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The performance of Zeolitic Imidazolate Frameworks (ZIFs) as protective hosts for proteins in drug delivery
or biocatalysis strongly depends on the type of crystalline phases used for the encapsulation of the
biomacromolecule (biomacromolecule@ZIF). Therefore, quantifying the different crystal phases, and the
amount of amorphous content of ZIFs is becoming increasingly important for a better understanding of the
structure-property relationship. Typically, crystalline ZIF phases are qualitatively identified from
diffraction patterns. However, accurate phase examinations are time-consuming and require specialized
expertise. Here, we propose a calibration procedure (internal standard ZrO,) for the rapid and quantitative
analysis of crystalline and amorphous ZIF phases from diffraction patterns. We integrated the procedure
into a user-friendly web application, named ZIF Phase Analysis, which facilitates ZIF-based data analysis.
As aresult, it is now possible to quantify i) the relative amount of various common crystal phases (sodalite,
diamondoid, ZIF-COs-1, ZIF-EC-1, U12 and ZIF-L) in biomacromolecule@ZIF biocomposites based on Zn%*
and 2-methylimidazole (HmIM) and ii) the crystalline-to-amorphous ratio. This new analysis tool will
advance the research on ZIF biocomposites for drug delivery and biocatalysis.

Metal-Organic Frameworks (MOFs) are a class of coordination polymers that are formed via the assembly of
inorganic nodes (metal clusters or ions) and organic linkers.>2 Recent progress on composites based on MOFs
and biomacromolecules, namely MOF biocomposites, have been generating significant interest in the field
of biotechnology and biomedicine.>™® In particular, Zeolitic Imidazolate Frameworks (ZIFs) prepared from Zn%*
and 2-methylimidizaole (HmIm) are widely studied because their facile synthesis is compatible with several
different classes of biomacromolecules (e.g. proteins, carbohydrates, lipids, nucleic acids, viruses, and
cells).3>7"11 By mixing biomacromlecules to a an agqueous solution of Zn cations and HmIM, it is possible to
find conditions inducing the spontaneous formation of the ZIF material around biomacromolecules (i.e.
biomimetic mineralization).> Once the ZIF biocomposite (biomacromolecule@ZIF) is formed, the
encapsulated biomacromolecule can be protected against harsh environments®*2, can be stored without the
need of refrigeration for long periods>®!? and can be released in a controlled fashion by exposing the
biocomposite to chelating agents (e.g. EDTA)3, acidic environments (e.g., pH<6.5)** and buffer solutions
(e.g., PBS)1715,

During the preparation of biomacromolecule@ZIF systems, reaction parameters (metal to ligand ratio,
concentration, stirring or static conditions) and post-synthetic treatments (washing with water or ethanol)
strongly influence the crystal structure of the Zn(mIM),-based framework.*>*®!” The type of crystalline phase
strongly influences the physical-chemical properties of the final biocomposite.’?® For example, the
diamondoid (dia) ZIF-8 is a MOF non-porous to N, with a Brunauer-Emmett-Teller (BET) surface area of 40
m?/g,*! whereas the sodalite (sod) ZIF-8 possesses permanent microporosity and has a BET surface area of
1200 m?/g.%t Consequently, the different ZIF structures react differently towards external stimuli like pH
changes (e.g. the release time of Bovine Serum Albumin (BSA) from dia ZIF-8 is 5 times longer than from sod
ZIF-8 at pH 5.5).%® More peculiar properties were shown by amorphous ZIFs biocomposites: in drug delivery,
pH changes can induce the instantaneous ZIF degradation and release of the biotherapeutics;'! in
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biocatalysis, an enhancement of the substrates diffusion and high enzymatic activities in enzyme@ZIF-8
biocatalysts were measured’. We note that, the quantification of the amorphous content is a challenging
step that could require the combination of different characterization techniques (e.g. X-ray diffraction (XRD),
N, physisorption, thermogravimetric analysis, Infrared spectroscopy (IR), X-Ray photoemission
spectroscopy).?
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Figure 1: a) stacked PXRD patterns of ZrO, with an increasing amount of sod, showing
the amplifying peak at 7.36°; b) calibration curve of Sodalite. On the y-axis is the
weight percentage (wt%) of Sodalite in the mixture Sodalite/ZrO, and on the x-axis is
the ratio of the intensities of their respective quantification peaks

In general, a careful investigation of the obtained biocomposite typically shows a mixture of phases with a
dominant component. As these phases have different functional properties an inaccurate phase
identification results in erroneous assessments of their structure structure—property—function
relationships.'® Thus, a tool that enables a rapid and accurate phase assessment in ZIFs will help the progress
of biomacromolecule@ZIF composites in biomedicine and biocatalysis.!®??

Currently, a straightforward tool for the identification and quantification of both the crystalline phases and
the amorphous fraction of ZIF biocomposites is missing. Furthermore, Powder X-Ray Diffraction (PXRD)
analysis is among the most time-consuming steps in the development cycle of novel materials.?> To promote
time effective and quantitative analysis of ZIFs biocomposites, we developed a web-based platform (ZIF
Phase Analysis) that combines the customizable analytical capacities of the R environment* and the
intuitiveness of the user-friendly Shiny interface.? The platform is freely accessible via a dedicated website
(https://rapps.tugraz.at/apps/porousbiotech/ZIFphaseanalysis/). It embeds a novel XRD calibration
procedure that we developed to quantify the phases which are commonly found when synthesising ZIF
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biocomposites from Zn?* and HmIM (i.e. sodalite and diamondoid ZIF-8, ZIF-COs-1, ZIF-EC-1, U12, ZIF-L 161926~
28 here referred to as sod, dia, ZIF-C, ZIF-EC-1, U12 and ZIF-L) and quantify the amorphous content via the
analysis of XRD patterns. This tool will facilitate the data analysis and accelerate the research in the emerging
field of ZIF biocomposites, allowing researchers from different fields to precisely correlate the functional
properties of the ZIF biocomposites (e.g. drug release profiles, biocatalytic activity) to the crystal phase(s) of
the biocomposite.

The calibration procedure

We designed a calibration method with an internal standard (ZrO,) for PXRD data analysis. ZrO, was chosen
as it is insoluble in water (thus it does not form a MOF with the 2-methylimidazole) and its PXRD diffraction
peaks do not overlap ZIFs diffraction peaks. Firstly, by optimizing the synthesis conditions, we synthesised
each phase — sod, dia, ZIF-C, ZIF-EC-1, U12 and ZIF-L - in a pure form excluding the formation of phase
mixtures. These reaction conditions can be found in section S2.1. In Figure S1 the PXRD patterns of the
different phases are compared to the available simulated patterns to ascertain the type and purity of the
obtained phases.'®171926 Secondly, increasing amounts of a phase are mixed with the internal standard in
different weight fractions (ranging from 2 to 50 wt%). The detailed procedure is given in section S3.1 and
the resulting calibration curves are shown in Figure S3. Figure 1 depicts the calibration curve for sod. The
relative sod weight percent (i.e. sod wt%) in the sod/ZrO, mixture is plotted in the y-axis, whereas the
sod/Zr0O, integrated intensities ratio (i.e. I(sod)/I(ZrO,)) is plotted in the x-axis. Each integrated intensity is
calculated on the quantification peak (QP), namely the reflection in the diffractogram with the highest
intensity. The sod QP is at 7.36° and the ZrO, QP is at 28.20° (26, Cu K a radiation). The QP for all phases are
listed in Table S1. Thirdly, for each crystal phase we determined the ratio between the phase integrated
intensity and weight %. We then compared this intensity per weight ratio (phase/ZrO;) to a common
reference (Al,0s, corundum) to experimentally derive an instrument-independent constant referred to as the
reference intensity ratio (RIR, see Table S1 and section S5).2%3!

Crystal phases quantification based on experimental RIRs

In this work, the calibration procedure was used to generate experimentally derived RIRs subsequently
exploited for the investigation of ZIF phases (i.e. sod, dia, ZIF-C, ZIF-EC-1, U12 and ZIF-L). Such experimentally
derived RIRs were not previously reported in the literature. Instead, the literature reports the ZIF crystal
structure from which a RIR can be calculated. However, a calculated RIR does not account for the
experimental conditions (e.g. absence of gas/liquid molecules in the pores) and could drastically differ from
an experimentally derived RIR. In our study, the material is dried at room pressure and temperature (S| for
details). Consequently, the calculated RIR differs from the experimentally derived RIR. This difference is more
prominent for the porous sodalite (calculated RIR is 10.67°?, experimentally found RIR is 4.5) and less
prominent for the dense phases (e.g. dia: calculated RIR is 1.6143, experimental RIR is 2.6; ZIF-EC-1:
calculated RIR is 1.403, experimental RIR is 2.5). For U12, the experimental RIR is 1.7 (since the crystal
structure of U12 is not yet reported, there is not a calculated RIR available). In Table S1 the calculated and
experimental RIRs of the ZIF phases are listed.

We used the experimentally derived RIRs to enhance the accuracy of a web application that was suitable for
the identification of the main crystalline phase by using calculated or estimated RIRs. Additionally, we
revisited the phase selection criteria (section S6), which now account for additional diffraction peaks and
new ZIF phases. These changes resulted in an improved identification and quantification of crystalline phases,
from traditional (sod ZIF-8) to recently discovered phases (ZIF-EC-1).



Amorphous content quantification (bi-phasic system)

To quantify the amorphous content mixed to a pure ZIF phase (e.g. amorphous content in a sample that
shows only sod diffraction peaks) we estimated the phase wt% of the pure ZIF phase by using XRD data and
its specific calibration curve (Sl S3.3). Then, we compared this value with the expected phase wt% (i.e.
considering the ZIF 100% pure and crystalline). If these two values differ, we hypothesise that part of the
material does not contribute to the intensities of the reflection peaks and postulate that the sample is a bi-
phasic mixture where a certain proportion of the material is amorphous (e.g. amorphous/pure sod).3%3*

To verify this hypothesis, we prepared selected protein@ZIF biocomposites that are already reported in the
literature.'® BSA is used as model protein and it is embedded in a ZIF matrix consisting of the sod, dia, ZIF-C
and U12. The synthesis protocols are listed in Table S2.

With FT-IR spectroscopy we verified the formation of the BSA@ZIF composite materials (Figure 54).1°

For structural analysis of the BSA@ZIFs composites, we measured with PXRD 1:1 weight mixtures of
BSA@ZIFs composites and ZrO, internal standard (prepared as in the calibration series, section S3.1). Figure
2 shows the diffractograms of the biocomposites. Depending on the reaction conditions (i.e.
metal:ligand:BSA ratio) and the washing procedure (i.e. water or ethanol), different phases like sod (peaks at
7.36° (110), 10.45° (200) and 12.75° (211)), dia (peaks at 12.5° (002), 13.05° (011) and 13.75° (20-2)), ZIF-C
(peak at 11.05° (110)) and U12 (peaks at 12.18° and 18.43°) can be obtained.®

However, if the integrated intensity of the QP of the identified ZIF phase is inserted in the calibration curve,
the calculated phase wt% is lower than expected. This confirms the hypothesis that only a part of the weighed
material contributes to diffraction and thus a certain amount is amorphous. In biocomposites, the formation
of an amorphous content seems to be facilitated by the heterogeneous nucleation from the protein.>*3>37
The amount of encapsulated protein can be calculated via the analysis of the protein encapsulation efficiency
(EE% determined via Bradford assay, details are listed in section S4.3).® EE% and measured gravimetric yield
(Figure S5 and Figure S6, respectively) were used to calculate the weight of the encapsulated protein in the
investigated sample. By subtracting the weight of the protein from the weight of the total biocomposite
material, we determine the weight of the ZIF component for each sample. This theoretical ZIF wt% is then
compared to the wt% calculated using the web app. The results of this comparison are shown in Figure 3. For
the analysed samples, the amorphous content ranges from 10 % (sample 3) up to 30 % (sample 2).
Consequently, the amorphous phase is a substantial amount of the ZIF biocomposite: this should not be
overlooked as it can alter the expected properties of the material.1%223839
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Figure 2: PXRD patterns of the BSA@ZIF biocomposite Samples (S1-54) and their corresponding phases, ® : Sodalite, ® : Diamondoid, ® : U12, ®: ZIF-C; a) with 50 wt%
internal standard ZrO,; b) with 50 wt% internal standard ZrO,, zoomed into the region of the reflection signals of the ZIF phases.
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Figure 3: a) comparison of the calculated crystallinity, obtained through the calibration
method with the experimentally found “crystallinity” (amount of ZIF) for the ZIF
biocomposite samples (S1-54); b) precise phase analysis of the ZIF biocomposite samples
(S1-S4) made by the calibration method.

Additionally, this procedure enables the precise evaluation of phase transitions during the processing of the
same sample. For example, protein@ZIF-C biocomposites are often synthesized in water; then, when washed
with ethanol, a phase transition from ZIF-C to sod can be observed.!® Here, we examined the conversion of
BSA@ZIF-C (sample 3) to BSA@sod (sample 4) via ethanol washing. The quantification of the amorphous
content in the two samples (15% in both cases) proves that the proportion of crystalline MOF is preserved
during the transition from ZIF-C to sod. In fact, the ZIF-C to sod transition does not involve a sensitive loss of
crystalline material (S3: ZIF-C wt%= 24%, sod wt%=2%; S4: sod wt%= 24%) and supports the hypothesis that
ZIF-C can be fully converted to sod.

Web App implementation

The ZIF Phase Analysis app consists of three sections that are shown in Figure 4. The Data Upload section is
used to import the diffraction data (see video Sl). In this section it is possible to select multiple data file
options such as the number of rows to skip and the column/decimal separators. Once the data are uploaded,
it is possible to see the first few rows of the data file and the diffractogram.

The Multi-phase analysis section is used to analyse samples prepared without the ZrO; internal standard. In
this section it is possible to select the data analysis range by moving the extremes of the slider input to the
desired 26 values. We recommend using the 6°-26° range as it includes all the reference peaks of the
detectable crystal phases. The entire 6°-39° range should be used if ZrO, and/or ZnO are of interest as well.
The analysis returns the identified phases and their relative proportions in the sample, along with the
identified quantification peaks.

The Single-phase analysis section is used to analyse samples prepared with the ZrO, internal standard. The
user is required to input the phase wt% of the studied mixture (e.g. phase wt% = 3% and ZrO, wt% = 97%)
and the crystal phase to be investigated. The 26 values are automatically selected based on the crystal phase
selected for analysis. The analysis returns the relative proportion of crystalline and amorphous material in
the sample, as well as the identified quantification peaks for both crystal phase and internal standard.
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Figure 4: Workflow of the ZIF Phase Analysis app.

Conclusion

We built XRD calibration curves and experimentally determined the reference intensity ratio, RIR, of ZIF
phases (sod, dia, ZIF-C, ZIF-L, U12 and ZIF-EC-1) that are commonly obtained when preparing ZIF
biocomposites. The XRD calibration curves and experimental RIRs were obtained by mixing the different
Zn(mIM)2-based ZIF phases with an internal standard (ZrO) in different wt%. The measured experimental
RIRs were then used for the crystal phase identification and multiphase analyses. The calibration curves were
employed to quantify the amorphous content in protein@ZIF biocomposite samples. For an accurate
quantification, an internal standard (ZrO,) was used and the related diffraction patterns analysed by a
customized web application (ZIF phase analysis). By examining different protein@ZIF samples with our ZIF
phase analysis app we estimated an amorphous content up to 30 %. Thus 1/3 of the entire amount could
significantly contribute to essential functional properties for biocatalysis or drug delivery (enzymatic activity
and release profile respectively). Here we propose a procedure that requires the preparation of protein@ZIF
samples and related standards (controlled mixtures of phases with a ZrO, internal standard). The XRD
patterns can then be uploaded in our ZIF phase analysis app. The freely available ZIF phase analysis app will
promptly analyse the data providing an accurate evaluation of the different ZIF phase components, including
the amount of the amorphous phase. As protein@ZIF materials is a burgeoning research field approached by
scientists with diverse expertise (e.g. biology, enzymology, biomedicine), this app will especially support
researchers with limited knowledge in crystallography. Thus, the here reported procedure combine with ZIF
phase analysis web application will progress research of ZIF biocomposites for multi-disciplinary applications
including drug delivery or biocatalysis.6:2%3°
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