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The use of glucose oxidase (GOXx) to disrupt glucose supply has been
identified as a promising strategy in cancer starvation therapy. How-
ever, independent delivery of GOx is prone to degradation upon
exposure to biological conditions and may cause damage to blood
vessels and normal organs during transportation. Although some
carriers can protect GOx from the surrounding environment, the harsh
preparation conditions may compromise its activity. Moreover, the
commonly used materials often exhibit poor biocompatibility and
possess certain cytotoxicity. To address this issue, we developed a
gentle and efficient method based on Pickering emulsion templates to
synthesize protein-based microparticles using zein as the matrix mate-
rial. These microparticles have high stability and can be tailored to
efficiently encapsulate biomolecules while preserving their activity.
Moreover, the zein-based microparticles can be triggered to release
biomolecules in tumor cells under high glutathione levels, demonstrat-
ing excellent responsiveness, biocompatibility, and low cytotoxicity.
Additionally, when loaded with GOx, these protein-based microparti-
cles effectively deprive tumor cells of nutrients and induce apoptosis by
generating high levels of H,O,, thereby exhibiting enhanced anticancer
properties.

1. Introduction

Cancer remains a leading cause of mortality, creating a sig-
nificant health challenge worldwide." In the pursuit of effective
cancer treatments,”” researchers have become increasingly
interested in understanding the role of glucose as a primary
energy source for tumor cells. Glucose oxidase (GOx), an

“Key Laboratory of Synthetic and Biological Colloids, Ministry of Education &
School of Chemical and Material Engineering, Jiangnan University, Wuxi,
P. R China. E-mail: hangjiang@jiangnan.edu.cn

b Department of Chemistry, The Chinese University of Hong Kong, Shatin, N. T.,
Hong Kong. E-mail: tongai@cuhk.edu.hk

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3nh00551h

i These authors contribute equally to the work.

536 | Nanoscale Horiz., 2024, 9, 536-543

£° Wei Liu,

@ Yunxing Li, 2% Hang Jiang {2 *® and

New concepts

Zein, a corn-derived protein, is widely recognized for its biocompatibility,
biodegradability, and cost-effectiveness, rendering it highly suitable for
various delivery systems. However, conventional anti-solvent techniques
employed in zein particle synthesis often encounter challenges such as
aggregation, substance leakage, and low drug loading. Surfactants or
crosslinkers, commonly employed to address these issues, may
compromise the biosafety of the resulting particles. To overcome these
limitations, we propose an eco-friendly Pickering emulsion method for
the fabrication of zein microparticles. This innovative technique offers
stable and tunable structures while achieving high encapsulation
efficiency of biomolecules, thereby preserving their biological activity.
Notably, these zein microparticles exhibit a distinctive responsiveness to
glutathione (GSH), a crucial molecule found in abundance in tumor cells.
This unique property allows the microparticles to disintegrate specifically
in GSH-rich tumor cells without the need for chemical grafting. To
validate this concept, we encapsulated glucose oxidase (GOx) within the
zein microparticles for potential application in starvation therapy. This
approach provides a simpler and more environmentally friendly
alternative to conventional methods, eliminating the need for harsh
conditions or toxic chemicals. The development of such zein-based
microparticles opens up new avenues for biomedical applications,
paving the way for advancements in targeted drug delivery and
therapeutic interventions.

enzyme that decomposes glucose in the presence of oxygen
(O,), has shown potential in starving tumor cells of their energy
supply. Furthermore, the breakdown of glucose by GOx leads to
the production of hydrogen peroxide (H,0,), a highly toxic
compound that can prove lethal to tumor cells.*** This inno-
vative approach, known as GOx-based ‘‘starvation therapy”, has
garnered significant attention in the field of biomedical
research."®"*

Despite its promising antitumor potential, the therapeutic use
of GOx is limited due to its vulnerability to biological degradation,
particularly in the demanding physiological environments of the
human body.">'® To overcome this challenge, recent advances in
anticancer therapy have focused on the targeted delivery of micro/
nano carriers to tumors.'”2° However, most of the available carriers

This journal is © The Royal Society of Chemistry 2024
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are synthetic polymers, which may trigger immune reactions or
chronic inflammation, thereby restricting their biomedical
applications.**

In contrast, proteinaceous carriers provide substantial advan-
tages compared to synthetic polymers, and employing proteins as
precursor materials frequently leads to low immunogenicity.*>>*
Zein, with its unique composition and structure, exhibits excellent
properties for film formation, biocompatibility, biodegradability,
acid resistance, and self-assembly.>>” These characteristics make
zein an ideal candidate for controlled release and targeted delivery
in biomedicine.”®*® In addition, zein contains peptides of varying
sizes, solubilities, and charges, connected by disulfide bonds.
These bonds can be reinforced through solvent evaporation during
zein concentration,*® enabling the creation of reduction-responsive
carriers without the need for additional modification. The intra-
cellular level of glutathione (GSH) is significantly increased in
cancer cells compared to normal tissue cells, creating an environ-
ment with high reductive capacity.*** Therefore, the reduction-
responsive carriers can effectively enhance anti-cancer activity.>*°
Various methods exist for preparing zein-based particles, including
antisolvent,>” chemical crosslinking,*® and emulsification techni-
ques.*® Among these approaches, the emulsification method
stands out due to its simplicity and the ability to control particle
morphology. Emulsification techniques have also been found to
enhance the encapsulation of active substances, making them
a preferred choice for particle fabrication. However, the use of
traditional surfactants for emulsion stabilization requires immedi-
ate processing to prevent demulsification, which can hinder parti-
cle formation.*’

To address these challenges, we have developed zein-based
microparticles using a one-pot Pickering emulsion method,
building upon our previous research.*’**> This innovative
approach overcomes issues related to biocompatibility losses
by keeping the internal and external phases of the emulsion
separate.**™*° In this way, it minimizes the leakage of thera-
peutic biomolecules and enhances encapsulation efficiency.
Furthermore, these zein-based microparticles possess a unique
characteristic of disintegration at high GSH levels. This
GSH-dependent dissociation allows for the responsive release
of encapsulated biomolecules. Next, GOx was selected for
encapsulation within the zein-based microparticles. The aim
is to protect GOx and enhance its targeted delivery to tumor
cells, thereby facilitating effective therapeutic action.

2. Results and discussion

The design and synthesis process of GSH-responsive zein-based
microparticles is illustrated in Scheme 1. Initially, a Pickering
double emulsion template was prepared by sonicating the
mixture of ethanol/water phase containing zein, GOx, and oil
phase containing hydrophobic CaCO; nanoparticles. After
removing ethanol and oil phases, GOx was successfully encap-
sulated inside the microparticles with a colloidal CaCO; shell.
This is because zein precipitated on the surface of the droplet
during phase evaporation, in which CaCO; nanoparticles

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic illustration of the fabrication of GSH-responsive
zein-based microparticles for starvation therapy.

attached to the zein skeleton due to the composition changes
of the ethanol/water phase. The CaCO; nanoparticles on the
microparticle surfaces could be removed using tannic acid (TA),
the resulting TA/zein microparticles were then transferred to
the aqueous phase and could enter into tumor cells through
endocytosis. Within the intracellular environment, the micro-
particles would deconstruct, as the disulfide bonds between
zein molecules were cleaved due to the high concentration of
GSH in tumor cells. This process ultimately led to the release of
GOx, which induces starvation therapy for tumor cells.

Characterization of CaCOj3/zein microparticles

Firstly, an aqueous solution of zein was mixed at an (ethanol/
water)/oil volume fraction of 0.05 and sonicated to create a
Pickering double emulsion template stabilized by CaCO; nano-
particles (Fig. Sla, ESIf). In this process, the hydrophobic
CaCO; nanoparticles serve as a solid emulsifier because zein
alone is unable to stabilize the emulsion (Fig. S1b, ESIt). By
removing ethanol and oil, a hybrid microparticle was effectively
produced. Scanning electron microscope (SEM) (Fig. 1a and b)
and transmission electron microscope (TEM) images (Fig. S2,
ESIt) show that the resulting CaCO,/zein microparticles col-
lapsed after the drying process, while their structure remained
intact. A magnified image of the microparticle surface reveals
that the CaCO; nanoparticles are densely packed to form
a protective layer (Fig. 1c). As shown in Fig. 1d and e, the
resultant microparticles with an average size of 1.2 pm (Fig. 1f)
were able to disperse well in dodecane due to the hydrophobic
nature of the adsorbed CaCO; nanoparticles on the surface. To
visualize the structure of the CaCO;/zein microparticles more
directly, rhodamine B (red channel) and perylene (blue channel)
were employed to stain zein protein and dodecane, respectively
(Fig. S3, ESIT). We further synthesized larger microparticles with a
size of approximately 50 um to better distinguish the interior
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Fig.1 SEM images (a)—(c) and corresponding size distribution (f) of the
CaCOsz/zein microparticles. Optical microscope image (d) and photograph
(e) of the microparticles dispersed in the oil phase. 3D confocal images
(g)—(i) of the microparticles, in which zein and oil phases were separately
labelled with rhodamine B (red) and perylene (blue).

structure. As shown in confocal laser scanning microscopy
(CLSM) (Fig. 1g-i), a hollow cavity is clearly visible inside the
microparticles. The red circle represents a thick shell of pre-
cipitated zein protein, resulting from the formation of an oil-
in-(ethanol/water)-in-oil Pickering double emulsion.

To acquire a suitable size for cellular endocytosis, the
average diameter of the CaCOs/zein microparticles was pre-
cisely controlled by adjusting the emulsification parameters. It
was observed that increasing the concentration of CaCOj;
nanoparticles from 0.5 wt% to 5 wt% resulted in a reduction
in the mean size of the microparticles (Fig. S4, ESIt). Likewise,
the method of emulsification and water-oil ratio was also
optimized, and it was concluded that higher sonication power
and larger water-oil ratio led to the generation of smaller
microparticles (Fig. S5 and S6, ESIt). Based on these experi-
mental results, 5 wt% CaCO; nanoparticles, 600 W sonication,
and 0.05 water-oil ratio were selected for the ideal preparation
of microparticles.

Construction of TA/zein microparticles

Considering the living environment of cells, it is necessary for
the enzyme-carrying microparticles to be well dispersed in the
aqueous medium. However, Fig. 2a shows that a significant
amount of powder floated on the surface of the aqueous
solution. Consequently, the efficacy of the microparticles in
the subsequent cell assays is compromised. To address this
issue, we suspected that the dispersibility of microparticles
could be improved by utilizing acid to decompose CaCOj;. By
subjecting microparticles to 0.001 M HCI, the CaCO; nano-
particles on the microparticle surfaces were removed by a
subsequent washing process. It is worth noting that the iso-
electric point of zein protein is approximately 6.5. To avoid
inducing aggregation to zein proteins, the pH of the micro-
particle dispersion was controlled between 3 and 5 to ensure
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Fig. 2 Photographs and SEM images of CaCOz/zein microparticles dis-
persed in an aqueous solution (a) and treated with 0.001 M HCl (b).

their stability in water."® Fig. 2b indicates that the dispersity of
HCl-treated microparticles underwent a significant improve-
ment while numerous agglomerates still existed in the disper-
sion. The HCl-treated CaCOj/zein microparticles were then
used to co-culture with HeLa cells for 24 h. It is evident that
they continue to form large aggregates in the medium, with
minimal instances of endocytic particles observed in the over-
lay figure (Fig. S7, ESIt). Consequently, it is ineffective for
subsequent cell studies.

Tannic acid (TA), a polyphenol found abundantly in plants,
offers dual functionalities in the removal of CaCO; nano-
particles due to its acidity and numerous phenolic hydroxyl
groups can interact with proteins by hydrogen bonding and
hydrophobic interactions.*”*® Fig. 3a illustrates the process of
treating CaCOs/zein microparticles with TA. As shown in Fig. S8
(ESIt), when the ratio of TA to the hybrid microparticles
reached 10:1, no visible powder appeared in the upper layer
of the suspension, suggesting that their hydrophilicity was
highly improved. As displayed in Fig. 3b, CaCO; nanoparticles
exhibited high hydrophobicity with the water contact angle
approaching 140°. Similarly, the CaCOj/zein microparticles
also exhibited a large water contact angle of over 120°, thus
making it difficult for them to be dispersed effectively in water.
In contrast, the TA treatment led to a significant reduction in the
water contact angle of the CaCOs/zein microparticles (about 20°),
consistent with the above phenomenon. The size distribution of
TA/zein microparticles is shown in Fig. S9 (ESIT), with an average
patrticle size slightly smaller than the aforementioned CaCOj;/zein

@
CacO,NPs CacO,Zein  Zoin

@
TAZein

™

Fig. 3 (a) Schematic representation of the procedure for tannic acid (TA)
treatment. (b) The water contact angle of the hydrophobic CaCO3 nano-
particles, the CaCOs/zein microparticles, zein powder, tannic acid powder,
and TA/zein microparticles. SEM images (c), (d) and TEM image (e) of the
TA/zein microparticles. (f) Picture and optical microscopy image of the
water-dispersed TA/zein microparticles.
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microparticles. This is primarily due to the decomposition of
the surface CaCO; nanoparticles. After drying, the morphology
of the resulting TA/zein microparticles was visualized using
SEM and TEM, as shown in Fig. 3c-e. Although the surface of
the microparticle structure exhibited wrinkling, it still main-
tained intact without significant fracture. Besides, it is appar-
ent that the microparticle surface is smooth and devoid of
excess CaCOj; particles. This observation suggests that a spe-
cific concentration of TA is capable of decomposing CaCOj;
nanoparticles. Furthermore, excessive TA can bind to zein,
ensuring the good dispersion of the TA/zein microparticles in
the medium and preventing agglomeration (Fig. 2f).

We then used Fourier transform infrared spectroscopy (FTIR)
to elucidate the interaction between different components of the
microparticles and analyse their chemical structure (Fig. S10,
ESIt). The broad adsorption peak between 3200-3400 cm™ ' can
be attributed to the hydroxyl stretching vibration. The amide I and
amide II bands of zein are located at 1645 cm™* (1(C=0)) and
1532 em™ " (v(C-N)), respectively. On the other hand, TA displays
three absorption peaks at 1699 cm ™', 1606 cm ', and 1532 cm ™%,
which correspond to the characteristic peaks of ester bonds in TA
molecules. Comparing the IR spectrum of zein and TA-zein,
the amide I band and amide II of the pure protein are shifted
t0 1652 cm™ " and 1532 cm™ ', respectively. These findings suggest
that electrostatic interactions also contribute to the co-assembly of
the TA/zein microparticles.

GSH-Triggered release of FITC-dextran in Vitro

Due to the presence of GSH within cancer cells, the disulfide
bond between zein protein molecules could be disrupted,
resulting in the rupture of the microparticles and release of
loaded active cargos. Therefore, FITC-dextran (70 kDa) was
chosen as a fluorescent model active. Firstly, we conducted
an evaluation of the encapsulation efficiency of TA-zein nano-
particles. The encapsulation rate of FITC-dextran by TA-zein
microparticles was determined to be approximately 82.8%, as
indicated by the fluorescence intensity curve depicted in
Fig. S11 (ESIt). Comparatively, the encapsulation rate achieved
through the traditional anti-solvent method was found to be
only 53.1%. The Pickering emulsion method, on the other
hand, significantly improves the encapsulation efficiency and
minimizes the loss of active substances. We subsequently
investigated the release behavior of the microparticles induced
by GSH at different times, as depicted in Fig. 4a.

To evaluate the release profile of active cargos in the micro-
particles, the morphologies of the microparticles were observed
by CLSM. It was observed that the inclusion of FITC-dextran
remained confined and showed green fluorescence within
the microparticle shell even after exposure to TA (Fig. S12,
ESIY). Subsequently, GSH solutions of different concentrations
(0 mM, 5 mM, and 10 mM) were prepared and added sequen-
tially to the aqueous solution containing TA/zein microparticles
loaded with FITC-dextran. The fluorescence intensity of the
solution was measured at various time points along with
different concentrations of GSH (Fig. S13, ESIt). The release
profile of FITC-dextran was further determined for each of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Schematic representation of active cargo release induced by
GSH stimuli over time. (b) Release curves of the TA/zein microparticles at
different concentrations of GSH. (c) A time series of the SEM images shows
the dissolution of protein skeleton at 10 mM GSH.

three GSH concentrations, and Fig. 4b demonstrates a clear
correlation between the GSH concentration and the release of
FITC-dextran. Specifically, the release profile experienced a
significant increase in the first several hours and then only
slightly increased. In addition, the release of FITC-dextran was
highly dependent on the GSH concentration. A higher GSH
concentration (10 mM) can induce 20% and 60% more release
ratio of FITC-dextran than 5 mM and 0 mM GSH. These results
indicate that the release behavior of the microparticles can be
manipulated by adjusting the GSH concentrations. We then
used SEM to verify the effect of GSH on the structural integrity
of the TA/zein microparticles. Before the morphology observa-
tion, the TA/zein microparticle suspensions were exposed to
10 mM GSH for 2 h, 4 h, 6 h, and 8 h, respectively. As shown in
Fig. 4c, the microparticle structure gradually collapsed and
ruptured over time. The complete disintegration of the micro-
particles occurred at 8 h, demonstrating that the release of the
loaded cargos was attributed to the GSH-induced decomposi-
tion of the proteinaceous shell.

Catalytic performance of GOx@TA/zein microparticles

The rapid metabolism of tumor sites leads to a unique tumor
microenvironment. The well-developed blood vessels within
the tumor promote the rapid growth of tumor cells by supply-
ing them with essential nutrition, particularly glucose. Accord-
ing to the Warburg effect,*>>® tumor cell proliferation mainly
relies on aerobic glycolysis, making them highly susceptible to
changes in glucose levels. Consequently, altering the glucose
metabolism pathway inside tumor cells is an effective and safe
strategy for cancer treatment. GOx can consume glucose within
tumor sites, thereby disrupting the nutrient supply and gen-
erating a high concentration of H,0,, which shows a synergistic
effect in killing cancer cells. Therefore, GOx was chosen as a
therapeutic biomolecule and subsequently encapsulated into
TA/zein microparticles.

After loading GOx inside the microparticles, we assessed the
catalytic performance of GOx@TA/zein microparticles. Amplex
red was selected as the indicator due to its enhanced sensitivity
in glucose detection.”" Fig. 5a illustrates this typical reaction for
the colorimetric glucose assay. This enzymatic reaction can be
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(a) Schematic representation of enzymatic reactions using Amplex red. (b) Photographs depicting the colour change for different concentrations

of TA/zein microparticles on varying glucose concentrations for 30 min. The red colour indicates the progression of the cascade reactions. (c) Changes in

the absorbance of resorufin monitored at 570 nm.

divided into two steps: first, GOx catalyzes the conversion of
glucose and O, into gluconic acid and H,0,. Then horseradish
peroxidase (HRP) in the solution consumes the generated H,O,
to convert Amplex red to resorufin, resulting in a distinct red
colour with peak absorbance at 570 nm. Therefore, this cascade
enzymatic catalysis could induce a visible colour change in the
reactant solution. We found that higher concentrations of

DiC Nuclei

control

3h

6h

- 50 pm!

12h

24 h

o0 pm|

glucose and GOx@TA/zein microparticles resulted in a darker
colour after the reaction (Fig. 5b). For precise detection and
quantification, a microplate reader was employed to measure
the absorbance at 570 nm of resorufin produced via the
enzymatic reaction. Notably, changes in absorbance indicate
that the resorufin concentration increased with the higher
glucose and microparticle concentrations within the catalytic

Merged Merged

Fig. 6 Cellular uptake of TA/zein microparticles: CLSM images of intracellular uptake of FITC-dextran-loaded microparticles by Hela cells. Cells were

counter-stained with DAPI (for nuclei).
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reaction for 30 min (Fig. 4c). Therefore, this result further
proved that the activity of GOx can be well retained in TA/zein
microparticles.

Cellular uptake of TA/zein microparticles

To further verify our hypothesis, HeLa cells were selected as
representative tumor cells for investigating the phagocytosis
and endocytosis of TA/zein microparticles, and the temporal
change of particle distribution was recorded by CLSM. The cells
were incubated with 10 pg mL ™' of TA/zein microparticles
encapsulating FITC-dextran, while the nuclei of the cells were
labelled with DAPI. Fig. 6 displays the uptake of TA/zein
microparticles by HeLa cells at different incubation times. As
shown in Fig. 6, no green fluorescence can be observed if there
are no microparticles in the medium. When the incubation
time was extended to 3 h, the presence of green fluorescent
spots inside the cells became apparent. However, the number
of endocytosed particles was limited and free particles were still
observable. After 6 h of incubation, the green fluorescent spots
around the nucleus (blue) became more pronounced, and the
free microparticles became almost negligible, suggesting that
the phagocytosis process is time-dependent. At this time point,
we conducted a more detailed examination of the distribution
of microparticles under higher magnification. To highlight the
cell membrane, we stained it with actin-tracker red-rhodamine.
It is evident that the green fluorescent spots were primarily
dispersed in the cytoplasmic area while the nuclear region
displayed no fluorescent signal, indicated by the arrows in
Fig. S14 (ESIt). This observation proves that endocytosed
microparticles did not enter the nucleus. When the incubation
period was prolonged to 12 h, a decrease of the microparticles
and fluorescence intensity inside the cells was observed. After
24 h of incubation, the green fluorescence inside the cells
became much weaker. This phenomenon could be attributed
to breaking of the disulfide bond by GSH, resulting in
the rupture of the microparticles and release of encapsulated

This journal is © The Royal Society of Chemistry 2024

FITC-dextran. As a result, the dye molecules diffused inside the
entire cells and led to weaker fluorescence.

In vitro cytotoxicity of GOX@TA/zein microparticles

The MTT assay was utilized to evaluate the anticancer activity
of the GOx-loaded microparticles. The effectiveness of the
GOx-based starvation therapy mainly relies on glucose con-
sumption and the production of a substantial quantity of
H,0,, triggering cell apoptosis (Fig. 6a). Compared to tradi-
tional starvation therapy that only cuts off the glucose supply,
the presence of GOx exhibits a stronger anticancer perfor-
mance. Fig. 7b shows the effect of GOx@TA/zein microparticle
concentration and glucose concentration on cytotoxicity. After
24 h of incubation, the control group displayed minimal
cytotoxicity towards HeLa cells, with cell survival rates of
approximately 100%. This result indicates that the transport
carrier TA/zein microparticles are biocompatible materials with
low cytotoxicity. On the contrary, the presence of GOx@TA/zein
microparticles leads to a significant decline in cell viability
particularly at a higher glucose concentration. For 50 pg mL™*
microparticle concentration, the addition of 1 mM glucose
resulted in a 37% decrease in cell viability compared to the
control group. When the glucose concentration was increased
to 2 mM, cell viability significantly decreased to approximately
20%. This is mainly due to the rise in H,O, levels with the
increase in glucose, which exhibits strong biological toxicity
and further induces apoptosis. A similar decreasing trend is
also observed with an increase in the concentration of
GOx@TA/zein microparticles, further confirming the therapeu-
tic impact of these GOx-loaded microparticles.

3. Conclusions

In summary, this work presents a straightforward strategy to
design and prepare biocompatible proteinaceous microparti-
cles using the Pickering emulsion template. The adjustable
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emulsification parameter allows us to prepare proteinaceous
microparticles with tailored sizes and structures. Additionally,
the introduction of TA can improve the dispersion of the
microparticles in the aqueous medium. Furthermore, due to
the presence of intramolecular and intermolecular disulfide
bonds between zein proteins, the zein-based microparticles
exhibited good GSH-responsiveness and could be decomposed
in tumor cells with high GSH levels. Meanwhile, GOx was
selected as a therapeutic biomolecule model and successfully
encapsulated in microparticles for starvation therapy. The results
demonstrated that the proposed method is bio-friendly, as the
proteinaceous microparticles displayed low cytotoxicity and the
encapsulated enzymes retained good -catalytic activity. These
findings suggest that the proteinaceous microparticles may serve
as efficient, biocompatible, and biodegradable carriers for bio-
molecules and hold promising prospects for future biomedical
applications.
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