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towards industrial-scale manufacturing

¢ Isabella Tavernaro, 22

*C

Nikita Gugin, {22° Alexander Schwab,?” Francesco Carraro,
Jana Falkenhagen, (22 José Antonio Villajos, {22 Paolo Falcaro
and Franziska Emmerling & *2°

Mechanochemistry, a sustainable synthetic method that minimizes solvent use, has shown great promise in
producing metal-organic framework (MOF)-based biocomposites through ball milling. While ball milling
offers fast reaction times, biocompatible conditions, and access to previously unattainable
biocomposites, it is a batch-type process typically limited to gram-scale production, which is insufficient
to meet commercial capacity. We introduce a scalable approach for the continuous solid-state
production of MOF-based biocomposites. Our study commences with model batch reactions to
examine the encapsulation of various biomolecules into Zeolitic Imidazolate Framework-8 (ZIF-8) via
hand mixing, establishing a foundation for upscaling. Subsequently, the process is scaled up using
reactive extrusion, enabling continuous and reproducible kilogram-scale production of bovine serum
albumin (BSA)@ZIF-8 with tunable protein loading. Furthermore, we achieve the one-step formation of
shaped ZIF-8 extrudates encapsulating clinical therapeutic hyaluronic acid (HA). Upon release of HA
from the composite, the molecular weight of HA is preserved, highlighting the industrial potential of

reactive extrusion for the cost-effective and reliable manufacturing of biocomposites for drug-delivery

rsc.li/materials-a applications.

Introduction

The rapid advancement of science in the 20th century has
brought biotechnology into key sectors such as pharmaceuti-
cals, agriculture, and food production. Recent developments at
the intersection of molecular and biomolecular sciences have
led to the creation of advanced technologies, such as genetic
vaccines and biosensing devices.*® However, the broader
commercial use and cost-effectiveness of these new technolo-
gies are restricted by the inherent instability of biomolecules
outside their native environment.”® The need for ‘cold chain’
logistics to store and deliver vaccines® and the limited reus-
ability of enzymes in biocatalysis® contribute to these chal-
lenges. A promising method for stabilizing bioactive
macromolecules involves integrating them into the pores or
immobilizing them onto the surfaces of metal-organic frame-
works (MOFs)." The resulting MOF-biocomposites reduce the
lability of the guest molecules, such as protein unfolding,
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thereby increasing their stability against physical and chemical
stressors, including heat, organic solvents, or proteolytic
agents.”® Apart from enhancing thermodynamic stability,
a MOF shell provides additional valuable properties when
encapsulating enzymes and biotherapeutics, including size-
selectivity for catalysis," controllable release profile for drug
delivery,” and structural tunability for targeted medicine.'®"”
Therefore, the encapsulation of biomolecules in MOFs is
promising for biotechnology and biomedicine.

Since the conventional solvothermal synthesis of MOFs often
requires harsh solvothermal conditions that are detrimental to
biomolecules, their immobilization can be achieved through
post-synthetic infiltration or surface bioconjugation.™ Alterna-
tively, a single-step encapsulation (e.g., biomimetic minerali-
zation,' co-precipitation,’” or de novo approach)*® can be
utilized: in the presence of some MOF building blocks, MOF
particles grow on the biomolecule's surface under biocompat-
ible conditions (Fig. 1a and b). This approach is suitable for the
encapsulation of bio-entities with larger dimensions than the
MOF pores openings. Successful encapsulation via biomimetic
mineralization includes enzymes,* antibodies,** viruses,* and
living cells.** However, we note that spontaneous encapsulation
is typically limited to soluble bioentities with a negative surface
charge.”*” Additionally, despite the successful application of
flow chemistry for the continuous synthesis of protein@MOF
materials,”® the production rate is currently limited to

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Encapsulation method for preparing MOF biocomposites. (b)
Comparison of encapsulation methods: biomimetic mineralization versus
mechanochemistry, focusing on the challenges of upscaling mechano-
chemistry. (c) The work performed in this study. 1st step: screening of
reaction conditions in the solid phase using a simple and fast hand-mixing
approach; 2nd step: using the obtained data to scale MOF biocomposites
through reactive extrusion. The crystal structures of BSA and GOx are
reproduced under the terms of the CC-BY license.>*

a maximum of a few grams per hour,* insufficient to fully

realize the commercial potential of MOF-biocomposites.
A promising development in the field of MOF chemistry is
the utilisation of mechanical force to perform synthesis with

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

little or no solvent.” Intensive research on reactions in ball
mills has resulted in a large library of mechanochemically
available MOFs.**** Optimization of synthesis conditions and
mechanistic studies, including time-resolved in situ (TRIS)
monitoring methods,** improved reaction control and
reproducibility - prerequisites for large-scale production.**>*
The latter has been implemented as a continuous twin-screw
extrusion approach, with production rates up to 4 kg h™', and
space-time yields (STY) up to 140 000 kg m* d '3+

Given the potential of mechanochemistry for industrial
production of materials, it was a natural step to use the mech-
anochemical approach to synthesize functional MOF-bi-
ocomposites.*” The strategy for applying mechanochemistry can
vary: inducing amorphization of MOF-biocomposites through
ball milling to tailor drug-release kinetics*>** or incorporating
biomolecules into pre-assembled MOFs by grinding.*** Alter-
natively, mechanochemistry can provide biocomposites by
assembling MOFs and encapsulating biomaterials in one step,
akin to the biomimetic mineralization approach (Fig. 1b). The
first reported example is the synthesis of lipase@ZIF-8, achieved
by grinding zinc oxide, 2-methylimidazole, and lipase produced
from Burkholderia ubonensis with trace ethanol in an agate
mortar.” The general applicability of the mechanochemical
method was then demonstrated by Wei et al., who used ball-
milling to encapsulate enzymes B-glucosidase, invertase, -
galactosidase, and catalase into ZIF-8, UiO-66-NH,, and Zn-
MOF-74.>° Subsequent works have expanded the list of mecha-
nochemically produced biocomposites to include Candida
rugosa lipase encapsulated in ZIF-8 and Zn-MOF-74,* ibupro-
fen@HKUST-1,**> 5-fluorouracil@MIL-100(Fe),”® and ZIF-90
loaded with BSA, catalase, or E. coli bacteria.”* Additionally,
photosensitizers (Ru or Cu coordination complexes) and wheat
germ lipase have been co-immobilized in UiO-67 for photo-
enzymatic enantioselective catalysis.>

The mechanochemical approach to biocomposites offers
several advantages. Firstly, it does not require bulk solvents,
which is beneficial for those biomolecules with enhanced
stability in their dry or lyophilized form.*® Secondly, it enables
the synthesis of MOF biocomposites that could not be prepared
via one-pot syntheses because of the harsh conditions required
to grow some MOFs (e.g., UiO-66-NH,)*’. Thirdly, it provides
quick reaction times, as fast as only 10 seconds for
catalase@ZIF-90, having been reported by the Shieh group.**
Finally, in some cases, the biological activity of the bi-
ocomposites produced by this method can outperform that of
those produced by water-based synthesis.>*

However, current research in this field is limited to pio-
neering syntheses with ball mills, typically at the 100 mg scale.”®
Ball milling is a batch process with limited temperature control,
which becomes increasingly problematic at larger production
scales.*® This makes scaling up MOF biocomposites in ball mills
impractical, particularly for thermally sensitive biomolecules.

As a continuous alternative, reactive extrusion offers a prom-
ising route for scalable MOF biocomposite synthesis. Although
large-scale production of ZIF-8 and ZIF-8/polymer composites via
continuous reactive extrusion has already been demonstrated,*»*
these processes rely on hot melt extrusion at 150-200 °C -
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temperatures incompatible with sensitive biomolecules. In our
previous work, we showed that ZIF-8 can be synthesized by reactive
extrusion even under mild conditions of 40 °C,* thereby providing
a green and scalable platform for MOF production. The present
study advances this methodology to the encapsulation of bi-
omacromolecules, introducing challenges related to preserving
stability and function, investigating loading capacity (protein wt%)
and encapsulation efficiency (the percentage of the initial
biomolecule amount successfully immobilized), determining
biomolecule location, ensuring reproducibility during continuous
processing, and enabling shaping into defined, processable forms.

Here, we present a sustainable and scalable method for
encapsulating biomacromolecules within ZIF-8, the most
commonly used MOF in biocomposite synthesis.”” In contrast to
traditional solvent-based approaches, we report the solid-state
formation of ZIF-8 biocomposites via simple hand-mixing batch
reactions (Fig. 1c, 1st step). We demonstrate this approach using
four biomacromolecules: two model compounds, bovine serum
albumin (BSA) protein and carboxymethyl-dextran (CM-dextran)
carbohydrate, and two commercially valuable compounds,
glucose oxidase (GOx) enzyme and hyaluronic acid (HA) carbohy-
drate. The mild synthesis conditions preserve GOx activity, con-
firming the method's suitability for sensitive biomaterials. We
further extend the method to nucleic acids (salmon DNA) and
lipids (eicosapentaenoic acid (EPA) ethyl ester). Using BSA@ZIF-8,
we demonstrate the transition from small-scale batch reactions to
larger-scale reactive extrusion, ensuring consistent product quality
during continuous operation (Fig. 1c, 2nd step). To demonstrate
the applicability of reactive extrusion for MOF-based drug
production, we encapsulated a model therapeutic, CM-dextran,
and a clinical therapeutic, HA, within ZIF-8. Finally, we fabri-
cated shaped HA@ZIF-8 extrudates to improve processability and
analyzed the molar mass distribution of released HA, confirming
that its structural integrity is retained during extrusion-based
encapsulation.

Experimental section
Batch hand-mixing reactions

In a typical experiment, as-purchased 2-methylimidazole
(130.3 mg, 1.59 mmol) and basic zinc carbonate (69.7 mg, 0.127
mmol) powders were placed together with the desired amount of
biomolecule powder in a 2 ml Eppendorf tube. After mixing the
powders for 10 minutes, ethanol and deionized water (ethanol/
water = 25/75 v/v, 7 = 0.30 ul mg™ ') were added as auxiliary
liquids using a micropipette and thoroughly mixed with a spatula
for 5 minutes. The resulting material was resuspended in 1.5 ml of
ethanol or water for washing, followed by centrifugation for 3
minutes. This washing procedure was repeated three times, di-
scarding the supernatant each time. The recovered material was
then dried overnight in a vacuum oven at room temperature. For
a more detailed description of the procedure, see SI.

Reactive extrusion

BSA@ZIF-8: in a typical experiment, basic zinc carbonate and 2-
methylimidazole powders were thoroughly mixed in a molar
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ratio of 1:12.5 along with the desired amount of pre-ground
BSA powder in a 500 ml beaker for 5 minutes. The mixture
was fed into the first segment of the pre-heated (40 °C) extruder
barrel using the automatic volumetric feeder at a speed of 5%
(approximately 1.5 ¢ min~') and processed at a screw speed of
40 rpm. Simultaneously, absolute ethanol was supplied into the
second segment of the extruder barrel using a peristaltic pump
at a flow rate of 0.25-0.4 ml min~" (corresponding to 7 = 0.17-
0.27 pl per mg of solid mixture). After about 20 minutes from
the start of extrusion, the extrudate was collected. The as-
synthesized material was resuspended in absolute ethanol
(10 ml of ethanol per 1 g of extrudate), vortexed, and centri-
fuged. This washing procedure was repeated three times.
Subsequently, the extrudate was washed with an aqueous
10 wt% sodium dodecyl sulfate (SDS) solution (10 ml of SDS
solution per 1 g of extrudate), vortexed, allowed to rest for 30
minutes, and then centrifuged. This was followed by three more
ethanol-washing steps before drying the sample overnight at
room temperature under vacuum. For a more detailed
description of the procedure, see SI.

CM-dextran@ZIF-8 was synthesized following a procedure
similar to BSA@ZIF-8. A reagent mixture of basic zinc carbonate
(27.9 g, 0.051 mol), 2-methylimidazole (52.2 g, 0.636 mol), and
CM-dextran (6.43 g) was processed using a water/ethanol
mixture (75/25 v/v) as the auxiliary liquid, supplied at a flow
rate of 0.25 ml min ™. The as-synthesized extrudate was washed
three times with ethanol, once with DMSO, followed by three
additional ethanol washing steps, and then dried overnight at
room temperature under vacuum. For a more detailed proce-
dure, see the SI.

HA(10%)@ZIF-8 was synthesized following a procedure
similar to BSA@ZIF-8. A reagent mixture of basic zinc carbonate
(42.8 g, 0.078 mol), 2-methylimidazole (80.0 g, 0.974 mol), and
hyaluronic acid sodium salt (9.9 g) was processed using a water/
ethanol mixture (75/25 v/v) as the auxiliary liquid, supplied at
a flow rate of 0.35 ml min~'. The dense paste was collected over
60 minutes, yielding 58 g of raw extrudate. The extrudate was
washed three times with ethanol, once with an aqueous 10 wt%
sodium dodecyl sulfate (SDS) solution, followed by three addi-
tional ethanol washing steps, and then dried overnight at room
temperature under vacuum.

A total of 45 g of the shaped HA(10%)@ZIF-8 extrudate with
a nominal diameter of 2 mm was obtained over a 50-minute
experiment using a die faceplate. The as-synthesized material
retained its shape after three ethanol washes and was subse-
quently dried overnight under vacuum, reducing to 30 g. In
contrast, washing with water led to extrudate disaggregation,
likely due to the dissolution of HA, which could function as an
internal binder.

Results and discussion
Batch mixing reactions

Reactive extrusion is a large-scale technique that requires
significant material input, making it essential to develop
a simple model for testing reaction conditions on a smaller
scale. Although ball milling has been reported as a route to ZIF-

This journal is © The Royal Society of Chemistry 2026
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8 synthesis,*** and could in principle serve as a preliminary
tool for exploring extrusion-related parameters,**** the two
approaches rely on different mechanical activation modes,*
operate over distinct reaction times, and involve different pro-
cessing conditions, which limits the direct transferability of
results between them.® Nevertheless, batch mixing can aid in
optimizing reactive extrusion.®® This led us to adapt a previously
reported simple hand-mixing approach for ZIF-8 (ref. 67) to
examine the preparation of ZIF-8-based biocomposites.

Screening of reaction conditions

The manual batch mixing approach to ZIF-8 involves mixing
powders of 2-methylimidazole (Hmelm, C,H¢N,) and basic zinc
carbonate (ZnCarb, [ZnCOs;],-[Zn(OH),];) for five minutes in the
presence of small amounts of ethanol.*” To ensure full conver-
sion of the reagents to ZIF-8, we screened reaction conditions at
the 200 mg scale by testing ethanol, water, and an ethanol/water
(50/50 v/v) mixture as auxiliary liquids across a range of n values
(0.075-0.3 ul mg ™), where 7 is the volume of solvent divided by
the sample weight (see Batch syntheses of biocomposites and
Table S1 in the SI).®® Powder X-ray diffraction (PXRD) analysis
(Fig. S1) and attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy (Fig. S2) of the ethanol-
washed products confirm the consistent formation of highly
crystalline and pure ZIF-8 in all experiments, with only minor
leftovers of unreacted ZnCarb detected when using a low 1 value
of 0.075 ul mg™ ™.

After confirming the efficiency of the batch mixing approach
for synthesizing pure ZIF-8, we explored the preparation of
BSA@ZIF-8 biocomposite. We modified the aforementioned
synthesis of pure ZIF-8 by adding BSA directly to the reagent
mixture, either as a powder or an aqueous solution. We scre-
ened ethanol, water, and ethanol/water mixtures (25/75, 50/50,
75/25 v/v) as auxiliary liquids in a range of n values (Table S2).
When using the water-washing procedure following the
synthesis, ZIF-8 with sodalite (sod) topology was formed, along
with a minor secondary phase, Zn(melm),-ZnCO; or ZIF-C
(Fig. S3). According to the ZIF Phase Analysis app,” this
secondary phase constitutes 4% and may result from unreacted
zinc carbonate species, amorphous zinc carbonate/ZIF-8 clus-
ters that serve as a source of carbonate for ZIF-C, or from the
exposure of the initially formed ZIF-8 to carbon dioxide and
moisture, as previously reported.®*’* The ethanol wash
produced the pure sod ZIF-8 phase (Fig. S4); the ZIF-C to ZIF-8
conversion has been reported when ethanol is used."> ATR-FTIR
spectroscopy of the water- and ethanol-washed samples
revealed the characteristic BSA amide I band at 1600-1700 cm ™"
along with the characteristic spectrum of ZIF-8 (Fig. S5 and S6),
confirming the formation of BSA@ZIF-8 biocomposites. Thus,
the batch screening demonstrates the rapid (5 min) and
consistent formation of ZIF-8 biocomposites with the model
protein BSA under various reaction conditions.

Biocomposites of diverse biomacromolecules

Based on our screening results, we applied the optimal reaction
conditions to synthesize model ZIF-8 biocomposites with BSA

This journal is © The Royal Society of Chemistry 2026
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and carboxymethyl-dextran (CM-dextran), as well as functional
composites with hyaluronic acid (HA) and glucose oxidase
(GOx) (Fig. 2a). HA is a glycosaminoglycan (GAG)-based clinical
therapeutic, while GOx, an oxidoreductase enzyme, is widely
used in large-scale technological applications.”” All these
biomolecules have previously been shown to form bi-
ocomposites with ZIF-8 via a biomimetic mineralization
approach.15,21,26,73

Similar to the BSA@ZIF-8 samples (Fig. S3), the PXRD
patterns of the water-washed CM-dextran@ZIF-8, HA@ZIF-8,
and GOx@ZIF-8 powders are dominated by the sod ZIF-8
phase, with ZIF-C remaining a secondary phase at up to 17%
for CM-dextran@ZIF-8, 13% for HA@ZIF-8, and 22% for
GOx@ZIF-8, as determined by the ZIF Phase Analysis app®
(Fig. S7-S9). After three cycles of water washing, residual linker
remained in the CM-dextran@ZIF-8 and HA@ZIF-8 samples, as
indicated by ATR-FTIR spectroscopy (Fig. S10 and S11). This
may be due to linker entrapment within the dense ZIF-C phase
and the agglomerated morphology of the extruded bi-
ocomposite, combined with the hydrophobicity of ZIF-8, all of
which can hinder access to the washing medium. This contrasts
with the solution-based syntheses typically yielding well-
dispersed ZIF-8 crystals from which water can more readily
remove excess linker.”® Ethanol washing, on the other hand,
produces phase-pure BSA@ZIF-8, CM-dextran@ZIF-8, and
HA@ZIF-8, with only a minor reflection of the secondary ZIF-C
phase at 26 = 11° observed in the diffractogram of GOx@ZIF-8
(~4%, Fig. 2b). By examining the washed samples by ATR-FTIR
spectroscopy, we observed the characteristic spectrum of ZIF-8
along with broad bands of biomolecules: BSA amide I band at
1600-1700 cm™'; CM-dextran C-OH stretching vibration at
~1020 cm™'; HA amide I and II bands at 1540-1630 cm ™ '; and
GOx amide I band at 1600-1700 cm™* (Fig. 2c and $10-512).747
The intensity of CM-dextran and HA bands increases from x = 5
to 15 in carbohydrate(x%)@ZIF-8 (Fig. S10 and S11), where x
represents the carbohydrate weight proportion in the ideal end
product (see Batch syntheses of biocomposites in SI for details).
Thermogravimetric analysis (TGA) of the ethanol-washed
samples shows distinct mass losses between 220 and 280 °C
for the biocomposites, which are absent in pristine ZIF-8
(Fig. 2d and S13-515). These mass losses are attributed to the
decomposition of encapsulated biomolecules and increase
from x = 5 to x = 15 for CM-dextran(x%)@ZIF-8 and HA(x%)
@ZIF-8 (Fig. S13 and S14). The loading capacity (LC) and
encapsulation efficiency (EE) for CM-dextran and HA at x = 10
are calculated as 5.2 wt% (EE% = 52%) and 6.4 wt% (EE% =
64%), respectively (see Procedures in the SI for details on eval-
uating biomolecule content from TGA curves). We note that the
EE value for HA aligns with the ~60% reported for the biomi-
metic mineralization approach.” The GOx LC determined by
BCA assay after biocomposite degradation was similar in the
case of ethanol- and water-washed samples (i.e., 2.4 wt% and
2.2 wt%, respectively). Enzyme activity was measured in tripli-
cate using the p-glucose assay (Fig. S16, see GOx catalytic assay
in SI), resulting in values of 0.04 and 0.14 U/mgen,yme for
ethanol- and water-washed samples, respectively. Control
BSA@ZIF-8 samples exhibited no enzymatic activity (Fig. S16).

J. Mater. Chem. A, 2026, 14, 8728-8741 | 8731
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(a) Schematic representation® of the hand-mixing batch synthesis of ZIF-8 biocomposites with BSA, CM-dextran, HA, or GOx biomol-

ecules, using a water/ethanol mixture as the auxiliary liquid. (b) PXRD patterns of the synthesized materials compared with the reference
diffraction pattern of ZIF-8. (c) ATR-FTIR spectra of the resulting materials, highlighting the presence of characteristic biomolecule bands along
with the spectrum of ZIF-8. (d) Thermogravimetric analysis curves showing distinct mass losses between 220 and 280 °C, which are absent for

reference ZIF-8.

These data demonstrate that the current hand-mixing
synthesis method can produce protein-, carbohydrate-, and
enzyme-based biocomposites. Remarkably, GOx@ZIF-8 was
enzymatically active. Furthermore, by using different washing
procedures, we obtained two distinct phases, suggesting simi-
larity with the water-based biomimetic mineralization
approach.'® We note that previous works on ZIF biocomposites
showed phase-dependent release profiles, suggesting that our
dry method could be relevant for biomedicine. We further
extended this approach to nucleic acids and lipids by preparing
salmon DNA@ZIF-8 and EPA ethyl ester@ZIF-8 composites (see
Batch syntheses of biocomposites and Fig. S17 and S18), con-
firming compatibility with all four major biomacromolecule
classes — proteins, carbohydrates, nucleic acids, and lipids.”

Although a dedicated study would be required to examine in
detail the structure-property relationship with a more

8732 | J Mater. Chem. A, 2026, 14, 8728-8741

systematic approach, the structural and catalytic data collected
here enable us to preliminarily relate particle characteristics to
the observed enzymatic performance of GOx@ZIF-8. Both water-
and ethanol-washed GOx@ZIF-8 are predominantly sod ZIF-8
with different fractions of ZIF-C, as revealed by PXRD and
quantitative phase analysis (Fig. 2b and SI S9). Together with
the comparable GOx loadings determined by BCA assay (see SI),
these data indicate that the higher specific activity of the water-
washed material (SI Fig. S16) cannot be explained solely by the
differences in enzyme content. Instead, we hypothesize that the
enhanced activity depends on higher ZIF-C content and the
resulting particle microstructure. In our system, ZIF-8 bi-
ocomposites form as nanosized crystallites that aggregate into
larger particles (up to ~100 um), as exemplified by extruded
BSA@ZIF-8 (Fig. 3d-f and SI Fig. S25). Such hierarchical parti-
cles provide diffusion pathways that couple interparticle voids
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with the microporous sod ZIF-8 framework. We propose that the
increased fraction of ZIF-C and the associated microstructural
heterogeneity in the water-washed GOx@ZIF-8 increase defect
density and accessible transport into these micrometre-sized
particles, enhancing mass-transfer for glucose and O, and
thus access to immobilized GOx. Conversely, the ethanol-
washed sample, in which ZIF-C is present only as a minor
phase, is likely to yield bulkier particles with a more homoge-
neous microporous framework.”® As a consequence, a higher
effective diffusion resistance is expected, leading to a lower bi-
ocomposite specific activity under identical assay conditions.
Despite all these promising results, the hand-mixing method
has limited reproducibility and scalability, restricting its
potential for industrial production of MOF biocomposites.
Nevertheless, our approach provides a basis for developing
a continuous, reproducible, and large-scale approach to
synthesizing MOF biocomposites via reactive extrusion.

Twin-screw extrusion

Twin-screw extrusion is a continuous and scalable synthetic
approach, widely used in industry, where materials are pro-
cessed by two rotating screws within a closed steel barrel. Its
high reproducibility and versatility are ensured by precise
temperature control, adjustable feed rates, screw profile design,
and rotation speeds. Historically used in industry for shaping
polymers, reactive extrusion has recently shown promise in
sustainable large-scale chemical production, including MOFs,
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active pharmaceutical ingredients, and organic
compounds,*»*>7*# but, to our knowledge, its application in
synthesizing MOF-based biocomposites has not yet been re-
ported. Nevertheless, the recent implementation of TRIS
monitoring techniques, such as Raman spectroscopy and
energy-dispersive X-ray diffraction (EDXRD),**** has enhanced
our understanding and control of extrusion reactions, particu-
larly in MOF synthesis. This advancement facilitates an efficient
transition from batch mixing reactions to continuous twin-
screw extrusion for ZIF-8 biocomposite production. Building
on our previous knowledge of reactive extrusion of ZIF-8, we
explored this method for the continuous synthesis of ZIF-8-
based biocomposites.

Extrusion of ZIF-8

The procedure was first tested with pure ZIF-8 synthesis,
without protein addition. In our synthesis, ZnCarb and HmeIm
powders were mixed in a 1:12.5 molar ratio and continuously
fed into a preheated extruder barrel at 40 °C, along with a small
amount of ethanol to initiate the reaction (Fig. 3a). After 20
minutes of extrusion, the white viscous paste was collected in
three fractions (ZIF-8(1-3), 15 minutes each). The as-
synthesized material was washed three times with ethanol to
remove any unreacted linker, then immersed in a 10% sodium
dodecyl sulfate (SDS) aqueous solution for 30 minutes, followed
by three ethanol washes to remove residual SDS.*® The washed
sample was dried overnight at room temperature under vacuum
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(a) Experimental setup. Source: BAM. (b) Schematic representation of reactive extrusion of BSA@ZIF-8 biocomposites at 40 °C using

ethanol as an auxiliary liquid. (c) PXRD patterns of BSA(x%)@ZIF-8 (x =5, 10, 20, 30, 40, and 50) samples confirm the formation of highly crystalline
ZIF-8. (d—f) SEM images of BSA(20%)@ZIF-8 prepared via extrusion. (g) ATR-FTIR spectra of BSA(x%)@ZIF-8 samples show characteristic amide |

and amide Il bands of BSA next to the spectrum of ZIF-8.
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before analysis (see Reactive extrusion of biocomposites in SI
for detailed experimental procedures). PXRD and ATR-FTIR
analyses confirmed the consistent formation of phase-pure
ZIF-8 with negligible unreacted precursors (Fig. S19 and S20).
These findings are consistent with the TGA analysis (Fig. 521),
which shows a weight loss of 64.5% at 400—650 °C, close to the
theoretical weight loss of 64.2% observed in the ZIF-8-to-ZnO
decomposition. Analysis of fractions collected at different
times gave identical results, confirming consistent qualitative
and quantitative yields and products during the continuous
synthesis.

Extrusion of BSA@ZIF-8 biocomposites

Next, we investigated the extrusion synthesis of BSA@ZIF-8 by
adding varying amounts of BSA powder to the ZIF-8 precursor
mixture (Fig. 3b), thus preparing different BSA(x%)@ZIF-8 (x =
5, 10, 20, 30, 40, 50 wt%) samples. PXRD analysis of the washed
extrudates confirms the formation of phase-pure ZIF-8 across all
investigated x (Fig. 3c). Notably, the absolute intensity of char-
acteristic ZIF-8 reflections decreases with x increasing from 5 to
50 (Fig. S22), indicating a reduction in the relative ZIF-8/BSA
content within the ethanol-washed samples. For the sample
with x = 20, the quantitative phase analysis (Fig. $23) shows that
ethanol washing increases the fraction of the crystalline form of
ZIF-8 in the sample from 25 to 43 wt%. Crystallite sizes esti-
mated from PXRD data using the Scherrer equation decrease
from ~75 nm for pure ZIF-8 to ~50 nm at x = 30, where they
reach a plateau (Fig. S24). This trend towards smaller crystal
sizes with higher x is also evident in scanning electron
microscopy (SEM) images, which show nanoparticles ranging
from 50 to 200 nm (Fig. 3d and S25). These nanoparticles form
agglomerates up to 100 um (Fig. 3e, f and S25), distinguishing
the morphology of extruded ZIF-8 and BSA@ZIF-8 from the
individual cubic and rhombic ZIF-8 crystals, 50-2000 nm in
size, typically produced in solution.®”**

To confirm the presence of BSA in the washed solid, the
samples were analyzed by ATR-FTIR spectroscopy. The spectra
show the characteristic features of ZIF-8 together with the
amide 1 (1610-1700 cm™'; primarily C=O stretching, with
minor contributions from CN stretching, CCN deformation,
and NH in-plane bending) and amide II bands (1500-
1560 cm ™", mainly N-H in-plane bending and CN stretching) of
BSA (Fig. 3g).**° This analysis confirms that BSA is either
adsorbed on or encapsulated in ZIF-8. The amide I band for the
BSA@ZIF-8 composites is shifted by up to 24 cm™" towards
higher wavenumbers compared to pure BSA. This shift is larger
than that observed for BSA adsorbed on the surface of ZIF-8
nanoparticles (11 ecm ')® and contrasts with the report of
a redshift of 23 ecm™'.°* The observed blueshift may arise from
Zn”" coordination to carbonyl oxygen sites, consistent with the
hard and soft acid base (HSAB) theory considerations, accom-
panied by alterations in secondary structure,*** and non-
covalent interactions such as van der Waals forces, hydrogen
bonding, hydrophobic interactions, or electrostatic forces.® The
intensity of BSA bands increases with higher x, as demonstrated
by integrating the amide I band of BSA and the ZIF-8 band at
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420 cm ™' (Zn-N stretching) and plotting the BSA/ZIF-8 ratios in
Fig. S26. These ratios indicate that the actual BSA loading in the
ZIF matrix increases up to x = 40 and reaches a maximum. A
slight decrease is observed for x = 50. This trend correlates with
the crystallite sizes decreasing as the actual BSA content in the
biocomposite increases (Fig. S24).

For practical applications of biocomposites, understanding
the spatial distribution of biomolecules in/on MOFs is crucial.
Specifically, it has been demonstrated that encapsulation is
particularly effective for shielding biomolecules against chem-
ical and mechanical stressors and could therefore be an
enabling immobilization strategy for large-scale production. To
ensure that reactive extrusion produces biocomposites with
encapsulated biomolecules, we first examine potential infiltra-
tion mechanisms. As the pore window of sod ZIF-8 (0.34 nm)* is
one order of magnitude smaller than the diameter of BSA (6.6
nm),** the literature dismisses this option. Then, to selectively
remove surface adsorbed BSA, we followed a protocol from the
literature,*® and the ZIF biocomposite was washed with ethanol
and an aqueous 10% SDS surfactant solution. To validate the
effectiveness of this washing protocol for our biocomposites, we
used BSA tagged with the fluorescent stain Nile Red (NR), and
we synthesized BSA-NR(10%)@ZIF-8. Confocal laser scanning
microscopy (CLSM) of the as-made material reveals red fluo-
rescence on the surface of biocomposite particles (Fig. 4a). As
free Nile Red is non-emissive under the measurement condi-
tions, the signal originates exclusively from BSA-NR. Variations
in fluorescence intensity after washing steps reflect changes in
adsorbed BSA-NR, providing insight into its retention behavior.
Following the standard washing procedure (three ethanol
washes, 30 minutes soaking in SDS, and three additional
ethanol washes), CLSM images of the biocomposite showed no
fluorescence at the crystal surface, indicating complete removal
of adsorbed BSA-NR (Fig. 4a). In contrast, ethanol washing
without SDS was insufficient to completely remove surface-
adsorbed BSA-NR (Fig. S27). Furthermore, washes with pure
water were ineffective in removing surface-adsorbed BSA-NR
(Fig. S28 and S29). Thus, our data confirmed that the
combined ethanol and aqueous SDS washes enable the quan-
titative removal of surface-adsorbed BSA. Therefore, the protein
bands detected by ATR-FTIR in BSA@ZIF-8 samples (Fig. 3g) are
due to the protein encapsulated within ZIF-8.

The encapsulation of BSA within ZIF-8 is further confirmed
by transmission electron microscopy (TEM) measurements.
TEM imaging of BSA(20%)@ZIF-8 reveals agglomerated
rhombic dodecahedron crystals with regions of lower electron
density, resembling pores (Fig. 4b-d). These regions are absent
in pure ZIF-8 crystals (Fig. S30a and b) and range in size from 7
to 14 nm, which can be attributed to protein encapsulation.”
The lower boundary of 7 nm aligns with the radius of gyration of
BSA within ZIF-8," while the 14 nm regions likely correspond to
the inclusion of BSA dimers. TEM images of the biocomposite
calcined at 350 °C for 2 hours reveal distinct mesoporous
channels within the particle clusters (Fig. 4e and f), which are
not present in the calcined pure ZIF-8 (Fig. S31). These meso-
pores are likely formed as a result of the decomposition of the
encapsulated BSA." PXRD analysis of the calcined BSA@ZIF-8

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Confocal laser scanning microscopy (CLSM) images of BSA-
NR(10%)@ZIF-8, comparing the as-synthesized sample with those
washed using ethanol and SDS (red channel (i): Aex = 543 nm,
dem = 575—650 nm; (i) transmission: Aex = 488 nm; (iii) merged
transmission and fluorescence channel). Brightness was increased for
better comparison. (b—d) TEM images of the washed BSA(20%)@ZIF-8
sample, highlighting the presence of pores corresponding to encap-
sulated BSA. (e and f) TEM images of the calcined sample, showing
channels formed by the decomposition of encapsulated BSA.

and ZIF-8 samples confirms that both retain their crystallinity
(Fig. S32). Unlike biocomposites obtained by solution-based
approaches,"® not all crystals in the bulk BSA@ZIF-8 sample
contain such pores, indicating inhomogeneities in the nano-
meter regime, possibly due to a different mechanism of bi-
ocomposite formation. In solution, biomolecules typically serve
as nuclei for MOF formation, while in the solid state, the
biomolecule is encapsulated due to the reaction of dense ZIF

This journal is © The Royal Society of Chemistry 2026
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building blocks that yield the porous ZIF-8, resulting in a volu-
metric expansion of the final product.

Protein loading and encapsulation efficiency are decisive
parameters determining the potential applications of MOF-
based biocomposites. BSA loading was initially determined
using the Bradford assay (see Procedures in SI).>® The results
show a gradual increase in BSA loading as x increases, peaking
at 27 wt% for the BSA(40%)@ZIF-8 sample (Fig. S33), followed
by a decrease to 22 wt% for BSA(50%)@ZIF-8, in agreement with
ATR-FTIR results (Fig. $26). Alternatively, TGA analysis provides
a more statistically representative BSA loading value, analyzing
three 30 mg fractions per sample (90 mg total) compared to the
5 mg used in the Bradford assay. The TGA of the BSA@ZIF-8
samples shows gradual mass losses starting at 170 °C, attrib-
uted to the decomposition of encapsulated BSA, followed by the
decomposition of ZIF-8 that starts when T > 300 °C (Fig. 5a).
After complete decomposition at 700 °C, the residual masses for
BSA@ZIF-8 samples are smaller than those for pristine ZIF-8
and decrease with higher x. The calculated BSA loadings (see
Procedures in SI) show a maximum of 26 wt% for the BSA(40%)
@ZIF-8 sample (Fig. 5b), which is consistent with the 27 wt%
obtained from the Bradford assay (Fig. S33). Encapsulation
efficiencies, calculated based on the TGA values, show
a maximum of 96% for the BSA(5%)@ZIF-8 and decrease with
higher x (Fig. 5b).

The decrease in BSA loading observed for BSA(50%)@ZIF-8
can be attributed to complexation of BSA to the surfaces of
growing ZIF-8 crystals,® which sterically limits further crystal
growth. The surface-bound protein is removed during ethanol/
SDS washing, leading to a reduction in retained BSA at x = 50.
This interpretation is consistent with the observed trend toward
smaller crystallite sizes, as evidenced by PXRD and SEM data
(Fig. S24 and S25).

The N, adsorption isotherms collected at 77 K were of Type I
(Fig. 5¢),%” with the shape resembling that of the pristine ZIF-8
(Fig. S34), confirming the microporous nature of all BSA@ZIF-
8 samples. The Brunauer—Emmett—Teller (BET) surface areas
show a gradual decrease with increasing TGA-calculated BSA
loading, from 1748 m> g~ " for pristine ZIF-8 to 1019 m* g~ " for
BSA(40%)@ZIF-8. This decrease is ascribed to two factors: the
addition of non-porous protein mass'™ and the increased
defectivity of the composite, as indicated by the reduced crys-
tallite size (Fig. S24). At lower BSA loadings, reduced crystal-
linity is the main contributor to surface area reduction, whereas
at higher BSA loadings, the addition of protein mass has a more
significant impact (Fig. S35).

To examine the continuous production of the biocomposite
with consistent composition, we conducted a 90-minute extru-
sion of BSA(10%)@ZIF-8. Four fractions were collected every 15
minutes, each for 5 minutes (Fig. S36). TGA analysis shows
stable protein content across the fractions 1-4, with BSA load-
ings of 9.2, 8.7, 9.1, and 9.0 wt%, respectively (Fig. S36). The
space-time yield (STY) during continuous operation, calculated
from the mass of activated BSA(10%)@ZIF-8, reaches 2.96 x 10*
kg m~* d™', with a production rate of 1.30 kg d™* (see STY
calculation in Procedures in the SI). This significantly outper-
forms the production rate of 0.05 kg d~' previously achieved
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Fig. 5 (a) The thermogravimetric curves of BSA(x%)@ZIF-8 samples.
(b) Loading of BSA and encapsulation efficiency in BSAx%)@ZIF-8
samples calculated from TGA profiles. Error bars represent standard
deviations of the BSA loadings from triplicate TGA measurements. For
EE, the standard deviations are smaller than the marker size. (c)
Nitrogen adsorption isotherms of the BSA(x%)@ZIF-8 samples at 77 K.
The calculated BET surface areas are: 1748 + 15 m? g~ for ZIF-8, 1498
+ 14 m? g~ for BSA(5%)@ZIF-8, 1430 £ 10 m? g~* for BSA(10%)@ZIF-8,
1266 + 5 m? g~* for BSA(20%)@ZIF-8, 1087 + 5 m? g~ for BSA(30%)
@ZIF-8, and 1019 + 4 m? g™ for BSA(40%)@ZIF-8.

using a microfluidic reactor.”® As comparative data in Table S3
show, among all scalable continuous methods that could
support ZIF-8 biocomposite production, reactive extrusion is
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the only approach that combines high STY, high production
rate, and low solvent consumption at the same time. Since this
work did not target maximal productivity, further optimisation
of process parameters could yield even greater STY and
production rates.

To assess the effect of extrusion temperature, additional
experiments were performed at 35 °C, 45 °C, and with a gradient
from 35 °C to 45 °C along the barrel. PXRD and FTIR confirmed
that the ZIF-8 structure remained intact, while TGA revealed
variations in protein loading (Fig. S37). These differences are
attributed to temperature-induced changes from a paste-like to
a denser extrudate and indicate that, although ZIF-8 formation
itself is stable, biomolecule encapsulation can be sensitive even
to moderate temperature variations.

Extrusion of ZIF-8-based drugs

Recent studies demonstrating MOF-based drugs as pH-
responsive carriers for the encapsulation and controlled
release of carbohydrate- and glycosaminoglycan-based thera-
peutics®®’® prompted us to investigate reactive extrusion for
scalable synthesis of ZIF-8 encapsulated with the model
carbohydrate-based therapeutic CM-dextran and the clinical
drug HA.

CM-dextran@ZIF-8 was synthesized following a procedure
similar to BSA@ZIF-8, using a 75/25 v/v water/ethanol mixture
as the auxiliary liquid (0.25 ml min ™", corresponding to n = 0.17
ul mg ") instead of pure ethanol. PXRD and ATR-FTIR analyses
confirmed the phase purity of the washed sample and the
successful encapsulation of CM-dextran within the ZIF-8
framework (Fig. S38 and S$39), while TGA indicated a CM-
dextran loading of 11 wt% (Fig. S40). SEM images showed
nanoparticles up to 200 nm forming agglomerates (Fig. S41),
resembling those observed in the extruded BSA@ZIF-8 sample
(Fig. S25). The procedure was also effective in producing
HA®@ZIF-8 with HA loading of 10.0 wt% (Fig. S42-S44). In all
cases, the ZIF matrix formed with sod topology. To evaluate the
long-term stability, HA@ZIF-8 stored at 4 °C for seven months
was analysed by PXRD, ATR-FTIR, and TGA (Fig. S45). The data
show no significant changes compared to the freshly prepared
material, demonstrating that biocomposite remains stable
under these conditions.

Generally, MOFs and MOF-based biocomposites are
produced as crystalline powders, which are difficult to process,
integrate, and recycle.”® To improve the compatibility of MOFs
for industrial use, various shaping protocols are used, like
tableting, granulation, or post-synthetic extrusion.”®*'°
However, these approaches often require binders and need
precise optimization to balance porosity and mechanical
strength.” Here, we produced shaped HA@ZIF-8 extrudate in
a single step directly from the reagent powders without external
binders. This was achieved by installing a die faceplate and
following the standard synthetic procedure. The resulting
extrudate with a nominal diameter of 2 mm (Fig. 6a and b)
retains its shape when soaked in ethanol for at least 3 days and,
after drying, can be pelletized for better processability (Fig. 6¢).
PXRD and ATR-FTIR confirm the sod ZIF-8 phase of both

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08276e

Open Access Atrticle. Published on 20 January 2026. Downloaded on 6/12/2026 4:15:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Paper

ethanol-washed HA@ZIF-8 shaped extrudate and its powder
analogue and encapsulation of HA within the ZIF-8 framework
(Fig. 6d and e). N, adsorption experiments on HA@ZIF-8 in
powder form and as shaped extrudate (Fig. 6f and S46) show
Type I adsorption isotherms with the shape resembling those of
the pristine ZIF-8 and BSA@ZIF-8 samples (Fig. $34), indicating
microporous materials.”” The HA@ZIF-8 shaped extrudate
exhibits slightly higher N, uptake and BET surface area than its
powder counterpart (1482 vs. 1433 m”> g, Fig. 6f), consistent
with its slightly lower content of non-porous HA, as indicated by
TGA (Fig. S47). The shaped extrudate was characterized by SEM

o
()

View Article Online
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(Fig. 6g and h), showing nanoparticles up to 200 nm on both the
surface (Fig. S48) and cross-section (Fig. 6g), similar to the
extruded BSA@ZIF-8 powder samples (Fig. 3d and S25).
However, exfoliation is observed at the extrudate's edges
(Fig. 6h), where partial crystallite grain coalescence occurs
(Fig. S49), likely induced by shear forces at the die during
extrusion.

To determine whether the extrusion protocol, washing
procedure, or the chemical environment of ZIF-8 affects the
molecular weight of HA, we analyzed the molar mass distribu-
tion of HA released from both HA@ZIF-8 powders and shaped

HA
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(a and b) Shaped HA@ZIF-8 extrudate. (c) Pelletized HA@ZIF-8 extrudate after ethanol washing and vacuum drying. (d) PXRD patterns of

HA@ZIF-8 produced in powder and shaped forms confirm the formation of sod-type ZIF-8. (e) ATR-FTIR spectra of HA@ZIF-8 in powder and
shaped forms indicate HA encapsulation within the ZIF-8 framework. (f) Nitrogen adsorption isotherms at 77 K for HA@ZIF-8 in powder form and
as shaped extrudate. The BET surface areas are 1433 + 6 m? g~ for the powder and 1482 + 8 m? g~* for the shaped extrudate. (g) SEM images of
the cross-section of the HA@ZIF-8 shaped extrudate. (h) Molar mass distribution curves obtained by SEC for HA released from HA@ZIF-8
powders and shaped extrudates, compared to reference samples of pure HA prior to encapsulation and the HA/ZIF-8 physical mixture. The arrow
indicates a slight shift (<8%) toward lower molar masses on the high-mass side of the curve for released HA. However, as the inherent error
margin of the SEC method exceeds 10%, this shift is within the method's variability and does not indicate measurable degradation.
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extrudates. For this purpose, the ZIF-8 matrix was dissolved
under acidic conditions (see Procedures in the ESI), releasing
HA, which was subsequently analyzed by size exclusion chro-
matography (SEC). The resulting molar mass distribution of HA
shows only a slight shift toward lower masses on the high-
molecular-weight side, compared to HA prior to encapsulation
and the HA/ZIF-8 physical mixture references (Fig. 6h). Given
the good reproducibility, this shift corresponds to a reduction
in M, and M,, of less than 8% (Table S4). However, considering
the SEC method's error margins of approximately 10%, we
conclude that the HA@ZIF-8 production process, both for
powders and shaped extrudates, does not result in measurable
HA degradation. In addition, SEC analysis of HA released from
HA@?ZIF-8 after 7 months of storage at 4 °C (Fig. S50) revealed
molar mass distributions in very good agreement with the
initial measurements (Table S4), indicating preserved HA
molecular integrity upon long-term storage.

We have successfully upscaled biocomposite synthesis from
200 mg batch reactions to continuous kilogram-scale reactive
extrusion. Unlike water-based encapsulation approaches, where
negatively charged biomolecules induce MOF formation at their
surface,” the solid-state procedure does not seem to have the
same effect. Instead, encapsulation likely results from the 7.6-
fold volume expansion during the ZnCarb-to-ZIF-8 trans-
formation, estimated based on the molecular weights and
densities of ZnCarb and ZIF-8 using Tanaka et al.‘s formula.'
As ZIF-8 forms and expands, it entraps biomolecules within its
structure, facilitating biocomposite formation. This mechanism
could enable biomolecule encapsulation regardless of surface
charge or solubility and may be compatible with various
mechanochemically accessible materials.***® While a higher
biomolecule content (x = 50 and above) can hinder efficient ZIF-
8 formation and reduce biomolecule loading due to increased
BSA adsorption on growing crystals, this issue may be mitigated
by increasing the linker excess. Additionally, thorough
homogenization of the reaction mixture and reduction of
biomolecule particle size may enhance uniform biomolecule
distribution in the final product.

In view of their scalable production, these ZIF-8 bi-
ocomposites are promising for various practical applications, as
discussed in recent reviews on MOF biocomposites.'>*¢10>7104
BSA@ZIF-8, a model protein, exemplifies protein@MOF
composites used in drug delivery, biobanking/biopreservation,
and biosensing.'**'** GOx@ZIF-8 highlights applications in
glucose biosensing and insulin delivery systems.'**'*” CM-
dextran@ZIF-8 serves as a model system for carbohydrate-
based biotherapeutics,*® while HA@ZIF-8 demonstrates the
relevance of this approach to commercially important GAGs,
with potential in anti-inflammatory and anticoagulant thera-
pies, as well as wound healing and tissue engineering.'**'*®
Salmon DNA@ZIF-8 represents nucleic acid@MOF composites,
with potential applications in gene expression regulation,
silencing, and editing, as well as in drug delivery and cell
manipulation.'*#**"*** Finally, encapsulation of EPA ethyl ester,
a derivative of the commercially important omega-3 fatty acid
EPA,"* illustrates the potential of lipid@MOF composites as
delivery vehicles for hydrophobic drugs.'*
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Overall, the demonstrated compatibility with diverse
biomolecules, the mild synthesis conditions, and the advan-
tages of reactive extrusion - including reduced solvent
consumption, continuous processing, and scalability - make
this approach particularly attractive for the production of
functional biocomposites. In addition, the direct one-step
formation of shaped extrudates provides a route toward 3D

printing of biocomposites using a twin-screw extruder printing
head 104,108,113,114

Conclusions

In conclusion, we have established the first solvent-minimized,
room-temperature continuous reactive extrusion process for the
one-step production of ZIF-8 biocomposites. This route
addresses key challenges such as reproducibility, biomolecule
stability, encapsulation efficiency, and the preservation of bio-
logical function - limitations that have, until now, hindered the
translation of MOF biocomposites from the laboratory to
industry.

The synthesis involves mixing basic zinc carbonate, 2-m-
ethylimidazole, and biomolecule powders with a small amount
of liquid, either ethanol or water, corresponding to 0.30 ul
per mg of solid (23 wt%). Our small-scale trial experiments
using simple hand-mixing batch reactions successfully
produced protein-, carbohydrate-, enzyme-, lipid-, and DNA-
encapsulated ZIF-8 in 5 minutes. This simple and rapid
process preserved the enzymatic activity of the encapsulated
glucose oxidase and allowed partial conversion of sodalite ZIF-8
to its carbonate derivative, ZIF-C, by post-synthetic washes.

Next, we adapted the batch procedure to reactive extrusion
and tested it with different loadings of bovine serum albumin
(BSA). This reaction produced pure, highly crystalline, and
porous BSA@ZIF-8 biocomposites, achieving an encapsulation
efficiency of up to 96% and a maximum BSA loading of 26 wt%.
Our data demonstrate that in continuous operation, the reac-
tion maintains consistent protein content over time and can
yield 1.30 kg d " of activated product, with a space-time yield of
2.96 x 10" kg m~® d . In addition, reactive extrusion effectively
produced ZIF-8-based drugs encapsulating a model
carbohydrate-based therapeutic, CM-dextran, and a clinical
therapeutic, hyaluronic acid (HA). Finally, to improve the
processability of extruded biocomposites, we employed a 2 mm
die faceplate to shape HA@ZIF-8 extrudates in a single step,
directly from reagent powders. HA released from ZIF-8 retains
its initial molar mass, indicating excellent preservation of
molecular integrity and highlighting the suitability of reactive
extrusion for the large-scale production of biomolecule@ZIF
materials.

Our study directly addresses key limitations hindering the
biomedical application of MOFs - namely, upscaling, repro-
ducibility, and green synthesis. Given the wide range of porous
frameworks available by mechanochemical methods and fewer
restrictions on biomolecule selection due to the absence of bulk
solvent, we anticipate that this work will encourage the explo-
ration of previously unattainable biocomposites.

This journal is © The Royal Society of Chemistry 2026
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