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• A rat model with daily intranasal instillation was established to mimick the
real exposure scene of cobalt-MOFs.
• Nanoscale ZIF-67 impaired the spatial
learning and memory ability of rats.
• Transcriptomic analysis validated the
relevance of neurotoxicity with neuropeptide signaling pathway.
• The ﬁrst study to systematically evaluate the in vivo fate and effect of ZIF-67.
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a b s t r a c t
Metal-organic frameworks (MOFs) exhibit broad potential applications in the environmental, biomedical, catalyst, and energy ﬁelds. However, the currently existing data hardly shed light on their health risks before the
MOFs' large-scale usage. In this context, we exploratively investigated the in vivo fate and effect of one representative cobalt-based zeolitic imidazolate framework (ZIF-67) at the nano- (60 nm) and submicron- (890 nm)
scales. Different from submicron-scale ZIF-67 showing better biosafety, nanoscale particles manifested a neurodegenerative risk at the dose of no general toxicity, evidenced by the impairment of learning and memory ability
and disordered function of the neuropeptide signaling pathway in a rat model. The involvement of oxidative
damage and inﬂammatory processes in the neurotoxicity induced by ZIF-67 was discussed as well. These ﬁndings
not only provide a wake-up call for the prudent applications of MOFs but also provide insight into the better design and safer use of MOFs for broader applications.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
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Metal-organic frameworks (MOFs) have emerged as the most
privileged and pervasive multifunctional materials since the ﬁrst synthesis in 1989 (Hoskins and Robson, 1989). These high-proﬁle materials
are constructed from the assembly of metal ions or cluster nodes and organic linkers under mild conditions (Howarth et al., 2016), and exhibit
predominant crystallinity and porosity (Senkovska and Kaskel, 2014),
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as well as chemical and structural ﬂexibility (Cohen, 2010). As a result,
the forging of organic and inorganic components imparts MOFs' unique
nature, which is distinct from those of traditional materials. MOFs have
shown various potency in the removal of wastes in water (Bhattacharya
et al., 2016; Hasan and Jhung, 2015; Kobielska et al., 2018), energy, catalysis (Konnerth et al., 2020; Liao et al., 2018; Liao et al., 2020), antibacterial (Chiericatti et al., 2012; Yuan et al., 2019), optoelectronic (Chueh
et al., 2019; Lee et al., 2019) and biomedical applications (Banerjee et al.,
2020; Cao et al., 2019). When downsized to the nanoscale, MOF
nanomaterials offer more possibilities in biomedical applications, such
as bioimaging and biosensing (Bhardwaj et al., 2017; Chen et al.,
2017a, 2017b; Wang, 2017; Zhao et al., 2016), and they are considered
ideal drug vehicles with ultrahigh loading capacity, minimized degradation and fast clearance (Kim et al., 2019; Orellana-Tavra et al., 2016; Wu
and Yang, 2017).
MOFs have been noted as promising materials in the environmental
and biomedical ﬁelds, so toxicological and biological concerns arise regarding the public exposed to occupational or environmental particles.
It has been reported that one famous MOF (HKUST-1, Cu3(btc)2) provoked yolk-sac edema, pericardial edema, and bent spines in zebraﬁsh
embryos at a dose of 1 μg/mL (Ruyra et al., 2015). Another study revealed that nanoscale zinc-based MOFs caused an imbalance in zinc homeostasis in PC12 cells, thus affecting cell proliferation, inhibiting the
expression of GAP-43 protein related to synapse function and neurotransmitter release, and ﬁnally inducing cell damage (Ren et al., 2014).
Thus, before MOFs are used in many real-world applications, their environmental health and public safety proﬁle must be determined. However, research on the in vivo biological effects of MOFs has been very
limited thus far. For instance, one study indicated that three ironbased MOFs (MIL-88A, MIL-100, and MIL-88B-4CH3) slightly increased
the spleen and liver weight after one day of injection to Wistar rats
(Horcajada et al., 2009). Also, a reversible accumulation of iron was
found in the liver and spleen, which led to oxidative stress (Baati
et al., 2013). Another recent study revealed that chromium-based
MOF (MIL-101(Cr)) had no signiﬁcant acute or subacute toxicity in
mice after oral administration of 1000 mg/kg/day for 28 days (Liu
et al., 2019).
Moreover, the rapid development of MOFs has posed more challenges to biosafety assessment. In contrast with various documents
about the synthesis and potential applications of MOFs, the biological effects and toxicological data are rather insufﬁcient to assess the safety of
emerging MOFs comprehensively. In recent years, a subclass of MOFs,
the cobalt-based zeolitic imidazolate framework consisting of cobalt
ions and 2-methylimidazole (namely, ZIF-67), has demonstrated better
hydrothermal stability than traditional MOFs such as Cu3(btc)2 (Park
et al., 2006). Additionally, ZIF-67 has proven to be a good antibacterial
agent (Aguado et al., 2014; Yuan et al., 2019). Due to its superior features, ZIF-67 has been widely used for the elimination of harmful substances and dyes from sewage (Lin and Chang, 2015; Xu et al., 2017),
biosensing (Chen et al., 2019), and biobatteries (Zhong et al., 2018). Previous studies found that zinc-based ZIF-8, a sister structure to ZIF-67,
triggered red blood cell and platelet growth. It caused the collapse of
pulmonary alveoli with changes in typical biochemical markers of
liver function when intravenously injected repetitively into mice at a
dose of 32 mg/kg (Li et al., 2016). However, the overall toxicity evaluation and comprehensive exploration of ZIF-67 in vivo remain largely unknown to date. Therefore, it is of great signiﬁcance to elucidate the
biological effects of ZIF-67, which would provide guidance and insight
for broader and greater applications of ZIF-67 in the future.
In this work, we attempted to break this stagnant plight of ZIF-67
biosafety assessment by mimicking inhalation exposure in rats for
30 days. Considering the potential application of ZIF-67 in industrial
and biomedical ﬁelds, different size-scaled uncoated ZIF-67
nanomaterials applied in these two ﬁelds were designed and synthesized. Then, daily intranasal instillation at a nontoxic dose for 30 days
was conducted, and the tissue distribution of cobalt and general toxicity

to the rat was investigated. Considering the brain-targeted intranasal
instillation, a neurobehavioral experiment named the Morris water
maze was adopted to determine rats' cognitive abilities. The role of oxidative stress and inﬂammation, as well as histopathological examination of the brain were further examined. RNA sequencing (RNA-Seq)
and reverse transcription-quantitative polymerase chain reaction (RTqPCR) validation revealed neurotoxicity at the gene expression level.
To the best of our knowledge, this is the ﬁrst study that systematically
evaluates the in vivo fate and effect of ZIF-67, and pays pioneering attention to the neurotoxicity of MOFs.
2. Materials and methods
2.1. Synthesis and characterization of ZIF-67
ZIF-67 particles with two sizes of 60 and 890 nm were prepared according to previously described methods (Shao et al., 2014; Zhang et al.,
2017) with slight modiﬁcations. The detailed synthetic methods of the
two ZIF-67 particles are shown in the supporting information (SI).
The as-synthesized particles' morphology was observed by highresolution transmission electron microscopy (HRTEM, JEM-2100F,
JEOL, Tokyo, Japan) and ﬁeld emission scanning electron microscopy
(FESEM, SU-8020, Hitachi, Tokyo, Japan). The ultraviolet-visible absorption was characterized by a UV–vis-near infrared spectrophotometer
(3600 UV–Vis NIR, Shimadzu, Kyoto, Japan). The elemental analysis
was performed on inductively coupled plasma mass spectrometry
(ICP-MS, 8800, Agilent, California, USA) and energy-dispersive X-ray
spectroscopy (EDX), which were attached to FESEM. The crystallinity
was evaluated using powder X-ray diffraction (PXRD) equipped with
a Cu Kα radiation source (X'Pert PRO MPD, PANalytical, Almelo, Holland). Nitrogen adsorption-desorption isotherms were recorded with
a Micromeritics ASAP2000 V3.01 analyzer. The Brunauer-EmmettTeller (BET) speciﬁc area was calculated using the BET equation. The
pore size distribution was obtained using the Barret-Joyner-Halenda
(BJH) equation. The size distribution of as-synthesized ZIF-67 particles
was calculated by a total number of 200 particles in different random
views of HRTEM images. The stability test of ZIF-67 particles was performed in Dulbecco's modiﬁed Eagle's medium (DMEM, Gibco, Thermo
Fisher, USA) (the experimental procedure is shown in detail in SI).
2.2. Animals and exposure
Male neonatal Sprague-Dawley (SD) rats (8–9 days old, n = 35)
and their mothers (n = 7) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All animals were
kept in clear polypropylene cages in a pathogen-free animal room.
The neonatal SD rats were raised with their mothers for normal
breast milking until four weeks old. Sterile Milli-Q water and speciﬁc
pathogen-free feed (Vital River Laboratories, Beijing, China) were
provided ad libitum. The animal room was maintained at a temperature of 25 °C, with a relative humidity of ~60% and a 12 h/12 h light/
dark cycle. All animal-related experimental protocols were approved
in line with the principles of care and use of laboratory animals approved by the Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences.
After acclimatization for ﬁve days, all the neonatal SD rats were randomly divided into ﬁve treatment groups (n = 7 per group), including
the sterile Milli-Q water group (control group), large size with 20 mg/kg
high-dose group (ZIFlarge-H), large size with 5 mg/kg low-dose group
(ZIFlarge-L), small size with 20 mg/kg high-dose group (ZIFsmall-H), and
small size with 5 mg/kg low-dose group (ZIFsmall-L). ZIF-67 particles
were redispersed in sterile Milli-Q water (Merck Millipore, Darmstadt,
Germany) and sonicated for 20 min before administration, and all dispersed solutions for animal treatment were freshly prepared every
day. The intranasal instillation exposure for animals was executed at a
ﬁxed time every day and lasted for the following 30 days. During
2
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10 min at 4 °C, the supernatant was collected. The contents of
oxidative stress biomarkers, malondialdehyde (MDA), superoxide
dismutase (SOD),catalase (CAT), and glutathione peroxidase (GSHPx) (Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
inﬂammatory cytokines, interleukin-1β (IL-1β) and interleukin-6
(IL-6) (Abcam, Cambridge, UK) were measured with commercial
assay kits according to the manufacturer's protocols. Protein content
was detected with a BCA protein assay kit (Thermo Fisher Scientiﬁc,
Massachusetts, USA). The concentration of each biochemical parameter in the measured sample was normalized to the corresponding
protein level.

exposure, every rat was grabbed gently at the same time to minimize
suffering. Rat body weight was recorded every day to adjust the exposure solution volume. All animals were sacriﬁced by carbon dioxide inhalation on the 30th day. After the blood sample was collected, cardiac
perfusion was performed with 60 mL ice-cold phosphate-buffered saline (0.01 M, HyClone, Logan, USA) and was applied to each animal to
remove residual blood from the tissues. The main tissues, including
the heart, liver, kidney, spleen, lung, and brain, were collected for further experiments.
2.3. Morris water maze

2.8. RNA-Seq and gene ontology (GO) enrichment analysis

To evaluate the impact of ZIF-67 on the spatial learning and memory
ability of rats, a classic Morris water maze (Anhui Zhenghua Biological
Instrument Co., Ltd., Huaibei, China) test was applied to measure the
cognitive functioning of the rats from the control, ZIFlarge-H and
ZIFsmall-H groups (n = 7 per group). The water maze, a circular black
tank (200 cm diameter and 80 cm high), was ﬁlled with water at
25 ± 1 °C. The tank was divided into four quadrants, and one round escape platform (10 cm diameter) was placed 2 cm beneath the water
surface in the center of a particular quadrant. During the 5-day training
trials, rats were released from the wall of every quadrant in sequence
and required to ﬁnd and stand for 20 s in the escape platform within
60 s every day. Parameters of rats in training trials, such as swimming
speed and time to ﬁnd the platform (latency to platform), were automatically recorded by a ceiling-mounted tracking system. On the 6th
day, the probe trial was performed after the escape platform was removed, and the swimming path of each rat from the opposite quadrant
was recorded for 60 s while it searched for the missing platform. The
crossing times on the original station of the platform, and swimming
distance and time in the target quadrant where the platform was located during training, were analyzed to evaluate the rats' memory
ability.

To further explore the mechanism of action of ZIF-67, RNA-Seq analysis was performed in brain samples (n = 3 per group) from the control,
ZIFlarge-H, and ZIFsmall-H groups. Brieﬂy, total RNA was extracted by TRIzol
reagent (Invitrogen, California, USA) according to the manufacturer's instructions. The extracted total RNA concentration and purity were measured by a UV–Vis spectrophotometer (Nano Drop 2000, Thermo Fisher
Scientiﬁc, Massachusetts, USA) and bioanalyzer (2100, Agilent, California,
USA), respectively. The puriﬁed mRNA was obtained by oligo(dT)-attached magnetic beads and fragmented into small pieces with a fragment
buffer at the proper temperature. The two strands of cDNA were synthesized with random hexamer-primed reverse transcription and addition of
buffer and summed for end-repair, the addition of A, and adaptor ligation.
The resulting cDNA fragments were ampliﬁed by PCR and validated on a
bioanalyzer (2100, Agilent, California, USA) for quality control. Eligible
PCR products were heated, denatured, and circularized by the splint
oligo sequence to generate single-strand circle DNA for a ﬁnal library.
The ﬁnal library was ampliﬁed to make DNA nanoballs (DNBs), and primary raw reads were produced on the BGI Seq500 platform (BGI,
Shenzhen, China).
For RNA-Seq data, the differentially expressed genes (DEGs) were
identiﬁed by DESeq2 as previously reported, and the gene expression
level was quantiﬁed in the form of reads per kilobase per million
(RPKM) (Love et al., 2014). The criteria for DEGs were deﬁned as
fold change ≥2.00 and adjusted p-value (Q value) ≤0.001. GO enrichment analysis was performed for DEGs using the database for
annotation (http://www.geneontology.org/). Signiﬁcantly enriched
GO terms were deﬁned by a Q value of ≤0.05 by Bonferroni (Yao
et al., 2020).

2.4. Complete blood count (CBC) analysis
Fresh blood (20 μL, n = 7 per group) was collected from each rat and
then mixed with 2 mL standard dilution solution to evaluate the populations of red blood cells, white blood cells, platelets, neutrophils, lymphocytes, and monocytes via an automated hematology analyzer
(MEK-7222K, Nihon Kohden, Tokyo, Japan).
2.5. In vivo biodistribution analysis

2.9. RT-qPCR analysis
Tissue samples (100 mg, n = 7 per group), including heart, liver, kidney, spleen, lung, brain, and blood samples, were digested with 65%
HNO3 (>99.8%, Emsure Merck, Darmstadt, Germany) and H2O2
(>99.8%, Sinopharm Chemical Reagent Co., Ltd., Beijing, China) at
90 °C. The solution was then cooled down and diluted to less than 5% nitric acid to a ﬁnal volume of 5 mL. The cobalt content in the ﬁnal mixture
was analyzed with ICP-MS.

Total RNA was isolated as described above. One microgram of total
RNA was reverse transcribed to cDNA using an iScript cDNA synthesis
kit (Bio-Rad, California, USA) in a PCR system (Applied Biosystems, California, USA). The transcriptional level of selected genes was analyzed
by RT-qPCR using SYBR Green qPCR Master Mix (Bio-Rad, California,
USA) on a real-time PCR instrument (Light Cycler 480 II, Basel, Roche,
Switzerland) under the following conditions: 95 °C for 30 s followed
by 40 cycles of 95 °C for 15 s, 60 °C for 1 min, and 72 °C for 30 s. βactin was selected as the housekeeping gene. The primers across introns
were designed by NCBI and Primer 3 (4.0.0), and the sequences are
listed in Table S1 (SI). The relative mRNA expression levels were normalized to β-actin and calculated based on the method of 2−△△CT
(Livak and Schmittgen, 2001).

2.6. Histopathological examination
Fresh brain samples (n = 3 per group) were ﬁxed in 10% neutral
buffered formalin for 24 h, dehydrated with a series of ethanol solutions,
inﬁltrated, and embedded in parafﬁn blocks. The blocks were sliced into
4 μm thick sections and stained with hematoxylin and eosin (H&E). The
pathological characteristics of the sections were observed by an optical
microscope (TS2-FL, Nikon, Tokyo, Japan).

2.10. Statistical analysis

2.7. Measurement of the levels of oxidative stress and inﬂammatory
cytokines

Data were analyzed with GraphPad Prism (Ver. 5; GraphPad
Software, California, USA) and presented as the mean ± standard
deviation. Differences between the control and treated groups were
analyzed by Student's t-test. p values less than 0.05 were considered
statistically signiﬁcant.

Brain samples (n = 5 per group) were weighed and homogenized
with cold saline (1:9 w/v). After centrifugation at 3500 rpm for
3
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simulated structure of the ZIF-67 crystal (Fig. 1H). In the UV/Vis spectrum, a strong, broad peak was observed at 588 nm (Fig. 1G), conﬁrming
the existence of tetrahedral coordinated Co2+ in the two synthesized
ZIF-67 particles. Additionally, as illustrated by the EDX results
(Table S2, SI), the main elements in the ZIFlarge and ZIFsmall particles appear to be identical in the percentage of C, N, O, and Co atoms. Additionally, quantitative analysis obtained by ICP-MS showed considerable Co
weight percentage between the ZIFlarge (52.7 ± 8.68%) and ZIFsmall
(47.1 ± 4.35%) particles (Table S2). Furthermore, N2 isotherms and
pore width distribution curves are shown in Fig. S1. The BET speciﬁc
areas were calculated as 1803.4 m2/g for ZIFlarge and 2045.6 m2/g for
ZIFsmall. The pore size distribution was obtained as 4.9 nm for ZIFlarge
and 9.7 nm for ZIFsmall, suggesting that they are both mesoporous
materials, and the small one shows a bigger pore size.
From the results of the stability test in DMEM, the degradation percentage of ZIF-67 (below 2% at any time point) revealed that a small
proportion of metal ions leaked from ZIF-67 and dissolved into the culture medium, but remained no noticeable quantity change over time
(Fig. S2A, SI). ZIF-67 particles started to lose their original morphology

3. Results and discussion
3.1. Characterization of ZIF-67
According to previously available literature, submicron-scaled ZIF67 (commonly used in energy and environmental ﬁelds) (Lin and
Chang, 2015; Zhang et al., 2017) and nanoscaled ZIF-67 (commonly
used in the biomedical ﬁeld) (Lu et al., 2018) were prepared with
minor modiﬁcations, respectively. Every structure of ZIF-67 had a
metal center of cobalt, which coordinated with nitrogen-rich organic ligands. As shown in the FESEM and TEM images (Fig. 1), the obtained
ZIF-67 particles have a dodecahedron shape with a hexagonal crosssection. This shape was consistent with those typically described in
the literature (Xia et al., 2014; Zhou et al., 2017). By randomly selecting
200 particles in the view of TEM images, ZIF-67 synthesized by two
methods exhibited different size distributions (ZIFlarge: 886.5 ±
158.2 nm and ZIFsmall: 63.7 ± 14.6 nm) as presented in Fig. 1C and F, respectively. The phase purities of ZIFlarge and ZIFsmall were assessed by
PXRD, and all the diffraction peaks were in good agreement with the

Fig. 1. Characterization of ZIF-67. (A) FESEM image of ZIFlarge; (B) TEM image of ZIFlarge; (C) The size distribution of ZIFlarge; (D) FESEM image of ZIFsmall; (E) TEM image of ZIFsmall; (F) The
particle size distribution of ZIFsmall; (G) UV–vis absorption spectra of ZIFlarge and ZIFsmall; (H) PXRD spectra of ZIFlarge and ZIFsmall compared with simulated pattern of ZIF-67.
4
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at the ﬁrst hour in the culture medium (Fig. S2B and C, SI), possibly having undergone structural rearrangements and/or reactions that generated new inorganic cobalt species within the amorphous structure
(Ruyra et al., 2015). A similar degradation process concerning the chemical and colloidal stability has been observed for other MOFs, such as
MIL-100 (Fe) and MIL-100 (Cr) (Grall et al., 2015; Li et al., 2017). The
progressive disorganization of the three-dimensional crystalline structure of ZIF-67 occurred independently of their size at the initial stage.
When the release of total metal ions to the medium requires a longer
time, it indicates good chemical stability (Tamames-Tabar et al., 2015).

highly concentrated ZIF-67 suspension, 5 and 20 mg/kg were set as
the low and high exposure doses of ZIF-67 particles.
The ﬁrst and important step in understanding the toxicity of ZIF-67
is to determine its fate in vivo after nasal exposure. To this end, the levels
of cobalt in major tissues of rats were analyzed after 30 days of intranasal instillation exposure to ZIFlarge and ZIFsmall. Signiﬁcant cobalt accumulation was found in all major tissues in the exposed groups
compared with those in the control group (p < 0.01), including the
liver, spleen, lung, heart, kidney, and brain, demonstrating that ZIF-67
particles were readily adsorbed and subsequently redistributed in the
body after exposure (Fig. 2A). Elevated concentrations of cobalt were
prone in the livers from the high-dose groups (ZIFlarge-H 40.6-fold and
ZIFsmall-H 33.3-fold vs. the control), which may be attributed to the
liver's capability of fast sequestration and opsonization of invaded particles (Girgis et al., 2012; Simon-Yarza et al., 2018). This in vivo
biodistribution consequence is in line with those reported in earlier
studies, where MOFs (Baati et al., 2013; Horcajada et al., 2009; Li et al.,
2016) and other nanoparticles (He et al., 2011; Huang et al., 2011)
could be readily absorbed by reticuloendothelial organs. Furthermore,
a high accumulation of cobalt was manifested in the kidney and heart

3.2. Exposure dose determination and biodistribution of cobalt in major
tissues
To evaluate the underlying biological effects of ZIF-67, intranasal instillation was conducted to imitate the respiratory ingestion of particles
in the real exposure scene. In our preliminary experiment, intranasal instillation of SD rats with 5, 15, and 50 mg/kg ZIFlarge and ZIFsmall was executed for ﬁve days. No death or marked signals of toxicity were found
(data not shown). Due to the low stability and poor dispersity of the

Fig. 2. The general toxicity effect of ZIFlarge and ZIFsmall at the dosage of 5 and 20 mg/kg body weight/day on rats. (A) Cobalt content in main tissues after daily intranasal administration for
30 days, and all p values are less than 0.01 when compared with the control group; (B) daily body weight of rats; the number of red blood cells (C), platelets (D) and white blood cells (E) in
peripheral blood of rat after daily intranasal administration for 30 days. (F) Percentage of three main white blood cell types (neutrophil, lymphocyte and monocyte) in the total white blood
cells. * represents p < 0.05 and n = 7 per group.
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as well. The relatively high level in the heart was probably due to its
small weight compared with other organs, and the absolute total
amount of cobalt in the whole heart may be much lower in all test organs. High cobalt indicated in the kidney might be due to extremely
overt background value, and the excretive function of redundant cobalt
(Leyssens et al., 2017). Together, these results conﬁrmed that ZIF-67
could translocate and accumulate in different organs upon entry into
the body. Consequently, in-depth studies on the quantitative examination of organic ligands or direct electron microscopy observation of
ZIF-67 particles in organs should be performed further.

phils, monocytes, and lymphocytes (Qu et al., 2017); hence, subpopulation analysis of the white blood cells was performed (Fig. 2F). Analogous
results were noted in the number of neutrophils and monocytes between the control and treatment groups. In contrast, a pronounced increase in the number of lymphocytes was observed for the ZIFlarge-H
group (p < 0.05). However, this escalating number of lymphocytes
was still within the normal reference value range (Wang et al., 2015).
Combining the above results of body weight and blood tests, no indication of severe general toxicity was demonstrated in rats after short-term
nasal exposure to ZIF-67.

3.3. No signiﬁcant general toxicity of ZIF-67 was observed

3.4. ZIF-67 exposure impaired the spatial learning and memory ability
of rats

During the 30-day exposure, the body weight and physiological behaviors such as feeding, drinking water, and rats' routine activities were
recorded in detail every day. Overall, ZIFlarge and ZIFsmall particles, even
at a daily dose of 20 mg/kg, failed to provoke the death of animals, and
there was no signiﬁcant difference in their food consumption and water
intake. All the animals in each group manifested healthy behavior and
normal activity without any sign of lethargy or apathy. However, as
depicted in Fig. 2B, the ZIFsmall-H group induced a signiﬁcant decrease
in body weight compared to the control group on the 30th day
(p < 0.05), suggesting an impairment in the rats' weight gain. This inhibition in rat growth arose in the late stage of the exposure experiment,
i.e., it began on the 29th day. In summary, 30 days of ZIF-67 exposure
with two-particle sizes appeared to have no signiﬁcant effects on the
body weight or other physiological behaviors (including feeding, drinking water, and daily activities) of rats, and longer-term exposure to
scrutinize the biosafety of ZIF-67 warrants further research.
We further examined the overall systemic health status of the rats by
testing the basic hematological indices of peripheral blood. As shown in
Fig. 2C‐2E, the total number of blood cells, platelets, and white blood
cells in each exposed group remained comparable to those found for
the control group. As the products of bodily immune reactions, white
blood cells can identify and defend against invading substances (Li
et al., 2016). There are three main types of white blood cells: neutro-

Nasal exposure is usually brain-targeted because particles can translocate into the central nervous system by neural pathways or circumvent the blood-brain barrier after inhalation or intranasal instillation
(Chen et al., 2017a, 2017b), as noted by the elevated content of cobalt
in the brain in the ZIFlarge and ZIFsmall exposure groups in Fig. 2A. In addition, the poor regenerative competence of neurons and the scarcity of
adequate protection mechanisms against even a spot of exogenous substances affect subtly fragile brain structures and related advanced functions, including the cognitive ability (Hu et al., 2010; Yang et al., 2010).
Under this premise, the impairment of ZIF-67 on spatial learning and
memory in rats was explored through the Morris water maze, one of
the most classic neurobehavioral test methods (Zhang et al., 2015). No
apparent difference was observed in the swimming speeds of rats
from different groups, indicating comparable athletic ability (Fig. 3A).
Intriguingly, the latency of rats from all groups was gradually shortened
during the ﬁve-day training trials and ﬁnally reached approximately or
below 20 s on the ﬁfth day (Fig. 3B). This shortened latency is consistent
with those reported elsewhere (Wyss et al., 2000; Feng et al., 2017), indicating that the training process was successful. Analogously, no significant difference was found between the control and exposed groups.
Then, the submerged platform was removed, and a probe trial was
started 24 h after the last training trials to assess the formation of

Fig. 3. Effect of ZIF-67 on spatial learning and memory of rats. (A) The swimming speed of rats in water maze. (B) The effects of ZIF-67 on escape latency from Morris water maze test
conducted over a period of 5 days. The crossing times (C), distances traveled in target quadrant (D), and time in target quadrant (E) in spatial probe test. ** represents p < 0.01 and
n = 7 per group.
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Fig. 4. Oxidative damage and inﬂammation levels in brain tissue. (A) The SOD activity; (B) The contents of MDA; (C) The levels of IL-1β; (D) The levels of IL-6; * represents p < 0.05, n = 5
per group.

longer-term memory in rats regarding the platform location. Moreover,
in the probe trial, there was no signiﬁcant difference in the number of
crossings of the targeted quadrant and the distance traveled in the
targeted zone (Fig. 3C and D). Interestingly, a shorter residence time
in the target quadrant was determined in rats from the ZIFsmall-H
group than in the control and ZIFlarge-H groups (p < 0.01), conﬁrming
that exposure to 20 mg/kg 60 nm ZIF-67 could decrease memory retention in rats (Fig. 3E). The ethological results collectively unveil that
nanosized ZIF-67 can induce neurotoxicity, as evidenced by the impairment of cognitive levels in rats.

3.5. Effect of ZIF-67 on oxidative damage and the inﬂammatory response in
the brain
The brain is extremely vulnerable to the attack of free radicals due
to its active metabolic rate and abundant content of lipids and proteins (Chen et al., 2017a, 2017b; Guan et al., 2012). Evidence has
shown that an excessive presence of reactive oxygen species (ROS)
could result in oxidative damage and inﬂammatory processes in
the brain and plays an essential role in a nanomaterial's neurotoxicity (Garcia-Reyero et al., 2014; Teleanu et al., 2019). The MDA, SOD,

Fig. 5. The histopathological observation of brain cortex in the control (A), ZIFlarge-H (B), ZIFlarge-L (C), ZIFsmall-H (D), and ZIFsmall-L groups (E); bar = 50 μm, yellow arrows indicate the
shrinkage of nerve cells.
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antioxidant system. The activity of SOD reﬂects the capacity of antioxidants and the stability of cellular redox status. As an end product
of lipid peroxidation, MDA is one of the classic indicators for evaluating oxidative damage. The MDA content can represent the severity of
the free radical attack on the cell membrane system. The obtained
SOD and MDA results revealed that ZIFsmall at a daily dose of
20 mg/kg disrupted the antioxidant balance in rats.

CAT, and GSH-Px contents were examined in the brain, but only two
of them (MDA and SOD) were detectable. The apparent elevated
content of SOD was determined in the brains of the ZIF small -H
group (p < 0.05 vs. the control, Fig. 3F). In contrast, no difference in
MDA content was observed between the control and treatment
groups (Fig. 3G). SOD can efﬁciently eliminate excessive ROS in the
body and maintain the balance between oxidation and the

Fig. 6. RNA-Seq analysis of brain. The number of up-regulated and down-regulated DEGs analysis (A) and intersection DEGs (B) elicited by ZIFlarge and ZIFsmall. (C) The Venn diagram and
detailed item of signiﬁcantly enriched GO terms. Top ten Q value GO terms in biological process of GO enrichment analysis after ZIFlarge (D) and ZIFsmall (E) exposure.
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Fig. 6 (continued).

to the size effect. However, the same DEGs signifying extensive changes
in the brain could be due to cobalt presence.
To unveil these DEGs' functions, GO enrichment analysis, a frequently
used gene function annotation system, was performed according to three
ontology characteristics: biological process, cellular component, and
molecular function. The number of signiﬁcantly enriched GO terms
(Q value ≤ 0.05) in the brains of rats exposed to ZIFsmall and ZIFlarge was
14 and 13, respectively (Tables S3 and S4). The distribution and possible
relations of these GO terms were elucidated in the Venn diagram of
Fig. 6C. There were eight common signiﬁcantly enriched GO terms, of
which ﬁve were related to heme or oxygen activity caused by cobalt
ions, as documented previously (Malard et al., 2007; Shrivastava et al.,
2008). As a notable hypoxia-simulating agent, cobalt (Co2+) is likely to
activate hypoxia-inducible factor (HIF) with the transcription of a series
of HIF-target genes involved in energy metabolism, erythropoiesis, vasoconstriction and occurrence, cell proliferation, iron, and heme metabolism, and other processes (Li et al., 2006). Thus, cobalt can interfere with
erythropoietin and erythropoiesis production and lead to abnormal
oxygen-carrying capacity of the blood (Simonsen et al., 2012). It can be
supposed that cobalt ions released from ZIF-67 partly contributed to the
adverse effects of ZIF-67 (both ZIFsmall and ZIFlarge) on the brain. In contrast, the released cobalt ions could not solely explain the speciﬁc neurotoxicity of ZIFsmall. Remarkably, the GO enrichment analysis revealed that
the extracellular matrix, neuropeptide hormone activity, voltage-gated
ion channel activity, neuropeptide signaling pathway, regulation of atrial
cardiac muscle, and cell membrane repolarization were substantially
enriched in the brains of the ZIFsmall-H group. Furthermore, the
neuropeptide signaling pathway was the most statistically signiﬁcant
term (Q value = 4.02 × 10−5) among the ﬁve GO terms (Table S4).
Based on the above results of GO enrichment analysis, we further analyzed the top ten Q values in biological process, cellular component, and
molecular function (Figs. 6D, E, and Figs. S3 and S4 in Supporting Information). As shown in Fig. 6E, the neuropeptide signaling pathway was the
most affected biological process in the brain of the ZIFsmall-H group. However, it was not a signiﬁcant enrichment pathway in the ZIFlarge-H group.
Neuropeptides, representing a range of various signaling molecules in the
brain, can act as neurohormones or neuromodulators to comprehensively
regulate the brain's physiological activities. Generally, neuropeptide signaling is indispensable to many aspects of neural communication and development. Thus, many brain functions, such as food intake, metabolism,
social behavior, learning, and memory, are closely associated with neuropeptide signaling (Chen and Ganetzky, 2012). A previous report revealed
that TiO2 changed the behaviors (feeding, growth, and silking) of silkworms by upregulating neuropeptide receptor expression (Ni et al.,

Oxidative stress possibly stimulates the inﬂammatory response by
activating inﬂammatory pathways (Wu et al., 2011). To further assess
the inﬂammatory response induced by ZIF-67 in the rat brain, IL-1β
and IL-6, which play a crucial role in immune activation and regulation,
were selected as the measured indicators. No noticeable changes were
illustrated in the levels of IL-1β and IL-6 in rats from any exposed
group (Fig. 4C and D), suggesting no inﬂammation in the brains of
rats. Altogether, except for SOD, no signiﬁcant change in the biomarkers
of oxidative stress and inﬂammatory response was observed in the rat
brain.
For further and direct observation of histological alterations in the
rat brain, H&E staining of the whole brain was conducted to determine
the organic damage induced by ZIF-67. Noticeable pathological changes
were only observed in the cortex (Fig. 5A-5E). Slight shrinkage of nerve
cells was identiﬁed in the rat cortex from the ZIFsmall-H group (yellow
arrows in Fig. 5D). The other groups showed no apparent histological
changes. Combined with the analysis results of oxidative stress and inﬂammation levels, it can be speculated that this weak oxidative stress
response induced by ZIFsmall in the brain, which is a marker of early
and reversible brain injury, did not signiﬁcantly affect cellular integrity
or morphological structure.
3.6. ZIF-67 disrupted learning- and memory-related pathways and gene
expression
Compared with investigations at the individual and cellular levels,
transcriptomic exploration is more sensitive and speciﬁc at the molecular level. RNA-Seq can facilitate recognizing exposure biomarkers, revealing critical biological processes, and deducing target signaling
pathways inﬂuenced by xenobiotics (Gurunathan et al., 2019; Hou
et al., 2017; Wang et al., 2009). To discriminate the different extents of
damage and explore the underlying mechanisms of ZIF-67 in rats, the
total RNA extracted from brain tissue from the control, ZIFlarge-H, and
ZIFsmall-H groups were subjected to whole transcriptome RNA-Seq
analysis.
As shown in Fig. 6A, a total of 590 (400 upregulated and 190 downregulated) and 513 (205 upregulated and 308 downregulated) DEGs
were identiﬁed with a cutoff of fold change ≥2.00 and Q value <0.001
in the ZIFlarge-H and ZIFsmall-H groups. A Venn diagram of DEGs between
ZIFlarge-H and ZIFsmall-H groups is plotted in Fig. 6B. Among these DEGs,
177 genes were commonly expressed in ZIF-67 of both sizes. In addition
to these common genes, 336 and 413 genes were speciﬁcally regulated
in the ZIFsmall-H and ZIFlarge-H groups, respectively. Overall, different
transcriptomic proﬁles of the two sizes of ZIF-67 might be attributed
9

S. Deng, X. Yan, P. Xiong et al.

Science of the Total Environment 771 (2021) 145063

Fig. 7. RT-qPCR results of neurotransmitter-related (A) and axon projection guidance-related (B) genes. * represents p < 0.05 and ** represents p < 0.01.
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2015). Our result that ZIFsmall interfered with the neuropeptide signaling
pathway in the brain showed that nanoscale ZIF-67 evoked abnormal
transmission of nerve information in the brain. This result also supports
the neurobehavioral ﬁnding mentioned in the above sections.
To validate GO enrichment analysis results, we examined several key
genes associated with learning and memory in the brain through RTqPCR (Table S1) (Borisova, 2018). Fig. 7A indicates that ZIF-67 mediated
the expression of ﬁve neurotransmitter-related genes (Tacr3, Adra1d,
Htr2c, Ddc, and Slc6a12) involved in the production, metabolism, and
transport of dopamine, adrenaline, serotonin, and γ-aminobutyric
acid. Among these genes, ZIFlarge disturbed the expression of Adra1d
and Ddc. Speciﬁcally, Adra1d is an adrenergic receptor, and Ddc is involved in the production of dopamine and serotonin (Dan et al.,
2018). Apart from Adra1d and Ddc, ZIFsmall also led to more signiﬁcant
changes in the expression of genes concerning Tacr3, Htr2c, and
Slc6a12. As a consequence, ZIFsmall signiﬁcantly induced transcriptional
changes in the serotonin receptor (Htr2c) and participated in dopamine
metabolism (Tacr3) and γ-aminobutyric acid transportation processes
(Slc6a12) (Tachikawa et al., 2018; Zhang et al., 2014). Also, the expression of two genes related to axon projection and guidance (Efna5 and
Tnn) was considerably downregulated by ZIFsmall exposure (Fig. 7B). Together, these results demonstrated that the neurotoxicity of ZIFsmall was
sourced from its inﬂuence on neurotransmitter-related processes and
inhibition of neuronal axon projection and guidance, which is in line
with the functions of neuropeptides in the brain (Chen and Ganetzky,
2012; Nässel and Larhammar, 2013; Nässel and Zandawala, 2019).
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