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Degradation Kinetic Studies of BSA@ZIF-8 Nanoparticles with
Various Zinc Precursors, Metal-to-Ligand Ratios, and pH Conditions
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ABSTRACT: Nanosized zeolitic imidazolate framework particles (ZIF-8
nanoparticles [NPs]) have strong potential as effective carriers for both in
vivo and in vitro protein drug delivery. Synthesis of ZIF-8 and stability of
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Zn(OAc), Zn(NO,),

protein encapsulation within ZIF-8 are affected by several factors, notably the 222+

metal ion source and molar ratio. To systematically investigate these factors, o S
we investigated such effects using BSA as a model test protein to synthesize &e 7
BSA@ZIF-8 NPs at various metal-to-ligand (M:L) ratios. SEM, FTIR, XRD, 2-miM

and DLS were applied to characterize the morphology and structure of BSA@
ZIF-8 NPs and their effects on protein loading capacity. Degradation kinetics
and protein release behavior of BSA@ZIF-8 NPs were evaluated at pH 5.0
(to simulate the tumor environment) and pH 7.4 (to mimic the blood
environment). Our objective was to define optimal combinations of the high protein loading rate and rapid release under varying pH
conditions, and we found that (i) the yield of BSA@ZIF-8 NPs decreased as the M:L ratio increased, but the protein content
increased. This highlights the need to strike a balance between cost-effectiveness and practicality when selecting ZIF-8 NPs with
different molar ratios for protein-based drug formulation. (ii) BSA@ZIF-8 NPs exhibited cruciate flower-like shapes when
synthesized using Zn(NO,), as the zinc precursor at M:L ratios of 1:16 or 1:20. In all other cases, the NPs displayed a regular
rhombic dodecahedral structure. Notably, the release behavior of the NPs did not differ significantly between these morphologies.
(iii) When Zn(OAc), was used as the zinc precursor, the synthesized ZIF-8 NPs exhibited a smaller size compared to the
Zn(NO;),-derived ZIF-8 NPs. (iv) The release rate and amount of BSA protein were higher at pH 5.0 compared to pH 7.4. (v)
Among the different formulations, BSA@ZIF-8 with an M:L ratio of 1:16 at pH 5.0 was observed to have a shorter time to reach a
plateau (0.5 h) and higher protein release, making it suitable for locally rapid administration in a tumor environment. BSA@ZIF-8
prepared from Zn(OAc), at an M:L ratio of 1:140 showed the slower release of BSA protein over a 24-h period, indicating its
suitability for sustained release delivery. In conclusion, our findings provide a useful basis for the practical application of ZIF-8 NPs
in protein-based drug delivery systems.

BSA  BSA@ZIF-8

1. INTRODUCTION

Protein drugs (therapeutic proteins) have many advantages:
high activity, strong specificity, low toxicity, well-defined
biological function, and effective clinical application." Two
obstacles to their successful use are low cellular uptake efficiency
and rapid clearance by the immune system and enzymatic
environment.” To overcome these obstacles, various carrier
systems have been developed for the encapsulation and delivery
of protein drugs, and bovine serum albumin (BSA) is commonly
used as a model test protein in these investigations.’

Zeolitic imidazolate frameworks (ZIFs), a subcategory of
metal—organic framework (MOF) materials, are composed of
tetrahedral metal ions (particularly Zn**, Co**, Cu®*, or Fe?")
ligated to imidazolate groups.” One of the best-studied ZIF
carriers is ZIF-8, consisting of Zn®* linked to 2-methylimidazole
(2-mIM). The advantages of ZIF-8 include high surface area,
low cytotoxicity, and chemical and thermal stability in aqueous
solution.” Chu’s group used BSA as a model test protein to
create biomineralized protein-encapsulated ZIF-8 nanoparticles
(NPs) for intracellular delivery and endolysosomal release of
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proteins, thereby maintaining activity of the proteins and
protecting them from enzyme-mediated degradation.” The high
biocompatibility and drug loading capacity of ZIF-8 facilitate
embedding of a variety of biomolecules (e.g., enzymes, DNA,
and proteins), such that leakage is reduced and biological
activity is maintained.””"' Even more, ZIF-8 exhibits pH-
dependent release behaviors that are crucial for drug delivery
within living organisms. It undergoes degradation in acidic
conditions (pH 5.0—6.0), thereby enabling the effective delivery
and release of a carrier that can be controlled by the pH
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ZIF-8 synthesis is affected by factors such as the metal ion
source and molecular structure of organic ligands, and ZIF-8
framework structures are affected by the molar ratio, reaction
time, stirring rate, and solvent used. Beh et al. found that
increasing the Zn*" concentration alone promoted the ZIF-8
nucleation while suppressed the ZIF-8 nucleus growth to result
in smaller ZIF-8 particles (<200 nm)."> On the other hand,
mechanical stirring is another key factor in ZIF-8 manufacturing,
as static synthetic conditions resulted in slightly larger
crystallites compared to those formed in mechanically stirred
reactions (1.58 + 0.15 um versus 1.33 + 0.14 um).'° The
hydrogen bond donation ability of a solvent, which determines
the crystallization rate and nanocrystal size, is a primary factor
affecting the ZIF-8 synthesis process.'” Studies of ZIF-8
synthesis and crystallinity under varying zinc sources, molar
ratios, and water contents demonstrated that the particle size
and shape can be controlled by adjusting the 2-mIM
concentration.'® Polycrystalline or amorphous products may
be formed during ZIF-8 synthesis as a result of reactions
involving imidazolate ligands, adversely affecting the production
and encapsulation of protein drugs.

Few studies have examined in detail the effects of Zn*" sources
and molar ratios on synthesis and encapsulation efliciency of
ZIF-8 loaded with grotein drugs."” ZIF-8 has strong thermal and
chemical stability”’, but reacts rapidly in acidic (low pH)
environments. This is a result of the protonation of organic
ligands in such environments, leading to cleavage of Zn—N
bonds, breakdown of the ZIF-8 skeleton, and consequent release
of the drug.”' Falcaro’s group analyzed structural and chemical
changes of pure ZIF-8 particles exposed to the PBS medium and
demonstrated more rapid degradation of smaller particles.””
ZIF-8 microcrystals were shown by Morozov’s group to be more
strongly degraded by a PBS solution with pH 7.4 than by a lactic
acid solution with pH 5.0.”” There have been no systematic
studies, to date, on stability of protein encapsulation of ZIF-8
NPs, or their releasing behaviors, in relation to protein loading
capacity, crystal size, or environmental pH. Understanding such
relationships is important for design of in vitro and in vivo
experiments.

To elucidate such relationships, we systematically investigated
BSA@ZIF-8 synthesis under various metal-to-ligand (M:L)
ratios, with BSA as a test protein. We used three complementary
approaches: (i) study effects of two common zinc sources (zinc
nitrate and zinc acetate) and four Zn:2-mIM molar ratios (1:16,
1:20, 1:30, and 1:140) on the BSA@ZIF-8 NPs formation
process, (ii) characterize (by several techniques) the BSA@ZIF-
8 morphology and structure and roles of these factors in
determining the protein drug loading rate, and (iii) analyze
BSA@ZIF-8 degradation kinetics and protein release behavior
in simulated tumor (pH 5.0) and blood (pH 7.4) physiological
environments. Our overall objective was to define optimal
combinations of high protein loading rates and rapid release
under varying pH conditions.

2. EXPERIMENTAL SECTION

2.1. Materials. Zinc acetate dihydrate [Zn(OAc),-2H,0]
and zinc nitrate hexahydrate [Zn(NO;),-6H,0] were purchased
from Sinopharm Chemical Reagent Co. (Shanghai). 2-
Methylimidazole (2-mIM) and lactic acid were from Shanghai
Aladdin Biochemical Technology Co. (Shanghai). BSA (purity
of >97%) was from Shanghai Lanji Technology Development
Co. (Shanghai). Saline solution (0.9%) was from Sichuan Kelun
Pharmaceutical Co. (Chengdu). PBS buffer was from OriGene

Technologies, Inc. (Wuxi). The bicinchoninic acid (BCA)
protein assay kit, SDS-PAGE Gel Fast Preparation Kit, and Fast
Silver Stain Kit were from Beyotime Biotechnology Co.
(Shanghai). All chemical reagents were used without further
purification.

2.2. Synthesis of ZIF-8 and BSA@ZIF-8. For synthesis of
ZIF-8, 0.2 mmol of Zn(OAc),-2H,0 was dissolved in 1 mL of
deionized (DI) water, and 6 mmol of 2-mIM was dissolved in 3
mL of DI water.”* For synthesis of BSA@ZIF-8, 2 mg of BSA
was dissolved in 1 mL of 0.9% saline solution to prepare stock
solutions, 6 mmol of 2-mIM was dissolved in 2 mL of DI water,
and 1 mL of stock solution was added at room temperature. The
above solutions were added dropwise with Zn>* solution and
stirred for 1 h at room temperature. NPs were collected by
centrifugation (10,000 rpm, 10 min), washed 3x with DI water
(10,000 rpm, S min), and lyophilized for 12 h. Supernatants
were collected for BCA protein assays to determine protein
encapsulation efficiency. The 2-mIM/Zn molar ratio was
adjusted to 16, 20, and 140 for investigation of effects on
product synthesis.”>*° Synthesis of ZIF-8 and BSA@ZIF-8 using
Zn(NO;), was performed by a procedure analogous to that
using Zn(OAc),.

2.3. Characterization of ZIF-8 and BSA@ZIF-8.
2.3.1. Morphology. Scanning electron microscopy (SEM)
(model S-4800, Hitachi High-Tech Corp.; Tokyo) was used
to study the morphology. For both carriers, a test sample was
dispersed in a small amount of anhydrous ethanol, and a single
drop was placed on a monocrystalline silicon wafer and dried in a
desiccator for 10 min. The dried sample was gold-covered by an
ion sputtering device (model E1010, Hitachi) (pressure: 8 X
10~* Mbar; current: 25 mA) and observed by SEM.”’

2.3.2. Dynamic Light Scattering (DLS). Samples were placed
in microcentrifuge tubes and suspended in DI water. 3 mL of the
suspension was placed in a cuvette and read in a Beckman
Coulter Delsa Nano C to estimate the average particle size.”®

2.3.3. X-ray Diffraction Analysis (XRD). XRD patterns were
obtained using a D8 Advance diffractometer (Bruker;
Germany). Samples were run using Cu Ka radiation (1 =
1.5418 A) under continuous mode scanning, a rate of 2°/min,
and a temperature range of 5—60°.”

2.3.4. Fourier Transform Infrared Spectroscopy (FTIR).
Functional groups were determined by analyzing infrared
spectra on a spectrometer (model 1S10, Thermo Fisher
Scientific; USA). Samples were ground gently with KBr in a
mortar and compressed into transparent sheets (pressure: 400
kg/cm?), and scans were taken over the frequency range of 4,000
to 400 cm ™%

2.4. Release of BSA@ZIF-8 at Two pH Values. A release
system was prepared by suspending BSA@ZIF-8 NPs in PBS
buffer (pH 5.0 or 7.4) at a concentration of 10 mg/mL, shaking
(200 rpm, 37 °C) in an intelligent shaking incubator, and
centrifuging (15,000 rpm, 2 min) at defined intervals. The
supernatant was collected, stored at 4 °C, and added with an
equal volume of fresh buffer solution for subsequent experi-
ments. Then lactic acid (LA), NaCl solution with lactic acid,
saline solution, and DMEM were used as buffer according to the
above release study method.

2.5. Released BSA Protein Assay. 2.5.1. BCA Protein
Assay. The concentration of released BCA proteins was
determined using the BCA protein assay kit. The amount of
BSA protein released from BSA@ZIF-8 was calculated based on
the volume of the collected supernatant and used to determine
the rate of protein release.
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Figure 1. SEM images of ZIF-8 and BSA@ZIF-8 NPs synthesized using four different zinc precursors (top) and four different M:L ratios (left).

2.5.2. SDS-PAGE and Silver Staining. 20 uL of protein was
loaded onto 10% gel and subjected to SDS-PAGE (80 V for 30
min, 120 V for 1 h), and the gel was stained using a Fast Silver
Stain Kit.

2.6. Statistical Analysis. All experiments were performed in
triplicate (n = 3). The software program GraphPad Prism was
used for data analysis and graph generation. Means were
compared by Dunnett’s test.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of BSA@ZIF-8
Crystals. The morphology of ZIF-8 and BSA@ZIF-8 NPs
synthesized using different Zn**/2-mIM ratios was examined by
using SEM (Figure 1). When Zn(OAc), was used as a zinc
precursor, the synthesized ZIF-8 NPs displayed a regular
rhombic dodecahedral structure, whereas BSA@ZIF-8 NPs had
blurred edges and uneven surfaces, as observed in previous
studies.”"”* When Zn(NO;), was used as the precursor, the
morphology varied depending on the M:L ratio. For instance, at
M:L ratios of 1:16 or 1:20, BSA@ZIF-8 nanoparticles partially
aggregated into cruciate flower-like shapes. At M:L ratios of 1:30
or 1:140, ZIF-8 nanoparticles had rough spheroidal shapes. This
morphological variability may be attributed to the strong
coordination interaction between Zn** and 2-mIM.>

Particle sizes and distribution ranges of the samples were
evaluated by using DLS, and the corresponding results are
presented in Figure 2. When Zn(OAc), was used as the zinc
precursor, the synthesized ZIF-8 NPs exhibited a smaller size
range of 69—657 nm compared to the Zn(NO;),-derived ZIF-8
NPs, which ranged from 165 to 719 nm (Figure S1).
Interestingly, upon loading of blank ZIF-8 nanoparticles with
BSA, their size exhibited a general increase. Notably, when zinc
ions (Zn(OAc),) and imidazole were used at a molar ratio of
1:20, the resulting nanoparticles reached a size of up to 1134 nm.
However, we also found that BSA@ZIF-8 synthesized from
Zn(OAc), at an M:L ratio of 1:30 still kept a small size (268.5
nm). These findings provide useful insights for optimizing
conditions for synthesis and application of BSA@ZIF-8 with a

16-Zn(0AC),
16-Zn(NQ,),
20-Zn(QAC),
20-Zn(NO,),
30-Zn(0AC),

30-Zn(NOy),

140-Zn(0AC),

140-Zn(NO,), -;';;\3@ _
Ll Ll Ll T T L]
0 200 400 600 800 1000 1200 1400

Size(nm})

Figure 2. Average sizes of ZIF-8 and BSA@ZIF-8 NPs synthesized
using various combinations of zinc precursors and M:L ratios as
indicated on the Y-axis.

defined morphology and particle size. For example, dispersity of
NPs in the size range of 100—300 nm is suitable for intravenous
or oral delivery.”**> Particles in the size range of 300 nm to 1 gm
can be deposited or endocytosed in certain parts of the
respiratory system, e.g., those <500 nm in lung endothelial cells
and those >500 nm in the alveolar region.*® Particles with a size
of roughly 1 ym may enter blood circulation via intranasal
administration.””**

XRD patterns of ZIF-8 and BSA@ZIF-8 are shown in Figure
3A and Figure S3. In comparisons of XRD patterns, peaks of
ZIF-8 from Zn(NOj), at ratios of 1:16 and1:20 were similar to
those of simulated cruciate flower-like ZIF-L (Figure $2).>” ZIF-
8 from Zn(NO;), at ratios of 1:30 and 1:140 and from
Zn(OAc), displayed reflection along the planes (011), (002),
and (013) (respectively at 7.33, 10.37, and 12.71°), which were
consistent with the characteristic peaks similar to those of
simulated rhombic dodecahedral ZIF-8 (Figure $2).*" Charac-
teristic peaks of BSA@ZIF-8 were consistent with those of ZIF-
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Figure 3. (A) XRD patterns and (B) FTIR spectra of ZIF-8 and BSA@ZIF-8 NPs prepared from various zinc precursors at the M:L ratio of 1:16.
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Figure 4. Yield (A), encapsulation efficiency (B), and content (C) of BSA@ZIF-8 NPs prepared from various zinc precursors at various M:L ratios as

indicated.

8, indicating that the ZIF-8 crystal structure was unaffected by
the loading process and remained intact. The increase in BSA@
ZIF-8 intensity values confirmed that BSA was encapsulated in
ZIF-8 pores. By importing diffraction patterns collected using
Cu Ka radiation, we used a web application named ZIF phase
analysis to further identify the crystalline phases.* The crystals
from Zn(NO,), at ratios of 1:16 and 1:20 belonged to the ZIF-L
structure. Nevertheless, the other samples had a pure sodalite
crystalline structure like ZIF-8. The XRD data confirmed that
BSA@ZIF-8 NPs synthesized using various zinc precursors at
different M:L ratios retained the same crystalline form as the
pure ZIF-8 NPs, suggesting that BSA protein was successfully
encapsulated in ZIF-8 crystals.

The chemical structure and functional group of ZIF-8 crystals
and encapsulation of BSA were further studied by the FTIR
spectrum (Figure 3B and Figure S4). In the ZIF-8 spectrum,
absorption peaks at 3133 and 2920 cm™' corresponded
respectively to the aromatic and aliphatic C—H stretching
vibrations of the imidazole ring, and the peak at 1562 cm™'
resulted from the C=N stretching vibration in the imidazole
ring. Broad absorption peaks in the 1475—990 cm™' range
corresponded to the C—H bond bending vibrations and C—C
single bond skeleton vibrations. Broad peaks at 750 and 684
cm™! corresponded to the out-of-plane ring bending vibration of
the imidazole ring. The 419 cm™" peak resulted from Zn—N
stretching, a distinctive feature of ZIF-8 integrity."” The
spectrum of BSA@ZIF-8 NPs exhibited FTIR spectra similar
to that of pristine ZIF-8, but reduced peak intensity was reduced
relative to ZIF-8. After the loading of the BSA protein, the new

characteristic peaks at 1720—1535 cm™" agreeing with amide
bands of BSA were observed in the BSA@ZIF-8 FTIR spectrum,
confirming the successful encapsulation of BSA within the ZIF-8
nanoparticles. The above findings reflect the successful synthesis
of ZIF-8 and encapsulation of BSA in the ZIF-8 framework.

3.2. NP Yield, Content, and BSA Encapsulation
Efficiency. The same amount of BSA protein (2 mg) was
added for the various zinc precursors and M:L ratios in the
synthesis experiments. As the M:L ratio decreased from 1:140 to
1:16, BSA@ZIF-8 yield gradually increased (Figure 4A). For a
given ratio, the yield was consistently lower for BSA@ZIF-8
synthesized with Zn(OAc), as a precursor, vs Zn(NO,),. In
particular, the relative yield was much lower for the ratio of
1:140, possibly because excess 2-mIM was adsorbed onto the
particle surface and inhibited further growth.”” For both
Zn(OAc), and Zn(NO;),, the M:L ratio of 1:16 groups
achieved the highest yield, reaching 85 and 113 mg, respectively.
While the particle size of ZIF-8 impacts its potential for various
applications, such as drug delivery, the product yield is equally
crucial as it determines the quantity of harvestable ZIF-8
particles available for utilization."” It is well-established that the
size of the nanoparticles significantly affects their recovery
during centrifugation. Additionally, maintaining an appropriate
reactant concentration is crucial for achieving high reaction yield
and solid yield."> This partially explains why the M:L ratio of
1:16 groups exhibited a high yield, as the sizes of nanoparticles
reached 771 and 980 nm in the Zn(OAc), and Zn(NO;),
engaged groups, respectively (Figure S1).
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Figure S. SEM images of BSA@ZIF-8 NPs before and after 24 h of incubation in pH 5.0 and 7.4 PBS solutions.

ZIF-8-based biocomposites spontaneously form in water and
primarily consist of Zn** and 2-mIM, allowing them to attract
and encapsulate negatively charged biomacromolecules such as
proteins.** This biomimetic mineralization process closely
resembles natural biomineralization and exhibits impressive
encapsulation efficiencies (EE%) for biomacromolecules,
typically ranging from 80 to 100%."*~** In our study, we
quantified the encapsulation efficiency using the BCA protein
assay to determine the residual BSA concentration in the
supernatant after crystal formation and removal through
centrifugation, which generally fell within the range of 60—
100% (Figure 4B). Most groups displayed complete BSA
encapsulation (100%), with the exception of Zn(NOj), ratio
1:16 and Zn(OAc), ratio 1:30 groups (76 and 62%,
respectively). On the other hand, we found that the loaded
drug (BSA) content differed among groups. The group with the
highest M:L ratio (1:140) had the highest BSA content, nearly
three times the values observed for other groups (Figure 4C).
Nanocarriers having high drug loading capacities provide
enhanced delivery of licensed drugs, by extending circulation
times, improving drug dissolution rates and bioavailability, and
inhibiting rapid clearance of drugs through metabolism."
Although the 1:140 M:L groups had relatively low yields (12—
14 mg), they had a high protein loading content, a promising
feature for in vivo applications. Consideration of both cost-
effectiveness and practicality is important in choosing among

ZIF-8 NPs of varying molar ratios for formulation of protein-
based drugs.

3.3. Degradation of BSA@ZIF-8 in PBS. We selected PBS
as an isotonic solution that simulates pH, osmolarity, and ion
concentrations in the human body.”> Our testing design
involved pH values (5.0 and 7.4) that approximate values in
the human tumor and blood.*” SEM images of BSA@ZIF-8 NPs
before and after 24 h of incubation in pH 5.0 and 7.4 PBS
solutions (Figure S) reveal striking morphological changes in pH
5.0 solution. BSA@ZIF-8 underwent clear degradation and
production of hexagonal bipyramidal crystals, possibly
Zn,(PO,), (zinc phosphate). These findings were consistent
with those of Morozov’s group,23 who observed that interaction
of ZIF-8 with PBS resulted in formation of Zny(PO,), crystals
having some typical dendritic structures that often appear at
zinc-containing reactive interfaces. In our study, this phenom-
enon was most notable for BSA@ZIF-8 synthesized using
Zn(NO;), at the M:L ratio of 1:140. In contrast, the initial
morphology was retained for BSA@ZIF-8 NPs incubated for 24
hin pH 7.4 PBS. The crystal surface became rough and porous in
this case, indicating slower degradation of BSA@ZIF-8 under
physiological conditions. This phenomenon was observed for
both the rhombic dodecahedral structure and cruciate flower-
like morphology of BSA@ZIE-8.

XRD patterns and FTIR spectra of BSA@ZIF-8 NPs before
and after 24 h of incubation in pH 5.0 (acidic) and 7.4 (neutral)
PBS solutions are shown in Figure 6 and Figures SS and S6. We
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Figure 7. BSA release profiles of BSA@ZIF-8 NPs in pH 5.0 and 7.4 PBS solutions. (A) BCA protein assay. (B) Assay by SDS-PAGE and silver

staining.

used “ZIF phase analysis” to analyze the crystalline phases after
24 h of incubation.”' In a pH 5.0 environment, these BSA@ZIF-
8 NPs synthesized with various zinc precursors at different M:L
ratios completely collapsed, and the morphology became
amorphous. However, after incubation in a pH 7.4 environment
for 24 h, the XRD pattern of these BSA@ZIF-8 NPs remained
largely unaffected, indicating that the crystallinity of the sample
was not significantly altered, which was consistent with the
findings of previous research.”’ The above results were
consistent with the results acquired by SEM, which proved
more destruction of the BSA@ZIF-8 crystal at pH 5.0 than 7.4.
FTIR spectra indicated that a 24-h degradation at pH 5.0 left
nearly no BSA@ZIF-8-specific bands, and results did not differ

44606

notably for the rhombic dodecahedral structure (Figure 6C) vs
cruciate flower-like morphology (Figure 6D). Over 24 h of
incubation at pH 5.0, the characteristic peaks at 1770—1520
cm™! were obviously observed, which were related to the
vibration of an oxygen-containing acyl group in the amide bond,
demonstrating the successful release of BSA protein. In contrast,
a residual Zn—N stretching vibration at 419 cm™" was observed
in both cases at pH 7.4, indicating incomplete BSA@ZIF-8
degradation. Meanwhile, interaction of BSA@ZIF-8 with PBS
resulted in the appearance of a new series of bands that
confirmed the formation of Zn;(PO,), species: broad
absorption peaks in the 1250—1100 cm™" range corresponded
to the P=0 bond stretching vibrations, broad peaks in the
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Figure 8. SEM images of BSA@ZIF-8 NPs after 24 h of incubation in NaCl solution with lactic acid (pH 5.0) and DMEM (pH 7.4).
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Figure 9. BSA release profiles of BSA@ZIF-8 NPs in NaCl solution with lactic acid (pH 5.0) and DMEM (pH 7.4).

1100—950 cm™" range corresponded to the asymmetric P=0
stretching vibrations, the strong peak at 940 cm™ corresponded
to the P—O stretching vibration, and broad peaks in the 650—
520 cm™! range corresponded to the PO,*~ bending vibrations.

44607

The release of BSA protein from BSA@ZIF-8 was analyzed in
pH 5.0 and 7.4 PBS solutions using the BCA protein assay and
SDS-PAGE (Figure 7A). Interestingly, there was no significant
difference in the release rate between groups with different
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nanoparticle sizes and structures, specifically between the
rhombic dodecahedral structure and the cruciate flower-like
morphology. The environmental pH played a crucial role in the
release of the loaded protein, with a higher release rate and
amount observed at pH 5.0 compared to pH 7.4. Over a 24-h
period, the highest release of BSA protein was observed for
BSA@ZIF-8 prepared from Zn(NO;), at an M:L ratio of 1:30,
with 88.51% released at pH 5.0 and 72.47% released at pH 7.4,
respectively. As the M:L ratio increased from 1:16 to 1:140, the
release rate of BSA@ZIF-8 during the first hour increased and
reached a plateau value around 2 h in most cases. The shortest
time to reach a plateau (0.5 h) was observed for BSA@ZIF-8
with an M:L ratio of 1:16 at pH 5.0. Moreover, our results were
further validated by SDS-PAGE and silver staining, as depicted
in Figure 7B and Figure S7.

3.4. Degradation of BSA@ZIF-8 in NaCl Solution with
Lactic Acid and DMEM. Due to the high secretion oflactic acid
by tumor cells, the tumor environment exhibits acidification.>”
In this study, we compared the release of BSA from BSA@ZIF-8
incubated in a solution of NaCl with lactic acid (pH 5.0) and
DMEM (pH 7.4) to simulate the tumor and physiological
environments, respectively. We also used lactic acid (adjusted to
pH 5.0 with NaHCO;) and a 0.9% saline solution (pH 7.0) as
control groups for comparison. SEM images of BSA@ZIF-8 NPs
after 24 h of incubation in these solutions (Figure 8 and Figure
S8) revealed the morphological changes. Similar to the PBS
buffer, the morphology of BSA@ZIF-8 underwent varying
degrees of change. After incubation in NaCl solution with lactic
acid for 24 h, the structure of BSA@ZIF-8 was clearly broken or
became wrinkled and porous. However, no Zn(PO,), crystals
were observed. Similar observations were made in DMEM and
the saline solution, where the morphology of BSA@ZIF-8
became rough, but the original morphology remained visible.
These findings suggest that BSA@ZIF-8 degrades faster in an
acidic environment compared with a physiological environment,
mirroring the behavior observed in the PBS buffer.

As depicted in Figure 9, it is observed that the acid—base
degree was the main reason affecting the release of BSA, and the
buffer itself did not affect the release trend of BSA@ZIF-8.
Taking an M:L ratio of 1:16 as an example, BSA@ZIF-8 NPs
synthesized with both Zn(OAc), and Zn(NO,), reached a
plateau value around 2 h followed by BSA@ZIF-8 prepared from
Zn(NO;), that showed a higher release rate with 97.99% than
Zn(OAc), with 75.95%. Compared with the PBS buffer, the
higher BSA protein release amount was observed for BSA@ZIF-
8 after 24 h of incubation in NaCl solution with lactic acid. The
proposed reason for this phenomenon was that the existence of
zinc phosphate formed a protective layer on the surface of BSA@
ZIF-8 aggregation, in turn affecting the degradation of BSA@
ZIF-8.” To further verify the effect of buffer on the release of
BSA@ZIF-8 NPs, we investigated the abovementioned release
situation of BSA@ZIF-8 NPs in lactic acid and saline solution
(Figure S9). It was found that the release rate and amount of
BSA@ZIFE-8 after incubation in pure lactic acid were higher than
those in NaCl solution with lactic acid, which indicated that the
concentration of hydrogen bonds in buffer solution was the key
factor2 3??; determine the release of protein at the same pH
value.””””

4. CONCLUSIONS

We successfully synthesized a diverse range of BSA@ZIF-8
nanoparticles and evaluated their release properties at pH 5.0
and 7.4 to simulate the conditions of both tumor and blood

environments, respectively. Our findings have significant
implications for the practical application of ZIF-8 NPs in
protein-based drug delivery systems. The key conclusions are as
follows:

1. When Zn(OAc), was used as the zinc precursor, the
synthesized ZIF-8 NPs exhibited a smaller size compared
to the Zn(NO;),-derived ZIF-8 NPs. BSA@ZIF-8 NPs
exhibited cruciate flower-like shapes when synthesized
using Zn(NO;), as the zinc precursor at M:L ratios of
1:16 or 1:20. In all other cases, the NPs displayed a regular
rhombic dodecahedral structure.

2. The yield of BSA@ZIF-8 NPs decreased as the M:L ratio
increased, but the protein content increased. This
highlights the need to strike a balance between cost-
effectiveness and practicality when selecting ZIF-8 NPs
with different molar ratios for protein-based drug
formulation.

3. There was no significant difference in the release rate
between BSA@ZIF-8 NPs with different sizes or
structures, but the concentration of hydrogen bonds in
the buffer solution was the key factor.

4. Among the different formulations, BSA@ZIF-8 with an
M:L ratio of 1:16 at pH 5.0 exhibited a shorter time to
reach a plateau (0.5 h) and higher protein release, making
it suitable for locally rapid administration in a tumor
environment. BSA@ZIF-8 prepared from Zn(OAc), atan
M:L ratio of 1:140 showed the slower release of BSA
protein over a 24-h period, indicating its suitability for
sustained release delivery.

In summary, our study provides valuable insights into the
synthesis and properties of BSA@ZIF-8 NPs for protein-based
drug delivery systems, aiding future applications in blood and
tumor environments.
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