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ZIF-8 MOFs, with their large specific surface area and void volume, unique biodegradability and pH
sensitivity, and significant loading capacity, have been widely used as carrier materials for bioactive molecules
such as drugs, vaccines and genes. In these applications, ZIF-8 MOFs are usually delivered intravenously.
Therefore, it is necessary to know the interaction between ZIF-8 MOFs and blood components, which from
this sense is a key factor affecting their delivery effectiveness and biosafety. However, until now there has
been no report on the evaluation of hemocompatibility of ZIF-8 MOFs. The lack of biosafety information of
ZIF-8 MOFs seriously impedes their clinical applications. In this work, we studied the biosafety of two different
sizes of ZIF-8 MOFs, mainly focusing on their in vivo and in vitro effects on the key components of blood (red

blood cells (RBCs), platelets, etc) and the coagulation function. It was found that, in vitro, a high
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Accepted 4th June 2021 concentration of ZIF-8 MOFs could induce RBC aggregation and hemolysis, and prolong the coagulation
time. In vivo, intravenous administration of 45 mg kg~! ZIF-8 MOFs significantly disturbed the RBC and

DOI: 10.1035/d1ra02873a platelet-related blood routine indexes, as well as coagulation function indexes, but it did not cause significant
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1. Introduction

ZIF-8 MOFs have been widely used in biomedical research, for
example as drug carriers,"” gene carriers,*® and vaccine carriers,*”
due to their porous structure, biodegradable properties in acidic
environments, and high reprocessing performance. It is necessary to
study the biosafety of ZIF-8 MOFs before they are used in the clinic.
Biocompatibility is one of the major requirements of a material to be
considered for biomedical applications.*** Biocompatibility can be
defined as the ability of a biomaterial to perform its programmed
functionality (e.g. drug delivery) without adversely affecting the
surrounding tissue or altering homeostasis.”*™** The key aspect
associated with biocompatibility is the manner and the resulting
effects of biomaterial interaction with cells.

Overall, the existing knowledge on the biocompatibility of the
ZIF-8 MOFs is not consistent.”™ For example, Vasconcelos et al. did
not found significant cytotoxicity of the ZIF-8 MOF crystals loading
an anti-cancer drug (doxorubicin) towards three cell lines (NCI-
H292; HT-29; and HL-60).>° However, Tamames-Tabar et al'®
observed that the half maximum inhibitory concentrations (IC50) of
ZIF-8 MOF on HeLa and ]774 cells were 100 and 25 pug mL ™%,
respectively. Nowadays, although the research on the
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abnormalities in blood coagulation and tissue structures (heart, liver, spleen, lung, and kidney).

biocompatibility of ZIF-8 MOFs is becoming increasingly popular,
there are few reports on the interaction of ZIF-8 MOFs with blood.

In light of the above analysis, a comprehensive research to
understand and evaluate the biocompatible characteristics of the
ZIF-8 MOFs is necessary, which is crucial for their therapeutic
applications in vivo.** As biomedical materials often administered
intravenously, ZIF-8 MOFs will inevitably contact with blood. For
example, as drug carriers, ZIF-8 MOFs directly enter the blood
circulation through intravenous administration, and interact with
blood components. This would cause functional changes of blood
components, and even alter the function of other organs, thereby
affecting their delivery effect and clinical applications.

In this study, the biosafety of two different sizes of ZIF-8 MOFs
(80 and 300 nm) was studied. The effects of the ZIF-8 MOFs were
evaluated on blood components (red blood cells (RBCs), platelets,
etc.), coagulation function, and key tissues (heart, liver, spleen, lung,
and kidney). Then, the safe concentration and dose ranges of the
ZIF-8 MOFs were obtained, and their mechanisms of action were
clarified. The results of this study are helpful to deepen the under-
standing of the effect of ZIF-8 MOFs on cell membrane and platelet
activation, and provide useful data for the optimization and further
research and application of ZIF-8 MOFs.

2. Materials and methods
2.1. Materials

For the in vitro studies, fresh whole blood was obtained from healthy
volunteers. All animal experiments were conducted in accordance
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with the Guiding Principles for Animal Care and Use of Hunan
University of Chinese Medicine. SD rats were purchased from the
laboratory animal center of our university. The ZIF-8 MOFs were
synthesized by this study. As show in Fig. 1, the morphology of ZIF-8
MOFs were observed with a scanning electron microscope (Zeiss
Ultra 55, Zeiss, Germany). Fig. 1A shows the ZIF-8 MOF (80 nm), and
Fig. 1B shows the ZIF-8 MOF (300 nm).
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2.2. Methods

2.2.1. Fabrication of ZIF-8 nanocrystals. Firstly, the 2 g of
Zn(NO3),-6H,0 and 2 g of 2-methylimidazole were stirred in
50 mL of deionized water at 600 rpm for 30 min, and then
centrifuged (4000 rpm, 5 min). The precipitate and supernatant
were collected. Then the precipitate was washed four times with
alcohol and deionized water to obtain the ZIF-8 (300 nm). And
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Fig.1 Physicochemical characterizations of ZIF-8 MOFs. (A) The XRD patterns of ZIF-8 MOFs; (B) the nitrogen adsorption—desorption curves of
ZIF-8 MOFs; the TEM observation of (C) ZIF-8 (80 nm) and (D) ZIF-8 (300 nm); (E) the SEM observation of and (G) the corresponding size
distribution of ZIF-8 (80 nm); (F) the SEM observation of and (H) the corresponding size distribution of ZIF-8 (300 nm).
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the supernatant was centrifuged (12 000 rpm, 10 min), and
washed four times with alcohol and deionized water to obtain
the ZIF-8 (80 nm). Finally, these two kinds of obtained particles
were freeze-dried, and preserved at room temperature.

2.2.2. Characterization of ZIF-8 nanocrystals. The morpho-
logical characteristics of ZIF-8 MOFs were observed with scanning
electron microscope (SEM, Zeiss, Germany) and transmission elec-
tron microscope (TEM, JEM-2010HR, Japan). After the crystals were
dried and pressed into tablets, the XRD pattern detection of which
was detected with an X-ray powder diffractometer (Miniflex 600,
Rigaku, Japan). The specific surface area detection: first, 100 mg ZIF-
8 crystals were vacuum degassed at 200 °C for 12 h, and then their
specific surface areas were detected with a specific surface area and
porosity analyzer (ASAP 2460, Micromeritics, American).

2.2.3. Effects of ZIF-8 MOFs suspension on RBCs
morphology and hemolysis

2.2.3.1. RBCs morphology. The fresh healthy human whole
blood was centrifuged at 1000xg for 5 min. After removing the
plasma, the RBCs were washed with saline. Then, the RBCs were
added to 1 mL of ZIF-8 MOFs suspension of different concen-
trations, incubated for 30 min at room temperature, and fixed
with 4% paraformaldehyde for 2 h. The fixed RBCs were
deposited on glass slides, dehydrated with 70, 85, 95, 100% (v/v)
ethanol, coated with gold, and observed with a scanning elec-
tron microscope (FEI QUANTA 200, Holland).

2.2.3.2. RBCs hemolysis. Fresh RBCs suspension (50 pL,
concentration of 16% v/v in saline) were incubated with 1 mL of
different concentrations of ZIF-8 MOFs suspension at room
temperature. At each preset incubation time point, the suspensions
were centrifuged at 1000x g for 5 min to remove the precipitate. The
resulting liquid (200 pL) was loaded into a 96-well plate. The
absorbance value (absorption wavelength of 540 nm) was detected
with a multifunctional microplate reader (spark, TECAN Corpora-
tion, Austria). The positive control was the 100% hemolysis group,
and the negative control group was used as blank control. The
hemolysis in the presence of the ZIF-8 MOFs was calculated by
comparing the absorbance values of the positive control.

2.2.4. Effect of ZIF-8 MOFs suspension on coagulation
function
2.2.4.1. Plasma coagulation. The four indexes observed in

test for plasma coagulation function include prothrombin time (PT),
activated partial thromboplastin time (APTT), fibrinogen (Fib) and
thrombintime (TT). The fresh healthy human whole blood anti-
coagulated by sodium citrate was centrifuged at 1000xg for 10 min.
The supernatant was collected to obtain platelet-poor plasma.
Platelet-poor plasma (450 pL) was mixed with 50 pL of ZIF-8 MOFs
suspension at different concentrations to obtain the mixture with
concentration of 0.01, 0.1 and 1 mg mL ™. The platelet-poor plasma
incubated with saline was used as a normal control. The blood clot
solidification times of each group of 4 samples were detected on the
automatic coagulometer (Sysmex Company, Japan), and the ATPP
value, PT value, FIB value and TT value were recorded.

2.2.4.2. Detection of thromboelastogram (TEG). The 900 pL of
fresh healthy human whole blood was anticoagulated by sodium
citrate, and then mixed with 100 pL of ZIF-8 MOFs suspension with
different concentrations, was incubated for 30 min at room temper-
ature. Then, 340 mL of the blood/ZIF-8 MOFs suspension mixture was
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added to TEG cup. The TEG analysis was initiated by the addition of
20 pL of CaCl, solution, using the Thromboelastograph Hemostasis
System 5000 (Haemoneticse corporation, CFMS LEPU-8880, SUA).

2.2.5. Effect of injecting ZIF-8 MOFs suspension on coag-
ulation function

2.2.5.1. The test of plasma coagulation. SD rats (240 + 20 g,
half male and half female) were randomly divided into seven
groups with four in each group. After feeding normally for
a week, each rat in the experimental group was injected 500 pL
ZIF-8 MOFs suspension with different concentrations through
the tail vein. After 30 minutes, the blood was taken from the
abdominal aorta of rats and collected in sodium citrate anti-
coagulant tube. The blood was checked with automatic coagu-
lation analyzer (STARevolution, Diagnostica Stago, France).
Then, the results of ATPP, PT, FIB and TT were recorded. After
that, the rats injected with 500 uL normal saline were regarded
as control group.

2.2.5.2. Test of TEG. SD rats (230 £ 20 g) were randomly
divided into seven groups with four in each group. After feeding
normally for a week, each rat in the experimental group was
injected 500 pL ZIF-8 MOFs suspension with different concen-
trations through the tail vein. After 30 minutes, the whole blood
was taken from the rats with the sodium citrate anticoagulant
tube. Then 340 uL fresh whole blood of rats was placed in the
test cup and 20 puL CaCl, was added into the cup. The cup was
checked by TEG. After that, the rats injected 500 uL normal
saline were regarded as control group.

2.2.6. Effects of injecting ZIF-8 MOFs suspension on blood
routine and organs in mice

2.2.6.1. Routine blood test of rats. SD rats (230 + 20 g, half
male and half female) were randomly divided into seven groups with
four in each group. After feeding normally for a week, each rat in the
experimental group was injected different doses of ZIF-8 MOFs
suspension through the tail vein. After 24 h, the whole blood was
taken from the rats with EDTA anticoagulant tube, the rats injected
500 puL normal saline were regarded as control group. The 2 mL
fresh whole blood of rats was tested by a coagulation analyzer (STAR
evolution, Diagnostica Stago, France). The rats injected 500 pL
normal saline were regarded as control group.

2.2.6.2. Tissue and organ. SD rats (230 + 20 g) were
randomly divided into seven groups with four in each group.
After feeding normally for a week, each rat in experimental
group was injected different doses of ZIF-8 MOFs suspension
through the tail vein. The doses were 5, 25 and 45 mg kg™,
respectively. After 24 h, the heart, liver, spleen, lung, kidney and
brain of each rat in each group were taken out and fixed with 4%
paraformaldehyde for 24 h. The tissue sections were made, and
H&E staining was performed. The histological structure was
observed under microscope (Axioscope 5, ZEISS Corporation,
Germany). The rats injected 500 pL of 9% normal saline were
regarded as control group.

3. Results and discussion
3.1. Physicochemical characterizations of ZIF-8 MOFs

The crystal structures of the ZIF-8 (80 nm) and ZIF-8 (300 nm)
crystals were analyzed by using XRD. As shown in Fig. 1A, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diffraction peaks of ZIF-8 (80 nm) and ZIF-8 (300 nm) are in
good agreement with reported article.”* The diffraction peaks
around 20 = 7.35°, 10.36°, 12.71°, 14.70°, 16.42°, 18.07°, 22.12°,
24.44°and 26.70° corresponded to the diffraction peaks of the
(011), (002), (112), (022), (013) (222), (114), (233) and (134)
crystal planes, respectively. In addition, as shown in the Fig. 1B,
the results of N, adsorption and desorption showed that both
ZIF-8 (80 nm) and ZIF-8 (300 nm) had large specific surface
areas, which were 1099.48 m*® g~ ' and 1497.76 m® g~ ', respec-
tively. Then, the morphology of ZIF-8 (80 nm) and ZIF-8 (300
nm) were observed by TEM and SEM (Fig. 1C-F), and the results
showed that they all have a well-defined rhombic dodecahedral
shape, and their corresponding average size results were shown
in Fig. 1H and I. It should be mentioned that, once in contact
with intra or extracellular media, ZIF-8 MOF is known to suffer
disassembly,”**** and that the liberation of Zn ions could also
provoke the effects observed depending on the liberation speed
and the concentration of Zn ions, which needs further
investigation.

3.2. Effects of ZIF-8 MOFs on RBCs morphology and
hemolysis

RBCs are the most abundant blood cells (40-50% blood volume)
and have important physiological functions. Biomedical mate-
rials used in vivo are generally inevitably exposed to blood and
often interact with a large number of red blood cells. The
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interaction between RBCs and biomedical materials can be
used to evaluate the safety of biomaterials.”®** The normal
mature RBCs show bioconcave disc shape, and the erythrocyte
membrane is extremely sensitive to the influence of external
substances. As a result, the RBC morphology is easily changed
by the presence of external substances.”

First, we investigated the effect of ZIF-8 MOFs on RBCs
morphology and aggregation. The results are shown in Fig. 1A.
Compared with normal RBCs, the 0.1 mg mL ™' ZIF-8 MOFs
suspension treated RBCs showed intact cell membrane, clear
boundary and normal cell morphology. Nevertheless, the 1 and
10 mg mL " ZIF-8 MOFs suspensions treated RBCs aggregated
and adhered to each other. Therefore, we speculate that because
of the strong adsorption of ZIF-8 MOFs, high concentration of
ZIF-8 MOFs leaded to RBCs aggregation by adsorbing RBCs, and
caused the change of RBCs morphology. Besides, the ZIF-8
MOFs surface has positive charge and the RBCs surface has
negative charge, which will produce their electrostatic adsorp-
tion. Hence, ZIF-8 MOFs at high concentrations will result in
RBCs aggregation and morphological changes.

Furthermore, hemolysis ratio is an important index to reflect
the degree of destruction of RBCs membrane, and is often used
to study interactions between biomaterials and RBCs. In this
work, we studied the effects of different concentrations of ZIF-8
MOFs on hemolysis, as shown in Fig. 1B & C. As shown in
Fig. 1B, when 0.1 mg mL~" ZIF-8§ MOFs were incubated with
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Fig. 2 Effect of the ZIF-8 MOFs on the morphology and hemolysis of RBCs: (A) SEM observation of the RBCs, (B) of the RBCs treated with
different concentrations of the ZIF-8 MOFs at room temperature, (C) and hemolysis ratio (means + SD, n = 4).
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RBCs for 24 h, no obvious hemolysis was observed. When 1 and
10 mg mL ™" ZIF-8 MOFs were incubated with RBCs for 15 min,
we can see obvious hemolysis, and it increased along with time.
As shown in Fig. 2C, the hemolysis ratio of 0.1 mg mL ™" ZIF-8
MOFs was not different from that of negative control group.
However, the hemolysis ratio of both ZIF-8 MOFs at 1 mg mL ™~
was stable after 1 h, hemolysis of ZIF-8§ MOF (80 nm) reached
53%, and hemolysis of ZIF-8 MOF (300 nm) reached 33%.
Hemolysis caused by 10 mg mL ™" ZIF-8 MOFs increased along
with time. Hemolysis ratio of ZIF-8 MOF (80 nm) reached 94%,
and the hemolysis of ZIF-8§ MOF (300 nm) reached 97%.

According to the results, the hemolysis caused by ZIF-8
MOFs is time- and concentration-dependent. With the
increase of material concentration and the prolongation of
incubation time, the hemolysis increased gradually. We spec-
ulate that the hemolysis caused by ZIF-8 MOFs is due to their
adsorption to RBCs membrane, which gradually destroys the
integrity of RBCs membrane. Combined with the above results,
the ZIF-8 MOFs at 0.1 mg mL~ " would not affect the morphology
and hemolysis of RBCs. At 1 mg mL " or higher, however, the
ZIF-8 MOFs would cause RBCs aggregation, RBCs membrane
rupture and hemolysis. It should be mentioned that, at 1 mg
mL ™", ZIF-8 (80 nm) particles seem to have a greater impact on
erythrocytes, which could be due to the larger surface area of
ZIF-8 (80 nm) than that of ZIF-8 (300 nm). At the same
concentration, there are more ZIF-8 (80 nm) particles adsorbing
around a single erythrocyte, and as a result ZIF-8 (80 nm)
particles have a greater impact on red blood cells.
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3.3. Effects of ZIF-8 MOFs on coagulation function (in vitro)

3.3.1. Effects of ZIF-8 MOFs on plasma coagulation. APTT,
PT, FIB and TT are the routine examination indexes of plasma
coagulation in clinic. The coagulation cascade contains three
pathways (endogenous, exogenous and common).*® APTT refers
to the time required to form fibrin clot after adding partial
thromboplastin reagent and calcium chloride, indicating the
level of endogenous coagulation pathway. PT refers to the time
required to form fibrin clot after the addition of tissue
prothrombin kinase, indicating the level of exogenous coagu-
lation pathway. FIB mainly reflects the content of fibrinogen. TT
mainly reflects the time of fibrinogen conversion to fibrin.

In this study, APTT, PT, FIB and TT were used to evaluate the
effects of ZIF-8 MOFs on endogenous and exogenous coagula-
tion pathways, respectively. APTT results are shown in Fig. 3A.
The plasma APTT values from 0.01 to 0.1 mg mL ™" were within
normal range, and they were not significantly different from
saline group. The plasma APTT values of 1 mg mL~" ZIF-8 MOF
(80 nm) and ZIF-8 MOF (300 nm) were significantly higher than
those of normal saline, but the APTT values were still in the
normal range. The PT results are shown in Fig. 3B. Compared
with the control group, there was no difference in plasma PT
values of ZIF-8 MOFs at less than 1 mg mL™". The trends of FIB
and TT results are similar to that of the PT results.

From the results above, it can be seen that the addition of
a certain concentration of ZIF-8 MOFs would inhibit plasma
coagulation, prolong the solidification time, and show
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Fig. 3 Effect of ZIF-8 MOFs suspension on coagulation function : (A) APTT values, (B) PT values, (C) FIB values, (D) TT values (>100: the data
exceeded the detecting limit of the instrument) (means + SD, n = 4. Statistical significance: *p < 0.05, and **p < 0.05).
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Fig. 4 Representative TEG traces of whole blood coagulation in the presence of the ZIF-8 MOFs.

concentration-dependence. It may due to the strong adsorption
of ZIF-8 MOFs, which adsorb coagulation factors and/or
fibrinogen, resulting in a decrease in their content in plasma,
thus prolonging the coagulation time.

3.3.2. Effect of ZIF-8 MOFs on whole blood coagulation.
Blood coagulation is a synergistic process of various blood
components, including coagulation factors, fibrinogen and
platelets. TEG can be used to detect the effect of specific coag-
ulation components during the blood coagulation.*"** There are
four main parameters in the TEG test: reaction time R, indi-
cating the activity of coagulation factor, K and « angle, repre-
senting the polymerization activity of fibrinogen, and MA,
indicating the aggregation activity of platelets.
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In this study, we used TEG to study the effect of ZIF-8 MOFs
on the whole blood coagulation process. The TEG traces of
whole blood coagulation treated with different concentrations
of ZIF-8 MOFs are shown in Fig. 5, and the main coagulation
parameters are listed in Table 1. As shown in Fig. 4, in the
presence of 0.001 mg mL~" ZIF-8 (80 nm) and 0.1 mg mL ™" ZIF-
8 (300 nm), the blood clotting curves were similar to the saline
group. As the ZIF-8 MOF concentration increases, the TEG
curves changed. The clot formation time prolonged, and the
intensity was weakened. As shown in Table 1, for 0.001 mg mL ™"
ZIF-8 MOF (80 nm), the four main parameters of TEG are within
normal range. The further concentration increase caused one or
more index anomalies in the R, K, « angle and MA. Specifically,
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Fig. 5 Effect of the intravenously injected ZIF-8 MOFs on RBCs of the SD rats: (A) RBCs count; (B), Mean Corpuscular Volume (MCV); (C)
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Table 1 Clotting kinetics values of human whole blood mixed with ZIF-8 MOFs®

ZIF-8 solutions R (min) K (min) a (deg) MA (mm)
Normal range 5-10 1-3 53-72 50-70
Saline control 6.2 2.1 59.8 55.8
0.001 mg mL~" ZIF-8 MOF (80 nm) 5.3 2.2 64.3 61.0

0.01 mg mL ™' ZIF-8 MOF (80 nm) 8.2 4.21 44.7 50.4

0.1 mg mL ™" ZIF-8 MOF (80 nm) 10.41 3.71 47.9] 59.1

0.1 mg mL™" ZIF-8 MOF (300 nm) 5.9 2.2 59.8 66.1

0.5 mg mL~" ZIF-8 MOF (300 nm) 4.4) 3.61 54.4 40.6]

1 mg mL~" ZIF-8 MOF (300 nm) 4.3] 3.81 52.71 47.5]

% The sign 1 indicates a high value and | a low value compared with the normal range provided by the TEG analyzer.

0.01 mg mL " of ZIF-8 MOF (80 nm) leaded to an increase in the
K value, a decrease in « angle, indicating that the addition of
ZIF-8 MOF (80 nm) reduced fibrinogen polymerization activity
and fibrinogen activity. Addition of 0.1 mg mL ™" ZIF-8 MOF (80
nm) resulted in an increase in R values, indicating that coagu-
lation factor activity was inhibited.

However, in the presence of 0.1 mg mL ™" of ZIF-8 MOF (300
nm), four main parameters were within the normal range. The
addition of 0.5 mg mL™" of ZIF-8 MOF (300 nm) resulted in
reduced R, increased K, and reduced MA. We speculate that the
addition of ZIF-8 MOF (300 nm) enhanced the activity of coag-
ulation factors, fibrinogen polymerization and platelet aggre-
gation, while fibrinogen activity was not affected. ZIF-8 MOF
(300 nm) at 1 mg mL ™" leaded to a decrease in « values, which
indicates that fibrinogen activity was enhanced.

The results show that the effect of ZIF-8 MOFs on coagula-
tion function was concentration-dependent, that the effect on
coagulation components was different, and that the effects of
ZIF-8 MOFs on coagulation function varied along with the size
of ZIF-8 MOFs. Overall, 0.001 mg mL ™' of ZIF-8 MOF (80 nm)
and 0.1 mg mL~" ZIF-8 MOF (300 nm) were relatively safe for
whole blood coagulation. It is worth noting that, ZIF-8 MOF (80
nm) at 0.1 mg mL ' prolongs the whole blood coagulation,
while ZIF-8 MOF (300 nm) at 0.1 mg mL ™" does not disturb the
whole blood coagulation. It is speculated that, at the same
concentration, higher quantity of ZIF-8§ MOF (80 nm) and their
larger surface area could absorb more coagulation factors and
inhibit their activation, thus prolonging the coagulation time.

3.4. Effects of intravenous ZIF-8 MOFs on red blood cells
and platelets in rats

Blood routine examination is a commonly used blood detection
method in clinic. It is used to detect small changes of various
components in blood and can sensitively reflect many patho-
logical changes of the body. In this study, we analyzed the
quantity and quality of red blood cells and platelets in the blood
by the blood routine examination.

3.4.1. Effects on red blood cells. In blood tests, the
parameters reflecting the number and nature of red blood cells
include: (1) Red Blood Cell count (RBCs), the number of red
blood cells per liter of blood, (2) hemoglobin (HGB), refers to
the amount of hemoglobin per liter of blood, (3) hematocrit

21420 | RSC Adv, 2021, 1, 21414-21425

(HCT), refers to the volume ratio of precipitated red blood cells
to total blood after centrifuging a certain amount of anticoag-
ulant whole blood, indirectly reflects the size and volume of red
blood cells, (4) Mean Corpuscular Volume (MCV), reflects the
average volume of a single red cell, (5) Mean Corpuscular
Hemoglobin Concentration (MCHC), refers to average hemo-
globin content per liter of red blood cells, its formula is MCV =
HCT/RBC. We studied the changes of erythrocyte related
indexes in blood routine after intravenously injecting ZIF-8
MOFs.

From Fig. 5, when the ZIF-8 MOF (80 nm) injection dose was
5 to 45 mg kg’l, compared with the control group, RBCs, MCV,
HCT and MCHC were not statistically different. When the ZIF-8
MOF (300 nm) injection dose was 5 mg kg™~ ', compared with the
control group, RBCs showed a reduction, MCV, HCT and MCHC
were not statistically different. When the ZIF-8 MOF (300 nm)
injection dose reached 25 mg kg~', compared with the control
group, it caused a significant reduction of HCT. When the ZIF-8
MOF (300 nm) injection dose increased to 45 mg kg,
compared with the control group, it resulted in a significant
reduction of MCV and a significant increase of MCHC.

Combining with the results of the hemolysis experiments,
higher concentrations of ZIF-8 MOF leaded to hemolysis and
hemoglobin release. We speculate that in vivo injection of high
concentrations of ZIF-8 MOF (300 nm) leaded to destruction of
the RBCs membrane, and decreased hematocrit, resulting in
lower mean corpuscular volume (MCV) and higher mean
hemoglobin content (MCHC) values. It is noteworthy that, at
5 mg kg™, the ZIF-8 (80 nm) particles have a greater impact on
erythrocyte amount, which should be due to the larger specific
surface area of ZIF-8 (80 nm) particles and a large amount of
ZIF-8 (80 nm) particles adsorbing around a single erythrocyte.
This result is consistent with those in vitro experimental results.

3.4.2. Effects on platelets. The main function of platelets is
to clot and stop bleeding and repair damaged blood vessels. The
main parameters reflecting platelets in blood routine include: (1)
platelet count (PLT), the number of platelets contained in blood per
unit volume, (2) Mean Platelet Volume (MPV), the average volume of
all platelets in blood and the maturity of platelets, (3) Platelet
Volume Ratio (PVR), refers to the percentage of platelets in blood
cells, (4) Platelet Distribution Width (PDW), which is a parameter
reflecting platelet volume variation in blood.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of the intravenously injected ZIF-8 MOFs on platelet of the SD rats: (A) platelet count (PLT), (B) mean platelet volume (MPV), (C)
platelet volume ratio (PVR), (D) platelet distribution width (PDW) (means + SD, n = 4. Statistical significance: *p < 0.05, and **p < 0.05).

We studied the changes of platelets-related indexes in blood
routine after the intravenous injection of ZIF-8 MOFs. As shown
in Fig. 6, when the ZIF-8 MOF (80 nm) injection dose was 5 mg
kg™ ', compared with the control group, PLT, MPV, PVR and
PDW had no difference. When the ZIF-8 MOF (80 nm) injection
dose was 25 and 45 mg kg™, compared with the control group,
PLT and PVR significantly decreased with the increase of
injection dose, and meanwhile there was no difference between
PVR and PDW. However, when the ZIF-8 MOF (300 nm) injec-
tion dose was from 5 to 45 mg kg~ ', compared with the control
group, PLT and PVR significantly decreased with the increase of
injection dose, and meanwhile there was no difference between
PVR and PDW. It is speculated that high concentrations of ZIF-8
MOFs could destroy platelets and reduce platelet count,
resulting in a decrease in platelet volume ratio.

3.5. Effects of intravenous ZIF-8 MOFs on coagulation
function in rats

3.5.1. APTT, PT, FIB and TT. After the intravenous injection
of different doses of ZIF-8 MOFs for 30 min, the APTT, PT, FIB
and TT values of plasma coagulation were detected. As shown in
Fig. 7, when the injection dose of ZIF-8§ MOF (80 nm) was from 5
to 25 mg kg~ ', compared with the control group, there was no
statistical difference in APTT, PT, FIB and TT values. When the
ZIF-8 MOF (80 nm) injection dose increased to 45 mg kg 7,
compared with the control group, APTT and TT values signifi-
cantly increased, and FIB values significantly decreased.

When ZIF-8 MOF (300 nm) injection dose was 5 mg kg™,
there was no significant effect on APTT, PT, FIB and TT values

© 2021 The Author(s). Published by the Royal Society of Chemistry

compared with the control group. When the injection dose of
ZIF-8 MOF (300 nm) reached 25 mg kg™, the APTT value
increased compared with the control group. When the injection
dose of ZIF-8 MOF (300 nm) reached 45 mg kg ', the APTT value
increased further and the PT value significantly increased
compared with the control group.

Therefore, it is speculated that injection of large doses of ZIF-
8 MOFs may inhibit blood coagulation in a short period of time,
which may be due to the decrease of free coagulation factors
and fibrinogen content in blood by ZIF-8 MOFs strong adsorp-
tion of plasma proteins.

3.5.2. TEG. The changes of whole blood coagulation were
detected by TEG after intravenous injection of ZIF-8 MOFs for
30 min. The effects of ZIF-8 MOFs of different injection doses on
the TEG traces of whole blood coagulation are shown in Fig. 8,
and the main parameters are listed in Table 2. The blood
coagulation TEG curves are similar to that of the control group
in the range of 5-45 mg kg ', as shown in the Fig. 8. There is no
statistical difference between the four main TEG parameters
and the control group, as shown in Table 2. The results show
that, when the injection dose of ZIF-8 MOFs was as high as
45 mg kg™ ', there was no obvious effect on whole blood coag-
ulation in vivo.

3.6. Effects of ZIF-8 MOFs on tissues and organs of the mice

The pathological changes of tissues or organs can cause
changes in blood composition, because the physiological
functions of tissues and organs are closely related to those of
blood. To be specific, the heart is a power pump of blood

RSC Adv, 2021, 11, 21414-21425 | 21421
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Fig. 8 Representative TEG traces of whole blood coagulation of the SD rats intravenously injected ZIF-8 MOFs.

circulation, and it can affect the physiological functions and
components of blood, and vice versa changes of blood can also
affect the functions of the heart.*® The liver, which is the main
hemopoietic organ in one's embryonic time, is replaced by bone

marrow in adulthood, and its hematopoietic function ceases,
but it will be restored in some pathological conditions.**
Besides, nearly all blood coagulation factors are produced by
the liver, and it plays a very important role in regulating the

Table 2 Clotting kinetics values of SD-mouse whole blood after injecting ZIF-8 MOFs in vivo

Samples M (min) K (min) a (deg) MA (mm)

Control 1.53 £ 0.23 0.8 £ 0.00 82.9 £+ 1.57 85.2 + 1.59
5 mg kg~ ! ZIF-8 MOF (80 nm) 1.47 £ 0.38 0.8 £ 0.00 79.8 + 1.25 80.4 + 2.29
5 mg kg~ ZIF-8 MOF (300 nm) 1.47 + 0.29 0.8 + 0.00 83.0 + 1.25 77.0 £ 9.9

25 mg kg71 ZIF-8 MOF (80 nm) 1.53 £ 0.25 0.8 = 0.00 80.9 £ 1.25 78.7 £ 5.53
25 mg kg71 ZIF-8 MOF (300 nm) 1.53 £ 0.23 0.8 £ 0.00 80.0 £ 2.48 79.9 £+ 3.90
45 mg kg71 ZIF-8 MOF (80 nm) 1.57 £ 0.15 0.8 = 0.00 81.6 +1.13 81.6 + 2.05
45 mg kg~ ! ZIF-8 MOF (300 nm) 1.50 + 0.30 0.8 + 0.00 81.3 + 2.77 80.3 + 3.08

21422 | RSC Adv,, 2021, 11, 21414-21425
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Fig. 9 H&E stained tissue sections of the key organs of the SD rats intravenously injected with the ZIF-8 MOFs (scale bar = 100 pm).

dynamic balance of human coagulation and anticoagulation
systems. Also, the spleen acts as an important filter in blood
circulation, removing foreign bodies, bacteria, and aging and
dead cells from the blood, especially RBSs and platelets.*® The
spleen is called the “blood bank” of the human body.** When
the body is at rest and quiet, the spleen stores blood. However,
when it is in a state of stress such as exercise, blood loss and
hypoxia, the spleen distributes blood to the blood circulation to
increase blood volume. Although the lung is not a hemopoietic
organ, it is also involved in the formation of platelets.*® Last, the
kidney generates erythropoietin (EPO) which acts on the bone
marrow hematopoietic system to promote the differentiation
and maturation of pronormoblasts, facilitate the uptake and
utilization of Fe in bone marrow, accelerate the generation of
hemoglobin and erythrocyte, and promote the release of bone
marrow reticulocytes into blood.*” As mentioned above, there-
fore, it is necessary to make intensive research on the effect of
ZIF-8 MOFs on these tissues and organs when they enter the
blood, and to make further evaluation of blood compatibility of
ZIF-8 MOFs in vivo.

In this study, the effect of intravenous injection of 45 mg
kg~ ' ZIF-8 MOFs on the above tissue structures was observed
through H&E staining, and the results are shown in Fig. 9.
Compared with the control group, the characteristics of histo-
logical structure of the tested groups are as follows: first,
myocardial striations are clear; among the basic structural units
of the liver, the structures of central vein, hepatic cord, hepatic
sinusoid, perisinusoidal space and bile duct are clearly seen; the
structures of capsule and trabecula, white pulp, red pulp and
marginal zone in parenchyma of the spleens are clearly

© 2021 The Author(s). Published by the Royal Society of Chemistry

observed; the alveolar duct, alveolar sac, alveolar pore and
alveolar septum are clearly seen in the lungs. In general, in the
above tissue structures, the cell membrane is intact, and there is
no cell edema, no organelle disintegration and other patho-
logical phenomena. In the tissues, the perivascular tissue
structures are clearly seen, and there is no inflammatory cell
infiltration and immune complex deposition.

Therefore, a preliminary conclusion can be drawn that when
the intravenous dose of ZIF-8 MOFs was less than or equal to
45 mg kg', they did not cause pathological changes and
necrosis of the organs. Combined with the above results, it is
supposed that, in a short period of time, the effect of ZIF-8
MOFs on blood would not further cause pathological changes
of the organs, the pathological changes of blood were not
caused by the damaged organs, and that short-term changes of
blood would not cause pathological changes of the organs.

4. Conclusion

In summary, in vitro experiments, it is found that the concen-
tration of ZIF-8 MOFs at 0.1 mg mL~" did not cause changes in
the morphology and hemolysis of red blood cells, nor did it
affect the values of APTT, PT, FIB and TT in coagulation func-
tion. And 0.001 mg mL~" ZIF-8 MOF (80 nm) and 0.1 mg mL ™"
ZIF-8 MOF (300 nm) were relatively safe concentrations for
whole blood coagulation. In vivo experiments, it is found that,
after 30 min, the intravenous dose of ZIF-8 MOFs less than or
equal to (<) 45 mg kg~ did not affect the indicators of whole
blood coagulation. When the injection dose of ZIF-8 MOFs was
less than or equal to (=) 5 mg kg %, it did not affect all

RSC Adv, 2021, N, 21414-21425 | 21423
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indicators of coagulation function, but with the increase of the
injection dose, it would affect one or more indicators of APTT,
PT, FIB and TT. When the injection dose of ZIF-8 MOF (80 nm)
was 5 mg kg™, it did not exert effect on platelet indices, but
with the increase of the injection dose, it would affect one or
more indices of platelet and show a concentration-dependent
manner. However, when ZIF-8§ MOF (300 nm) was injected at
doses between 5 and 45 mg kg~ ", it affected one or more platelet
indicators and showed a concentration-dependent manner.
When the injection dose was less than or equal to (<) 45 mg
kg, 24 h after injection, it would not cause any tissue damage
to the heart, liver, spleen, lung and kidney. It could be
hypothesized that the above changes in blood composition and
function were caused by the strong adsorption of ZIF-8 MOFs to
cell membrane and plasma proteins.
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