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Mineralization of the ZIF-8 in the presence of biomacromolecules has been demonstrated to be a general
way for making bioentities@ZIFs composites. The ZIF-8 crystals permit controlled storage and utilization
of the bioentities, thus can benefit drug delivery, cold-chain breaking etc. With the increasing needs on
personal care and distributed manufacturing, automated synthesis controlled by a computer becomes the
next challenge. In this work, we designed an automatic synthesis system to prepare PEG mineralized
ZIF-8 composite particles. This system is based on flow chemistry with the microfluidic chips fabricated

ZIF-8 by femtosecond laser micromachining. The particles were synthesized and monitored automatically. Fur-
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through internet.

thermore, this synthesizer could be extended for fabrication of vaccine particles under remote control

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic frameworks (MOFs) are a class of solid formed
by self-assembly of inorganic nodes and organic ligands [1-12]. Re-
cently, they have been recognized as versatile matrix for encap-
sulating bioentities [13-18]. The MOFs work as crystalline coat-
ing for the bioentities which are useful for therapy and biocatal-
ysis etc. In particular, mineralization of ZIF-8 in the presence of
biomacromolecules has been demonstrated to be a general way
for making the bioentities@ZIFs composites. The Zn?* jons and 2-
methylimidazole ligands coordinate together around the biomacro-
molecules, forming crystals which swallow the biomacromolecues
inside. The ZIF-8 crystals permit controlled storage, release and
utilization of the bioentities, thus can benefit drug delivery, cold-
chain breaking etc. [13-18].
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The formation process of the bioentities@ZIFs is naturally suit-
able for large-scale process. Flow chemistry has been employed for
continuous synthesis of the bioentities@ZIFs. This method can en-
hance the reproducibility and be scaled-up easily [19,20]. With the
increasing needs on personal care and distributed manufacturing,
automated synthesis becomes the next challenge. Automated syn-
thesis can monitor and regulate the synthetic process. Ideally, non-
specialists will be able to obtain the target ZIF composites by sim-
ply input the aim parameter.

Recently, automated syntheses have been rapidly developed.
The complex operations and parameters become controllable
through algorithms such as machine learning [21]. In particular,
the pharmaceutic industry is benefiting from the related technol-
ogy which can certainly increase the research and development
speed in a lower cost [22-28]. So far, the automated syntheses have
been tried in several materials such as quantum dots, carbon nan-
otubes, vdW crystals, as well as metal-organic cages [29-35]. How-
ever, this technology has not been applied to mineralization of ZIF-
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Fig. 1. (a) Illustration of the automated synthetic system. (b) Schematic view of
working mechanism of the single mixing unit. (c) Photograph of the glass microflu-
idic chip. Inset: the close view of the mixing units at the location of the yellow
box.

8 composites yet. In addition, a method for in situ characterization
of the products needs to be established.

In this work, we selected PEG mediated mineralization of ZIF-
8 as the model reaction. This reaction allows co-encapsulation of
PEG and other bioentities into the ZIF-8 crystals. The PEG mineral-
ized ZIF-8 biocomposites have recently been proved to be useful in
drug and vaccine delivery [36,37]. Automated and remote synthe-
sis of the PEG mineralized ZIF-8 biocomposites is a step towards
the future personalized synthesis of therapeutics.

The automatic mineralization of ZIF-8 particles in the presence
of PEG has been realized in a synthesizer which is based on flow
chemistry (Fig. S1 in Supporting information). The regents are se-
quentially added into the system by peristaltic pumps under the
control of a computer (Fig. 1a). The reactants are mixed in our lab-
made glass microfluidic chips. In brief, 2-methylimidazole and PEG
(4000 MW) are mixed to a microfluidic chip first. Subsequently,
the mixed solution was reacted with an aqueous solution contain-
ing Zn(NOs3), in another microfluidic chip. The mixture was aged
and monitored by UV-vis spectrometer before collected by cen-
trifugation.

The operating principle of the mixing unit enabled by Baker’s
transformation is illustrated in Fig. 1b. Two different microstreams
(i.e., illustrated in red and green in Fig. 1b) are sent into the mix-
ing unit, separating from each other as the right (in green) and left
(in red) microstreams. After that, the two microstreams are divided
into the upper and lower streams. With this manner, the number
of microstreams in the microchannel can be increased from 2 to
4, Repeating of the process enables rapid increasing of the num-
ber of microstreams (N) in the main microchannel as a function of
N2n where n is the number of mixing units. As a result, high mix-
ing efficiency can be achieved by using our microfluidic chip. The
chips with 3D configuration were realized in silica glass by fem-
tosecond laser micromachining as shown in Fig. 1c. The length of
each mixing unit is 2 mm, and the area of the cross-section of 1
mm x 1 mm. The chip contains 400 mixing units with a size of
110 mm x 100 mm. More details of femtosecond laser microma-
chining can be found in the supplementary document (Fig. S2 in
Supporting information) [38-40].

The size of the product correlates to the amount of PEG
molecules. Figs. S3-S6 (Supporting information) show scanning
electron microscopy (SEM) images of the obtained particles. All
the samples are of polyhedron shapes which are typical for ZIF-8
crystals. The statistic size distribution curves of the particles were
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Fig. 2. A processing algorithm for automatic synthesize of PEG mineralized ZIF with
controlled size.

collected by analyzing a hundred particles in each image. All the
size distribution curves can be simulated as a Gaussian shape, in-
dicating the uniform size of the samples. A relationship between
the mean size and the amount of PEG has been plotted in Fig.
S7 (Supporting information). The particle sizes decrease linearly
with the increase of the PEG concentration. The content of PEG
in the particles are approximately 25 wt% according to the ther-
mogravimetric analysis. The role of the PEG is probably due to the
interaction between the Zn2* ions and the ethoxyl groups in the
PEG molecules, which can stabilize the pre-nucleation clusters and
prompt nucleation surrounding the molecular chains. The more the
PEG molecules, the more nuclei are formed, which means that
there are less Zn?t and 2-methyimidazole to support growth of
each nucleus. Thereby, the obtained crystals become smaller with
more PEG molecules. In addition, the PEG molecules can attach on
the surface of the obtained crystals, increasing the monodispersity
of the particles.

For an automatic process, an in situ way to monitor/confirm for-
mation the ZIF-8 is important. As a metal-organic complex, ZIF-8
has a strong ultra-violet absorption at near 200 nm. Such an ab-
sorption is probably caused by the ligand to metal charge transfer
(LMCT) which correlates to the structural ZnNy4 clusters [41]. We
measured UV-vis adsorption spectra of all the obtained particles.
The spectra are shown in Fig. S8 (Supporting information). They all
have a singlet absorption near 200 nm. This result indicates that it
is possible to deduce the size of the synthesized ZIF-8 particles by
an in situ UV-vis spectroscopy method.

For an automated synthetic system, we have strong interest to
control the particle size. On the basis of a relationship shown in
Fig. S7, we input the target size, and deduce the required concen-
tration of the PEG. This parameter is used to establish an auto-
mated logarithm. A processing algorithm is designed for automatic
controlling the synthesizer (Fig. 2). Basically, the target size is in-
put into the program. The required PEG concentration is given by
the linear relationship obtained from Fig. S7. Then the computer
sends order to peristaltic pumps to mix reactants in microflu-
idic chips. After mixing, the suspension is aged for mineralization.
Trace amount of the sample is taken by syringe pumps and di-
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Fig. 3. (a) ZIF-8 particles synthesized automatically (particle size 500 nm). (b)
Static size distribution of the particles shown in (a). (c) ZIF-8 particles synthesized
automatically (particle size 900 nm). (d) Static size distribution of the particles
shown in (c).

luted by distilled water. UV-vis absorption spectroscopy measures
the peak near 200 nm to confirm the formation of ZIF-8. If the
experimental data agrees with the calculated data, the samples are
harvested as product. Otherwise, the mineralization process is con-
tinued.

We let the synthesizer to perform syntheses automatically
(Fig. S9 in Supporting information). Fig. 3 illustrates SEM images of
the as-prepared samples. The particles were further characterized
by powder X-ray diffraction (PXRD). Figs. S10 and 11 (Supporting
information) illustrate that the obtained samples are of sod topol-
ogy, with all the diffraction patterns match with the simulated ZIF-
8 pattern [20]. The enhanced Brag diffraction from (222) and (013)
planes could be caused by the interactions between PEG molecules
and the nucleus of ZIF-8 during the mineralization process [36,37].
FT-IR spectra of the two samples are shown in Figs. S12 and
13 (Supporting information). The bands correspond to =CH-
(3131 cm™'), -CH; (2880 cm™!), -C=C (1576 cm™!), C-0O-C (1100
cm!), confirming the hybridization characteristic of PEG and ZIF-
8 in the obtained crystals [36,37]. The PEG/ZIF composites show
minimized gas uptake during N, adsorption analysis at 77K. Figs.
S14 and 15 (Supporting information) suggest that there is almost
no uptake at the low relative pressure (< 0.1). In contrast, pure
ZIF-8 particles typically can adsorb great amount of N, at the low
relative pressure region, which is due to the high microporosity
of the sod topology. The specific surface areas of the two samples
are calculated to be around 50 m2/g according to the BET theory.
The BET surface areas are much lower than that of the pure ZIF-
8 crystals (1000 m2/g). The probable reason is the incorporated
PEG molecules can block the pores, rejecting adsorption of N, gas
molecules. Therefore, bioentities such as sensitive proteins can be
packed and protected in the PEG/ZIF composites [36,37].

We take advantage of this synthesizer to fabricate vaccine
particles which are ZIF-8 crystals embedded with OVA and CpG
(Fig. 4a). The vaccine particles have antigen and adjuvants which
are protected by the PEG/ZIF-8 shell. Based on the optimized pro-
cedure, we could be able to realize automatic synthesis of the vac-
cine particles through internet [42]. As a test, we set up a syn-
thesizer with remote control end (Fig. 4b). We input our order in
another building which is more than 20 km away from the synthe-
sizer (Fig. S16 in Supporting information).

Figs. 4c and d illustrate SEM images of the two kinds of vac-
cine particles. The OVA@ZIF-8 particles are of an average size about
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Fig. 4. (a) Illustration of the vaccine particle. (b) Remote automatic synthesis of
vaccine particles via a flow chemistry synthesizer. (c) SEM image of OVA@ZIF-8 par-
ticles. (d) SEM image of OVA-CpG@ZIF-8 particles.

380 nm, while the OVA-CpG@ZIF-8 particles are of an average size
about 350 nm. Both samples are smaller than the PEG-only sample
(500 nm) by keeping other conditions similar (Fig. 3a). The reason
is that the OVA is negatively charged, thus can attract Zn®* ions to
the molecules. Nucleation of ZIF-8 can be further accelerated, lead-
ing to smaller size of the biocomposite [15]. The PXRD profiles of
the two samples match with the simulated ZIF-8 (Figs. S17 and S18
in Supporting information). Only a small additional peak was ob-
served in the OVA-CPG@ZIF-8, indicating the formation of layered
ZIF as an impurity (Fig. S18). This is probably due to the influence
from the CpG. FT-IR spectra of the two samples confirm incorpo-
ration of the OVA and CpG molecules in the ZIF-8 particles (Figs.
$19 and 20 in Supporting information). The bands at 3437 cm!,
617 cm™! and 1250 cm™! correspond to the -NH, groups of OVA
[36,37]. Similar to the PEG-ZIF composite particle, the OVA@ZIF-8
or the OVA@ZIF-8 particles present few uptakes at the low rela-
tive pressure (< 0.1) during N, adsorption at 77 K (Figs. S21 and
22 in Supporting information) [36,37]. We note that the obtained
composites are of similar shape and property like the composites
prepared in flask [37]. This is different from the previous report
which indicates that the biocomposites prepared in a microfluidic
chip contain more defects [32]. The reason is that our microfluidic
chips have very good mixing effect, while the reported microfluidic
chip intentionally introduce gradient mixing during synthesis [32].

DC activation and maturation is a key prerequisite to gener-
ate effective antigen-specific immunity [43,44]. This process is ac-
companied by increased expression of costimulatory factors and
secretion of cytokines [43,44]. To investigate the effects of OVA-
CpG@ZIF-8 NPs on the maturation of DCs, the surface markers of
the BMDCs were analyzed after cocultivation with different for-
mulations for 24 h. The flow cytometry analysis results showed
that the expression of CD86 and CD80 on BMDCs treated by OVA-
CpG@ZIF-8 significantly increased than other groups. In contrast,
the BMDCs cultured with OVA or CpG showed a slight increase
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in expression of costimulatory markers, this may be due to the
lack of endocytosis of free antigens and adjuvants (Figs. S23 and
S24 in Supporting information). The above results indicate that co-
delivery antigen and adjuvant by OVA-CpG@ZIF-8 could efficiently
promote DC activation and maturation, triggering robust immune
response.

In summary, we presented an automatic synthetic system to
prepare PEG mineralized ZIF-8 composite particles. This system is
based on flow chemistry with the microfluidic chips fabricated by
femtosecond laser micromachining. The sizes of the particles were
controlled by the feeding concentration of PEG. The linear relation-
ship between the PEG concentration and the particle size helped
to establish an algorithm to synthesize PEG/ZIF-8 composite par-
ticles on demand. By combining the addition of OVA and CpG,
vaccine particles were synthesized in a modified synthesizer. The
vaccine particles can efficiently prompt DC activation and matu-
ration. Furthermore, this synthesizer could be controlled remotely
through internet, offering opportunity for future personalized ther-
apy and distributed manufacturing. For instance, the patients may
send their special requests to the pharmaceutic company. The au-
tomatic factory can manufacture the medicines after receiving the
request. We believe the automatic synthetic strategy can be easily
integrated with the advanced artificial intelligence technique such
as machine learning which can not only save labor work on the
bench but also guide unknown synthesis of MOFs or their hybrids.
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