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Abstract

Zeolitic imidazolate framework-8 (ZIF-8) nanoparticles have emerged as a promising platform for
drug delivery and controlled release. Considering most ZIF-8 nanoparticle drug carriers are
designed to be administered intravenously, and thus would directly contact vascular smooth
muscle cells (VSMCs) in many circumstances, the potential interactions of ZIF-8 nanoparticles
with VSMCs require investigation. Here, the effects of low doses of ZIF-8 nanoparticles on
VSMC morphology, actin organization, and contractility are investigated. Two nanoscale imaging
tools, atomic force microscopy, and direct stochastic optical reconstruction microscopy, show that
even at the concentrations (12.5 and 25 pg/ml) that were deemed “safe” by conventional
biochemical cell assays (MTT and LDH assays), ZIF-8 nanoparticles can still cause changes in
cell morphology and actin cytoskeleton organization at the cell apical and basal surfaces. These
cytoskeletal structural changes impair the contractility function of VSMCs in response to
Angiotensin 1, a classic vasoconstrictor. Based on intracellular zinc and actin polymerization
assays, we conclude that the increased intracellular Zn2* concentration due to the uptake and
dissociation of ZIF-8 nanoparticles could cause the actin cytoskeleton dis-organization, as the
elevated Zn2* directly disrupts the actin assembly process, leading to altered actin organization
such as branches and networks. Since the VSMC phenotype change and loss of contractility are
fundamental to the development of atherosclerosis and related cardiovascular diseases, it is worth
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noting that these low doses of ZIF-8 nanoparticles administered intravenously could still be a
safety concern in terms of cardiovascular risks. Moving forward, it is imperative to re-consider the
“safe” nanoparticle dosages determined by biochemical cell assays alone, and take into account
the impact of these nanoparticles on the biophysical characteristics of VSMCs, including changes
in the actin cytoskeleton and cell morphology.
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Introduction

Metal-organic frameworks (MOFs), a class of crystalline hybrid materials consisting of
metal ions or clusters coordinated to organic ligands, have received increased interest in the
field of nanomedicine.[1-6] In particular, zeolitic imidazolate framework-8 (ZIF-8)
nanoparticles, as a subclass of MOFs, have emerged as a promising platform for drug
delivery and controlled release, thanks to their mild encapsulation conditions,[7-10]
excellent drug loading and stabilization capacity,[11-15] and pH-responsive drug release
under slightly acidic environments.[16, 17] So far, ZIF-8 nanoparticles have been used to
encapsulate and deliver small anticancer drugs such as doxorubicin and tirapazamine,[17,
18] peptides and proteins such as insulin and glucose oxidase for diabetes,[19, 20] and
nucleic acids for gene therapy.[21, 22] It is widely accepted that ZIF-8 nanoparticles have
relatively low cytotoxicity and good biocompatibility. As with other nanoparticles, the
typical procedure to determine the “safe dose” of ZIF-8 nanoparticles is through
biochemical cell viability assays (e.g., MTT assay). Typically, cells are incubated with a
series of concentrations of ZIF-8 nanoparticles for a short period of time (4-48 hours), if
more than 90% of the cells remain viable, the concentration is considered “safe”.[16, 17, 23]
However, recent studies in the nanotoxicology field indicate that some metal-based
nanoparticles can induce abnormalities in the actin cytoskeleton and cell morphology, at
lower concentrations than those which show changes in cell viability. For instance, Liang
and Parak’s study showed that gold nanoparticles altered the actin organization and cell
morphology at lower nanoparticle concentrations, than those that led to the onset of the
reduced cell viability.[24] Another pioneering work by Setyawati, Leong and co-authors
demonstrated that titanium dioxide nanoparticles can induce morphological changes and
increased mobility for colorectal cancer cells at the “safe” concentrations pre-determined
from cell viability assays.[25] Considering the ZIF-8 nanoparticles are metal-containing, and
the increased interest in their applications for nanomedicine, we began to ask whether ZIF-8
nanoparticles at “safe” concentrations can alter cell morphology, which could be an
overlooked adverse effect of ZIF-8 nanoparticles.

Different types of cells have been employed to investigate the cytotoxicity of ZIF-8 using
biochemical cell viability assays. Early studies indicated that ZIF-8 nanoparticles had half
maximal effective concentrations (EC50, the concentration causing 50% cell viability) of 45
pg/ml and 100 pg/ml on human breast cancer cells and human cervical cancer cells,
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respectively.[23, 26] More recently, a systematic study demonstrated that ZIF-8
microparticles had no significant cytotoxicity up to a threshold value of 30 pg/ml on
different cell lines including mouse macrophages, mouse embryo fibroblasts, human bone
fibroblasts, human kidney epithelial cells, human keratinocyte epithelial cells, and human
breast cancer cells.[27] However, it should be noted that the impact of ZIF-8 nanoparticles
on vascular cells including vascular smooth muscle cells and endothelial cells are still
unclear, even though most ZIF-8 nanoparticles as drug carriers are designed to be
administered intravenously and therefore could directly contact cells lining blood vessels.
Although considerable effort has been made in studying the effects of metal-based
nanoparticles on vascular endothelial cells (i.e., the monolayer covering the lumen of blood
vessels),[28-31] there is limited information available on whether metal-based nanoparticles
would affect the vascular smooth muscle cells underneath the endothelium. Herein, we
chose to focus on the impact of ZIF-8 nanoparticles on vascular smooth muscle cells
(VSMCs) based on the following justifications: (i) A number of risk factors such as
hypertension, diabetes, mechanical damage, smoking, aging, inflammation, cancer, and viral
infection could result in endothelial dysfunction and its increased permeability,[32—35]
thereby directly exposing underlying VSMCs to the nanoparticles; (ii) Accumulating
evidence suggests that metal-based nanoparticles could lead to endothelial leakage at
endothelial cell junctions,[28, 36] which could cause the accumulation of nanoparticles in
VSMCs; and (iii) Under various stimuli, VSMCs tend to undergo phenotypic change, from
contractile to synthetic phenotype, which could initiate atherosclerosis, a main cause of heart
attack, stroke, and heart failure.[37-39] With these considerations, it is important to evaluate
the impact of ZIF-8 nanoparticles on VSMCs before applying them to treat diseases such as
cancers and diabetes, in order to ascertain whether or not ZIF-8 nanoparticles could increase
the risk of cardiovascular diseases.

In this study, we aim at the effects of low doses of ZIF-8 nanoparticles on VSMCs at the
level of cell actin cytoskeleton and cell morphology, both of which are important structural
characteristics that determine the main function of VSMCs: regulating vascular tones
through the cell contraction.[40, 41] First, biochemical cell assays were conducted to
identify the accepted “safe” concentrations of ZIF-8 nanoparticles. Under these “safe”
concentrations, atomic force microscopy (AFM) was performed to investigate the effects of
ZIF-8 nanoparticles on VSMC morphology, actin cytoskeleton at the cell apical surfaces,
and cell mechanical properties at the single cell level. Meanwhile, direct stochastic optical
reconstruction microscopy (dASTORM), a super-resolution fluorescence imaging approach,
was utilized to examine the effect of ZIF-8 nanoparticles on VSMC actin organization at the
cell basal layers. The results showed that, even at the “safe” concentrations, ZIF-8
nanoparticles caused changes in actin cytoskeleton at the cell apical and basal surfaces, and
the cell morphology. These changes further impaired the contractility of VSMCs in response
to a classic vasoconstrictor (Angiotensin I1). We hypothesized that the increased intracellular
zinc concentration due to the uptake and dissociation of ZIF-8 nanoparticles could cause the
actin cytoskeleton disorganization, and this hypothesis was tested by an actin polymerization
assay and AFM imaging. Overall, the implications of our findings could be important for in
vivo applications that would administer ZIF-8 nanoparticles intravenously, as even low doses
of ZIF-8 nanoparticles may promote the risks of cardiovascular diseases. Moving forward, it
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is imperative to re-consider the “safe” nanoparticle dosages that are determined by the
biochemical cell assays alone, and take into account the impact of nanoparticles on the actin
cytoskeleton and cell morphology, especially for vascular smooth muscle cells.

DMEM/F-12 culture medium, penicillin, streptomycin, PBS buffer, and DPBS buffer were
purchased from Gibco. HEPES, Sodium pyruvate, L-glutamine, BlockAid buffer, Alexa
Fluor 568 phalloidin, DTT, Leibowitz-15 culture medium, and pure collagen-I were
purchased from Thermo Fisher Scientific. Fetal bovine serum (FBS) was purchased from
Atlanta Biologicals. Zinc nitrate hexahydrate (=99%), 2-methylimidazole (99%), fluorescein
free acid (FITC), MTT, glucose, catalase, glucose oxidase, magnesium chloride, MES
hydrate, EGTA, glutaraldehyde, Triton X-100, sodium chloride, sodium borohydride, and
cysteamine (MEA) were purchased from Sigma-Aldrich. Paraformaldehyde (PFA) was
purchased from Alfa Aesar. Glass-bottom dishes were purchased from WPI. 96-well plates
were purchased from Corning. G-actin from rabbit skeletal muscle, ATP, G-buffer, and P-
buffer were purchased from Cytoskeleton Inc.

ZIF-8 crystals synthesis and characterization

For the ZIF-8 nanoparticles (60 nm in diameter),150 mg of zinc nitrate hexahydrate and 330
mg of 2-methylimidazole were measured and transferred into a clean scintillation vial and
glass tube, respectively. 7.15 ml of HPLC grade methanol was used to dissolve contents in
both containers separately. For FITC loaded ZIF-8 nanoparticles, 30 pl of 2 mg/ml FITC
dissolved in methanol was added to the scintillation vial containing the zinc nitrate solution,
and the solution showed a faint yellow color. The scintillation vial was added with a
magnetic stirrer bar and put on a stir plate, followed by the addition of 2-methyl imidazole
solution. After 5 min vigorous stiring, the mixture solution turned turbid, indicating the
formation of ZIF-8 nanoparticles. The ZIF-8 nanoparticles were collected and washed three
times in methanol by centrifugation (7000 rpm, 10 min each time). Finally, the ZIF-8
nanoparticles were dried at 60°C for 24 h, weighed, and suspended in 5 ml of methanol for
storage. The morphology of the ZIF-8 nanoparticles was characterized using transmission
electron microscope (TEM-JEOL JEM 2100 LaBg TEM at 200 keV). The X-ray diffraction
(XRD) measurements of the dried ZIF-8 powder were recorded on a Bruker D8-Advance X-
ray powder diffractometer using Cu Ka radiation (A = 1.5406 A) with scattering angles (26)
of 5-30°. For the larger ZIF-8 crystals, 150 mg of zinc nitrate hexahydrate and 115 mg of 2-
methylimidazole were used for the synthesis. The two as-synthesized ZIF-8 crystals were
characterized using scanning electron microscope (FEI Nova 2300 field-emission SEM at an
acceleration voltage of 10 kV). Dynamic light scattering characterization of the two types of
synthesized ZIF-8 crystals suspended in cell culture medium was performed using a Malvern
Zetasizer Nano ZS system.

VSMC isolation and culture

Male Sprague-Dawley rats used in this study were in accordance with the NIH guidelines
(8th Edition of the Guide for the Care and Use of Laboratory Animals). The animal use
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protocol was approved by the Laboratory Animal Use Committee of the University of South
Dakota (#13-09-15-18C). To isolate VSMCs, the rats were euthanized by carbon dioxide
(CO,) asphyxiation. CO, was mixed with pre-existing chamber air at a fill rate of
approximately 30% of the chamber volume per minute. Then thoracotomy was followed and
descending thoracic aorta was excised. VSMCs were enzymatically isolated from the
descending thoracic aorta and seeded onto a collagen-1 coated 50 mm glass-bottom dish or a
96-well plate. The cells were maintained in DMEM/F-12 supplemented with 10% FBS, 10
mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100
pg/ml streptomycin in a humidified incubator with 5% CO, at 37 °C for 24 h before
incubation with ZIF-8 nanoparticles. The cells used in the experiments were maintained in
primary culture for 2-3 days without passage.

Cytotoxicity assays

The cytotoxicity of ZIF-8 crystals was examined by the MTT and LDH assays. 100 pl cell
suspension in the culture medium was added into a 96 well plate with a seeding density of
20,000 cells per well. The plate was incubated at 37°C in 5% CO, for 24 h. Then the
medium was replaced with freshly prepared growth media containing ZIF-8 crystals at
different concentrations of 0, 6.25, 12.5, 25, 50, 75, and 100 pg/ml. For the MTT assay, after
24 h incubation, the medium was removed, and cells were washed by DPBS. 100 ul of 1.2
mM MTT medium solution was then added to each well. After 4 h, the MTT medium was
removed and 200 ul DMSO was added to each well. After incubation for 10 min, the
absorbance at 570 nm was determined with a plate reader. For the LDH assay, after 24 h
incubation, 50 pl medium from each well was transferred to a new 96-well plate, and
CyQUANT™ LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) was used to analyze
the LDH in the medium by following the manufacturer’s instructions.

Epi-fluorescence and DIC imaging

The cells were seeded onto a collagen-I coated 50 mm glass-bottom dish and cultured in the
standard medium for 24 h. Then the medium was replaced with freshly prepared growth
media containing ZIF-8 nanoparticles at different concentrations of 0, 12.5 and 25 ug/mi,
and the cells were cultured for another 24 h. For epi-fluorescence imaging, ZIF-8
nanoparticles loaded with FITC were used. The imaging was performed at the 6, 12 and 24 h
after adding the nanoparticles, using an Olympus 1X71 microscope with 100x oil objective
and GFP filter. A total of 50 cells per condition were imaged using Micro-manager software
by EMCCD camera (Andor Ultra iXon 888) at 1,024x1,024 pixels. The fluorescence
intensity of the cells was analyzed by ImageJ-FIJI software using Corrected Total Cell
Fluorescence (CCTF) = integrated density - (Total area of selected cell x mean fluorescence
of background). For DIC imaging of cell morphology, after 24 h of incubation with 0, 6.25,
12.5 and 25 pg/ml of ZIF-8 nanoparticles, the cells were imaged using an Olympus IX71
microscope equipped with a Nomarski prism and a 20x air objective. The images were
acquired by Solis software using Andor iXon ultra 897 EMCCD camera at 512x512 pixels.
For DIC imaging of cell contractility in response to Angiotensin Il treatment, after 24 h of
incubation with 0, 12.5 and 25 ug/ml of ZIF-8 nanoparticles, the medium was replaced with
fresh standard medium, and the DIC images were acquired every 3 min after adding the
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Angiotensin Il (1 pM) into the medium. 40x air objective was used to observe single cell
contraction within 15 min.

AFM Imaging of VSMCs

AFM imaging of untreated and treated VSMCs was performed using a BioScope Resolve
AFM (Bruker) operated in Peak Force quantitative nanomechanical mapping mode (PF-
QNM mode). PF QNM-Live Cell cantilevers (Bruker) with a spring constant (0.06-0.1
N/m), a tip length of 17 um, a tip radius of 70 nm, and an opening angle of 15° were used.
Before imaging cells, the spring constant of the cantilevers were calibrated by the thermal
noise method. The tips were oscillated vertically with a 600 nm-1000 nm amplitude and an
800 pN peak force set point by a sinusoidal piezomotion at a frequency of 0.25 kHz. The
cell was scanned using a frequency of 0.125 Hz and 256 pixels per line (256 lines). Before
the imaging, the media containing 0, 12.5 and 25 pg/ml of ZIF-8 nanoparticles were
removed and replaced with CO,-independent L-15 medium. During the imaging, cells were
maintained at 37 °C through a in-built heating stage on the AFM. AFM images and
indentation force curves were analyzed using the NanoScope analysis software (v1.9,
Bruker). The retract part of the curve was fitted with the Hertz model for spherical tips:

3
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where £'is the Young’s modulus, &is the indentation depth, vis the Poisson ratio (0.5 was
used here), and Ris the radius of the tip curvature (70 nm).

Actin staining and dSTORM imaging

Cells were washed with DPBS three times followed by fixation with 4% PFA for 10 min.
Then cells were washed with PBS three times to remove PFA residues. Following the
fixation, the cells were permeabilized with 0.1% Triton-X 100 for 10 min in a cytoskeletal
buffer (10 MM MES pH 6.1, 150 mM NaCl, 5 mM EGTA, 5 mM glucose, and 5 mM
MgCl,). Then cells were washed three times with PBS and incubated with sodium
borohydride (0.1%) dissolved in PBS for 10 min to reduce the autofluorescence background
that occurred during cell fixation, followed by three washes with PBS. Then the cells were
incubated with BlockAid buffer for 1 h to avoid any unspecific binding. Then BlockAid
buffer was removed and replaced with Alexa Fluor 568 phalloidin (66uM) dissolved in 1 ml
of PBS and incubated at 4°C for overnight. Then the actin staining solution was removed
and washed with PBS three times. The cells were post-fixed for 5 min using 4% PFA and
washed three times. Imaging buffer (100 mM Tris pH 8, 10 mM NaCl, 0.5 mg/ml glucose
oxidase, 40 ug/ml catalase, 10% (w/v) glucose, and 1% MEA) was freshly prepared and
added to the imaging dish right before ASSTORM imaging.

The dSTORM images were collected using an inverted microscope (Olympus 1X73)
configured for TIRF illumination using a Hamamatsu ORCA-Flash 4.0 V2 CMOS camera.
A collimated 561 nm diode-pumped solid-state laser (Spectra-Physics Excelsior), attenuated
by neutral density filters (Thorlabs), passing through a 10X Galilean expander (Thorlabs
AC508-300-A), was eventually focused onto the back focal plane of an infinity-corrected

J Hazard Mater. Author manuscript; available in PMC 2022 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kota et al.

Intracellular

Page 7

objective (Olympus PlanApo 100x/1.45 Oil). A filter set inside the microscope comprised of
a multiline dichroic (Semrock Di01-R405/488/561/635) and emission filter (Semrock FFO1-
593/40). An imaging sequence of 10,000-30,000 frames recorded at 33 Hz was used to
reconstruct a high-resolution STORM image. The ImageJ plugin ThunderSTORM was used
to reconstruct the dASTORM images.

ROS and zinc assays

Intracellular ROS levels were measured using a cellular ROS assay kit from Abcam
(ab113851). This assay kit is based on a cell-permeant fluorescent probe, 2°,7°-
dichlorodihydrofluorescein diacetate (H2DCFDA), a chemically reduced form of fluorescein
used as an indicator for reactive oxygen species (ROS) in cells. The cells were seeded at a
density of 20,000 per well in a black 96-well plate. After 24 h of culture, the medium was
replaced with freshly prepared growth media containing ZIF-8 crystals at different
concentrations of 0, 12.5 and 25 pg/ml. After 24 h of incubation, cells were washed and
added with H2DCFDA. After 45 min of incubation, the H2DCFDA solution was removed
and washed with PBS. Finally, a fluorescence microplate reader at Ex/Em = 485/538 nm in
end point mode was used to quantify the ROS levels. Intracellular zinc levels were
determined in a similar manner, whereas another cell-permeant fluorescent probe, Zinquin
ethyl ester from Sigma, was used to quantify the intracellular zinc levels. A fluorescence
microplate reader at Ex/Em = 355/460 nm in end point mode was used to quantify the zinc
levels.

Actin polymerization assay

G-actin was diluted to 0.4 mg/ml by G-buffer supplemented with 0.2 mM ATP and 0.5 mM
DTT and left to depolymerize any actin oligomers on ice for 1 h. The solution was
centrifuged at 14,000 rpm for 15 min at 4°C and the supernatant was transferred to a new
tube. Then 1/10 (v/v, volume of P-buffer to volume of G-actin solution) 10X P-buffer was
added into the G-actin solution in the new tube. For the zinc treated samples, zinc nitrate
hexahydrate was added into the G-actin solution along with the P-buffer to obtain a 2.7-fold
increase in the divalent cation concentration of the system. After 1 h incubation at room
temperature, the mixture solution was purified using Amicon ultra centrifugal filters (Sigma,
cutoff: 100 kDa) by centrifuging the solution at 6,000 rpm for 10 min and washing with
distilled water 4 times. For AFM imaging of actin filaments, 5 pl of remaining solution in
the filter was transferred on to a MgCl, pre-treated mica. After waiting for 15 min, the mica
was gently rinsed by pure water and dried in air for subsequent AFM imaging.
SCANASYST-AIR probe with 2 nm radius (Bruker) was used to image the actin filaments
on mica.

Results and Discussion

Synthesis, characterization, and cytotoxicity of ZIF-8 crystals.

Currently, there are two typical sizes of ZIF-8 which are commonly used for drug loading
and delivery applications, including 60-80 nm (can be named as ZIF-8 nanoparticles based
on the definition of “nanoparticle”) and 150-200 nm in diameter.[16, 17, 26, 42, 43] These
two types of ZIF-8 crystals were synthesized using a one-pot approach and the size of the
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ZIF-8 was adjusted by varying molar ratio of 2-methyl imidazole to zinc ion.[26, 44] Briefly,
2-methyl imidazole dissolved in methanol was added into zinc nitrate methanol solution.
After 5 min of vigorous stirring, the reaction solution turned turbid, indicating the formation
of ZIF-8 crystals. Then the ZIF-8 crystals were collected and washed three times in
methanol by centrifugation. SEM imaging provided a direct comparison for the two
synthesized ZIF-8 crystals including the ZIF-8 nanoparticles with average diameter of 60 nm
and the larger ZIF-8 crystals with average diameter of 200 nm (Figure S1). After been
suspended in standard cell culture medium, dynamic light scattering characterization
revealed a slight increase in diameter and good colloidal stability for both ZIF-8 crystals
(Figure S2). For the ZIF-8 nanoparticles, TEM imaging also indicated the monodispersed
spherical nanoparticles with average diameter of 60 nm (Figure 1A). The powder X-ray
diffraction (XRD) pattern of the synthesized nanoparticles displayed all the typical peaks of
ZIF-8 crystals (Figure 1B).[45] Subsequently, two of the most-used biochemical assays in
the field of nanotoxicology were employed to evaluate the cytotoxicity of ZIF-8 crystals on
primary vascular smooth muscle cells (VSMCs) from rat aorta. To our knowledge, VSMCs
have not been used for evaluating the cytotoxicity of ZIF-8. A series of concentrations of
ZIF-8 nanoparticles were incubated with VSMCs for 24 h and the cell viability was
determined using the “gold standard” MTT assay, which measures the mitochondrial
function of the cells. This assay is based on enzymatic conversion of the MTT compound to
purple-colored formazan crystals by the mitochondrial dehydrogenases of live cells.[46] As
shown in Figure 1C, the cell viability was maintained at over 90% for up to 25 pg/ml of
ZIF-8 nanoparticles. However, higher concentrations caused significant cell viability
decreases to 70%, 60% and 50% for 50, 75, and 100 ug/ml of ZIF-8 nanoparticles,
respectively. Furthermore, LDH cytotoxicity assay was applied to evaluate the cell
membrane integrity after incubation with ZIF-8 nanoparticles. The LDH, lactate
dehydrogenase, is a cytosolic enzyme present in different cell types that is released into the
cell culture medium upon damage to the cell membrane. The results (Figure 1D) indicated
cell membrane damage at higher concentrations of ZIF-8 nanoparticles (75, and 100 pg/ml).
Interestingly, for the larger size ZIF-8 crystals (200 nm in diameter), MTT and LDH assays
showed these crystals had less toxicity on VSMCs, compared to 60 nm ZIF-8 nanoparticles,
at the same concentrations (Figure S3). We hypothesized this could be because 60 nm was
the optimal size for cell uptake, which was demonstrated by other nanoparticles.[47] To test
this hypothesis, we conducted an intracellular zinc assay on VSMCs after incubation with 25
pg/ml of 60 nm and 200 nm ZIF-8 crystals for 24 h (Figure S4). The results showed that 200
nm ZIF-8 crystals only caused 1.6-fold increase in the intracellular Zn%* concentration,
whereas 60 nm ZIF-8 nanoparticles led to 2.7-fold increase, suggesting higher uptake of 60
nm ZIF-8 nanoparticles by the VSMCs. Therefore, we focused on the more cytotoxic 60 nm
ZIF-8 nanoparticles in the subsequent studies. According to MTT and LDH assays, we could
define a “safe dose” threshold for the ZIF-8 nanoparticles on VSMCs, which should be
around 25 pg/ml. We selected the two “safe doses”, 12.5 and 25 pg/ml, to investigate the
effects of ZIF-8 nanoparticles on VSMCs.

ZIF-8 nanoparticle uptake by VSMCs and effect on cell morphology.

The cell uptake of ZIF-8 nanoparticles by VSMCs was validated by fluorescence
microscopy. The ZIF-8 nanoparticles were loaded with a fluorescence dye, fluorescein
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isothiocyanate (FITC), during the one-pot synthesis, to facilitate the fluorescence imaging of
ZIF-8 nanoparticles in the cells. A previous study has shown that negatively charged small
molecules such as fluorescein had a tendency to be encapsulated into the ZIF-8 framework
during the nanoparticle formation.[26] The fluorescence images and quantitative analysis
based on correlated total cell fluorescence (CTCF) indicated the uptake of ZIF-8
nanoparticles by VMSCs in a time and concentration dependent manner (Figure 2A-2D, and
S5-S6). With increased incubation time and nanoparticle concentrations, the VSMCs
showed increased fluorescence intensity, indicating the increased uptake of ZIF-8
nanoparticles by VSMCs. The nanoparticles appeared to be uniformly distributed throughout
the cells. Interestingly, especially for the 12.5 pg/ml concentration (Figure 2A), some bright
spots could be observed in the cells, suggesting the endocytosis of the ZIF-8 nanoparticles,
where several ZIF-8 nanoparticles were engulfed within single endosomes.[48] As a
negative control, the VSMCs were incubated with pure ZIF-8 nanoparticles and the cells did
not show any fluorescence (Figure S6). Apart from the increased fluorescence intensity, it
should be noted that the fluorescence profiles of the cells also appeared to change with the
increase of incubation time and nanoparticle concentrations (Figure 2A and 2C). This
inspired us to investigate the effect of ZIF-8 nanoparticles on the morphology of VSMCs
under these “safe” concentrations. Differential interference contrast (DIC) microscopy was
used to image the cells with better contrast, allowing for precise quantification of cell
morphology. Figure 2E shows the DIC images of VSMCs after 24 h incubation with
standard cell culture medium (control) and cell culture media containing 12.5 and 25 pg/ml
of ZIF-8 nanoparticles. After culturing in standard medium for 24 h, VSMCs manifested an
elongated shape, the typical morphology of primary VSMCs. It is well known that VSMCs
in native blood vessel walls have an elongated morphology and are aligned in the
circumferential direction with a well-organized structure.[49] However, after incubation with
12.5 and 25 pg/ml of ZIF-8 nanoparticles for 24 h, the cells exhibited a less elongated, and
more spread shape. Here, we used the aspect ratio (i.e., long axis to short axis) to quantify
the cell morphology change after incubation with ZIF-8 nanoparticles. The results showed
that the VSMCs became less elongated and more spread (i.e., lower aspect ratios), with the
increase of ZIF-8 nanoparticle concentration (Figure 2F). We also found that the aspect ratio
of VSMCs decreased progressively with the increase of incubation time with 25 pug/ml of
ZIF-8 nanoparticles (0 h, 6 h, 12 h and 24 h, Figure S7). Interestingly, at a lower
concentration (6.25 pg/ml, Figure S8), the VSMCs had almost identical morphology and
aspect ratio as the control cells, suggesting that 12.5 ug/ml is the minimum toxic
concentration from the cell morphology perspective. These results led to important
questions: Is the “safe dose” determined by the biochemical cell assays really safe? And is
the morphology change of VSMCs seen here a safety concern for the use of ZIF-8 based
therapeutics?

Effect of ZIF-8 nanoparticles on VSMC contractility.

The relationship between structure and function is widely recognized as a central concept in
cell biology.[50, 51] Since we observed low doses of ZIF-8 nanoparticles led to
morphological changes in VSMCs, we further investigated how the function of VSMCs was
affected. The main function of VSMCs is to maintain the tone of blood vessels and to
control the blood flow through the contraction of the cells. Thus, the elongated cell shape is
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also named as the “contractile phenotype”, implying the excellent contractility of the
VSMCs.[52] Herein, a classic vasoconstrictor (Angiotensin I1) was used to study the
contractility of VSMCs. Angiotensin 11 is a crucial hormone in the regulation of plasma
volume, vasoconstriction, and blood pressure, as it activates the contraction of VSMCs.[53,
54] Time-lapse DIC imaging was applied to observe the contraction of single VSMCs in
response to Angiotensin Il. As expected, for the control VSMCs (non-treated), within 15
min after adding Angiotensin 11, the cells became shorter with increasing time, leading to
significantly decreased aspect ratio, from 12 to 4 (Figure 3A, 3D, and S9). The decreased
aspect ratio here is a quantitative indicator for VSMC contractility. In stark contrast, the
VVSMCs after incubation with ZIF-8 nanoparticles showed no response to Angiotensin Il
treatments, as indicated by the unchanged aspect ratios (Figure 3B-3C, 3E-3F, and S10-
S11). These results indicate that the VSMC morphology and contractility were both altered
by the ZIF-8 nanoparticles, even though the concentrations (12.5 and 25 pg/ml) were
deemed “safe” by biochemical cell assays. It was found that the altered VSMC morphology
and contractility cannot be recovered by switching back to the normal cell medium for 72 h
extended culturing (Figure S12). In addition to the cell contractility, a wound healing assay
(i.e., “scratch assay”) was performed to quantify the migration ability of VSMCs with and
without ZIF-8 treatment. As shown in Figure S13, without any treatment, the cells did not
migrate within 24 h, leading to 0% wound healing. In contrast, the cell after being treated
with 25 pg/ml ZIF-8 nanoparticles showed moderate migration, corresponding to ~25%
wound healing (Figure S14). Based on the fact that the non-contractile conversion of VSMC
phenotype, loss of contractility, and migration toward the intima of the blood vessel are
fundamental to the development of atherosclerosis and related cardiovascular diseases,[55]
we believe low doses of ZIF-8 nanoparticles could still be a safety concern in terms of
cardiovascular risks.

AFM and dSTORM investigation of VSMC actin organization at single cell level.

To understand how the VSMC morphology and contractility were altered by the ZIF-8
nanoparticles, we turned our attention to the actin organization of VSMCs, considering actin
filaments (filamentous actin, F-actin) are the key structures that control the contraction of
the VSMCs.[56, 57]

Atomic force microscopy (AFM) is a unique tool for high resolution imaging of cell
morphology and quantitative characterization of cell mechanics under physiological
conditions.[58] In this study, we employed a fast force imaging mode of AFM, namely,
Peak-Force quantitative nanomechanical mapping. Unlike conventional force-volume mode
in which the indentation force curves are collected by linearly ramping the tip at each pixel,
the Peak-Force mapping oscillates the tip vertically with a large amplitude (e.g., 600 nm) by
a sinusoidal piezomaotion at the frequency of 0.1-2 kilohertz (versus 0.1-1 Hz in the
conventional force-volume mode).[59-61] Therefore, the Peak-Force mode can map the
Young’s modulus of the entire living cell surface with the same lateral resolution as that of
simultaneous topography imaging (image pixel: 256x256) in a short period of time (<30
min), which is extremely valuable to correlate cell surface topography with stiffness. For
example, a previous study has applied this technique to visualize the actin organization at the
apical surfaces of living cancer cells using stiffness images since apical F-actin provides a
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dominant contribution to cell stiffness (Figure 4A).[62] As shown in Figure 4, the height,
peak force error (displaying details of cell surface topography), and Young’s modulus maps
of single VSMCs were acquired simultaneously. The value of each pixel in the Young’s
modulus map was obtained by fitting the indentation force curve using the Hertz model
based on a spherical AFM tip Figure 4B-4C, and S15). For the untreated VSMCs (control),
the cells displayed an elongated shape with grooved surface topography (Figure 4D and
S16). Notably, the Young’s modulus map also manifested this “grooved” pattern showing
perfect correlation with the height and peak force error maps. The high modulus regions
always correlated with the higher areas on the cell surfaces, owing to the stiffer actin
filaments underneath the plasma membrane. These well-aligned actin filaments, parallel to
the long axes of the cells, are critical to generate contractile forces for VSMCs. For the
VSMCs incubated with culture medium containing 12.5 pg/ml ZIF-8 nanoparticles, the cells
started to show a spread morphology, consistent with DIC images. The long axes of the cells
were still recognizable with parallel actin filaments, whereas some actin filaments not
parallel to the long axes also developed concomitant with the spreading of the cells (Figure
4E, and S17). For the VSMCs incubated with culture medium containing 25 pg/ml ZIF-8
nanoparticles, a more spread cell morphology was present, and it became difficult to identify
the long axes of the cells. Remarkably, actin branches and networks can be observed (Figure
4F, and S18), as opposed to the well aligned parallel filaments observed in control cells.
Overall, the AFM imaging shows that ZIF-8 nanoparticles altered the VSMC morphology
and actin organization in a concentration-dependent manner.

To further confirm the altered actin organization of VSMCs by ZIF-8 nanoparticles, we
employed a super-resolution fluorescence imaging approach, direct stochastic optical
reconstruction microscopy (ASTORM), to visualize the detailed actin cytoskeleton structures
at the basal layers of the cells. The use of total internal reflection fluorescence (TIRF)
microscopy mode in dSTORM limits the fluorophore excitation to a thin evanescent field
(100-200 nm), and the background signal from out-of-focus planes are all eliminated,
thereby only F-actin at the basal layers of cells are imaged (Figure 5A). Compared to a
conventional fluorescence microscope, dASTORM achieves sub-diffraction limited resolution
fluorescence imaging by a unique mechanism: chemical manipulation of fluorophores to
make them photo-switchable in a stochastic manner, followed by image processing to
localize the single fluorescent emitters at nanometer precision (Figure 5B).[63-65] As
shown in Figure 5C-5E, dSTORM offers a spatial resolution superior to that of conventional
fluorescence microscopy to resolve the detailed actin cytoskeleton structures at the basal
layers of VSMCs. For the untreated cells (control, Figure 5C and S19), well-aligned actin
filaments parallel to the long axes of the cells were present, indicating the VSMCs also
possessed these contractile filaments at the basal layers. However, for the ZIF-8 treated cells,
the actin organization at the basal layers was drastically altered (Figure 5D-5E, S20-S21),
especially for the cells treated by 25 pg/ml ZIF-8 nanoparticles. The dASTORM images
clearly displayed the formation of actin branches and networks at the basal layers of the cells
(Figure 5E and S21). Taken together, the AFM and dSTORM imaging demonstrates that the
used low doses of ZIF-8 nanoparticles altered the actin organization of entire VSMCs
including both apical and basal surfaces. This disruption of the actin cytoskeleton and the
resulting altered cell morphology are the causes of the observed loss of cell contractility.
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Actin polymerization assay studying the effect of Zn2* on actin assembly.

In the light of our AFM and dSTORM findings, we investigated the potential mechanism for
ZIF-8 nanoparticles’ disruption of the actin organization in VSMCs. Previous literature
suggested two possible factors could account for the altered actin cytoskeleton by metal-
based nanoparticles: (i) Studies have found that exposure of cells to metal-based
nanoparticles such as gold nanoparticles is accompanied by an increased level of reactive
oxygen species (ROS), a pivotal modulator of actin organization, because cytoskeletal
proteins including actin are sensitive to ROS oxidative stress;[24, 66, 67] and (ii) Released
metal ions as a result of nanoparticle dissociation in the cells drastically increases the
concentration of intracellular metal ions, either directly affecting the actin assembly process
or by increasing the ROS level to alter the actin organization.[68—72] To elucidate the
possible mechanism, we first examined the intracellular ROS levels of VSMCs after
incubation with ZIF-8 nanoparticles for 24 h (Figure S22). At both concentrations (12.5 and
25 pg/ml), we did not see obvious increase in ROS levels in the cells, compared to untreated
cells. This is not surprising since elevated ROS levels are typically associated with
malfunctioned mitochondria and we did not see significant cell viability decrease (in the
MTT assay) under these two concentrations. Next, we measured the intracellular Zn?* levels
of VSMCs after incubation with ZIF-8 nanoparticles for 24 h (Figure S22). Interestingly,
compared to untreated cells, the intracellular Zn2* levels had a 1.8- and 2.7-fold increase for
cells treated with 12.5 and 25 pg/ml ZIF-8 nanoparticles, respectively. Normally, cells
require small amounts of Zn2* for distinct intracellular processes so there are tightly
controlled and saturable mechanisms in the cell membrane that maintain the cytoplasmic
zinc homeostasis. However, these precise mechanisms can be bypassed when ZIF-8
nanoparticles are endocytosed by the cell.[68] Considering that ZIF-8 nanoparticles are not
stable in acidic environments as the coordination bonds between Zn?* and organic ligand
can be broken by the acidic pH, the increased intracellular Zn2* could be because the ZIF-8
nanoparticles engulfed in the cells were dissolved in the acidic endosomes and/or lysosomes
(pH=4-6), releasing the free Zn2* to cytoplasm.[17, 26] To confirm the increased
intracellular Zn?* was indeed from ZIF-8 nanoparticles internalized by the cells, we
conducted a control experiment using ZIF-8 nanoparticle “conditioned” culture medium:
The 25 pg/ml ZIF-8 nanoparticles were incubated with standard cell culture medium for 24
h, subjected to centrifugation, and supernatant was collected and used to culture VSMCs for
another 24 h. The results indicated that intracellular Zn?*, ROS, cell morphology, and actin
organization of these cells remained unchanged, similar to untreated cells (Figure S22 and
S23). According to the recent published stability of ZIF-8 in the standard cell medium,
~10% of ZIF-8 can be degraded by the cell culture medium within 24 h.[73] Then we can
estimate the dissolved Zn2* and 2-methyl imidazole amount in the cell medium. Therefore,
another two control experiments were performed using a cell culture medium with 0.72
pg/ml of Zn2* (by adding zinc nitrate into the medium) and a cell culture medium with 1.78
pg/ml of 2-methyl imidazole, respectively, assuming 10% of ZIF-8 were degraded by the
cell medium. The AFM imaging showed similar results as the first control experiments did,
where the cell morphology and actin organization remained unaffected (Figure S24 and
S25). These experiments suggest the internalized ZIF-8 nanoparticles, not Zn?* released
extracellularly, caused the increase of intracellular ZnZ*, which differs from previous studies
showing that ZIF-8 microparticles released Zn?* in the medium and caused the cytotoxicity.
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[27, 73] Moreover, the impact of the organic ligand (i.e., 2-methyl imidazole) on VSMCs
can be neglected. Overall, these experiments demonstrate that, under these ZIF-8
nanoparticle concentrations, increased intracellular Zn2* due to the dissociation of
internalized ZIF-8 nanoparticles did not increase the intracellular ROS levels, and thereby
the altered actin organization was not related to intracellular ROS levels. Therefore, the
change of actin organization could be due to the direct impact of intracellular zinc increase.
Certainly, with the further increase of ZIF-8 nanoparticle concentrations, the intracellular
zinc could keep increasing, causing the ROS production and further change of the actin
cytoskeleton (which will be an indirect impact).

Therefore, we hypothesized that the increased intracellular Zn%* directly affected the actin
organization, considering that actin monomer (globular or G-actin) contains several Zn2*
binding sites, and the highly dynamic actin assembly/disassembly process in the cells (G-
actin <> actin filament, single actin filament <> actin bundles) can be affected by several
divalent cations.[74, 75] To test this hypothesis, we performed a well-established actin
polymerization assay to understand how increased Zn2* affected the actin organization. This
assay, including G-actin, ATP, and divalent cation in a buffering system, is a simplified
model to mimic the actin assembly process within the cells.[76—78] Here, the normal assay
condition represented actin assembly process in the untreated VSMCs, whereas this process
in the ZIF-8 nanoparticle treated cells was simulated through increasing the divalent cation
concentration in the assay by adding Zn2* until a 2.7-fold of increase in divalent cation
concentration (as measured in the cells) was reached. Then the actin filaments were
collected and characterized by AFM imaging. For the assay performed under normal
conditions, single actin filaments assembled from actin monomers can be clearly observed,
with a structure similar to a string of beads (Figure 6A and 6D). In the normal VSMCs, these
single actin filaments are fundamental structures that will further assemble to bundles with
actin-binding proteins to drive the cell contraction (Figure 7, left column). In contrast, the
assay performed with increased Zn?* generated completely different actin structures. Instead
of forming single, linear filaments from actin monomers, the actin filaments showed
bundles, branches, and networks during the polymerization process (Figure 6B—-6C, 6E-6F,
and S26). Interestingly, the network structures were similar to what we observed from AFM
and dSTROM images, in which several actin bundles pointing to diverse directions were
originated from a common site, indicating the formation of branched networks. We suggest
that the actin bundles and networks already formed during the actin polymerization process,
due to the increased intracellular Zn2*, may block the binding sites on single filaments for
actin-binding proteins such as myosin-I1 and thereby hinder the formation of actomyosin
bundles, which drives the contraction of VSMCs (Figure 7, right column). In summary, the
actin polymerization assay here provides a simplified model to elucidate the effect of
internalized ZIF-8 nanoparticles on the cell actin organization. As illustrated in Figure 7,
under normal conditions (untreated cells), G-actin assembles to single actin filaments, and
subsequently the single filaments interact with actin-binding proteins such as myosin-II to
form well-aligned actomyosin bundles, driving the contraction of cells. Upon uptake of
ZIF-8 nanoparticles, ZIF-8 nanoparticles dissolve in acidic endosomes/lysosomes and
release Zn%* into the cytoplasm, leading to increased intracellular Zn?* levels. With
increased intracellular Zn2*, the G-actin assembles to actin bundles and networks, instead of
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linear, single actin filaments, during the actin polymerization process. Essentially, the actin
cytoskeleton remodeling process is likely impacted by the increased intracellular Zn2*
levels, thus hindering the formation of well-aligned contractile filaments (i.e., actomyosin
bundles) and the contraction of VSMCs.

Conclusion

We have investigated the effects of conventionally low doses of ZIF-8 nanoparticles on
VSMC morphology, actin organization, and contractility. Instead of relying on conventional
cytotoxicity assays, which only provide end-point results through biochemical reactions, we
focused on the biophysical changes of VSMCs induced by the ZIF-8 nanoparticles at the
single cell level. By using two nanoscale imaging tools, AFM and dSTORM, we found that,
even at the concentrations that were determined to be “safe” by biochemical cell assays,
ZIF-8 nanoparticles still caused changes in cell morphology and actin cytoskeleton
organization at the cell apical and basal surfaces. These biophysical structural changes
further impaired the contractility function of VSMCs in response to Angiotensin |1, a classic
vasoconstrictor. Based on an actin polymerization assay, we concluded that the increased
intracellular Zn%* concentration due to the uptake and dissociation of ZIF-8 nanoparticles
could cause the actin cytoskeleton dis-organization, as the elevated Zn2* directly disrupted
the actin assembly process in our actin polymerization assay, leading to altered actin
organization such as branches and networks. Since the VSMC phenotype change and loss of
contractility are fundamental to the development of atherosclerosis and related
cardiovascular diseases, we believe these low doses of ZIF-8 nanoparticles administered
intravenously could still be a safety concern in terms of cardiovascular risks. Moving
forward, it is imperative to re-consider the “safe” nanoparticle doses that are determined by
biochemical cell assays alone, and take into account the impact of these nanoparticles on
biophysical characteristics of cells including the actin cytoskeleton and cell morphology,
especially in the case of intravenously administered MOF and other metal-based
nanomaterials on vascular smooth muscle cells. More broadly, the biophysical
characteristics of vascular smooth muscle cells can serve as an important indicator to
evaluate the toxicity of nanomaterials.
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Figure 1.
(A) TEM image of synthesized ZIF-8 nanoparticles. (B) Powder XRD pattern of synthesized

ZIF-8 nanoparticles and simulated powder XRD pattern of ZIF-8 (CCDC ID number:
864309). (C) MTT assay measuring VSMC viability after incubation with ZIF-8
nanoparticles for 24 h. (D) LDH assay measuring VSMC membrane integrity after
incubation with ZIF-8 nanoparticles for 24 h. Data is mean + standard deviation, n=6.
Student’s t-test, **P < 0.01.
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Figure 2.
(A) Fluorescence images of single VSMCs after incubation with 12.5 pg/ml FITC-loaded

ZIF-8 nanoparticles for 6 h, 12 h and 24 h. Scale bars: 20 pm. (B) Quantitative analysis of
cell uptake of 12.5 pg/ml ZIF-8 nanoparticles based on correlated total cell fluorescence
(CTCF). Data is mean + standard deviation, n=50. Student’s t-test, **P < 0.01. (C)
Fluorescence images of single VSMCs after incubation with 25 pg/ml FITC-loaded ZIF-8
nanoparticles for 6 h, 12 h and 24 h. Scale bars: 20 um. (D) Quantitative analysis of cell
uptake of 25 pug/ml ZIF-8 nanoparticles based on CTCF. Data is mean + standard deviation,
n=50. Student’s t-test, **P < 0.01. (E) DIC images of VSMCs after incubation with 0
(control), 12.5 and 25 pg/ml ZIF-8 nanoparticles for 24 h. Scale bars: 40 pm. (F) Aspect
ratios of VSMCs after incubation with 0 (control), 12.5 and 25 pug/ml ZIF-8 nanoparticles
for 24 h. Data is mean + standard deviation, n=100. Student’s t-test, ****P < 0.0001. With
the increase of ZIF-8 concentrations, the cells exhibited a less elongated, and more spread
shape, leading to decreased aspect ratios.
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Figure 3.
Time-lapse DIC images of single VSMCs in response to Angiotensin Il (Ang Il) treatment.

(A) Control: VSMC after incubation with standard medium for 24 h and subjected to Ang Il
treatment. (B) VSMC after incubation with 12.5 pg/ml ZIF-8 nanoparticles for 24 h and
subjected to Ang Il treatment. (C) VSMC after incubation with 25 pg/ml ZIF-8
nanoparticles for 24 h and subjected to Ang Il treatment. Scale bars: 40 um. (D-F) Aspect
ratios of VSMCs before adding Ang Il (0 min) and 15 min after adding Ang I1. Data is mean
+ standard deviation, n=10. Student’s t-test, ***P < 0.001. Un-treated VSMCs (control)
showed contraction in response to Ang Il treatment, whereas ZIF-8 nanoparticle treated
VSMCs lost contractility.

J Hazard Mater. Author manuscript; available in PMC 2022 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Kota et al.

Page 23

Photo detector

100.0 kPa
Cantilever
0.0
Heating stage
B 800 Glass E
600 — 100.0 kPa
E 400 =5
& 0
200 o
-
0.0
0
o 10 20 0 400 S0 o 70 800 0
Z-piezo displacement (nm)
c Force
t Hertz fitting indent curve .. 1100.0 kPa
F 4 £ Rl 63
=31=v) 2.582
E: Young's modulus
&: Indentation depth
v: Poisson ratio
R: Radius of the tip
Contact point 0.0
Indentation
Figure 4.

(A) Schematic illustrating Peak-Force quantitative nanomechanical mapping of actin
organization at the apical surfaces of live cells. (B) Raw force-displacement curves collected
on glass, cell regions with apical actin filaments, and cell regions without apical actin
filaments. (C) Hertz model fitting of force-indentation curve to obtain Young’s modulus at
each pixel. (D) Height, peak-force error and Young’s modulus maps of single VSMC after
incubation with 0 ug/ml (control) ZIF-8 nanoparticles for 24 h. (E) Height, peak-force error
and Young’s modulus maps of single VSMC after incubation with 12.5 pg/ml ZIF-8
nanoparticles for 24 h. (F) Height, peak-force error and Young’s modulus maps of single
VSMC after incubation with 25 pug/ml ZIF-8 nanoparticles for 24 h. Three types of maps
showed excellent correlations to identify actin filaments at the apical surfaces of live cells.
The ZIF-8 nanoparticles altered the VSMC morphology and actin organization in a
concentration-dependent manner. Scale bars: 10 um.
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Figure5.
(A) Schematic illustrating total internal reflection fluorescence (TIRF) imaging of actin

organization at the basal surfaces of phalloidin fluorescence stained cells. (B) The concept of
dSTORM: The super resolution image is obtained by localizing single molecules within a
stack of >10,000 frames, each capturing a different subset of individual molecules from the
total ensemble. (C-E) Epi-fluorescence image of single VSMCs, red-boxed area of the epi-
fluorescence image, and dSTORM image of the same area: (C) Control: VSMC after
incubation with 0 ug/ml ZIF-8 nanoparticles for 24 h. (D) 12.5 pg/ml: VSMC after
incubation with 12.5 pg/ml ZIF-8 nanoparticles for 24 h. (E) 25 ug/ml: VSMC after
incubation with 12.5 pg/ml ZIF-8 nanoparticles for 24 h. ZIF-8 nanoparticle treatment led to
the formation of actin branches and networks at the basal layers of the cells.
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Increased zinc Increased zinc

Figure 6.
Actin polymerization assay investigating the effect of increased Zn2* on actin assembly

process. (A) and (D): AFM images of single actin filaments assembled from G-actin under
normal assay conditions. (B-C) and (E-F): AFM images of actin bundles, branches and
networks assembled from G-actin in the presence of increased Zn2* concentrations. D-F are
enlarged images of green-boxed areas in A-C, respectively.
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Schematic illustrating how the ZIF-8 nanoparticles alter the actin organization in VSMCs. In
the normal VSMCs (untreated cells), as shown in left column, G-actin assembles to single
actin filaments, and then the filaments interact with actin-binding proteins such as myosin-II
to form well-aligned actomyosin bundles, driving the contraction of cells. Upon uptake of
ZIF-8 nanoparticles, as shown in right column, ZIF-8 nanoparticles dissolve in acidic
endosomes/lysosomes and release Zn2* into the cytoplasm, leading to increased intracellular
Zn2* levels. With increased intracellular Zn2*, the G-actin directly assembles to actin
bundles and networks, instead of linear, single actin filaments, during the actin
polymerization process (as demonstrated in Figure 6). Essentially, the actin cytoskeleton
remodeling process is likely impacted by the increased intracellular Zn2+ levels, thus
hindering the formation of well-aligned contractile filaments (i.e., actomyosin bundles) and

the contraction of VSMCs.
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