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Abstract: The microbial fermentation of plants is a promising approach for enhancing the yield of
polysaccharides with increased activity. In this study, ten microbial strains, Lactiplantibacillus plan-
tarum CCFM8661, Limosilactobacillus reuteri CCFM8631, Lactobacillus helveticus M10, Lacticaseibacillus
rhamnosus CCFM237, Lactilactobacillus sakei GD17-9, Lacticaseibacillus casei CCFM1073, Bacillus subtilis
CCFM1162, Bacteroides cellulosilyticus FTJSI-E-2, Bacteroides stercoris FNMHLBEIK-4, and Saccharomyces
cerevisiae HN7-A5, were used to ferment Dendrobium officinale. The skin care activity of the resulting
polysaccharides (F-DOP) was evaluated in cultured HaCaT and RAW 264.7 cells, and a mouse model.
The results indicated that D. officinale medium promoted strain proliferation, and fermentation sig-
nificantly enhanced polysaccharide yield (up to 1.42 g/L) compared to that without fermentation
(0.76 g/L). Moreover, F-DOPs, especially after CCFM8631 fermentation, exhibited an excellent ability
to attenuate sodium dodecyl sulfate-induced HaCaT cell injury (from 69.04 to 94.86%) and decrease
nitric oxide secretion (from 42.86 to 22.56 µM) in lipopolysaccharide-stimulated RAW 264.7 cells.
In vivo, CCFM8631-FDOP reduced the transdermal water loss rate, skin epidermal thickness, and
interleukin 6, and enhanced the expression of filaggrin, improving 2,4-dinitrofluorobenzene-induced
skin damage. Therefore, considering viable cell counts, polysaccharide yields, and skin care efficacy
in vitro and in vivo, CCFM8631 is the most suitable strain to enhance the skin care activity of DOPs
and possesses promising potential for applications in the cosmetics industry.

Keywords: Dendrobium officinale; fermentation; Limosilactobacillus reuteri CCFM8631; polysaccharides

1. Introduction

Dendrobium officinale, belonging to the family Orchidaceae, is widely distributed in sev-
eral countries worldwide, including China, Japan, and Australia [1]. In China, D. officinale
has been recognized as one of the most valuable traditional Chinese medicines (TCMs) for
thousands of years. TCM practitioners believe that D. officinale offers a wide range of health
benefits, such as fever reduction, stomach nourishment, and lifespan extension [2]. Modern
pharmaceutical studies have revealed multiple bioactivities associated with D. officinale,
such as immune-regulatory, antitumor, cardioprotective, and anti-aging bioactivities [3].
Owing to its exceptional nutritional value, D. officinale is considered a life-saving herb [4].

As a complex botanical matrix, D. officinale is rich in polysaccharides, flavonoids,
alkaloids, pigments, and other small-molecule components [3,5,6]. Among these con-
stituents, D. officinale polysaccharides (DOPs), such as glucomannan with 1,4-β-D-Manp
and 1,4-β-D-Glcp, the main active component with antioxidant, moisturizing, and hair
growth-promoting effects, have a great potential in functional foods and cosmetics [7].
However, studies investigating the structure–bioactivity relationship of polysaccharides
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have suggested that the original polysaccharide structures present in plants may not exhibit
optimal bioactivities [8]. Therefore, it is crucial to develop a suitable method to improve
the yield and biological activity of DOPs.

Microbial fermentation has emerged as a promising biomodification technology for
natural products and has garnered increasing attention. During fermentation, microor-
ganisms produce a large number of extracellular enzymes, such as proteases, cellulases,
glycosidases, and pectinases. These enzymes rupture plant cells and accelerate the dis-
solution of active ingredients, resulting in improved polysaccharide yield. Additionally,
during fermentation, microorganisms can transform the original polysaccharides into
novel fermented polysaccharides with enhanced bioactivity [9]. A previous study where
Panax ginseng was fermented with Saccharomyces cerevisiae GIW-1 reported that fermenta-
tion increased the yield of polysaccharides while also enhancing their in vitro antioxidant
capacity (by scavenging hydroxyl and superoxide anion free radicals) and in vivo anti-
inflammatory effects (by reducing tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and
IL-6 content) [10]. Bacillus sp. DU-106 fermentation altered the Mw and monosaccharide
composition of DOPs, which enhanced the immunoregulatory ability of DOPs [11].

The skin, the largest organ in the body, plays a critical role in protecting the internal
environment and maintaining homeostasis [12]. However, prolonged exposure to UV
radiation, air pollution, and harmful organisms can damage the skin structure, leading to
abnormalities in the skin barrier. Unfortunately, a compromised function of the skin barrier
is often accompanied by dysregulated dermal immune responses, which in turn exacerbate
damage to the skin barrier, creating a vicious cycle [13]. DOPs, which help maintain the
integrity of the skin barrier and normalize immune responses, have the potential to promote
skin health [14]. However, reports on the yields and bioactivities of polysaccharides derived
from strains fermenting D. officinale are limited and fragmented. Therefore, the objective
of this study was to obtain a strain that enhanced the skin care properties of DOPs. This
study aimed to facilitate the application of microbial fermentation in herbal medicine and
provide a theoretical foundation for the development of novel skin care products.

2. Materials and Methods
2.1. Chemicals and Reagents

The stems of D. officinale, provided by Nutri-Woods Bio-tech Co., Ltd. (Beijing, China),
were crushed (60 mesh). Yeast extract FM528 was purchased from Angel Yeast Co., Ltd.
(Yichang, China). Sodium dodecyl sulfate (SDS), methyl thiazolyl tetrazolium (MTT), and
dimethyl sulfoxide (DMSO) were purchased from Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China). Lipopolysaccharide (LPS) was obtained from Sigma-Aldrich
Co., Ltd. (St. Louis, MO, USA). The enzyme-linked immunosorbent assay (ELISA) kits
for nitric oxide (NO), filaggrin (FLG), and interleukin (IL)-6 were purchased from Jiangsu
Meibiao Biotechnology Co., Ltd. (Yancheng, China). The other chemicals used in this study
were of analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Screening of Strains for Fermenting DOPs
2.2.1. Activation and Culture of Strains

The Lactobacillus (L. plantarum CCFM8661, L. helveticus M10, L. rhamnosus CCFM237,
L. reuteri CCFM8631, L. sakei GD17-9, L. casei CCFM1073), Bacillus (B. subtilis CCFM1162),
Bacteroides (B. cellulosilyticus FTJSI-E-2, B. stercoris FNMHLBEIK-4), and yeast (S. cerevisiae
HN7-A5) strains were obtained from Culture Collection of Food Microorganisms of Jiang-
nan University and cultured in specific media. Lactobacillus strains were cultured in
MRS medium containing 20 g/L glucose, 5 g/L yeast extract, 10 g/L tryptone, 10 g/L
beef extract, 2 g/L sodium acetate, 0.58 g/L MgSO4·7H2O, 0.25 g/L MnSO4·H2O, 2 g/L
ammonium citrate dibasic, 2.6 g/L K2HPO4·3H2O, and 1 mL/L Tween 80. Bacillus strains
were cultured in LB medium containing 10 g/L tryptone, 10 g/L yeast extract, and 10 g/L
NaCl. Bacteroides strains were cultured in BHI medium containing 38.5 g/L brain heart
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infusion, 1 g/L L-cysteine, 1 g/L hemin, and 1 g/L vitamin K. Saccharomyces cerevisiae
was cultured in YPD medium containing 10 g/L yeast extract, 10 g/L tryptone, and 20 g/L
glucose. Each strain was streaked onto its corresponding solid medium and incubated to
obtain single colonies. After incubation, a single colony was picked and inoculated twice
into liquid medium to obtain highly viable seed cultures for further experiments.

2.2.2. Fermentation of D. officinale

For the fermentation process, D. officinale (40 g/L) was used as the single carbon
source (replacing glucose) to prepare D. officinale-based MRS, LB, BHI, and YPD media. The
activated strains (107 CFU/mL) were inoculated into the corresponding D. officinale-based
medium. The Lactobacillus, Bacillus, and Bacteroides strains were cultured at 37 ◦C and
pH 6.0 for 16 h, and the yeast was cultured at 30 ◦C and pH 6.0 for 48 h. Sterile water was
used instead of the microorganisms in the unfermented group. At the end of fermentation,
the cell counts of the strains were determined using the plate dilution method [15], and the
fermentation solutions were collected for polysaccharide extraction.

2.2.3. Extraction of DOPs and F-DOP

Polysaccharides’ extraction was performed using an ultrasonic-assisted method, ac-
cording to a previous report [16]. The D. officinale fermentation solution was sonicated at a
power level of 500 W for 10 min. The resulting supernatant was collected by centrifugation
(8000× g for 15 min), deproteinated using Sevag reagent, precipitated by adding four
volumes of ethanol at 4 ◦C for 24 h, and lyophilized to obtain DOPs (polysaccharides
from non-fermented D. officinale) and F-DOPs (polysaccharides from fermented D. officinale
solution). The total carbohydrate content was determined using the anthrone–sulfuric
acid method [17].

2.3. Evaluation of F-DOPs Skin Care Effects In Vitro
2.3.1. Cell Culture

Human-immortalized keratinocytes (HaCaT cells) and mouse mononuclear macrophages
(RAW 264.7 cells) were purchased from China Center for Type Culture Collection (Wuhan,
China). The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), containing
10% fetal bovine serum (FBS) (Gibco, Billings, MT, USA) and incubated at 37 ◦C in a 5%
CO2 atmosphere. Prior to use, the polysaccharide samples were dissolved in the culture
medium and sterilized by passage through a 0.22 µm membrane filter.

2.3.2. Cytoprotection of SDS-Injured HaCaT Cell

SDS, the most-used anionic alkyl sulfate surfactant, was used to induce skin barrier
damage [18]. Log-phase HaCaT cells (5 × 103 cells/well) were collected, seeded in a
96-well plate, and divided into three groups: (1) control group (medium), (2) model group
(SDS), and (3) treated group (DOP/F-DOP + SDS). After incubating for 12 h, the cells were
pretreated with various polysaccharide samples (1000 µg/mL) for 24 h. Subsequently, the
cells were exposed to SDS (50 µg/mL) for 24 h. Cell survival was determined using the
CCK-8 assay.

2.3.3. Anti-Inflammation in LPS-Induced RAW 264.7 Cell

The anti-inflammatory properties of the polysaccharide samples were characterized
using an NO content assay in LPS-stimulated RAW 264.7 cells [19]. Logarithmic phase
cells (5 × 103 cells/well) were collected, seeded in a 96-well plate, and divided into
three groups: (1) control group (medium), (2) model group (LPS), and (3) treated group
(DOP/F-DOP + LPS). After incubation for 12 h, the RAW 264.7 cells were pretreated with
various polysaccharide samples (1000 µg/mL) for 24 h. The cells were then stimulated with
LPS (5 g/mL) for 24 h. The culture supernatants were collected, and the NO content was
measured using a commercial NO assay kit, according to the manufacturer’s instructions.
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2.4. Evaluation of F-DOPs Skin Care Effects In Vivo
2.4.1. Preparation of F-DOP-Based Ointment

The ingredients of the DOP/F-DOP ointments are listed in Table 1. Briefly, the oil
phase (shark squalene and emulsifier), aqueous phase I (DOP/F-DOP, glycerin, and water),
and aqueous phase II (nipagin ethyl ester and water at 90 ◦C) were prepared. Subsequently,
aqueous phases I and II were slowly added to the oil phase and stirred continuously to
obtain a DOP/F-DOP-based ointment [20].

Table 1. Dendrobium officinale polysaccharide (DOP)-based ointment composition and function of
each ingredient in the formulation.

Added Material Amount Added (g) Function

Unfermented/Fermented DOP 1.50 The main drug
Shark squalene 3.90 Oil phase

Emulsifier (Montanov S) 2.10 Surfactant
Glycerin 2.40 Water phase, humectant

Nipagin ethyl ester 0.03 Preservative
Distilled water Volume to 30.00 Solvent

2.4.2. Animals and Experimental Design

Specific pathogen-free BALB/c male mice (6–8 weeks old, 18–20 g) were purchased
from the Guangdong Medical Laboratory Animal Center (Foshan, China). The mice were
housed under standard conditions with ad libitum access to standard food and water.
The housing environment maintained a constant temperature of 25 ± 2 ◦C, humidity of
50 ± 10%, and a 12-h light/dark cycle. Following acclimation for one week, the mice were
prepared for experimentation. The dorsal skin of each mouse, measuring 4 cm × 2 cm,
was shaved. The mice were then randomly divided into five groups, each containing five
mice: (A) normal control group (NC), (B) model control group (MC), (3) unfermented DOP
cream treatment group (DOP), (C) CCFM8631-FDOP cream treatment group (CCFM8631),
and (D) prednisolone cream treatment group as a positive control (PC). The experimental
animal use license was approved by SYXK (Guangdong) 2018-0186.

2.4.3. Induction of Skin Damage Model

The 2,4-dinitrofluorobenzene (DNFB)-induced skin damage in vivo model was estab-
lished as previously described [21]. Briefly, 100 µL of 0.25% DNFB (w/v) dissolved in a 3:1
mixture of acetone/olive oil was painted onto the dorsal skin of each mouse on days 1 and 4.
Furthermore, the same skin area was exposed to 100 µL of 0.2% DNFB on days 7 and 10
to induce skin injury (MC group). The NC group was treated with acetone/olive oil only.
The DOP, CCFM8631, and PC groups were administered DOP/F-DOP-based ointment or
prednisolone cream in DNFB-injured mice twice a day from day 7 to day 15, respectively.

2.4.4. Macroscopic Observation and Transepidermal Water Loss (TEWL) Test

On day 16, all mice were transferred to a room with controlled temperature (23 ± 1 ◦C)
and humidity (50 ± 10%). The dorsal skin of each mouse was photographed to evaluate
the morphological changes in tissue appearance. Moreover, TEWL, an important indicator
reflecting the integrity of the skin barrier and tissue gas exchange with the environment,
was measured by the Tewameter® TM 300 (Courage & Khazaka, Cologne, Germany).

2.4.5. Hematoxylin and Eosin (H&E) Staining

At the end of the experiment, all mice were euthanized by cervical dislocation. Dorsal
skin samples were collected and divided into two sections. One portion was immediately
immersed in 4% paraformaldehyde for histological observation, and the other was stored at
−80 ◦C for further analysis. The fixed skin samples were embedded in paraffin, sliced into
6-µm-thick sections, and stained with hematoxylin and eosin for histopathological assess-
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ment, as described in a previous study [22]. The H&E-stained sections were observed under
an optical microscope, and the epidermal thickness was measured using ImageJ software.

2.4.6. Biochemical Assays

Skin tissue samples were weighed (0.1 g), homogenized in normal saline (1 mL),
and centrifuged at 12,000× g for 15 min at 4 ◦C to obtain the tissue supernatant. Protein
content was determined using the BCA method using bovine serum albumin (BSA) as a
standard [23]. The levels of FLG and IL-6 were measured using ELISA kits.

2.5. Statistical Analysis

All results of this study are expressed as means ± standard deviation (SD). Statistical
significance was determined using SPSS software (version 23.0) with one-way analysis of
variance followed by Tukey’s test. Origin 2023 software was employed for the preparation
of graphs. Different letters mean p < 0.05, which was considered statistically significant for
all analyses.

3. Results and Discussion
3.1. Determination of Viable Cell Counts and Polysaccharide Yields

The ten strains were cultivated in D. officinale-based medium, and the viable cell
counts after fermentation are shown in Table 2. Supplementation with D. officinale increased
the proliferation of various strains. The viable cell counts of B. cellulosilyticus FTJSI-E-2,
B. subtilis CCFM1162, L. casei CCFM1073, B. stercoris FNMHLBEIK-4, L. plantarum CCFM8661,
L. reuteri CCFM8631, and L. sakei GD17-9 were 130 × 107, 100 × 107, 45 × 107, 35 × 107,
19 × 107, 16 × 107, and 10 × 107 CFU/mL, respectively.

Table 2. Viable cell counts and polysaccharide yields from D. officinale fermented by different strains.

Strains Viable Cell Counts (×107)/(CFU/mL) Polysaccharides Yield (g/L)

L. plantarum CCFM8661 19.0 ± 1.41 cde 1.40 ± 0.04 a

L. helveticus M10 2.1 ± 0.42 e 1.41 ± 0.06 a

L. rhamnosus CCFM237 7.2 ± 0.14 e 1.36 ± 0.03 ab

L. reuteri CCFM8631 16.0 ± 1.41 de 1.30 ± 0.04 abc

L. sakei GD17-9 10.0 ± 1.41 de 1.36 ± 0.06 ab

L. casei CCFM1073 45.0 ± 5.66 c 1.23 ± 0.04 bc

B. subtilis CCFM1162 100.0 ± 14.14 b 0.32 ± 0.01 d

B. cellulosilyticus FTJSI-E-2 130 ± 14.14 a 1.24 ± 0.01 bc

B. stercoris FNMHLBEIK-4 35.0 ± 2.83 cd 1.20 ±0.01 c

S. cerevisiae HN7-A5 3.4 ± 0.14 e 1.42 ± 0.04 a

Statistical analysis with one-way analysis of variance (ANOVA) followed by post hoc multiple comparison
analysis with the Tukey test. Different letters indicate significant differences among different groups (p < 0.05).

Moreover, the F-DOP yield after fermentation was determined and is illustrated in
Table 2. Fermentation by the strains enhanced the F-DOP yield compared to that of DOPs.
Strains in descending order of F-DOP yield were as follows: S. cerevisiae HN7-A5 (1.42 g/L),
L. helveticus M10 (1.41 g/L), L. plantarum CCFM8661 (1.4 g/L), L. rhamnosus CCFM237
(1.36 g/L), L. sakei GD17-9 (1.36 g/L), and L. reuteri CCFM8631 (1.3 g/L). Based on the
viable cell count and F-DOP yield, L. plantarum CCFM8661, L. reuteri CCFM8631, L. casei
CCFM1073, B. subtilis CCFM1162, B. cellulosilyticus FTJSI-E-2, and S. cerevisiae HN7-A5
were considered suitable strains for fermenting D. officinale. These F-DOPs were selected to
evaluate their skin care effects in subsequent experiments. Our results indicated that the
ten strains could grow in medium containing D. officinale as the sole carbon source, albeit
with varying degrees of specificity among the strains. Additionally, the fermentation of
D. officinale by these strains resulted in an increased polysaccharide yield. Similarly, it was
reported that the polysaccharide yield from Astragalus membranaceus was 2.3-fold higher
with Lactobacillus plantarum fermentation than without it [24].
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3.2. Skin Care Effects of F-DOPs In Vitro

HaCaT cells maintain a normal keratinocyte shape and are commonly used to evaluate
the skin protection of cosmetics, medicines, and food products [25]. Moreover, RAW
264.7 cells have a stable and mature adherent macrophage phenotype and are frequently
employed to investigate the immune regulatory abilities and innate immune responses
of samples [26].

SDS is an anionic surfactant widely used in household cleaning, cosmetics, and
pharmaceutical products. However, prolonged exposure to SDS can disrupt cell membranes,
leading to barrier disruption and skin irritation [27,28]. As presented in Figure 1, after
treatment with 50 µg/mL SDS for 24 h, the percent survival of HaCaT cells was significantly
decreased (69.04%) compared to that of the control group, suggesting that the cell injury
model was successfully established. Both DOP and F-DOP treatments attenuated SDS-
induced cell injury and remarkably increased cell viability. F-DOPs exhibited superior
cyto-protection compared with DOPs. In particular, F-DOPs produced from L. reuteri
CCFM8631 fermentation resulted in the highest cell viability (94.86%) among all groups.
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Figure 1. Effect of DOPs and fermented Dendrobium officinale polysaccharides (F-DOPs) on survival
in sodium dodecyl sulfate (SDS)-injured HaCaT cells. Statistical analysis with one-way analysis of
variance (ANOVA) followed by post hoc multiple comparison analysis with the Tukey test. Different
letters indicate significant differences among different groups (p < 0.05).

LPS is known to bind to Toll-like receptors and activate NF-κB through the MyD88-
dependent signaling pathway, leading to the secretion of inflammatory mediators, such as
TNF-α, IL-6, and NO [29]. As expected, after 24 h of LPS treatment in RAW264.7 cells, the
NO content in the model group was 42.86 µM, which was significantly higher than that of
the control group (13.42 µM) (Figure 2). However, this abnormal increase was inhibited
by F-DOP supplementation. Specifically, F-DOPs after L. reuteri CCFM8631, L. plantarum
CCFM8661, and L. casei CCFM1073 fermentation remarkably decreased the NO content
to 22.56, 22.00, and 18.40 µM, respectively, indicating the outstanding anti-inflammatory
activity of the F-DOPs. L. reuteri CCFM8631 was selected as the most suitable strain for the
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fermentation of D. officinale based on the number of living bacteria, polysaccharide yield,
and cell culture experiment results.
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Figure 2. Effect of DOPs and F-DOPs on nitric oxide (NO) content in LPS-stimulated RAW
264.7 cells. Statistical analysis with one-way analysis of variance (ANOVA) followed by post hoc
multiple comparison analysis with the Tukey test. Different letters indicate significant differences
among different groups (p < 0.05).

Polysaccharides have attracted considerable attention owing to their low toxicity
and diverse pharmacological activities [30]. A previous review summarized that DOPs
decrease free radicals (2,2-diphenyl-1-picrylhydrazyl and hydroxyl), enhance antioxidant
systems (superoxide dismutase, catalase, and glutathione peroxidase), inhibit the NF-κB
pathway, and downregulate inflammatory responses, having potential applications in the
field of skin care and cosmetics [7]. Consistent with previous findings, our study also
demonstrated that pretreatment with DOPs protected HaCaT cells from SDS-induced
damage and decreased NO production in RAW 264.7 cells in LPS-induced inflammatory
model. Interestingly, fermentation increased the polysaccharide yield of D. officinale and
improved its antioxidant and anti-inflammatory activities. Yang et al. reported that
Polygonatum kingianum polysaccharides fermented by Lactobacillus casei resulted in superior
anti-aging effects on Caenorhabditis elegans, with a 10.09% increase in lifespan compared
with that resulting from the original polysaccharides. This improvement could be attributed
to a decrease in molecular weight distribution, a change in chemical and monosaccharide
composition, and the smoothness of the microtopography [8]. The beneficial effects on skin
health of DOPs and F-DOPs (fermented by L. reuteri CCFM8631) were investigated in a
DNFB-induced injury model in vivo, which is described in Section 3.3.

3.3. Skin Care Effects of F-DOPs In Vivo
3.3.1. Apparent Skin Changes and H&E Staining

Representative skin images of the different groups are shown in Figure 3A. Repeated
application of DNFB to the dorsal surface resulted in severe skin lesions characterized
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by redness, swelling, crust formation, dryness, and incrustation, indicating the successful
establishment of the skin damage model (MC group). However, these symptoms in the MC
group were relieved by pretreatment with the DOP and F-DOP ointments. Notably, the
CCFM8631 group showed better attenuation of skin damage than the DOP group, similar
to that of the PC group.
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Figure 3. Effects of samples on (A) skin appearance and (B) hematoxylin and eosin staining in the
DNFB-damaged model in vivo.

H&E staining was performed to examine structural changes in the skin tissue of each
group. In the NC group, a distinct stratum corneum, thin stratified squamous epithe-
lium, and well-organized and tightly arranged cells in the epidermis, with no apparent
pathological alterations were observed (Figure 3B). After modeling with DNFB, the skin
tissue structure was disrupted and was characterized by a thickened stratified squamous
epithelium, disordered cell arrangement, and infiltration of inflammatory cells. Compared
with the MC group, treatment with CCFM8631-FDOP, like the PC group, mitigated dorsal
swelling and inflammatory infiltrating, which exhibited superior effects than the DOP
group. Moreover, the epidermal thickness of the mouse skin was measured to further
evaluate the skin protection of the samples. As shown in Figure 4, the epidermal thickness
was significantly increased from 20 µm in the NC group to 199 µm in the MC group. Both
DOP and CCFM8631-FDOP treatment decreased the epidermal thickness compared to
that in the control group. In the CCFM8631 group, the epidermal thickness was 47 µm,
which was better than that of the PC group (60 µm). These results indicate that the F-
DOPs produced by CCFM8631 fermentation have the potential to alleviate DNFB-induced
skin damage.

3.3.2. Change in TEWL

TEWL is an indirect measure of skin barrier integrity because it reflects the rate of
water evaporation from the skin surface. Normally, the skin maintains a constant range of
water loss. However, when its barrier function is compromised, water loss increases [31,32].
As shown in Figure 5, TEWL was significantly higher in the MC group (40.13%) than in
the NC group (14.60%), indicating skin barrier damage. In the DOP, CCFM8631, and PC
groups, TEWL values decreased to 28.63%, 27.68%, and 18.68%, respectively, suggesting
that the samples could help restore skin barrier function.
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Figure 4. Changes in epidermal thickness of skin tissue. Statistical analysis with one-way analysis of
variance (ANOVA) followed by post hoc multiple comparison analysis with the Tukey test. Different
letters indicate significant differences among different groups (p < 0.05).
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3.3.3. FLG Content

FLG is a protein synthesized by keratinocytes that plays a crucial role in maintaining
the integrity of the epidermal skin barrier. It aggregates keratin into filaments, which
contribute to the structural stability of the skin barrier [33]. Moreover, the degradation
products of FLG, known as natural moisturizing factors, regulate skin hydration [34]. As
shown in Figure 6, the FLG content was significantly lower in the MC group (96.08 pg/mg)
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than in the NC group (168.93 pg/mg), suggesting impairment of the skin barrier. However,
this decrease in FLG content was ameliorated by treatment with DOPs or CCFM8631-
FDOPs. The FLG level in the CCFM8631 group was 221.75 pg/mL, remarkably higher than
that in the PC group (102.08 pg/mL). This result indicates that CCFM8631-FDOPs could
improve the expression of FLG and repair DNFB-injured barrier function.
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3.3.4. IL-6 Level

IL-6 is an important inflammatory cytokine produced by T cells and macrophages
in response to infection and tissue damage. However, excessive IL-6 promotes the activa-
tion and aggregation of neutrophils, thereby amplifying injury [35]. Figure 7 shows the
IL-6 levels in the skin tissue of the experimental mice. Compared to the NC group, DNFB
treatment stimulated a strong inflammatory response, as evidenced by a significant in-
crease in IL-6 levels. The administration of DOPs and CCFM8631-FDOP decreased the IL-6
content by 2.08% and 24.60%, respectively, compared to that in the MC group. Notably, the
IL-6 level in the CCFM8631 group was 5.82 pg/mL, which was not significantly different
from that in the PC group (5.59 pg/mL), suggesting an excellent anti-inflammatory effect.

DNFB is a hapten that interacts with various skin proteins to form covalent conjugates,
resulting in an enhanced immune response. Multiple applications of DNFB disrupt the skin
barrier and induce skin lesions [36]. Our results revealed that fermentation with L. reuteri
CCFM8631 improved the ability of DOPs to alleviate DNFB-induced skin damage. This
benefit is closely related to the combined effects of skin barrier repair and anti-inflammatory
properties. In another study, Punica granatum L. polysaccharides suppressed the secretion of
pro-inflammatory cytokines by inhibiting the NF-κB and STAT3 signaling pathways and en-
hanced skin barrier protection by increasing aquaporin-3 and FLG expression, which then
ameliorated imiquimod-elicited psoriasis [37]. Notably, the CCFM8631-FDOP was a mix-
ture, containing fermented DOPs and microbial exopolysaccharides. It is not clear whether
the increased activity of F-DOPs was caused by the structural change of DOPs during fer-
mentation or the synergistic action of DOPs and CCFM8631 polysaccharides. Thus, in the
future, our research will focus on the structure-activity relationship of CCFM8631-FDOP.
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4. Conclusions

This study aimed to screen suitable strains for fermenting D. officinale to produce
polysaccharides with excellent skin care properties. Supplementation with D. officinale
increased the proliferation of all ten microbial strains. Moreover, fermentation with
S. cerevisiae HN7-A5, L. helveticus M10, L. plantarum CCFM8661, L. rhamnosus CCFM237,
L. sakei GD17-9, and L. reuteri CCFM8631 resulted in significantly increased F-DOP yields
compared with those of the unfermented group. Therefore, L. plantarum CCFM8661,
L. reuteri CCFM8631, L. casei CCFM1073, B. subtilis CCFM1162, B. cellulosilyticus FTJSI-
E-2, and S. cerevisiae HN7-A5 with high viable cell counts and polysaccharide yields
were selected to evaluate skin care effects in vitro and in vivo. The results indicated that
F-DOPs, especially after L. reuteri CCFM8631 fermentation, protected HaCaT cells from
SDS-induced injury, decreased LPS-induced NO secretion in RAW 264.7 cells, and alleviated
the DNFB-triggered skin damage in a mouse model with reduced inflammatory response
and epidermal thickness and improved TEWL and skin barrier integrity. Summarily, in this
study, CCFM8631 fermentation enhanced the yield of polysaccharides. More important,
CCFM8631-FDOP exhibited better skin care ability than DOPs both of in cells and animal
model in vitro and in vivo.

Author Contributions: X.T. and B.W., formal analysis and data curation and writing-original draft;
B.M. and J.Z., writing—review and editing; J.Z. and G.L., supervision and project investigation; K.Y.
and S.C., funding and supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 32172173), and Collaborative Innovation Center of Food Safety and Quality Control in
Jiangsu Province.

Institutional Review Board Statement: License number of mice experiments was SYXK (Guang-
dong) 2018-0186.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.



Processes 2023, 11, 2563 12 of 13

References
1. Chen, W.-H.; Wu, J.-J.; Li, X.-F.; Lu, J.-M.; Wu, W.; Sun, Y.-Q.; Zhu, B.; Qin, L.-P. Isolation, structural properties, bioactivities

of polysaccharides from Dendrobium officinale Kimura et. Migo: A review. Int. J. Biol. Macromol. 2021, 184, 1000–1013.
[CrossRef] [PubMed]

2. Chen, X.; Li, L.; Yang, H.; Zhou, H. Effects of the Addition of Dendrobium officinale on Beer Yeast Fermentation. Fermentation
2022, 8, 595. [CrossRef]

3. Chen, W.; Lu, J.; Zhang, J.; Wu, J.; Yu, L.; Qin, L.; Zhu, B. Traditional Uses, phytochemistry, pharmacology, and quality control of
dendrobium officinale kimura et. migo. Front. Pharmacol. 2021, 12, 726528. [CrossRef]

4. Yu, G.; Xie, Q.; Su, W.; Dai, S.; Deng, X.; Gu, Q.; Liu, S.; Yun, J.; Xiang, W.; Xiong, Y. Improvement of antioxidant activity and
active ingredient of Dendrobium officinale via microbial fermentation. Front. Microbiol. 2023, 14, 1061970. [CrossRef] [PubMed]

5. Tang, H.; Zhao, T.; Sheng, Y.; Zheng, T.; Fu, L.; Zhang, Y. Dendrobium officinale Kimura et Migo: A review on its ethnophar-
macology, phytochemistry, pharmacology, and industrialization. Evid.-Based Complement. Altern. Med. 2017, 2017, 7436259.
[CrossRef]

6. Wang, Y.-H. Traditional uses and pharmacologically active constituents of Dendrobium plants for dermatological disorders:
A review. Nat. Prod. Bioprospect. 2021, 11, 465–487. [CrossRef]

7. Guo, L.; Qi, J.; Du, D.; Liu, Y.; Jiang, X. Current advances of Dendrobium officinale polysaccharides in dermatology: A literature
review. Pharm. Biol. 2020, 58, 664–673. [CrossRef]

8. Yang, J.-J.; Zhang, X.; Dai, J.-F.; Ma, Y.-G.; Jiang, J.-G. Effect of fermentation modification on the physicochemical characteristics
and anti-aging related activities of Polygonatum kingianum polysaccharides. Int. J. Biol. Macromol. 2023, 235, 123661. [CrossRef]

9. Li, L.; Wang, L.; Fan, W.; Jiang, Y.; Zhang, C.; Li, J.; Peng, W.; Wu, C. The application of fermentation technology in traditional
Chinese medicine: A review. Am. J. Chin. Med. 2020, 48, 899–921. [CrossRef]

10. Ai, Z.; You, Y.; Li, W.; Fan, J.; Wang, Y.; Huang, J.; Wang, Y.; Wang, Y.; Liu, J. Enhanced uronic acid content, antioxidant, and
anti-inflammatory activities of polysaccharides from ginseng fermented by Saccharomyces cerevisiae GIW-1. J. Food Process.
Preserv. 2020, 44, e14885. [CrossRef]

11. Tian, W.; Dai, L.; Lu, S.; Luo, Z.; Qiu, Z.; Li, J.; Li, P.; Du, B. Effect of Bacillus sp. DU-106 fermentation on Dendrobium officinale
polysaccharide: Structure and immunoregulatory activities. Int. J. Biol. Macromol. 2019, 135, 1034–1042. [CrossRef]

12. Otsuka, A.; Moriguchi, C.; Shigematsu, Y.; Tanabe, K.; Haraguchi, N.; Iwashita, S.; Tokudome, Y.; Kitagaki, H. Fermented
Cosmetics and Metabolites of Skin Microbiota—A New Approach to Skin Health. Fermentation 2022, 8, 703. [CrossRef]

13. Maintz, L.; Bieber, T.; Simpson, H.D.; Demessant-Flavigny, A.-L. From skin barrier dysfunction to systemic impact of atopic
dermatitis: Implications for a precision approach in dermocosmetics and medicine. J. Pers. Med. 2022, 12, 893. [CrossRef]

14. Liang, Y.; Liu, G.; Xie, L.; Su, K.; Chang, X.; Xu, Y.; Chen, J.; Zhu, Z.; Yang, K.; Chen, H. Dendrobium candidum polysaccharide
reduce atopic dermatitis symptoms and modulate gut microbiota in DNFB-induced AD-like mice. Front. Physiol. 2022, 13, 976421.
[CrossRef] [PubMed]

15. Cui, S.; Zhou, W.; Tang, X.; Zhang, Q.; Yang, B.; Zhao, J.; Mao, B.; Zhang, H. The Effect of Proline on the Freeze-Drying Survival
Rate of Bifidobacterium longum CCFM 1029 and Its Inherent Mechanism. Int. J. Mol. Sci. 2022, 23, 13500. [CrossRef]

16. Wang, Y.; Xiong, X.; Huang, G. Ultrasound-assisted extraction and analysis of maidenhairtree polysaccharides. Ultrason. Sonochem.
2023, 95, 106395. [CrossRef]

17. Zhou, R.-R.; Huang, J.-H.; He, D.; Yi, Z.-Y.; Zhao, D.; Liu, Z.; Zhang, S.-H.; Huang, L.-Q. Green and Efficient Extraction of
Polysaccharide and Ginsenoside from American Ginseng (Panax quinquefolius L.) by Deep Eutectic Solvent Extraction and
Aqueous Two-Phase System. Molecules 2022, 27, 3132. [CrossRef] [PubMed]

18. Ding, W.; Fan, L.; Tian, Y.; He, C. Study of the protective effects of cosmetic ingredients on the skin barrier, based on the expression
of barrier-related genes and cytokines. Mol. Biol. Rep. 2022, 49, 989–995. [CrossRef]

19. Tian, C.; Liu, X.; Chang, Y.; Wang, R.; Lv, T.; Cui, C.; Liu, M. Investigation of the anti-inflammatory and antioxidant activities of
luteolin, kaempferol, apigenin and quercetin. S. Afr. J. Bot. 2021, 137, 257–264. [CrossRef]

20. Baptista, S.; Pereira, J.R.; Guerreiro, B.M.; Baptista, F.; Silva, J.C.; Freitas, F. Cosmetic emulsion based on the fucose-rich
polysaccharide FucoPol: Bioactive properties and sensorial evaluation. Colloids Surf. B Biointerfaces 2023, 225, 113252. [CrossRef]

21. Tang, L.; Li, X.-L.; Deng, Z.-X.; Xiao, Y.; Cheng, Y.-H.; Li, J.; Ding, H. Conjugated linoleic acid attenuates 2, 4-dinitrofluorobenzene-
induced atopic dermatitis in mice through dual inhibition of COX-2/5-LOX and TLR4/NF-κB signaling. J. Nutr. Biochem. 2020,
81, 108379. [CrossRef] [PubMed]

22. Yang, X.-G.; Jiang, B.-W.; Jing, Q.-Q.; Li, W.-J.; Tan, L.-P.; Bao, Y.-L.; Song, Z.-B.; Yu, C.-L.; Liu, L.; Liu, Y.-C. Nitidine chloride
induces S phase cell cycle arrest and mitochondria-dependent apoptosis in HaCaT cells and ameliorates skin lesions in psoriasis-
like mouse models. Eur. J. Pharmacol. 2019, 863, 172680. [CrossRef] [PubMed]

23. Smith, P.E.; Krohn, R.I.; Hermanson, G.; Mallia, A.; Gartner, F.; Provenzano, M.; Fujimoto, E.; Goeke, N.; Olson, B.; Klenk, D.
Measurement of protein using bicinchoninic acid. Anal. Biochem. 1985, 150, 76–85. [CrossRef] [PubMed]

24. Qiao, H.; Zhang, X.; Shi, H.; Song, Y.; Bian, C.; Guo, A. Assessment of the physicochemical properties and bacterial composition
of Lactobacillus plantarum and Enterococcus faecium-fermented Astragalus membranaceus using single molecule, real-time
sequencing technology. Sci. Rep. 2018, 8, 11862. [CrossRef] [PubMed]

25. Yang, C.-C.; Hung, Y.-L.; Ko, W.-C.; Tsai, Y.-J.; Chang, J.-F.; Liang, C.-W.; Chang, D.-C.; Hung, C.-F. Effect of neferine on
DNCB-induced atopic dermatitis in HaCaT cells and BALB/c mice. Int. J. Mol. Sci. 2021, 22, 8237. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ijbiomac.2021.06.156
https://www.ncbi.nlm.nih.gov/pubmed/34197847
https://doi.org/10.3390/fermentation8110595
https://doi.org/10.3389/fphar.2021.726528
https://doi.org/10.3389/fmicb.2023.1061970
https://www.ncbi.nlm.nih.gov/pubmed/36876081
https://doi.org/10.1155/2017/7436259
https://doi.org/10.1007/s13659-021-00305-0
https://doi.org/10.1080/13880209.2020.1787470
https://doi.org/10.1016/j.ijbiomac.2023.123661
https://doi.org/10.1142/S0192415X20500433
https://doi.org/10.1111/jfpp.14885
https://doi.org/10.1016/j.ijbiomac.2019.05.203
https://doi.org/10.3390/fermentation8120703
https://doi.org/10.3390/jpm12060893
https://doi.org/10.3389/fphys.2022.976421
https://www.ncbi.nlm.nih.gov/pubmed/36160845
https://doi.org/10.3390/ijms232113500
https://doi.org/10.1016/j.ultsonch.2023.106395
https://doi.org/10.3390/molecules27103132
https://www.ncbi.nlm.nih.gov/pubmed/35630607
https://doi.org/10.1007/s11033-021-06918-5
https://doi.org/10.1016/j.sajb.2020.10.022
https://doi.org/10.1016/j.colsurfb.2023.113252
https://doi.org/10.1016/j.jnutbio.2020.108379
https://www.ncbi.nlm.nih.gov/pubmed/32330842
https://doi.org/10.1016/j.ejphar.2019.172680
https://www.ncbi.nlm.nih.gov/pubmed/31563649
https://doi.org/10.1016/0003-2697(85)90442-7
https://www.ncbi.nlm.nih.gov/pubmed/3843705
https://doi.org/10.1038/s41598-018-30288-x
https://www.ncbi.nlm.nih.gov/pubmed/30089930
https://doi.org/10.3390/ijms22158237
https://www.ncbi.nlm.nih.gov/pubmed/34361003


Processes 2023, 11, 2563 13 of 13

26. Kim, M.; Lee, S.; Ki, C.S. Cellular behavior of RAW264. 7 cells in 3D poly (ethylene glycol) hydrogel niches. ACS Biomater. Sci.
Eng. 2019, 5, 922–932. [CrossRef]

27. Li, F.; Nakanishi, Y.; Murata, K.; Shinguchi, K.; Fujita, N.; Chiba, S.; Takahashi, R. Coix Seed Extract Prevents Inflammation-
mediated Skin Dryness Induced by Sodium Dodecyl Sulfate Exposure in HR-1 Hairless Mice. Planta Medica Int. Open 2022,
9, e108–e115. [CrossRef]

28. Proksch, E.; Soeberdt, M.; Neumann, C.; Kilic, A.; Abels, C. Modulators of the endocannabinoid system influence skin barrier
repair, epidermal proliferation, differentiation and inflammation in a mouse model. Exp. Dermatol. 2019, 28, 1058–1065. [CrossRef]

29. Zhang, Y.; Luo, H.; Lv, X.; Liu, J.; Chen, X.; Li, Y.; Liu, A.; Jiang, Y. Axin-1 binds to Caveolin-1 to regulate the LPS-induced
inflammatory response in AT-I cells. Biochem. Biophys. Res. Commun. 2019, 513, 261–268. [CrossRef]

30. Shi, C.; Han, W.; Zhang, M.; Zang, R.; Du, K.; Li, L.; Xu, X.; Li, C.; Wang, S.; Qiu, P. Sulfated polymannuroguluronate TGC161
ameliorates leukopenia by inhibiting CD4+ T cell apoptosis. Carbohydr. Polym. 2020, 247, 116728. [CrossRef]

31. Nagase, S.; Ogai, K.; Urai, T.; Shibata, K.; Matsubara, E.; Mukai, K.; Matsue, M.; Mori, Y.; Aoki, M.; Arisandi, D. Distinct skin
microbiome and skin physiological functions between bedridden older patients and healthy people: A single-center study in
Japan. Front. Med. 2020, 7, 101. [CrossRef]

32. Berekméri, A.; Tiganescu, A.; Alase, A.A.; Vital, E.; Stacey, M.; Wittmann, M. Non-invasive approaches for the diagnosis of
autoimmune/autoinflammatory skin diseases—A focus on psoriasis and lupus erythematosus. Front. Immunol. 2019, 10, 1931.
[CrossRef] [PubMed]

33. Yoshida, T.; Beck, L.A.; De Benedetto, A. Skin barrier defects in atopic dermatitis: From old idea to new opportunity. Allergol. Int.
2022, 71, 3–13. [CrossRef] [PubMed]

34. Elias, P.M.; Schmuth, M. Abnormal skin barrier in the etiopathogenesis of atopic dermatitis. Curr. Allergy Asthma Rep. 2009,
9, 265–272. [CrossRef]

35. Zhang, X.; Ding, J.; Li, Y.; Song, Q.; Li, S.; Hayat, M.A.; Zhang, J.; Wang, H. The changes of inflammatory mediators and vasoactive
substances in dairy cows’ plasma with pasture-associated laminitis. BMC Vet. Res. 2020, 16, 119. [CrossRef] [PubMed]

36. Sanjel, B.; Shim, W.-S. The contribution of mouse models to understanding atopic dermatitis. Biochem. Pharmacol. 2022, 203, 115177.
[CrossRef] [PubMed]

37. Chen, H.; Wang, C.; Tang, B.; Yu, J.; Lu, Y.; Zhang, J.; Yan, Y.; Deng, H.; Han, L.; Li, S.P. granatum Peel Polysaccharides Ameliorate
Imiquimod-Induced Psoriasis-Like Dermatitis in Mice via Suppression of NF-κB and STAT3 Pathways. Front. Pharmacol. 2022,
12, 3864. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsbiomaterials.8b01150
https://doi.org/10.1055/a-1821-6332
https://doi.org/10.1111/exd.14012
https://doi.org/10.1016/j.bbrc.2019.03.153
https://doi.org/10.1016/j.carbpol.2020.116728
https://doi.org/10.3389/fmed.2020.00101
https://doi.org/10.3389/fimmu.2019.01931
https://www.ncbi.nlm.nih.gov/pubmed/31497014
https://doi.org/10.1016/j.alit.2021.11.006
https://www.ncbi.nlm.nih.gov/pubmed/34916117
https://doi.org/10.1007/s11882-009-0037-y
https://doi.org/10.1186/s12917-020-02319-1
https://www.ncbi.nlm.nih.gov/pubmed/32326962
https://doi.org/10.1016/j.bcp.2022.115177
https://www.ncbi.nlm.nih.gov/pubmed/35843300
https://doi.org/10.3389/fphar.2021.806844

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Screening of Strains for Fermenting DOPs 
	Activation and Culture of Strains 
	Fermentation of D. officinale 
	Extraction of DOPs and F-DOP 

	Evaluation of F-DOPs Skin Care Effects In Vitro 
	Cell Culture 
	Cytoprotection of SDS-Injured HaCaT Cell 
	Anti-Inflammation in LPS-Induced RAW 264.7 Cell 

	Evaluation of F-DOPs Skin Care Effects In Vivo 
	Preparation of F-DOP-Based Ointment 
	Animals and Experimental Design 
	Induction of Skin Damage Model 
	Macroscopic Observation and Transepidermal Water Loss (TEWL) Test 
	Hematoxylin and Eosin (H&E) Staining 
	Biochemical Assays 

	Statistical Analysis 

	Results and Discussion 
	Determination of Viable Cell Counts and Polysaccharide Yields 
	Skin Care Effects of F-DOPs In Vitro 
	Skin Care Effects of F-DOPs In Vivo 
	Apparent Skin Changes and H&E Staining 
	Change in TEWL 
	FLG Content 
	IL-6 Level 


	Conclusions 
	References

