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Biomimetic mineralization of metal-organic frameworks (MOFs)
exploits the use of biomolecules to control MOF crystallization
processes. Here, we investigate 20 natural amino acids as
biomimetic crystallization agents for the synthesis of ZIF-8 particles
in aqueous solution. The morphology, size, and particle number of
resultant MOF crystals were strongly dependent on the chemical
nature of amino acid side chains that match closely the four clas-
ses of amino acids: nonpolar, polar neutral, polar negative and po-

lar positive.

Metal-organic frameworks (MOFs) are an emerging class of
porous materials comprised of inorganic and organic units
linked together by strong bonds." Due to their flexible and
modular synthetic approach achieved by simply combining
different inorganic and organic building units, almost
unlimited MOF structures can be prepared.>® This has made
MOFs ideal candidates for many applications including gas

storage and  separation,®  catalysis,”®  optics,>"’
microelectronics,""**> sensing,"*'* decontamination,'>'® and
biotechnology."”*®

Recently, a new research trend in MOFs has been focusing
on the tuning of particle morphology and crystal size. Mor-
phological control has proven to be one of the important fac-
tors for optimising the performance of MOFs." For instance,
tuning both the size and polyhedral shape of MOF crystals
affects the overall surface area and diffusion resistance,?®
the self-assembly into highly ordered MOF-superstructures,
as well as the efficacy and circulation time of MOF-based
drug delivery carriers.”*** To date, various strategies have
been reported for controlling the MOF particle size and
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morphology: use of the coordination modulation strategy;**
addition of surfactants to various MOF systems has been
shown to affect particle shape, size, and mesoporosity;>>>°
controlled post synthetic chemical etching can lead to parti-
cles with diverse morphology;*"** and inorganic nano-
particles have been shown to act as seeds to control the size
of resulting MOFs.>* A strategy that remains largely unexplored
is the use of biomolecules to control the morphology of
MOF particles. Very recently, we introduced a biomimetic
mineralization approach that utilises biomolecules as crys-
tallization and directing agents for engineering a range of
MOFs,** showing interesting perspectives in biomolecule
capturing, encapsulation, protection, controlled release, and
even forensic science.**® The resultant MOF particles ex-
hibited protein-dependent morphological features, with signif-
icant diversity when compared to standard MOF particles.
However, only complex biomolecules such as proteins, en-
zymes and DNA as were used as biomimetic mineralization
agents to control the morphology of the MOF crystals. In par-
ticular, particles with the shape of spheres, cubes, leaves,
flowers and stars were obtained using Zeolitic imidazolate
frameworks (ZIFs). ZIFs are scientific and technologically
interesting MOFs due to their exceptional thermal and chemi-
cal stability.*”*® ZIFs are promising candidates for applications
in gas storage,® separation,*®*' catalysis,”** and sensing.**
Additionally, they could be used for biomedical applications
because of the demonstrated negligible cytotoxicity.>***

Here, for the first time we explore the use of the main pro-
tein building blocks, namely the 20 natural amino acids, as
crystal and structural directing agents for ZIF-8. Distinctive
crystal morphologies were obtained by adding different
amino acids in an aqueous ZIF-8 precursor solution. Due to
the simple and unique structure of the different amino acids,
we were able to identify a correspondence between the ZIF-8
particle morphology and the standard classification amino
acid used. This information will allow us to develop an under-
standing of the fundamental crystallization mechanisms of
biomimetically mineralized MOFs.

This journal is © The Royal Society of Chemistry 2016
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Classically, amino acids are grouped into five categories
based on the propensity of the side chain to be in contact
with a polar solvent; hydrophobic (non-polar and non-polar
aromatic), polar neutral, and polar charged (positive and neg-
ative). The five categories are proposed in Fig. 1a. Therefore
we grouped the resulting ZIF-8 particles according to this
amino acid classification method.

In a typical experiment, each single amino acid was
dissolved in an aqueous solution of 2-methylimidazole
(HmIm) and then mixed with an aqueous solution of zinc ac-
etate. After 10 min, the precipitates were washed and col-
lected by centrifugation. In a control experiment, the mixing
of aqueous solutions of HmIm and zinc acetate without the
addition of amino acids, did not result in any observable par-
ticles (analysis performed using SEM). Powder X-ray diffrac-
tion (PXRD) measurements performed on washed samples
obtained by adding amino acids showed diffraction patterns
analogous to pure ZIF-8 (Fig. S1t). Scanning electron micros-
copy (SEM) revealed the morphological difference of ZIF-8
particles prepared with each different amino acid (Fig. 1b).

Out of the 20 amino acids, 4 amino acids (Lys, His, Arg,
and Tyr) did not afford the formation of ZIF-8 particles. This
was attributed to the highly positive charge on the Lys, His,
and Arg, which could oppose Zn** ions thereby preventing
ZIF-8 crystal growth. On the other hand, Tyr showed very low
solubility in water, and likely could not participate in the
crystallization process efficiently. The addition of all the
other amino acids resulted in ZIF-8 particles with distinctive
size and morphology. Increasing side chain hydrophobicity
of non-polar amino acids resulted in a ZIF-8 morphological
transition from spheroid to rhombic dodecahedron, then to
truncated cubes. While, amino acids with aromatic side
chains only induced the formation of truncated cubic ZIF-8
particles. In the case of polar neutral amino acids, side
chains terminated with a hydroxyl group also induced ZIF-8
particles with a cubic morphology. Interestingly, negatively
charged amino acids induced the formation of spherical
ZIF-8 particles with a narrow size distribution.

The average particle size from each sample was calculated
using Image] software on SEM images; the results are plotted
in Fig. 2. In general, increasing the hydrophobicity of the
non-polar amino acid side chain (Ala, Met, Val, Leu, Ile and
Pro)*® decreased the ZIF-8 particle size from 1.25 um to 0.5
pm. Amino acids with aromatic side chains produced rela-
tively small ZIF-8 particles (ca. 300 nm). Although Gly pro-
duced the smallest ZIF-8 particles, amino acids with polar
neutral side chains generally lead to a decreasing trend in
the particle diameter with increasing side chain length.
Moreover, the amino acids with negatively charged side
chains (Asp and Glu) formed relatively small particles (ca.
200 nm) with narrower size distribution.

To determine the total number of ZIF-8 particles produced
using each different amino acid, NMR measurements were
performed. In the ZIF-8 precursor solution, the decrease of
the CH; integral at 2.2-2.3 ppm of HmIm, as a result of ZIF-8
formation, was monitored against the unaffected CH; signal
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Fig. 1 (a) Structure of 20 natural amino acids grouped according to
nature of side chains: non-polar (green), non-polar aromatic (orange),
polar neutral (purple), polar negative (blue), and polar positive (red).
Hydrophobic value are given at pH 7.6 (b) SEM images of ZIF-8 parti-
cles prepared using different natural amino acids.

at 1.7-1.8 ppm of the acetate ion (internal standard), and the
amount of free HmIm in the precursor vs. time was calcu-
lated. As a result, the total weight of ZIF-8 particles was
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Fig. 2 Diameters of ZIF-8 particles prepared using different natural
amino acids, as determined by ImageJ from SEM images.

calculated by knowing these values (Table S1t). The number
of particles was then determined by dividing the total weight
by the average weight of the individual ZIF-8 particles calcu-
lated based on the diameters in Fig. 2 and under the approxi-
mation that the ZIF-8 particles are spherical (Methods section
in ESIf). The estimated number of ZIF-8 particles produced
per mL of precursor solution showed a trend opposite to the
one observed for particle size: increasing hydrophobicity of
the non-polar amino acid side chain resulted in an increase
in the ZIF-8 particle number, as shown from Ala to Pro
Fig. 3.7 Amino acids with aromatic side chains produced rel-
atively high particle numbers. Gly produced the highest
amount of particles, while the remaining polar neutral amino
acids followed a similar trend. To confirm the number of
ZIF-8 particles, we also performed elemental analysis on Zn**
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Fig. 3 Estimated number of ZIF-8 particles per mL reaction mixture

prepared using different natural amino.
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Fig. 4 SEM images of ZIF-8 particles prepared using a) Glu and Ser,
and b) Gly and Asn.

using the inductively coupled plasma (ICP) technique. The to-
tal amount of Zn>" was determined by dissolving the ZIF-8
particles collected from each sample (Table S2}), and the cal-
culated particle numbers were in good agreement with NMR
results (Fig. S27).

We further investigated the effects of mixed amino acids
on the morphology of ZIF-8 particles. Equal molar amounts
of Glu and Ser were mixed and used to induce the ZIF-8
growth. As pure Glu and Ser induced only spherical and cu-
bic ZIF-8 particles respectively, the resulting ZIF-8 morphology
of the mixed Glu and Ser showed a bimodal distribution of
crystals with spherical and cubic morphology (Fig. 4a). Simi-
larly, a mixture of Gly and Asn with the ZIF precursors in-
duced the formation of crystalline particles with a bimodal
distribution of ZIF-8 morphologies mimicking a mixture of
ZIF-8 crystals prepared using Gly and Asn separately (Fig. 4b).

Conclusions

In summary, 20 natural amino acids were used as biomimetic
crystallization agents for the controlled growth of ZIF-8 parti-
cles in aqueous solution. The resulting ZIF-8 particle size,
morphology, and number were found to be strongly depen-
dant on the nature of the amino acid side chains. Increasing
the hydrophobicity of the non-polar amino acids led to ZIF-8
morphological transition from spheroid to rhombic dodeca-
hedron to truncated cube, while reducing the particle size
and increasing the particle number. Similar trends were ob-
served for the polar neutral amino acids. Negatively charged
amino acids produced small nearly monodisperse ZIF-8
spheres. Interestingly, the mixture of two different amino
acids as a biomimetic mineralizing agent led to the forma-
tion of particles with a bimodal distribution, corresponding
to the mixture of MOF crystals prepared using the two amino
acids separately. The proposed results enable the precise
tuning the morphological features of MOF particles. We be-
lieve that by combining these observations with simulation
tools, the complicated biomimetic MOF crystallization mech-
anism could be revealed.
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