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Abstract
Carya cathayensis Sarg. is widely cultivated in China as a specialized nut crop, and its discarded husks (outer pericarp) are rich in triterpenoids with known

antibacterial  properties.  In  this  study,  triterpenoids  were  extracted from Carya  cathayensis Sarg.  husks  (CCSHs)  using a  surfactant-mediated,  ultrasound-

assisted extraction method optimized via response surface methodology, the optimized extraction yield was 33.92 ± 0.52 mg UAE/g DW. Ab-8 macroporous

resin was used to purify the triterpenoids from the crude extracts, achieving a 4.3-fold increase in purity. Mesoporous chitosan aerogels were prepared, and

their morphology, pore size, and specific surface area were evaluated using microscopic and nitrogen adsorption methods. These aerogels were then used

to adsorb the purified triterpenoids from CCSH extracts,  enhancing their antibacterial effect.  Growth curves of Escherichia coli and Staphylococcus aureus
demonstrated that the combination of CCSHs-derived triterpenoids and chitosan aerogel spheres resulted in an enhanced antibacterial effect. This study

lays the groundwork for adding value to CCSHs while offering a pathway to develop plant-based antibacterial products.
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Introduction

Carya cathayensis Sarg. (Chinese hickory), hereafter referred to as
C.  cathayensis, is  a  tree  species  within  the  genus  Juglans  of  the
family Juglandaceae, predominantly distributed in the Zhejiang and
Anhui  provinces  of  China[1].  The  kernel  of C.  cathayensis is  rich  in
beneficial  lipids  and  polyphenols,  making  it  highly  nutritious[2],
therefore,  it  is  produced in large quantities  as  a  special  agricultural
product  in  Zhejiang  province  (China).  However,  large-scale  kernel
production  generates  a  substantial  quantity  of  discarded  exocarps
annually.  The  fibrous  exocarp,  an  organic  by-product,  contains  a
large  amount  of  cellulose,  alkaloids,  and  triterpenoids[3],  is  difficult
to  degrade  naturally,  and  presents  significant  opportunities  for
valorization.  Triterpenoids  have  received  extensive  attention  in
recent years due to their excellent antibacterial and other physiolo-
gical  activities.  Several  triterpenoids,  such as ursolic acid,  hawthorn
acid,  and  betulinic  acid,  exhibit  the  potential  for  antibacterial  and
antifungal  applications[4,5].  Compared  to  conventional  antibiotics,
triterpenoids  derived  from  natural  sources  are  considered  safer,
making  them  a  promising  alternative  for  addressing  antibiotic
resistance[6].  However,  studies  on  the  triterpenoid  content  and
characteristics  of  CCSHs  remain  limited,  despite  their  significance.
Therefore,  studying  the  extraction,  quantification,  and  potential
applications of triterpenoids from CCSHs is highly significant.

Ultrasound-assisted extraction is a safe and efficient method that
employs  cavitation  and  thermal  effects  to  physically  disrupt  plant
cells  within  a  short  timeframe,  facilitating  cell  rupture  and  the
release  of  intracellular  contents[7].  Due  to  its  ability  to  enhance
the  release  of  bioactive  substances  and  reduced  extraction  time,

ultrasound-assisted  extraction  is  considered  an  environmentally
friendly and energy-efficient approach for large-scale production of
plant-based  ingredients.  Surfactants  like  Span  and  Tween,
commonly  used  in  food  processing,  are  known  to  lower  surface
tension  and  improve  solvent  penetration,  further  enhancing  the
extraction  process[8].  The  synergy  between  ultrasound  waves  and
surfactants enables more effective disruption of the plant cell walls,
which  is  crucial  for  improving  the  yield  and  quality  of  extracted
phytochemicals. Recent studies have demonstrated that combining
ultrasound-assisted  extraction  with  non-ionic  surfactants  results  in
higher  concentrations  of  desired  bioactive  compounds,  such  as
polyphenols[9],  flavonoids[10],  and  essential  oils[11],  compared  to
traditional extraction methods.

Triterpenoids,  which  possess  a  30-carbon  skeleton  and  a  ring
structure,  are  highly  hydrophobic  and  only  dissolve  in  non-polar
organic solvents[12]. The hydrophobicity of triterpenoids makes their
dissolution  and  encapsulation  challenging,  thereby  limiting  their
practical  use  including  in  antimicrobial  applications.  Aerogel,  a
material  with a highly porous structure,  is  formed by removing the
liquid  phase  from  a  gel  network  and  is  characterized  by  abundant
three-dimensional  channels  and  exceptionally  high  porosity,  typi-
cally  exceeding  80%[13].  These  features  give  aerogel  excellent
adsorption  properties,  allowing  it  to  adsorb  triterpenoid  com-
pounds.  Chitosan,  a  biocompatible  polysaccharide  with  multiple
functional groups, shows great potential in the biological field as an
antimicrobial  agent  and  antioxidant[14].  Chitosan's  cationic  amino
groups electrostatically interact with the anionic groups of bacterial
cell  walls,  thereby  inhibiting  bacterial  growth  and  reproduction[15].
Therefore,  aerogel  particles  prepared  by  chitosan  can  not  only
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improve  the  application  effect  of  poorly  soluble  antibacterial  sub-
stances  but  also  further  enhance  the  antibacterial  effect.  Previous
studies have shown that  chitosan aerogels  can produce synergistic
antibacterial  effects  with  compounds  such  as  curcumin[16],  and
vancomycin[17].  However,  the  potential  synergistic  antimicrobial
effects  of  triterpenoid-loaded  chitosan  aerogels  remain  under-
explored.

In  this  study,  surfactants  and  ultrasound  were  combined  to
extract triterpenoids from CCSHs, and the response surface method
was employed to optimize the total triterpenoid extraction process.
To  address  the  poor  water  solubility  of  triterpenoids,  porous
chitosan  aerogel  spheres  were  developed  for  their  adsorption.  The
feasibility of adsorption was evaluated and the adsorption capacity
and  structural  properties  of  chitosan  aerogel  spheres  were  charac-
terized  using  advanced  techniques.  Microbial  growth  curves  were
further  analyzed  to  investigate  the  antimicrobial  properties  of  the
chitosan  aerogel  spheres  before  and  after  adsorbing  triterpenoid
extracts.  This  work  addresses  the  limited  exploration  of  CCSHs-
derived triterpenoids,  proposes their  novel  application via chitosan
aerogel  adsorption,  and  demonstrates  their  potential  antibacterial
activity. 

Materials and methods
 

Material and chemicals
The  semi-dried Carya  cathayensis Sarg.  husks  (CCSHs)  were

collected from the farm in Hangzhou, Zhejiang province, China. The
husks were washed with distilled water  and dried at  35 °C for  24 h
before being ground into powder[18].

Luria-Bertani broth was purchased from Sangon Biotech Co.,  Ltd.
(Shanghai,  China).  AB-8  macroporous  resin  was  purchased  from
Beijing  Solarbio  Science  &  Technology  Co.,  Ltd.  (Beijing,  China).  All
other  chemicals  used were of  analytical  grade and purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). 

Analysis of total triterpenoid content
Total  triterpenoid  content  was  determined  by  vanillin-glacial

acetic  acid  chromogenic  method[19] with  slight  modifications,  the
ursolic  acid  standard  curve  was  plotted  for  calculating  the  content
of triterpenoid. Briefly,  500 μL of freshly made vanillin-glacial acetic
acid  solution  (5%,  w/v)  and  800 μL  of  perchloric  acid  were  added
to the triterpenoid solution. The mixture was incubated at 65 °C for
15  min.  Then  5  mL  of  glacial  acetic  acid  was  added  to  dilute  the
incubated  solution  to  terminate  the  reaction.  The  absorbance  was
measured  at  550  nm,  and  the  extraction  yield  was  expressed  as
milligrams of ursolic acid equivalents per gram dry weight of CCSHs
(mg UAE/g DW). 

Optimization of triterpenoid extraction 

Single factor experiments of ultrasound-assisted surfactant
extraction

The  triterpenoids  of  CCSHs  were  extracted  using  a  solvent
containing  75%  ethanol  and  Span-80.  The  extraction  process  was
assisted  using  300  W  ultrasound.  The  effects  of  surfactant  concen-
tration  (0,  1.4%−2.2%  v/v),  extraction  temperature  (20−60  °C),
extraction time (10−50 min), and solvent to solid ratio (20−60 mL/g)
on the total extraction yield were determined. 

Response Surface Methodology (RSM) design
Design-Expert  11  (State-Ease  Inc.,  Minneapolis,  MN,  USA)  was

used  to  optimize  the  yield  of  total  triterpenoids  from  CCSHs.  A
three-factor, three-level Box-Behnken design (BBD) based on single-
factor  experiments  was  used  for  experimental  design,  modeling,
and analysis. 

Triterpenoid purification using macroporous resin
AB-8  macroporous  resin  with  good  triterpenoid  adsorption  was

selected, and the preparation of macroporous resin was referenced
to the method of Guo et al.[20], pure macroporous resin was packed
into a  chromatography column,  the  CCSH extract  was  loaded onto
the column,  allowed to  adsorb for  2  h,  and the liquid  was  drained.
The CCSH extracts absorbed on the column were sequentially rinsed
with deionized water, followed by 25%, 50%, and 75% ethanol. The
75%  ethanol  eluate  was  collected,  and  the  concentration  of  triter-
penoid  extract  was  determined.  The  triterpenoid  extracts,  both
before and after purification, were frozen at −80 °C for 12 h and then
freeze-dried  for  36  h.  The  lyophilized  samples  were  dissolved  in
70%  methanol,  centrifuged,  and  the  supernatant  was  collected  for
purity testing. 

Preparation of chitosan aerogel microspheres
Chitosan  aerogel  spheres  were  prepared  as  described  by  Li  et

al.[21].  Briefly,  chitosan  was  dissolved  in  1%  glacial  acetic  acid  solu-
tion  (w/v)  by  stirring  until  a  yellow  gel  was  formed.  Sonication  at
80 Hz was performed to remove bubbles and the insoluble chitosan
was  filtered  out.  Chitosan  gel  droplets  gelatinized  in  an  acidic  en-
vironment  and  quickly  solidified  into  spherical  particles  when
transferred to an alkaline solution (1 mol/L NaOH), and the spheres
were hardened for 1 h and washed with deionized water. The micro-
spheres  were  snap  frozen  using  liquid  nitrogen  and  then  vacuum
freeze dried for 24 h. 

Acquiring surface morphology
The  overall  shape  and  morphology  of  the  dried  aerogel  spheres

were  observed  using  a  Gemini560  scanning  electron  microscope
(ZEISS,  DEU).  An  accelerating  voltage  of  15.0  kV  was  used  for  this
purpose. 

Specific surface area and pore size
The surface area and pore structure  of  the aerogel  spheres  were

characterized  using  the  gas  adsorption  method  based  on  capillary
condensation,  with  measurements  taken  by  the  TriStar  II  Plus
(Micromeritics,  USA)  using  nitrogen  (N2)  as  the  adsorption  gas[22].
Isothermal  adsorption-desorption  curves  were  generated  by  mea-
suring the volume of gas adsorbed and desorbed at various relative
pressures. 

Determination of adsorption capacity
Chitosan  aerogel  spheres  (40  mg)  were  immersed  in  an  ethanol

solution  containing  triterpenoid  extracts  at  a  concentration  of
1 mg/mL and shaken at  120 rpm for  10 h to facilitate triterpenoids
absorption. The formulae for calculating the adsorption capacity (qt)
and adsorption rate (Ra) are as follows:

qt (mg/g) =
C0V0−CtVt

m
(1)

Ra (%) =
C0−Ct

C0
(2)

where,  C0,  V0:  initial  concentration  and  volume  of  triterpenoids
solution;  Ct,  Vt:  concentration  and  volume  of  the  solution  following
sampling. 

FTIR analysis of triterpenoids and triterpenoid-loaded
chitosan aerogels

The  functional  groups  of  the  triterpenoid-loaded  chitosan  aero-
gel  spheres  and  the  triterpenoid  extracts  were  analyzed  using  a
Fourier  transform  attenuated  total  reflection  infrared  (ATR-FTIR)
spectrometer (Nicolet iS50FT-IR, Thermo Scientific, USA). 

Thermal stability analysis
The  thermal  gravimetric  analyzer  (TGA,  METTLER  TOLEDO,

Switzerland)  was  used  to  investigate  the  weight  loss  of  chitosan
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aerogel  spheres  during  heating  both  without  and  with  triter-
penoids adsorption. The thermogravimetric (TG) curve was obtained
by increasing the  temperature  from 30  to  800  °C  at  a  rate  of  10  °C
per  min  under  a  N2 atmosphere[23].  The  derivative  of  the  TG  curve
(DTG) was obtained by differentiation. 

Antibacterial capacity analysis
E. coli and S. aureus, two common microorganisms that cause gut

microbial  infections  and  food  poisoning[24],  were  selected  in  the
logarithmic  growth  phase  and  dissolved  in  Luria-Bertani  medium,
shaken at  180  rpm at  37  °C  for  12  h.  This  bacterial  suspension was
diluted to 104 cfu/mL. Then, 40 mg of chitosan aerogel spheres with
or  without triterpenoids adsorption and some extract  powder with
an  amount  comparable  to  chitosan  adsorbed  triterpenoids  were
added  to  the  bacterial  suspension,  individually[25].  The  chitosan
aerogel  spheres  without  triterpenoids  loading  were  also  soaked  in
ethanol and dried under the conditions mentioned above. The opti-
cal density (OD600) was measured at 0, 1, 2, 4, 6, 8, 10, 12, and 24 h to
plot  the microbial  growth curve.  Medium without chitosan aerogel
was used as a control. 

Statistical analysis
Experiments  were  conducted  in  triplicate  unless  specified  other-

wise. The data are presented as the mean ± standard deviation (SD),
with  statistical  analysis  performed  using  one-way  ANOVA  and
Tukey's test at a 95% confidence level (p < 0.05). 

Results and discussion
 

Single-factor extraction experiments
The  results  of  these  experiments  are  presented  in Fig.  1 and

Supplementary  Table  S1.  The  data  in Supplementary  Table  S1

confirmed that Span-80 effectively increased the extraction yield of
total  triterpenoids  from  CCSHs.  The  yield  of  total  triterpenoids
increased as the concentration of Span-80 rose within the range of
1.4%  to  2%.  A  maximum  yield  of  19.9  ±  0.25  mg  UAE/g  DW  was
achieved at  a  Span-80 concentration of  2% (Fig.  1a),  while  concen-
trations  below  1.4%  showed  no  significant  difference  in  yield  (not
more than 17.56 ± 0.33 mg UAE/g DW) compared to the control. As
the  surfactant  concentration  increased,  the  number  of  surfactant
molecules  in  solution  also  increased,  leading  to  the  formation  of
micelles,  which  interacted  with  ultrasound,  which  enhanced  the
extraction process[26,27]. However, a significant decrease (p < 0.05) in
yield  was  observed  when  the  surfactant  concentration  exceeded
2%,  consistent  with  findings  from  other  studies  on  polyphenols
using  ultrasound-assisted  aqueous  extraction[28].  This  reduction  in
extraction  yield  can  be  attributed  to  the  saturation  of  micelles,
which  could  no  longer  interact  with  additional  triterpenoids  effec-
tively, as well as the increased viscosity of the solution, which inter-
feres  with  mass  transfer[29],  leading  to  a  decrease  in  extraction
efficiency.

When  ultrasound  at  300  W  power  level  was  applied,  the  extrac-
tion efficiency  of  total  triterpenoids  showed an increasing trend as
the  temperature  increased  from  20  to  50  °C  (Fig.  1b).  This  pheno-
menon can be attributed to the reduction in solution viscosity with
a  moderate  increase  in  temperature,  which  enhances  solute  diffu-
sion.  Moderately  high  temperatures  also  render  plant  cells  more
susceptible  to  swelling  and  rupture,  facilitating  the  release  of
compounds[30].  However, excessive heating can lead to decomposi-
tion  or  denaturation  of  triterpenoids[31],  as  evidenced  by  the
decreased  yield  at  60  °C.  A  similar  decrease  in  triterpenoid  yield  at
elevated  temperatures  has  been  reported[19].  Furthermore,  higher
temperatures  may  disrupt  the  formation  and  stability  of  ultrasonic
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Fig.  1    Effects  of  (a)  surfactant  concentration,  (b)  temperature,  (c)  solvent  to  solid  ratio,  and  (d)  extraction  time  on  the  extraction  yield  of  total
triterpenoids.
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cavitation  bubbles,  thereby  reducing  the  efficiency  of  the  ultra-
sound-assisted extraction method[32].

For a given solid mass of raw material,  increasing the solvent-to-
solid ratio improved the extraction efficiency, achieving a maximum
yield  of  31.44  ±  0.31  mg  UAE/g  DW  at  a  ratio  of  50  mL/g  (Fig.  1c).
Initially,  the  increased  solvent  volume  provided  greater  solvation
power  (higher  concentration  gradient  and  increased  contact
between the solids and the solvent), which promoted the transfer of
triterpenoids  from  the  raw  material  into  the  solvent.  However,
exceeding  the  optimal  solvent-to-solid  ratio  resulted  in  over-
cavitation  that  disrupted  the  target  triterpenoids  and  ultimately
reduced the yield[28].

The  cavitation  effect  of  ultrasound  is  vital  for  enhancing  extrac-
tion.  As  cavitation  bubbles  form  and  collapse,  they  generate  local-
ized heat  and pressure,  causing the rupture,  erosion,  shearing,  and
swelling of plant cell structures[28]. These effects promote substance
dissolution  in  the  early  stages,  but  prolonged  cavitation  can
degrade  target  compounds,  ultimately  reducing  extraction  effi-
ciency, as shown in Fig. 1d. 

Optimization for the extraction of triterpenoids
The response surface  plots  and the  corresponding contour  plots

are shown in Fig. 2.  The total triterpenoid yield under various com-
binations  of  extraction  conditions  A:  extraction  temperature,  B:
extraction time, and C: solvent to solid ratio, was represented by the
response surface Eqn (3).

Y = 32.31+0.65A+0.50B+1.53C+0.79AC+0.61BC−1.49B2−2.03C2

(3)
The  BBD  experimental  design,  incorporating  different  combina-

tions of factors, and their predicted and actual values are presented
in Supplementary  Table  S2.  The  ANOVA  results,  shown  in Supple-
mentary  Table  S3,  indicate  that  all  coefficients,  except  A²  and  AB,
had  a  significant  impact  on  the  extraction  yield  (p <  0.05).  The p-
value  of  the  fitting  model  was  less  than  0.001,  and  the  correlation
between predicted and experimental values is illustrated in Supple-
mentary Fig. S1.

Based on the regression model, the optimal extraction conditions
were  found  to  be:  65  °C,  42  min  with  a  solvent-to-solid  ratio  of
58  mL/g.  The  predicted  maximum  extraction  yield  was  34.01  mg
UAE/g DW,  and the experimental  maximum yield  was  33.92 ± 0.52
mg UAE/g DW. These findings show that the quadratic model realis-
tically predicted the extraction yield of triterpenoids. 

Purification of triterpenoids
The crude CCSHs  triterpenoid  extracts  were  adsorbed onto  AB-8

macroporous  resin  and  eluted  with  ethanol,  yielding  a  tan-colored
lyophilized powder with a purity of 56.6%, a 4.3-fold improvement.
The  purified  triterpenoids  were  then  used  for  chitosan  aerogel
adsorption experiments. 

Surface morphology of chitosan aerogel spheres
The  hydrophobicity  of  triterpenoids  weakens  their  antibacterial

activity.  To  improve  their  antimicrobial  activity,  chitosan  aerogel
spheres  were  prepared  to  adsorb  triterpenoids  from  CCSHs.  SEM
was  used  to  examine  the  topography  and  pore  distribution  of  the
chitosan  aerogel  spheres.  SEM  images  revealed  less  structural
collapse  in  the  3  wt%  chitosan  gel  after  freeze-drying  (Fig.  3a, e)
compared to the 2.5 wt% chitosan gel. They also revealed a surface
with multiple pores and a well-defined network structure of  3 wt%
chitosan  gel  (Fig.  3b, c).  This  difference  in  surface  morphology  can
be attributed to the lower concentration of chitosan in the 2.5 wt%
gel,  which  was  less  robust  and  could  not  resist  structural  collapse
during  the  lyophilization  process.  In  contrast,  the  higher  chitosan
concentration  (3  wt%  )  facilitated  better  cross-linking  among

molecular  chains,  including  hydrogen  bonding  and  other  interac-
tions,  reinforcing  the  molecular  framework  and  forming  a  stable,
three-dimensional  structure  with  a  uniform  porous  network[21].
Based on these findings,  subsequent  experiments  focused on opti-
mizing  the  adsorption  properties  of  the  3  wt%  chitosan  aerogel
spheres. 

Characterization of the chitosan aerogels
Gas  adsorption  is  commonly  used  to  characterize  porous  mate-

rials. This method involves adsorbing N2 onto adsorbent particles at
77  K,  and  then  desorbing  the  N2 by  heating  the  sample[33].  This
method enables  the determination of  the specific  surface area and
categorizes  the  pore  size  distribution  during  the  adsorption-
desorption  cycle.  When  characterizing  porous  materials,  various
computational  methods  are  used  to  determine  a  material's  struc-
tural characteristics.

Brunauer-Emmett-Teller  (BET)  analysis  determined  the  micro-
pores  and  mesopores,  while  Barrett-Joyner-Halenda  (BJH)  deter-
mined the mesopores and macropores[21]. At p/p0 = 0.953, the total
pore volume was 0.108 cm³/g (BET) and 0.085 cm³/g (BJH). The aver-
age  pore  sizes  were  3.99  nm  (BET)  and  3.48  nm  (BJH),  and  the
specific surface area was 97.1 m²/g (BJH).  These results confirm the
mesoporous  structure  of  the  chitosan  aerogel  spheres.  The  large
specific  surface  area  and  porous  internal  structure  of  the  chitosan
aerogel spheres are vital for their adsorption capacity.

According  to  the  method  mentioned  above,  the  adsorption
capacity of chitosan aerogel spheres for triterpenoids is 123.5 ± 0.71
mg/g, and the adsorption rate is 19.9% ± 0.20%.

Additionally,  the  functional  groups  present  on  the  chitosan
surface  enable  interactions  with  adsorbed  substances  through
chemical  bonding  or  physical  forces,  further  contributing  to  their
adsorption performance. As shown in Fig. 4a, the infrared spectrum
of  chitosan  aerogel  (CA)  shows  a  peak  at  3,362  cm−1,  which  is  a
result  of  the  overlapping  stretching  vibrations  of  the  O-H  and  N-H
bonds in the chitosan molecule[34].  The peak appears at 2,876 cm−1

representing the symmetric stretching vibration of the C-H bond[35].
The  peaks  at  1,592  cm−1 and  1,150  cm−1 correspond  to  the  N-H
bending and C-O-C bending vibrations,  respectively,  indicating the
presence  of  amide  groups  in  chitosan[36].  The  peak  that  appears  at
1,059 cm−1 corresponds to the stretching vibration of the C-O bond,
which is  indicative of  the amino and hydroxyl  groups.  Interestingly
the  peak  that  typically  appears  at  1,650  cm−1 representing  C=O
stretching  vibration  was  absent.  This  absence  could  be  due  to  the
crystalline structure formed during the preparation of the aerogel.

In  the  infrared  spectrum  of  the  CCSHs  triterpenoids,  the  peaks
appear  at  3,351  and  1,607  cm−1 correspond  to  O-H  stretching  and
C=O  stretching  vibrations,  respectively.  The  peak  at  1,104  cm−1 is
likely  due  to  the  C-O-C  stretching  vibration.  When  comparing  the
infrared  spectrum  of  chitosan  aerogel  (CA)  with  that  of  chitosan
aerogel  adsorbed  with  the  CCSHs  extracts  (CCA),  the  O-H  and  N-H
stretching vibration peak that appeared at 3,362 cm−1 in CA shifted
to  3,356  cm−1 in  CCA.  Additionally,  new  peaks  at  2,973  and  1,602
cm−1 appeared,  while  the  peak  at  1,059  cm−1 disappeared.  These
changes  could  be  attributed  to  the  formation  of  hydrogen  bonds
between the triterpenoids and the hydroxyl groups of chitosan.

The thermogravimetric  (TG)  curve  (Fig.  4b)  was  used to  describe
the  mass  change  of  chitosan  aerogel  spheres  during  the  heating
process, while the derivative thermogravimetric (DTG) curve (Fig. 4c)
represents the first-order differential of the thermogravimetric curve
with  respect  to  temperature.  The  weight  loss  curves  of  chitosan
aerogel  before  and  after  adsorbing  triterpenoids  from  the  CCSH
extracts were roughly similar and could be divided into four stages.
The  first  stage  (30−100  °C)  corresponds  to  the  evaporation  of
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adsorbed water, resulting in mass loss. In the second stage (100−250
°C),  the  material’s  mass  remained  constant.  In  the  third  stage
(250−380  °C),  chitosan  began  to  degrade,  and  in  the  fourth  stage
(380−800  °C),  chitosan  was  further  carbonized  and  decomposed,
resulting  in  additional  mass  loss.  During  these  stages,  chitosan
underwent  various  reactions,  including  dehydration,  deamination,
and  the  breakage  of  glycosidic  bonds,  which  are  reflected  in  the
mass changes as a function of temperature[37]. Aerogels loaded with

the  extracts  exhibited  less  mass  loss  compared  to  unloaded
chitosan,  suggesting that  the interaction between the extracts  and
the aerogel enhanced its thermal stability[38].
 

Antimicrobial activity
The  growth  curve  (Fig.  5)  method  was  used  to  investigate  the

effects  of  chitosan aerogel  (CA),  triterpenoid  extracts,  and chitosan
aerogel adsorbed extracts (CCA) on the growth of E. coli (Fig. 5a) and
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S. aureus (Fig. 5b) over a 24-h period. The OD600 value was used as an

indicator of the growth density of microorganisms. Since most triter-

penoid  compounds  were  insoluble  in  water,  these  compounds

exhibited weak antimicrobial effects.  The results indicated that due

to the adsorption of triterpenoids into chitosan aerogels,  the water

solubility  of  triterpenoids  was  improved,  as  shown  by  the  lowest

growth  density.  Both  CA  and  CCA  inhibited  microbial  growth,

the  growth  density  of  the  CCA  group  was  lower  than  that  of  CA,

indicating  that  chitosan  aerogel  and  triterpenoids  could  achieve
synergistic antibacterial effect.

E.  coli entered the logarithmic growth phase within two hours of
incubation  at  37  °C.  Its  population  density  in  the  experimental
groups was lower than in the control  group,  suggesting that triter-
penoids  and  aerogel  inhibited E.  coli's growth  rate.  After  12  h,  the
E.  coli population  stabilized,  with  a  slight  decline  observed.  In
contrast, S.  aureus exhibited  a  longer  lag  phase,  entering  the
logarithmic growth phase after 4 h, due to physiological differences
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Fig.  3    The  appearance,  morphology,  and  surface  pores  observed  by  electron  microscopy  morphology  of  chitosan  aerogel  spheres  prepared  at  the
concentration of (a)−(c) 3 wt%, and (d)−(f) 2.5 wt%.
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between  the  two  strains,  which  has  also  been  observed  in  other
studies[39]. As shown in Fig. 5b, the growth density of S. aureus in the
CCA and CA groups decreased more significantly than in the control
group.  In  this  experiment, E.  coli exhibited a  lower  susceptibility  to
the antimicrobial effect of triterpenoids of CCSHs, which agrees with
findings reported in other studies[38,40].  The teichoic acid in the cell
walls and the complex membrane structure of gram-negative bacte-
ria are reported to contribute to their stronger resistance to antimi-
crobial  agents[41].  Additionally,  the  longer  lag  phase  observed  in S.
aureus may  have  increased  its  sensitivity  to  environmental  factors,
resulting in a higher level of inhibition during this phase.

Overall, the results indicated that chitosan aerogel spheres loaded
with the CCSH extracts exhibited better antibacterial properties. The
combination  of  the  two  further  inhibited  microbial  growth  and
reproduction,  suggesting  a  synergistic  effect.  This  improvement
may be attributed to the ability of chitosan to increase the solubility
of the triterpenoids[42]. 

Conclusions

An  environmentally  friendly  non-ionic  surfactant  (Span-80)  was
combined  with  ultrasound-assisted  extraction  to  extract  triter-
penoids  from Carya  cathayensis Sarg.  husks  (CCSHs),  and  the  opti-
mized  triterpenoid  yield  was  33.92  ±  0.52  mg  UAE/g  DW.  The
chitosan aerogel spheres were characterized for their structure and
porosity  and  employed  to  adsorb  the  triterpenoids  purified  by
macroporous  resin.  The  spheres  loaded  with  CCSHs  triterpenoids
were tested for antimicrobial activity, and the growth curves of both
E.  coli and S.  aureus indicated  that  the  chitosan  aerogel  spheres
absorbed  the  CCSHs  triterpenoids  exhibited  a  better  antibacterial
property  against  these  two  bacterial  strains  compared  to  using
them alone. Future studies are expected to further refine this extrac-
tion method and conduct a more detailed analysis of the composi-
tion of  the triterpenoids  extracted from CCSHs.  Overall,  the combi-
nation of Span-80 and ultrasound-assisted extraction was proved to
be  a  green  and  efficient  method.  The  triterpenoids  extracted  from
CCSHs  hold  great  potential  as  plant-derived  antimicrobial  agents,
provides  a  foundation  to  reduce  processing  waste  from Carya
cathayensis Sarg. and valorize CCSHs. 
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