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ARTICLE INFO ABSTRACT
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Probiotic powder using a single protective method during freeze-drying is insufficient vitality because it lacks
adequate protection. Here we developed a protection strategy through biointerfacial phenolic self-assembly to
enhance the protection of excipients for probiotics to address existing challenges during freeze-drying. This
strategy could strengthen the connections of excipients and phenolic protective layers containing hydroxyl
groups with water molecules, improving the hydration layer's preservation and shielding bacteria from damage.
The results indicated that, compared with origin probiotics, protected probiotics maintained higher viability at
approximately 91 % and higher ATPase activity and exhibited a better survival rate in various environmental
challenges after freeze-drying. The broad applicability of this protection strategy was confirmed across other LAB
strains. Additionally, the protected probiotics demonstrated superior shelf life during 30 days of storage, indi-

cating promising prospects for preparing bacterial powder via freeze-drying.

1. Introduction

Probiotics, defined as live microorganisms that provide a health
benefit to the host when administered in adequate amounts, are widely
applied in the fermented food industry and health care products,
deepening consumers' affection and faith due to their functional prop-
erties including disease prevention, immunity enhancement, and
modulating intestinal microbial balance (Fenster et al., 2019; George
Kerry et al., 2018; Kechagia et al., 2013). Currently, dried probiotic
products have been commercialized, and their market is rapidly
expanding (Yuan et al., 2022). However, their health benefits have been
shown that hosts need to use live probiotic cells, not probiotic products
(Kothari et al., 2019). Probiotics suffer from many challenges including
the processing conditions and harsh gastrointestinal tract. Maintaining
high probiotic activity during production and oral consumption is
crucial.

Freeze-drying, which directly converts free water inside and outside
the cell into gas, is gradually gaining acceptance as it effectively pre-
vents deterioration caused by microbial activity and protein denatur-
ation (Tian et al., 2024), but the formation of ice crystals at the freezing

* Corresponding authors.

stage can damage the structure and function of probiotics at drying
process to induce cellular stress and decrease viability (Ge et al., 2024).
The addition of cryoprotectants is often used to tackle the problem of
insufficient probiotic activity in freeze-drying. Therefore, various types
of cryoprotectants, such as trehalose, skim milk, and sucrose, have been
investigated to meet the demands of efficient production. Despite the
interest and significant development of cryoprotectants in recent de-
cades, single cryoprotectants are still unable to retain the high probiotic
activity in freeze-drying and their efficacy is strain-dependent (Fan
et al., 2022; L. Liu et al., 2024). Metal-phenolic networks form on a
variety of substrates through nucleation and subsequent self-assembly
(Du et al., 2023; Du et al., 2024; Shi et al., 2024). Fe>"- Tannic acid
(TA) films (MPN) have been shown to readily form on numerous biotic
surfaces, including eukaryotes, yeast, and microbes (Xie et al., 2021).
Currently, Fan et al. (2022) have applied Fe®*-TA films in Escherichia coli
Nissle 1917 to resist processing stressors of freeze-drying, which has
proven that this self-assembling coating can improve the viability and
stability of anaerobic microbes. Additionally, MPN-coated microbes
have shown a higher survival rate after freeze-drying even in the
absence of conventional cryoprotectants. Other studies also showed the
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protection of MPN for probiotics in environmental assaults. For
example, probiotics coated with tannic acid and mucin (EcN@TA-
Ca’*@Mucin) exhibited superior resistance, strong adhesiveness, and
distinctly down-regulate inflammation with ROS scavenging (X. Yang
et al., 2022). The double-layer coating strategy encapsulates probiotics
in a TA/Fe (III) MPN (interior layer) and enteric L100 layers, which
could protect probiotics against the acidic environment (J. Liu et al.,
2021). However, the protection of MPN for anaerobic microbes has not
been determined during freeze-drying whether it meets the industry
requirement for the number of viable bacteria. The protective capabil-
ities of current single agents vary widely among probiotics and are
insufficient, necessitating the development of more advanced and
effective multiple protection strategies.

In response to these demands, a protected method was designed in
this study using biointerfacial phenolic self-assembly to enhance the
protection of excipients for probiotics, aiming to help probiotics main-
tain vitality during freeze-drying, with Bifidobacterium bifidum (B.B.)
representing probiotics and trehalose representing excipients. The for-
mation of MPN on the surface of B.B. was first characterized. Then, after
freeze-drying, the optimum protected concentration of MPN and
trehalose for B.B. was determined. Furthermore, the effects of the dual-
protected method for B.B., including the survival rate and ATPase ac-
tivity, were systematically investigated. At last, the broad applicability
of the dual-protected method in other LAB strains and the storage sta-
bility were determined. Thus, a new approach was used to prepare
probiotic powder with long-term stability after freeze-drying, facili-
tating the development of probiotic strains of interest by ensuring their
post-production viability.

2. Materials and method
2.1. Materials

All LAB strain was acquired from the Northwest A&F University
(Yangling, Shaanxi). Tannic acid and FeCly were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Trehalose was purchased from Shanghai Yuanye Co. Ltd. (Shanghai
China).

2.2. The formation of MPN on the surface of B.B.

At first, to determine the effect of TA and Fe>" on B.B., we evaluate
the living cells for B.B. at different concentrations of TA (0.4, 0.8, 1.2,
1.6 mg/mL) and Fe3*t (0.06, 0.12, 0.18, 0.24 mg/mL). The aqueous
suspension of B.B. (100 pL) was inoculated with MRS culture medium (5
mL) containing different concentrations of TA and Fe®*, respectively,
and then incubated at 37 °C for 10 h in anaerobiosis to ensure the op-
timum concentration of TA and Fe3*.

Then, the formation of MPN on the surface of B.B. was according to
Fan et al. (2022) with slight modifications. The optimum concentration
of TA (250 pL) and FeCls (250 pL) were added sequentially to the
aqueous suspension of B.B. (500 pL,lO8 CFU/mL), and then the solution
was mixed vigorously for 10 s. The MOPS buffer (1 mL, 20 mM, pH 8)
was added to the mixture for the formation of a stable MPN shell.

2.3. Characterization analysis

Scanning electron microscopy (SEM, S-4800, Hitachi) was applied to
detect the surface of probiotics. The preparation of samples was as fol-
lows. Briefly, glass coverslips were initially placed in the probiotic so-
lution and kept at 4 °C for 30 min. After removing the unattached
probiotics, the cells were fixed with glutaraldehyde (2.5 %) for 6 h at
4 °C. Subsequently, a serial ethanol dehydration process with 30 %, 50
%, 70 %, 90 %, and 100 % was implemented. Finally, the samples were
dried using CO; critical point drying. FTIR spectrometer (Vertex70,
BRUKER Corp, Germany) was used for analyzing the intermolecular
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interactions between B.B. and MPN and measured according to L. Liu
et al. (2024). Briefly, different samples were mixed with KBr (1:100) to
make transparent tableting, and then the transparent tableting was
directly used for FTIR spectroscopy. UV-Vis Spectrophotometer
(MAPADA P7, China) was used to confirm the formation of MPN.

2.4. Preparation of the LAB powder

Firstly, different probiotic samples were washed with sterile water
three times, and precipitation was added to the different concentrations
of trehalose at the last time. Samples were stored at —80 °C for 12 h and
then immediately lyophilized for 12 h, with a cold trap temperature of
—80 °C and a vacuum degree of 3.5 Pa. During all freeze periods, the
samples should be kept from melting. After freeze-drying, the agents
were sealed immediately and stored at —20 °C.

2.5. Determinations of cell viability and activity

2.5.1. Survival rate
Standard plate counting was applied to measure the growth of LAB
strains. Different treatments before and after freeze-drying were pre-
pared to count, and the plates were incubated at 37 °C for 48 h anaer-
obically. The survival rate was calculated using the following eq. (1):
1

B
Survival rate (%) = B @
o

where By is the living cells before freeze-drying and B is the living cells
after freeze-drying.

2.5.2. Determination of ATPase activity

We selected two types of ATPase activity, including Na"-K*-ATPase
activity and Ca2t-Mg?*-ATPase, in order to determine the activity of
probiotic powers. All samples were analyzed using an activity assay kit
(BOXBIO, Beijing, China). ATPase is capable of decomposing ATP into
ADP and phosphorus. The ATPase activity was determined by analyzing
the absorbance value of phosphorus at 660 nm, with a 0.5 pmol/mL
phosphorus solution serving as the standard. ATPase activity was
calculated through Egs. (2), (3).

ODy; — OD,
Na' — K" — ATPase activity (U) = 05\470[; % 7.5 X Ceotal @)
SD — B
Dy — OD
Ca®" — Mg®" — ATPase activity (U) = % % 7.5 X Crotal 3)
SD — B

where ODy; stands for the absorbance value of the sample, ODc is the
absorbance value of the control, ODgp is the absorbance value of the
standard solution, ODg represents the absorbance value of the blank,
and Cyota) represents the count of bacteria.

2.6. The storage stability

To provide a comprehensive understanding of the storage stability of
the probiotic powders under different temperature conditions, freeze-
dried samples (10 mL) were divided into equal parts and stored in the
dark at 4 °C and — 20 °C for 30 days. The living cells were periodically
measured every three days through the plate counting method.

2.7. Statistical analysis

The data were presented as the mean + standard deviation (SD),
with all experiments conducted in triplicate. Statistical analysis was
performed using ANOVA with IBM SPSS 22 software, and significant
differences (P < 0.05) were determined by Duncan's test for significant
differences.
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3. Results and discussion
3.1. The formation of MPN on the surface of B.B.

We first analyzed the effect of MPN, TA, and Fe3* for B.B. to deter-
mine the optimum concentration of MPN formation. As shown in Fig. 1a,
B.B. maintained the higher activity at the concentration of MPN for-
mation at 0.8 mg/mL TA and 0.12 mg/mL Fe3* than other concentra-
tions. The activity of B.B. was slightly inhibited due to existing TA
(Fig. S1), but B.B. maintained a higher activity than the different con-
centrations of Fe3*. Although living bacteria counts were decreased with
the increase of Fe>*, we chose the relatively higher 0.12 mg/mL Fe>" to
ensure the protection of MPN due to no significant difference at 0.12
mg/mL and 0.06 mg/mL (Fig. S2). According to Fan et al. (2022), the
concentration of TA was determined to be 0.8 mg/mL due to no sig-
nificant difference among different concentrations of TA. Therefore, 0.8
mg/mL TA and 0.12 mg/mL Fe3* were verified at the optimum con-
centration of the formation of the MPN. We then verified the formation
of MPN on the surface of B.B. (B.B.@MPN) by UV-vis spectra, FTIR
spectral analysis and SEM. Notably, a significantly sharper peak at
around 1450 cm™! and 1365 cm™! (Fig. 1d), representing methyl
(—CH3) group, got stronger from the B.B.@MPN group to the control
group (B.B.). The peak intensity at 1061 cm™! for the B.B.@MPN group
can be attributed to the stretching vibration of C—O (Luo et al., 2022;
Zhang et al., 2019). Meanwhile, the B.B.@MPN group found a new peak
in the regions between 3500 and 3100 cm™! with peaks at 3300 cm™?,
which were dominated by bands assigned to the intermolecular
hydrogen bonding (Martins et al., 2023). In UV-vis spectra (Fig. 1d),
compared with B.B., the B.B.@MPN group had appeared peak shift and
new peak between 210 and 350 nm. SEM images confirmed MPN as-
sembly, showing individual B.B. encapsulated in Fe3*_TA complexes, as
indicated by their small surface particles (Fig. 1c (ii) and (iii)), while the
surface of uncoated B.B. was smooth (Fig. 1c (i)). The results further
confirmed that the MPN forms on the surface of probiotics.
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3.2. The protection of trehalose with MPN for B.B. In freeze-drying

Freeze-drying is often used in the drying of probiotics, but as few as
0.1 % of cells survive, which is woefully inadequate for daily use (Fan
et al., 2022). This work evaluated the dual protection effect including
nanoencapsulation and adding excipients for B.B. in freeze-drying to
improve probiotic cells survive. Fig. 2a shows the effect of freeze-drying
on the viability of all treatments. The survival rate of trehalose (10 mg/
mL) with MPN for B.B. (trehalose with MPN@B.B.) reached 31.43 +
0.78 %, while the B.B. and B.B.@MPN only had 1.45 + 0.06 % and 10.61
+ 1.06 % of cells survived, which showed the limited protective effect of
nanoencapsulation. To improve the survival rate for unprotected cells,
we tried to increase trehalose concentration. As shown in Fig. 2b, when
the concentration of trehalose was increased to 30 mg/mL, the survival
rate of protected cells increased to more than 90 %, and a further in-
crease in trehalose concentration did not significantly increase cell
survival. The survival rate for single trehalose with unprotected cells
only reached 59.20 + 5.23 % as the trehalose concentration had reached
120 mg/ml, and increasing the trehalose concentration did not signif-
icantly improve the survival of the cells (Fig. 2c). Trehalose molecules
can entrap bulks of water to form the hydration layer and react with the
water molecules forming hydrogen bonds to stabilize the protected
molecule against damage (Siri et al., 2016). L. Liu et al. (2024) proved
that 1 % sodium carboxymethyl cellulose had better protective effects
compared with other cryoprotectants in 5 % concentration, and sodium
carboxymethyl cellulose-treated probiotics only held a survival rate of
22.44 + 2.21 %, while in our work, the survival rate of B.B. protected by
10 mg/mL trehalose and MPN had reached 30 %. Therefore, the syn-
ergistic protection of probiotic cells using nanoencapsulation and
trehalose may be due to the enhancement of hydrogen bonds between
trehalose and MPN during freeze-drying. Then, we measured the FTIR
spectra of all treatments after freeze-drying to prove the formation of
hydrogen bonds at water molecules, trehalose, and MPN. As shown in
Fig. 2d, the broad band between 3000 cm ™ and 3600 cm ™! was mainly
attributed to O—H stretching from absorbed water (Singh et al., 2017).
The characteristic peaks in the B.B. and B.B.@MPN at 3290 cm ! and
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Fig. 1. Characterization of the formation of MPN on the surface of probiotics. Effect of the concentration of MPN for B.B. (A: 0.16 mg/mL TA and 0.24 mg/mL Fe®",
B: 1.2 mg/mL TA and 0.18 mg/mL Fe>", C: 0.8 mg/mL TA and 0.12 mg/mL Fe®**, D: 0.4 mg/mL TA and 0.06 mg/mL Fe>"). UV-vis spectra (b) and FTIR spectra (c) of
B.B. and B.B.@MPN. SEM images (d) of B.B. and B.B.@MPN (i: B.B., ii: B.B.@MPN, iii: local enlarged B.B.@MPN). Significant differences according to Duncan's test

(P < 0.05) among samples are represented by different lowercase letters.
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3294 cm ™! were attributed to the O—H stretching band of the hydroxyl
groups (Deng et al., 2021; Li et al., 2020), while these absorption peaks
exhibited a shift in the trehalose with B.B. (3354 ¢cm™!) and trehalose
with B.B.@MPN (3325 cm™ ) due to the effect of the hydrogen bond
(Martins et al., 2023). Meanwhile, trehalose with B.B. and trehalose
with B.B.@MPN appeared to have new characteristic peaks at 1597
em™! and 1600 cm™!. The FTIR spectra of trehalose with B.B. were

Trehalose with B.B@MPN

Trehalose with B.B@MPN

similar to those of single trehalose (Fig. S3), whereas the spectra of
trehalose with B.B.@MPN differed from those of single trehalose. This
occurred as trehalose and MPN layers containing hydroxyl groups
created connections with water molecules, which attached to free water
in the system and interacted with the ice interface through hydrogen
bonding, hydrophobic interactions, or electrostatic interactions. These
connections prevented the formation of ice crystals, thus improving the
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Fig. 3. The vitality of probiotic powders after freeze-drying in environmental assaults. Survival rate of different treatments at (a) pH = 2, (b) pH = 11, (¢) 7.5 mg/mL
ampicillin, (d) SGF (pH 1.2), (e) SIF (pH 6.8) at 37°C, and (f) 0.3mg/mL bile salts. Significant differences according to Duncan's test (P < 0.05) among samples are

represented by different lowercase letters.
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preservation of the hydration layer and shielding bacteria from damage
caused by mechanical and osmotic stress from ice crystals (Jia et al.,
2022; Novak & Grdadolnik, 2021; Zhao et al., 2024). Fig. 2e and f show
that there is a significant difference in ATPase activity between B.B. and
trehalose with MPN@B.B., further indicating that MPN enhanced the
protection of excipients for probiotics.

3.3. The survival rate for environmental assaults

The probiotic power must demonstrate safety and efficacy in
humans, while maintaining viability throughout the product's shelf life
(Williams, 2010). We then examined the survival and growth of various
probiotic powers after Freeze-drying in the presence of multiple envi-
ronmental stressors, including antibiotics, strong acidity, and alkalinity,
as well as intestinal conditions such as acidic pH, enzymes, and bile salts.
In strong acidity and alkalinity (Fig. 3a and b), trehalose with MPN@B.
B. showed a higher survival rate than other treatments, similar to the
results observed with antibiotics (Fig. 3c). Then, we evaluated the vi-
tality of probiotic powder in simulated gastroenteric environments
including simulated gastric fluid (SGF) with added pepsin (pH 1.2),
simulated intestinal fluid (SIF) containing trypsin (pH 6.8) and bile salts
(0.3mg/mL) (Fig. 3d-e). Trehalose with MPN@B.B. consistently main-
tained superior vitality compared to other treatments. In SGF, the sur-
vival rate of B.B. was only 30.49 + 1.17 %, whereas trehalose with
MPN@B.B. demonstrated a significantly higher survival rate of 68.31 +
8.42 % (Fig. 3d). This same trend was observed in SIF as well (Fig. 3f).
The vitality of trehalose with MPN@B.B. in bile salts was 40 times
higher than that of B.B., and 3 times higher than that of B.B.@MPN.
Therefore, it was evident that the synergistic effect of trehalose and MPN
provided excellent protection for probiotics.

3.4. The protective effect on other LAB strains

To demonstrate the broad applicability of adding trehalose to MPN-
protected probiotics as a co-protection strategy in freeze-drying, 5 LAB
strains other than Lb. Bifidobacterium bifidum, including Lactobacillus
plantarum (L.p.), Lactobacillus acidophilus (L.a.), Lactobacillus brevis (L.
b.), Lactobacillus casei (L.c.), Lactobacillus paracasei (L.pc.), were tested
for their survival rate, Na™-K*-ATPase, and Ca®*-Mg?*-ATPase activity.
Overall, adding trehalose to MPN-protected probiotics significantly
increased viability compared to the unprotected group, although the
protective effect varied among different LAB strains. Survival rates in
Fig. 4a showed that L.b. held the highest lever at 79.48 + 2.66 %, L.p., L.
c., and L.pc. were about the same, while L.a. was the lowest at 50.70 +
5.93 %. However, the Na'-K"-ATPase activity had a different trend with
survival rates (Fig. 4b). L.p. and L.a. were at the highest level about
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26.48 + 1.61 and 26.00 + 0.55 U/mg respectively, while L.b. was at the
lowest about 7.26 + 1.5 U/mg. As for the Ca®*-Mg?*-ATPase activity, it
showed the highest in L.a. and the lowest in L.c. at different LAB strains
(Fig. 4c). Obviously, adding trehalose to MPN-protected probiotic
should be a widely applicable co-protection strategy to LAB starter
preparation with great efficiency.

3.5. The storage stability for the probiotic power

The changes of freeze-dried living cells with or without protection
during 30-day storage were shown in Fig. 5. We evaluated the impact of
different storage temperatures, including —20 °C and 4 °C, on the
viability of probiotic powder. After being treated with trehalose and
MPN, B.B. maintained the viability of over 10’ CFU/mL after 28 days,
while the unprotected group only retained 10 % of living cells (Fig. 5a).
Probiotic powder activity at 4 °C was lower than at —20 °C. However,
regardless of temperature, the survival rate of trehalose and MPN-
protected B.B. consistently exceeded 60 % during storage life
(Fig. 5b), indicating that the viability far exceeded the industry
requirement for 107 CFU/mL (L. Liu et al., 2024). Bodzen et al. (2021)
designed a new lyoprotectant increasing the survival of freeze-dried
Lactobacillus strain during long-term storage and the bacterial counts
decreased by 0.4 log during storage. Chen et al. (2023) only assessed the
freeze-dried powder could be stored stably at —20 °C. H. Yang et al.
(2023) showed that heat preadaptation improved the tolerance of
T. halophilus during freeze-drying, but the survival rate decreased by
76.0 % in the storage time. The result demonstrated that the co-
protected method of trehalose and MPN was a good way for B.B.
under long-term cryopreservation conditions.

4. Conclusion

In conclusion, our research provides comprehensive information on
enhancing viability for probiotics during freeze-drying and addressing
critical limitations in traditional preservation methods through the
biointerfacial phenolic self-assembly strategy. This study was able to
elucidate the effectiveness of enhancing the protection of excipients by
MPN in maintaining probiotic vitality after freeze-drying, demon-
strating superior post-lyophilization survival rates and outstanding
viability in various environmental challenge, such as exposure to anti-
biotics, extreme acidity and alkalinity, as well as intestinal conditions,
and presenting superior shelf life during 30 days of storage. Our results
have deepened our understanding of providing mechanistic insights into
the role of molecular interactions in probiotic preservation. The pro-
tection method, which involves incorporating excipients and using
MPN-protected probiotics during freeze-drying, has demonstrated wide
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applicability across diverse probiotic strains. Overall, this strategy is
anticipated to tackle the problem of the low survival rate of probiotics
following the freeze-drying process and is also a promising way for the
long-term preservation of probiotics, fulfilling more potential applica-
tion requirements for probiotic powder in the future.
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ARTICLE INFO ABSTRACT

Keywords: Probiotics offer a promising strategy to address the dysfunction of the intestinal mucosal barrier and dysregu-

Probiotics lation of the gut microbiota in inflammatory bowel disease (IBD). However, the low viability and poor adhesion

galnczlzyme. of probiotics in complex gastrointestinal environments pose significant challenges. To tackle these issues, we
olydopamine

designed a specialized protective nano-coating (PDA@CeO) using biointerfacial phenolic assembly combined
with nanozymes for Bifidobacterium bifidum (B.B.). Characteristic peaks of CeO, nanoparticles were detected on
B.B. via XRD analysis, while SEM and TEM images confirmed the successful attachment of CeO2 nanoparticles to
the probiotic surface. The nano-coating (PDA@CeO-) simultaneously provides B.B. with high adhesion in the
intestine, strong tolerance in complex gastrointestinal environments, and the ability to scavenge excess reactive
oxygen species (ROS) due to its excellent mucoadhesive ability and high nanozyme activity. Specifically, the
protection provided by nano-coating against simulated gastric fluid (SGF, pH 1.2) resulted in cell survival rates
approximately 9.4 times higher than those of unprotected B.B. after 1 h of exposure. In IBD mouse models, the
combination of PDA@CeO, and B.B. demonstrated excellent therapeutic effects, promoting gut barrier repair.
Additionally, an increase in Muribaculaceae and Prevotellaceae. UCG-001 and a decrease in Desulfovibrionaceae
reshaped the intestinal flora, reducing recurrence. This study highlights the potential of enhancing probiotic
functionality through targeted design of protective nano-coatings for IBD therapy.

1. Introduction

Inflammatory bowel disease (IBD) significantly reduces the quality
of life of IBD patients and leads to more serious diseases, including colon
cancer [1,2]. Current clinical therapies primarily focus on suppressing
the intestinal inflammatory burden, however, long-term use of small
molecular drugs, antibiotics, and antibodies may lead to numerous
adverse reactions. These include antibiotic resistance, immunological
responses, and an increased risk of infections and malignant tumors
[3-5]. Oral probiotic therapeutics have emerged as strategies for treat-
ing IBD due to their superior ability to modulate the balance of the in-
testinal flora and promote intestinal mucosal repair [6,7].
Bifidobacterium bifidum (B.B.) has been shown to relieve IBD in mice
potentially by activating the aryl hydrocarbon receptor [8]. However, B.

* Corresponding authors.

B. is susceptible to reactive oxygen species (ROS) damage in inflam-
matory bowel diseases (IBDs), lacks adequate adhesion to the intestinal
mucosa, and exhibits poor survival in complex gastrointestinal (GI)
environments, including strongly acidic gastric fluid, digestive enzymes,
and bile salts. Consequently, these factors reduce therapeutic efficacy
and prolong the treatment period [9,10]. There is an urgent need for an
effective strategy to protect B.B. to treat IBD more effectively and safely.

Currently, methods for protecting probiotics primarily focus on
microencapsulation, which involves encapsulating probiotics in her-
metically sealed microcapsules. This approach offers significant ad-
vantages in improving probiotic viability; however, several challenges
remain, including control of particle size, leakage of probiotics, and low
in vivo efficiency [11,12]. In contrast to microencapsulation methods,
nanoencapsulation of probiotics involves designing protective nano-
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coatings around individual probiotic cells to address specific limitations.
Consequently, nano-coatings can enhance the ability of probiotics to
adhere to and proliferate on intestinal surfaces [12,13]. At present,
many researchers have proven the promise of targeted protective nano-
coating for probiotics for treating disease, such as a triple immune
nanoactivator with polydopamine anchored at the surface of probiotics
to inhibit tumors [14], probiotics by camouflaging with cell membrane
camouflaged to decrease the inflammatory reaction and side effects
[15], and an inorganic nanosheet producing an anti-inflammatory gas
shielded probiotics in response to adapt to diverse gastrointestinal mi-
croenvironments on-demand, which will hopefully solve the present
dilemma for B.B. in IBD therapy [16]. Meanwhile, oral antioxidant
nanozymes hold great promise for the treatment of IBD due to their
ability to effectively eliminate ROS. However, their practical applica-
tions are significantly hindered by the instability of ROS elimination and
the potential risk of metal-ion leakage in the digestive tract [17,18].

Here, we designed a nano-coating to help B.B. improve tolerance in
GI environments, enhance adhesion in the gut, and treat IBD to reshape
the intestinal microenvironment by utilizing phenolic substance self-
assembly and electrostatic interactions. The extraordinary adhesive
ability of polydopamine (PDA) layers was harnessed through cell-
mediated biointerfacial phenolic assembly to coat B.B., thereby
improving its adhesion to the intestinal tract and tolerance to harsh GI
conditions [19]. Furthermore, CeO» nanoparticles (NPs), which function
as effective ROS-scavenging enzymes and positively charged materials,
were adsorbed onto the PDA layers via electrostatic interactions,
endowing probiotics with ROS-scavenging capabilities. Notably, with
the protective nano-coating containing PDA and CeO; NPs (PDA@-
Ce0,), the PDA@CeO,-coated B.B. (B.B.@PDA@CeO,) can withstand
harsh GI environments. Upon reaching the intestine, B.B.@PDA@CeO>
efficiently colonizes the colon through the natural adhesion properties
of PDA and rapidly enters the logarithmic growth phase. CeOy, NPs
scavenge excess ROS in IBD to inhibit inflammation. Specifically, B.B.
@PDA@CeO, offers the following advantages: 1) enhanced tolerance to
harsh GI environments, 2) improved inherent bioactivity and coloniza-
tion ability, 3) effective ROS scavenging, and 4) the ability to repair the
gut barrier and regulate intestinal flora imbalance. In brief, our findings
prove the excellent effects of B.B.@PDA@CeO, on IBD therapy. We
anticipate that nano-encapsulated bacteria with phenolic substance self-
assembly combined with nanozymes could provide a versatile strategy
for treating IBDs and protecting any cellular biotherapeutic.

2. Materials and methods
2.1. Materials and chemicals

Bifidobacterium bifidum 6165 was acquired from the Northwest A&F
University (Yangling, Shaanxi). The Caco-2 human colon adenocarci-
noma cell line was obtained from the Northwest A&F University (Yan-
gling, Shaanxi). Cerium nitrate hexahydrate were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Dopamine (DA) was purchased from Shanghai Yuanye Co. Ltd.
(Shanghai China).

2.2. Synthesis of polydopamine (PDA) on the surface of probiotics

Different concentrations of dopamine (DA) (0.2, 0.4,0.6, 0.8, and 1
mg/mL) were prepared, added to the bacterial solution, and shaken in a
shaker at 37 °C for 1 h [20]. To ensure the optimum concentration of DA,
the PDA bacterial solution (B.B.@PDA) was diluted and spread on MRS
solid plates. The colonies were counted on plates and compared with the
original bacteria (B.B.) that were not coated with PDA. Then, to ensure
that the probiotics were encapsulated in the PDA layer, FT-IR spec-
trometer and Raman spectrum were used to determine the differences
between the B.B. and B.B.@PDA surfaces, and scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) were used
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to observe the micromorphology.

2.3. Synthesis of CeO, nanoparticles (NPs) on the surface of B.B. @PDA

The synthesis of CeO, nanoparticles was based on the method of
Zhao, Li, Liu, Li, Cheng, Cheng, Sun, Du, Butch and Wei [17]. 126 mg Ce
(NO3)3-6H,0 crystals were added to 10 mL of polyethylene glycol to
form a uniformly dispersed suspension, which was dropped into 10 mL
of water and stirred vigorously for 15 min. Then, the above-mixed so-
lution was placed in a water bath at 60 °C and vigorously stirred for 15
min. 28 %-30 % concentrated ammonia solution (3.2 mL) was quickly
injected into the mixed solution, and the solution was vigorously stirred
for 3 h at 60 °C. Centrifugation and washing with water were repeated
until the pH of the supernatant solution became neutral. The synthesized
CeO2 NPs were collected by centrifugation. The final concentration of
CeOy NPs was 5 mg/mL.

The CeOy NPs were linked to the surface of B.B.@PDA by electro-
static interactions. Different ratios of CeO5 NPs and B.B.@PDA (1:1, 1:2,
1:4, 1:6, and 1:8) were mixed in stasis for 30 min and collected by
centrifugation. To determine the optimal mixing ratio, we observed the
TEM images. X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and microbial growth curve were used to ensure CeO NPs linked
to the surface of B.B.@PDA.

2.4. The survival rate of B.B.@PDA@CeO; in a complex environment

Probiotics with different treatments were dissolved in 30 % ethanol,
50 % ethanol, strong acid (pH = 2), strong base (pH = 11), 30 mM H30,,
simulated gastric fluid (SGF pH = 1.2), simulated intestinal fluid (SIF
pH = 6.8) and 0.3 mg/mL bile salts at a ratio of 1:1 and then shaken in a
shaker at 37 °C and 180 r/min for 1 h. The shaken bacterial solution was
centrifuged and resuspended in a sterile 0.9 % NaCl solution. The so-
lution was washed three times. Finally, the colonies were counted on the
plates for comparison. We chose trehalose as the cryoprotectant. Pro-
biotics with different treatments were subjected to freeze-drying, and
the survival rates were compared with those following the addition of
trehalose to ensure a protective effect. The samples were prepared ac-
cording to Fan, Wasuwanich, Rodriguez-Otero and Furst [21]. And to
evaluate the stability of CeO, NPs in simulated gastrointestinal envi-
ronments using the retained activity of SOD-Like and CAT-Like. All
treatments exposured to SGF and SIF during 1 h and used SOD-Like and
CAT-Like activity detection kit.

2.5. Adhesion assay in Caco-2 cells

The method referred to Centurion and co-workers [20]. For the
probiotic inoculation, in all treatments, the concentration of CeOy was
0.25 mg/mL, and the concentration of probiotics was 102 CFU mL L. All
treatments (100 pL, dispersed in DMEM) were added to 96-well plates
containing Caco-2 cells at 37 °C for 2 h, and the cells were detached by
trypsinization and mixed to make a homogenous suspension. The cell
suspensions were counted using the plate counting method (B; CFU
mL™Y). Probiotic cells initially added to each well of the 96-well plate
were also counted (Byg CFU mL~1). Adhesion rate (%) = (B1/Bg) x 100.

2.6. DPPH Radical scavenging assay

The DPPH test was based on the method of Blois [22]. Briefly, all
samples (1 mL) were added to 0.2 mm DPPH in ethanolic solution (2
mL), stored at 37 °C for 30 min in the dark, and measured at 531 nm. DI
water and ethanol (v/v 1:2) were used as controls. The antioxidant ac-
tivity was calculated using the following formula: scavenging effect (%)
= (Ac—As)/Ac x 100. Where, As is the absorbance of all treatments and
Ac is the absorbance of the control at 531 nm. All these tests were
performed in triplicate.
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2.7. ROS scavenging ability

First, monolayers of Caco-2 cells were prepared in 24-well plates,
and then 10 mM H302 was used to stimulate the samples for 3 h. After
H,0; stimulation, probiotics (dispersed in DMEM) were added to the
cells, which were incubated in the dark for 1 h, followed by incubation
with 5 pm DCFH-DA in the dark for 10 min. All the cells were subse-
quently washed with DMEM three times. The culture dishes were
transferred to the inverted fluorescent microscope (Leica, Germany),
and DCF (2/,7-dichlorofluorescein) fluorescence was measured with an
excitation wavelength of 488 nm and emission at 515-540 nm at the
same exposure time [23]. To ensure the fluorescence intensity, cells
from monolayers were detached by trypsinization and then measured
with the fluorospectro photometer.

To further confirm the in vitro anti-inflammatory effect, murine
macrophages (RAW 264.7) were treated with H-02 stimulation. Specif-
ically, all treatments (100 pL, dispersed in DMEM) containing 10 mM
H20: were added to 96-well plates with RAW 264.7 cells and incubated
at 37 °C for 2 h. Subsequently, the cells were washed three times with
PBS and incubated with 10 pL of MTT solution (1 mg/mL) and 20 pL
RPMI medium 1640 for 4 h. Afterward, 100 pL of DMSO was added to
each well, followed by a 15-min reaction period. The absorbance at 490
nm was then measured. Cell viability was calculated using the following
formula: Cell viability rate (%) = (A1/Ao) x 100, where As and Ao
represent the absorbance at 490 nm for the sample and control groups,
respectively.

2.8. DSS-induced model of IBD

First, the six groups of mice (female, aged 6 to 8 weeks) were given
drinking water containing 3 % DSS for 7 days to induce IBD. The body
weights of all the mice were recorded daily. Then, one group of mice was
given normal drinking water, and the other groups of mice were fed with
various treatments including, DSS, B.B., CeO, NPs, B.B.@PDA, B.B.
@Ce0,, and B.B.@PDA.@CeO,, (bacteria dose, 1 x 108 CFU; CeO5 NPs,
2.5 mg/kg) for 6 days. The normal mice (Control) were left untreated
throughout the experiment and were given drinking water every day.
After that, the mice were euthanized. Colon tissues were harvested and
separated into several sections for further analysis, and the colon length
was measured. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of North-
west A&F University and experiments were approved by the Animal
Ethics Committee of Northwest A&F University (Approval Number:
NWAFAC 1008).

2.9. Histopathology studies

The histopathology analysis for evaluating colon damage was per-
formed according to standard procedures for paraffin embedding and
H&E staining. All samples were sent to Servicebio (Wuhan, Hubei).

2.10. MPO assay

The measurement of MPO was based on Liu, Wang, Heelan, Chen, Li
and Hu [24]. Briefly, the isolated colon tissues were homogenized in
hexadecyltrimethylammonium bromide (0.5 %, v/w = 5) in PBS (pH
6.0), freeze-thawed three times (—20 °C ~ 4 °C), sonicated for 10 s, and
the supernatant was collected by centrifugation. The supernatant (50
pL) and dianisidine dihydrochloride (200 pL, 1 mg/mL) containing
0.005 % (v/v) Hy0; in PBS (pH 6.0) were mixed in a 96-well plate,
incubated for 20 min at room temperature, and the OD450 was
measured.

2.11. Microbiome analysis

After DSS-induced IBD-bearing mice were subjected to different
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treatments, the feces were collected on the last day of therapy and
prepared for gut microbiome analysis by 16S rRNA sequencing assay. All
the samples were sent to the Shenzhen Genomics Institute.

2.12. Statistical analysis

The data were represented as the mean + standard deviation (SD).
The data was analyzed with one-way ANOVA using IBM SPSS 22 sta-
tistical software. Duncan's significant difference test evaluated signifi-
cant differences (P < 0.05).

3. Results
3.1. Preparation and characterization of nano-coatings

In our work, we first developed a protective coating on probiotics
through biointerfacial phenolic assembly, which triggers the oxidation
of dopamine (DA) to polydopamine (PDA). Subsequently, CeO2 nano-
particles (NPs) were incorporated into the PDA coating via electrostatic
interactions, conferring ROS scavenging activity on the probiotics
(Fig. 1a). Fig. 1b shows no significant difference in DA concentration
between the 0.2-0.4 mg/mL probiotics and the pristine probiotics
(Bifidobacterium bifidum B.B.), leading us to select 0.4 mg/mL as the
optimal concentration. After determining the DA concentration, we
combined PDA with probiotics and analyzed the mixture using FT-IR
spectroscopy and Raman spectroscopy. The FT-IR analysis revealed
that B.B.@PDA exhibited a characteristic peak at approximately 1630
cm’l, similar to that of individual PDA (Fig. 1c). Meanwhile, the Raman
spectrum displayed a dominant band at approximately 1527 cm ™},
associated with aromatic functional groups from the PDA layers [20],
which was absent in B.B. (Fig. 1d). Scanning electron microscopy (SEM)
images revealed that B.B.@PDA had a uniform blocky coating on the
surface, while B.B. showed a smooth cell surface (Fig. 1e). Transmission
electron microscopy (TEM) images indicated that B.B.@PDA was
enveloped in a black film, whereas B.B. lacked this coating. Therefore,
we can conclude that the PDA coating had successfully formed on the
surface of the probiotics.

Next, we further confirmed the properties of CeOy NPs and the
relationship between CeO5 NPs and probiotics. During the growth of
probiotics, CeO NPs had a significant negative effect on the probiotics,
but the probiotics still maintained a high survival rate (Fig. 1f). The
crystalline features of the nanozymes were characterized by using XRD.
Our synthesized CeOy NPs showed the same characteristic peaks of ceria
at 20 = 28.5°, 32.9°, 47.4°, and 56.8° (Figure S1), as shown in Zhao, Li,
Liu, Li, Cheng, Cheng, Sun, Du, Butch and Wei [17]. The characteristic
peaks of ceria at 20 = 28.5° and 47.4° were observed for B.B.@CeO, and
probiotics with PDA coating and CeOy NPs (B.B.@PDA@Ce05), sug-
gesting that CeO, NPs were successfully grown on the surface of B.B.
(Fig. 2g). The X-ray photoelectron spectroscopy (XPS) results also
proved that CeO, NPs were present on the surface of B.B.@PDA
(Figure S2 and S3). To determine the optimal proportions of B.B. and
CeO2 NPs, we evaluated the TEM results for different mixing ratios of B.
B.@CeO,. We found that probiotics exhibited a uniform surface similar
to that of probiotics with CeOy NPs (B.B.: CeOy NPs 2:1), while B.B.
@CeO; (1:1) showed that excess CeO5 NPs and other ratios (4:1, 6:1, and
8:1) all lacked CeO5 NPs (Figure S4). Of note, B.B.@PDA@CeO; shows
the delay in exponential growth decreased to 8 h, similar to the study of
Fan, Wasuwanich, Rodriguez-Otero and Furst [21]. At last, B.
B@PDA@CeO, showed that probiotics had been completely encased
using CeOz NPs (Fig. 1h). The SEM and TEM images of CeOy NPs and B.
B.@PDA@CeO, were shown in Fig. 2i, which confirmed that CeOy NPs
were successfully linked to the surface of the probiotics. Meanwhile, the
results of SEM mapping also illustrated that CeO, NPs were present on
the surface of B.B.@PDA (Figure S5).
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Fig. 1. Preparation and characterization of B.B.@PDA@CeO,. (a) Schematic illustration of the formation of B.B.@PDA@CeO,. (b) Effect of the concentration of
dopamine (DA) on probiotics. (c) FTIR spectra of PDA, B.B., and B.B.@PDA@CeO,. (d) Raman spectrum and (e) SEM and TEM images of B.B. and B.B.@PDA. (f)
Effect of the addition of CeO to probiotics. (g) XRD and (h) growth curves of B.B., B.B.@CeO,, B.B.@PDA, and B.B.@PDA@CeO.. (i) SEM and TEM images of CeOy
and B.B.@PDA@CeO,. Error bars represent the standard deviation (n = 3). Significant differences according to Duncan's test. *P < 0.05, **P < 0.01, ***P < 0.001. n.

s., not significant.

3.2. Tolerance to complex environments

Probiotics offer numerous benefits but are highly susceptible to
inactivation by various antibacterial chemicals, including strong acids,
bases, and ethanol. We investigated the effect of nano-coating on the
survival of probiotics in the presence of these antibacterial agents. In
strongly acidic and alkaline environments, B.B.@PDA@CeO: exhibited
growth trends similar to those observed under ethanol exposure (Fig. 2a
and b). Moreover, the survival rate of PDA-coated B.B. was significantly
higher than that of uncoated B.B., which can be attributed to the in-situ
synthesis of a nano-film on the probiotic surface using interfacial man-
ganese as a catalyst. However, electrostatic deposition of CeO: on the
probiotic surface may result in an uneven distribution of the coating. Dry
storage is often necessary for the administration of microbes, and
lyophilization is commonly used for this purpose [25]. Therefore, bac-
terial counts were monitored before and after lyophilization in liquid
medium. Impressively, B.B.@PDA@CeO: demonstrated significantly
higher bacterial counts compared to B.B. in phosphate citrate (PC)
buffer. To further evaluate the protective effect of B.B.@PDA@CeO:
during lyophilization, we compared it with common cryoprotectants
such as trehalose. Fig. 2c shows that the bacterial counts of B.
B@PDA@CeO3 had no significant difference compared with probiotics
supplemented with trehalose. As shown in Fig. 2d and e, more coated

probiotics survived after 1 h of exposure to 30 % and 50 % ethanol
compared with uncoated probiotics, with B.B.@PDA@CeO5 having the
highest survival rate, which was nearly 10 times higher than that of
uncoated probiotics. Meanwhile, we evaluated the tolerance probiotics
to HyO», as shown in Fig. 2f, which also exhibited that B.B.@PDA@CeO
had the highest survival rate.

We considered that the survival of probiotics in low gastric pH en-
vironments is a functional requirement for their gastrointestinal transit
processes [26]. We subsequently investigated the effect of the nano-
coating on the survival and growth of B.B. in simulated gastrointes-
tinal (GI) environments, including simulated gastric fluid (SGF), simu-
lated intestinal fluid (SIF), and 0.3 mg/mL bile salts. The protection
conferred by B.B.@PDA@CeO: against SGF (pH 1.2) resulted in cell
survival approximately 9.4 times higher than that of B.B. after 1 h of
exposure. The survival of B.B. with nano-coating increased as the
coating content increased (Fig. 2g). A similar trend was observed for SIF
and bile salts. As shown in Fig. 2h and i, B.B.@PDA@CeO: exhibited the
highest bacterial count compared to other treatments, particularly under
bile salt conditions. Compared to B.B., B.B.@PDA@CeO- demonstrated
significantly greater tolerance to these simulated GI environments. To
evaluate the stability of CeO> nanoparticles (NPs) in simulated GI en-
vironments, we assessed the retained activity of SOD-like and CAT-like
enzymes after 1 h of exposure to SGF and SIF (Figs. S6 and S7). The



T. Zhang et al.

International Journal of Biological Macromolecules 308 (2025) 142699

a;\:eo pH 2 280‘ pH 11 C 20 _I_
z Y
5 60 § 604 ,gé 15
© B S g
2 E E
a 40 a 404 E 104
© < [&]
3 - 5
S 204 S 204 4
s3] o
0 T T T T 0 T 0 2 T T T T
. & 3 OV
o M oF & S F S
() & @ @ ©
© . V@ @ Q° T ¥
¥ & O . L3 7 <
© Q) o2
d l e f e
B.B.@PDA@CeO.
B.B.@PDA
B.B.@Ceos
B.B.
30% Ethanol S0 Ethanol 30 mM H,0,
Survival Rate (%) SIalRatls) Survival Rate (%)
300 300 4 .
1600 _—
240 240 = —
s g © 1200 l
5180 4 ! ’ 5180 4 I I ' =
£ £ I 5 s00
@ 120 1 I 2 120 1 2 1
(3] 3] o [
60 4 60 4 400
T
0 —-_L%, 0 4._-_-_. = 0 -—-_-Jo'v-‘
° oéJ v QOY (a2 ° o“m Qov o ° oe.ow Qov. F
© e © © © @ © © @
Q Q 'S Q N Q Q Q Q
Q ® g ) g @ % g
o o o2
3 =3 3
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results indicated that the retained activity remained almost unchanged
in both SGF and SIF. These findings demonstrated that the combination
of the PDA layer with CeO2 NPs significantly enhances the tolerance of
probiotics to complex environments.

3.3. Cell adhesion and ROS scavenging abilities of B.B.@PDA@CeOz,

The adherence of probiotics to the host intestine has been shown to
increase their transit time in the gut, thus enhancing their beneficial
properties [27]. The overproduction of reactive oxygen species (ROS) is
the major cause of intestinal inflammation [7]. However, survival in the
presence of ROS and mucoadhesion and colonization by probiotics are
still difficult, so we further evaluated the cell adhesion and ROS scav-
enging abilities of B.B.@PDA@CeO; in Caco-2 cells (Fig. 3a). As shown
in Fig. 3b, the adhesion rate of B.B.@PDA@CeO4 was 93.36 %, while
that of B.B. was only 20.46 %. The adhesion rate of the cells coated with
CeO2 NPs was greater than that of the cells coated with uncoated CeO,
NPs because the CeO, NPs targeted the cells via electrostatic in-
teractions. Therefore, B.B.@PDA@CeO- had superior adhesion to Caco-
2 cells. Antioxidants play a critical role in lowering the risk of disease by
reducing oxidative stress [28]. Thus, inspired by the natural antioxidant

activity of phenolic compounds, CeO, NPs have excellent anti-ROS ef-
fects [17,29], so we evaluated their ability to scavenge DPPH radicals in
vitro (Fig. 3c). Compared with B.B., B.B. with a nano-coating exhibited
greater scavenging activity, of which B.B.@PDA@CeO- had the highest
activity. Most bowel diseases, such as IBD, can produce excessive reac-
tive oxygen species (ROS) [18]. Various nanozymes have been devel-
oped for the treatment of IBD, and CeO5 NPs have been shown to have
excellent ROS scavenging ability [17]. Then, we evaluated the ROS-
scavenging ability of B.B.@PDA@CeO;. As shown in Fig. 3d and e,
after treatment with 10 mM H3O,, the H30, group exhibited high
fluorescence intensity, indicating oxidative stress, and the cellular state
deteriorated accordingly. In contrast, the fluorescence intensity of B.B.
@PDA@CeO, was markedly lower than that of other probiotic treat-
ments (Fig. 3d), a result further corroborated by Fig. 3e. Notably, fluo-
rescence imaging revealed no significant difference between the Control
group and the B.B.@PDA@CeO, group. Subsequently, we assessed the
effects of different H.O2 stimulation treatments on cell viability in mu-
rine macrophages (RAW 264.7). As depicted in Figure S8, B.B.
@PDA@Ce0O; demonstrated the highest cell viability among all treat-
ments. Therefore, the combination of the PDA layer with CeO2 nano-
particles (NPs) substantially enhanced the ROS-scavenging capacity of
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probiotics. To evaluate material safety, histological analysis of major
organs from treated mice showed no morphological changes compared
to untreated mice (Fig. 3f), suggesting the biocompatibility and safety of
CeO2 NPs, probiotics, and the PDA layer.

3.4. Therapeutic efficacy of B.B.@PDA@CeO, against IBD

To determine the therapeutic efficacy of B.B.@PDA@CeO against
IBD, we developed the mouse IBD model by feeding 3 % DSS to mice for
6 days without treatment (Fig. 4a). Afterward, the DSS treatment was
discontinued, and different treatments (bacteria dose, 1 x 10® CFU
mL~%; CeO, NPs, 2.5 mg/mL), including B.B., CeO5 NPs, B.B. combined
with PDA (B.B.@PDA), B.B. combined with CeO5 NPs (B.B. @Ce0>), and
B.B. combined with PDA and CeO5 NPs (B.B.@PDA@CeO,), were fed for
six consecutive days. The positive control mice (DSS) were treated with
PBS, and the negative control mice (Control) were not treated with DSS.
The mice colons were isolated and imaged, as a reduction in colon length

is typical of the deleterious inflammatory response induced by IBD. As
shown in Fig. 4b and d, the colons were all longer in all treatment groups
than the DSS treatment, and the colon length of the B.B.@PDA@CeO
showed no significant differences compared with the Control treatment.
The changes in body weight reflected the severity of IBD. All treatment
groups displayed increased body weight after 6 days (Figure $9). The
body weights of all the groups containing PDA and CeO2 NPs displayed
similar trends on day 5. Notably, B.B.@PDA@CeO, had the highest
weight in comparison with the other treatments, and the initial body
weight of mice treated with B.B.@PDA@CeO, almost fully recovered
after 5 days, demonstrating the potent therapeutic efficacy of B.B.
combined with nano-coating against IBD. The disease activity index
(DAI) scores exhibited the same results (Figure $10). The assessment of
DAI is shown in Table S1.

Representative images and histological scores are shown in Fig. 4c
and e. Severe damage to the colon, such as a complete loss of crypts,
goblet cell depletion, and immune cell infiltration, was observed in the
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Fig. 4. (a)Schematic of the treatment plan. The mice were induced with the IBD with 3 % DSS from days O to 7. Afterward, different formulations were given to the
mice for 5 days. (b) Colon images in different groups (The red arrow represents the changes of goblet cells). (c) Images of H&E-stained colon tissue (Scale bar, 100
pm). (d) The comparison of colon length in different treatments. (e) Histopathology scores of different treatments. (f) Relative MPO activity in colon tissues of
different treatments to measure the inflammation in the colon. Inflammatory factors include (g) CRP, (h) TNF-a, and (i) IL-6 in colon tissues measured by

commercially available ELISA kits. Error bars represent the standard deviation (n = 6). Significant differences according to Duncan's test. *P < 0.05, **P < 0.01, ***

< 0.001. n.s., not significant.

DSS group (Fig. 4c), whereas substantial improvements were found in
the treatment groups. This improvement in the B.B.@PDA@CeO; group
was especially substantial, as the B.B.@PDA@CeO3 group exhibited an
almost intact epithelial layer and negligible inflammatory cell infiltra-
tion. Moreover, the histological scoring guidelines for DSS-induced IBD
are shown in Table S2 [30]. The histological score for B.B.@PDA@CeO,
was significantly lower than that for the other treatments (Fig. 4e).
Next, colonic myeloperoxidase (MPO) activity was evaluated for the
level of inflammation in the colon tissues because MPO is a marker of
neutrophil activity. As shown in Fig. 4f, the MPO activity of the B.B.
@PDA@CeO;, group showed no significant difference compared to the
Control and B.B.@CeO5 groups, and significantly lower than the CeO,
group, indicating that the combination of CeO, NPs with B.B. was
beneficial for the ability of CeO, NPs to scavenge ROS in IBD therapy.
The MPO activity in the other treatment groups was significantly higher
than that in the B.B.@PDA@CeO; group. The levels of inflammatory
factors, including interleukin-6 (IL-6), C-reactive protein (CRP), and
tumor necrosis factor-a (TNF-a), in serum collected from mice were
evaluated using commercially available enzyme-linked immunosorbent
assay (ELISA) kits. Compared with those in the control group, the in-
flammatory responses of the B.B., B.B.@ CeO,, B.B.@PDA, and B.B.

@PDA@CeO;, groups were alleviated, and the inflammatory response of
the B.B.@PDA@CeO;, group returned to normal levels (Fig. 4, g to i). As
a result, the B.B.@PDA@CeO; group demonstrated the excellent ther-
apeutic effect in treating IBD.

3.5. Modulatory effect of B.B.@PDA@CeO on the gut microbiome

Due to the ability of probiotics to modulate the gut microbiota and
have a beneficial effect on the body, the composition of the gut micro-
biota is altered by various treatments [31,32]. The feces were collected
after treatment treatments with various formulations for 4 days and
analyzed via a 16S ribosomal RNA (rRNA) gene sequencing assay. The
bacterial richness, presented as observed operational taxonomic units
(OTUs), is shown in Fig. 5a. OTUs of all containing B.B. treatments were
significantly higher than that in the DSS group, indicating the beneficial
effects on gut microbiota modulation for B.B., and OTUs of the B.B.
@PDA@CeO; group were remarkably highest than that of others con-
taining B.B. groups and Control group, which further illustrated that the
nano-coating helped the B.B. have a better effect on modulating bacte-
rial richness. In addition, the Shannon (Fig. 5b) and inverse-Simpson
indices (Fig. 5c) were used to determine the a-diversity of the gut



T. Zhang et al. International Journal of Biological Macromolecules 308 (2025) 142699

a 400 b 3 = g .
£ 50+ ol
, 3201 - z i W
g s X g 401 Z4
O 2401 - 2 4 _} _I_
2 FE*s £ B o - FT T+ 3
e . 2 3
§1°1 1 . £ 207 _} . {_ 5313 .
(o] @ c
- ALES Lee| 2 *
2 * 2
0 - - - £ 0 T T v v v v . - .
0‘5 (\\(00001 gg} of @0301 065 A on'L @90 @?050301 06 8 on'L 30 @ OQO'L
PR @?o‘* @®° © @5,0‘* o® a @90"‘
%. g.%' 69
f
d Muribaculaceae
s [ Others s =
B.B.@PDA@CeO, — Lactobacillaceae <
= I Muribaculaceae .
s Erysnpeiomc_maoeae g
B.B.@PDA — Binnee B
e d Il Clostridia_UCG-014 &
- Prevotellaceae t
-— Enterobacteri
B.B.@CeO, — D::Ifavibﬁ::::eaaee "«2-';
e B Bifidobacteriaceae Kl
S———— — Rikenellaceae 14
B.B. S—— B [ Bacteroidaceae
o Oscillospiraceae
— B Eggerthellaceae
= Monogloba
CeO,|] m= — —— e - I Deferrbacteracese 0‘5 (\\‘00001 e?’ Q%9 30'1
—— e — = Markiiflocass o @
P T - I Sutterellaceae - 3
e = Felcomacaracsa M
ontrol G ) —————————— - - o
:._'.  — — __: Prevotellaceae_UCG-001
Dsa| | E — £ 361
i —_ — — 3
T T T T T 1 g A
0 20 40 60 80 100 2244 " =
-] ——
e Prencnet of community abundance on family level 2
o
Desulfovibrio ~Log10 '% 1.24
Bifidobacterium (Relative Abundance) E "
Ruminococcaceae - 1-960 T
Dubosiella .
- 1.088 A
Turicibacter 0.9 o
Roseburia L 0.2160 o° (\v ©? 9% @ 0301
Romboutsia o g@% o
Helicobacter - -0.6560 » o
Escherichia-Shigella h !
Streptococcus - -1.528 Desulfovibrio
Ruminococcus_torques =
Prevotellaceae_UCG-001 b £ 361 ns.
Prevotellaceae_Ga6A1 §
Lachnospiraceae_UCG-006 s
Lachnospiraceae_AC2044 S 2.41 s
Lachnospiraceae_FCS020 -
Lachnospiraceae_NK4A136 2
Allobaculum T 1.2
Muribaculaceae [ | | K
Bacteroides
Lactobacillus 10 | 0.0-
N
065 000“0 cJGO'L o® (o] @O° 056 “\‘o 01 o0 0% @ 601
0 oP 82
ke o &
°® o

Fig. 5. In the analysis of the gut microbiota, (a) operational taxonomic unit (OTU) richness, (b) inverse-Shannon diversity index, and (c¢) Shannon index under
different treatments. (d) Relative abundance of the gut microbiome at the family level in the different groups. (e) Heatmap illustration of the relative abundance of
gut microbes at the genus level in different groups. Relative abundances of (f)Muribaculaceae, (g) Prevotellaceae. UCG-001, and (h) Desulfovibrionaceae in the different
groups. Error bars represent the standard deviation (n = 6). Significant differences according to Duncan's test. *P < 0.05, **P < 0.01, ***P < 0.001. n.s.,
not significant.
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microbiome. The abundances of B.B.@PDA@CeO, and B.B.@PDA were
remarkably higher than those in the B.B. group because the protective
and adhesive capacity of the PDA layer increased the abundance of B.B.
in the gut. In addition, p-diversity analysis of the gut microbiome using
principal coordinate analysis plots revealed that the gut microbiota
profiles of the mice in the B.B.@PDA@CeO- group differed from those in
the other groups. (Figure S11). Next, we further investigated the family
(Fig. 5d) and genus (Fig. 5e) levels to specifically reveal the content of
the gut microbiota in all the groups. Muribaculaceae is known to regulate
inflammatory responses [33] and Prevotellaceae UCG-001 is known to
produce short-chain fatty acids [34], which are important and beneficial
components of the intestinal flora. As shown in Fig. 5f and g, B.B.
@PDA@CeO, significantly increased the relative abundance of benefi-
cial bacteria compared to that in the other treatment groups and the
Muribaculaceae of B.B.@PDA@CeO, had no significant difference in
comparison with the Control group, while the beneficial bacteria
prominently decreased in the DSS group. Moreover, Desulfovibrionaceae,
a virulent pathogen that would worsen IBD, had been known to produce
lipopolysaccharides to damage the gut barrier [35]. Fig. 5h shows that
the relative abundance of Desulfovibrionaceae in all groups containing B.
B., PDA, and CeO; was markedly reduced, therefore, the relative
abundance of Desulfovibrionaceae in the B.B.@PDA@CeO, was mini-
mal compared to that in other groups. These results proved that B.B.
@PDA@CeO; had an up-regulative effect on the intestinal gut micro-
biota. Compared with those of the other treatments, B.B.@PDA@CeO>
of the relative abundance of Bifidobacterium was highest (Figure $12),
further showing the protective and colonized effect of our nano-coating
on probiotics.

4. Discussion and conclusion

We developed a strategy to protect B.B. and enhance its functions to
adapt to the intestinal microenvironment of IBD. A safe and protective
nano-coating (PDA@CeO-) for B.B. was prepared and characterized. All
results confirmed that the nano-coating had successfully formed on the
surface of B.B. Compared with other groups, the B.B.@PDA@CeO,
group exhibited superior tolerance to various complex environments.
This enhanced resilience is likely attributed to the uniform nano-coating
on individual cells, which protects B.B. from environmental assaults.
The efficient antioxidant properties of B.B.@PDA@CeO; can be
explained by the synergistic effects of PDA and CeO: nanoparticles in
scavenging free radicals. Additionally, the excellent adhesion properties
of PDA contribute to the overall stability and effectiveness of the coating
[20]. Moreover, B.B.@PDA@CeO, better ROS scavenging ability in the
microenvironment during IBD therapy due to the presence of the multi-
enzymatic nanozyme including SOD- and CAT-like activities [36].

In the mouse colitis model, the extent of colon damage serves as a
critical indicator for evaluating IBD therapy. Representative images and
histological scores revealed that the colon damage in the B.B.@PDA@-
CeO3 group was minimal and not significantly different from that of the
control group, demonstrating the superior therapeutic effect of
combining B.B. with the nano-coating. Additionally, the levels of in-
flammatory factors and MPO activity further confirmed the anti-
inflammatory efficacy of B.B.@PDA@CeO, [24]. According to the
analysis of the gut microbiota, B.B.@PDA@Ce02 was capable of posi-
tively modulating the abundance of beneficial bacteria, significantly
reducing the abundance of pathogens, and enhancing both the abun-
dance and diversity of the gut microbiome. This contributed to the
regulation of gut microbiota dysbiosis, thereby achieving excellent
therapeutic efficacy for IBD treatment [35,37].

In summary, given the complex living environment in the delivery
system and the harsh intestinal disease environment for probiotics, we
designed a platform that enhances the excellent tolerance of B.B. in
harsh gastrointestinal (GI) environments, its extraordinary adhesion in
the intestine, and its capacity to scavenge reactive oxygen species (ROS).
This was achieved by leveraging the self-assembly of phenolics on the
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surface of B.B. and electrostatically combining CeO: nanoparticles
(NPs). Compared with the original probiotics, B.B.@PDA@CeO-
exhibited superior tolerance in complex environments and enhanced
adhesion. Moreover, the synergistic effect of B.B.@PDA@CeO: in
simultaneously scavenging ROS and modulating microbiota homeosta-
sis in the colonic microenvironment significantly improved therapeutic
efficacy against DSS-induced IBD. In this study, B.B.@PDA@CeO:
demonstrated excellent safety in mouse models; however, further eval-
uation is necessary before clinical application. Overall, the designed
nano-coating protected the probiotics and enhanced their functionality.
The use of a nanozyme-coated probiotic increased activity compared to
using a single nanozyme alone. This strategy holds promise for
addressing existing limitations in oral probiotic therapeutics for IBD.
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ARTICLE INFO ABSTRACT

Keywords: Background: Probiotics can enhance the health of the host by maintaining the balance of intestinal flora, but
Probiotics probiotic foods like yogurt have insufficient viable counts to reach prebiotic effects. To take advantage of pro-
Nanotechnology

biotics, probiotics are fitted into sealed microcapsules in the size range of a few microns. Designing cytopro-
tective nanocoatings for probiotics is a promising strategy, as it addresses the limitations of microencapsulation
including lack of particle size control, easy leak, and low in vivo efficiency.

Scope and approach: Probiotics by nanoencapsulation are based on the formation of nanocoating around indi-
vidual probiotic cells, which can design specific nanocoating to protect probiotics and directly develop their
advantages on the intestinal tract. Initially, this review delves into the issues for the application of probiotics and
highlights the necessity of selecting cytoprotective nanocoating for probiotics. Furthermore, the method of major
encapsulated probiotics utilizing nanocoating was introduced. Lastly, the challenges of nanocoating for pro-
biotics are discussed.

Key findings and conclusions: Nanoencapsulation is a technique used to coat probiotics with nanomaterials, which
enhances the bioavailability of drugs and expands their potential applications. The two main methods of
encapsulating probiotics into nanocoating are biological and non-biological membranes. Despite some challenges
in the production process (such as the security and complexity of the production process in further practical
application), nano-coated probiotics are a promising approach for developing next-generation therapeutics that
can be used for synergistic treatment and prevention.

Biological therapeutics

Molecular self-assembly
Biological membrane
Inflammatory bowel disease (IBD)

1. Introduction biological benefits during delivery. (De Souza Oliveira, et al., 2011;

Razavi, Janfaza, Tasnim, Gibson, & Hoorfar, 2021). Many challenges

Probiotics, defined as live microorganisms and Generally Recognized
as Safe (GRAS), confer many health benefits on the host when obtained
sufficient amounts (Amiri, Rezaei Mokarram, Sowti Khiabani, Rezaza-
deh Bari, & Alizadeh Khaledabad, 2019; De Souza Oliveira, Perego, De
Oliveira, & Converti, 2011; Michael, Phebus, & Schmidt, 2010). In
recent years, there has been an increased interest in designing probiotic
products due to their potential health benefits and disease prevention
such as regulating host immune response, treating disease, maintaining
gut homeostasis, producing bioactive substances, and enhancing gut
barrier function (Lin, et al., 2021; Liu et al., 2022; Luo et al., 2022).
Despite probiotics exhibiting excellent possibilities as microbial thera-
peutics and food supplements, they must be in a metabolically active
state and present in sufficient amounts to be effective. Research has
shown that viability of more than 10® CFU/g is needed to achieve

* Corresponding author.
** Corresponding author.

must be addressed for effective probiotics, including pH balance, oxygen
levels, temperature, antimicrobial activity of bile salts, and competition
from other bacteria. (Centurion, et al., 2021).

To solve these problems, microbial encapsulation strategies become
promising methods for protecting probiotics during their oral delivery
and storage time. Recently, microencapsulation has been one of the most
common methods for increasing the probiotic survival rate under com-
plex gastrointestinal conditions using hydrocolloid systems (Liu, et al.,
2020; Sharma, Wasan, & Sharma, 2021; Yuan, Yin, Zhai, & Chen, 2022).
Probiotics are fitted into sealed microcapsules in the size range of a few
microns. These capsules, which are food-grade polymers mostly derived
from polysaccharides, proteins, and lipids, degrade and release pro-
biotics when exposed to specific conditions (Centurion, et al., 2021;
Razavi et al., 2021). This method has exhibited significant advantages in
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improving probiotic viability but applied to practice still existing many
problems including the control in particle size, leakage of probiotics,
and low in vivo efficiency (Asgari, Pourjavadi, Licht, Boisen, & Ajal-
loueian, 2020; Igbal et al., 2021; Trush et al., 2020).

Inspired by biofilms spontaneously produced by bacteria to survive
in extreme conditions, which have the double advantage of resistance to
environmental assaults and adhesion to particular positions, some re-
searchers have tried to build biofilms on the surface of bacteria and
design cytoprotective nanocoating for probiotics to markedly promote
resistance and adherence in the gastrointestinal tract (GI) tract (Wang,
et al., 2020). In contrast to microencapsulation methods based on pro-
biotics into a micron-scale gel matrix, nanoencapsulation is based on the
formation of nanocoating around individual probiotic cells, which can
specifically design cytoprotective suit for the shortcomings of probiotics
and directly adhere and proliferate on intestinal surfaces without
requiring release from the encapsulating matrix (Anselmo, McHugh,
Webster, Langer, & Jaklenec, 2016; Centurion et al., 2021).

Currently, the study of related probiotics-encapsulation is mainly
focused on microbial encapsulation(Michael T. Cook, Tzortzis, Char-
alampopoulos, & Khutoryanskiy, 2012; Razavi et al., 2021). Nano-
encapsulation for probiotics is rarely reported. Centurion et al. (2021)
only overviewed the different probiotics encapsulation methods and
nanoencapsulation strategies. This paper aims to introduce the impor-
tance of nanoencapsulation in delivery systems for probiotics to
customize nanocoatings for probiotics according to requirements such as
the protection of probiotics, improved adhesion, and superior thera-
peutic biological products. The framework diagram for this article is
shown in Fig. 1. Table 1 shows the types and advantages of designing
nanocoating for probiotics. The advantages of choosing cytoprotective
nanocoating for probiotics were first described through literature ex-
amples (Fig. 2). Besides, the most important encapsulated strategies are
first reviewed and their advantages for probiotics are highlighted
(Figs. 3-4). Finally, the challenges of designing nanocoating for pro-
biotics were discussed.

2. Dilemmas for application of probiotics

According to the World Health Organization (WHO) definition,
probiotics are “live microorganisms conferring a health benefit on the
host when administered in adequate amounts.” Probiotics consumption
has many beneficial effects, such as regulation of intestinal flora, pro-
duction of antimicrobial, anticarcinogenic and substances, enhancing
the body’s immunity, relieving lactose intolerance, reducing serum
cholesterol, and providing therapeutic benefits for intestinal diseases

Protection against environmental assaults

Enhanced mucoadhesion

Superior safety in animal models

More possibilities for treating tumor

Maintaining microbial flora balance /

Probiotics
by
Nanoencapsulation
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(Li, et al., 2019; Liu et al., 2022; Monteagudo-Mera, Rastall, Gibson,
Charalampopoulos, & Chatzifragkou, 2019; Oak & Jha, 2019). The
necessary condition for probiotics to work is a large amount of living
probiotics to survive and colonize the mucosal membrane of the intes-
tine, but this condition is difficult to achieve. Therefore, choosing the
correct microbial encapsulation strategy is important for the application
of probiotics. Dilemmas for the application of probiotics were as follows.

2.1. Complicated environment

It is generally known that, to exert health benefits, probiotics need to
retain the viability and activity in the lower digestive tract, so these
organisms should withstand adverse conditions such as gastric acid and
bile in the upper gastrointestinal tract (GIT) to ensure survival rate (Ding
& Shah, 2007; Farahmand et al., 2022). Thereinto, gastric acid may lead
to cell death due to altered cell surface permeability by abundant H™ in
the stomach, and all bile can inhibit the growth of bacteria depending on
its concentration, in which many Gram-positive probiotic organisms
such as Bifidobacterium and Lactobacillus genera are restrained by bile
acid, while Gram-negative organisms including Escherichia coli are not
affected(Anselmo, et al., 2016; Ding & Shah, 2007). More importantly,
most bowel diseases such as inflammatory bowel disease (IBD) can also
seriously impede the growth of probiotics due to producing excessive
reactive oxygen species (ROS) (Zhang et al., 2016; Zhu et al., 2022). ROS
has a strong oxidation effect on lipids and proteins on the surface of
probiotics, which can cause major damage to the cell wall of bacteria
and lead to their inactivation (Liu et al., 2022; Singh, Ahlawat, Mohan,
Gill, & Sharma, 2022; Yang et al., 2022).

Encapsulation has been used as an important tool to protect the
probiotics and improve their survival due to the lower viability of pro-
biotics used in fermented and other dairy products (How & Pui, 2021;
Krasaekoopt, Bhandari, & Deeth, 2003; Zhao et al., 2019). Freeze-drying
becomes an ideal choice for protecting encapsulated probiotic products
to maintain a sufficient quantity of viable cells. The condition of
commercially successful selected probiotic products is that they retain
viability during product shelf-life when probiotics suffer freeze-drying
with milled into a homogenous powder and encapsulated in the
absence of oxygen and low water content (Wang, et al., 2019). To
improve gastrointestinal function, it is recommended to consume pro-
biotics at a daily intake of approximately 108 CFU/mL. However, the
production of dried probiotics involves stressful procedures that can
result in cell damage. Even with cryoprotectants, as few as 0.1% of cells
survive, which is insufficient for daily requirements. (Her, Kim, & Lee,
2015). Production of probiotics keeping active is especially challenging

Biological membrane
@ Self-produced biofilms

e Utilized other biofims

Encapsulated
strategies

Non-biological membranes
® Layer-by-layer
® Molecular self-assembly

® Molecular conjugation

Challenges

Safety D

R Scale production

Fig. 1. The advantages, encapsulated strategies, and challenges of probiotics by nanoencapsulation.
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Table 1

The types and advantages of designing nanocoating for probiotics.
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Type

Materials

Probiotics

Advantages

Ref.

Biological membranes

Non-biological
membranes

Layer-by-layer

Molecular
conjugation

Molecular self-
assembly

self-produced biofilms

Lipid membrane

Erythrocyte membrane

Yeast membrane with
pB-glucan

Spore coat

Chitosan and alginate

2D CoCuMo-layered double
hydroxides (LDH)
nanosheets

Silicene nanosheets

Avidin-biotin

p-cyclodextrin, adamantanic
acid and dextran
nano-enzyme and boronic
acid-poly (ethylene glycol)

Tannic acids (TA) and ferric
ions (Felll)
TA-Ca®" and Mucin

TA/Fe (III) MPN and enteric
L100 layers
Polydopamine

Polydopamine and hybrid
immunoactive nanosurface
Polydopamine and triple
immune nanoactivators
Norepinephrine, poly
(propylene sulfide) and
hyaluronic acid

Bacillus subtilis

Escherichia coli Nissle
1917

Escherichia coli Nissle 1917

Escherichia coli Nissle
1917

Bacillus coagulans

Bacillus coagulans
Lactobacillus acidophilus
Escherichia coli Nissle
1917

Lactobacillus casei,
Escherichia coli, and
Bacillus coagulans

Clostridium butyricum

Bifidobacterium longum

Escherichia coli Nissle1917
Escherichia coli Nissle1917
Escherichia coli Nissle1917
Lactobacillus helveticus and
Lactobacillus plantarum

Escherichia coli Nissle1917

Escherichia coli Nissle1917

Escherichia coli Nissle1917

Superior resistance and adhesion capacity.

Significantly improved survival against various extreme
conditions and enhanced oral efficacies in prevention and
treatment

Low inflammatory response and improved colonization
abilities in disease sites

Protected coated EcN from the insults of the gastrointestinal
environments; the maintenance of microbiome composition
protects the intestinal barrier from injury

Resistance to extreme environments, anti-inflammatory
properties, promotion of epithelial barrier recovery, natural
affinity for probiotics, and restoration of gut barrier integrity
Improved the survival of probiotics in oral delivery;
unchanged morphology of coated probiotics

A tumor-microenvironment-responsive platform;

Resisted gastric acid and treating colitis

Improved colonization rate of probiotics and the ability to
exclude pathogenic bacteria in vitro; the excellent adhesion
of synthetic adhesins in gastrointestinal

Effectively enhanced the adhesion of probiotic and
regulating intestinal flora

Reduced inflammation caused by artificial enzymes;
improved bacterial viability to rapidly reshape the intestinal
barrier functions and restore the gut microbiota.

Enhanced resistance; avoided the negative effects of
antibiotics in the gastrointestinal tract

superior resistance, strong adhesiveness, and distinctly
down-regulate inflammation with ROS scavenging
pH-responsive degradation; prolonged the retention time

enhanced the survival in gastric environment, and improvd
capabilities of adhesion and scavenge oxygen radical
provoked innate immunity and suppressed tumor growth

The potent antitumor effects
Having the ability of scavenge oxygen radicals; improving

the viability at environmental assaults and mucoadhesive
capability

(X. Wang et al.,
2020)

Z. Cao, Wang,
et al. (2019)

Z. Cao, Cheng,
et al. (2019)
Lin, et al.
(2021)

Song, et al.
(2021)

Anselmo, et al.
(2016)
(Y. Yang et al,,
2023)

Coqueiro, et al.
(2019)
Vargason, et al.
(2020)

Zheng, et al.
(2020)

(F. Cao et al.,
2023)

Fan, et al.
(2022)

(X. Yang et al.,
2022)

(J. Liu et al.,
2021)
Centurion,
et al. (2022)
(Y. Liu et al.,
2023)

J. Lietal,
2022)

(J. Liu et al.,
2022)

due to both oxygen toxicity and damage during manufacture.

2.2. Lack of capabilities with mucoadhesion and colonization

The capabilities of mucoadhesion and colonization for probiotics are
still difficult, which may limit the effect of oral probiotic supplements
such as the regulation of intestinal flora (Fan, Wasuwanich,
Rodriguez-Otero, & Furst, 2022). Probiotics were accelerated removal
from the intestine due to constant peristalsis of the gastrointestinal tract.
This physiological factor is responsible for the limited intestinal colo-
nization of probiotics (Ajalloueian, et al., 2022; Giordani et al., 2018;
Yang et al., 2022). Microencapsulation approaches, commonly used
encapsulation for probiotics, have been applied to solve
probiotic-specific delivery challenges (Chen, Meenu, & Xu, 2022; Xie
et al., 2023). Although these methods have been successful in protecting
probiotic cells against environmental assaults to enhance survival ben-
efits in the GI tract due to preventing direct contact between probiotics
and the environment (Michael T. Cook et al., 2012), these strategies
significantly reduce adhesion and growth on intestinal surfaces, hin-
dering probiotics from providing health benefits.

3. The advantages of designing cytoprotective nanocoating for
probiotics

The development of a cytoprotective nanocoating for probiotics is

based on the formation of nanofilms within individual cells using ma-
terials that can adhere and colonize surfaces, enabling probiotic cells to
act directly on specific sites. Designing cytoprotective nanocoating for
probiotics is a promising method for the protection of probiotics. Pro-
biotics encapsulated in nanocoating can unlock a potential new model in
oral delivery (Song, et al., 2019). We can tailor the nanocoating and
increase the functional groups, thus improving the bioavailability of
drugs and expanding the potential for probiotics by nanoencapsulation.
The necessities and advantages of probiotics by customization nano-
coating according to requirements are shown in this section.

3.1. Protection against environmental assaults

The problem of survival rate for probiotics during lyophilization can
be effectively solved by customization nanocoating. Fan et al. (2022)
designed a protected next-generation nanocoating (TA/Fe (III) MPN) for
single probiotics during lyophilization, even in the absence of cryopro-
tectants. Because MPNs are structurally rigid, they may provide addi-
tional protection during lyophilization. Compared with the uncoated
bacteria, E. coli 1917 exhibited higher viable counts, and the count of
coated E. coli 1917 had a 3-fold increase in cryoprotectant-free phos-
phate citrate buffer (Fig. 2a). More importantly, the MPN-coated cells
showed the fastest speed of growth after reconstitution, which high-
lighted the protective ability of nanocoating.

Another key limitation of the survival rate for probiotics is
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Fig. 2. (a) The growth of uncoated and coated probiotics in the presence and absence of MPNs and cryoprotectants (Fan, et al., 2022). Copyright © 2022, American
Chemical Society. (b) TEM images of uncoated and coated probiotics at extreme environment (Z. Cao, Wang, et al., 2019). Copyright © 2019, Springer Nature. (c)
SEM images of the adherence of uncoated and coated probiotics to Caco-2 cells (LR: uncoated probiotics; LR/DA: coated probiotics) (Centurion, et al., 2022).
Copyright © 2022, Wiley-VCH GmbH. (d) Schematic illustration of nanocoating for probiotics with the features of scavenging ROS and regulating intestinal flora (J.
Liu et al., 2022). Copyright © 2022, the American Association for the Advancement of Science’s. (e) Schematic illustration of assembly and treatment for coated
probiotics (Y.-X. Zhu et al., 2023). Copyright © 2023, American Chemical Society. (f) Schematic illustration of preparation of tumor-targeting platform using
probiotics coated with nanosheets (Y. Yang et al., 2023). Copyright © 2023 Wiley-VCH GmbH. (g) Schematic illustration of tumor-specific antigens and checkpoint
blocking antibodies decorated probiotics (J. Li et al., 2022). Copyright © 2022 Wiley-VCH GmbH.

environmental factors including acid accumulation and changes in the
storage and transportation environment during the storage period (Li,
et al., 2016). Harsh gastrointestinal (GI) conditions including low pH in
the stomach and high concentration of bile salts in the small intestine are
harmful to many probiotics in oral delivery (Dimitrellou et al., 2016).
Nano-encapsulated probiotics form the nanocoating to isolate the
complex environment and probiotics. Therefore, we also need to tackle
key issues by improving the resistance of probiotics in harsh GI condi-
tions via designing special nanocoating. The utilization of probiotics
encapsulated in specialized nanocoating is anticipated to provide a
novel solution for safeguarding these microorganisms against environ-
mental stressors. Centurion et al. (2022) designed a self-encapsulating
nanocoating using dopamine for probiotics which proved this nano-
coating could help probiotics improve survival rate at the simulated
gastric fluid. Cao, Wang, Pang, Cheng, and Liu (2019) demonstrated that
probiotics encapsulated in nanocoating using lipid membrane via
self-assembly could be improved resistance in an extreme environment.

As is shown in Fig. 2b, coated probiotics, which were exposed to extreme
environments (pH = 2 and 11, 30% ethanol), maintained the integrity of
bacteria compared with uncoated probiotics, meanwhile, had a higher
survival rate than uncoated probiotics in synthetic GI tract
environments.

3.2. Enhanced mucoadhesion to oral delivery

Despite the need for specific protection within the stomach, deliv-
ered probiotics are anticipated to shed this protective layer prior to in-
testinal colonization to better perceive their surrounding
microenvironment and interact with the indigenous microbiota therein
(Zhu, et al., 2023). Therefore, the development of suitable materials for
bacterial nano-coatings plays a crucial role in enhancing mucoadhesion
for probiotics in oral delivery. Choosing the suitable nanocoating can
consider the adhesion of materials in the intestinal mucus layer, e.g.
mucin interacting with the intestinal mucus layer through hydrogen
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bonding, disulfide bonding, and hydrophobic forces, polydopamine
(PDA) of structures similar to mucin, and self-produced biofilm. X. Yang
et al. (2022) developed a strategy for probiotics coated with mucin and
tannic acid (TA) (EcN@TA-Ca24-@Mucin), which found that, for
EcN@TA-Ca2+@Mucin, fluorescence signals in colon slices were pre-
sent on days 3 and 6, whereas, other treatments only on days 3 detected
fluorescence signals, indicating excellently intestinal adhesion of the
mucin-coated probiotic system. As shown in Fig. 2¢, the adhesion of
probiotics with PDA-formed by phenolic polymerization to Caco-2 cells
is higher than probiotics without PDA (Centurion, et al., 2022). Wang
et al. (2020) showed a biofilm, acting as an adhesive and defending
against external threats, for a single probiotic by self-coating, which
indicated that compared with clinical Bacillus subtilis (BS) and individual
biofilm-coated BS (BCBS), bacteria coated with biofilm fragments
(FCBS) exhibited stronger adhesion whether in small intestine, large
intestine or cecum, and also proved that coating with biofilms for pro-
biotics was necessary to resist environmental threats in oral delivery,
such as acidic stomach conditions, antibiotics and penetration of bile
acids.

3.3. New ways to alleviate intestinal inflammation and microbiota
dysbiosis

Gut microbiota composition plays many crucial roles in human
health such as the synthesis of essential vitamins and prevention of
pathogen invasion, but is susceptible to many environmental factors
including an unbalanced diet, lack of physical activity, and smoking (Ke,
et al., 2021; Rowland et al., 2018). The main health claims of probiotics
are the regulation of microbiota composition and improvement in im-
mune response, so probiotic supplementation is an important treatment
in several diseases such as inflammatory bowel disease (IBD) (Coqueiro,
Raizel, Bonvini, Tirapegui, & Rogero, 2019). Patients with IBD can
present intestinal barrier alterations, which may lead to changes in
microbiota and microbial metabolites, thus inducing subsequent

immune cell activation and intestinal inflammation (Caruso, Lo, &
Ntnez, 2020). Microbial therapeutics are a promising prospect in
maintaining gut homeostasis, and preserving barrier integrity (Wu &
Wu, 2012).

In general, probiotics can be directly applied to treat diseases, but
need to be through low pH in the stomach and harsh environment in the
small intestine (e.g. the presence of bile salts) tract, ensuring that pro-
biotics retain viability after reaching the desired site. Cao, Wang, et al.
(2019) confirmed that the cytoprotection nanocoating by self-assembly
of lipid membrane for probiotics had a good result in the prevention and
treatment of IBD, which the major performances were that treating mice
(coated-probiotic) significantly reduced the inflammation and weight
loss. Besides protecting probiotics, probiotics by nanoencapsulation also
can add nano-scale drugs to the surface of nanocoating for probiotics or
utilize nano-scale drugs to form nanocoating, which is a new way to
treat and prevent intestinal disease at a cellular level. The over-
production of reactive oxygen species (ROS) and inflammatory factors,
and disturbance in the bacterial microbiota are the major causes of in-
testinal inflammation (Cao, et al., 2023; Zhou et al., 2022). To solve this
problem, nanocoating with additional functions is born to treat IBD.
Designed a nanocoating for probiotics with the features of scavenging
ROS and regulating intestinal flora, selecting a hydrophobic polymer
with scavenging ROS ability to covalent binding with the self-assembly
poly-norepinephrine on the probiotic surface (Fig. 2d). This delivery
system can effectively scavenge ROS, improve the delivery of probiotics,
and maintain microbiota homeostasis (Liu, et al., 2022). Lin et al. (2021)
utilized yeast membrane (YM) embedded f-glucan to camouflage
living probiotics to facilitate phagocytosis of microfold cells (M cells)
distributed in the intestinal epithelium, thus, efficacious enhancing
strong mucosal immune responses, proving that coated-probiotics could
help mice recover alteration of intestinal flora and maintain intestinal
health, and effectively reduce the bacterial infection-induced intestinal
barrier impairment. As shown in Fig. 2e, this work developed a delivery
system for probiotic/gas dual-mode therapy to treat IBD by utilizing
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anchored at the surface of polydopamine to protect probiotics (J. Li et al., 2022). Copyright © 2022 Wiley-VCH GmbH.

covalently hydrogen-terminated silicene nanosheets (SiH NSs) were
leveraged to E. coli Nissle 1917 (EcN), which showed that EcN@SiH
exhibited the better therapeutic effect for IBD. Therefore, SiH NSs could
release hydrogen amplifying the therapeutic efficacy of probiotic
treatment in a synergistic manner (Zhu, et al., 2023).

3.4. More possibilities for disease prevention

Probiotics capable of modulating gastrointestinal function through
oral delivery offer superior biocompatibility, and can be served as a
disease prevention platform. Currently, the studies of nano-
encapsulated probiotics are mainly focused on cancer treatment and
prevention, but the application of nano-encapsulated probiotics in
nutrition and health improvement is rarely reported. Probiotics such as
C. butyricum and Akkermansia muciniphila can ferment polysaccharides
to produce anti-inflammatory short-chain fatty acids (SCFA). Among
them, C. butyricum is found to be widely distributed in tumor tissues and
selected for targeting colon tumors (Dalile, Van Oudenhove, Vervliet, &
Verbeke, 2019; Zheng et al., 2020). To help probiotics target colon tu-
mors, prebiotics, which can improve intestinal adhesion, and promote
the fermentation of probiotics to produce a large amount of anti-cancer
SCFA, are used at the surface of probiotics. It has been demonstrated that
C. butyricum was encapsulated in prebiotics to exhibit excellent
tumor-targeting capacity and tumor suppression rate (Zheng, et al.,
2020). Targeted and therapeutic oncology drugs can load on the surface
of probiotics by designing nanocoating. Song et al. (2019) showed an
autonomous self-assembled nanoparticles (NPs) generator for pro-
biotics, which coloaded the therapeutic drugs to the NPs reaching the

effect of synergistic treatment. This therapeutic strategy exhibited
satisfactory anti-inflammatory and tumor suppression effects and helped
restore the gut barrier integrity and maintain the balance of intestinal
flora. Because the tumor microenvironment (TME)-induced nanosheets
can boost its photodynamic activity for singlet oxygen generation under
1270 nm laser irradiation. As shown in Fig. 2f, it developed a
tumor-targeting platform for TME-responsive photosensitizers, which
used probiotics coated with nanosheets and effectively achieved tumor
eradication and prolonged the life of mice through photodynamic
therapy under 1270 nm laser irradiation. To decrease the inflammatory
reaction, bodily clearance, and side effects, the camouflaged probiotics
using erythrocyte membranes had been designed by the low immuno-
genicity and anti-phagocytic nature of erythrocyte membranes, which
not only remained inherent bioactivities probiotics, it also improved
colonization abilities in disease sites (Cao, Cheng, Wang, Pang, & Liu,
2019). To improve cancer immunotherapy, tumor-specific antigens and
checkpoint-blocking antibodies are attached to the bacterial surface,
resulting in multimodal and long-acting therapeutics that significantly
inhibit tumor growth and extend the survival of mice (Fig. 2g).

Inspired by treating tumors for probiotics, rational designing the
surface of probiotics can be applied in nutrition and health improve-
ment. Using cell-mediated biointerfacial assembly, we can refer to this
model and combine the active substance, including natural active ma-
terials, effective ingredients for health care, and therapeutic drugs, into
the surface of probiotics, which can increase the functions of probiotics
and create more possibilities for disease prevention and the develop-
ment of new health products.
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3.5. Superior safety in animal models

Safety is the primary consideration in designing nanocoatings. At
present, there are no security issues observed in animal models and cell
experiments by rational designing nanocoating. Liu et al. (2021)
designed biomaterial coating for probiotics, in mice models, which
showed the superior efficacy of treatment and no significant side effects
in vivo. Cao et al. (2023) exhibited that excellent therapeutic effects
were demonstrated in canine models in addition to the mouse model.

4. The methods for designing the nanocoating for probiotics

Previous studies, mimicking the sporulation process, showed that a
protective and degradable shell formed in yeast cells could lead to
enhanced cellular tolerance against external stressors (Park, et al.,
2014). Wang et al. (2020) utilized the capacity of self-formed biofilms of
bacteria to shield probiotics, resulting in superior resistance and adhe-
sion capabilities for the protected probiotics. Designing nanocoating
that is based on the formation of nanofilms around individual probiotic
cells can provide many advantages such as improving vivo resistance,
adhesion, and even illness-preventing power. In this section, we will
discuss how to design a nanocoating for probiotics. This process can be
divided into two main parts: biological and non-biological membranes.
We will also explore the benefits and drawbacks of various nanocoating
methods for probiotics. It’s worth noting that these methods have been
used for different living cells, but their applications for probiotic
encapsulation are not in vogue and require further exploration.

4.1. Biological membrane

Encapsulation in the biological membrane has been reported in two
approaches at present including self-produced biofilms of probiotics
(Wang, et al., 2020) and utilized other biofilms (Cao, Cheng, et al.,
2019). Encapsulation using self-produced biofilms can retain a
long-lasting protective effect for probiotics due to forming self-produced
biofilms during bacterial growth. The limitations of this approach are
that most probiotics don’t possess the ability to produce biofilms. Wang
et al. (2020) reported that Bacillus subtilis, secreting abundant exopoly-
saccharides and proteins, enabled the trigger of the formation of a
self-produced biofilm in appropriate culture conditions, demonstrating
superior resistance and adhesion capacity (Fig. 3a).

Other biofilms such as erythrocyte membranes (Cao, Cheng, et al.,
2019), spore coats (Song, et al., 2021), yeast membranes (Lin, et al.,
2021), and thin lipid membranes via supramolecular assembly (Cao,
Wang, et al., 2019) also could be designed as the nanocoating. Among
them, encapsulation in extruding erythrocyte membrane can success-
fully camouflage probiotics due to their low immunogenicity and long
circulation properties, thereby exhibiting many advantages including
the low inflammatory response, reduced elimination by macrophage,
and almost unchanged viabilities (Cao, Cheng, et al., 2019). Because
spore coats of probiotics had many benefits including high tolerance,
superior anti-inflammatory effect, and excellent biocompatibility, Wang
et al. (2020) made spore coats become multi-functional coat nano-
particles by mechanical force extrusion, encapsulating single probiotic
cells (Fig. 3b), and encapsulated probiotics maintained the integrity of
spore coat components and formed the functional armor exhibiting
excellent protection, bioactivity, and colonization ability. Probiotics are
camouflaged inside yeast membrane-embedded f-glucan, ensuring
living bacteria into lymphoid follicles and enhancing mucosal immune
responses (Fig. 3c). Results of staining could demonstrate yeast wall
(blue) binding to probiotics (red) and the nano-coating was further
confirmed in transmission electron microscopy (TEM) (Lin, et al., 2021).
Thin lipid membrane via supramolecular assembly with dio-
leoylphosphatydic acid, cholesterol, and calcium phosphate buffer could
coat probiotics by vortexing with biocompatible lipids (Fig. 3d), which
significantly improved survival rate in various against environmental
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assaults and enhanced oral efficacies in prevention and treatment.

To summarize, utilizing biological membranes as nanocoating pre-
sents numerous benefits such as reduced inflammatory response and
natural affinity for probiotics (Cao, Cheng, et al., 2019; Song et al.,
2021). Therefore, encapsulating probiotics within biological membranes
significantly enhances their resistance to harsh environments, promotes
colonization and proliferation, and maintains intestinal homeostasis,
meanwhile, has not changed the viability and bioactivity of probiotics,
but the complicated extraction and production process needs to be
overcome in the future.

4.2. Non-biological membrane

Besides biological membrane, non-biological membrane was widely
used in making nanocoating for probiotics, which is based on chemical
methods to modify the surface of probiotics and encapsulate probiotics.
The coatings prevent direct contact of bacteria with the environment to
improve viability and stability in acid and enzyme insults but also
decrease adhesion in the intestinal mucosa. Therefore, designing a group
that enhances adhesion to modify bacteria becomes the main purpose.
For example, primary amino groups on bacterial surfaces were con-
verted to free thiols using in-situ chemical reactions, demonstrating that
modified bacteria achieved excellent attachment in mucin-enriched
jejunum (Luo, et al.,, 2022). Currently, many methods have been
applied in designing nanocoating for probiotics including layer-by-layer,
molecular conjugation, molecular self-assembly, and choosing suitable
methods according to present needs to tune surface functions for
probiotics.

4.2.1. Layer-by-layer

Layer-by-layer (LbL) encapsulation, known as LbL self-assembly,
utilizes the intermolecular forces, including electrostatic forces, host-
guest interactions, hydrogen bonds, etc., of two or more materials to
deposit them alternately on the template surface (An, Huang, & Shi,
2018; Qiu, Song, & Fan, 2015; Qiu, Song & Fan, 2015, 2015). Among
them, electrostatic force, which utilizes electrostatic interaction be-
tween the polyanions and polycations, is the most commonly used
intermolecular force for LBL self-assembly (Qin, Wang, Tang, & Guo,
2010; Yan, Deng, & Wang, 2007; Chenghui Zhang, Li, Aliakbarlu, Cui, &
Lin, 2022). Although electrostatic LbL strategies have been applied to
multiple substrates such as living cell, planar, and colloidal substrates,
their application for probiotic cells is still rarely used, which the main
reasons are that this method is time-consuming and the complexity of
the sedimentary process makes it difficult to scale up (Centurion, et al.,
2021).

At present, some researchers have produced a nanofilm for probiotics
at their surface by using the alternate deposition of chitosan (cationic
polysaccharide) and alginate (anionic polymer) (Fig. 4a), thereby real-
izing single-cell encapsulation and protecting probiotic against envi-
ronmental assaults (Anselmo, et al, 2016; Cook, Tzortzis,
Khutoryanskiy, & Charalampopoulos, 2013). Among them, Cook et al.
(2013) first characterized the material properties in vitro testing, which
demonstrated that this formulation improved the survival of probiotics
and targeted probiotics cells to the intestine. Then, Anselmo et al. (2016)
proved that the morphology of coated probiotics was not significantly
changed because of their smooth nanoscale features, and the delayed
cell division of coated probiotics by using alternately polymer deposi-
tion had been discovered. This strategy improved the viability of pro-
biotics in oral delivery but still reinforced intestinal adhesion.

The utilization of 2D inorganic nanosheets as nanocoating for pro-
biotics has become a prevailing trend, due to their multifaceted prop-
erties including high specific surface area, ultrathin microstructure,
fascinating physiochemical properties, and desirable biocompatibility
and biodegradability (You, Yang, Zhang, Lin, & Shi, 2021). The thinness
of these nanosheets can respond rapidly to external signals such as light,
which leads to utility in a variety of optical therapies, including imaging
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applications, photothermal therapy, and photodynamic therapy (Chi-
mene, Alge, & Gaharwar, 2015). Yang et al. (2023) effectively combined
the 2D CoCuMo layered-double-hydroxide (LDH) nanosheets and
Lactobacillus acidophilus via electrostatic interaction, which makes the
probiotics become tumor-microenvironment-responsive platform due to
the feature of photodynamic therapy for nanosheets (Fig. 4b). In other
studies, copolymer-modified two-dimensional H-silicene nanosheets
electrostatically, which could generate an anti-inflammatory gas
(hydrogen) in response to the neutral/weakly alkaline environment,
coated with probiotics to resist gastric acid and treat colitis (Zhu, et al.,
2023).

4.2.2. Molecular conjugation

Molecular conjugation refers to linking two partners from small
molecules to large and sometimes functionally complex biopolymers
(Schreiber & Smith, 2019). In designing nano-suit, molecular conjuga-
tion encapsulation is a common surface functionalization method by
adding a biological coupling agent to connect biomaterials and single
probiotics, which usually used connection types are avidin-biotin in-
teractions, host-guest assembly and click reaction (Cao, et al., 2023;
Vargason, Santhosh, & Anselmo, 2020; Zheng et al., 2020).

The avidin-biotin technology, one of the strongest non-covalent in-
teractions, is known for the ability to rapidly film forming with a surface
either non-biological surfaces or most biological membranes (Gao, Sun,
Li, & He, 2022; Henry et al., 2018; Chenzhen Zhang, He, Vedadghavami,
& Bajpayee, 2020). Vargason et al. (2020) utilized the strong and spe-
cific interaction between biotin and streptavidin by using a biological
coupling agent (sulfo-N-hydroxysuccinimide, sulfoNHS) and biocom-
patible ester-amine chemistry to conjugate the surface of probiotics,
which had improved the colonization rate of probiotics and the ability to
exclude pathogenic bacteria in vitro due to the excellent adhesion of
synthetic adhesins in gastrointestinal (GI), and did not affect the bac-
terial viability and maintained metabolic activity during
surface-modification process (Fig. 4c). However, the defect could lead to
the development of antibiotic resistance and alteration of intestinal flora
due to requiring antibiotics to achieve the colonization of probiotics.

Supramolecular self-assemblies play an important role in biomedical
and biotechnology fields through host-guest interactions due to their
potential applications such as the photoswitched biointerfaces utilizing
host—guest interactions realizing the capture and release of control cells
(Liu, Shi, & Ma, 2019; Sinawang, Osaki, Takashima, Yamaguchi, &
Harada, 2020). The strategy of using prebiotics (dextran) encapsulated
single probiotic, effectively enhancing the adhesion of probiotics and
regulating intestinal flora, via host-guest interactions between f-cyclo-
dextrin and adamantanic acid has been reported (Zheng, et al., 2020).
However, the structure of the coated biointerface in a single probiotic
may cause uneven phenomena due to the probabilistic connection be-
tween dextran and adamantanic acid.

The click reaction is a facile and high-yield method to bind two
molecular building blocks together under mild water-tolerant condi-
tions, with minimal by-products. (Deng, Shavandi, Okoro, & Nie, 2021;
Liang & Astruc, 2011). Inspired by the fast and facile boronic acid
vicinal-diol-based click reaction. Boronic acids with alcohols lead to the
high stability of boronate esters formation, allowing to building of
reversible molecular assemblies (Gomez-Jaimes & Barba, 2014). Cao
et al. (2023) chose the linker of boronic acid—poly (ethylene glycol) to
bind Bifidobacterium longum and artificial enzymes (Fig. 4d). This study
relied on the ROS-scavenging ability of artificial enzymes and the
advantage of probiotics helping the targeting and retention of artificial
enzymes to reshape a healthy immune system in IBD (Cao, et al., 2023).

4.2.3. Molecular self-assembly

Self-assembly can be defined that the molecular components spon-
taneously arrange themselves into ordered hierarchical structures by
specific intermolecular interactions, which can form biological nano-
structures such as the construction of cell membranes and the coating of
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biomacromolecules (Dong, Wang, He, She, & Dong, 2020; Yadav,
Sharma, & Kumar, 2020). Protective coatings for probiotics also have
been applied to form biological nanostructures by molecular
self-assembly. Phenolic compounds play a pivotal role in daily life due to
their attractive biological properties containing antioxidant, antibacte-
rial, anti-inflammatory, the ability of radical scavenging pigmentation,
and flavoring of plants and food products (Du, Li, et al., 2023; Kang
et al., 2023). In the most recent decade, the feature of “green” and
low-cost polyphenols has become desirably engineering of biologically
functional materials (Du, Wang, et al., 2023; Rahim et al., 2018).
Phenolic compounds with excellent adherence usually can be used to
construct thin films on diverse substrates which have two methods
including metal-phenolic networks (MPN) assembly and oxidative
self-polymerization assembly (Fichman & Schneider, 2021; Liang et al.,
2018; Rahim et al., 2018; Md Arifur Rahim, Kristufek, Pan, Richardson,
& Caruso, 2019; Zhong et al., 2018). At present, MPN and oxidative
self-polymerization assembly have been applied to form the nano-
coating. Tannin (TA) and dopamine (DA) are the two main materials
used in the design of nanocoating.

The coordination of metal-phenolic complexes has become an
increasingly popular synthetic strategy for surface engineering. In
particular, the combination of catechol and transition metal ions with
synthetic materials has been an important subject in biomimetic func-
tional materials. For designing nanocoating, a notable example is a
coordination-driven assembly of MPN for surface film formation of
probiotics such as TA and Fe (III) ions (Centurion, et al., 2021; Md Arifur
Rahim et al., 2019). Fan et al. (2022) reported the formation of a rigid
barrier for probiotics by using three polyphenols and Fe (III) ions and
found that the formative barrier of TA had the best effect, and MPN
successfully enhanced resistance to adversity for probiotics. Another
research exhibited the formation of nano armor (TA and Fe (III) ions)
protected bacteria from the action of antibiotics (Fig. 4e), on the surface,
and effectively absorbed the antibiotics reducing antibiotic-associated
diarrhea in combination therapy of antibiotics and probiotics, avoid-
ing the negative effects of antibiotics in the gastrointestinal tract (Pan,
et al., 2022). To achieve increasing diversity, many researchers have
attempted to add a new layer on the surface of MPN. Because probiotics
colonized and grew in the mucus layer, Yang et al. (2022) developed a
strategy probiotic coated with tannic acid and mucin (EcN@TA--
Ca2+@Mucin), which exhibited superior resistance, strong adhesive-
ness, and distinctly down-regulate inflammation with ROS scavenging
(Fig. 4f). Another double-layer coating strategy encapsulates probiotics
in a TA/Fe (III) MPN (interior layer) and enteric L100 layers (Liu, et al.,
2021). This strategy could take advantage of pH-responsive degradation
of enteric L100 protecting probiotics against the acidic environment in
the stomach to selectively release TA-probiotics and prolong the reten-
tion time of probiotics in the intestine due to the strong mucoadhesive of
TA after L100 disassociation.

Oxidative self-polymerization assembly bearing catechol groups
have become frequent surface engineering strategies. The catalytic
systems using redox-active transition metals are known to activate
phenolic oxidation and induce crosslinking reactions accelerating self-
polymerization assembly. The catechol-containing compounds
including dopamine (DA), caffeic acid, and pyrocatechol have been
investigated for the cell-mediated ability of probiotics to trigger the
oxidative self-polymerization (Centurion, et al., 2022; Md Arifur Rahim
et al., 2019). Polydopamine, a mussel-inspired polymer produced by
marine organisms, has many properties including strength, toughness,
and durability (Mrowczynski, 2018). Under a cytocompatible condition,
diverse cells simply co-deposit with dopamine, including bacteria, fungi,
and mammalian cells. The results showed that, compared with uncoated
bacteria, decorated cells show higher bioavailability in the gut and
higher accumulation in the inflamed tissue (Pan, et al., 2021). Centurion
et al. (2022) reported that the capability of phenolic self-assembly, DA
turned into PDA, was harnessed to form a multifunctional nanocoating
on the individual probiotic surface with the accumulation of Mn ion by
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probiotics, displaying the predominant cytoprotective to enhance the
survival in the gastric environment, and improving capabilities of
adhesion and scavenge oxygen radicals. To achieve the goal of eliciting
dual anticancer and antiviral immunity, the hybrid immunoreactive
nanosurface is linked to polydopamine nanoparticles, which could be
coated with bacteria to further provoke innate immunity and suppress
tumor growth (Liu, et al., 2023). A triple immune nanoactivator was also
anchored at the surface of polydopamine, which further proved the
potent antitumor effects (Li, et al., 2022). These studies provided more
possibilities for the preparation of multimodal and long-acting therapies
for cancer immunotherapy (Fig. 4g). Norepinephrine (NE), belonging to
the catecholamine group, was also applied to encapsulate individual
probiotics by oxidative self-polymerization assembly. In their nano-
coating, the outer layer loaded nanoparticles having the ability to
scavenge oxygen radicals (Liu, et al., 2022).

5. The challenges of designing nanocoating for probiotics

Although research papers have been published on the design of
nanocoating for probiotics, this method has yet to be applied in reality
for two reasons. On the one hand, the synthesis methods of nanocoating
have the possibility of difficulty in scale production. For example, bio-
logical membranes were used as nanocoatings, which would confront
the problem of a complex extraction process. LbL assembly method
fabricated nanocoating was faced with the problem of time-consuming
and complex steps, thus generating difficulty to scale up. To realize
surface functions for probiotics, some study has added organic synthesis
in designing nanocoatings such as the formation of nanoparticles of poly
(propylene sulfide) and hyaluronic acid, which will face many problems
including complex operation and cumbersome separation process.
Therefore, the development of simple and multifunctional nanocoating
plays an important role in broadening the application for nano-coated
probiotics. On the other hand, clinical trials in nano-encapsulated pro-
biotics have not been reported. Although the application of nanocoating
in animal and cell models exhibits a satisfactory therapeutic effect and
no damage to the body, the lack of clinical trials and safety evaluations
prevents the practical application of nanocoating for probiotics. There-
fore, the research of nanocoating for probiotics is still in its infancy, and
application in practice remains to require further exploration and effort.

6. Conclusion and outlook

Designing nanocoating to modulate the properties of probiotics is a
promising method to increase the possibility of the delivery system. We
overview the importance of cytoprotective nano-armor for probiotics in
delivery systems and how to customize these nano-armor. The encap-
sulation process of probiotics via designing nanocoating was presented
here, which exhibits many benefits including disease prevention, the
balance of intestinal flora, enhanced resistance in harsh conditions, and
the adhesion of the intestinal tract. Furthermore, we can tailor the
nanocoating of probiotics to meet specific requirements, achieving a
synergistic treatment effect. Lastly, the review covers the primary
techniques and challenges for nano-encapsulated probiotics has been
reviewed.

Although this work discusses various methods for designing nano-
coatings, the process of creating nanocoatings for probiotics is still in its
early stages. The ideal combination of nanocoating and probiotics
should involve mild reaction conditions, convenient operations, and no
harm to the bacterial cell. Customized nanocoating according to
different requirements still considers mutual biocompatibility. Mean-
while, the connection between the bacterial cell wall and nanocoating
plays an important role in maintaining the activity of probiotics, so the
problem of balance between the optimum formation condition of
nanocoating and probiotic viability needs to be addressed. Additionally,
we propose to explore plentiful biocompatible materials to become
nanocoating for probiotics, which screening conditions for materials
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include coating capacity, toxicity, compatibility of coating conditions
with living cells, adhesion performance, cost-effectiveness, ease of
manipulation, and low inflammatory response. At present, there have
been few reports of the nutrition and health improvement for nano-
encapsulated probiotics in the food field, but with the advances in
nanocoating of synthetic tools and based on promising probiotic prop-
erties for customizing nanocoating for probiotics, we are looking for-
ward to further applying in the practice of nano-encapsulated probiotics.
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