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Abstract: Metal-organic frameworks (MOFs) have 
emerged as attractive bioencapsulants for preserving 
the structure and function of various biomolecules 
against harsh environmental conditions. However, the 
effect of the loading density of the biomolecules on 
the structure, physical properties, and biopreservation 
efficacy of MOF crystals remains elusive. We 
investigated the structure and properties of zeolitic 
imidazolate framework (ZIF)-90 crystals as a 
function of the loading density of a model protein, 
bovine/human serum albumin (BSA/HSA). We show that the total protein concentration in the MOF growth 
reaction solution significantly affects the morphology, degree of crystallinity, and biopreservation efficacy of the 
MOF crystals. The structure integrity and immunologic functionality of albumin remained well-preserved within 
an optimal protein concentration range of 0.1–1 mg/mL. The proposed optimal range of biomolecule concentration 
during in situ MOF growth is critical for guiding future research and design endeavors within the rapidly evolving 
field of MOF-biomedical applications, offering exciting possibilities for biopreservation, drug delivery, and 
diagnostics. 
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1. Introduction 

The stability and functionality of biomolecules in various biofluids and biospecimens are critical 
considerations in biomedical research and clinical diagnosis [1–3]. The accuracy of diagnostic information 
obtained from analyzing biofluids heavily depends on the stability and functionality of the biomolecules [2]. 
Unfortunately, many molecular biomarkers, particularly proteins, are prone to losing their structure and 
biofunctionality due to poor stability under ambient and elevated temperatures [4,5]. To accurately measure 
biomolecules in clinical labs, an extensive ‘cold chain’ distribution network is required [6], which is often 
impractical and unaffordable in resource-limited settings, especially given the existential threat of climate change. 
To address this challenge, extensive efforts have been dedicated to developing refrigeration-free techniques for 
preserving biospecimens and other biological entities [6–12]. 

Metal-organic frameworks (MOF) are crystalline [13,14], nanoporous materials comprised of metal clusters 
and bridged by organic ligands. A subclass of MOFs, zeolitic imidazolate frameworks (ZIFs), are comprised of 
metal nodes and imidazolate linkers held together by metal-coordination bonds. Over the past decade, ZIFs have 
emerged as highly promising encapsulants for a diverse range of biomolecules, including DNA [8], peptides [15], 
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therapeutic proteins [16,17], enzymes [15,18,19], vaccines [20–22], living cells [23], and immobilized antibodies 
in biodiagnostic devices [24]. ZIFs are particularly attractive as encapsulants and preservatives due to their 
remarkable properties, which include high thermal and chemical stability, tunable pore size, high loading capacity, 
biocompatibility, and mild synthesis conditions and on-demand dissociation. ZIF crystals can be formed under 
mild aqueous conditions (i.e., at room temperature and physiological pH), readily encapsulating biomolecules and 
effectively preserving their structural and functional integrity against denaturation and degradation under harsh 
conditions. 

Encapsulation of various biological entities within MOFs has been achieved through two primary pathways: 
molecular infiltration and biomineralization [11,25]. Molecular diffusion involves the passive transport of 
biomolecules into pre-synthesized MOFs [26], but this method is limited by the stringent requirements of guest 
size and surface chemistry of MOFs, potentially denaturing biomolecules during the formation of MOF-protein 
inclusion complexes. ZIF-90 possesses a aperture size of approximately 0.35 nm [14], which is significantly 
smaller than the dimensions of most proteins. As a result, the encapsulation and preservation of proteins within 
ZIF-90 using diffusion-based methods are inherently challenging. The limited pore size restricts the diffusion of 
larger biomolecules into the internal cavities of the ZIF-90 crystals, thereby hindering effective protein loading 
and storage. The second method involves the in situ growth of MOF crystals in the presence of the biological 
species [7], offering a unique opportunity to create precisely tailored MOF-biomolecule composites with enhanced 
stability of the encapsulated biomolecules [10,27–29]. This interest in utilizing MOFs for hosting and delivering 
biological guest materials has prompted investigations into the interaction between MOFs and biomolecules 
through experimental and computational methods [25–28,30–40]. However, the structure and properties of MOFs, 
biomolecules, and their interfaces in MOF-based biocomposites remain elusive: (i) what is the effect of the loading 
density of the proteins on the structure and properties of MOF crystals? (ii) how does the biopreservation efficacy 
of MOF crystals vary with the loading density of the proteins? (iii) what are the optimal conditions for protein 
encapsulation and preservation within MOF crystals? 

In this study, we reveal how the total protein concentration in the reaction solution governs the morphology, 
crystallinity, thermal stability, and preservation efficacy of the in situ-synthesized ZIF-90 crystals. The 
morphological and structural evolution of protein-encapsulated ZIF-90 crystals were explored with environmental 
scanning electron microscope (ESEM), transmission electron Microscope (TEM), Brunauer-Emmett-Teller (BET), 
X-ray diffraction (XRD), and differential scanning calorimetry (DSC). The structure and functionality of protein 
were evaluated by using a plasmonic-fluor-linked enzyme-linked immunosorbent assay (p-FLISA) and Fourier 
transform infrared (FTIR) spectroscopy. The crystallinity and thermal stability of MOF crystals progressively 
decreased with an increase in the protein loading. The biopreservation efficacy of the MOF crystals was maximum 
at an intermediate protein concentration, determined by the tradeoff between efficient loading/recovery of the 
protein and optimal encapsulation under harsh environmental conditions. 

2. Materials and Methods 

2.1. Materials 

Human serum albumin (HSA) (H6914), and bovine serum albumin (BSA) (A7030) were purchased from 
Millipore Sigma (St. Louis, MO, USA), human serum albumin ELISA kits (DY 1455) from R&D Systems 
(Minneapolis, MN, USA). Plasmonic-fluor–800 was purchased from Auragent Biosciences (St. Louis, MO, USA), 
while zinc nitrate, 2-imidazolecarboxaldehyde (ICA), ethylenediaminetetraacetic acid (EDTA), 
polyvinylpyrrolidone (PVP), tween-20, sodium phosphate monobasic, and sodium phosphate dibasic, were 
purchased from Millipore Sigma (St. Louis, MO, USA). All chemicals were used as received without further 
purification. 

2.2. Methods 

2.2.1. Encapsulation of HSA/BSA Proteins with ZIF-90 Crystals 

HSA/BSA were diluted 10 times and 30 times with nanopure water. Then each diluted sample was mixed 
with ICA (320 µL) and 80 µL of zinc nitrate solution, the final concentration of HSA/BSA in each samples are 0, 
0.01, 0.05, 0.1, 0.32, 0.5, 0.64, 1, 1.2, 5, 10 and 20 mg/mL. 0.2 wt% PVP were mixed well with ICA before reacting 
with zinc nitrate solution. The final concentration of ICA was 160 mM and the molar ratio of ICA and zinc nitrate 
was controlled to be 4:1. After 4 h of incubation at room temperature (20–23 °C), the mixture solution was 
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centrifuged at 8000 rpm for 15 min. The resultant particles were then rinsed with slightly alkaline nanopure water 
three times. Finally, the particles were stored at 55 °C for various lengths of time up to 2 weeks. 

2.2.2. Protein Recovery 

To recover embedded proteins from ZIF-90 crystals, MOF dissociation buffer (0.1 M phosphate buffer with 
100 mM EDTA and 0.05% Tween-20 at pH 5.1) was added to each of the tubes and subjected to gentle orbital 
mixing for 25 min. After protein released from the crystals, the suspension turned from white to clear. To quantify 
the protein recovery after storage, HSA p-FLISA were performed. The preservation efficacy was calculated by 
comparing the amount of HSA released from ZIF crystals to the amount of HSA stored at −20° C, a standard cold 
chain condition, which represents 100%. 

2.2.3. Plasmonic-Fluor-Linked Immunosorbent Assay of HSA 

Human HSA DuoSet ELISA kit (R&D DY1455) was employed in the study. Specifically, 96-well plates 
were first incubated with capture antibodies (2 µg/mL in phosphate buffered saline (PBS) overnight at room 
temperature, followed by blocking with 3% BSA in 1X PBS for 2 h at room temperature. After 3 times washing 
with PBS containing 0.5% Tween 20 (PBST), 100 µL of serially diluted standard as well as samples (e.g., eluted 
protein solution) were added into different wells, and the plate was incubated at room temperature for two hours. 
The plate was washed subsequently and incubated with biotinylated detection antibodies for 2 h, followed by 
washing and the addition of 100 µL of plasmonic-fluors [3]. Plasmonic-fluors were incubated for 30 min, and the 
plate was washed three times with PBST. The fluorescence image of the microtiter plate was obtained using a LI-
COR CLx fluorescence scanner. The concentration of the protein in unknown samples was determined using 
standard curve fit with a 4-parameter logistic model. 

2.2.4. Statistics 

For analyzing the statistical difference between two groups, an unpaired two-tailed t-test with Welch’s 
correction was used. For analyzing the statistical difference between more than two groups, one-way analysis of 
variance (ANOVA) with a post-hoc Dunnett’s significance test was used. Statistical significance of the data was 
calculated at 95% (p < 0.05) confidence intervals. All values are expressed as mean ± s.d. 

2.2.5. Material Characterization 

X-ray diffraction (XRD) measurements of the samples were performed on a Bruker D8-Advance X-ray 
powder diffractometer (Madison, WI, USA) using Cu Kα radiation (λ = 1.5406 Å) with scattering angles (2θ) of 
5–25°. SEM images were obtained using Thermo Scientific Quattro S Environmental Scanning Electron 
Microscope (ESEM, Waltham, MA, USA). Transmission electron microscopy images were obtained using a JEOL 
JEM-2100F field emission instrument (TEM, Akishima, Japan). The surface area was calculated with the 
Brunauer–Emmett–Teller (BET) equation, and the pore size distribution was calculated by the Barrett–Joyner–
Halenda (BJH) method. Attenuated total reflection Fourier transform infrared spectra (ATR-FTIR, Waltham, MA, 
USA) were obtained using a Nicolet iS10 spectrometer in the range of 400–4000 cm−1 at a resolution of 0.48 cm−1, 
averaging 100 scans. Differential scanning calorimetry (DSC, Greifensee, Switzerland) measurements were 
performed on a Mettler Toledo STARe DSC1 with a heating rate of 20 K/min. 

3. Results and Discussion 

We have investigated the influence of protein concentration on the structure and properties of biomineralized 
ZIF-90 crystals, using BSA as a model protein. We synthesized biocomposite samples by varying the concentration 
of BSA with fixed concentrations of zinc nitrate (100 mM) and 2-imidazolecarboxaldehyde (ICA, 25 mM). The 
final concentrations of BSA in ZIF-90 precursor solution ranged from 0 to 20 mg/mL. All reactions were conducted 
in water with a Zn/ICA molar ratio of 1:4. After mixing BSA and precursors, the solutions with different 
compositions were kept at room temperature (22–25 °C) for 4 h. The resultant particles were collected by 
centrifugation and washed with slightly alkaline water (pH > 7.2) three times. 

It has been suggested that proteins serve as pre-nucleation sites and facilitate the nucleation and 
crystallization of ZIF crystals [10,19,39]. At low BSA concentration (0.1–0.5 mg/mL), the reaction solution turns 
turbid rapidly upon the addition and redispersion of BSA (Supplementary Video S1). The MOF crystals grow and 
precipitate within 40 min after the BSA addition. For BSA concentrations exceeding 1.2 mg/mL, the solution 
turned cloudy upon the addition of BSA and resulted in the formation of a much denser white precipitate. At the 
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highest BSA concentration studied here (20 mg/mL), the solution became cloudy initially, and with further mixing, 
it transitioned to a semi-transparent state (Supplementary Video S2). Without the addition of BSA, the rate of ZIF-
90 formation is slower compared to when BSA is present, and the reaction solution did not turn turbid during the 
first 20 mins. The visual observation of the reaction solutions suggests that when BSA concentration is within 0.1–
1 mg/mL, the rate of BSA-ZIF-90 crystal formation increases as the BSA concentration increases. At higher BSA 
concentrations, the excess BSA possibly disrupts the formation of well-defined BSA-ZIF-90 crystals. 

To further probe the structural variations of BSA-embedded ZIF-90 crystals with varying BSA concentrations, 
we examined selected samples using high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-HRSTEM), ESEM, XRD, and DSC. First, we investigated the particle size and morphology of different 
samples by BET, ESEM and HR-STEM (Figures 1 and 2). MOF crystals formed under various reaction conditions 
exhibited a tendency to adopt a rhombic dodecahedral structure (Figure 1), which corresponds to the stable 
structure of ZIF-90. With a BSA concentration of 0.1 mg/mL in the reaction solution, we found the average crystal 
size to be 1.0–1.5 µm from ESEM and HR-STEM images (Figures 1 and 2b). At this concentration, the BSA-ZIF-
90 crystals exhibit a well-defined rhombic dodecahedral shape and are of similar size to pristine ZIF-90 crystals 
(Figure 1a), but the surface of BSA-ZIF-90 crystals was not as smooth as that of pristine ZIF-90 crystals. In the 
presence of BSA concentrations ranging from 0.5 to 1.2 mg/mL, the particles have an average size of 1.2–2.0 µm 
and maintain the rhombic dodecahedra structure but exhibit a rough and grainy surface (Figures 1c,d and 2c,d). 
The specific surface area and pore volume of the MOF crystals decreased upon loading the crystals with BSA. 
(Figure S1 and Table S1). The grainy surface and the presence of defects indicate that the encapsulation of higher 
concentrations of protein is beginning to disrupt the formation of the ZIF matrix, albeit not catastrophically. At 
BSA concentrations around 5 mg/mL, the estimated average size ranged from 2 to 5 µm, displaying a less well-
defined rhombic dodecahedral morphology (Figures 1e and 2e). The pronounced granularity of particle surface 
and increased occurrence of defects in BSA-embedded ZIF-90 particles indicate reduced crystallinity at very high 
BSA concentrations. At a BSA concentration of 20 mg/mL, particle size decreased to approximately 500 nm, 
accompanied by an extremely rough surface (Figures 1f and 2f). At this concentration, the particles lack well-
defined facets and appear to be surrounded by aggregated BSA-precursor complexes, suggesting that the excess 
biomolecules in the reaction solution hinder the growth of the nuclei into well-defined crystals. 

Next, to further explore the effect of the concentration of encapsulated biomolecule on ZIF-90 crystals, we 
investigated the thermal properties and crystallinity of BSA-ZIF crystals using DSC and XRD. DSC revealed the 
progressive decay in the thermal stability of ZIF-based biocomposites with different BSA concentrations  
(Figure 3A,B). We observed that as the BSA concentration increased, the exothermic peak in the DSC curves of 
all seven samples consistently shifted to lower temperatures. Specifically, the exothermic peak shifted from 320 °C 
in pristine ZIF-90 to 270 °C in the ZIF-based biocomposites with a BSA concentration of 20 mg/mL. These shifts 
indicate a lower decomposition temperature during the pyrolysis process as the BSA content increases. High BSA 
loading within the ZIF-90 crystals partially disrupts the coordination between metal ions and organic linkers, 
lowering the thermal stability of the crystals. 

 

Figure 1. ESEM images of BSA-embedded ZIF-90 crystals with BSA concentrations of (a) 0 mg/mL, (b) 0.1 

mg/mL, (c) 0.5 mg/mL, (d) 1.2 mg/mL, (e) 5 mg/mL, (f) 20 mg/mL. 
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Figure 2. HAADF-HRSTEM images of BSA-embedded ZIF-90 crystals with BSA concentrations of (a) 0 mg/mL, 

(b) 0.1 mg/mL, (c) 0.5 mg/mL, (d) 1.2 mg/mL, (e) 5 mg/mL, (f) 20 mg/mL. 

XRD is routinely employed to probe the crystal structure of pristine MOFs grown in solution and on surfaces. 
We determined the degree of crystallinity of pristine and protein-embedded ZIF-90 crystals by calculating the ratio 
of the areas of crystalline peaks to the total area of XRD peaks of each sample [41]. Crystallite size was determined 
by using the Bruker Topas software and Scherrer equation [41]. The predominant peaks of the pristine ZIF-90 
sample (S0) at (110), (200), (211), (220), (310) and (222) are in good agreement with the literature, confirming 
the typical sodalite structure of ZIF-90 (Figure 3C), consistent with our ESEM and HR-STEM results  
(Figures 1A and 2A). From samples S0 to S6, which correspond to increasing BSA concentrations ranging from 
0 mg/mL to 20 mg/mL, we observed a progressive broadening of the XRD peaks. This observation suggests a 
correlation between BSA concentration and crystallinity (Figure 3D). The crystallite size and crystallinity were 
found to decrease gradually with an increase in BSA concentrations encapsulated in ZIF-90 crystals  
(Figure 3D–F). The variations in particle size and morphology can be ascribed to the partial disruption in the 
crystalline framework in the presence of BSA. In the range of BSA concentrations from 0 to 1.2 mg/mL, the 
samples exhibit strong agreement with simulated ZIF-90 patterns, indicating that the incorporation of BSA did not 
significantly disrupt the long-range order and general morphology of the host MOF material. At BSA 
concentrations higher than 5 mg/mL, biocomposites show a significant decrease in crystallinity and an associated 
reduction in thermal stability (Figure 3B). This observation suggests that an increase in the amount of BSA 
embedded in the ZIF-90 crystals increases the defects in the crystals by disrupting the tight and extended metal-
organic ligand coordination network observed in pristine crystals. 

To explore the effect of increasing encapsulated biomolecule concentrations on the structure of biomolecules 
within BSA-ZIF-90 biocomposites, we obtained ATR-FTIR spectra of lyophilized biocomposite samples. This 
technique enables us to investigate the conformational changes of BSA embedded in the microcrystals [37,42–44]. 
Pristine ZIF-90 crystals exhibited absorption peaks at 1402–1467 cm−1 and 1680–1700 cm−1, while pristine BSA 
exhibited absorption peaks at 1600–1700 cm−1, 1500–1560 cm−1, corresponding to amide I and amide II bonds of 
BSA [43], respectively (Figure 4A). FTIR spectra of BSA-ZIF-90 biocomposites shared the characteristic peaks 
of both ZIF-90 and BSA, suggesting the successful incorporation of BSA within ZIF-90 cystals [35,37,44,45]. 
Amide I involves the C=O stretching of CONH groups in proteins [37] and encompasses the major elements of 
proteins secondary structure, including α- helix, β-sheet/β-turn, random coils and extended chains [37,43,46,47]. 
Amide II primarily involves N-H bending and C-N stretching, which is less affected by the changes in the protein 
structure. Therefore, to decipher the interaction between BSA and ZIF-90 in the bicomposites, we analyzed the 
Amide I peak (1600–1700 cm−1) with quantitative Voigt peak fitting to determine the secondary structure of BSA 
(Figure 4B–G). The FTIR vibrational frequency assignments are summarized in Table 1. To quantify the secondary 
structures, the percentage of each structure is calculated by measuring the area of the corresponding absorption 
band to the total area of all assigned bands in the FTIR spectrum. Among all the possible secondary structures of 
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lyophilized free BSA, α- helix is the dominant conformation with an estimated contribution of 46% (Figure 4H), 
which agrees with previous studies [42,43,46,48]. With an increase in the BSA concentration from 0.1 mg/mL to 
2.5 mg/mL in the MOF crystals, there was a reduction in the contribution of MOF (1700–1680 cm−1)  
(Figure 4C–F). Correspondingly, there was increased loss of α- helix (1655–1648 cm−1), increase in β-turns  
(1684–1662 cm−1), and extended chains (1620–1639 cm−1), indicating that higher concentrations of encapsulated 
proteins lead to a higher possibility of unfolded protein structure. Additionally, there are increased contributions 
from short segment chains connecting α- helix segments and aggregated strands (1620–1630 cm−1), alongside the 
presence of intermolecular β-sheet (1600–1616 cm−1) at elevated BSA concentration. These changes indicate the 
partial denaturation/aggregation of BSA at high encapsulation concentrations during the formation of BSA-ZIF-
90 microcrystals [46]. 

 

Figure 3. (A,B) DSC analysis of BSA-embedded ZIF-90 crystals with various BSA concentrations; (C) XRD 

analysis of BSA-embedded ZIF-90 crystals with various BSA concentrations; (D) Crystallinity; (E) and crystallite 

size analysis; (F) FWHM analysis. 

Table 1. Vibrational frequency assignments of the MOF crystals and BSA. 

Secondary Structure Assignment 
Vibrational Frequency Range (cm−1) 

Ref. [43] Ref. [46] Ref. [42] This Work 
MOF - - - 1700–1680 
β-Turns 1680–1663 1670–1662 1690–1660 1684–1662 
α-Helix 1655–1650 1655–1650 1660–1650 1655–1648 

Random coil 1646–1642 1645–1642 1648–1644  

Extended chains/ 
β-sheets/short-segment chains connecting the α-helical segment2 

1639–1632 1638–1632 1640–1630 1639–1632 

Extended chains/β-sheets, Aggregated strands 1630–1620  1630–1620 1630–1620 
Side chain moieties/ Intermolecular β-sheet 1616–1600 1620–1610 1620–1600 1616–1600 
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Figure 4. ATR-FTIR analysis of BSA-embedded ZIF-90 crystals with various BSA concentrations (A); 

deconvoluted ATR-FTIR spectra of the BSA-embedded ZIF-90 with BSA concentration of 0 mg/mL (B), 0.1 

mg/mL (C), 0.5 mg/mL (D), 1.2 mg/mL (E), 2.5 mg/mL (F); Pristine BSA (G); Secondary structure analysis of 

BSA embedded in ZIF-90 crystals quantified by FTIR (H). 

Lastly, we set out to evaluate the structure and biofunctionality of the biomolecules encapsulated in the 
biocomposites using HSA as a model protein. Samples were prepared by following the same protocol described 
above and analyzed using a commercial HSA enzyme-linked immunosorbent assay (ELISA) kit. The few BSA 
ELISA kits available commercially were not sufficiently sensitive. Hence, we have employed HSA as a model 
protein to investigate the loading density-dependent encapsulation and preservation. HSA and BSA have nearly 
80% sequence homology, are similar structurally, and have similar binding pockets for various biomolecules [49] 
To increase the sensitivity and dynamic range of the assay, we converted this commercial colorimetric assay to a 
plasmonic fluor-linked immunosorbent assay (p-FLISA) [10]. The amount of HSA quantified by p-FLISA 
accounts for various possible losses of protein, including encapsulated and retrieved protein with compromised 
secondary structure, unencapsulated protein with lost secondary structure, and finite loss that may occur in the 
encapsulation and retrieval process. The preservation efficacy, defined here as the recognition by antibodies, was 
found to be above 85% with HSA concentrations in the range of 0.1–1 mg/mL for 1 week stored at 55 °C  
(Figure 5A) and above 80% with HSA concentrations in the range of 0.1–0.5 mg/mL for 2 weeks stored at 55 °C 
(Figure 5B). For HSA concentration above 1 mg/mL, the preservation efficacy was below 75% for 1-week storage 
and below 55% for 2-week storage at 55 °C (Figure 5). Statistical analysis demonstrates significant differences in 
preservation efficacy between MOF-encapsulated HSA in the concentration range of 0.1–1 mg/mL and the 
negative control (without MOF encapsulation) (Figure 5). Additionally, within the concentration range of 0.1–1 
mg/mL, no significant differences were observed in preservation efficacy across these concentrations after storage 
for 2 weeks at 55 °C. The resultant optimal concentration range for achieving high preservation efficacy was in 
good agreement with the range of maintaining well-defined crystal structures. In the optimal concentration range 
of protein (0.1–1 mg/mL), biomolecules serve as pre-nucleation sites for the MOF precursors and promote the fast 
formation of ZIF-90 crystals with a well-defined rhombic dodecahedron shape (Figures 1b,c and 2b,c) and well-
defined structure preserve the structure and biofuntionality of biomolecules (Figures 4 and 5). The small but finite 
loss of protein during the encapsulation and release significantly lowers the measured preservation efficacy of 
MOFs at extremely low protein concentrations (Figure 5). On the other hand, at high protein loading densities, the 
ZIF-90 structure becomes partially disrupted due to increased defects in the crystals (Figures 1e,f and 2e,f). Under 
these conditions, ZIF-90 fails to provide tight encapsulation of the proteins, leading to a loss of secondary structure 
and functionality, including antibody recognition (Figure 5). In addition, excess protein can be adsorbed on the 
surface of the crystals or remain unencapsulated in the solution. The denaturation of the unencapsulated proteins 
at high temperatures decreases preservation efficacy. 
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Figure 5. Preservation efficacy of HSA-embedded ZIF-90 particles stored at 55 °C for 1 week (A) and 2 weeks 

(B). (N = 3, ** p < 0.01, **** p < 0.0001, data represent mean ± s.d.). 

4. Conclusions 

We systematically investigated the effect of protein loading on the morphology and structure properties of 
ZIF-90 crystals by synthesizing ZIF-90-based biocomposites using albumin as a model protein. We demonstrated 
that the morphology, crystallinity, thermal stability, and preservation efficacy of the MOF are total protein 
concentration-dependent. The structure of albumin-encapsulated MOF crystals was stable when the total protein 
concentration was below 0.5 mg/mL. The protein structure and immunologic functionality of albumin were well-
preserved when the encapsulated protein concentration was around 0.1–1 mg/mL. While the optimal concentration 
range for individual proteins might slightly vary, we believe the dependence of the MOF structure and properties 
on the protein loading density will be similar for various globular proteins. Our results will inform and facilitate 
future research in the burgeoning area of MOF biocomposites for biopreservation, drug delivery, and diagnostics. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.sciltp.com/journals/mi/2024/1/494/s1 , Figure S1: Nitrogen adsorption isotherms (A) and pore size distribution 
(B) of ZIF-90 and BSA-embedded ZIF-90 determined by Brunauer-Emmett-Teller (BET) and Barrett–Joyner–Halenda (BJH), 
respectively; Table S1: Specific surface area and pore dimensions of ZIF-90and BSA embedded -ZIF-90; Video S1: MOF 
encapsulation with low protein concentration; Video S2: MOF encapsulation with high protein concentration. 
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