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Abstract Efficient removal of protein-bound toxins remains a formidable challenge in artificial liver support systems because of the persistent
trade-off between adsorption capacity and hemocompatibility. In this study, a wall-integrated cryogel was developed by embedding amino-
functionalized zeolitic imidazolate framework-8 (mZIF-8) within a biomass matrix of quaternized chitosan (QCS) and microfibrillated cellulose
(MFC) using a green cryo-induced assembly process. During freezing, the mZIF-8 nanoparticles were concentrated in the polymer-rich interstitial
regions and assembled into microspheres that became confined within the cryogel walls, resulting in a microsphere-in-wall architecture. The op-
timized mZIF-8@QCS/MFC cryogel showed a bilirubin saturation capacity of 146.6 mg/g in albumin-containing solution. Spectroscopic analysis
suggested that bilirubin capture involved the combined contribution of electrostatic attraction from the positively charged polysaccharide ma-
trix and the hydrogen bonding provided by mZIF-8. The hydrophilic biomass walls reduced the direct exposure of mZIF-8 to the external environ-
ment and limited nonspecific albumin adsorption. The composite cryogel exhibited a hemolysis ratio of 0.4% and stable performance under con-
tinuous-flow conditions. These results show that spatial regulation of metal-organic frameworks (MOFs) locations within carbohydrate cryogel
walls may provide a useful strategy for balancing adsorption accessibility and blood-contacting compatibility in the design of bilirubin adsor-
bents.
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INTRODUCTION

Extracorporeal blood purification has evolved from simple diffu-
sion-based clearance toward adsorption-based strategies for
the removal of toxins that are difficult to eliminate by hemodial-
ysis.l'”l Among these toxins, bilirubin is of particular concern in
liver failure,* as its accumulation is closely associated with
poor prognosis and severe systemic complications.”~” Unlike
small and water-soluble metabolites that are efficiently cleared
by hemodialysis, these hydrophobic toxins circulate tightly
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bound to serum albumin.®='% This binding creates a bulky com-
plex that cannot permeate dialysis membranes,'"'? leading to
persistent toxin accumulation. This creates a strong need for ad-
sorbent materials that can selectively capture bilirubin by com-
peting with albumin.[']

Hemoperfusion is considered a promising approach for re-
moving albumin-bound bilirubin because it allows direct con-
tact between the blood and sorbent materials.l'*'51 Conven-
tional adsorbents, such as activated carbon and polymeric
resins, have been used clinically, but they often suffer from in-
sufficient selectivity and unsatisfactory blood
compatibility.['6-81  Recently, metal-organic frameworks
(MOFs) have garnered considerable interest for adsorption
and separation because of their high surface area, tunable
pore structures, and adjustable chemical functionality.!'%:20]
Zeolitic imidazolate framework-8 (ZIF-8) is a representative
framework with high structural stability and facile synthesis.
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The adsorption behavior can be further tailored by ligand
functionalization. Notably, amino-containing groups are fa-
vorable for bilirubin capture because they can provide elec-
trostatic interactions and hydrogen bonding sites.['421-23]

Although functionalized MOFs show potential for bilirubin
adsorption, their direct use in hemoperfusion remains limit-
ed by their biosafety. To improve handling and avoid particle
dispersion, MOFs are often incorporated into beads,!2*! hydro-
gels,!29 or aerogels.2®! However, these approaches typically
involve structural tradeoffs. Dense polymer encapsulation im-
proves particle retention and minimizes direct blood contact;
however, it may hinder mass transfer and limit bilirubin ac-
cess to internal adsorption sites. Conversely, increased MOF
exposure may enhance the number of adsorption sites at the
expense of particle leakage, hemolysis, and protein fouling.
Therefore, the key challenge lies in designing an architecture
in which MOF particles are securely immobilized within the
matrix, while remaining accessible to bilirubin. Natural
biomass cryogels, particularly those based on polysaccha-
rides, provide an attractive matrix for hemoperfusion owing
to their interconnected macroporous networks, low flow re-
sistance, and excellent biocompatibility. However, blending
MOF nanoparticles into polysaccharide-based cryogels often
faces challenges in preserving polysaccharide biocompatibili-
ty and utilizing the active sites of the MOF particles.

To overcome these limitations, we envisioned that the
cryo-concentration effect associated with freeze-induced
crosslinking could be harnessed to dictate the spatial organi-
zation of MOFs within a macroscopic polysaccharide network,
thereby constructing a functionally segregated microsphere-
in-wall architecture. Conceptually, ice crystal growth concen-
trates the dispersed MOF nanoparticles and polysaccharide
chains within unfrozen interstitial microphases, promoting
the in situ self-assembly of MOFs into densely packed micro-
spheres while simultaneously entrapping them within the
crosslinked polysaccharide walls. Ideally, this unique struc-
tural configuration would help alleviate the trade-off be-
tween the adsorption capacity and hemocompatibility. The
interconnected macroporous network facilitates rapid perfu-
sion, the wall-confined MOF microspheres serve as sites for
bilirubin capture, and the highly hydrophilic polysaccharide
matrix acts as a robust hydration barrier to reduce nonspecif-
ic protein fouling and direct damage to the blood cells.

Guided by this rational design, we developed a cryo-in-
duced wall-integrated mZIF-8@QCS/MFC cryogel using quat-
ernized chitosan (QCS) and microfibrillated cellulose (MFC) as
biomass materials, with excellent hemocompatibility for
bilirubin hemoperfusion. Amino-functionalized ZIF-8 (mZIF-8)
nanoparticles were first prepared via a mixed-ligand strategy
using histamine as the functional ligand. During freezing, the
assembly and simultaneous confinement of the mZIF-8 mi-
crospheres within the QCS/MFC walls were successfully
achieved. The resulting cryogel exhibited a maximum adsorp-
tion capacity of 146.6 mg/g, low hemolysis, and good stabili-
ty under dynamic flow conditions. These results suggest that
wall-integrated encapsulation may be a useful structural
strategy for improving the stability and adsorption perfor-
mance of MOF-based adsorbents in hemoperfusion applica-
tions.

MATERIALS AND METHODS

Materials

Microfibrillated cellulose (MFC) suspensions with a solid con-
tent of 2 wt% were purchased from Guilin Qihong Technology
Co., Ltd. (Guangxi, China). The fibers had diameters of 0.1-1.0
pMm and lengths above 20 um. Quaternized chitosan (QCS) with
a quaternization degree of 98.5% and viscosity of 68.79 mPa-s
(1% aqueous solution, 20 °C) was obtained from Macklin Bio-
Chem Technology Co., Ltd. (Shandong, China). Bilirubin was ob-
tained from Energy Chemical Reagents Co., Ltd. (Anhui, China).
Bovine serum albumin (BSA), bis(vinylsulfonyl)methane (BVSM),
HCl, ZnCl,, 2-methylimidazole, histamine dihydrochloride, and
NaOH were supplied by the Xiya Reagent (Shandong, China).
NaCl, KCl, Na,HPO,-12H,0, and KH,PO, were purchased from
Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China). Co-
agulation test kits were obtained from Mantino Medical De-
vices Co., Ltd. (Changchun, China). All chemicals were of analyti-
cal grade and were used as received without further purifica-
tion.

Synthesis of mZIF-8

A mixed-ligand strategy was used to prepare the mZIF-8. First,
2-methylimidazole (0.9853 g, 12 mmol) was dissolved in a mix-
ture of deionized water (21 mL) and methanol (9 mL). His-
tamine dihydrochloride (0.7363 g, 4 mmol) was added as a func-
tional ligand to introduce amino groups into the framework. Af-
ter complete dissolution, ZnCl, (0.2726 g, 2 mmol) was added as
a metal precursor. The pH of the reaction solution was adjusted
to 8.0, using a NaOH solution. The mixture was stirred at room
temperature for 6 h and aged without disturbance for 12 h. The
resulting product was collected via centrifugation, washed sev-
eral times with deionized water, and freeze-dried to obtain a
white powder.

Preparation of mZIF-8@QCS/MFC Cryogels

The mZIF-8@QCS/MFC composite cryogels were prepared by
cryo-induced chemical crosslinking, with minor modifications
based on a previous report.””) Briefly, 0.30 g of QCS was added
to 10 g of the MFC suspension with a solid content of 2.0 wt%,
followed by the addition of 10 mL of distilled water. The mix-
ture was stirred at 500 r/min for 120 min until homogeneous
dispersion was obtained. Predetermined amounts of mZIF-8
nanoparticles were then gradually introduced into the suspen-
sion, followed by stirring at 500 r/min for 60 min to ensure a uni-
form dispersion. Subsequently, 0.60 g of BVSM was added as a
crosslinker and stirred at 500 r/min for 3 min. The resulting mix-
ture was immediately transferred to plastic syringes and frozen
at —13 °C for 12 h. After thawing at room temperature, the cryo-
gels were thoroughly washed with deionized water to remove
any unreacted species. The samples were then subjected to sol-
vent exchange with ethanol and air-dried at 25 °C. The dried
cryogels retained their original macroscopic shape without any
obvious shrinkage and were used for subsequent characteriza-
tion.

For comparison, cryogels prepared with different mZIF-8
loadings were denoted as mZIF-8@QCS/MFC-x, where x rep-
resents the mass of mZIF-8 in milligrams. For example, mZIF-
8@QCS/MFC-15 refers to a sample containing 15 mg of mZIF-
8. Pristine QCS/MFC cryogel was prepared using the same
procedure without the addition of mZIF-8.
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Characterization

The mechanical properties and shape recovery of the cryogels
were tested using a universal testing machine (UTM-2502; SUNS
Technology, China) at a compression rate of 3 mm/min. The
morphology of the mZIF-8@QCS/MFC-15 cryogel was exam-
ined using scanning electron microscopy (SEM, Zeiss Sigma 300,
Germany) to analyze the macroporous size distribution and par-
ticle embedding. Fourier transform infrared spectroscopy (FTIR;
Bruker Corporation MPA, Germany) was used to investigate the
functional groups present in the cryogels. X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha, USA) was used for
surface elemental composition analysis. The thermal stability
and degradation behavior of the cryogels were examined using
thermogravimetric analysis (TGA, SDT-650, Germany). The sur-
face area, pore volume, and average pore width of the cryogels
were determined from N, adsorption/desorption isotherms us-
ing a gas adsorption analyzer (Micromeritics ASAP 2460, USA)
after degassing at 80 °C for 12 h.

Biocompatibility Assessment

Hemolysis test

The hemolysis test was performed in accordance with relevant
ethical requirements. The cryogel samples were first equilibrat-
ed in phosphate-buffered saline for 30 min. After removing the
washing solution, 10 mL of fresh PBS was added to each sample.
PBS and distilled water were used as negative and positive con-
trols, respectively. All groups were pre-incubated at 37 °C for 30
min. Then, 0.2 mL of diluted sterile porcine blood was added to
each tube and incubated at 37 °C for another 60 min. After cen-
trifugation at 1500 r/min for 12 min, the absorbance of the su-
pernatant was measured at 545 nm. The hemolysis ratio was
calculated using Eq. (1).

Hemolysis ratio (%) = A=A x 100 (1)

p n
where A, A, and A, represent the absorbance of the sample,
the negative control, and the positive control, respectively.

Anticoagulation test

To evaluate the effect of cryogels on the coagulation system,
the activated partial thromboplastin time (APTT), prothrombin
time (PT), and thrombin time (TT) were measured. Cryogel sam-
ples (10 mg) were immersed in PBS overnight and incubated at
37 °C for 1 h. After removal of the PBS, 5 mL of fresh sterile
porcine blood was added and incubated at 37 °C for 3 h. The
cryogels were then removed and plasma was collected by cen-
trifugation. Coagulation parameters were analyzed using a se-
mi-automatic coagulation analyzer (MTN-Il, Mantino Medical
Devices Co., Ltd., China).

Cytotoxicity test

The cytotoxicity of the cryogels was assessed using a Cell
Counting Kit-8 assay. Sterilized cryogel samples were immersed
in a cell culture medium to prepare sample extracts. Human
umbilical vein endothelial cells in the logarithmic growth phase
were seeded into 96-well plates at a density of 8x103 cells per
well and cultured overnight at 37 °C in a humidified atmo-
sphere containing 5% CO,. The medium was then replaced with
100 pL of fresh culture medium for the control group or extract-
containing medium for the experimental group. Each condition
was tested in triplicates. After incubation for 24 h, the medium
was removed and the cells were washed three times with PBS.

Subsequently, 100 pL of the culture medium containing 10%
CCK-8 reagent was added to each well. After 2 h of incubation,
absorbance was measured at 450 nm using a microplate reader.
The cell viability was calculated using Eq. (2).

Acest — A
Cell viability (%) = % x 100 )
control — 710

where Awq, Ag and Aonyol represent the absorbance values of
the experimental, blank, and control groups, respectively. Each
sample was replicated three times, and the average value was
used.

Batch Adsorption

Batch adsorption experiments were conducted to determine
the kinetics and isotherms, which are detailed in the electronic
supplementary information (ESI).

Simulated Hemoperfusion

Continuous-flow adsorption was evaluated using a simulated
hemoperfusion setup comprising a peristaltic pump and plastic
columns packed with mZIF-8@QCS/MFC-15 cryogels of differ-
ent lengths. An albumin-bound bilirubin solution with an initial
bilirubin concentration of 200 mg/L was pumped through the
column at the selected flow rates. Effluent samples were collect-
ed every 2 min and analyzed for residual bilirubin concentra-
tion until the breakthrough approached saturation. The break-
through curves were fitted using the Thomas and Yoon-Nelson
models, as described in ESI.

RESULTS AND DISCUSSION

Synthesis and Characterization of mZIF-8

To improve the affinity of ZIF-8 toward bilirubin, mZIF-8 was
synthesized using a mixed-ligand strategy, in which histamine
was introduced together with 2-methylimidazole during frame-
work formation (Fig. 1a). The purpose of this design was to in-
corporate additional amino groups while maintaining the crys-
talline structure of ZIF-8,8! thereby providing more favorable
interaction sites for bilirubin adsorption.

As depicted in Fig. S1 (in ESI), SEM observations showed
that the obtained mZIF-8 particles retained the typical rhom-
bic dodecahedral morphology of ZIF-8 and exhibited a rela-
tively uniform particle size distribution.?°! Elemental map-
ping further confirmed the homogeneous distribution of C, N,
O, and Zn throughout the particles, indicating successful in-
corporation of the constituent elements within the frame-
work (Fig. S2 in ESI). The crystallographic structure of mZIF-8
was examined using XRD. As shown in Fig. S3 (in ESI), the
diffraction pattern of mZIF-8 matches well with the simulated
pattern of ZIF-8, and no obvious impurity peaks are
detected.B% This result suggests that the introduction of his-
tamine did not disrupt the overall framework topology. The
presence of amino groups was further verified using FTIR and
XPS analyses. The FTIR spectrum (Fig. S4 in ESI), a broad ab-
sorption band appeared at approximately 3600 cm-', which
can be assigned to N—H stretching vibrations.3! The XPS
profiles (Fig. S5 in ESI), the N 1s region could be deconvolut-
ed into two components centered at 399.02 and 400.0
eV,32331 corresponding to the imidazole nitrogen and prima-
ry amine groups, respectively. The Zn 2p signals remained
consistent with the Zn—N coordination environment of ZIF-
8, indicating that the metal-ligand coordination structure was

https://doi.org/10.1007/510118-026-3880-6
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Fig. 1  Schematic illustration of the preparation of the wall-integrated mZIF-8@QCS/MFC cryogel. (a) Mixed-ligand synthesis of amino-
functionalized mZIF-8 using 2-methylimidazole and histamine; (b) Fabrication of the mZIF-8@QCS/MFC cryogel through cryo-induced assembly,
where mZIF-8 nanoparticles are concentrated in the polymer-rich regions during freezing and confined within the QCS/MFC cryogel walls after

crosslinking.

preserved after ligand modification. N, adsorption-desorp-
tion analysis (Fig. S6 in ESI) showed that the BET surface area
decreased slightly from 1006 m2/g to 904 m?/g after amino
functionalization, which is reasonable considering the partial
occupation of the pores by the introduced ligand. Simultane-
ously, the average pore size increased from 1.33 nm to 1.82
nm. This suggests that the incorporation of histamine may
have affected the local pore environment and generated a
somewhat more open structure for guest diffusion.28! These
results indicate that mZIF-8 was successfully prepared with
preserved crystallinity and modified surface chemistry suit-
able for bilirubin adsorption. To verify the role of amino func-
tionalization, we compared the bilirubin uptake of cryogels
loaded with pristine ZIF-8 and mZIF-8 under the same condi-
tions. As shown in Fig. S7 (in ESI), the mZIF-8-based cryogel
exhibited markedly higher adsorption capacity. These results
clearly demonstrate that the introduction of amine groups via
histamine provides additional binding sites, enhancing the
specific affinity for albumin-bound bilirubin.

Architecture of the Wall-integrated mZIF-8@QCS/MFC
Cryogels

To translate the mZIF-8 powder into a macroscopic hemoperfu-
sion adsorbent, we implemented a cryo-induced wall-integra-
tion strategy and proposed a corresponding formation mecha-
nism to engineer a hierarchical microsphere-in-wall architec-
ture (Fig. 1b). During freezing, the advancing ice front is expect-

ed to generate ice-rich regions that subsequently develop into
macropores while concentrating mZIF-8 nanoparticles and
QCS/MFC polysaccharides into a highly compressed interstitial
state. This cryo-concentration effect may promote the local ac-
cumulation and organization of the mZIF-8 nanoparticles into
micron-sized mZIF-8-rich domains within the polymer-rich
phase. Upon thawing, solvent exchange, and drying, these do-
mains are retained within the resulting polysaccharide pore
walls. Consequently, mZIF-8 microspheres became embedded
within the dense, solidified pore walls, while a minor fraction of
individual nanoparticles remained well dispersed on the wall
surface.

The resulting structure was examined by SEM, as illustrat-
ed in Fig. S8 (in ESI). Compared to the relatively smooth walls
of the pristine QCS/MFC cryogel, mZIF-8@QCS/MFC-15
showed many spherical domains with diameters of approxi-
mately 1-3 pm embedded within the walls (Fig. 2a). This mor-
phology indicates that the freezing process did not simply
trap isolated nanoparticles in the network, but promoted
their localized assembly into microspherical aggregates un-
der confinement. The composition and spatial distribution of
the embedded domains were further analyzed by EDS map-
ping. Signals from C, N, and Zn were clearly detected in the
microspheres, with Zn concentrated in the interior region
(Fig. 2b). This distribution supported the formation of mZIF-8-

https://doi.org/10.1007/510118-026-3880-6
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Fig. 2  Microstructural characterization of the wall-integrated mZIF-8@QCS/MFC cryogels. (a) SEM image of mZIF-8@QCS/MFC-15; (b) EDS
diagrams of mZIF-8 microspheres; SEM images of (c) mZIF-8@QCS/MFC-30, (d) mZIF-8@QCS/MFC-50 and (e) mZIF-8@QCS/MFC-100; (f) XRD patterns
of mZIF-8@QCS/MFC cryogels with different mZIF-8 loadings; (g) Schematic model of microsphere-in-wall formation and wall integration in the

mZIF-8@QCS/MFC cryogel.

rich domains wrapped by the surrounding polysaccharide
matrix. Such a configuration is beneficial because it helps
mZIF-8 to remain immobilized in the wall while limiting di-
rect exposure to the external biological environment, which is
a protective feature naturally endowed by the biocompatible
biomass interface.

The integrity of the wall-integrated structure depended
strongly on the mZIF-8 loading. At 15 mg of loading, the mi-
crospheres were uniformly distributed, and their surfaces re-
mained relatively smooth, suggesting effective encapsula-
tion by the QCS/MFC matrix. When the loading was increased
to 30 and 50 mg, the wall surface became rougher, and local
protrusions appeared (Figs. 2c and 2d). At 100 mg, obvious
crystal exposure and structural irregularities were observed,
indicating that the amount of mZIF-8 exceeded the wrap-

ping capacity of the polymer network (Fig. 2e). This evolution
implies that wall integration is not only determined by the
presence of mZIF-8 but also by the balance between particle
assembly and polymer coverage during cryogel formation.
XRD analysis further supported this interpretation (Fig. 2f).
The characteristic diffraction peaks of ZIF-8 were much less
pronounced in MZIF-8@QCS/MFC-15 than in the samples
with higher loading, which is consistent with the stronger
shielding of the crystalline phase by the polymer matrix. With
increasing mZIF-8 content, the ZIF-8 peaks gradually became
more distinct, especially for mZIF-8@QCS/MFC-100, reflecting
the greater exposure of the crystalline component. Based on
the combined morphological and structural results (Fig. 2g
and Fig. S9 in ESI), mZIF-8@QCS/MFC-15 was selected as the
optimized composition because it achieved a more complete

https://doi.org/10.1007/510118-026-3880-6
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microsphere-in-wall architecture while avoiding obvious crys-
tal exposure.

Structural Characterization, Formation Mechanism,
and Mechanical Properties

A hierarchical architecture was established to validate its suit-
ability for hydrodynamic demand. As shown in Fig. 3(a), the
pristine QCS/MFC cryogel exhibits an interconnected macrop-
orous network with an average pore size of approximately 49.73
Mm. After incorporating 15 mg of mZIF-8, the average pore size
shifted to 48.4 um, and the macropores remained wide open,
ensuring the smooth passage of blood cells. As the mZIF-8 load-
ing was increased to 30 mg, the average pore size gradually de-
creased to 44.32 um. The pore structures of the cryogels were
further evaluated by N, adsorption-desorption analysis. As
shown in Fig. S10 and Table S1 (in ESI), the BET surface area in-
creased from 1.13 m%g for QCS/MFC to 2.11 m%g for mZIF-
8@QCS/MFC-15. At the same time, the average pore size de-
creased from 14.47 nm to 9.36 nm (Fig. 3b). The increase in sur-
face area indicates that mZIF-8 contributed to an additional in-
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ternal surface within the wall matrix, while the reduced pore size
suggests a denser mesostructure associated with embedded
microspheres. These results support a hierarchical architecture
in which large pores act as transport channels and the cryogel
walls provide adsorption-active domains.

As depicted in Figs. 3(c) and 3(d), FTIR and XPS analyses
were employed to probe the interfacial interactions between
mZIF-8 and the polysaccharide matrix. The FTIR spectra ex-
hibit a characteristic Zn—N stretching band at 420 cm~, con-
firming the retention of mZIF-8.34 Meanwhile, the
—OH/—NH, stretching band shifts from 3346 cm~' to 3390
cm-!, indicating the formation of hydrogen bonds.351 XPS fur-
ther revealed diminished intensities of the N 1s peaks at
397.85 eV (—NH,) and 401.22 eV (—NH;*), consistent with
electrostatic interactions.% Collectively, these results sug-
gest that mZIF-8 is not only physically confined, but also in-
teracts with the surrounding QCS/MFC network, which is fa-
vorable for stable wall integration. Furthermore, XRD pat-
terns (Fig. 2f) confirm that the crystalline integrity of mZIF-8
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was fully preserved under cryo-confinement, which was con-
sistent with the proposed cryo-induced assembly process.
Mechanical stability is another key requirement of hemop-
erfusion adsorbents. Compression testing showed that mZIF-
8@QCS/MFC-15 sustained a stress of 489 kPa at an 80% strain
(Fig. 3e), indicating that the cryogel could resist substantial
deformation. The loading-unloading curves at different
strains were highly repeatable, showing good elastic recov-
ery. In addition, the material maintained its overall shape af-
ter 50 compression cycles at 80% strain (Fig. 3f), demonstrat-
ing good fatigue resistance. Furthermore, the elastic recovery
remained excellent after seven days of immersion in PBS (Fig.
3g). Such mechanical robustness is important for preserving
pore architecture and preventing bed collapse under dynam-
ic flow conditions. Thermogravimetric analysis (Fig. S11 in ESI)
shows that the mZIF-8@QCS/MFC-15 cryogel exhibited a neg-

ligible mass loss of less than 2.5% in the range of 25-170 °C
and no significant decomposition below 200 °C.

Bilirubin Adsorption under Albumin-containing
Conditions

Because bilirubin circulates in the blood mainly in an albumin-
bound state, the adsorption performance was evaluated in the
presence of 40 g/L BSA as an albumin-containing model system.
Although this model does not fully reproduce the complexity of
authentic plasma, it provides a useful preliminary system for
evaluating the albumin-bound bilirubin adsorption. Preliminary
dosage experiments were conducted to determine the suitable
adsorbent concentration. As shown in Fig. 4(a), increasing the
dosage of mZIF-8@QCS/MFC-15 improved the bilirubin re-
moval efficiency, but decreased the adsorption capacity calcu-
lated per unit mass. A dosage of 1.5 g/L was selected for further
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Fig. 4 Batch adsorption performance of mZIF-8@QCS/MFC-15 toward albumin-bound bilirubin. (a) Effect of adsorbent dosage on bilirubin

adsorption capacity and removal efficiency in a solution containing 200 mg/L bilirubin and 40 g/L BSA; (b) Adsorption kinetic profile of mZIF-
8@QCS/MFC-15 toward bilirubin in the presence of BSA; (c) Linear fitting plots of pseudo-first-order and pseudo-second-order kinetic models for
QCS/MFG; (d) Linear fitting plots of pseudo-first-order and pseudo-second-order kinetic models for mZIF-8@QCS/MFC-15; (e) Adsorption isotherms
of QCS/MFC and mZIF-8@QCS/MFC-15 toward bilirubin in the presence of 40 g/L BSA; (f) Nonlinear fitting of the Freundlich and Langmuir isotherm
models for mZIF-8@QCS/MFC-15; (g) Linear fitting plots of the Freundlich and Langmuir isotherm models for mZIF-8@QCS/MFC-15; (h) Comparison
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adsorption by mZIF-8@QCS/MFC-15.
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experiments because it balanced the overall removal and ad-
sorption efficiency.

Adsorption Kinetics

The kinetic behavior of bilirubin adsorption was studied using
an initial bilirubin concentration of 200 mg/L. As shown in Fig.
4(b) and Fig. S12 (in ESI), the adsorption capacity increased
rapidly at the beginning and approached equilibrium within 5 h.
This relatively fast uptake indicates that bilirubin could reach the
adsorption sites inside the cryogel wall without severe diffu-
sional restriction. The combination of interconnected macrop-
orous transport channels and wall-confined adsorption do-
mains appeared to be favorable for maintaining adsorption ac-
cessibility. To further analyze the uptake process, the data were
fitted using pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models. The fitting plots are presented in Figs. 4(c)
and 4(d), and the parameters are summarized in Table S2 (in
ESI). The PSO model provided a superior fit (R>=0.998), with a
calculated equilibrium capacity (44.7 mg/qg) close to the experi-
mental value (57.8 mg/qg).?”8 This result suggests that the ad-
sorption rate is likely governed by chemical interaction process-
es rather than by simple physical partitioning. This interpreta-
tion was further corroborated by the FTIR and XPS analyses pre-
sented in Section 3.6, which confirmed the specific chemical in-
teractions between bilirubin and the mZIF-8 surface.

Adsorption Isotherms

The adsorption isotherms of bilirubin on cryogels were mea-
sured over a range of initial concentrations at 37 °C. As shown in
Fig. 4(e), the adsorption capacity of the pristine QCS/MFC cryo-
gel increased from 24.4 mg/g to 66.4 mg/g with increasing
bilirubin concentration, indicating that the polysaccharide con-
tributed to bilirubin uptake. After the incorporation of mZIF-8,
the adsorption capacity increased substantially over the entire
concentration range, demonstrating the positive effect of the
wall-integrated MOF domains. The isotherm data were fitted us-
ing Langmuir and Freundlich models. The fitting results are
shown in Figs. 4(f) and 4(g) and the corresponding parameters
are listed in Table S3 (in ESI). The experimental results were best
described by the Langmuir model (R?>=0.960), indicating a ho-
mogeneous monolayer adsorption.*” The maximum adsorp-
tion capacity calculated from the Langmuir equation reached
146.6 mg/g at a dosage of 1.5 g/L and an equilibrium time of 5
h. This value compares well with those of many reported biliru-
bin adsorbents (Fig. 4h and Table S5 in ESI), despite the differ-
ences in experimental conditions, especially considering that
the present material was tested under albumin-containing con-
ditions. This result indicates that locating mZIF-8 within the
cryogel walls did not prevent bilirubin from reaching the effec-
tive binding sites.

Effect of Albumin on Adsorption Performance

The influence of the albumin concentration on bilirubin uptake
was further examined to evaluate the selectivity of the cryogel
under competitive conditions. As shown in Fig. 4(i), the bilirubin
adsorption capacity gradually decreased as the BSA concentra-
tion increased, which was consistent with the stronger associa-
tion between bilirubin and albumin at higher protein levels.
Nevertheless, more than 50% of the adsorption capacity mea-
sured in the absence of BSA was retained, even at 50 g/L BSA,
indicating that the adsorbent remained active under physiolog-

ically relevant protein concentrations. To further evaluate pro-
tein loss during bilirubin adsorption, competitive adsorption
analysis was performed. During the adsorption process, the
bilirubin concentration decreased by 41.9% within 300 min,
whereas the BSA concentration decreased by only 3.84% over
the same period (Fig. S12 in ESI), corresponding to a BSA reten-
tion of 96.16%. Direct BSA adsorption experiments also showed
a limited protein uptake by the composite cryogel (Fig. S13 in
ESI). These results indicated that bilirubin uptake was more pro-
nounced than nonspecific BSA adsorption under the tested
model conditions. This selectivity can be attributed to the wall-
integrated structure. The hydrophilic QCS/MFC walls may sup-
press nonspecific contact between albumin and the mZIF-8 do-
mains, whereas the large size of albumin limits its penetration
into the microporous framework. Under these conditions, biliru-
bin can still be transferred from albumin to high-affinity sites
within the cryogel walls.

Dynamic Adsorption by Simulated Hemoperfusion
Devices

To evaluate the adsorption behavior under flow conditions,
mZIF-8@QCS/MFC-15 was packed into a fixed-bed column and
tested in a simulated hemoperfusion setup (Fig. 5a). The albu-
min-bound bilirubin solution was continuously pumped
through the column, and the breakthrough behavior was ana-
lyzed using the Thomas and Yoon-Nelson models.*”! Dynamic
testing is particularly important for this material because the
wall-integrated design is intended not only to adsorb bilirubin
but also to maintain structural integrity and open transport
channels under perfusion conditions.

As shown in Figs. 5(b)-5(e) and Fig. S14 (in ESI), both mod-
els described the experimental breakthrough curves reason-
ably well, and the Thomas model provided a particularly
good fit. The fitted parameters are summarized in Table 54 (in
ESI). The agreement between the experimental and fitted
curves indicates that the adsorption behavior under flow con-
ditions can be interpreted in terms of the commonly used
fixed-bed adsorption kinetics. When the column length was
fixed at 9 cm, increasing the flow rate from 1 mL/min to 3
mL/min reduced the equilibrium adsorption capacity from
26.7 mg/g to 20.9 mg/g. This trend reflects the shorter resi-
dence time at higher flow rates, which limits the mass trans-
fer from the flowing solution to the adsorption sites located
within the cryogel wall. In contrast, when the flow rate was
maintained at 3 mL/min, increasing the column length from 3
cm to 12 cm increased the equilibrium adsorption capacity
from 16.5 mg/g to 22.4 mg/g. A longer bed increases the con-
tact time and available adsorption volume, thereby improv-
ing bilirubin capture. The Yoon-Nelson fitting showed a simi-
lar tendency. When the bed depth increased from 3 cm to 12
cm, the processed volume at 50% breakthrough increased
from 17.1 mL to 75.0 mL, indicating improved dynamic treat-
ment capacity. Throughout the test, the cryogel column
maintained a stable flow behavior without obvious com-
paction or disintegration. This result is consistent with the
mechanical data and suggests that the resultant cryogel can
tolerate shear and compression conditions associated with
continuous perfusion.

While the BSA-bilirubin competitive system is widely
adopted as the standard model for evaluating bilirubin
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Fig.5 Dynamic bilirubin adsorption performance of mZIF-8@QCS/MFC-15 in a simulated hemoperfusion system. (a) Photograph of the fixed-bed
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hemoperfusion applicability,!'>3541-43] physiological environ-
ments introduce further complexities, such as electrolyte
competition and competitive binding from globulins or oth-
er uremic toxins. Although this work focuses on the novel
“microsphere-in-wall” architecture and its adsorption mecha-
nisms, preclinical validation in human plasma and in vivo ani-
mal models should be conducted to bridge this gap toward
clinical translation. In particular, long-term hemocompatibili-
ty, preservation of essential plasma proteins, material stabili-
ty, potential component leakage, sterilization, and in vivo
safety should be systematically evaluated before clinical ap-
plication.

Adsorption Mechanism

To clarify the binding mechanism of bilirubin, mZIF-
8@QCS/MFC-15 was analyzed before and after adsorption us-
ing FTIR and XPS. In the FTIR spectra, the band at 1644 cm™
shifted to 1653 cm™' after bilirubin adsorption (Fig. 6a), which
indicates changes in the local chemical environment of the car-
bonyl- and amino-related groups.*¥! In addition, the broad
O—H and N—H stretching bands shifted from 3390 cm™ to
3416 cm™, suggesting that hydrogen bonding interactions
were altered after bilirubin binding.[*”!

XPS analysis provided further evidence of adsorption. After
bilirubin uptake, new C 1s signals appeared at 288.01 and
288.99 eV, corresponding to C=0 and O—C=0 species, re-
spectively (Fig. 6b), which are consistent with the presence of
bilirubin-derived chemical groups on the adsorbent
surface.[24l At the same time, the N 1s spectrum showed a de-
crease in the protonated amino component and a shift in the
amino-related peak, indicating the involvement of nitrogen-

containing groups in the adsorption process.l*647] Based on
these results, bilirubin capture by the composite cryogel can
be described as a cooperative process involving both the
polysaccharide matrix and the embedded mZIF-8 domains
(Fig. 6¢). The positively charged QCS can help attract bilirubin
species and enrich them near the cryogel wall, whereas mZIF-
8 provides stronger local binding through hydrogen bonding
and related short-range interactions. Therefore, the cryogel
wall acts not only as a support for immobilizing the MOF but
also as an active interfacial region that participates in the cap-
ture of bilirubin.

Blood Compatibility and Cytotoxicity Testing

For a blood-contacting adsorbent, good hemocompeatibility is
as important as the adsorption performance. The hemolysis ra-
tio of mZIF-8@QCS/MFC-15 was measured according to ASTM
F756-2008. As shown in Fig. 7(a), the hemolysis ratio was 0.4%,
which is well below the 5% threshold commonly used to define
nonhemolytic materials.*®4°] This result indicates that the cryo-
gel caused minimal damage to blood cells under the test condi-
tions. The low hemolysis may be related to the hydrophilic
polysaccharide interface and limited direct exposure of mZIF-8
to the wall-integrated structure.

Coagulation-related behavior was evaluated by measuring
the APTT, PT, and TT (Fig. 7b). Compared with the control, the
APTT increased slightly from 29.9 s to 33.3 s, while PT and TT
remained largely unchanged. These results suggested that
the cryogel did not strongly disturb the coagulation cascade
in vitro. Although a modest prolongation of APTT was ob-
served, the overall coagulation profile remained stable, which
is favorable for further consideration in blood purification ap-
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plications.

Cytocompatibility was assessed using HUVECs and the
sample extracts. As shown in Fig. 7(c), cell viability remained
close to 100% even at an extract concentration of 1.5 g/L, in-
dicating that no obvious cytotoxic effects were detected.
Live-dead staining yielded consistent results, with most cells
remaining viable after exposure to the extract (Fig. 7d). These
observations suggested that the composite cryogel did not
release significant amounts of harmful components under
the tested conditions. Taken together, the blood compatibili-

ty and cytocompatibility results support the utility of wall-in-
tegrated design for developing safer biomass-based hemop-
erfusion materials.

To ensure clinical safety, we evaluated the potential leak-
age of Zn?* and mZIF-8 particles under simulated physiologi-
cal conditions. mZIF-8@QCS/MFC-15 cryogel was immersed
in PBS (pH=7.4) at 37 °C for 48 h with continuous agitation. As
shown in Fig. S15 (in ESI), the solution remained clear with no
observable particles after soaking. The supernatant was ana-
lyzed using ICP-MS. The Zn2* concentration remained below
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0.23 pg/mL, which was well within the safety standards for
blood-contacting materials.[5051]

CONCLUSIONS

A wall-integrated mZIF-8@QCS/MFC cryogel was constructed
using a cryo-induced assembly process for bilirubin hemoperfu-
sion. During freezing, amino-functionalized ZIF-8 nanoparticles
were concentrated in polymer-rich interstitial regions, where
they assembled into microspheres and became confined within
the QCS/MFC cryogel walls. This process generates a micro-
sphere-in-wall architecture that combines open macroporous
channels for fluid transport, with adsorption-active wall do-
mains for bilirubin capture. The optimized composite cryogel
exhibited a bilirubin saturation capacity of 146.6 mg/g in albu-
min-containing solution. Spectroscopic analysis indicated that
bilirubin uptake is associated with the combined action of the
positively charged polysaccharide matrix and mZIF-8, involving
electrostatic attraction and hydrogen bonding. The QCS/MFC
wall also played a critical interfacial role by limiting the direct ex-
posure of mZIF-8 to the external environment, which was con-
sistent with the low hemolysis ratio of 0.4% and stable coagula-
tion profile observed in vitro. In addition, the cryogel main-
tained its structural integrity and adsorption function under
simulated continuous-flow conditions, indicating its potential as

a perfusion-type bilirubin adsorbent. This study demonstrated
that the spatial organization of MOF particles within carbohy-
drate cryogel walls is key to improving the balance between ad-
sorption accessibility and biological safety. In the present sys-
tem, the polysaccharide wall acted not only as a supporting
scaffold but also as a functional interface that contributed to
particle immobilization, selective accessibility, and blood com-
patibility. Although the current evaluation was mainly conduct-
ed using albumin-containing model solutions, the results pro-
vide a useful basis for further studies in more complex plasma
systems and animal models. Overall, microsphere-in-wall de-
sign provides a useful structural strategy for developing
biomass-based adsorbents for albumin-bound bilirubin re-
moval.
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