIF-8 NPs by HAECs was investigated
based on the quantification of correlated total cell fluorescence
(CTCF) using fluorescence-labelled FITC@ZIF-8 NPs. The FITC@ZIF-
8 were prepared by mixing Zn(NOs3),-6H,O0 and 2-
methylimidazole in the presence of FITC in methanol. In detail,
30 pL of 5 mM FITC was added into Zn(NO3),-6H,0 methanol solu-
tion (20 mg/mL) and then the 2-methylimidazole solution (44 mg/
mL in methanol) was added to the mixed solution. After vigorous
stirring for 5 min, the synthesized FITC@ZIF-8 NPs were collected
by centrifugation (7000 rpm for 10 min), and then washed three
times with methanol. To prepare the FITC labelled larger size of
ZIF-8 particles, 5 mM FITC was introduced to the above larger
ZIF-8 particles synthesis protocol. The HAECs were first cultured
on a glass coverslip for overnight. Next, the cells were incubated
with FITC@ZIF-8 NPs (0, 25, and 50 pg/mL) for 24 h. A control
experiment was conducted by incubating HAECs with free FITC
(FITC dissolved in cell medium) for 24 h. For the inhibitor experi-
ment, HAECs were first cultured on a glass coverslip for overnight.
Next, the cells were washed, and fresh media supplemented with
methyl-p-cyclodextrin (5 mM) was added, followed by a 30 min
incubation at 37 °C. After 30 min incubation, the medium was
replaced by fresh media containing FITC@ZIF-8 NPs (50 pg/mL),
and cells were incubated with nanoparticles for 24 h. After
nanoparticle incubation, the cells were gently rinsed with DPBS
and fixed with 4 % PFA (Thermo Fisher Scientific, 047392-9 M)
for 10 min. During the 24 h incubation period, the internalization
of FITC@ZIF-8 NPs were tracked by imaging the cells at time inter-
vals of 6, 12, and 24 h. An Olympus IX71 microscope and EMCCD
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camera (Andor Ultra iXon 888) were applied to collect fluorescence
images on 10 individual cells under each condition. The quantifica-
tion of the internalized FITC@ZIF-8 NPs within the cells using CTCF
was through Image-] software.

4.6. Endothelial permeability assay

A monolayer of HAECs were cultured on a transwell insert
(0.4 pm pore, Corning) to reach 100 % confluence (~13,000 cells
per well), and then the confluent HAEC monolayer was exposed
to cell growth media containing 0, 25, and 50 pg/mL ZIF-8 NPs
for 6, 12, and 24 h. After the ZIF-8 nanoparticle treatment, the cell
growth medium was removed and 1 mg/mL of FITC-dextran
(40 kDa, Sigma-Aldrich, 60842-46-8) solution was added into the
transwell. After waiting for 30 min, a fluorescent microplate reader
with an excitation/emission wavelength of 490/520 nm was used
to measure the amount of FITC-dextran that translocated through
the HAEC barrier to the bottom chamber of the well. The FITC-
dextran transport across the ZIF-8 nanoparticle treated HAEC layer
was normalized to its transport on the untreated HAEC layer (the
control group). Two control experiments were conducted: (1) Cell
growth medium was incubated with 50 pg/mL ZIF-8 NPs for 24 h.
Then the cell medium was collected by removing the ZIF-8 NPs
using centrifuge. The obtained cell medium (i.e., ZIF-8 nanoparticle
conditioned medium) was used to treat the monolayer of HAECs
for 24 h. (2) A monolayer of HAECs was treated with cell medium
containing 1.4 pg/mL zinc nitrate and 3.6 pg/mL 2-
methylimidazole for 24 h, assuming a 10 % degradation of ZIF-8
NPs in cell medium, or cell medium containing 14 pg/mL zinc
nitrate and 36 pg/mL 2-methylimidazole for 24 h, assuming a
100 % degradation of ZIF-8 NPs within 24 h. After these two types
of treatments, the HAEC permeability assays were conducted.

4.7. Fluorescence staining of VE-cadherin and actin cytoskeleton

The fluorescence staining of VE-cadherin and actin filaments
allowed for the visualization of cell junctions and actin cytoskele-
ton, respectively. In a 50 mm glass-bottom dish, HAECs were pla-
ted at a density of 5,000 cells/cm? and cultivated until they
formed a confluent monolayer. The monolayer of HAECs was next
subjected to a 24 h treatment with cell growth medium containing
ZIF-8 NPs at concentrations of 0, 25, and 50 pg/mL. After ZIF-8
nanoparticle treatment, the cells were rinsed with DPBS, fixed with
4 % PFA for 10 min, permeabilized with 0.1 % Triton-X 100 for
10 min, blocked with BlockAid blocking solution (Thermo Fisher
Scientific, B10710), and incubated with 1:200 dilution of VE-
cadherin primary antibody (Cell Signaling Technology, 2500S) for
overnight at 4 °C, followed by 1 h incubation with 1:400 dilution
of secondary antibody (Cell Signaling Technology, 4412S). RAW
264.7 macrophage was cultured in DMEM medium with 10 % FBS
ina 37 °Cand 5 % CO, incubator. 20,000 RAW 264.7 cells were cul-
tured on a coverslip (25 mm diameter) for 24 h. Next, the cells
were incubated with ZIF-8 NPs (0 and 50 pg/mL) for another
24 h. After ZIF-8 NPs treatment, the cells were fixed with 4 %
PFA, followed by the fluorescence staining. The actin staining pro-
tocol for both HAEC and RAW 264.7 cells with ActinRed 555
ReadyProbes (Thermo Fisher Sciencific, R37112) was following
the manufacturer’s instruction.

4.8. Western blot analysis of VE-cadherin

The membrane VE-cadherin was extracted by Membrane Pro-
tein Extraction Kit (Thermo Fisher, 89842). The protein concentra-
tion was quantified by a BCA assay (Thermo Fisher, 23225). The
same amount of protein was loaded into a 4-20 % precast SDS-
PAGE gel. After running the gel for 90 min under 100 mV, it was
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transferred to a nitrocellulose membrane (0.2 pum) followed by
blocking with EveryBlot blocking buffer (Bio-Rad, 12010020). Then
the membrane was incubated with VE-cadherin antibody (Cell Sig-
naling Technology, 2500) and Na K ATPase antibody (Cell Signaling
Technology, 3010) for overnight at 4 °C. A goat anti-rabbit IgG anti-
body with HRP conjugation was used as the secondary antibody.
ChemiDoc from Bio-Rad was used for imaging.

4.9. AFM imaging of single, live HAEC

A Peak-Force quantitative nanomechanical imaging mode using
BioScope Resolve AFM (Bruker) was applied to investigate the mor-
phology and actin cytoskeleton of individual HAEC. For the ZIF-8
nanoparticle treated cells, 30,000 cells were seeded in a 50 mm
glass-bottom imaging dish for overnight and then incubated with
25 or 50 pg/mL ZIF-8 NPs for 24 h. Prior to AFM imaging, the cell
medium containing ZIF-8 NPs was replaced by fresh growth med-
ium. Then the single cell imaging was conducted on a temperature-
controlled stage (37 °C) using the following imaging parameters:
oscillation amplitude (400-600 nm), peak force set point (400-
600 pN), peak force frequency (0.25 kHz), and imaging resolution
(256 x 256). Post image process and data analysis were conducted
by NanoScope Analysis (v1.9, Bruker). The individual force-
indentation curves were fitted using the Hertz model to obtain
Young's modulus on a single spot based on the spherical geometry
of the AFM tip (Bruker, PFQNM-LC-A, tip radius: 70 nm):

4 E 13
T3(1-?)

E: Young’s modulus. »: Poisson ratio (0.5). R: Tip curvature
radius. J: Indentation depth.

AFM surface topography images were used to detect the
orientation of submembranous actin stress fibers as described
previously described. [78] In short, vertical and horizontal spatial
gradients were calculated from topography images and subse-
quently utilized to determine the gradient magnitude and intensity
gradient. An algorithm published by Karlon et al. [107] was then
used to calculate stress fiber orientation from the gradient
magnitude and intensity gradients.

4.10. dSTORM imaging of ventral actin cytoskeleton

The sample preparation for dSTORM imaging was similar to
AFM sample preparation. HAECs were grown overnight on a
50 mm imaging dish at initial seeding density of 30,000 cells/dish.
Then the cell growth medium was replaced with fresh medium
containing 25 or 50 pg/mL ZIF-8 NPs and HAECs were treated for
24 h. After treatment with ZIF-8 NPs, the HAECs were fixed to pre-
serve actin structure using 4 % PFA in PBS buffer and then perme-
abilized with 0.1 % Triton X-100 in an actin-stabilizing buffer
containing 10 mM MES pH 6.1, 150 mM NaCl, 5 mM EGTA,
5 mM glucose, and 5 mM MgCl, for 10 min. Then the cell sample
was treated with 0.1 % NaBH4 to eliminate the background autoflu-
orescence. The sample was then blocked for 1 h at room tempera-
ture with 1 % BSA and stained with 66 pM Alexa Fluor 568
phalloidin dye (Thermo Fisher Scientific, A12380) for overnight at
4 °C. The photo-switching of Alexa Fluor 568 was performed in
an imaging buffer (100 mM MEA, 500 pg/mL glucose oxidase,
0.04 mg/mL catalase in Tris-NaCl buffer with 10 % glucose, pH 8).
The detailed dSTORM imaging protocol and instrument parameters
can be found in our earlier publication.[61] A sequence of 20,000-
30,000 frames were recorded for image reconstruction using Thun-
derSTORM in Image].

The reconstructed dSTORM images were then processed in
MATLAB (R2016a, MathWorks Inc. Natick, MA, USA) to measure
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the orientation of the total cytoskeletal fibers using a series of elon-
gated Laplacian-of-Gaussian (eLoG) filters as described previously.
[78] The actin orientation was determined as the rotating eLoG fil-
ter that resulted in the highest maximum pixel intensity.

4.11. Intracellular ROS level and zinc concentration

Cellular ROS assay kit (Abcam, ab113851) was used to measure
the ROS level in HAECs. This assay uses a cell permeant fluorescent
dye, 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA), to
detect ROS levels in live cells. Intracellular zinc concentration
was evaluated by the Zinquin ethyl ester fluorescent indicator
(Sigma, Z2251), a cell-permeable fluorescent probe for Zn?*. The
HAEC cells were seeded in a 96-well plate at a density of 5,000
cells/well and waited for 24 h. Then, the HAECs were treated with
growth medium containing ZIF-8 NPs (25 and 50 pg/mL) for
another 24 h. Finally, the ZIF-8 nanoparticle treated cells were
washed and then the ROS or Zinc probe were added into the cells.
The ROS and zinc levels were measured using a fluorescence
microplate reader with the excitation and emission wavelengths
set to 485/538 nm and 355/460 nm, respectively.

4.12. Actin assembly assay

G-actin purified from rabbit skeletal muscle (Cytoskeleton, Inc.
AKL95) was reconstituted with general actin buffer (Cytoskeleton,
Inc. BSAO1) containing 0.2 mM ATP (Cytoskeleton, Inc. BSA04) and
0.5 mM DTT (Thermo Fisher Scientific, D1532) on ice for 1 h. After
15 min centrifugation (14,000 rpm) at 4 °C, the supernatant was
transferred to a fresh tube. Next, the polymerization of G-actin to
F-actin was induced by the addition of 1/10 vol of
10 x polymerization buffer (Cytoskeleton, Inc. BSA02) to the above
G-actin solution. The polymerization was allowed at room temper-
ature for 1 h (the control group). For the Zn?* treated group, a 2.9-
fold increase in the concentration of divalent metal ions was
achieved by adding zinc nitrate hexahydrate to the polymerization
process. Amicon ultra centrifugal filters (Sigma, cutoff: 100 kDa)
were used to purify the assembled actin filaments under centrifu-
gation at 7000 rpm for 10 min. Then the purified actin filaments
were adsorbed on mica for AFM imaging. SCANASYST-AIR mode
was applied to image the actin filaments from control and Zn®*
treated samples.
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