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ARTICLE INFO ABSTRACT

Editor: Dr. S Nan Understanding the toxicity of metal-organic frameworks (MOFs) is important for improving their biocompati-

bility in further applications, especially the hematotoxicity of MOFs due to the unavoidable contact of MOFs with

Keywords: blood in biomedical science. Here we report the hematotoxicity and underlying mechanisms of nano-sized
Metal orga"‘i_c framework zeolite-like MOFs ZIF-8 and ZIF-67 because of their wide applications in biomedical science. ZIF-67 induced
;ee?;;z:;:(z;yhemol is significant hemolysis of red blood cell (Rb) through breaking the structure of membrane due to the generation of
Hemoglobin 4 free radicals, whereas ZIF-8 was hematocompatible. ZIF-67 was thus internalized by Rb and then bound with
Bioconjugation hemoglobin via hydrogen bond and van der Waals force, which influenced the structure and function of he-

moglobin in accompany with heme release. These findings reveal the detailed mechanism of the hematological
effects of MOFs on Rb and are helpful to the assessment of the toxicity and potential health risks of MOFs and the

design of biosafe MOFs for biomedical applications.

1. Introduction

Metal organic frameworks (MOFs) are a new kind of microporous
crystalline materials composed of metal ions or clusters and organic
linkers, which are connected via coordination bonds (Gu et al., 2012;
Kreno et al., 2012; Li et al., 1999). Nano-sized MOFs have received great
interests in biomedical applications, such as biosensing, bioimaging, and
drug delivery due to their high porosity, large specific surface area,
tunable channel structure and easy functionalization (Ricco et al., 2018;
Furukawa et al., 2015; Simon-Yarza et al., 2018). Zeolite-like MOFs
(ZMOFs), an important kind of MOFs with zeolite-like structure, are
promising materials for the construction of theranostic nanoplatforms as
ZMOFs can load multiple kinds of guest molecules (e.g., proteins, drugs,
etc.) via one-pot synthesis and degrade with controllable way in cellular
acidic condition to release guest cargoes, which endows ZMOFs with
outstanding characters of pharmacokinetics (Deng et al., 2019; Chen
et al., 2018; Feng et al., 2019). For instance, ZIF-8 was used to encap-
sulate doxorubicin for delivery to tumor and degrade for cancer therapy
or imaging (Carrillo et al., 2019; Hao et al., 2019; Yan et al., 2020).
ZIF-67 was explored to carry drug and generate hydroxyl radicals for
synergetic killing of cancer cells (Gao et al., 2019; Sang et al., 2020). In

these applications, ZMOFs are mainly administrated into blood circu-
lation to transmit to focal sites. Therefore, the hematotoxicity of such
ZMOFs should be evaluated to avoid potential adverse effects.

Recent in vitro and in vivo studies revealed that several physi-
ochemical factors of MOFs, such as size, surface modification, and metal
species have effects on the toxicological activity of MOFs (Kumar et al.,
2019). NHa-functionalized UiO-66 gave stronger toxicological effect on
HepG2 cells and zebrafish embryos than bare UiO-66 (Ruyra et al.,
2015). Fe-based MOF MIL-100 was more cytotoxic to cancer cells than
Zn-based MOF ZIF-8 (Tamames-Tabar et al.,, 2014), while ZIF-8
exhibited higher cellular toxicity than Cu-based MOF MIL-160 in the
same concentration range (Wagner et al., 2019). An in vivo study
showed that the large size of ZIF-67 (890 nm) made more significant
damage to rat neuron system than small ones (60 nm) (Deng et al.,
2021). Polyethylene glycol (PEG)-functionalized Fe-based MOF
MIL-88A gave less hepatic change of rat than bare MIL-88A (Horcajada
et al., 2010). Additionally, both Cu- and Eu-based MOFs were non-toxic
to zebrafish and adult rats at 1.5 pg/mL and 300 mg/kg, respectively
(Lucena et al., 2017; Abramenko et al., 2021). Nevertheless, the hema-
totoxicity of different metal-based ZMOFs is still unclear.

The interaction of red blood cell (Rb) and nanoparticles (NPs) could
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make toxic effects on Rb such as shape deformation, hemolysis, and
thrombus formation (de la Harpe et al., 2019). Large quantum dots
(LQDs) was found more hematotoxic than small ones (SQDs) as the
hemolysis ratio of LQDs was higher than that of SQDs (Wang and Jiang,
2015). The shape of NPs also influenced the hemolysis and the rod-like
silica NPs were more toxic than spherical ones (Ma et al., 2014). Posi-
tively charged gold nanorods induced hemolysis while negatively
charged gold nanorods were hemocompatible (Zhao et al., 2017).

Hemoglobin is the most abundant protein in Rb and exerts many
physiological functions in erythrocytes (Giardina et al., 1995). The he-
moglobin released from Rb after hemolysis would be adsorbed by NPs
and its structure and function may be compromised, which exhibited
hematotoxic fate at biomolecular level (Li et al., 2014; Jun et al., 2011).
However, the hematotoxicity effects induced by MOFs are still unclear,
which hinders the understanding of the potential risks of MOFs.

There are many factors that determine the toxicity of metal-based
nanoparticles. Predicting their toxicity only based on the correspond-
ing metal ions is not reliable. For instance, ZnO nanoparticles are more
toxic than Ag nanoparticle at the same concentration though Ag ion is
more toxic than Zn ion (Kang et al., 2015). Moreover, Zn-based ZIF-8
exhibited higher cytotoxicity than Cu-based MIL-160 in the same con-
centration range though Cu ion is more toxic than Zn ion (Wagner et al.,
2019). These previous results indicate the great necessity for the study
on the toxicity and the underlying mechanisms of metal-based
nanoparticles.

Herein, we show the hematological effect of nanosized ZMOFs and
the underlying mechanisms. We take ZIF-8 and ZIF-67 as model ZMOFs
because they have recently received great attention in diverse fields for
their unique structures and properties (Gao et al., 2021; Freund et al.,
2021; Feng et al., 2016). ZIF-8 and ZIF-67 exhibit a sodalite-related
zeolite type structure and large pores that are accessible through small
pore windows with the same ligand 2-methylmidazole as the linker, but
different metal ions (Zn?* and Co®" in ZIF-8 and ZIF-67, respectively) as
the coordination center (Banerjee et al., 2008; Park et al., 2006).
Different metal ions in ZIF-8 and ZIF-67 result in remarkable difference
in hematotoxicity. ZIF-8 is hematocompatible whereas ZIF-67 is
considerably hematotoxical. The mechanisms for such big differences in
hematotoxicity for ZIF-8 and ZIF-67 are studied in detail. This work
provides robust clues on the potential health risk of nano-sized ZMOFs to
guide their environmental toxicity study for further biomedical
applications.

2. Experimental section
2.1. Chemicals

Zn(NO3)26H20, Co(NOs3)2:6H20, 2-methylimidazole (2-MI),
dimethyl sulfoxide (DMSO), nitrotetrazolium blue chloride (NBT), ter-
ephthalic acid (TPA), PEG600, PEG2000, urea, methanol, chloroform
and ammonium acetate were from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Phosphate buffer saline (PBS) (6.7 mM, pH 7.4)
was from Hyclone Co. Ltd. (USA). 3,3'-dioctadecyloxacarbocyanine
perchlorate (DiO), 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-
DA), bicinchoninic acid (BCA) kit, and lysis solution of radio immuno-
precipitation assay (RIPA) were from Thermo Fisher Scientific Co. Ltd.
(USA). Hemoglobin was from Sigma Aldrich Co. Ltd. (China). All the
other reagents were from Aladdin Chemistry Co. Ltd. (Shanghai, China)
unless otherwise stated.

2.2. Synthesis of ZIFs

ZIF-8 and ZIF-67 were prepared according to Feng et al (Freund
et al., 2021). Briefly, 0.66 g 2-MI, 0.30 g Zn(NOs3)2:6 H2O (for synthesis
of ZIF-8) or 0.30 g Co(NO3)2:6 HpO (for synthesis of ZIF-67), and 4 mL
DMSO were mixed and stirred at room temperature for 20 min. The
ZIF-8 and ZIF-67 were purified by centrifugation (11,363 g, 15 min) and
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DMSO washing (three times). Final stocking solutions were maintained
in DMSO at room temperature. The ZIF-8 and ZIF-67 were washed with
ultrapure water (three times) before use. The molar concentrations of
ZIF-8 and ZIF-67 were obtained on a Nanoparticle Tracking Analysis
(NTA, NS300, Malvern, UK).

2.3. Rb labelling and imaging

Rb (2 x 10%/mlL) was incubated with 1 pM DiO for 15 min and
washed with PBS to remove the excessive DiO. The as-prepared Rb was
incubated with PBS (negative control), ultrapure water (positive con-
trol), and ZIF-8/67 (0.9 and 7.5 nM in PBS) for 10 min. After washing
with PBS, Rb was dropped onto a coverslip and pictured on a Laser
scanning confocal microscopy (LSCM, FV3000, Olympus, Japan) in the
emission wavelength range of 500-650 nm under excitation at 488 nm
with a 60 x objective.

2.4. Hemolysis assay

Whole blood (WB, 10%, v:v) or Rb (2 x 10%/mL) was incubated with
different concentrations of ZIF-8 and ZIF-67 (0.9, 1.8, 3.7, 7.5, 15, and
30 nM in PBS) for 10 min. The supernatant was isolated by centrifuga-
tion and its absorbance was measured on a UV-3600 spectrophotometer
(SHIMAZU, Japan) at 541 nm. The percentage of hemolysis was calcu-
lated according to a previous study (Dobrovolskaia et al., 2008). As for
time-course of hemolysis measurement, the ZIF-8 and ZIF-67 (7.5 nM in
PBS) were added into Rb solution and the supernatant was isolated for
absorbance detection at 10, 30, 60, 120, and 180 min

2.5. Reactive oxygen species (ROS) detection

The ROS produced by ZIF-8 and ZIF-67 was detected with spectral
method. For total ROS detection, DCFH-DA (100 pM) was incubated
with different concentrations of ZIF-8 and ZIF-67 (0.9, 1.8, 3.7, 7.5, and
15 nM in PBS) for 20 min. Then, the supernatant was isolated by
centrifugation (11,363 g, 20 min) for fluorescence measurement on a
multiplate reader (Synergy H1, Biotek, USA) with Aex/Aem at 485/530
nm. 10 mM H50; and ultrapure water were used as positive control and
negative control, respectively. The results were expressed as relative
fluorescent intensity compared to negative control.

NBT was used for O5" detection. The mixture of NBT (75 pM) and
ZIF-67 (0.9, 1.8, 3.7, 7.5 nM in PBS) was maintained at room temper-
ature for 20 min without light irradiation. The supernatant was isolated
by centrifugation (11,363 g, 20 min) and UV-vis spectra (UV-3600,
SHIMAZU, Japan) were measured from 400 nm to 800 nm. The mixture
containing riboflavin (20 pM) and methionine (13 mM) illuminated by
UV lamp for 20 min was used as positive control.

TPA fluorescence method was used to detect ¢OH. The solution in
experimental group containing TPA (20 uM) and ZIF-67 (0.9, 1.8, 3.7,
7.5 nM in PBS) was incubated for 20 min and the supernatant was iso-
lated (11,363 g, 20 min) immediately for fluorescence detection (Aem/
hext 326/432 nm) on a multiplate reader (Synergy H1, Biotek, USA). The
mixture of HyO, (10 pM) and Fe?* (30 pM) and ultrapure water were
used as positive control and negative control, respectively. The results
were expressed as relative fluorescent intensity compared to negative
control.

2.6. X-ray photoelectron spectroscopy (XPS) analysis

ZIF-8 and ZIF-67 (3.7 nM) were incubated with 2 x 10%/mL Rb for
10 min and washed with PBS for three times. The as-prepared samples
were lyophilized to get powder for XPS analysis (AXIS Supra, Kratos
Analytical Inc.). All spectra were calibrated by the peak of C 1 s (284.8
eV).
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2.7. Quantitative analysis for cellular adsorption and internalization of
ZIF-67

Rb (2 x 106/mL) was incubated with ZIF-67 (3.7, 7.5, and 15 nM in
PBS) for 10 min. The mixture was then lysed with RIPA after PBS
washing (three times). One aliquot was collected to detect the total
content of ZIF-67 adsorbed and internalized by Rb. Another aliquot was
centrifuged at 2000 g to remove cell membrane and the supernatant was
further centrifuged at 11,363 g to pellet the ZIF-67 internalized by Rb.
The two kinds of samples were digested with HoO2:HNOj3 (v:v, 2:1) for
12 h and analyzed for Co on a NexION 350D inductively coupled plasma
mass spectrometry (ICP-MS).

2.8. Quantitation of intracellular protein adsorbed by ZIF-67

Rb (2 x 10%/mL) was incubated with ZIF-67 (0.9, 1.8, 3.7, 7.5, and
15 nM in PBS) for 10 min. After washing with PBS for three times, the
sample was lysed with RIPA and centrifuged (2000 g) to remove cell
membrane. Then, the bioconjugate of ZIF-67 and protein was isolated
from supernatant by centrifugation at 11,363 g for 20 min. The as-
prepared sample was washed with PBS and followed by BCA assay for
protein quantitation.

2.9. Characterization of the bioconjugates of hemoglobin and ZIF-67

Hemoglobin (1 pM) was incubated with ZIF-67 (3.7 nM) for 10 min
and the bioconjugate was dropped onto a copper grid for 15 min. The as-
prepared sample was dried overnight for transmission electron micro-
scopy (TEM, JEM-2100, JEOL, Japan) observation. The hydrodynamic
sizes of bioconjugates of hemoglobin and ZIF-67 were measured on a
Malvern Nano ZS. The efficiency of protein adsorption was evaluated by
BCA method. Different concentrations of ZIF-67 (0.9, 1.8, 3.7, 7.5, and
15 nM in PBS) were mixed with hemoglobin (1 pM) at room temperature
for 10 min. After 11,363 g centrifugation, the supernatant was isolated
for protein concentration measurement. The efficiency (A%) was
calculated by following equation: A% = 1 - C/Cy. Where C and Cy are the
concentrations of hemoglobin with or without ZIF-67, respectively.

2.10. Spectroscopic analysis for the structural change of hemoglobin

Hemoglobin (1 pM) was mixed with ZIF-67 (0.07, 0.15, 0.37, and
0.75 nM in PBS) for 10 min and the fluorescence spectra were recorded
on an F-4600 fluorescence spectrophotometer (Hitachi, Japan). The
excitation wavelength was set at 278 nm and fluorescence emission
intensities at 344 nm against the molar concentration of ZIF-67 were
fitted to Stern-Volmer equation after correction of inner filter effect
(Kubista et al., 1994).

Ultraviolet visible (UV-vis) spectra were measured by incubating 1
pM hemoglobin with ZIF-67 for 10 min. The absorbance of sample was
recorded on a UV-3600 spectrophotometer (Shimadzu, Japan) from 250
to 550 nm.

Circular dichroism (CD) spectra were obtained on a Chirascan V100
spectropolarimeter (Applied photophysics, UK) with 0.1 cm quartz cell.
The hemoglobin (2 pM) was treated with ZIF-67 (0.07, 0.15, 0.37, and
0.75 nM in PBS) for 10 min and the sample was measured from 205 nm
to 300 nm.

2.11. Heme release detection

Hemoglobin (0.8 mM) was incubated with ZIF-67 (1.8, 3.7, and 7.5
nM in PBS) or urea (2.5 M, positive control) for 10 min. After the
addition of 0.1 M ammonium acetate (pH 4.0), the samples were washed
with the mixture of methanol:chloroform (5 mL; v:v, 1:2). The organic
phase was vapored and residues were redissolved into DMSO:chloro-
form (0.5 mL; v:v, 1:4) followed by the addition of NaOH (1 mL, 0.1 M)
(Rael et al., 2006). The percentage of heme release was calculated from
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following equation: A% = (A1-Ap)/Ap. Where A1, Ap, and A, represent
the absorbance (385 nm) of sample, background, and positive control,
respectively.

2.12. Molecular dynamic (MD) simulation of heme release

The structure of hemoglobin and ZIF-67 were obtained from the
Protein Data Bank (www.rcsb.org; PDB ID: 4MQJ) and the Cambridge
Crystallographic Data Centre (www.ccdc.cam.ac.uk), respectively. All-
atom MD simulation was performed using GROMACS software
(version 2016.3) coupled with CHARMM-GUI webserver. CHARMM36m
all-atom force field parameters for protein, water molecule, and ions
(Na™, CI') were used and bonded and non-bonded parameters compat-
ible to CHARMM36m force field for ZIF-67 were constructed to set up all
the simulation systems during MD simulation (Huang et al., 2017).
System snapshots were generated by VMD.

2.13. Statistical analysis

All data were presented as mean + standard deviation with at least
three dependent assays. The t-test was used for significance analysis. The
significant differences were set as * p < 0.05 and * * p < 0.01.

3. Results and discussion
3.1. Hemolysis assessment of ZIF-8 and ZIF-67

ZIF-8 and ZIF-67 were prepared according to Feng et al (Feng et al.,
2016). The as-prepared ZIF-8 and ZIF-67 were characterized by TEM,
powder X-ray diffraction (PXRD) spectrometry, and dynamic light
scattering (DLS). ZIF-8 and ZIF-67 show spherical morphology with
similar solid sizes (33.53 + 0.54 and 35.72 + 0.21 nm, respectively)
(Fig. 1A and Fig. S1), hydrodynamic diameters (106.2 + 4.7 and 112.7
+ 8.9 nm, respectively) (Fig. 1B), PXRD patterns (Fig. 1C), pore sizes,
(Fig. S2) and porosities (Table S1). ZIF-8 and ZIF-67 gave positive zeta
potentials of 31.27 + 1.24 mV and 22.85 + 1.67 mV, respectively
(Fig. 1D), and were stable in PBS (Fig. S3). However, the ZIFs dissolved
in blood with maximum percentage of 1.82% and 5.22% for ZIF-8 and
ZIF-67 (Fig. S4), respectively, which may be induced by the ions and
phosphates in blood with strong coordination ability after 24 h
incubation.

We firstly investigated the effect of ZIF-8 and ZIF-67 on the
morphology of Rb as the function of Rb relies on its normal shape. Rb is a
sensitive model for the assessment of the hematotoxicity of NPs. He-
molysis is related to various kinds of diseases (Rother et al., 2005), so
NPs induced hemolysis is harmful to human health. Thus, hemolysis is
considered as the key indicator in hematotoxicity (de la Harpe et al.,
2019). LSCM images show that the morphology of Rb was intact in
negative control group (PBS) (Fig. 1E(i)) but destroyed in positive
control group (ultrapure water) (Fig. 1E(ii)). ZIF-8 at both low (0.9 nM)
and high (7.5 nM) concentrations had no significant effect on the shape
of Rb (Fig. 1E (iii, iv)). Also, ZIF-67 at low concentration (0.9 nM) did
not change the shape of Rb significantly (Fig. 1E(v)). However, ZIF-67 at
high concentration (7.5 nM) did lead to significant transformation of the
shape of Rb (Fig. 1E(vi)). Thus, ZIF-67 was prone to influence the
morphology of Rb at high concentration.

Shape transformation and membrane deformation of Rb are usually
associated with hemolysis, and thought as the key indicator in hema-
totoxicity (Barbul et al., 2018). Therefore, scanning electron microscopy
(SEM) images were collected to show the change in the membrane
morphology of Rb and the distribution of the ZMOFs. Several large ag-
gregates of ZIF-67 (ca. 0.93 um) were attached onto the distorted
membrane of Rb (Fig. S5 and S6). ZIF-67 induced different sizes of pores
(0.01-1.06 ym) on the membrane of Rb which trapped the aggregated
ZIF-67. In contrast, ZIF-8 showed small aggregates (ca. 0.53 ym) and did
not induce such membrane destruction (Fig. S5 and S6). These results
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Fig. 1. (A) TEM images of the as-prepared ZIF-8 and ZIF-
67. (B) Hydrodynamic diameters of the as-prepared ZIF-8
and ZIF-67 in ultrapure water. (C) PXRD patterns of the as-
prepared ZIF-8, ZIF-67, and simulation. The diffraction
peaks were in good agreement with the simulated curve,
indicating the products are pure-phase materials. (D) Zeta
potentials of the prepared ZIF-8 and ZIF-67 in ultrapure
water. (E) LSCM images of Rb after incubation with various
solutions: (i) PBS (negative control), (ii) ultrapure water
(positive control), (iii) 0.9 nM ZIF-8, (iv) 7.5 nM ZIF-8, (v)
0.9 nM ZIF-67, and (vi) 7.5 nM ZIF-67. Scale bars, 5 pm.
(F) Photographs of the supernatant of Rb after incubation
with ZIF-8 and ZIF-67. Test groups (from left to right):
ultrapure water, 0 nM, 0.9 nM, 1.8 nM, 3.7 nM, 7.5 nM,
15 nM, and 30 nM ZIF-8 or ZIF-67, respectively. (G) He-
molysis curves of WB and Rb incubated with ZIF-8/67 at
room temperature for 10 min.
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indicate only ZIF-67 induced the structural change of Rb membrane.

ZMOFs induced hemolysis was also explored in the solution of WB
and Rb. Visible detection of the solution color and UV-vis spectrometric
determination were used to confirm the hemoglobin released due to
hemolysis (Fig. 1F and G). The concentration of the released hemoglobin
in the supernatant of WB significantly increased with the concentration
of ZIF-67 from 0.9 to 30 nM, while ZIF-8 in the same concentration
range did not induce obvious release of hemoglobin. Similarly, only ZIF-
67 induced hemoglobin release in Rb solution. The hemolysis percent-
ages were plotted against the concentrations of ZMOFs. ZIF-67 caused
bigger hemolysis percentage (from 0.0 + 0.0% to 80.8 + 7.5%) in Rb
solution than in WB solution (from 0.0 £ 0.0% to 69.8 + 7.9%), which
suggests the plasma protein decreased the hemolysis. The ZIFs could
adsorb the negatively charged plasma protein (such as albumin) and the
formation of corona significantly changed the surface properties of ZIFs.
The zeta potentials of ZIFs changed to about —20 mV after adsorption of
serum (Fig. S7) and partially inhibited the interaction between ZIFs and
Rb, reducing the hemolysis ratios in WB solution (Fig. 1G). In contrast,
ZIF-8 had no hemolysis effect in either Rb or WB solution. Time-
dependent hemolysis assay also shows the hemolysis percentage of Rb
induced by ZIF-67 reached 37.1% in 10 min and then slowly increased
with further increase of time (Fig. S8).

Considering the possible release of the metal ion from ZIF-8 and ZIF-

Concentration of ZIF-8/67 (nM)

67 may induce hemolysis, the stability of ZIF-8 and ZIF-67 after incu-
bation with Rb was tested by ICP-MS and PXRD spectrometry. Both ZIF-
8 and ZIF-67 were stable in Rb solution as only 0.0%-0.9% and 0.0%-—
2.6% of ZIF-8 and ZIF-67 dissolved in Rb solution within 10 min,
respectively (Fig. S9) and the diffraction peaks did not change (Fig. S10).
According to the dissolved metal ion concentrations (10-172 pg/mL for
Zn(II) and 26-516 pg/mL for Co(II)), the hemolysis assay was performed
with Co(II) and Zn(II) (Fig. S11). The result shows that hemolysis did not
result from the dissolved metal ions from the ZMOFs. As hemolysis
assessment shows that ZIF-67 was hematoxic while ZIF-8 was hemo-
compatible in the same concentration range, the metal ions in the
ZMOFs played important roles in the toxicology of the ZMOFs.

3.2. Hemolysis mechanism

Clarifying the mechanism for the big difference in the hemolysis of
ZIF-8 and ZIF-67 is important for the biosafety assessment of ZMOFs.
Phospholipid is the most abundant constituent of cell membrane and its
conformational change is usually associated with membrane breakage
(de la Harpe et al., 2019; Wang and Jiang, 2015). Therefore, Fourier
transform infrared (FTIR) spectrometry fitted with an attenuated total
reflectance (ATR) accessory was used to reveal the structural change of
phospholipid in situ. For this purpose, the FTIR spectra of Rb before and
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after incubation with ZIF-8 and ZIF-67 were obtained in the fingerprint
region of 800-1400 cm™ (Fig. 2A) to compare the FTIR spectra of ZIF-8
and ZIF67 (Fig. S12). The characteristic band of 1367 cm! (the vibra-
tion of methylene fragments of lipid) (Wang and Jiang, 2015) dis-
appeared after incubation with ZIF-67, whereas this band still remained
after incubation with ZIF-8. The bands in the range of 1240-1244 cm™
(asymmetric stretching vibration of POy) (Wrobel et al., 2011) dis-
appeared after incubation with ZIF-67, indicating significant change of
the lipid structure. The band at 1167 cm™! for the stretching mode of
cholesteryl esters (-CO-O-C-) (Parikh and Chorover, 2006) disappeared
after incubation with ZIF-8 and ZIF-67, suggesting that ZIF-8 and ZIF-67
impacted the structure of cholesterol. The new band of 1013 cm! after
incubation with ZIF-8 and ZIF-67 stand for the coordination of oxygen
atom of phospholipid with Zn or Co atom (Ansari et al., 2014). The
above FTIR results confirm that ZIF-67 made stronger effect on the
conformation of phospholipid than ZIF-8.

The generation of ROS by the ZMOFs was evaluated to demonstrate
the contribution of ROS to the breakage of Rb membrane. It was re-
ported that the ROS generated by NPs was responsible for phospholipid
and membrane destruction (Bai et al., 2020). In this work, we used
DCFH-DA as the turn-on fluorescence probe for ROS detection (Aranda
et al., 2013). We found that ZIF-67 produced ROS in a dose-dependent
manner, while ZIF-8 had much lower ability for ROS generation in the
same concentration range (Fig. 2B). Furthermore, the deletion of ROS by
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glutathione (GSH) significantly reduced the hemolysis percentage in
ZIF-67 treated group (Fig. 2C c.f. Fig. 1G). The result suggests that the
ROS produced by ZIF-67 was responsible for the destruction of the lipid
structure and Rb membrane.

The species of ROS was further explored to illustrate the mechanism
of ROS generation. The generation of superoxide anions (O2*) was
firstly evaluated by a classic NBT chromogenic assay. The result shows
the absorbance of NBT at 650 nm increased with the concentration of
ZIF-67, suggesting the increasing generation of O2* (Fig. 2D). The
generation of hydroxyl radical (éOH) was revealed with TPA as a fluo-
rescent probe. The fluorescent intensity of TPA increased with concen-
tration of ZIF-67, indicating the increasing production of ¢OH (Fig. 2E).
ZIF-67 has superoxide dismutase (SOD)- and catalase-like activities to
catalyze O,*" to HoOo and H20- to eOH, respectively (Sang et al., 2020).
Therefore, we proposed the possible mechanism for ZIF-67 induced ROS
generation as illustrated in Fig. 2F. The Co(Il) of ZIF-67 reacted with Oq
to form 05", then catalyzed O,* to form Hy0,, and further degraded
H50, to generate ¢OH with the transformation of chemical state from Co
(ID) to Co(III). XPS was used to confirm the change in the chemical state
of Co in ZIF-67 after incubation with Rb. ZIF-67 gave the characteristic
peaks of Co®" at 781.4 and 796.8 eV before incubation with Rb, but
produced new peaks for Co>" appeared at 780.4 and 798.6 eV after
incubation with Rb (Fig. 2G), supporting the mechanism for ROS
generation.
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Though ROS induces the membrane destruction and hemolysis, the
mechanism of hemolysis is still not fully understood. Previous studies
show that the mechanism of hemolysis includes the formation of nano-
sized lesions induced by osmolarity dysfunction, influx of small ions,
and swelling and rupture of membrane with formation of large pores
(Sovadinova et al., 2011; Kettiger et al., 2016). We assume that the ROS
generated by ZIF-67 disturbs the phospholipid structure and brings up
the osmolarity dysfunction, leading to the formation of membrane le-
sions. To this point, the osmoprotection assay was carried out as the
solute molecule in osmoprotection solution could fill up the membrane
lesion to reduce the hemolysis (Sovadinova et al., 2011). Fig. 2H shows
that PEG600 significantly reduced the percentage of hemolysis while
PEG2000 completely inhibited hemolysis, suggesting the hypothesis was
correct. In general, the mechanism of hemolysis can be described as
follows: the ROS produced by ZIF-67 changes the structure of phos-
pholipid, then the regulative function of membrane is lost, which brings
up the formation of small lesions; finally, ions flow into Rb and induce
large pores.

Considering ZIF-8 did not induce membrane deformation and
structure change of phospholipid while ZIF-67 was hematotoxic, we
then used ZIF-67 to further investigate the hematotoxic effects in
following experiments.

3.3. Cellular internalization of ZIF-67 and characterization of bound
protein

It is significant to study the behavior of ZIF-67 inside Rb after cellular
internalization for further understanding its hematotoxicity. TEM image
shows that lots of ZIF-67 was adsorbed on Rb and small clusters of ZIF-
67 were surrounded by Rb (Fig. 3A). Rb showed no nucleus and most
organelles to accommodate maximum space for hemoglobin (Daugas
etal., 2001). Besides, ZIF-67 was internalized by Rb (yellow square) and
the magnification image confirms that the shape of internalized ZIF-67
was similar to that of pristine ZIF-67 (Fig. 3Ac.f. Fig. 1A).

The content of ZIF-67 adsorbed and/or internalized by Rb was then
measured by ICP-MS (Fig. 3B). The total content of ZIF-67 adsorbed and
internalized by Rb ranged from 13.21 + 0.12-57.25 =+ 0.69 pg/10° cells
(as Co) as the initial concentration of ZIF-67 increased from 3.7 to 15 nM
(Fig. 3C). However, the content of internalized ZIF-67 by Rb increased
from 2.28 + 0.09-2.63 + 0.03 ug/10° cells, then decreased to
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1.68 + 0.01 pg/lO6 cells (as Co) as the initial concentration of ZIF-67
increased (Fig. 3D) because the aggregated ZIF-67 was too large to be
internalized by Rb, which reduced the intracellular content of ZIF-67.
Similar result was also found for silica NPs: large sized silica NPs had
lower cellular uptake efficiency than small ones (Chen et al., 2019).

The proteins inside Rb could be adsorbed by the internalized ZIF-67.
The content of adsorbed proteins was measured by the BCA assay. The
content of adsorbed proteins increased from
1.07 £+ 0.02-1.29 + 0.11 pg and then decreased to 0.86 + 0.02 pg as
the initial concentration of ZIF-67 increased (Fig. 3E), in good agree-
ment with the pattern for the change of the internalized ZIF-67 with
initial concentration of ZIF-67 (Fig. 3D). As the hemoglobin accounts for
90% of total proteins in Rb, the proteins adsorbed by NPs after cellular
internalization is mainly hemoglobin (Zhao et al., 2017). Western blot
experiment confirms that the bands of subunit of hemoglobin appeared
at 15 kDa after incubation of Rb and ZIF-67 (Fig. 3F). The pattern for the
adsorbed hemoglobin was similar to that for the internalized ZIF-67
(Fig. 3F c.f. Fig. 3D). The above results demonstrate that ZIF-67 was
internalized by Rb and the internalized ZIF-67 adsorbed intracellular
hemoglobin, which may lead to the alteration of protein conformation
and function.

3.4. Adsorption of hemoglobin on ZIF-67

Study on the adsorption of hemoglobin on ZIF-67 can help to un-
derstand the conformational change of hemoglobin and to evaluate the
hematotoxicity at molecular level. The adsorption characteristics of
hemoglobin on ZIF-67 was further explored in a standard solution. TEM
was used to observe the morphology of the bioconjugate of ZIF-67 and
hemoglobin. Fig. 4A shows that the ZIF-67 (white arrow) was sur-
rounded by hemoglobin. ZIF-67 was stable in hemoglobin solution
because the extent of dissolved ZIF-67 was very low (0.01-1.50%)
(Fig. S13) and the PXRD pattern of ZIF-67 kept steady (Fig. S14).

The bioconjugate of ZIF-67 and hemoglobin was characterized by
DLS. The hydrodynamic diameters of the bioconjugate increased from
96.39 + 18.66 nm to 865.31 £ 19.01 nm with the concentration of he-
moglobin from 0.6 to 20 pM (Fig. 4B), suggesting the formation of ag-
gregates. Previous studies also found that proteins could induce
aggregation of NPs (Dominguez-Medina et al., 2016; Bharti et al., 2011).
For instance, low concentration of BSA induced the aggregation of gold
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Fig. 3. (A) TEM images of cellular internalization of ZIF-67. Scale bars, 2 um (left) and 500 nm (right). (B) Scheme for the experimental procedure of cellular
behavior of ZIF-67. (C) Total content of the ZIF-67 adsorbed and internalized by Rb (as Co) against the initial concentration of ZIF-67. (D) Content of ZIF-67
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nanorod by unfolding protein (Dominguez-Medina et al., 2016). Silica
NPs aggregated after the addition of lysozyme at specific pH condition
(Bharti et al., 2011). However, further increase of the hydrodynamic size
of aggregates is limited due to the “dynamic adsorption equilibrium”
(Zhao et al., 2017). Thus, the hydrated particle size of the bioconjugates
became stable at ~860 nm when the hemoglobin concentration reached
to 10 M.

The adsorption efficiency was evaluated by the BCA assay to obtain
the adsorption capacity for the ZIF-67 under the aggregation condition.
The adsorption efficiency increased from 15.6% to 98.9% with the
concentration of ZIF-67 from 0.9 to 15nM (Fig. 4C). However, the
number of protein molecules adsorbed per ZIF-67 nanoparticle
decreased significantly from 26.0 to 3.3 in the same concentration range
due to the aggregation-induced reduction in the surface area of ZIF-67
(Fig. S15).

The adsorption of protein to NPs could be driven by a variety of
binding forces, such as hydrogen bonding, electrostatic interaction, and
van der Waal force. Elucidating the thermodynamic parameters would
help to understand the binding forces and thermodynamic process. To
this end, isothermal titration calorimetry (ITC) was used to obtain the
enthalpy change (AH) and binding affinity constant (Kgq) for the
adsorption of hemoglobin to ZIF-67. The changes of entropy (AS) and
the Gibbs free energy (AG) were then calculated according to AG = AH
—TAS = —RTInKy4 (Hu et al., 2009). The adsorption of hemoglobin to
ZIF-67 was an exothermic process with the heat change from —3.7 to
—0.5 pcal/s (Fig. 4D). The values of AH and Kgq were —335 kJ/mol and
1.5 pM, respectively, while those of AG and AS were —33.2 kJ/mol and
—1.0 kJ/mol, respectively (Table S2).

The parameters AH and AS are associated with the types of binding
forces. According to the Ross’ theory (Ross and Subramanian, 1981), the
occurrence of AH < 0 and AS < 0 indicates that the hydrogen bonding
and van der Waal force dominate the adsorption with the structural
change of protein. Besides, the stoichiometry (n) of the interaction was
11.9, showing that about twelve protein molecules were adsorbed per
ZIF-67 nanoparticle.

3.5. ZIF-67 induced conformational change of hemoglobin

NPs could change the structure of proteins and induce severe dis-
eases (Cai and Chen, 2018). The effect of ZIF-67 on the structure of
hemoglobin was studied by fluorescence, UV-vis, and CD spectrometry
to illustrate the toxicological effect of ZIF-67 at molecular level. Prior to
spectroscopic evaluation, the stability of the bioconjugate of ZIF-67 and
hemoglobin was measured. The result in Table S3 shows the hydrody-
namic diameters of the bioconjugates of ZIF-67 and hemoglobin had no
significant change with time, which excluded the effect of precipitation
or aggregation of particles on spectral intensities. The fluorescence of
hemoglobin decreased as the concentration of ZIF-67 increased from
0.07 to 0.75 nM, indicating the change of the microenvironment of the
aromatic fluorophores (tryptophan, tyrosine, and phenylalanine) from
hydrophobicity to hydrophilicity (Fig. 5A) as the access of water mole-
cule to fluorophores decreased the fluorescence emission (Yang et al.,
2013; Hao et al., 2015; Zhao et al., 2015b). The Stern-Volmer plot for
ZIF-67 induced fluorescence quenching of hemoglobin is shown in
Fig. S16. The obtained quenching constant (kq) of 6.8 x 101 /M/s
(Table S4) is higher than the maximum diffusion collision quenching
constant, indicating a static quenching mechanism due to the formation
of the ground-state complex with ZIF-67 (Zhao et al., 2015a).

The UV-vis absorption spectra gave information on the structural
change of hemoglobin. Fig. 5B shows hemoglobin had characteristic
peaks at 275 nm (fluorophore band) and 405 nm (Soret band). The
fluorophore band decreased a lot and exhibited a red shift from 275 nm
to 280 nm as the concentration of ZIF-67 increased from 0.07 to 1.5 nM.
This result indicates the microenvironment of fluorophore changed from
hydrophobicity to hydrophilicity, which in good agreement with the
result from fluorescence spectra in Fig. 5A. The Soret band was induced
by the n—x * electronic transition of porphyrin ring (heme) in hemo-
globin and its decrease represented the structural transformation of
hemoglobin (Shao et al., 2011), suggesting the exposure of the heme to
the aqueous medium (Mahato et al., 2010). The hypochromicity in
fluorescence and UV-vis spectra indicates the fluorophore and heme of
hemoglobin experienced conformational alteration in binding with
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ZIF-67.

The effect of ZIF-67 on the secondary structure of hemoglobin was
studied by CD spectrometry due to its important role in hemoglobin
function. The far-UV CD spectra of hemoglobin show two characteristic
peaks of a-helix at 208 and 222 nm (Fig. 5C) (Zhao et al., 2017). The
intensity of the a-helix peaks increased with the concentration of ZIF-67,
suggesting the change of the secondary structure of hemoglobin upon
binding with ZIF-67. Fig. 5D shows the change of the contents of a-helix,
B-sheet, random coil and p-turn with the concentration of ZIF-67. The
content of a-helix decreased from 57.3% to 47.6% as the concentration
of ZIF-67 increased from 0 to 0.75 nM. Meanwhile, the contents of
B-sheet and random coil increased from 3.80% to 8.42% and
19.9-24.1%, respectively, but the content of p-turn did not change
significantly. These results suggest that ZIF-67 altered the secondary
structure of hemoglobin with unfolding of protein. The near-UV spectra
from 240 to 300 nm present useful information on the tertiary structure
of hemoglobin (Fig. 5E). The decreased CD intensity indicates that the
tertiary structure of hemoglobin was destroyed as the concentration of
ZIF-67 increased.

3.6. Functional assessment of hemoglobin upon binding with ZIF-67

Conformational change could affect the function of hemoglobin,
leading to toxicity at molecular level. The effect of ZIF-67 on the ca-
pacity of oxygen binding and releasing was evaluated. The saturation
percentage of hemoglobin was determined by measuring the absorbance
at 505 (oxyhemoglobin) and 575 nm (deoxyhemoglobin) relative to
negative control (without ZIF-67). As the concentration of ZIF-67
increased from O to 7.5 nM, the percentage of saturation in oxygen
carrying decreased from 100.0% to 6.4 + 2.7% (Fig. 6A), while the
percentage of saturation in oxygen releasing increased from 0.0% to
33.9 + 5.9% (Fig. S17). These results indicate that ZIF-67 significantly
reduced the capacity of oxygen binding and impeded the oxygen release
from hemoglobin.

The heme release from hemoglobin at the positions of His-a58 and
His-p63 could inhibit the oxygen binding and releasing (Olson et al.,
1997), leading to the dysfunction of hemoglobin. To address this issue,
spectroscopic measurement was performed to obtain the relative con-
tent of heme releasing from hemoglobin after incubation with ZIF-67
(Fig. 6B). The percentage of the released heme raised from
21.4 + 0.4% to 38.2 + 7.7% with the increase of the concentration of
ZIF-67 from 1.8 to 7.5 nM. We then used MD simulation to understand
the mechanism of heme release from hemoglobin. Fig. 6C shows the
snapshot of the interaction of ZIF-67 and hemoglobin at the end of
simulation. The ZIF-67 was close to the heme group upon the hydro-
philic surface of hemoglobin (Fig. S18) and the distance between the
hydrogen and oxygen atom of heme was close enough to interact with
the nitrogen and the cobalt atoms of ZIF-67, which may drive the release
of heme. As previous studies confirmed that the salt bridge (including
hydrogen bond and electrostatic interaction) governs the interaction of
protein and nanoparticles (Cao et al., 2021; Wang et al., 2018), the
number of hydrogen bonds was firstly evaluated. Results in Fig. 6D
indicate that the average number of hydrogen bonds (0.08) for ZIF-67
and heme was lower than that (2.39) for hemoglobin and heme,
which means the release of heme was not induced by hydrogen bonds.
However, the average energy of electrostatic interaction in the group of
ZIF-67 and heme (—269.87 kJ/mol) was significantly higher than that in
the group of hemoglobin and heme (5.14 kJ/mol) (Fig. 6E), confirming
that the electrostatic interaction was the main force for the release of
heme. The effect of ionic strength on the binding of heme to ZIF-67 was
performed to verify the MD result as the improvement of ionic strength
would mask the electrostatic interaction and inhibit the heme release.
Fig. S19 shows the percentage of heme adsorption decreased as ionic
strength increased from 124 to 310 mM, confirming that the electro-
static interaction induced heme release.
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4. Conclusion

We have reported the hematotoxicity of two typical nano-sized MOFs
ZIF-8 and ZIF-67. ZIF-67 gave significant hemolysis for Rb due to the
ROS-induced osmolarity dysfunction of membrane whereas the ZIF-8
was hematocompatible. ZIF-67 bound with hemoglobin via hydrogen
bond and van der Waals force after internalization by Rb. The micro-
environments and secondary structure of hemoglobin changed signifi-
cantly upon binding to ZIF-67. The interaction with ZIF-67 dramatically
inhibited the function of hemoglobin in oxygen carrying and releasing in
accompany with heme release from hemoglobin due to electrostatic
interaction between heme and ZIF-67. The findings herein reveal the
blood biocompatibility of the two important MOFs and the mechanism
of their hematotoxicity at molecular level, providing the risk assessment
of MOFs from biomedical and toxicological aspects.
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