nature communications

Article

https://doi.org/10.1038/s41467-026-69009-8

Multicomponent synergistic immobilization
via in-situ and dynamic exchange strategies
for constructing hierarchical
biopharmaceuticals

Received: 5 May 2025

Accepted: 19 January 2026

Published online: 31 January 2026

M Check for updates

Biological macromolecules', including proteins, nucleic acids, and technological advances in a wide range of fundamental sciences

A list of authors and their affiliations appears at the end of the paper

Hierarchical immobilization of multicomponent biomacromolecules has been
demonstrated to be a favorable protocol for constructing advanced bio-
pharmaceuticals, but still with formidable challenges. Herein, we innovate a
multicomponent synergistic immobilization approach combining an in-situ
method with a structural-transformation-promoted dynamic exchange
method in a flexible zeolitic pyrimidine framework (ZPF) platform to construct
multicomponent biopharmaceuticals. In-depth mechanism investigation
reveals that special functional groups (e.g., carboxyl, sulfhydryl, imidazolyl) on
protein surface can significantly promote the dynamic structural transforma-
tion of ZPF and allow for the efficient immobilization of proteins on the surface
of ZPF crystals via dynamic exchange approach. By combining with the in-situ
method, which can immobilize biomacromolecules in the inner part of ZPF
crystals, multicomponent biomacromolecules can be regionally localized
within ZPF crystals. This controlled spatial preparation provides substantial
advantages over conventional core-shell architectures for cascading enzyme
immobilization and enables the development of advanced anticancer agents
demonstrating enhanced therapeutic efficacy for female Balb/c nu mice.
Moreover, this platform can also generate highly efficient hierarchical anti-
bacterial formulations to significantly enhance the wound-healing process of
male Sprague-Dawley (SD) rats. This study provides a revolution to immobilize
multicomponent biomacromolecules and represents an innovative and
effective platform of biopharmaceuticals with immense potential for antic-
ancer and antibacterial formulations.

12-14

polysaccharides, are essential and fundamental large molecules that
play critical roles in sustaining life®’, regulating organismal
functions®’, and facilitating the transmission of genetic
information'®". Investigating the synergistic use of biomacromole-
cules is of great significance for accumulating scientific theories and

However, the utilization of such biomacromolecules faces several
challenges. For instance, packaging multiple biomacromolecules into
one system with a rational design to achieve a synergistic effect
remains challenging due to the intrinsically varied characteristics of
each molecule®". Furthermore, after encapsulation, maintaining
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stability and biocompatibility of the whole system under various
conditions, such as varied temperature, pH, and ionic strength, also
requires considerable effort, particularly for in vivo applications' 2,
The applications of these multicomponent biomacromolecules are
diverse, including enzyme immobilization and the development of
biopharmaceuticals, such as therapeutic agents targeting cancer or
bacterial infections**’. To ensure effective immobilization and deliv-
ery, carriers that provide protection, stabilization, and controlled
release of the biomacromolecules are often employed”*. However,
conventional immobilization strategies face challenges, including
biomacromolecule inactivation, poor carrier stability, and limited
versatility’®?. Particularly, the immobilized enzyme carrier often
causes the enzyme activity to decrease, and the ordered enzyme dis-
tribution inside the carrier is often challenging to achieve®®. Further-
more, it is difficult to adjust the position of different components in
their carriers®. To address these issues, it is urgently essential to
develop carriers and immobilization methods that can facilitate the
positioning, proportion, and quantification of multicomponent bio-
macromolecules to achieve a synergistic effect.

Over the past two decades, metal-organic frameworks (MOFs)
have emerged as one of the most attractive functional supramolecular
materials due to their adaptable and defined structures, high porosity,
tunable pore size, and customizable functionality>>>*. MOFs have
demonstrated great potential in diverse research fields, including gas
adsorption and separation®, chemical sensing®, heterogeneous
catalysis®, and especially the immobilization of biomacromolecules
for biopharmaceuticals®™. The immobilization methods of MOFs for
biomacromolecules mainly include pore adsorption, covalent grafting,
and in-situ encapsulation®*~*>. Among them, the in-situ immobilization
method, which simulates the phase separation of natural biological
macromolecules, offers the significant advantage of being capable of
immobilizing biological molecules regardless of their size. However,
previously reported MOFs capable of enzyme immobilization under
ambient aqueous conditions remain exceedingly rare (<10)*. Fur-
thermore, conventional methodologies (e.g., core-shell methods)
suffer mass transfer barriers and lack precise control over biomole-
cular spatial distribution within these materials, which presents sig-
nificant challenges, particularly for multicomponent enzyme systems.
Recently, our group has developed a dynamic exchange strategy (also
named dynamic defect generation strategy) for enzyme immobiliza-
tion, utilizing the dissociation equilibrium of MOFs mediated by
enzymes*‘. This approach enables the uniform loading of enzymes
onto the material surface, circumventing the size limitations of bio-
macromolecules. Thus, combining the in-situ and dynamic exchange
strategies in one system can achieve the regional distribution of mul-
ticomponent biomacromolecules and facilitate their immobilization
and function, but this has not yet been realized.

In this study, aiming to address the challenges associated with the
spatial immobilization of multicomponent biomacromolecules, we
have developed a multicomponent synergistic approach integrating
in-situ and dynamic exchange methods to construct multicomponent
biopharmaceutical formulations within a flexible MOF structure syn-
thesized under ambient aqueous conditions—ZPF-8 (ZPF = zeolitic
pyrimidine framework). The resulting bio-composites could realize a
hierarchical localization of multicomponent proteins, hence serving as
highly efficient anticancer or wound-healing biopharmaceuticals
(Fig. 1). The discovery and utilization of ZPF-8 advance the design and
synthesis of versatile platforms for combining multicomponent bio-
macromolecules and establish the guiding principles for developing
biopharmaceutical platforms.

Results and discussion

Immobilization of biomacromolecules by the in-situ method
Pyrimidine plays a crucial role in biological systems, not only as an
essential base in nucleic acids but also as a participant in metabolic

processes and genetic information transmission*’. Furthermore, it
exhibits significant potential for applications in the pharmaceutical
domain*®. Our group has reported a flexible zinc-based zeolitic pyr-
imidine framework (ZPF-2), which can be synthesized at room tem-
perature in an aqueous solution, hence benefiting the immobilization
of enzymes via an in-situ method (Fig. 2a)*’. That is, enzymes can be
immobilized during the formation process of ZPF-2 crystals. Single-
crystal X-ray diffraction (SCXRD) characterization suggested that the
actual crystal structure of ZPF-2 fitted with the theoretical simulation
(Figs. 2a, S1, Table S1). Notably, this is the inaugural instance where the
structure of ZPF-2-Zn can be precisely determined by using single-
crystal data. The results of Powder X-ray diffraction (PXRD), Thermal
gravimetric analysis (TGA), Scanning electron microscope (SEM) ima-
ges, N, and CO, adsorption-desorption of the synthesized ZPF-2 were
also found to be consistent with the literature (Figs. 2a, S2-54)". To
explore the ability of ZPF-2 to immobilize enzymes, we then used ZPF-2
to immobilize enzymes (e.g., glucose oxidase (GOx)) via an in-situ
assembly approach (GOX@ZPF-2, @=in-situ immobilization)*:.
GOX@ZPF-2 retained the initial PXRD pattern and SEM morphology of
ZPF-2 (Fig. S5, S6), while Fourier transform infrared spectroscopy (FT-
IR) spectra showed the characteristic peaks of GOx in GOX@ZPF-2
(Fig. S7). To investigate the distribution of GOx, ZPF-2 was synthesized
in FITC-tagged GOx solution, and a Super-Resolution Imaging System
(SIM) was conducted. The SIM images demonstrated that FITC-labeled
GOx was uniformly distributed inside the GOX@ZPF-2 (Fig. S8).

Immobilization of biomacromolecules by the dynamic
exchange method

Subsequently, we further explored whether ZPF-2 could undergo the
traditional dynamic exchange approach to achieve surface immobili-
zation of enzymes, which could further construct a multi-enzyme
regional distribution system. However, when ZPF-2 was immersed
directly in the solution of GOx, we found that it barely immobilized the
enzyme, indicating that ZPF-2 was challenging to be triggered by the
enzyme molecules to dissociate and create defects for enzyme
immobilization. Interestingly, we discovered that after treating ZPF-2
with acetone, THF, DMSO, 1,4-dioxane, or ethyl acetate, PXRD results
revealed that ZPF-2 could transform into a phase (named ZPF-8)
exhibiting a distinct PXRD pattern (Fig. 2c, S9). SCXRD characteriza-
tion suggested ZPF-8 has nearly the same coordinate environment as
ZPF-2 but crystallizes in higher symmetry, i.e., the cubic /-43m space
group (a=b=c=15.8963A, a=B=y=90°, V=4016.9A% (Fig. 2b,
Table S1). The topological structure and coordination environment of
ZPF-8 are almost identical to those of the well-known ZIF-8 (Figs. S10,
S11). A face-to-face comparison of the structures of ZPF-2 and ZPF-8
found differences between the coordinates of the coordinate bonds
and dihedral angles of ligands with 6-membered rings (Fig. S12). These
results indicate that upon stimulation with specific solvents, the
F-pymo ligand can rotate, thus leading to structural transformation
(Fig. 2b). It should be noted that it belongs to a single-crystal-to-single-
crystal transformation process, not the typical dissolve-regenerate
pathway (Fig. 2b).

The transition process from ZPF-2 to ZPF-8 was then investigated
in an in situ fashion. PXRD patterns of the transition states showed the
gradual disappearance of the ZPF-2 peaks and the appearance of ZPF-8
(Fig. S13). Quantitative analysis of each transition state showed the
deceleration of these transformations until all ZPF-2 microsized crys-
tals transformed to ZPF-8 (Fig. S14). Interestingly, by simply immersing
ZPF-8 in the water for a certain time (e.g., 24 h), ZPF-8 could transform
back to ZPF-2. Both processes could be performed repeatedly upon
altering the solvents for five cycles (Fig. S15). These interesting struc-
ture transformation processes were then investigated in depth via FT-
IR spectra (Fig. S16). After immersing ZPF-8 in water, the characteristic
peaks of Zn-H,O (p(Zn-0) at 495cm™ and p,(H,0) at 557 cm™)
appeared initially and then disappeared gradually (Fig. S17)*. These
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phenomena proved that the Zn-N bonds in ZPF-8 could be partially
dissociated upon the attack of water molecules. Then, they reformed
after extending the immersion time, forming a more stable structure in
the water environment, i.e., ZPF-2. TGA traces and SEM images for ZPF-
8 showed similar results with ZPF-2 (Figs. S18, S19), while its CO,
adsorption-desorption isotherm showed a typical type I isotherm and
adsorbed -40 cm®/g of CO, at ~100 kPa, indicative of a more rigid
structure (Fig. S20). Besides, the transformed ZPF-2 from ZPF-8
showed a feature very similar to that of pristine ZPF-2, suggesting
complete reversibility of the structural transformation (Figs. S16-S20).

The dynamic nature and mild structural transformation condi-
tions of ZPF-8 encouraged us to try the immobilization of biomacro-
molecules. ZPF-8 was immersed in an aqueous solution of GOXx as a
demonstration. A time-dependent loading curve was displayed
(Fig. 3a), and the loading amount increased gradually with the exten-
sion of the loading time and approached a saturation of 0.12 g/g after
20 min. The PXRD pattern of the formed product (named as GOx<ZPF-
2, c =dynamic exchange immobilization) confirmed the successful

transition from ZPF-8 to ZPF-2 (Fig. 3b). FT-IR also showed the char-
acteristic peaks of GOx in GOXcZPF-2 (Fig. S21). To further investigate
the distribution of GOX, ZPF-8 was soaked in FITC-tagged GOx solution
for different times. The SIM images demonstrated that FITC-labeled
GOx was mainly embedded in the outer layer of ZPF-2 particles
(Fig. 3a), and the thickness of GOx entry increased with increasing
loading time (Fig. S22).

Accordingly, one can reason that the disintegration and reorga-
nization process of the framework would be the driving force facil-
itating the encapsulation of GOx during the structural transformation
from ZPF-8 to ZPF-2. To further explore the mechanism of enzyme
encapsulation during immobilization, we also monitored the changes
in soaking solutions via 'H Nuclear Magnetic Resonance (*H NMR)
(Fig. S23). After the same soaking time in GOx solution, the ligand
signal of ZPF-8 rose significantly (nearly two times compared with pure
D,0), while pristine ZPF-2 released almost no ligands into D,O. This
phenomenon indicated the generation of more defects on MOFs and
the coordinate bonds mediated by GOx, which should come from the
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c =dynamic exchange method. All error bars mean + s.d. received from three
independent experiments (n =3 independent experiments).

interaction between functional groups on proteins with metal ions. To
prove this, 19 natural amino acids (except Tyr, which had a low solu-
bility) were screened to identify which functional groups (-R) could
promote this process via different immobilization efficiencies of ZPF-8.
The results showed that the significantly high loading capacities of Cys
(0.14 g/g), Glu (0.035g/g), Asp (0.083 g/g), and His (0.10 g/g) sug-
gested that besides predicted carboxyl, sulfhydryl and imidazolyl in
proteins could also possibly promote the enzyme immobilization
(Table S2, Fig. S24). To further prove this conclusion, seven glycine-
based dipeptides and four polypeptides with different sizes were also
tested, suggesting that the immobilization efficiencies had a positive
correlation with the ratio of SStCurAn:ls i these peptides
(Tables S3, S4, Figs. S25, S26). These comparisons proved that after
“activating” ZPF-2 into ZPF-8 and then immersing it in enzyme solu-
tion, proteins could generate more competitive coordination against
original ligands during the dynamic structural transformation and
enzyme immobilization process. Finally, along with original ligand
release and defect generation, the coordination and immobilization of
enzymes within the MOF structures were achieved.

To study the effect of soaking time on the catalytic performance
of the encapsulated enzyme, we investigated the relationship between
enzyme activity and loading time (Fig. S27). The activity increased

gradually with the extension of the loading time and approached its
highest at ~20 min. Notably, GOXCZPF-2 could fully retain the free
enzyme activity (Fig. 3a). Theoretically, immobilized enzymes on the
surface of particles would greatly promote catalytic performance
because they could expose more active enzymes from the material
surface (Fig. 3d)*. To highlight the advantages of this dynamic struc-
tural transformation approach, we also used GOX@ZPF-2 as a com-
parison (Fig. 3c). It was found that the encapsulated enzymes retained
90% of their activity (loading amount: 0.15g/g). All these findings
further demonstrate that the dynamic transformation induces the
formation of more defects in the material, resulting in a higher enzyme
loading compared to the conventional defect generation strategy (0.12
vs 0.04 g/g), which exhibits meaningless enzymatic activity due to
insufficient loading capacity (Fig. 3d). Compared with free GOx,
GOxcZPF-2 retained over half of its initial activity under various harsh
conditions (e.g., GOXCZPF-2 exposure to 70 °C, remaining activity =
~100%, trypsin: 56%; while free GOx only retained <15% under the same
treating conditions) (Fig. S28, S29). Furthermore, GOXCZPF-2 could
maintain approximately 80% of its catalytic activity after 10 recycles
and retain its crystallinity and morphology (the initial activity (defined
as 100%) corresponds to the conversion rate measured during the
inaugural catalytic cycle, Figs. 3c, S30). However, only 25% of the
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remaining activity of GOx@ZPF-2 was observed. It is possible because
enzymes encapsulated inside the crystal catalyze the substrate, and
then the produced H,0, accumulates and partially damages the carrier
from the inside (Fig. S31). These results indicated that enzymecZPF-2
is an excellent enzyme immobilization platform with superior bioca-
talytic performance and superior cyclic catalytic capacity.

In practical applications, multi-enzyme systems are often required
to achieve advanced catalytic functions, presenting significant chal-
lenges for rational construction and optimization®. For example, GOx
can catalyze the oxidation of glucose to gluconic acid while simulta-
neously generating hydrogen peroxide (H,0>), which subsequently
serves as a substrate for catalase (CAT)*. Co-immobilization of these
two enzymes could effectively verify the feasibility of enzyme cascade
reactions. To systematically explore the influence of spatial protein
distribution on cascade reaction efficiency, we developed a synergistic
immobilization strategy. Initially, GOx was incorporated into the ZPF-2
via an in-situ synthesis method (i.e., GOXx@ZPF-2), followed by selec-
tive immobilization of CAT onto these composite structures through a
dynamic exchange method (during the transformation from
GOX@ZPF-2 to GOX@ZPF-8, the enzymatic activity of GOx was fully
retained), thereby establishing a GOX@CATCZPF-2 cascade system
(Fig. S32). This synergistic strategy exploits the complementary char-
acteristics of both immobilization methods: the in-situ embedded GOx
remains stably anchored within the crystal core through multiple
coordination interactions established during framework assembly,
while the subsequent dynamic exchange process—triggered by the
ZPF-8 > ZPF-2 transformation—generates surface defects and coordi-
nation vacancies that selectively capture CAT at the particle surface.
This spatially programmed architecture creates an optimal substrate
channeling pathway where glucose diffuses inward to react with core-
embedded GOx, and the generated H,0; is immediately consumed by
the surface-localized CAT, minimizing intermediate accumulation and
preventing oxidative damage to both enzymes and the framework
structure. The hierarchical localization was confirmed by SIM images
(Fig. S33). The catalytic performance of this hierarchical design was
rigorously compared with two approaches: (I) a traditional core-shell
configuration (GOX@ZPF-2@CAT@ZPF-2)*>** and () simultaneous
co-immobilization of both enzymes via dynamic exchange (GOx&-
CATCZPF-2) (Fig. S34). Under standardized conditions, maintaining
equivalent enzyme loading capacities and ratios (GOx:CAT = 1:1) across
all configurations, the GOx@CATCZPF-2 system exhibited superior
catalytic efficiency, achieving >200% relative activity compared to the
alternative materials (Fig. S35). These results convincingly demon-
strate the critical importance of optimizing both the regional cascade
distribution of enzymes and simultaneously maximizing enzyme-
substrate interactions for enhanced catalytic performance. The
recyclability of the optimized GOX@CATcZPF-2 system was evaluated
through ten consecutive catalytic cycles. The system maintained
approximately 80% of its initial activity, demonstrating substantial
operational stability attributed to the rapid consumption of the gen-
erated H,0, intermediate via CAT (Fig. S36).

The hierarchical immobilization strategy demonstrated above
extends beyond enzymatic cascade catalysis to encompass diverse
multicomponent biomedical systems requiring precise spatio-
temporal coordination. In advanced therapeutic applications, distinct
biomolecular components must function in orchestrated sequences—
targeting moieties and therapeutic proteins in tumor therapy must
operate sequentially to achieve site-specific accumulation followed by
localized drug action®, while in wound healing applications, anti-
microbial agents and tissue repair factors necessitate programmed
release profiles to combat infection before promoting regeneration®.
These complex biomedical scenarios uniformly demand spatially
compartmentalized delivery systems that can regulate the sequential
presentation of multiple bioactive components, thereby maximizing
therapeutic efficacy while minimizing off-target effects.

Construction of multicomponent anti-tumor
biopharmaceuticals

The starvation therapy for cancer, as an approach to treating malig-
nant tumors, could consume the glucose reserves of tumor cells to
eliminate cancer cells”. We then tried to combine in-situ and dynamic
exchange methods to construct multicomponent synergistic for-
mulations. For example, transferrin (Tf), known for its strong selective
binding to the abundant transferrin receptors on the surface of tumor
cells, can be utilized for targeted drug delivery to tumor cells. By
employing Tf in a carrier, GOx can be directly transported into cancer
cells, inducing apoptosis through intracellular glucose consumption’®,
So we incorporated GOx into ZPF-2, then immobilized Tf onto these
composite structures, forming GOx@TfcZPF-2 multicomponent
synergistic system (Figs. 4a, b, S37, S38). The hierarchical localization
was confirmed by utilizing FITC-labeled GOx and RhB-labeled Tf, which
was conducted via SIM images (Fig. 4c). The pH-responsive property of
GOXx@TfcZPF-2 revealed remarkable stability at physiological pH (7.4)
—exhibiting merely 15% GOXx release after 5h (Fig. S39). Conversely,
under acidic conditions (cancer cell’s lysosomal environment), mate-
rial rapidly released GOx (a notable 90% at pH 4.6, 5 h)—indicating the
carrier’s response capability to environmental stimuli and promoting
the bioactive interaction between GOx and glucose within the tumor
microenvironment.

The cytotoxicity of GOx@TfcZPF-2 was evaluated in vitro viaMTT
assay. This study involved two representative cancer cell lines (HeLa
and MCF-7) and a normal cell line (3T3) to assess the cytotoxicity.
Compared to the control ZPF-2, which exhibited half-maximum inhi-
bitory concentration (ICsg) values of 58.05 pg/mL, the viability of HeLa
cells notably decreased when treated with GOx@TfcZPF-2
(ICs0 =39.77 pg/mL). This suggests that the encapsulation of GOx and
Tf within the nanoparticles enhanced the toxicity against the cancer
cells (Fig. S40). Conversely, negligible cytotoxicity was observed in 3T3
cells within the nanoparticle concentration range of 0-40 pg/mL
(Fig. S41). The study also explored other counterpart multicomponent
synergistic systems created through a similar method. Remarkably,
adjusting the protein configuration within the nanoparticles could
increase the values of ICsq (Fig. 4d). These results confirm that the
enhanced cytotoxic effect is primarily due to the specific hierarchical
distribution of the anti-tumor multicomponent synergistic system. To
further support these findings, FITC-labeled materials were analyzed
to assess cellular uptake capabilities through a confocal laser scanning
microscope (CLSM) (Fig. S42). The images revealed a pronounced
increase in green fluorescence in cells, indicating that surface-
incorporated Tf significantly enhances cellular uptake by effectively
targeting transferrin receptors, thereby leading to a marked accumu-
lation of the material in HeLa cells.

The rational design of nanoparticle components and their ratios is
crucial for optimizing cancer therapy. By immobilizing both proteins
within the ZPF-2 structure, we could also adjust the GOx/Tf ratio to
optimize anti-tumor efficiency (Fig. S43). The optimized
GOx@TfcZPF-2 nanoparticles (GOx: Tf =1.1: 1) yielded the lowest ICso
values of 39.77 ug/mL and 68.00 pg/mL for HeLa and MCF-7 cells,
respectively. Additionally, we tested the universality of this approach
by integrating two different anticancer agents—5-fluorouracil (5-FU)
and apoptin caspase 3—into similar systems (Fig. S44). The assembled
composites demonstrated significant anti-tumor activity, surpassing
their counterparts without Tf. Furthermore, we combined cancer-
starving therapy with small-molecule drugs to enhance the killing
effect of the combined formulation on tumor cells, via incorporating
5-FU into GOXx@TfcZPF-2 to assess its anti-tumor properties (Figs. 4e,
S45). Synthesized GOx&S5-FU@TfcZPF-2 nanoparticles exhibited
remarkable cytotoxicity at lower concentrations against both Hela
and MCF-7 cells (ICso = 25.38 or 54.01 pg/mL), confirming a significant
enhancement in the combined anti-tumor effects via the design and
regulation of this hierarchical multicomponent synergistic system.
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After assessing the anti-tumor effect in vitro, the multicomponent
synergistic tumor inhibition effect of GOx&S5-FU@TfcZPF-2 was eval-
uated using a subcutaneous HelLa tumor-bearing female Balb/c nu
mouse model (Fig. 5a). Throughout the therapeutic period (11 days),
negligible fluctuations in mice’s body weights were observed following
various treatments (Fig. S46). Digital photographs and spider plots
visually confirmed that the tumors in the GOx&5-FU@TfcZPF-2 group
were nearly eliminated, and the corresponding tumor-bearing ratio
had decreased significantly, verifying the prominent multicomponent
synergistic therapeutic outcome (Figs. 5b, ¢, S47). The relative tumor
volume curves for different groups are presented in Fig. 5d, and the
corresponding tumor growth inhibition (TGI) rates were calculated,
while the GOx&5-FU@TfcZPF-2 group was found to be the highest
(73.26%) (Fig. S48). In contrast, other control groups showed negligible
tumor suppression or continued growth, comprehensively demon-
strating the synergistic efficacy of our strategy. To investigate the
therapeutic mechanism, an H&E staining assay was performed to
investigate the histological damage and apoptosis levels in the tumors.
As shown in Fig. S49, severe morphological changes and apoptosis
were observed in the tumors of GOXx&S5-FU@TfcZPF-2 group. In con-
trast, no significant damage were detected in the tumors treated with

the counterpart groups, further validating the synergistic effects
mediated by the multicomponent system. These results clearly
demonstrate the excellent therapeutic outcome exerted by GOx&5-
FU@TfcZPF-2, which can be attributed to several factors. Primarily, Tf
is utilized for targeted drug delivery to tumor cells. Subsequently, GOx
mediates the competitive consumption of tumorous glucose while,
simultaneously, 5-FU directly kills cancer cells. In summary, GOx&S5-
FU@TfcZPF-2, as a multicomponent synergistic anti-tumor system,
potently inhibits tumor growth through hierarchical localization.

Construction of multicomponent anti-bacteria biopharmaceu-
ticals for wound healing

Skin, the largest sensory organ, serves as a protective barrier for the
human body against external damage. Wounds on the skin frequently
develop in various situations, and the blood or blood clot in the early
phases of hemostasis provides a nourishing culture media for the
growth of invading bacteria®. The above promising multicomponent
synergistic anti-tumor results have also inspired the further con-
struction of multicomponent synergistic anti-bacteria formulations to
form composite agents for application in wound healing. By adjusting
the distribution of the components within the system, it is possible to

Nature Communications | (2026)17:2208


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69009-8

Tf
> receptor =Jlp

Cancer cell

p o
) >

cancer therapy

¢ A
=

OHO

| léTherapy 9|
|
-10 0 3 6
Tumor inoculation First Second Third

Fig. 5 | Multicomponent synergistic anti-tumor activity of proteincZPF-2 with
different distribution of protein. a The treatment strategy toward HeLa tumor-
bearing mouse by employing GOx&S5-FU@TfCZPF-2. b Photos of the tumor-bearing
mice with different treatments on Day O and Day 11. ¢ Photos of tumor dissection.
d Relative tumor volume after different treatments. I: control; II: 5-FU; III:

II I v \4

11 (day)
Resection & dissection

C

I

111
v

d.

I 11 &1III
®IV AV

Relative Tumor Volume (Vy/Vy)

0 3

9 12

6
Time (day)

GOX@TfCZPF-2; IV: GOX&5-FU@ZPF-2; V: GOX&S-FU@TfCZPF-2. All error bars
meanzs.d. received from three independent experiments (n = 4 rats). Schematic
illustration figures were created in BioRender. Yi Tan, X. (2025) https://BioRender.
com/ehu871i.

target the various phases of wound healing. Extraordinary, nisin,
known for its strong inhibitory effect on many gram-positive bacteria,
can be utilized in the initial inflammation phase to eliminate invading
bacteria®®. Zn** in MOFs can promote the proliferation of fibroblasts
and collagen synthesis, which is conducive to the growth of granula-
tion tissue®’. Additionally, trypsin (Tps) can provide powerful support
for the maturation phase by eliminating inflammatory secretions,
breaking down denatured proteins, and promoting tissue
regeneration®’. Considering the above positive factors, Tps@Ni-
sincZPF-2 multicomponent synergistic system could be formed for
wound healing (Figs. 6a, S50, S51). The hierarchical localization was
confirmed by SIM images (Fig. S52). The in vitro antibacterial activity of
Tps@NisincZPF-2 was evaluated using minimum inhibitory con-
centration (MIC) standard tests against Staphylococcus aureus (ATCC
29213). Under the same nisin concentration (MIC of free nisin = 50 mg/
L), the antibacterial effects of Tps@NisincZPF-2 were found to be very
close to free nisin, while an insignificant antibacterial effect was
observed for ZPF-2 (Fig. S53). The results demonstrated that our
reversible deformation strategy did not affect the antimicrobial

properties of the encapsulated nisin. These preliminary results showed
the feasibility of applying this synergistic immobilization strategy to
build antibacterial formulations through hierarchical localization for
wound healing.

To further evaluate the wound healing capacity of Tps@Ni-
sincZPF-2 in vivo, experiments were conducted on the dorsum of male
Sprague-Dawley (SD) rats (Fig. 6b). Results showed the wound con-
traction for Tps@NisincZPF-2 was superior to other groups, exhibiting
the best wound healing capacity even on the 3 day (Fig. 6c, e). The
percentages of wound area closure at different healing times were
calculated, revealing that after 7" days, wounds treated with
Tps@NisincZPF-2 achieved significant closure of ~95%, compared to
the control, which showed -75% wound closure. Remarkably, after 14"
day of treatment with Tps@NisincZPF-2, the wounds healed com-
pletely, with 100% wound contraction, demonstrating a highly
improved wound healing ability. These results indicate that multi-
component synergistic anti-bacteria systems can be beneficial and
effective for accelerating wound healing, due to the multicomponent
synergies in Tps@NisincZPF-2.
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All error bars mean + s.d. received from three independent experiments (n = 4 rats).
The significance was calculated by one-way ANOVA using Tukey’s multiple com-
parisons test. *p < 0.01.**p < 0.001.****p < 0.0001. Schematic illustration figures
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Histopathological studies were carried out to further compare the
wound healing efficiencies via hematoxylin-eosin (H&E) and Masson’s
staining (Figs. S54, S55). After 7" day, wounded tissues in the control
group still exhibited numerous immune cell infiltrations. Surprisingly,
for Tps@NisincZPF-2, inflammatory cell infiltration was suppressed,
and a significantly higher number of fibroblasts was observed around
the impaired region. After 14" day, compared to the irregular structure

in control, the wounds treated with Tps@NisincZPF-2 showed higher
density and volume fraction of collagen, greater regularity of both
epithelium and connective tissue with more fibroblasts, a complete
epithelium structure, and regenerated hair follicles and blood vessels.
Tissue of Tps@NisincZPF-2 group exhibited excellent wound healing
characteristics, facilitating a faster and more effective re-epithelization
process, connective tissue remodeling and arrangement, and the

Nature Communications | (2026)17:2208


https://BioRender.com/ehu871i
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69009-8

formation of a more regular structure with increased hair follicle for-
mation. This can be attributed to the excellent multicomponent
synergistic properties of Tps@NisincZPF-2, promoting overall wound
healing.

In conclusion, we have demonstrated the construction of a
dynamic zeolitic pyrimidine framework to enable precise and efficient
regulation of multicomponent combinations of biomacromolecules.
This flexible MOF possesses the ability to either immobilize bioma-
cromolecules via an in situ method or via a structural-transformation-
promoted dynamic exchange method. The structural transformation
process and enzyme immobilization mechanism were unveiled in-
depth via various characterizations, including SCXRD, in situ PXRD, FT-
IR, etc. We found that the Zn-N bonds in the ZPF structure could be
partially dissociated, then reversibly reformed upon the attack of
water molecules, accompanied by ligand movement, rotation, and
recombination. This structural transformation allows for the immobi-
lization of enzymes on the outer part of the framework, which is
challenging to achieve by the traditional immobilization strategies.
Our findings suggest that proteins can produce more competitive
coordination from their sulfhydryl, carboxyl, and imidazolyl functional
groups, ultimately promoting enzyme immobilization. The resulting
biocatalysts exhibited superior biocatalytic performance, protective
capabilities, and superior cyclic catalytic capacity. Notably, by com-
bining the in-situ method with the dynamic exchange method in one
system, various multicomponent biomacromolecule formulations
with hierarchical localization can be constructed, such as cascading
enzyme immobilization, anti-tumor and anti-bacteria multi-
component formulations. For instance, cascading immobilized
enzyme preparations demonstrated a two-fold enhancement in
catalytic activity compared to conventional core-shell structured
formulations. Furthermore, a multicomponent biopharmaceutical
with co-immobilization of transferrin, GOx and 5-FU led to enhanced
therapeutic performance, confirmed by in vitro and in vivo anti-
tumor experiments. Further, by incorporating the antibacterial nisin
and the wound healing-promoting trypsin, advanced antibacterial
formulations for wound healing were successfully constructed
through hierarchical localization, while simultaneously utilizing the
components of the ZPF to significantly enhance the wound healing
process through in vitro and in vivo experiments. This study enri-
ches the toolbox for biomacromolecule immobilization and pro-
vides a synergistic approach for fabricating multicomponent
biopharmaceuticals.

Methods

General

Except for the special description, chemicals like Zn(NO3)2-6H20
(Innochem, AR), 5-fluoro-2-hydroxypyrimidine (Innochem, 97%), 5-FU
(Innochem, 99%), Nisin (Innochem, 98%), organic solvents (Innochem,
AR), and biological reagents like GOx (Solarbio, 10KU), CAT (Solarbio,
BR), transferrin (Solarbio, 98%), trypsin (Solarbio, BR) throughout the
experiments, were purchased from commercial sources and used as
received without further purification. All cell lines certification is pro-
vided by the ATCC company from which they originated. Animal
experiments on anti-tumor were approved by the Animal Research
Committee of Nankai University, China (Approval Number: 2023-
SYDWLL-000641), and were carried out strictly according to the Guide
for the Care and Use of Laboratory Animals (National Research 119
Council, 1996). Animals used in wound healing experiments complied
with the National Research Council’s Guide for the Care and Use of
Laboratory Animals, and these procedures were reviewed and
approved by the Committee for the Care and Use of Animals at the
Tianjin University of Science & Technology in China (Approval Num-
ber: SYXK2023-0003).

Characterization

SCXRD data were collected at 120 K via an Oxford Cryo stream system
on a SuperNova (Mo) X-ray Source with a micro-focus sealed X-ray
tube. The structure was solved and refined using Olex2 with ‘XS’ and
‘XL’ plug-in. Hitachi UH-5300 UV-vis spectrophotometer was used to
record the catalytic process. The absorbance value was measured with
the SpectraMax M2e microplate reader. Powder X-ray diffraction
(PXRD) patterns of all materials were collected at ambient temperature
with a Rigaku dmax 2500 diffractometer operated at 40 kV and 40 mA
using Cu Ka (1=1.5418 A) radiation, with a scan speed of 1sec/step, a
step size of 0.02° in 26, and a 20 range of 5° to 40°. Crude data were
subjected to baseline correction and analyzed by Jade 6. The low-
pressure CO, adsorption and desorption isotherms were measured at
195K using a Micromeritics ASAP 2460 instrument. Before gas
adsorption measurements, the samples were outgassed at 95 °C for
24 h before the measurements. Fourier transform infrared spectro-
photometer (FT-IR) spectra of all materials were obtained using a
Thermo Fisher spectrometer with ATR modes. The confocal images
experiments were performed on a Zeiss Elyra 7 Super-Resolution
Imaging System (SIM) with a 63x objective oil lens. The Confocal laser
scanning microscopy (CLSM) images were recorded on Leica TCS SP8.

Synthesis of ZPF-8

Zn(NO3),-6H,0 (1 mmol) was dissolved in deionized water (5 mL), and
5-fluoro-2-hydroxypyrimidine (2 mmol dissolved in 5 mL of water) was
added under stirring. The clear solutions were kept at room tem-
perature for about 5 min, and then the pH was raised to 4.5 by adding
1M base (NaOH, KOH, or NH3:H,0). The precipitate was harvested by
centrifugation at 4000xg for 1min and then washed twice with
deionized water to obtain ZPF-2. As-synthesized ZPF-2 powder was
immersed in THF for 24 h to obtain ZPF-8.

Synthesis of GOX<ZPFs

GOx solution (3 mg/mL) was prepared by dissolving GOx in 50 mM
MES buffer (pH = 6.0). 15 mg as-synthesized ZPF-8 was ultrasonically
dispersed in 1 mL GOx solution, and incubated in a 37 °C shaker for 1, 2,
4,7,10,15, 20, 30, and 60 min, respectively. The solid was collected by
centrifuge and washed with DI water twice. The supernatants were
collected to determine the amount of immobilized GOx in MOFs. The
uptake amount was determined by the Bradford method. The loading
efficiency (LE%) and loading capacity (LC, g/g) were calculated as fol-
lows:

total protein — protein in supernatant
total protein

LE% = x100% )

protein loaded into materials

LC= - -
weight of materials

2

Catalytic performance of GOx, and GOxcZPFs composites

The activity of GOx was determined through the 3,5-dinitrosalicylic
acid (DNS) method, which is used to detect the concentration of glu-
cose. 100 pg GOx (or GOxcZPFs composites containing 100 pg GOx)
were added into 0.91 mL aqueous solution. After that, 90 pL of glucose
solution (50 mM) was added. After 7 min, 30 pL of the supernatant was
taken and mixed with 60 pL DNS solution. The mixture was heated at
100 °C for 5 min. Hitachi UH-5300 UV-vis spectrophotometer was used
to record the catalytic process. After cooling to room temperature, the
final glucose concentrations were monitored by measuring the
absorbance at 540 nm and compared with the standard curve to cal-
culate the final glucose concentration.
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Synthesis of GOX@TfcZPF-2

3mg GOx was added to the aqueous solutions of 5-fluoro-2-
hydroxypyrimidine (0.2 M, 667 pL). Zinc nitrate hexahydrate was dis-
solved in deionized water (0.2 M, 333 pL). These two aqueous solutions
were mixed and placed at room temperature for 20 min. The solid was
collected by centrifugation and washed with DI water and DMSO twice,
respectively. As-synthesized GOX@ZPF-2 powder was immersed in
DMSO and incubated at room temperature on a shaker for 20 min to
obtain GOx@ZPF-8, then collected by centrifugation. Transferrin
solution (3 mg/mL) was prepared by dissolving transferrin in 50 mM
HEPES buffer (pH = 7.0). As-synthesized GOX@ZPF-8 was ultrasonically
dispersed in 1 mL transferrin solution, and incubated at room tem-
perature on a shaker for 20 min to obtain GOx@TfcZPF-2. The solid
was collected by centrifugation and washed with DI water twice. The
supernatants were collected to determine the amount of immobilized
GOx or transferrin in MOFs. The uptake amount was determined by the
Bradford method.

In vivo anticancer therapeutic evaluation

Tumor (Hela) bearing Balb/c nu mice (female, 6 weeks of age) were
randomly divided into 4 groups (n = 5). When the tumor volume reached
about 100 mm?®, the mice were intratumorally injected with Normal
saline (100uL), 5-FU (156 pg/mL, 100 L), GOX@TfCZPF-2, GOX&S5-
FU@ZPF-2, and GOX&5-FU@TfcZPF-2 (the corresponding 5-FU was
156 pg/mL, 100 pL), respectively. Prior to the initiation of the experi-
ment, the rats were anesthetized with isoflurane (3 % to 4 % for induction
and 2 % to 2.5 % throughout the surgical procedure) to ensure the
maintenance of a stable state. The tumor volume and body weight of
mice were recorded every other day. The tumor volume was calculated
as follows: V=W2xL/2, where W and L represented the tumor width and
length, respectively. The mice were sacrificed 11 days post-treatment,
and the tumors were collected and photographed. The tumor growth
inhibition (TGI) rate was calculated according to the equation.

TGl=(1— V;/V ) x100% 3)

Where V represents the tumor volume of the control group, and V7
represents the tumor volume after the treatments.

Simultaneously, the tumors of the mice were collected and used
for histological and H&E staining assay, and the tumor size of all
experimental animals did not exceed 20 mm as stated in the ethical
review documents.

Wound healing assay

A full-layer skin defect infection model was used to evaluate the wound
healing of Sprague-Dawley (SD) rats (male, 180-200 g, 6-8 weeks of
age), and 25 rats were randomly divided into 5 groups. Prior to the
initiation of the experiment, the rats were anesthetized with isoflurane
(3% to 4% for induction and 2% to 2.5% throughout the surgical pro-
cedure) to ensure the maintenance of a stable state. After anesthesia,
shave the back and disinfect it with medical alcohol. A circular full-
layer excision wound (8 mm diameter) was produced with a biopsy
perforator (Japan, BP-80F). Each wound was inoculated with 50 pL
Staphylococcus aureus suspension (OD600 = 0.3). Leave the bacterial
suspension on the wound for 30 min. They were treated with PBS
(Control), nisin, ZPF-2, NisincZPF-2, and Tps@NisincZPF-2, respec-
tively. After that, the wound area was immobilized with sterile gauze.
Wound photos were taken on days 0, 3, 7, 10 and 14, and the wound
size was quantified by Image ] software. The healing process takes
about 14 days. Freshly regenerated skin tissue was collected on days 7
and 14. These tissues were immobilized in 4% PFA solution for 48 h.
Wound healing was evaluated by H&E and Masson staining. Sex was
considered in the study design, and detailed information was descri-
bed in the manuscript.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Crystallographic data for the structures reported in this article have
been deposited at the Cambridge Crystallographic Data Center, under
deposition numbers CCDC 2172065 (1), 2172121 (2). Copies of the data
can be obtained free of charge via https://www.ccdc.cam.ac.uk/
structures/. All other relevant data generated and analysed during
this study, which include experimental, spectroscopic, crystal-
lographic and computational data, are included in this article and its
supplementary information, or available from the corresponding
authors on request. Source data are provided with this paper.
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