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Understanding the stability of zeolitic imidazolate framework-8 (ZIF-8) under physiological conditions is
critical in biotechnology and biomedicine for biosensing, biocatalysis, and drug delivery. The use of ZIF-8
has shown that this metal organic framework (MOF) and its derived bio-composites can degrade in pres-
ence of buffer solutions. Here we present an in-depth analysis of the structural and chemical changes of
pure ZIF-8 particles exposed to phosphate buffered saline (PBS) media. Two different particle sizes (2 um
and 250 nm) were selected and the decomposition operated by 10 mM PBS (aka 1X) was studied using
powder X-ray diffraction (PXRD), Fourier transformed infrared spectroscopy (FTIR), time resolved atomic
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Introduction

Metal-organic frameworks (MOFs) are constructed via
connecting metal ions or clusters coordinated with organic li-
gands into an extended network."® The chemical mutability
of the constituent building blocks allows for the properties of
MOFs to be tailored for a variety of different applications in-
cluding gas storage, catalysis, sensing, and optics.>” Recently,
MOFs have been explored for their potential use in drug deliv-
ery, bio-storage and bio-catalysis.®'° For example, MOFs can
act as protective hosts to preserve enzymes and active phar-
maceutical ingredients (APIs) from biological degradation in-
duced by temperature, solvents and proteolytic agents."*™**
Zeolitic imidazolate framework-8 (ZIF-8), composed of tetra-
hedral Zn>" ions linked by 2-methylimidazolate (mIM) li-
gands, is one of the most studied MOF carriers."*° The
widespread interest in ZIF-8 can be attributed the following

“ Institute of Physical and Theoretical Chemistry, Graz University of Technology,
8010 Graz, Austria. E-mail: paolo.falcaro@tugraz.at

b Department of Chemistry, The University of Adelaide, 5005 Adelaide, South
Australia, Australia. E-mail: christian.doonan@adelaide.edu.au

¢ Institute of Analytical Chemistry and Food Chemistry, Graz University of
Technology, 8010, Graz, Austria

4 Graz Centre for Electron Microscopy (ZFE), 8010 Graz, Austria

¢ Institute of Inorganic Chemistry, Graz University of Technology, 8010 Graz,

Austria

T Oxford Instruments GmbH Asylum Research, 65205 Wiesbaden, Germany

t Electronic supplementary information (ESI) available: Experimental details, ad-
ditional figures and in situ real-time AFM movie. See DOI: 10.1039/c9ce00757a

4538 | CrystEngComm, 2019, 21, 4538-4544

force microscopy (AFM), in situ small angle X-ray scattering (SAXS), and 1P NMR.

reasons: 1) encapsulation of APIs and biomolecules within
ZIF-8 can be carried out in aqueous media,'®?® 2) the loading
and release efficiency can reach 100%,>° 3) the protection of
biomolecules in ZIF-8 can be extended to conditions that
would typically result in their degradation (e.g. high tempera-
ture),”* and 4) the release of APIs and biomolecules can be
controlled either by lowering the pH below 6.5 or adding che-
lating agents (e.g. ethylenediaminotetraacetic acid, EDTA).>’

These properties encouraged the investigation of ZIF-8 as
a drug delivery system from small to large therapeutics (e.g.
doxorubicin and insulin) for treatment of diseases ranging
from cancer to diabetes.”>>* The use of ZIF-8 was extended to
bio-catalytic application with ZIF particles encapsulating and
protecting enzymes such as horseradish peroxidase (HRP),
catalase, lipase from inhospitable environments.’ Then, pro-
tective properties of ZIF-8 were tested for the bio-preservation
of viruses and yeast cells showing that the ZIF-8 coatings can
be controllably assembled and dissolved.”*** In all these ex-
amples, the use of ZIF-8 with APIs, enzymes, viruses and
cells, involved MOF crystals ranging from hundreds of nano-
meters to micrometers.”'®>*° For example, enzyme@MOF
particles produced via biomimetic mineralization are in the
micrometer range (e.g. 2 um).>*>%%7

However, for drug delivery applications, particles around
250 nm are preferable as they present long blood-circulation
time, and high cellular uptake, which help with the drug
delivery efficiency in intravenous drug administration.'
Another important property that needs to be considered for
the drug release performance of MOFs is how the material

This journal is © The Royal Society of Chemistry 2019
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degrades under physiological conditions.*** Ruyra et al.
demonstrated that several nanoMOFs (e.g. UiO-67, ZIF-7,
HKUST-1) become amorphous or decompose releasing cat-
ions when exposed to the cell culture medium (Dulbecco's
modified Eagle's medium).*' Li et al. showed that the particle
size of MIL-100(Fe), and MIL-101(Fe) determined the stability
and biodegradability of the MOF when exposed to phosphate
buffered saline (PBS).*> The mechanism of the MOF degrada-
tion was attributed to the affinity of phosphate groups for
polyvalent cations. This hypothesis was supported by the de-
tection of insoluble metal phosphates.*> Additionally, Liang
et al. proposed the degradation of ZIF-8 in PBS to explain the
enzymatic activity of solutions containing catalase@ZIF-
8 micrometric particles.” In another study, Luzuriaga et al.
showed that ZIF-8 can degrade in several buffer solutions
suggesting that this aspect should be taken into account for
biotechnological applications.*> However, the mechanism of
degradation of ZIF-8 particles in PBS has not been fully eluci-
dated and the related kinetics of decomposition remain
unknown.

To shed light on the kinetics of biodegradation of ZIF-
8 we present a comparative study on the stability of pure
micro- and nano-ZIF-8 particles (2 um and 250 nm) using a
PBS (10 mM, aka 1X) medium under physiological pH (7.4)
and temperature (37 °C). We focus on PBS as it is one of the
most frequently used media to maintain physiological pH
and osmolarity for biomedical dilutions in cell culture and
protein chemistry.>*™” We first examined the chemical and
structural behavior of pure micro-ZIF-8 with an average size
of ca. 2 um, as this is the typical size of ZIF-8-based
biocatalysts.”'®?¢7>% The stability of these particles was evalu-
ated in terms of crystallinity, morphology, and chemical com-
position, using powder X-ray diffraction (PXRD), infrared
spectroscopy (IR), and scanning electron microscopy with en-
ergy dispersive X-ray spectroscopy (SEM/EDS). Further, the
decomposition of micro-ZIF-8 particles was monitored by
in situ atomic force microscopy (AFM) experiments, *'P NMR,
and quantitatively determined by monitoring the concentra-
tion of 2-methylimidazole released over time, using gas
chromatography-mass spectrometry (GC-MS) as analytical
technique. We then focused on examining how the nano-ZIF-
8 particles (average size of 250 nm) behave when exposed to
PBS. Our results indicate that the decomposition of ZIF-8 par-
ticles is size-dependent (degradation was found to be faster
for these smaller particles) and thus suggests that the particle
dimensions must be carefully considered when designing
ZIF-8-based composites for applications where controlled re-
lease is required.

Results and discussion
Synthesis of micro- and nano-ZIF-8 particles

Micro-ZIF-8 particles, ca. 2 um, were prepared by mixing
aqueous solutions of Zn(OAc),-2H,0 (15 mL, 120 mM) and
2-methylimidazole (HmIM) (30 mL, 960 mM) (see ESIt for de-
tails). Based on our previous study on how precursor stoichi-
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ometry influences the ZIF structure,*® we employed a HmIM :
Zn>" molar ratio of 16:1 to yield pure sod-ZIF-8. Further-
more, the crystal size was controlled by modifying the con-
centration of the MOF precursors in the reaction mixture.
Thus, nano-ZIF-8 particles, ca. 250 nm, were achieved by in-
creasing the concentration of Zn(OAc),:2H,O (10 mL, 240
mM) and HmIM (20 mL, 1920 mM). Close analysis of the
SEM reveals that both micro- and nano-ZIF-8 crystals present
a rhombic dodecahedron morphology typical of sod-ZIF-
8 (Fig. S3a and b, ESIf). The phase purity of both samples
was confirmed by powder X-ray diffraction (PXRD) analysis
(Fig. S3c and d, ESI¥).

Analysis of the stability of micro-ZIF-8 and nano-ZIF-
8 particles

PBS (1X) closely mimics the pH, osmolarity, and ion concen-
trations of the human body. Therefore, this buffer is widely
used as a medium in biological research.**’ In this realm,
PBS has been widely employed in therapeutic in vitro trials to
evaluate the suitability of MOFs as drug carriers,”>**™*" and
has also been used for standard enzymatic tests applied to
active MOF biocomposites.*>™*° Accordingly, a thorough un-
derstanding of how PBS buffer affects the stability of ZIF-8,
including the kinetics of decomposition and resulting by-
products, is important not only for the design of drug car-
riers with controlled release of their corresponding cargo, but
also for the interpretation of bio-catalytic activity data for
enzyme@MOF composites. To this end, micro-ZIF-8 (0.5 mg
mL™) particles were incubated in PBS (1X) buffer media, un-
der physiological conditions of pH (7.4) and temperature (37
°C), for 1 h, 3 h, 6 h, and 24 h (Fig. 1). The concentration of
the micro-ZIF-8 particles used in this study was based on: (1)
the cytotoxicity threshold concentration of ZIF-8 (30 ug
mL™),>° (2) the minimum amount required to enable the rec-
ollection of the remaining ZIF-8 particles upon 24 h of treat-
ment with PBS (see ESIt for details). The effect of the PBS
was monitored by recovering the solid, via filtration, at differ-
ent incubation time points (see ESI{ for details). The solid
collected after the incubation of micro-ZIF-8 particles for 24
hours in PBS was analyzed by SEM. The data revealed that

Zinc phosphate
particles

2 um

Fig. 1 Incubation process of ZIF-8 particles in phosphate buffered sa-
line media (PBS) under physiological conditions of pH (7.4) and tem-
perature (37 °C). (a) SEM image of as-synthesized micro-ZIF-8 particles.
(b) SEM image of micro-ZIF-8 particles after being soaked in PBS for
24 h.
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the initial rhombic dodecahedron morphology was trans-
formed into clusters of spherical shaped nanoparticles
(Fig. 1a and b).

Then, PXRD technique was employed to evaluate the rela-
tive crystallinity of the micro-ZIF-8 particles upon their treat-
ment in PBS. The measurements were performed adding a
known quantity (20% wt) of commercial TiO, (anatase) as
internal standard (Fig. 2a). This method allows us to exclude
the possibility that the decrease in intensity of the diffraction
peaks resulted from fluctuations in the mass of the crystal-
line material from sample to sample. The diffraction patterns
were baseline corrected. Then, the peak corresponding to the
(101) anatase (26 = 25.3°)°" was fitted with a Gaussian curve,
and the intensity normalized (see ESI} for details).

We found that the normalized intensity of the peak aris-
ing from the (011) plane of sod-micro-ZIF-8 crystal decreased
with incubation time in PBS (Fig. 2). Specifically, after 1 h
the intensity drops to 26% of its original value, and only 11%
after 24 h (Table S2, ESIT). This loss in peak intensity sug-
gests that, under these conditions, the long range order is
lost as MOF crystals are decomposing.’> The PXRD patterns
collected after the incubation process do not present new dif-
fraction peaks suggesting that by-products are amorphous.

To monitor the morphological changes of micro-ZIF-8 par-
ticles during immersion in PBS, a polycrystalline ZIF-8 coating
was fluxed with 50 pL min™ of buffer solution within a flu-
idic cell. An in situ real-time AFM study was performed to ex-
amine the changes in morphology (ESI Movie.mp4). Selected
3D AFM images are shown in Fig. 2b where a single micro-
ZIF-8 particle is tracked over time. A change in morphology is
clearly evident within the first 3 minutes of incubation; the
initial sharp edges of the rhombic dodecahedron crystal be-
came progressively rounded. Within 9 minutes, a 20% reduc-
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tion in the original height of the ZIF-8 crystal can be ob-
served, and in less than 15 minutes the crystal is almost
completely dissolved (Fig. 2c). This qualitative measurement
demonstrates the rapid decomposition of micro-ZIF-8 parti-
cles once exposed to 10 mM PBS media.

Then, we performed FTIR spectroscopy to assess changes
in the atomic connectivity upon exposure to PBS. Fig. 2d
shows that significant changes in the vibrational bands occur
when the as-synthesized micro-ZIF-8 particles are immersed
in PBS. For example, a progressive decrease in the peak
intensity of vibration modes related to HmIM (vc—y, 1584
eM '} Vying, 1500-1350 cm ' and Jouof-plane bendingy 800-650
ecm™) is evident. Furthermore, the spectra show a progressive
reduction in the intensity of the band attributed to the Zn-N
stretching mode (421 cm™). These data suggest that the deg-
radation process of ZIF-8 involves the release of the ligand
with a change in the coordination environment of the Zn>*
ions. In addition, new vibrational modes were detected at
1160-900 ecm™" and 660-530 cm ' with increasing intensity
over time. Given the composition of the solution, and previ-
ously reported infrared studies of amorphous zinc phosphate
nanospheres,®® the broad bands observed at 1160-900 cm™
could be ascribed to the antisymmetric stretching mode of
PO,*” with the shoulder peak at 956 cm™* originating from
the P-O bending mode, and the broad band at 660-530 cm™"
is engendered by bending of PO,* groups. Considering the
high affinity of phosphate groups for polyvalent cations (e.g.
Zn*"),>* it may be proposed that the new bands in the FTIR
spectra are the result of zinc phosphates formed as degrada-
tion by-products of the micro-ZIF-8 crystals.

To ascertain the presence of zinc phosphates, we
performed EDX analysis (Fig. 3a and b). The elemental maps
of the samples before and after exposure to PBS show a
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Fig. 2

(a) PXRD patterns illustrating the structural evolution of micro-ZIF-8 particles before and after the incubation process in PBS. (b) Evaluation

of the degradation process followed by in situ AFM experiments. (c) Height profiles extracted from (b), showing the morphological evolution of a
single micrometric ZIF-8 particle upon the incubation in PBS (the first 6 min the measurements were performed in deionized (DI) water as incuba-
tion media). (d) Comparative FTIR spectroscopic analysis of the micro-ZIF-8 particles before and after the treatment with PBS.
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(a) EDX elemental maps of the as-synthesized ZIF-8 microcrystalline powder. (b) EDX elemental maps of the powder recovered after the in-

cubation process in PBS for 24 h. (c) 3'P NMR of PBS prepared in D,O before (lowest trace) and after adding micro-ZIF-8 particles (0.5 mg mL™?, 1
and 24 h, middle and upper trace, resp.). (d) Quantitative determination of 2-methylimidazole released after the incubation process in PBS (1 h, 3

h, 6 h and 24 h).

significant change in the elemental composition and distri-
bution. The as-synthesized micro-ZIF-8 particles present a
uniform distribution of Zn and N within the micro-sized par-
ticles and no evidence of P (Fig. 3a). However, after the incu-
bation in PBS, we found that while the N signal was negligi-
ble, Zn was present as a constituent of solid aggregates.
Furthermore, these aggregates showed a local concentration
of O co-localized with P (Fig. 3b).

To gain an insight into the degradation process we moni-
tored the *'P NMR resonance of a PBS solution (prepared
with D,0) after adding ZIF-8 (Fig. 3c). The intensity of the
signal associated to phosphate in PBS decreases upon the ad-
dition of ZIF-8, accompanied by a small downfield shift of
0.44 ppm. Importantly, no other *'P peaks appeared in spec-
tra recorded after 1 and 24 h (Fig. 3c). This observation can
be explained by the formation of insoluble zinc phosphates,
which escape from NMR detection (see Fig. S11).>* Insoluble
zinc phosphates, that are formed during the degradation, can
be removed by filtration, as confirmed by the low concentra-
tion of Zn>" in the supernatant determined by ICP-OES (see
Table S17).

These findings clarify the mechanism of the degradation
process, in which the coordination equilibrium, between
Zn”* ions and HmIM in solution, is altered by the presence
of phosphate species. Such phosphates have a high affinity
for Lewis metal centers shifting the equilibrium towards the
formation of insoluble inorganic by-products. Our data sug-
gest that the competition of phosphate species for the metal-
lic centers progressively releases HmIM in solution. This pro-
cess might be also favored by the pH conditions imposed by
the buffer media (pH = 7.4). Indeed, under these conditions,
the ligand exists in solution as a protonated specie (pK,; =
7.85; pK,, = 15.1),>® which reduces the complexing power of
the linker toward the cation.

A quantitative determination of the degradation process
was achieved by measuring the concentration of HmIM re-
leased in the mother liquors by gas chromatography-mass
spectrometry (GC-MS) (Fig. 3d) after 1, 3, 6 and 24 h exposure
of ZIF-8 to PBS. The collected data show that the most signifi-
cant changes occur within the first hour of treatment with
PBS, as around 79% of the HmIM is released into the incuba-

This journal is © The Royal Society of Chemistry 2019

tion media. The release of HmIM after 3 h and 6 h, respec-
tively, of treatment in PBS is comparatively less significant.
After 24 h incubation, ca. 93% of HmIM is present in the
mother liquors thus supporting the interpretation of the
PXRD and *'P NMR data. Given the relevance of nanoMOFs
for biomedical applications,’® we extended the analysis to
evaluate the stability of the nano-ZIF-8 particles with average
size of 250 nm, incubated in PBS, following a procedure anal-
ogous to that described for micro-ZIF-8 samples (see ESI} for
details). The degradation process was monitored up to 72 h,
which is a suitable period to assess the feasibility of these
systems for long-term drug delivery applications."’

The PXRD patterns and FTIR data indicate that the nano-
ZIF-8 particles experienced a faster degradation than micro-
ZIF-8 particles. This is evidenced by the rapid decrease in the
intensity of both the Bragg peaks of sod-ZIF-8, and the bands
associated to Zn-N stretch mode (421 ecm™) (Fig. 4a and b).
Furthermore, FTIR confirms the formation of zinc phosphate
species for nano-ZIF-8 exposed to PBS. We performed time-
resolved SAXS experiments to follow the rapid degradation of
the nano-sized particles, by monitoring a nano-ZIF-8 disper-
sion in PBS (10 mM) and in DI water as a control. The evolu-
tion of the diffraction peak attributed to the plane (011) sod-
ZIF-8 was recorded with a 3 min time resolution (Fig. 4c).
These data, together with the simultaneous decrease of the
scattering intensity at low angles, confirm the instability of
nano-ZIF-8 particles in the PBS solution: the crystallinity is
completely lost within 40 min (see ESI} for details). Con-
versely, the intensity of the (011) diffraction peak of sod-ZIF-
8 particles dispersed in DI water is almost unchanged after a
5 h exposure (Fig. S21). These observations were quantita-
tively corroborated by GC-MS to determine the concentration
of HmIM in the mother liquors (Fig. 4d). Importantly, the
comparative results between the micro- and nano-ZIF-8 parti-
cles show that the concentration of ligand in solution for the
nano-ZIF-8 is 10% larger for 1 h and 24 h incubation. This is
supported by the AFM images, micro-ZIF-8 particles that
show etching of the external surface after only one minute.
Thus, the faster degradation of nano-ZIF-8 particles can be
explained by their larger surface area exposed to the PBS me-
dia. We also investigated the morphology of nano-ZIF-8 before

CrysttngComm, 2019, 21, 4538-4544 | 4541
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Fig. 4 (a) PXRD diffractograms of nano-ZIF-8 particles before and after the incubation process in PBS (1 h, 24 h, and 72 h). (b) FTIR spectroscopy

of the micro-ZIF-8 particles before and after the treatment with PBS. (c) Time-resolved SAXS of nano-ZIF-8 particles dispersed in PBS (1X) solution.
The reported g range (4.9-5.5 nm™?) highlights the time-evolution of the intensity of the (011) diffraction peak of sod-ZIF-8. (d) Quantitative com-
parison of the degradation process suffered by nano- and micro-ZIF-8 particles by the determination of the concentration of 2-methylimidaloze in
the mother liquors. (e) SEM micrographs, and EDX elemental mapping (Zn, N, O, and P) images of the as-synthesized nano-ZIF-8 particles. (f) SEM
and EDX images of the powder recovered upon the treatment with PBS for 24 h.

and after 24 h of treatment in PBS. SEM micrographs show a
transformation from original rhombic dodecahedron mor-
phology to clusters of spherical nanoparticles (Fig. 4e and f).
The EDX elemental maps analysis confirmed the presence of
Zn, O, and P in such clusters; however, N was not detected.
These experiments evidenced that nano-ZIF-8 degrades into
zinc phosphate species as in the case of micro-ZIF-8. How-
ever, we note that the kinetics of degradation was slower for
large particles and faster for smaller ZIF-8 crystals.

Conclusions

In this study, we demonstrated that ZIF-8 particles can rap-
idly decompose when immersed in PBS (10 mM). The decom-
position of the sod-Zn(mIM), crystalline network leads to the
formation of zinc phosphate insoluble particles. The kinetic
of decomposition depends on ZIF-8 particles size and is
faster for smaller particles. The current elucidation of the de-
composition mechanism and by-products can be relevant for
biochemical processes. In case of bio-composites for bio-
catalysis (e.g. enzyme@MOF), the potential release of en-
zymes in buffer solution should be taken into consideration,
especially when the precise quantification of the enzymatic

4542 | CrysttngComm, 2019, 21, 4538-4544

activity is needed (e.g. recyclability of the biocatalyst). In case
of drug release, phosphates are essential components in intra-
vascular, interstitial and intracellular fluids.***®>” Therefore,
it is possible to take advantage of the biodegradability of ZIF-8,
induced by the presence of phosphates, to stimulate the release
of APIs incorporated within the porous network.
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