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Abstract

The toxicity of ginkgo kernel is a global concern, restricting its consumption as a medicinal food. This study focuses on eliminating the toxic
components, specifically ginkgolic acid, from ginkgo kernel juice. The approach used was probiotic fermentation with autochthonous lactic acid
bacteria combined with macroporous resin. Compared to using lactic acid fermentation alone, adding macroporous resin during probiotic
fermentation significantly enhanced the removal of toxic ginkgolic acid and 4'-O-methylpyridoxine from ginkgo kernel juice. After 48 h of
fermentation with macroporous resin, the contents of ginkgolic acid and 4'-O-methylpyridoxine decreased by more than 69% and 61%,
respectively. Interestingly, the adsorption of microbial growth inhibitors, such as ginkgolic acid, 4'-O-methylpyridoxine, and phenolics, by the
resin did not hinder the growth of lactic acid bacteria or their metabolic activities involving organic acids and monosaccharides. The study further
confirmed that microbial adsorption was the primary reason for removing ginkgolic acid during probiotic fermentation. Also, the adsorption
mechanism of ginkgolic acid during probiotic fermentation with macroporous resin was explored. From a mass transfer perspective,
incorporating macroporous resin during the probiotic fermentation of ginkgo kernel juice reduced the mass transfer resistance for surface
diffusion. Consequently, this lowered the contribution of surface diffusion to the overall diffusion process and facilitated the efficient removal of
toxic ginkgolic acid. This work can help to understand the physical mechanism regarding detoxification of ginkgo kernel juice by probiotic
fermentation, and offer potential strategies to enhance the safety of ginkgo kernel products.
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Introduction

The Ginkgo biloba tree, often called a 'living fossil, has
existed on Earth for approximately 200 million years('l. The
edible part of the fruits from the female Ginkgo biloba tree,
known as the ginkgo kernel, holds significant nutritional and
medicinal value. Numerous clinical studies have demonstrated
that consuming ginkgo kernels can be beneficial in treating
cardiovascular and cerebrovascular diseases, improving
memory in Alzheimer's disease treatment, and promoting
blood vessel health[23], However, the presence of toxins such as
ginkgolic acid, 4'-O-methylpyridoxine, hydrocyanic acid, and
allergenic proteins in ginkgo kernel has led to concerns among
consumers regarding their safetyl*l. Scientific evidence indi-
cates that consuming ginkgo kernels, especially at high doses,
can have adverse effects on human health, including vomiting,
seizures, skin ulceration, dyspepsia, loss of consciousness, and
even death-8, To make ginkgo kernels safer and palatable,
various methods, such as steaming, roasting, germination, and
frying, have been explored to reduce their toxic
components®-11,

In contrast to thermal treatments, probiotic fermentation
offers a promising and innovative approach to decrease ginkgo
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kernels' toxic components. Our previous research showed that
fermenting ginkgo kernel juice with commercial strains of
Lactobacillus acidophilus, Lactobacillus plantarum, and Lacto-
bacillus casei led to a significant reduction of toxic ginkgolic
acids by at least 50%!'2l. Following these discoveries, our team
has been dedicated to the development of bioprocessing tech-
nologies aimed at removing hazardous compounds from
ginkgo kernels, understanding the underlying mechanisms
responsible for toxin removal, and promoting the practical
application of probiotic fermentation technology in the ginkgo
kernel processing industry (Supplementary Fig. S1). However,
the exact reasons behind the removal or reduction of
hazardous compounds in ginkgo kernels through probiotic
fermentation remain unknown, which hinders the widespread
use of this technology in real-world applications. Currently, two
main speculations exist regarding this phenomenon: bio-
degradation and bio-adsorption. Although numerous studies
have reported the microbial degradation of various toxins in
environmental contexts!'3'4, there is a lack of research on the
microbial degradation of ginkgo-related toxins and the corre-
sponding metabolic pathways in the literature. Previous stud-
ies have shown that lactic acid bacteria, especially their cell wall
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components, can adsorb certain natural contaminants in foods
and feedsl'516, Given this, bio-degradation and bio-adsorption
are two potential avenues to investigate and understand the
mechanism behind reducing toxic components during the
probiotic fermentation of ginkgo kernel juice.

Apart from probiotic fermentation, using macroporous resin
for adsorption is another environmentally friendly option to
reduce toxins in ginkgo kernel juice. Studies conducted by
Zhang et all'”l and Kou & Wang!'8 have demonstrated that
macroporous resin are effective in adsorbing 4'-O-methylpyri-
doxine and ginkgolic acids significantly, thereby enhancing the
safety of ginkgo kernels. Consequently, it is reasonable to
expect a synergistic effect when macroporous resin are added
to ginkgo kernel juice during probiotic fermentation, leading to
the removal of toxic constituents. From a microbiological
standpoint, the microbial metabolism is likely to differ when
adsorptive resin are present in ginkgo kernel juice, as they
remove anti-nutritional and anti-microbial constituents, such as
phenolics, from the brothl'?l. To our knowledge, the idea of
simultaneously using probiotic fermentation and macroporous
resin in ginkgo kernel juice has not yet been explored in the
existing literature.

Following the above discussion, this study was conducted in
three distinct parts. Firstly, the fermentative properties of
autochthonous lactic acid bacteria isolated from ginkgo fruits
were examined in ginkgo kernel juice with the addition of
macroporous resin. The aim was to investigate how the resin
impacted the removal of toxic constituents during the probi-
otic fermentation of ginkgo kernel juice. Secondly, the study
focused on understanding the contributions of bio-degrada-
tion and bio-adsorption to the microbial removal of toxic
ginkgolic acids. After thorough exploration, it was confirmed
that bio-adsorption played a primary role in this process. In the
third part, the mechanisms of ginkgolic acid adsorption by
microbial strains and the combination of macroporous resin
were investigated using experimental analysis and mathemati-
cal simulation (Fig. 1). The results of this study provide impor-
tant insights into the microbial processes involved in the reduc-
tion of toxic components in ginkgo kernels and offer potential
strategies to enhance the safety of products derived from
ginkgo kernels.

Part I: Probiotic
fermentation characteristics

in ginkgo kernel juice with
resin addition

¢ ® Isolation of autochthonous
lactic acid bacteria

® Fermentation with i

macroporous resin addition

® Analysis of fermentation :

characteristics i

® Analysis of toxins (ginkgolicg

acids and MPN) i

Part II : Verification of
microbial removal of

toxins by adsorption or
biodegradation

® Selection of representative
microbial strain and
ginkgolic acid

® Comparison in adsorption
capacity between active
and inactive strains

Food Innovation
and Advances

Materials and methods

Materials

In this study, Ginkgo biloba kernels of the cultivar Dafozhi
were provided by Taizhou Xiyang Food Co. Ltd. (China)
Autochthonous lactic acid bacteria were isolated from ripe
Ginkgo biloba fruits and characterised (Supplementary Table S1
& Supplementary Fig. S2). The isolated lactic acid bacteria were
found to be strains of Lactobacillus plantarum and Lactobacillus
pentosus. Moreover, four previously isolated microbial strains,
namely Lactobacillus plantarum LSJ-TY-HYB-T7 (L. plantarum
T7), Lactobacillus plantarum LSJ-TY-HYB-T9 (L. plantarum T9),
Lactobacillus fermentum LSJ-TY-HYB-C22 (L. fermentum C22)
and Lactobacillus fermentum LSJ-TY-HYB-L16 (L. fermentum L16)
from different berry fruits, were also utilised in this study!2°l. To
compare their abilities in removing toxins and enriching bioac-
tives in ginkgo kernel juice after 48 h of fermentation, the
selected microbial strains underwent evaluation (Supplemen-
tary Fig. S3). Based on the results, Lactobacillus plantarum TY-
HYB-SYY-Y2 (L. plantarum Y2), Lactobacillus plantarum TY-HYB-
SYY-Y4 (L. plantarum Y4), Lactobacillus pentosus TY-HYB-SYY-Y3
(L. pentosus Y3), and Lactobacillus plantarum LSJ-TY-HYB-T7 (L.
plantarum T7) were chosen for further investigations. All these
LAB strains were stored in 50% glycerol tubes and kept at
—20 °C for future use.

Experimental

Pretreatment with macroporous resin

The macroporous resin D101 and DA201 were pretreated
following the method described by Wu et al.l?'l. The pretreat-
ment process involves the following steps. The macroporous
resin were soaked in 500 mL of 95% aqueous ethanol for 24 h.
After soaking, the resin were thoroughly washed with
deionised water. Then, 500 mL of 4% HCl was added to the
resin for rinsing, which continued for 4 h. The resin were then
washed with deionised water until their pH reached 7.0. Subse-
quently, 500 mL of 5% NaOH was used to rinse the resin for
another 4 h. After the alkaline rinsing, the resin were washed
with deionised water until their pH returned to 7.0. Finally, the
pretreated resin were dried at 30 °C until they reached a
constant weight.
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Outline of this work illustrating investigations on the impact of probiotic fermentation combined with macroporous resin on

eliminating toxic components in ginkgo kernel juice and exploring the underlying mechanism of toxin removal.
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Preparation of ginkgo kernel juice

The method outlined by Wang et al. was followed to prepare
ginkgo kernel juicel'?l. Fifty g of fresh ginkgo biloba kernels
were taken and thoroughly washed. The washed kernels were
ground in 250 mL of distilled water using a fruit juicer (MJ-
BL25B22, Midea Holding Co., Ltd, China). For starch hydrolysis,
0.25 g of a-amylase (with an activity of 4,000 U/g) and 0.015 g
of glucoamylase (with an activity of 100,000 U/g) were added
to the ginkgo kernel juice. The mixture underwent enzymolysis
at 60 °C for 2 h. After enzymolysis, the mixture was centrifuged
at 5,000 rpm for 20 min to remove any insoluble precipitates.
The ginkgo kernel juice was pasteurised at 90 °C for 20 min in a
water bath (HH-S, Changzhou Wandasheng Experimental
Instrument Co., Ltd, Changzhou, China) to ensure its safety and
preservation. To facilitate the measurements of ginkgolic acids
using the HPLC method, standard ginkgolic acid C15:1 and
ginkgolic acid C13:0 were added to the pasteurised ginkgo
kernel juice, making their contents 2.70 and 2.20 mg/L, respec-
tively.

Fermentation of ginkgo kernel juice

Before fermentation, the pre-stored Lactobacillus strains
were activated in 50 mL of MRS broth and then incubated at
30°C for 24 h in thermostatic incubator (PYX-DHS, Shanghai
Yuejin Medical Equipment Co., Ltd, Shanghai, China). At the
same time, the activated resin were sterilised at 121 °C for 20
min.

The sterilised ginkgo kernel juices were divided into two
groups for the fermentation experiment. Activated Lactobacil-
lus inoculum, 2.0% (v/v), was added directly to the juice in one
group. In the other group, 5 g of sterilised resin were first
added to the 250 mL juice samples, and then the 2.0% (v/v)
inoculum was added. The initial cell counts in all the ginkgo
kernel juice samples were approximately 7.34 + 0.05 Log
CFU/mL. Subsequently, the inoculated samples were cultured
in a thermostatic oscillation incubator (SPH-100B Shiping Test
Equipment Co., Ltd, China) at 30 °C and 200 rpm for 48 h.
Samples were collected at different fermentation periods (0, 24,
48 h) for further analysis.

Comparative experiments investigating the variations
in ginkgolic acid content in broths containing active
and inactive Lactobacillus strains

The pre-stored Lactobacillus plantarum Y2 strains were acti-
vated in 50 mL of MRS broth and incubated at 30 °C for 16 h,
allowing the strains to reach the stationary phase. After activa-
tion, the broth samples were divided into two groups. In one
group, the samples were sterilised at 121 °C for 20 min, while
the microbial strains remained alive in the other group. Then, 2
mg of standard ginkgolic acid C15:1 was added to 25 mL of the
aforementioned MRS broth in both groups. The samples were
further incubated at 30 °C and 200 rpm for 8 h in an orbital
shaker to test the influence of both active and inactivated
strains on the retention of ginkgolic acid.

After the incubation, the microbial strains were separated
from the broths by centrifugation at 10,000 rpm for 10 min. The
collected strains were mixed with methanol at 30 °C and 200
rpm for 1 h to investigate whether ginkgolic acid was desorbed
from the microbial strains.

Adsorption studies

L. plantarum Y2 and macroporous resin D101 were chosen as
the representative adsorbents for the investigation of the bio-
adsorption mechanism.
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Adsorption kinetics of ginkgolic acid

L. plantarum Y2 was first cultivated until it reached the
stationary phase, and then it was inactivated following the
procedure described above. The resulting microbial debris was
collected by centrifugation and washed three times with
deionised water. Subsequently, the microbial debris was dried
at 30 °C to reach a constant weight and then milled into
powders (Supplementary Fig. S4).

A standard aqueous solution of ginkgolic acid C15:1 at 10
mg/L was prepared. Separate mixtures of 100 mg microbial
debris powders, 12.5 mg resin, and a combination of 100 mg
microbial debris powders with 12.5 mg resin were added to 25
mL of the ginkgolic acid C15:1 solutions. The adsorption
processes were carried out in a thermostatic oscillation incuba-
tor at 30 °C and 200 rpm. The concentration of ginkgolic acid
C15:1 was measured at regular intervals until the adsorption
equilibrium was achieved. The absorption capacity of each
adsorbent is expressed in the following Eq (1):

qse = (COm—Ct)V (1)
where, g, is mass of ginkgolic acid adsorbed by the adsorbent at
equilibrium (i.e. microbial strains, macroporous resin, and their
mixture) (mg/g); C, is ginkgolic acid concentration in the solution
at 0 min (mg/L); C; is ginkgolic acid concentration in the bulk
solution at t min (mg/L); m is weight of adsorbent (i.e. microbial
strains, macroporous resin, and their mixture) (g); V is the volume
of bulk solution of ginkgolic acid (mL).

Adsorption isotherm of ginkgolic acid

Standard aqueous solutions of ginkgolic acid C15:1 were
prepared at concentrations of 5, 10, 12, and 15 mg/L. The
microbial debris, the resin, and mixtures were added for each
solution, following the procedures described previously. All
adsorption processes were allowed to reach equilibrium. After-
wards, the concentration of ginkgolic acid C15:1 at equilibrium
(C,) and the adsorption capacity (g.,) were determined. The
obtained data were then fitted to the Langmuir isotherm Eq (2):

qmbCe
T 1+bC, @)
where, g; is mass of ginkgolic acid adsorbed by the adsorbent (i.e.
microbial strains, macroporous resin, and their mixture) (mg/g);
g, is the maximum adsorption capacity of the adsorbent (i.e.
microbial strains, macroporous resin, and their mixture) predicted
by the Langmuir model (mg/qg); b is langmuir constant (L/mg); C,
is ginkgolic acid concentration in the solution at equilibrium
(mg/L).
Physicochemical analysis during fermentation
pH

The pH of ginkgo kernel juice was measured using a digital

pH meter (PHS-3C, Shanghai INESA Scientific Instrument Co.,
Ltd, Shanghai, China).

Measurement of viable cell count

The viable cell counts were determined using the standard
plate counting method after performing serial dilutionsl22. The
number of viable bacteria is expressed as Log CFU/mL.

Quantification of organic acid content

The analysis of individual organic acid contents in the ginkgo
kernel juice was conducted using an HPLC system (LC-2010A,
Shimadzu Tokyo, Japan) with separation achieved on the
Agilent TC-C18 column (4.6 mm x 25 mm, 5.0 um). The specific

qs
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chromatographic method employed in this study can be
referred to in our previous work(23, The concentrations of
different organic acids are expressed as mg of each standard/L.

Quantification of monosaccharide content

The analysis of different monosaccharide contents in the
ginkgo kernel juice followed the methodology described in our
previous work[24, Calibration curves were established using
various monosaccharide standards. The concentrations of
different monosaccharides are expressed as mg of each stan-
dard/L.

Quantification of ginkgolic acid content

In this study, the types of ginkgolic acids present in the
ginkgo kernel juice were initially identified using HPLC-MS,
leading to the tentative identification of three ginkgolic acids
(Supplementary Text 1 & Supplementary Table S2). Subse-
quently, the contents of two representative ginkgolic acids,
namely ginkgolic acid C15:1 and ginkgolic acid C13:0, were
quantified in the ginkgo kernel juice using a Waters 1525 HPLC
system (Mirford, USA) connected to a YMC Carotenoid column
(4.6 mm x 150 mm, 3.0 um). The chromatographic conditions
were adopted from a previous study by Wang et al.l'2., Specifi-
cally, the mobile phase consisted of 3% glacial acetic acid in
deionised water:methanol (8:92, v/v), and the elution was
carried out at a flow rate of 0.8 mL/min. The detection wave-
length and column temperature were set at 310 nm and 30 °C,
respectively. An injection volume of 20 pL was used for the
analysis. The content of each ginkgolic acid in the ginkgo
kernel juice is expressed as mg of each standard/L.

Quantification of 4-O-methylpyridoxine (MPN) content

MPN in the ginkgo kernel juice was quantified using the
same Shimadzu LC-2010A device coupled with an Agilent TC-
C18 column (4.6 mm x 250 mm, 5.0 um). The chromatographic
conditions were adapted from a previous study by Zou et al.25,
The mobile phase A used was a 5.0 mmol/L potassium phos-
phate solution containing 5.0 mmol/L sodium pentane
sulfonate (pH 2.5), while mobile phase B consisted of acetoni-
trile. The gradient program for elution was as follows: 0-10
min, 4%-8% B; 10—15 min, 8%—10% B; 15—20 min, 10%—-8% B;
20-40 min, 8-4% B. The flow rate was set at 1 mL/min. The
column temperature was maintained at 30 °C, and the detec-
tion wavelength was set at 292 nm. An injection volume of 20
pL was used for the analysis. The results are expressed as mg of
each standard/L.

Quantification of total phenolics content

The total phenolics content in the ginkgo kernel juice was
measured using the Folin-Ciocalteu method using a UV-Vis
spectrophotometer (TU-1900, Persee General Instruments Co.,
Ltd, Shanghai, China), as described in detail in our previous
study26l, Gallic acid was employed as the standard substance
for calibration. The results are reported as mg of gallic acid
equivalent /L.

Physicochemical analysis during adsorption

Porosity
The porosity (e,) of the adsorbent was estimated using the
following Eq (3):27]
Ep = 1- & (3)
Ps
where, p,, is apparent density of adsorbent (i.e. microbial strains,
macroporous resin, and their mixture) (g/mL); p; is solid density of
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adsorbent (i.e. microbial strains, macroporous resin, and their
mixture) (g/mL).

In this study, the porosity values for the debris powders of L.
plantarum Y2, macroporous resin D101, and their mixture were
determined as follows: 0.005, 0.238 and 0.057, respectively. The
low porosity indicates that microbial debris can be considered
solid materials with limited pore space.

Particle size distribution

The particle size distribution of the adsorbents was deter-
mined using a laser particle size analyser (Mastersizer 2000,
Malvin Instruments Co., Ltd, UK). The average particle sizes for
microbial debris, resin, and their mixture were 30.92 um, 127.10
um, and 38.70 um, respectively.

Zeta potential

The Zeta potentials of the dispersions before and after
adsorption were determined using the Nano ZS90 Zetasizer
(Malvin Instruments Co., Ltd, UK). The temperature was main-
tained at 25 °C. The dispersant and the number of tests were
set to 'water' and 'Automatic’ respectively. The measurements
were performed in triplicate to ensure accuracy and reliability.

FT-IR

The microbial debris, resin, and their mixture before and after
adsorption were collected and dried to remove any residual
water. Subsequently, the dried materials were milled into
powders. For the FT-IR analysis, 1 mg of each powder was mixed
separately with 100 mg of KBr and then pressed into flakes with a
height of 2 mm. The resulting flakes were scanned using the
Nicolet IR200 FT-IR spectroscopy (Nicolet IR 200, Thermo Elec-
tron Corporation, Massachusetts, USA) in the range of 4000 to
400 cm~'. This FT-IR analysis was performed to investigate any
changes or interactions in the chemical compositions of the
adsorbents before and after the adsorption process.

Mass transfer during adsorption

The pore volume and surface diffusion model (PVSDM) was
employed to analyse the concentration decay of ginkgolic acid
during physisorption. This model incorporates several phenom-
ena, including external mass transfer of ginkgolic acid from the
bulk solution to the adsorbent surface, intraparticle diffusion
(surface or pore volume diffusion of ginkgolic acid inside the
adsorbent particle), and instantaneous adsorption of ginkgolic
acid on the active sites!28-3%, To simplify the model, the follow-
ing assumptions were considered31:32);

(1) Microbial debris, resin, and their mixture were assumed to
have spherical and isotropic geometry. As a result, the intra-
particle diffusion mode of ginkgolic acid was considered to be
one-dimensional radial diffusion.

(2) The PVSDM model depicting the adsorption of ginkgolic
acid by various adsorbents, based on the assumptions of
insignificant convective mass transfer inside the pores and
constant pore volume diffusion coefficient (D,,) and surface
diffusion coefficient (D,), is expressed as follows (Eq 4):

0C, dgy; 1 0 0C, g5

s,,a—t‘ +’Op6_qt =35 (r2 (DFPW +Dsppa—i))
where, ¢, is porosity of adsorbent (i.e. microbial strains,
macroporous resin, and their mixture); C; is ginkgolic acid
concentration in the solution within the porous space of
adsorbent (i.e. macroporous resin alone or the mixture of resin
and microbial strains) (mg/L); t is adsorption time (min); D, is pore
volume diffusion coefficient of ginkgolic acid (m?/s); D; is surface
diffusion coefficient of ginkgolic acid (m?%/s).

4
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The initial conditions are defined as follows (Eq 5):
t=0 Cy=0 ¢,=0 0<r<R 5)
where, R is radius of adsorbent (i.e. microbial strains, macroporous
resin and their mixture) (cm)
The boundary conditions are described as follows (Eqs 6 & 7):

aC,
s = 6
or |=o ©
0C qs
Dep ar |er + D.\pp E R =k (CL—-Cy) (7)

where, k; is external mass transfer coefficient of ginkgolic acid
(m/s); C, is total ginkgolic acid concentration in the solution
(mg/L).

Since the adsorption on active sites occurred much faster
than intraparticle diffusion, it was assumed that the local
adsorption equilibrium on the solid-liquid interface could be
achieved instantaneously33l. Consequently, the term Cs in the
PVSDM model can be replaced by g, using the Langmuir rela-
tionship (Eq 2). Subsequently, Eqs (4, 6, & 7) can be trans-
formed into Eqs (8, 9, & 10), respectively as follows:

qmb g, 10, qmb g,
—Im2 o |2 = 2 (2D, — 1" Dy, | EL
(8” (nb—bg? * ”) o o\ U qub—bgy? ) ar

®)
b | ©)

(me—bf]s)z ar r=R

qmb 0q; dq,
D,——— — +Dp, — =k (C—Cy) 10
P b= Or ber P T |y T (10)

To solve the PVSDM model, the two key parameters, D, and
k., need to be calculated. D, is closely related to the features of
the adsorbent, adsorption temperature, and adsorbate
solventB34, It can be estimated using the following Eq (11)13735];

&p
Dep = —Dyp (11)
T

where, Dyg is molecular diffusion coefficient of ginkgolic acid at
infinite dilution (m?%s); 7 is tortuosity factor of adsorbent (i.e.
microbial strains, macroporous resin, and their mixture). The
values of 7 and D,z are calculated using Eqgs (12 & 13),
respectively3%37),

P VE
Pl (12)
Ep
T(oM 0.5
Dap =74 1078 LMD (13)
nBVA'

where, T is adsorption temperature (°C or K); ¢ is association factor
of water; V, is molecular volume of ginkgolic acid (cm3/mol); Mg is
molecular weight of water (mol/g); ng is the viscosity of water at
30°C(cp).

The required and calculated values of the indicated parame-
ters are listed in Supplementary Table S3.

The external mass transfer coefficient (k;) can be obtained
based on the concentration decay curve of ginkgolic acid in the
solution during the first two sampling periodsi839, It is calcu-
lated using the following Eq (14):

mSkL

d(—gL)
0
dt - Vv (14

t—0
3

§=— (15)
Rp,
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where, S is the surface area of adsorbent (i.e. microbial strains,
macroporous resin, and their mixture) (cm?%/g).

The PVSDM model was solved using the pdepe function in
Matlab R2009a (The MathWorks, Inc., MA, USA). To obtain the
surface diffusion coefficient (Dy), it was initially assigned a value
and then iteratively adjusted to minimise the differences
between the experimental (g;.) and predicted values (q;,) of
ginkgolic acid adsorption. During this optimisation process, the
AAD (Eq 16) and R? (Eq 17) values were calculated to assess the
model's predictive accuracy.

Zizl (|ie = a1 /f]ii,e)J <100

AAD% =

(16)

n

> Zj:l (Qi,e - qi,p)2

Ry e T a7
Zi=l(qe,mean _qi,p)2

where, AAD is absolute average deviation (%); g, is the
experimentally measured mass of ginkgolic acid adsorbed by the
adsorbent (i.e. microbial strains, macroporous resin, and their
mixture) (mg/g); g;, is the predicted mass of ginkgolic acid
adsorbed by the adsorbent (i.e. microbial strains, macroporous
resin, and their mixture) (mg/g); n is the number of experimental
data; R? is coefficient of determination; G, meq, is the mean value of
adsorption capacity for adsorbent (i.e. microbial strains,
macroporous resin, and their mixture) (mg/g).

Based on the numerical results, the mass flux due to the pore
volume diffusion (Nyp) and surface diffusion (Nss) inside the
adsorbent were estimated using Eqs (18 & 19), respectively*0l:

aCy

Nap = _De[)a_rS (18)
aq,

Nas = ~Dapp 2 (19)

Finally, the percentage of surface diffusion contribution
(SDCP%) is determined using the following Eq (20)34%:

INas |l

SDCP% = ———220
* 7 INas [+ 1INl

x 100 (20)
Statistical analysis

All experimental data were collected in triplicate and
expressed as mean + standard deviation. A one-way variance
analysis (ANOVA) was performed using SPSS Statistics 20.0 (IBM
Corp., NY, USA) to compare the mean values. Statistical signifi-
cance was considered at the p < 0.05 probability level. Principal
component analysis (PCA) was conducted using Origin 2022
(Origin, Inc., USA) for multivariate analysis. Mass transfer investi-
gations were conducted using Matlab R2009 (The MathWorks,
Inc., MA, USA).

Results and discussion

Fermentation of ginkgo kernel juice using lactic acid
bacteria with the incorporation of macroporous resin

pH and viable cell counts

Figure 2 illustrates the changes in pH value and viable cell
counts during the probiotic fermentation of ginkgo kernel
juice. As shown in Fig. 23, the initial pH value of the ginkgo
kernel juice was 4.78 + 0.02. After 48 h of fermentation, the pH
values in all samples decreased to a range of 3.13-3.49.
Notably, the sample fermented by L. plantarum T7 exhibited a
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higher pH value than the other samples. This observation could
be attributed to the fact that L. plantarum T7 was isolated from
cherry tomato, whereas the other microbial strains were
autochthonous lactic acid bacteria isolated from ginkgo fruit.
Generally, autochthonous microorganisms are more adaptable
to the ginkgo kernel environment and can utilise the nutrients
in the ginkgo kernel, leading to increased lactic acid
synthesis“'l. Figure 2b shows that after 24 h of fermentation,
the viable cell counts in the ginkgo kernel juices increased to a
range of 8.45-8.97 Log CFU/mL, depending on the specific
microbial strains utilised. Subsequently, the viable cell counts
did not exhibit significant changes throughout the fermenta-
tion process. On the other hand, adding macroporous resin at
the beginning of fermentation did not have any noticeable
impact on the decline of pH value and microbial growth.

Organic acid profile

The PCA analysis of the organic acid profile during probiotic
fermentation with the simultaneous addition of macroporous
resin is illustrated in Fig. 3a & b, with the contents of nine indi-
vidual organic acids in ginkgo kernel juices presented in
Supplementary Table S4. The first two principal components
(PCs) accounted for 77.5% of the total variance associated with
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the organic acid data, indicating that these two PCs effectively
captured the changes in the organic acid profile during fermen-
tation. As depicted in Fig. 3a, the unfermented samples, with
and without the addition of macroporous resin, were observed
to be located close to each other, suggesting that the presence
of macroporous resin did not lead to significant adsorption of
organic acids in the ginkgo kernel juice. This result aligns with
our previous study on the adsorption of crude anthocyanin
extracts using macroporous resin?’l. On the other hand, a clear
separation between the fermented and unfermented samples
was evident based on their organic acid profiles.

In Fig. 3b, the PC1 values of ginkgo kernel juice fermented by
all microbial strains showed an increasing trend with fermenta-
tion time. By analysing the score and loading plots, it could be
observed that fumaric acid, malic acid, and citric acid exhibited
negative PC1 values, indicating their decline during fermenta-
tion. On the other hand, oxalic acid, lactic acid, shikimic acid,
and succinic acid had positive PC1 values, indicating their
increase during fermentation. The specific data further
confirmed the changes in organic acid contents during fermen-
tation. For example, the malic acid content in unfermented
ginkgo kernel juice was measured as 199.86 + 21.11 mg/L. After
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48 h of fermentation without the addition of macroporous
resin, the malic acid content in the samples fermented by L.
plantarum Y2, L. pentosus Y3, L. plantarum Y4, and L. plantarum
T7 decreased by approximately 70.17%, 79.67%, 79.73%, and
40.27%, respectively. Moreover, the lactic acid production in
the samples fermented by L. plantarum Y2, L. pentosus Y3, L.
plantarum Y4, and L. plantarum T7 reached 779.69 + 15.40
mg/L, 796.60 + 6.26 mg/L, 1077.70 + 34.92 mg/L, and 689.62 +
44.94 mg/L, respectively. Similar results were obtained in our
previous studies on probiotic fermentation of blueberry juice
and apple juice, where PCA based on organic acid profiles
effectively discriminated fermented samples at different stages
of fermentation(1220.23.42],

Furthermore, the scatter plot of the fermented samples with
and without adding macroporous resin at the same fermenta-
tion period showed their proximity, indicating that any differ-
ences in organic acid profiles among these samples could be
considered negligible. This observation provides additional
evidence to support the notion that macroporous resin had
minimal impact on the microbial metabolism of organic acids
during fermentation. Despite the theoretical capacity of resin to
adsorb certain juice components, such as phenolics and
terpene lactone, the microbial processes responsible for
organic acid metabolism seemed to proceed undisturbed by
the presence of resini3:44],
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Detoxification of ginkgo kernel juice

Monosaccharides

The contents of six monosaccharides in ginkgo kernel juice
during probiotic fermentation are presented in Supplementary
Table S5. These monosaccharides primarily originated from the
enzymolysis with a-amylase and glycolytic enzyme during the
preparation of ginkgo kernel juice. The PCA analysis of
monosaccharide data is depicted in Fig. 3¢ & d. The first two
PCs accounted for 94.0% of the total variance in monosaccha-
rides, indicating that these two PCs adequately captured the
changes in monosaccharide profiles during fermentation. Simi-
lar to Fig. 3a, Fig. 3¢ shows that the unfermented samples with
and without adding macroporous resin are closely clustered.
This observation reaffirms that macroporous resin did not inter-
fere with the availability of these carbon sources required for
microbial growth. Moreover, PC1 was instrumental in distin-
guishing the samples at different fermentation periods, with
the PC1 value of fermented ginkgo kernel juices decreasing
over time. In conjunction with Fig. 3d, it is evident that all the
analysed monosaccharides exhibited positive PC1 values, indi-
cating a continuous decline in the contents of rhamnose,
glucose, galactose, xylose, fructose, and arabinose during
fermentation. During lactic acid fermentation, glucose was
identified as the primary carbon source. After 48 h of fermenta-
tion without the addition of macroporous resin, the glucose
contents in various samples were reduced from 20.58 + 3.64
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Fig. 3 Principal component analysis (PCA) conducted on the organic acid profile and monosaccharide profile during probiotic fermentation
of ginkgo kernel juice, with and without the addition of macroporous resin. (a) Score plot based on the organic acid profile. (b) Loading plot
based on the organic acid profile. (c) Score plot based on the monosaccharide profile. (d) Loading plot based on the monosaccharide profile.
() Fermentation of samples without the addition of macroporous resin; (/) Fermentation of samples with the addition of macroporous resin
D101; (¥¢) Fermentation of samples with the addition of macroporous resin DA201. Purple: unfermented samples; Red: fermentation of
samples by L. plantarum Y2; Green: fermentation of samples by L. pentosus Y3; Blue: fermentation of samples by L. plantarum Y4;
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mg/L to (3.20 £ 0.30)—(9.37 £ 0.91) mg/L, which varied depend-
ing on the specific lactic acid bacteria utilised. A previous study
by Wang et al.l'Z reported that three commercial lactic acid
bacteria consumed more than 80% of glucose during the probi-
otic fermentation of ginkgo kernel juice.

Furthermore, the fermented samples with and without the
addition of macroporous resin are distributed together,
suggesting that macroporous resin did not impact the micro-
bial metabolism of monosaccharides, especially the utilisation
of carbon sources by the microorganisms.

Ginkgolic acids

Fig. 4a & b show the changes in the contents of two toxic
ginkgolic acids, ginkgolic acid C15:1 and ginkgolic acid C13:0,
during fermentation. In the unfermented ginkgo kernel juice,
the initial contents of ginkgolic acids C15:1 and C13:0 were
measured as 2.71 + 0.19 mg/L and 2.20 + 0.22 mg/L, respec-
tively. Notably, both macroporous resin, D101 and DA201,
demonstrated the ability to adsorb ginkgolic acids, as
evidenced by their contents in the unfermented ginkgo kernel
juice decreasing by 36.46% and 27.38%, respectively, after 48 h
of immersion. The reduction in ginkgolic acid levels due to the
adsorption by macroporous resin is significant. It could be
crucial for improving the safety of ginkgo kernel products, as
ginkgolic acids are known to be major toxic constituents associ-
ated with various health risks, including cytotoxicity, hepato-
toxicity, embryotoxicity, neurotoxicity, allergies, and inhibition
of human enzyme systems#5461,

During the probiotic fermentation process using the applied
microbial strains, the ginkgolic acid contents in the juices
decreased. After 48 h of fermentation without the use of
macroporous resin, the contents of ginkgolic acids C15:1 and
C13:0 were reduced to 1.67 = 0.21 mg/L by L. plantarum Y2,
1.99 £ 0.25 mg/L by L. pentosus Y3, 1.99 + 0.37 mg/L by L. plan-
tarum Y4, and 2.17 £ 0.25 mg/L by L. plantarum T7, respectively.
It is widely accepted in various studies on ginkgolic acids toxic-
ity that food products containing ginkgolic acid content lower
than 5 ppm (approximately 5 mg/L) are considered safel47—49],
Therefore, the current study confirms that fermentation using
the selected lactic bacteria effectively removes the toxic
ginkgolic acids, making the juices safe for consumption.

On the contrary, the probiotic fermentation exhibited a
synergistic effect when combined with adsorption using
macroporous resin to remove ginkgolic acids. Compared to
fermentation alone, adding macroporous resin resulted in a
greater reduction of ginkgolic acids, with macroporous resin
D101 showing more effectiveness in decreasing ginkgolic acid
C13:0 and C15:1 than resin DA201. Specifically, after 48 h of
fermentation with the addition of macroporous resin D101, the
ginkgolic acid C13:0 content in all samples dropped below 0.05
mg/L. In contrast, in the samples without adding macroporous
resin D101, the ginkgolic acid C13:0 content remained above
0.87 mg/L. Overall, the combined probiotic fermentation with
macroporous resin adsorption reduced more than 69.1% of
ginkgolic acid C13:0 and 69.7% of ginkgolic acid C15:1 in the
ginkgo kernel juice. In the studies conducted by Fan et al.®! and
Dong et al.’5%, different methods were explored to reduce the
content of ginkgolic acids in processed samples of ginkgo
kernels. Specifically, steaming, microwave irradiation, and
liquid-liquid microextraction were applied, leading to reduc-
tions of 54.5%, 27.0%, and 74.4%, respectively, in the ginkgolic
acid levels. However, the probiotic fermentation process and
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adding macroporous resin prove to be a competitive and effec-
tive method for lowering toxic ginkgolic acids in ginkgo kernel-
related products.

4'-0O-methylpyridoxine (MPN)

MPN is present in various parts of the ginkgo tree, including
the leaves and fruit. It is an analog of vitamin B6 and has been
associated with adverse health effects, such as vomiting, tonic-
clonic convulsions, and neurotoxic consequences, due to its
ability to reduce the synthesis of y-aminobutyric acid°l. Fig. 4c
illustrates the initial MPN content in ginkgo kernel juice before
fermentation, measured at 23.48 + 1.40 mg/L. Similar to the
behavior of ginkgolic acids, MPN was also subjected to adsorp-
tion by the macroporous resin used in this study. Following
adsorption without fermentation for 48 h, the MPN content in
the ginkgo kernel juices, with resin DA201 and D101 additions,
decreased to 18.93 + 0.74 mg/L and 17.90 + 0.25 mg/L, respec-
tively.

The lactic acid fermentations conducted without adding
macroporous resin resulted in a noticeable reduction in MPN
content in the ginkgo kernel juices. After 48 h of fermentation
without using macroporous resin, the MPN contents decreased
by 61.1% to 65.6%, depending on the specific microbial strains
employed in the fermentation process. Interestingly, during the
initial 24 h of fermentation, the probiotic fermentation exhib-
ited a synergistic effect when combined with macroporous
resin adsorption in removing MPN. For example, in samples
fermented by L. plantarum Y2, the MPN content was measured
at 10.21 = 1.03 mg/L with the addition of macroporous resin
DA201, while it was 13.69 + 1.49 mg/L without the resin.
However, after 48 h of fermentation, there was no significant
difference in MPN content between the fermentations
conducted in the presence and absence of macroporous resin.
The studies conducted by Hong et al.l>" and Zou et al.52 inves-
tigated different methods to reduce MPN content in ginkgo
kernel juices. Steaming and fermentation by Eurotium crista-
tum decreased MPN content by 28.6% and 40.2%, respectively,
in the processed juices. Comparatively, the current lactic acid
fermentation process, with the addition of macroporous resin,
proves to be a promising and more effective method for reduc-
ing toxic MPN in ginkgo kernel juice.

Total phenolics

Phenolics are essential bioactive compounds in ginkgo
kernels, especially from the flavonoid family. As shown in Fig.
4d, the initial phenolic content of ginkgo kernel juice was
measured at 158.69 * 3.85 mg/L. Following a 48 h adsorption
process using macroporous resin D101 and DA201, the pheno-
lic content decreased to 132.24 + 5.80 and 126.93 + 4.02 mg/L,
respectively.

In the fermentation groups without adding macroporous
resin, the total phenolic contents in the ginkgo kernel juices
increased to a range of 178.87 to 184.36 mg/L after 48 h of
fermentation. There was no significant difference in total
phenolic contents among these samples. During probiotic
fermentation, the phenolic compounds underwent complex
bioconversions facilitated by extracellular enzymes, such as
phenolic acid decarboxylase and phenolic acid reductase, as
previously reported“253l, These enzymatic actions resulted in
changes to the total phenolic contents in the ginkgo kernel
juices during the fermentation process. As anticipated, the total
phenolic contents in the fermented samples with the addition
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of macroporous resin were lower than in the counterparts with-
out resin, mainly due to the physisorption of phenolic
compounds by the resin. However, even after 48 h of fermenta-
tion, the total phenolic contents in all the samples remained
higher than in the samples before fermentation.

Review of the influence of macroporous resin adsorption on
probiotic fermentation of ginkgo kernel juice

Based on the above results, it is evident that the physisorp-
tion of various components present in ginkgo kernel juice, such
as ginkgolic acids, MPN, and phenolics, by macroporous resin,
did not have a noticeable impact on the fermentation charac-
teristics of Lactobacillus species. Adding macroporous resin
during fermentation did not result in significant differences in
pH, viable cell numbers, organic acid profile, and monosaccha-
ride profile compared to fermentations conducted without
resin addition. As a result, it can be tentatively concluded that
the adsorption by resin did not interfere with the essential
metabolic pathways of the microorganisms, such as glycolysis
for glucose consumption and pyruvic acid formation, the tricar-
boxylic acid cycle involving succinic acid, citric acid, malic acid,
as well as anaerobic glycolysis. Indeed, both ginkgolic acids and
phenolic compounds have been reported to possess antibacte-
rial activities against lactic acid bacteria>4. Given this informa-
tion, it is reasonable to speculate that these growth inhibitors
in the broth can potentially impact microbial metabolism
during the fermentation process. Therefore, it is important to
conduct a thorough and in-depth investigation to fully under-
stand the roles of interference factors on probiotic fermenta-
tion.

Comparison of the variations in ginkgolic acid content
in the broths containing active and inactive
Lactobacillus strains

The first part of the study has demonstrated that probiotic
fermentation, both with and without macroporous resin
adsorption, effectively reduces toxic components in ginkgo
kernel juices. However, the reasons behind these reductions
have not been fully explored and remain unknown. To delve
deeper into understanding the mechanisms and interactions
involved, L. plantarum Y2 and ginkgolic acid C15:1 were chosen
as representative microbial strains and toxic constituents for
the next parts of the investigations, respectively.

To investigate whether the decline of ginkgolic acids in the
ginkgo kernel juice is primarily due to microbial degradation,
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microbial adsorption, or a combination of both, a comparison
was made between the changes in ginkgolic acid C15:1 content
in broths containing active and inactive L. plantarum Y2. In Fig.
5a, it is shown that after incubation for 8 h, the ginkgolic acid
C15:1 content in both MRS broths containing active and inac-
tive L. plantarum Y2 decreased from 80 mg/L to approximately
40 mg/L. Importantly, the two samples had no significant differ-
ence (p > 0.05) in the ginkgolic acid C15:1 content. This indi-
cates that the ability of active L. plantarum Y2 to remove
ginkgolic acid C15:1 was equivalent to that of the inactive
strains. Then, the microbial strains (both active and inactive)
were collected and washed with methanol to elute any
ginkgolic acid C15:1 that may have been adsorbed by the cells.
In Fig. 5b, it is shown that the amounts of ginkgolic acid C15:1
eluted from the inactive and active strains were measured as
0.63 £ 0.06 mg and 0.69 + 0.07 mg, respectively.

Indeed, the comparison between active and inactive L. plan-
tarum Y2 strains and the subsequent analysis of ginkgolic acid
C15:1 content in the broths and eluted from the strains strongly
support the conclusion that bio-adsorption plays a significant
role in the reduction of toxic ginkgolic acid during the lactic
acid fermentation of ginkgo kernel juices.

Adsorption of ginkgolic acid by L. plantarum,
macroporous resin, and their mixture

The above part of the study demonstrated that the reduc-
tion of ginkgolic acid C15:1 during the lactic acid fermentation
of ginkgo kernel juices was partially attributed to bacterial
adsorption. The mass transfer mechanisms of ginkgolic acid
C15:1 adsorption by three key components were studied
further to investigate the underlying mechanisms of this
adsorption process: L. plantarum Y2, resin D101, and their
mixture.

Adsorption kinetic analysis

Fig. 6a presents the adsorption kinetic curves of microbial
strains powders, macroporous resin, and their mixture at 30 °C.
The data reveal clear differences in the adsorption abilities of
these different adsorbents. The adsorption process for micro-
bial strains powders took approximately 360 min to reach equi-
librium, with an equilibrium adsorption capacity of 1.98 + 0.29
mg/g. In contrast, macroporous resin demonstrated much
faster adsorption kinetics, reaching equilibrium within about 20
min and exhibiting a higher adsorption capacity of 15.73 + 1.01
mg/g. This significant difference can be attributed to the
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(a) Changes in ginkgolic acid C15:1 content in the broths containing active and inactive L. plantarum Y2 and (b) amount of ginkgolic
acid C15:1 desorbed from the microbial strains with previous adsorption.
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porous structure and large specific surface area of the macrop-
orous resin, which allows it to bind more ginkgolic acid effi-
ciently®®l. Moreover, the microbial strains and macroporous
resin displayed faster adsorption kinetics, reaching equilibrium
within 20 min, similar to the pure resin. Additionally, the equi-
librium adsorption capacity for the mixture was measured at
2.18 + 0.24 mg/g, which is higher than that of the microbial
strains powders alone. This suggests that adding macroporous
resin to the microbial strains synergised adsorbing ginkgolic
acid from the ginkgo kernel juice. Combining the two compo-
nents enhanced the overall adsorption capacity, indicating that
the lactic acid fermentation and macroporous resin adsorption
worked together to reduce toxic ginkgolic acid in the ginkgo
kernel juice more effectively.

Adsorption isotherm

Figure 6b shows the isotherm curves for ginkgolic acid
adsorption at 30 °C. The experimental data were well-fitted to
the Langmuir model, and the parameters obtained from the
Langmuir model are listed in Supplementary Table S6. Accord-
ing to the Langmuir mode, the adsorption amount of ginkgolic
acid C15:1 increases with increasing equilibrium concentration
of ginkgolic acid in the liquid phase. At any given equilibrium
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and (b) adsorption isotherms of ginkgolic acid C15:1 by different
adsorbents. The points represent the experimental data, and the
solid lines represent the simulated results.
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concentration of ginkgolic acid C15:1, the adsorption amount
for macroporous resin was consistently the highest among the
three adsorbents tested. This is followed by the mixture of resin
and microbial strains, and the lowest adsorption amount was
observed for the microbial debris. These results further support
the conclusion drawn from the kinetic data, indicating that
macroporous resin is more efficient in adsorbing ginkgolic acid
than microbial strains. It is worth noting that while the Lang-
muir model provides a good fit for the experimental data, it is
considered an empirical model with limited physical informa-
tion about the mass transferl2’l. Nonetheless, the Langmuir
model offers a useful representation of the relationship
between adsorption capacity and ginkgolic acid concentration
in the liquid phase, and this relationship is employed in the
subsequent numerical simulation.

Characterisation of microbial strains powders, macroporous
resin, and their mixture before and after adsorption by FT-IR
and Zeta potential

Figure 7 presents the FT-IR spectra of microbial strains
powders, macroporous resin, and their mixture before and after
ginkgolic acid C15:1 adsorption and ginkgolic acid C15:1 stan-
dard. The characteristic peaks in the spectra provide valuable
information about the molecular composition and interactions
of these components. The FT-IR spectrum of ginkgolic acid
C15:1 shows distinctive peaks at specific wavenumbers. These
peaks include: 3,449 cm~', which represents the presence of -
OH groups; 2,932 cm~, indicating the presence of -C-H bonds;
1,646 cm~', indicating the presence of C=C bonds; 1,451 cm,
representing the characteristic peaks of a benzene ring; and
1,051 cm', indicating the presence of C-O bondsl>%57], For
microbial debris, the FT-IR spectrum reveals fewer characteris-
tic peaks, including: 2,932 cm~', indicating the presence of -C-H
bonds; 1,680 cm~, indicating the presence of C=C bonds; and
1,447 cm~', representing -CH; groups®8°9. In the FT-IR spectra
of macroporous resin, the characteristic peaks include: 2,933
cm~!, indicating the presence of -C-H bonds; 1,606 cm~' and
1,454 cm~', representing the characteristic peaks of a benzene
ring[2'l, After the adsorption of ginkgolic acid C15:1, the FT-IR
spectra of microbial debris and the mixture of macroporous
resin and microbial debris showed noticeable changes. Specifi-
cally, the peaks at 2,932 cm~" and 1,663 cm~ in these spectra
became more intense. Also, the bands between 1,077 cm~" and
923 cm~! were strengthened in both spectra. These changes in
the FT-IR spectra indicate that there are interactions between
ginkgolic acid C15:1 and the microbial debris, as well as the
mixture of macroporous resin and microbial debris, after the
adsorption of ginkgolic acid C15:1. After adsorption, a promi-
nent peak around 3,343 cm~' becomes evident in the FT-IR
spectra of microbial debris, macroporous resin, and their
mixture. This peak indicates the presence of hydrogen bond-
ing. It is suggested that the adsorption of ginkgolic acid C15:1
by L. plantarum Y2, macroporous resin, and their mixture occurs
through interactions involving hydrogen bonds. Specifically,
the hydroxyl groups of the adsorbent (microbial debris and
macroporous resin) may form hydrogen bonds with the phenol
hydroxyl groups of the adsorbate (ginkgolic acid C15:1)[21.60],

Figure 8 presents the zeta potentials of ginkgolic acid C15:1
solution before and after adsorption. Prior to adsorption,
ginkgolic acid C15:1 solution, microbial strains, macroporous
resin, and the mixture of microbial strains and resin all exhib-
ited negative charges, with zeta potential values of —19.97 +
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Fig.7 FT-IR spectra of L. plantarum Y2, macroporous resin D101, and their mixture before and after the adsorption of ginkgolic acid C15:1.

2.00 mV, 13.93 £ 0.75 mV, 14.63 + 0.71 mV, and —20.70 £ 0.95
mV, respectively. Following the adsorption process, the zeta
potential values for ginkgolic acid C15:1 solution containing
microbial strains, macroporous resin and the mixture changed.
The zeta potential values were transferred to —17.80 £ 1.25 mV
for the ginkgolic acid C15:1 solution with microbial strains,
-14.40 + 1.78 mV for the ginkgolic acid C15:1 solution with
macroporous resin, —14.0 + 1.15 mV for the ginkgolic acid C15:1
solution with the mixture of microbial strains and resin. The
negative charges in the adsorption dispersions decreased after
adsorption took place. This decline in negative charges can be
attributed to the possibility of positive charge formation, given
that both the adsorbents and adsorbates carried negative
charges initially. The FTIR result supports this deduction, as it
indicates the formation of hydrogen bonds with positive
charges.

Mass transfer modeling

The physical adsorption mechanisms of ginkgolic acid C15:1
by L. plantarum Y2, macroporous resin, and their mixture were
further examined using PVSDM modeling. Before the numerical
simulation, the mass transfer parameters (k;, Dyg D) at 30 °C
were calculated and presented in Table 1. The external mass
transfer rate constants (k) for adsorption by the microbial
strains, resin, and their mixture are 6.70 x 10, 6.74 x 107%, and
6.97 x 107 m/s, respectively. These data indicate that ginkgolic
acid is most challenging to diffuse through the film interface
between L. plantarum Y2 and the bulk liquid. However, adding
macroporous resin to the adsorption dispersion helps alleviate
the external mass transfer resistance. The higher k; value
observed for the macroporous resin can be attributed to its
porous structure, which provides a large specific external
surface area and more available binding sites®'l. The D,z value
for ginkgolic acid C15:1 remains constant at 5.57 x 10710 m%/s
regardless of the adsorbent used. Within L. plantarum Y2, the
D, value for ginkgolic acid C15:1 is 0 m?/s due to the solid
structure of this biological material. On the other hand, the D,,
values within the macroporous resin and the mixture of resin
and microbial strains were calculated at 8.22 x 10" and 1.23 x
10~1" m?/s, respectively. When considering the mixture of resin
and microbial strains as an independent type of adsorbent, the
integration of microbial strains weakened the diffusivity of
ginkgolic acid C15:1 within the solution in the porous space of
the adsorbent. In general, the addition of microbial strains
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reduced the porosity of the adsorbent-containing resin and
microbial strains, consequently increasing the mass transfer
resistance related to pore volume diffusion. As indicated earlier,
microbial strains impeded the external mass transfer of
ginkgolic acid C15:1 across the solid-liquid interface, further
reducing the D, value.

By utilising the above k;, Dyg and D, values, the PVYSDM
model successfully simulated the adsorption of ginkgolic acid
C15:1 by different adsorbents. The simulation results showed
satisfactory accuracy (Fig. 6a). The AAD values (lower than 15%)
and R? values (higher than 0.9) presented in Table 1 demon-
strate the excellent predictive capability of the PVSDM model.
The D, values of ginkgolic acid C15:1 obtained from PVSDM
modeling are 2.51 x 1074, 1.67 x 1072, and 5.03 X 10~ m2/s
for the adsorptions by L. plantarum Y2, macroporous resin
D101, and their mixture, respectively. As expected, ginkgolic
acid C15:1 exhibited the highest D, value within the macrop-
orous resin, indicating relatively faster diffusion in this

#% : Ginkgolic acid C15:1 bulk solution

B : L. plantarum Y2 strain in water
## : Macroporous resin in water
B : Mixture of L. plantarum Y2 strain and macroporous resin in water
B : L. plantarum Y2 in ginkgolic acid solution
B : Macroporous resin in ginkgolic acid solution
B : Mixture of L. plantarum Y2 and macroporous resin in
ginkgolic acid solution
—121 ;
— i
-~ :
g ¢ i c
2 167 :
= i
2 i
g // :
i} i
] : b
N —20+4 '
- a .
'
4 Before absorption ' After absorption

Fig. 8 Zeta potential values of the dispersions of L. plantarum Y2,
macroporous resin, and their mixture before and after the
adsorption of ginkgolic acid C15:1.
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Table 1. Mass transfer parameters obtained from the PVSDM model for simulating the adsorptions of ginkgolic acid C15:1 by L. plantarum Y2,
macroporous resin, and their mixture.
Adsorbent k, (m/s) Dig (M%/s) D,,, (m%/s) D, (m?/s) AAD (%) R2
L. plantarum Y2 6.70x 107° 5.57 x 10710 n.s. 2.51x 107 8.78 0.975
Macroporous resin D101 6.74x 1076 5.57x 10710 8.22x 107" 1.67 x 10712 10.16 0.947
Mixture of L. plantarum and resin 6.97 x 1077 5.57x 10710 1.23x 107" 5.03x 1074 13.27 0.933

n.s. refers to no pore volume diffusion.

adsorbent. Conversely, it faced the most difficulty diffusing
within L. plantarum Y2, as reflected by the lowest D; value.
Based on these findings, it can be inferred that adding macrop-
orous resin to the ginkgo kernel juice proved to be more effec-
tive in removing ginkgolic acids compared to the probiotic
fermentation of the same juice. In our previous studies, we
found that the diffusivity of blueberry phenolics within waste
yeast was also lower (1.01 x 10-'4 m2/s) than when they were in
the framework of macroporous resin (8.50 x 10-4 m2/s)B9,
Generally, biological adsorbents tend to create higher mass
transfer resistance than resin adsorbents during the adsorption
treatment. The energy theory can further explain the diffusion
process alongside the solid framework of the adsorbent.
Initially, ginkgolic acid molecules are adsorbed in places with
high adsorption energy, providing the adsorbate with enough
energy to move along the surface. Subsequently, these
molecules would have enough energy to migrate to areas
within the adsorbent matrix with lower adsorption energy®2.,

Since the PVSDM model assumes a spherical geometry for L.
plantarum Y2 and treats the mixture of microbial strains and
macroporous resin as a whole, it is not suitable for directly visu-
alising the diffusional movement of ginkgolic acid within the
three different adsorbents. However, despite this limitation, the
PVSDM model is still capable of predicting the changes in
ginkgolic acid content in the solution (Supplementary Fig. S5).
This predictive capability becomes valuable in controlling the
adsorption behavior during probiotic fermentation of ginkgo
kernel juice, both with and without the addition of resin, in
practical applications. By considering the mixture of L. plan-
tarum Y2 and resin as an individual absorbent, the mass fluxes
related to pore volume diffusion (Ngp) and surface diffusion
(N4g) at the surface (r = R) and center (r = 0 m) of the three
adsorbents during their adsorption of ginkgolic acid C15:1 were
calculated (Supplementary Fig. S6). Throughout all three
adsorption processes, both diffusion fluxes at the surface of the
adsorbents decreased with time. Conversely, the values of Nyp
and N, at the center began to increase once ginkgolic acid
C15:1 diffused to the center area. After reaching their peak, Nyp
and Ny values at the center gradually declined, eventually
approaching zero. The concentration/mass gradient of
ginkgolic acid within the adsorbent dictated the interior mass
fluxes of ginkgolic acid2"

Figure 9 illustrates the contributions of surface diffusion to
the overall intraparticle diffusion (SDCP%) at the surface (r = R)
and center (r = 0 m) of each adsorbent during the adsorption of
ginkgolic acid. For the adsorption of ginkgolic acid by L. plan-
tarum Y2, the SDCP% value remains at 100% throughout since
there is no pore volume diffusion in the solid adsorbent. On the
other hand, in the adsorption of ginkgolic acid by the macrop-
orous resin, surface diffusion contributed less to the intraparti-
cle diffusion than pore volume diffusion. The SDCP% values
during adsorption ranged from 24.1% to 31.1%. These data
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suggest that ginkgolic acid is primarily adsorbed by the resin
through diffusion along the interior pores of the material. This
finding is reasonable because there is less mass transfer resis-
tance for the diffusion of ginkgolic acid in the liquids within the
resin pores than the diffusion alongside the solid resin frame-
work.

The mass transfer behavior during the adsorption process
involving the microbial strains and resin mixture showed
distinct differences compared to the adsorption by each indi-
vidual adsorbent. Incorporating macroporous resin into the
suspension reduced the contribution of surface diffusion to the
overall diffusion, particularly when compared with the adsorp-
tion by L. plantarum Y2. The SDCP% value at the adsorbent
surface decreased below 65% in the mixed adsorbent suspen-
sion. The changing pattern of the SDCP% value for each adsorp-
tion treatment suggests that adding macroporous resin to the
suspension containing the microbial strains creates a more
porous area for the adsorption of ginkgolic acid. This, in turn,
alleviates the mass transfer resistance for surface diffusion and

a 100
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40-
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Fig. 9 SDCP% values at various times and different radial
positions within the adsorbents, representing the contribution of
surface diffusion to the overall intraparticle diffusion (green: L.
plantarum Y2; purple: macroporous resin D101; orange: the
mixture of L. plantarum and resin, where the combination was
treated as a unified entity). (a) SDCP at the surface of each
adsorbent (r = R). (b) SDCP at the center of each adsorbent (r=0).
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consequently enhances the overall adsorption efficiency and
the amount of toxic ginkgolic acid removed.

Conclusions

The presence of toxic components in ginkgo kernels hinders
consumer acceptance, putting significant pressure on Ginkgo
biloba tree plantations and the environment. However, this
study presents a novel and environmentally friendly approach
for effectively removing these toxic components from ginkgo
kernel juice through lactic acid fermentation with the addition
of macroporous resin. The results demonstrated that using
isolated lactic acid bacteria in the presence of macroporous
resin led to the removal of over 69% of ginkgolic acid C13:0 and
ginkgolic acid C15:1, and over 61% of MPN from the ginkgo
kernel juice. This removal of toxic constituents surpassed the
efficacy of techniques reported in the existing literature.
Furthermore, a significant finding was made during this study,
revealing that the adsorption of microbial growth inhibitors,
such as ginkgolic acid and phenolics, by the resin did not
impact the microbial growth and metabolism of organic acids
and monosaccharides during probiotic fermentation. This
study also established mass transfer theories for the adsorption
of ginkgolic acid by microbial strains, with and without the
addition of macroporous resin. Generally, the microbial adsorp-
tion process involves the diffusion of ginkgolic acid within the
solid structure of microbial strains. The incorporation of macro-
porous resin introduced the element of pore volume diffusion
to the adsorption of ginkgolic acid, enhancing the removal of
toxic components during the probiotic fermentation of ginkgo
kernel juice (Fig. 10). This study presents a promising and effec-
tive method for detoxifying ginkgo kernel juice, contributing to
environmentally friendly and safe food processing.

Sun et al. Food Innovation and Advances 2023, 2(4):324—-339

Overall, this study presents a comprehensive and systemic
approach, offering a green technique to remove toxic
constituents from ginkgo kernel juice. This exploration and the
establishment of scientific theories further support the effec-
tiveness of this detoxification method. Ultimately, this work
addresses safety concerns and boosts consumer confidence in
ginkgo kernel products.
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