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Abstract

The combination of traditional Chinese medicine (TCM) nanoparticles with modern immunotherapy
presents  a  promising  approach  to  enhancing  the  treatment  of  gastrointestinal  tumors.  TCM
nanoparticles can significantly augment the efficacy of conventional immunotherapies by enhancing
immune  cell  activation, modulating  the  tumor  microenvironment,  and  overcoming  immune  evasion
mechanisms. This review explores the integration of TCM nanoparticles with existing immunotherapy
strategies  such  as  immune  checkpoint  inhibitors,  cancer  vaccines,  and  cytokine  therapies.  It  also
summarizes the progress in preclinical  studies and clinical  trials, analyzing their  efficacy and safety
profiles.  Current  research  indicates  that  this  combinatory  approach  has  shown  substantial
improvements in anti-tumor immune responses in animal models, with promising early-stage clinical
trial  results demonstrating favorable safety and potential therapeutic effects.  However, further large-
scale  clinical  trials  are  necessary  to  confirm  its  clinical  efficacy  and  safety.  Future  studies  should
focus  on  optimizing  treatment  regimens  and  identifying  suitable  patient  populations  to  advance  the
clinical application of TCM nanoparticle-based immunotherapy in gastrointestinal cancers.
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Introduction

Gastrointestinal  (GI)  tumors,  encompassing  a  range
of  malignancies  such  as  colorectal,  gastric,  and
esophageal  cancers,  pose  significant  epidemiological
and clinical challenges worldwide [1].  These cancers
are  among  the  leading  causes  of  cancer-related
morbidity and mortality, often diagnosed at advanced
stages  due  to  asymptomatic  progression  in  early
stages  [2].  Traditional  therapeutic  approaches,

including surgery, chemotherapy, and radiation, have
limitations in terms of efficacy and associated toxicity
[3–5].

In  recent  years,  the  integration  of  traditional
Chinese  medicine  (TCM)  into  cancer  treatment  has
garnered  increasing  attention,  particularly  due  to  its
potential to enhance therapeutic outcomes and reduce
side  effects  [6–8].  TCM,  widely  used  in  traditional
practices, offer a rich source of bioactive compounds
that can exert various pharmacological effects [9, 10].
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However,  their  clinical  efficacy  is  often  hindered  by
poor  bioavailability  and  targeted  delivery  challenges
[11].  This  has  led  to  a  growing  interest  in  the
nanonization  of  TCM,  a  process  that  enhances  the
solubility  and  bioavailability  of  these  compounds,
thereby  facilitating  their  use  in  modern  therapeutic
regimens [12].

The  rapid  advancement  of  immunotherapy
represents  a  paradigm  shift  in  the  treatment  of  GI
tumors, aiming to harness the body’s immune system
to  recognize  and  eliminate  cancer  cells  [4,  13].
Despite  promising  outcomes,  many  patients  exhibit
limited  responses  to  current  immunotherapeutic
strategies,  including  immune  checkpoint  inhibitors
and  chimeric  antigen  receptor  T  (CAR-T)  cell
therapies  [14,  15].  This  underscores  the  need  for
innovative  approaches  to  augment  the  effectiveness
of these treatments.

This  review aims to  explore  how the  nanonization
of  TCM can enhance  the  efficacy of  immunotherapy
in treating gastrointestinal tumors. By focusing on the
mechanisms  through  which  TCM  nanoparticles  can
improve  immune  responses  and  modulate  the  tumor
microenvironment,  this  work  highlights  the
innovative potential of combining TCM with cutting-
edge  nanotechnology  in  the  quest  for  more  effective
cancer therapies. 

Nanoparticle Formulation of TCM

The  development  of  nanoparticle  formulations  for
TCM  has  opened  new  avenues  for  enhancing  the

therapeutic  potential  of  TCM.  Nanonization,  or  the
process  of  reducing  TCM  compounds  to  nanoscale
dimensions,  significantly  improves  their  solubility,
bioavailability,  and  targeted  delivery,  overcoming
some of the limitations associated with TCM [16–18].
This  section  explores  the  various  methods  of
nanonization,  along  with  the  design  principles  of
nanocarriers  that  ensure  effective  delivery  and
therapeutic outcomes. 

Nanonization methods

The  nanonization  of  TCM  compounds  involves
transforming  TCM  extracts  into  nanoparticles,
thereby  enhancing  their  absorption  and  efficacy.
Different  methods  can  be  employed,  each  with
distinct  advantages  and  limitations.  The  various
nanonization  methods  for  TCM  compounds,  along
with  their  advantages  and  representative  examples,
are summarized in Table 1. 

Physical methods

Physical  nanonization  techniques  rely  on  mechanical
forces  to  break  down  TCM  particles  into  nanoscale
dimensions without altering their chemical properties. 

High-energy ball milling

This  technique  uses  mechanical  grinding  to  reduce
the size of TCM particles [19].  The process involves
placing  the  material  in  a  chamber  with  balls,  which
rotate  at  high  speeds, causing  the  particles  to  collide
and  fragment.  It  is  effective  for  producing  uniform
nanoparticles  but  may  require  prolonged  milling
times. 

 

Table 1 Methods of nanonization for TCM compounds.

Method Sub-type Application in Immunotherapy Advantages Examples

Physical
methods

High-energy ball
milling

Used for formulating nanoparticles that deliver TCM compounds
for enhancing immune cell activation

Produces uniform
nanoparticles

TCM particles ground to
nanoscale

Jet milling Maintains the stability of sensitive immunomodulatory compounds
in nanoparticle form

Maintains stability of
sensitive compounds

TCM powders processed
via jet milling

Ultrasonication Enhances dispersion of immunostimulatory compounds,
improving their distribution and efficacy Enhances dispersion Epimedium polysaccharide

nanoparticles

Chemical
methods

Solvent evaporation Used to formulate nanoparticles that encapsulate immune
modulators, enhancing the immune response

Consistent size and
shape Curcumin nanoparticles

Co-precipitation Used for encapsulating anti-cancer agents that enhance antigen
presentation and immune cell infiltration Narrow size distribution Steroid nanoparticles fromcane toad poison

Emulsion
techniques

Applied in the preparation of hydrophobic immune adjuvants that
increase antigen presentation and immune responses

Effective for
hydrophobic
compounds

Ginkgolides nanoparticles

Biological
methods

Green synthesis
using plant extracts

Plant-based nanoparticles can enhance immune response by
activating immune cells like T cells and NK cells

Eco-friendly,
biocompatible Neem silver nanoparticles

Enzymatic
synthesis

Enzyme-catalyzed synthesis of nanoparticles for delivering TCM
compounds that activate immune responses

High specificity, mild
conditions

β-Cyclodextrin
nanoparticles

Microbial synthesis Microbial synthesis can produce nanoparticles that modulate
immune responses, enhancing immune cell infiltration Scalable, cost-effective Selenium nanoparticles byFusarium oxysporum
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Jet milling

Jet milling utilizes high-velocity air or steam to grind
particles  into  nanoparticles  [20].  It  is  a  dry  process
that  can  be  applied  to  temperature-sensitive  TCM
components  without  affecting  their  stability.  This
method is  advantageous for maintaining the integrity
of TCM compounds. 

Ultrasonication

Ultrasonication  involves  the  use  of  ultrasonic  waves
to  induce  cavitation  in  a  liquid  medium,  breaking
down  larger  particles  into  smaller  ones  [21].  It  is
particularly  useful  for  dispersing  nanoparticles  in
solution  and  can  be  used  in  combination  with  other
methods  for  improved  results.  Ultrasonication  has
been  employed  in  the  preparation  of  water-soluble
Epimedium  polysaccharides  nanoparticles  [22].  By
combining  ultrasonication  with  other  methods,
researchers  achieved  a  more  homogenous  dispersion
of  nanoparticles,  enhancing  their  therapeutic  effects
in preclinical studies [23]. 

Chemical methods

Chemical approaches to nanonization involve the use
of  solvents,  surfactants,  or  other  reagents  to  create
nanoparticles.  These  methods  allow  for  precise
control over particle size and morphology, but require
careful consideration of solvent toxicity and removal. 

Solvent evaporation

TCM compounds are dissolved in a solvent, which is
then  evaporated,  leaving  behind  nanoparticles  [24].
The  technique  is  effective  for  forming  nanoparticles
with  consistent  size  and  shape,  but  the  choice  of
solvent is critical to ensure biocompatibility [25]. For
example,  the  use  of  solvent  evaporation  has  been
reported  for  preparing  nanoparticles  from  Curcuma
longa  (turmeric).  Curcumin,  the  active  ingredient,
was  dissolved  in  ethanol,  and  upon  evaporation,
nanoparticles  with  enhanced  solubility  and  stability
were  formed.  These  nanoparticles  demonstrated
improved anticancer activity in vitro compared to free
curcumin [26]. 

Co-precipitation

This technique involves dissolving TCM components
in a solvent, followed by the addition of a non-solvent
to induce precipitation. The nanoparticles form as the
solute  precipitates  out  of  the  solution  [27].  Co-
precipitation is useful for creating nanoparticles with

a  narrow size  distribution.  Co-precipitation  has  been
effectively  utilized  to  produce  nanoparticles  from
various  TCM  compounds  [28].  For  instance,
researchers  have  successfully  created  nanoparticles
from cane toad poison-derived steroids by dissolving
the  active  ingredients  in  a  suitable  organic  solvent
and  then  adding  water  as  a  non-solvent  to  induce
precipitation.  This  process  resulted  in  the  formation
of  nanoparticles  with  uniform  size  and  morphology.
The  resulting  nanoparticles  demonstrated  enhanced
bioavailability and bioactivity compared to their bulk
counterparts,  highlighting  the  potential  of  co-
precipitation for improving the therapeutic properties
of TCM [29]. 

Emulsion techniques

Emulsion-based  methods,  such  as  oil-in-water  or
water-in-oil  emulsions, are used to encapsulate TCM
components in nanoparticles [30]. Once the emulsion
is  formed,  the  solvent  is  removed,  leaving  behind
stable  nanoparticles.  These  techniques  are
advantageous  for  encapsulating  hydrophobic
compounds  [31].  For  example,  emulsion  techniques
have  been  utilized  to  encapsulate  the  bioactive
components  of  Ginkgo  biloba.  By  using  an  oil-in-
water  emulsion  method,  researchers  encapsulated
ginkgolides  in  nanoparticles,  which  demonstrated
enhanced  stability  and  bioavailability,  providing  a
more  effective  delivery  system  for  the  therapeutic
compounds found in Ginkgo biloba [32]. 

Biological synthesis

Biological  methods  for  nanonization  are  gaining
traction  due  to  their  eco-friendly  and  biocompatible
nature.  These methods utilize  natural  agents, such as
plant  extracts,  enzymes,  or  microorganisms,  to
produce nanoparticles for clinical use. 

Green synthesis using plant extracts

Plant  extracts  containing  bioactive  compounds  can
act  as  reducing  and  capping  agents,  facilitating  the
formation  of  nanoparticles  [33].  This  method  is
environmentally  sustainable  and  results  in
nanoparticles  that  are  generally  more  biocompatible,
enhancing  their  safety  for  clinical  use  [34].  For
instance, researchers have demonstrated the synthesis
of  silver  nanoparticles  using  extracts  from
Azadirachta indica  (neem) [35].  The phytochemicals
in the neem extract  effectively reduced silver ions to
form  nanoparticles,  which  exhibited  potent
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antibacterial activity against various pathogens. These
neem-synthesized  nanoparticles  not  only  showed
improved  antimicrobial  properties  but  also  displayed
low  cytotoxicity,  underscoring  their  potential  for
clinical applications [36]. 

Enzymatic synthesis

Enzymes can catalyze the formation of  nanoparticles
by reducing metal ions or modifying TCM molecules
[37].  This  approach  is  highly  specific,  allowing  for
controlled  synthesis  under  mild  conditions,  which
preserves the integrity of sensitive TCM components.
A notable example involves the use of enzymatic and
ultrasound-assisted  extraction  of  β-cyclodextrin  to
isolate  active  ingredients  from  Forsythia  suspensa.
This  method  not  only  enhances  the  extraction
efficiency  of  the  active  compounds  but  also  retains
their  antioxidant  and  anti-inflammatory  activities
[38]. 

Microbial Synthesis

Microorganisms,  such  as  bacteria  or  fungi,  can  be
used  to  synthesize  nanoparticles  through  their
metabolic  processes  [39].  This  method  is  not  only
cost-effective  but  also  scalable  for  mass  production.
The  nanoparticles  produced  often  exhibit  unique
properties  that  enhance  their  therapeutic  potential
[37].  For  example,  Fusarium  oxysporum,  a  fungal
species,  has  been  successfully  utilized  to  produce
selenium nanoparticles.  The fungal extract facilitated
the  reduction  of  selenite  ions  to  form  nanoparticles,
which  exhibited  notable  anticancer  activity  against
breast  cancer  cell  lines.  The  unique  properties  of
these  selenium  nanoparticles,  such  as  their  size  and
shape,  contributed  to  their  enhanced  therapeutic
effects [40, 41]. 

Design of nanocarriers

The design of nanocarriers is critical to enhancing the
delivery  and  efficacy  of  TCM medicine  components
for cancer therapy. By engineering these nanocarriers
to  be  multifunctional,  they  can  achieve  specific
targeting,  controlled  release,  and  improved
therapeutic  outcomes  while  minimizing  adverse
effects.  Tailoring  nanocarrier  structures  and
properties  allows  for  precise  delivery  of  TCM
compounds  within  the  tumor  microenvironment,
optimizing treatment impact and ensuring safety. 

Targeting mechanisms

Nanocarriers  can  be  customized  with  targeting

ligands  like  antibodies,  peptides,  or  aptamers,
enabling  them  to  selectively  bind  to  receptors  on
cancer  cells  and  improve  the  specificity  of  treatment
[42,  43].  Active  targeting  is  achieved  through  these
ligand attachments, which allow nanocarriers to home
in on overexpressed receptors  specific  to  tumor cells
[44]. This targeted approach not only maximizes drug
accumulation  at  the  tumor  site  but  also  reduces  off-
target effects, thus enhancing treatment efficacy [45].
Additionally,  passive  targeting  leverages  the
Enhanced  Permeability  and  Retention  (EPR)  effect
[46],  a  unique  feature  of  tumor  environments
characterized  by  leaky  vasculature  and  limited
lymphatic  drainage  [47].  By  designing  nanocarriers
that  utilize  the  EPR  effect,  drug  molecules  can
accumulate  more  effectively  in  tumor  tissues,  even
without  active  ligands,  ensuring  selective  drug
distribution in cancerous sites [48]. 

Controlled release

Controlled  release  mechanisms  are  crucial  for
maintaining optimal therapeutic concentrations at the
target  site  over  prolonged  periods,  which  improves
efficacy  while  reducing  systemic  toxicity.  Stimuli-
responsive  nanoparticles  allow  for  precise  control
over  drug  release,  responding  to  specific  internal
triggers  such  as  pH changes  or  enzyme  levels  in  the
tumor  microenvironment,  or  external  stimuli  like
temperature or magnetic fields [49]. For example, pH-
sensitive  nanoparticles  release  their  contents
specifically within the acidic environment of a tumor,
ensuring localized drug delivery with minimal impact
on  healthy  tissue  [50].  Additionally,  by  utilizing
biodegradable  polymers  in  the  nanocarriers,  it  is
possible to design systems that gradually degrade and
release therapeutic compounds in a sustained manner,
reducing the need for frequent dosing and minimizing
systemic  exposure,  thus  providing  continuous
treatment coverage and reducing potential side effects
[51, 52]. 

Multifunctionality

Incorporating  multifunctionality  into  nanocarriers
enhances  the  overall  treatment  potential  by  allowing
for  simultaneous  therapeutic,  diagnostic,  and
synergistic capabilities. Theranostic nanoparticles, for
example,  integrate  both  therapeutic  and  diagnostic
functions, allowing real-time monitoring of treatment
progress  alongside  the  drug  delivery  [53].  These
nanoparticles  can  be  loaded  with  TCM  compounds
for  therapy  as  well  as  imaging  agents  to  track  drug
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distribution  and  therapeutic  effectiveness  directly
within the tumor [54].  Co-delivery systems represent
another  powerful  approach,  as  they  allow  for  the
transportation  of  multiple  drugs  or  TCM compounds
within  a  single  nanocarrier  [55].  By  delivering  a
combination  of  therapeutic  agents  that  target  various
aspects of disease progression, these systems enhance
the  overall  treatment  effect  and  provide  a
comprehensive,  multi-targeted  therapeutic  approach,
which  is  especially  valuable  in  tackling  the
complexity of tumor growth and resistance. 

Immunotherapy  for  Gastrointestinal
Tumors

Immunotherapy  offers  significant  advantages  over
traditional  cancer  treatments  by  modulating  the
immune  system  to  recognize  and  eliminate  cancer
cells,  potentially  providing  long-lasting  therapeutic
effects. Key immunotherapy strategies for GI cancers
include  immune  checkpoint  inhibitors,  CAR-T  cell
therapy, and therapeutic vaccines, all of which aim to
enhance  the  body’s  immune  response  to  combat
cancer. 

Current immunotherapy strategies

Immunotherapy  offers  significant  advantages  over

traditional cancer treatments by targeting cancer cells
with  precision,  potentially  leading  to  long-lasting
therapeutic effects. Key immunotherapy strategies for
GI  cancers  include  immune  checkpoint  inhibitors,
CAR-T  cell  therapy,  and  therapeutic  vaccines,  all  of
which aim to modulate the immune response to fight
cancer.  Figure  1  illustrates  the  current
immunotherapy  approaches  for  gastrointestinal
tumors. 

Immune checkpoint inhibitors

Immune  checkpoint  inhibitors  (ICIs)  have
revolutionized  cancer  therapy  by  targeting  specific
proteins  such  as  PD-1,  PD-L1,  and  CTLA-4,  which
act  as  brakes  on  the  immune  system  [56,  57].  By
blocking these inhibitory signals,  ICIs enable T cells
to  remain  active  and  attack  cancer  cells.  Drugs  like
pembrolizumab  and  nivolumab,  which  target  PD-
1/PD-L1,  have  shown  promising  results,  particularly
in  advanced  colorectal  cancer  (CRC)  with
microsatellite  instability-high  (MSI-H)  or  mismatch
repair-deficient  (dMMR)  tumors  [58,  59].  These
inhibitors enhance T cell activation and proliferation,
improving  the  immune  system’s  ability  to  target
cancer cells. Additionally, anti-CTLA-4 therapies like
ipilimumab,  often  combined  with  PD-1  inhibitors,
can  further  boost  immune  responses  by  blocking  T
cell  inhibition  through  multiple  pathways  [60,  61].

 

Fig. 1 Current immunotherapy for gastrointestinal tumors. (Figure created with BioRender.com)
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However,  the  efficacy  of  ICIs  is  limited  in  patients
without  specific  biomarkers,  and  resistance  to  these
therapies  remains  a  significant  challenge.  For
example,  in  advanced  colorectal  cancer  (CRC),
patients  with  microsatellite  stable  (MSS)  tumors  or
those  without  dMMR typically  show  poor  responses
to  PD-1/PD-L1  inhibitors,  as  they  lack  the  genetic
instability that makes them susceptible to ICI therapy.
Similarly, in gastric cancer, where PD-L1 expression
is  often  heterogeneous,  patients  who  do  not  exhibit
high  PD-L1  expression  may  not  benefit  from
nivolumab  or  pembrolizumab  [62].  An  example  of
resistance is seen in hepatocellular carcinoma (HCC),
where  upregulation  of  alternative  immune
checkpoints  like  TIM-3  and  LAG-3  in  the  tumor
microenvironment can impair the effectiveness of PD-
1  inhibitors,  leading  to  resistance  [63].  This
underscores  the  need  for  biomarkers  to  predict  the
response to immunotherapy. As a result, combination
therapies, such as pairing ICIs with targeted therapies
or  tumor  microenvironment-modulating  agents,  are
being  explored  to  enhance  treatment  efficacy  and
overcome  resistance  mechanisms  in  GI  cancers  [64,
65]. 

CAR-T cell therapy

CAR-T  cell  therapy  has  demonstrated  considerable
success  in  hematological  cancers  and  is  now  being
investigated  for  use  in  solid  tumors,  including  GI
cancers [66]. In GI cancers, CAR-T cells are designed
to  target  antigens,  which  are  overexpressed  in  some
tumor types [67]. While preclinical and early clinical
trials  have  shown  promising  results,  the  solid  tumor
microenvironment  presents  significant  barriers  to  the
success  of  CAR-T  therapy,  including  immune
suppression,  insufficient  T  cell  infiltration,  and
antigen  heterogeneity  [68].  Overcoming  these
challenges  is  critical  to  improving  the  efficacy  and
therapeutic  potential  of  CAR-T  cell  therapy  for  GI
cancers. 

Therapeutic vaccines

Therapeutic  cancer  vaccines  aim  to  elicit  a  targeted
immune  response  by  introducing  tumor-associated
antigens to stimulate the immune system to recognize
and  destroy  cancer  cells.  Various  types  of  vaccines,
including  peptide-based  and  DNA-based  vaccines
targeting  specific  tumor  antigens  (such  as  CEA  and
MUC1)  [69, 70],  have  been  developed  to  enhance  T
cell  responses  against  GI  tumors.  These  vaccines

function by priming the immune system to recognize
tumor  cells  as  foreign  and  mount  a  cytotoxic
response. However, their success is highly dependent
on the immunogenicity of the target antigens, as well
as overcoming immune tolerance mechanisms within
the  tumor  microenvironment.  Another  promising
approach  involves  dendritic  cell  (DC)  vaccines,
which  aim  to  directly  activate  T  cells  by  presenting
tumor  antigens  to  the  immune  system,  promoting  a
more  specific  and  robust  anti-tumor  response  [71,
72].  Despite progress, significant  challenges, such as
tumor heterogeneity and immune escape mechanisms,
continue  to  hinder  the  widespread  effectiveness  of
these immunotherapies. 

Potential of TCM in immunotherapy

TCM provides a complementary approach to modern
immunotherapy by offering TCM compounds that can
modulate the immune system and improve the tumor
microenvironment.  The  integration  of  TCM  with
current immunotherapeutic strategies has the potential
to enhance the efficacy of treatment and overcome the
limitations  of  existing  therapies.  Figure  2  illustrates
the  potential  mechanisms  of  action  of  TCM  in  GI
cancer immunotherapy. 

Enhancement of immune responses

Several  TCM  compounds  have  been  identified  for
their  ability  to  stimulate  immune  responses,  making
them potential candidates for enhancing the effects of
immunotherapy.  Polysaccharides  derived  from  herbs
like  Ganoderma  lucidum  (Reishi  mushroom)  and
Astragalus  membranaceus  (Astragalus)  have
demonstrated  immunostimulatory  properties  by
promoting the activation and proliferation of immune
cells such as T cells, dendritic cells, and natural killer
(NK) cells [73, 74]. By enhancing the body’s natural
immune  defenses,  these  TCM  components  may
synergistically  improve  the  therapeutic  outcomes  of
immunotherapies like checkpoint inhibitors [75]. 

Improvement of tumor microenvironment

The  tumor  microenvironment  (TME)  is  often
immunosuppressive features that allow cancer cells to
evade  immune  surveillance  and  proliferate
unchecked. Certain TCM herbs have shown potential
in  modulating  the  TME  to  create  a  more  favorable
environment  for  immune  activity.  For  example,
extracts from Scutellaria baicalensis (Baikal skullcap)
and  Panax  ginseng  have  been  found  to  inhibit  the
production  of  immunosuppressive  cytokines  like  IL-

166 Nano Biomed. Eng., 2025, 17(2)

https://www.sciopen.com/journal/2150-5578

https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578


10 and TGF-β [76–78]. This modulation can alleviate
immune  suppression,  facilitating  a  more  favorable
environment  for  immune  cell  infiltration  and
enhancing  the  effectiveness  of  immunotherapies.
Additionally,  TCM  compounds  have  been  shown  to
promote  the  recruitment  of  effector  immune  cells
such as T cells and NK cells to tumor sites, which is
crucial  for  therapies  relying  on  immune-mediated
tumor  cell  killing  [79–81].  For  example,  Astragalus
polysaccharides significantly increased the activation
and  proliferation  of  CD8+  T  cells  within  the  tumor
microenvironment,  leading  to  enhanced  tumor  cell
killing and improved survival rates in animal models
[82]. Similarly, Ginsenoside Rg1, derived from Panax
ginseng,  has  been  shown  to  promote  the  recruitment
of T cells to tumor sites, boosting the innate immune
response [83].

These  findings  provide  strong  evidence  that  TCM
compounds  not  only  enhance  the  overall  immune
response but also specifically increase the recruitment
and activity of effector immune cells like T cells and
NK  cells  in  the  tumor  microenvironment,  thereby
improving  the  effectiveness  of  immune-based  cancer
therapies. 

Synergistic effects with immunotherapy

The  combination  of  TCM  with  conventional
immunotherapy  holds  significant  promise  for

inducing  synergistic  effects  that  can  improve  overall
treatment  outcomes.  For  instance,  TCM  compounds
with  immune-modulatory  properties  can  be  used  in
conjunction  with  immune  checkpoint  inhibitors  to
enhance  therapeutic  responses.  Furthermore,  TCM
can  play  a  role  in  mitigating  the  side  effects  of
immunotherapy  [84].  TCM  compounds  with  anti-
inflammatory  and  antioxidant  properties  can  help
reduce the adverse effects of conventional treatments,
improving patient tolerance and quality of life during
therapy  [85].  By  integrating  TCM  with  current
immunotherapeutic  strategies,  there  is  potential  to
improve  patient  outcomes  in  GI  cancers, particularly
by  enhancing  immune  activation,  modulating  the
TME,  and  providing  a  synergistic  boost  to  existing
treatments. 

Mechanisms  of  Traditional
Chinese  Medicine  Nanoparticles
in Enhancing Immunotherapy
 

Immune system activation

TCM nanoparticles  enhance  the  immune  response  to
tumors through multiple, interconnected mechanisms,
offering  a  comprehensive  approach  to  tumor
immunotherapy.  The  activation  of  both  innate  and
adaptive  immune responses  is  central  to  their  action,

 

Fig. 2 The  potential  mechanism  of  traditional  chinese  medicine  in  GI  cancer  immunotherapy.  (Figure  created  with
BioRender.com)
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stimulating  a  variety  of  immune  cells,  including  T
cells,  natural  killer  (NK)  cells,  and  macrophages
[86–88].  These  immune  cells  are  key  to  detecting,
targeting,  and  eliminating  tumor  cells  [89–91].  A
significant  feature  of  TCM  nanoparticles  is  their
ability  to  enhance  the  activation  and  cytotoxicity  of
CD4+  helper  T  cells  and  CD8+  cytotoxic  T  cells.
These  cells  are  crucial  for  immune  responses  and
directly targeting tumor cells. By promoting CD4+ T
cell  proliferation  and  activation,  TCM  nanoparticles
also  facilitate  the  activation  of  CD8+  T  cells, which
are crucial for killing tumor cells. A key factor in this
process  is  the  increased  production  of  cytokines,
especially  interleukin-2  (IL-2)  and interferon-gamma
(IFN-γ). IL-2 supports T cell expansion and survival,
while IFN-γ enhances the cytotoxic activity of T cells
and  NK  cells.  A  novel  nanoplatform,
(As+Ce6)@MSNs-PEG, was developed, consisting of
astragaloside  III  (As),  an  innate  immune  activator,
and Ce6, a photosensitizer for photodynamic therapy
(PDT).  This  nanoplatform  effectively  activates  NK
cells  and  suppresses  tumor  cell  proliferation.  It  also
boosts  NK  cell  and  CD8+  T  cell  cytotoxicity  and
stimulates  IFN-γ  secretion,  further  enhancing  anti-
tumor  immune  responses  [92]  (Fig.  3).  Furthermore,
IFN-γ  activates  various  immune  cells,  including
macrophages  and  dendritic  cells,  improving  their
ability  to  attack  cancer  cells.  This  boost  in  cytokine
production is not just a byproduct of the nanoparticles
but  a  critical  element  of  their  ability  to  enhance
immune  responses.  The  effect  of  TCM nanoparticles
on  NK  cells  further  exemplifies  their  capacity  to
modulate  immune  activity.  By  increasing  the
expression  of  activation  receptors,  such  as  NKG2D
and  NKp30,  TCM  nanoparticles  enhance  NK  cell
recognition of tumor cells. These receptors are crucial
in  the  detection  of  “stressed”  or  malignant  cells  that
would  otherwise  evade  immune  surveillance.  Once
activated,  NK  cells  release  cytotoxic  molecules,
including  perforin  and  granzymes, which  lead  to  the
direct destruction of tumor cells.

In addition to their effects on T cells and NK cells,
TCM  nanoparticles  influence  macrophage  function,
particularly  through  polarization.  Macrophages  can
adopt  different  phenotypic  states,  with  the  M1
phenotype being pro-inflammatory and supportive of
anti-tumor  immunity,  while  the  M2  phenotype  is
associated  with  immune  suppression  and  tumor
progression. A study developed a novel nanoparticle-
based  vaccine  capable  of  promoting  dendritic  cell

maturation,  inhibiting  VEGF signaling, and reducing
M2  macrophage  differentiation,  thereby  enhancing
CD8+  T  cell  activation  to  achieve  antitumor  effects
[93].  TCM nanoparticles  promote  the  polarization  of
macrophages  toward  the  M1  phenotype,  which
enhances their role in driving immune activation. M1
macrophages  produce  a  range  of  cytokines  that
activate  other  immune  cells,  facilitate  antigen
presentation,  and  stimulate  the  immune  response.  At
the  same  time,  these  nanoparticles  suppress  the  M2
phenotype,  reducing  the  immunosuppressive  signals
that  tumors  rely  on  to  evade  immune  detection.  By
shifting  the  balance  in  favor  of  M1  macrophages,
TCM  nanoparticles  not  only  bolster  the  immune
response  but  also  prevent  the  tumor  from  co-opting
macrophages  to  create  an  immune-suppressive
environment.  Furthermore,  TCM  nanoparticles  can
activate  dendritic  cells  to  enhance  the  effects  of
immunotherapy.  LNT-UA  is  a  self-assembled
traditional  Chinese  medicine  nanoparticle
formulation,  where  UA  (ursolic  acid)  induces
immunogenic  cell  death  (ICD)  in  tumor  cells.  LNT
(lipid  nanoparticles)  can  promote  dendritic  cell
maturation  and  shift  tumor-associated  macrophages
from  the  pro-tumor  M2  phenotype  to  the  anti-tumor
M1  phenotype.  When  combined  with  anti-CD47
antibodies,  LNT-UA  further  enhances  anti-tumor
immunity  by  promoting  the  phagocytosis  of  dying
tumor cells and tumor-associated antigens, effectively
inhibiting  the  growth  of  both  primary  and metastatic
tumors [94] (Fig. 4).

Through  these  actions-activating  T  cells  and  NK
cells,  boosting  cytokine  production,  and  modulating
macrophage  polarization-TCM  nanoparticles
strengthen  the  immune  system’s  ability  to  fight
cancer.  This  multi-targeted  approach  provides  a
powerful tool to improve the body’s natural defenses
against  tumors.  By targeting  multiple  components  of
the  immune  system  simultaneously,  TCM
nanoparticles  could  significantly  enhance
immunotherapy  effectiveness,  leading  to  improved
patient outcomes. 

TEM remodeling

Nanoparticles  have  emerged  as  powerful  tools  for
remodeling  the  TME,  a  critical  factor  in  cancer
progression  and  immune  suppression.  Among  these,
TCM-derived  nanoparticles  provide  a  unique,
multifunctional  approach  to  targeting  various
immunosuppressive  components  of  the  TME,
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enhancing  anti-tumor  immune  responses,  and
improving therapeutic efficacy.

A  major  advantage  of  TCM  nanoparticles  is  their
ability to enhance immune cell infiltration into tumor

tissues.  GDNPs  reprogram  tumor-associated
macrophages (TAMs) to downregulate the expression
of  ARG1,  which  enhances  T  cell  activity.
Specifically, GDNPs polarize M2 macrophages to M1

 

Fig. 3 In  vivo  imaging  and  synergistic  antitumor  immunotherapy  mechanism  of  (As+Ce6)@MSNs-PEG  nanoparticles.  (a)
Fluorescence imaging of CT26 tumor-bearing mice at pre-injection and 2, 6, 12, and 24 h post-injection of control, Ce6, and (As +
Ce6)@MSNs-PEG groups. (b) Ex vivo fluorescence imaging of major organs and tumor in the (As + Ce6)@MSNs-PEG group 24
h post-injection.  (c–d) Ex vivo  images and statistical  fluorescence intensity of  tumors in control, Ce6, and (As + Ce6)@MSNs-
PEG  groups  24  h  after  injection.  *p  <  0.05.  (e)  Schematic  synthesis  and  synergistic  antitumor  immunotherapy  mechanism  of
(As+Ce6)@MSNs-PEG nanoparticles. Reproduced with the permission from Ref. [92]. ©2021 Elsevier Ltd.
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macrophages,  reducing  ARG1  release,  which
promotes  T  cell  proliferation  and  activation,
particularly the cytotoxic function of CD8+ effector T
cells  (CD8Teff).  GDNPs  also  reduce  the  expression
of immune checkpoint molecules (such as ICOS, PD-
1,  and  TIGIT),  alleviating  T  cell  exhaustion  and
enhancing  anti-tumor  immune  responses.
Furthermore,  GDNPs  activate  the  mTOR-T-bet
signaling  pathway,  further  improving T cell  function
and boosting the effectiveness of immunotherapy [95]
(Fig. 5).

In  addition  to  enhancing  immune  infiltration,

traditional  Chinese  medicine  (TCM)  nanoparticles
play  a  key  role  in  overcoming  tumor  cell  immune
evasion  mechanisms.  One  key  mechanism  is  the
overexpression of immune checkpoint molecules like
PD-L1.  TCM nanoparticles  can downregulate PD-L1
expression, restore immune surveillance, and enhance
the efficacy of checkpoint inhibitors, such as anti-PD-
1/PD-L1  therapy.  For  example,  Ab@Rg1/Att-ZIF,  a
nanoparticle designed to deliver ginsenoside Rg1 and
atractyloside-I  (Att),  targets  MSS-CRC  tumors.  It
releases  Rg1,  which  promotes  tumor  antigen
processing in dendritic  cells, aiding their  maturation.
Meanwhile,  Att  enhances  the  activity  of  the  26S

 

Fig. 4 TCM nanoparticles activate dendritic cells to enhance the effects of immunotherapy. (a) Experimental plan schematic. (b–c)
Tumor growth curves for saline, LNT, UA, and LNT-UA treatments. Data presented as mean ± SEM (n = 5). ***p < 0.001. (d)
Body weight changes of mice during the experiment. Data presented as mean ± SD (n = 5). (e) Schematic of LNT-UA preparation
and its combination with αCD47 for CRC immunotherapy. LNT-UA nanoparticles co-deliver UA (inducing immunogenic cancer
cell death) and LNT (promoting dendritic cell maturation and repolarizing TAMs from M2 to M1 phenotype). Reproduced from
Ref. [94] ©2022 The Authors.
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proteasome  complex  in  tumor  cells,  leading  to
increased  expression  of  major  histocompatibility
complex  class  I  (MHC-I).  These  coordinated  effects
enhance  CTL  infiltration  and  recognition  in  MSS-
CRC,  significantly  improving  the  tumor  suppression
efficacy of PD-1 therapy [96] (Fig. 6).

Metabolic  reprogramming  of  the  TME  represents
another  promising  avenue  for  TCM  nanoparticles.
Tumor  cells  often  create  an  acidic,
immunosuppressive  environment  by  producing  lactic
acid  due  to  the  Warburg  effect  [97,  98].  TCM
nanoparticles  can  mitigate  these  effects  by  shifting
tumor  metabolism  from  glycolysis  to  oxidative
phosphorylation,  thereby  reducing  lactate  production
and  normalizing  pH  levels.  Additionally,  these
nanoparticles  enhance  mitochondrial  function  in
immune cells, improving their energy metabolism and
allowing  them  to  sustain  effective  anti-tumor
activities. For instance, ginseng-derived nanoparticles

have  demonstrated  the  potential  to  restore  metabolic
balance  in  preclinical  models,  significantly  boosting
the anti-tumor immune response [95].

Another critical target of TCM nanoparticles is the
cancer-associated fibroblasts (CAFs) within the TME.
CAFs  contribute  to  tumor  progression,  immune
evasion,  and  metastasis  by  producing  extracellular
matrix  components,  cytokines,  and  growth  factors
such  as  TGF-β  and  VEGF  [99,  100].  TCM
nanoparticles  disrupt  these  processes  by  modulating
CAF activity. For example, nanoparticles loaded with
α-mangostin and triptolide inhibit CAF activation and
reduce  extracellular  matrix  production,  promoting
tumor  blood  vessel  normalization  and  improving
blood perfusion in tumor areas [101].

TCM  nanoparticles  represent  a  promising  frontier
in cancer therapy, offering a multi-targeted strategy to
transform  the  immunosuppressive  TME  and  amplify
the  efficacy  of  existing  treatments.  Future  research

 

Fig. 5 Characterization  and  mechanism  of  GDNPs  in  modulating  T  cell  exhaustion  and  macrophage  reprogramming.  (a)  TEM
image of GDNPs purified using differential ultracentrifugation. (b) Representative quantification of immune checkpoints (ICOS,
PD-1, TIGIT, and TIM3) on CD8+ T cells. The expression levels of transcription factors Eomes, Tox, and T-bet in both CD4+ and
CD8+  T  cells  were  analyzed.  Data  represent  the  mean  ±  SEM  from  three  independent  experiments.  Statistical  analysis  was
performed  using  one-way  ANOVA.  (c)  UMAP  analysis  depicting  the  T  cell  composition,  colored  by  cluster.  (d)  Schematic
illustrating the mechanism by which GDNPs alleviate T cell  exhaustion through macrophage reprogramming. Reproduced from
Ref. [95] ©2021 The Authors.
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should focus on optimizing their  clinical  application,
exploring  synergies  with  immunotherapies,  and
utilizing  advanced  technologies  such  as  single-cell
sequencing and organoid models to better understand
their  mechanisms  of  action  and  guide  personalized
medicine approaches. 

Innovative integration models

The  integration  of  TCM  nanoparticles  with  existing
immunotherapy  approaches  offers  a  promising
strategy  to  enhance  treatment  efficacy  in
gastrointestinal  tumors.  This  combination  leverages
the  immune-boosting  properties  of  TCM  and  the
advanced  mechanisms  of  modern  immunotherapies.
TCM  nanoparticles  can  complement  immune
checkpoint  inhibitors,  cancer  vaccines,  and  cytokine

therapies  by  enhancing  immune  cell  activation,
modulating  the  tumor  microenvironment,  and
overcoming  resistance  mechanisms  [106].  Such
combined  strategies  aim to  improve  tumor  targeting,
increase  immune  cell  infiltration,  and  potentiate  the
effects  of  conventional  treatments,  leading  to  better
overall treatment outcomes [107].

Current  preclinical  studies  show  that  TCM
nanoparticles, when combined with immunotherapies,
can  enhance  anti-tumor  immunity  and  reduce  side
effects  [108].  These  studies  have  demonstrated
increased  tumor  regression  and  improved  survival  in
animal models [109]. In clinical research, early-phase
trials  have  shown  that  this  combination  can  be  safe
and potentially effective, though more extensive trials

 

Fig. 6 Schematic diagram of Ab@Rg1/Att-ZIF combined with αPD-1 in MSS. (a) Preparation of Ab@Rg1/Att-ZIF. (b) Following
intravenous  injection, Ab@Rg1/Att-ZIF  was  phagocytosed  by  monocytes/macrophages  and  delivered  to  the  tumor  core.  Upon
disintegration, it released Rg1 and Att, which enhanced tumor antigen processing in DCs, upregulated MHC-I expression in tumor
cells,  promoted  CTL  infiltration,  and  enabled  tumor  cell  recognition  and  destruction.  The  combination  with  αPD-1  further
amplified the therapeutic efficacy against MSS CRC. Reproduced from Ref. [96] ©2024 The Authors.
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are  needed  to  confirm  these  results  [107,  110].
Ongoing studies are focusing on optimizing treatment
regimens  and  understanding  the  best  patient
populations for this combined therapy (Table 2). 

Safety and toxicity assessment

Biocompatibility  studies  are  crucial  for  assessing the
safety  of  TCM  nanoparticles,  particularly  their
potential  effects  on  normal  cells  and  the  immune
system [111].  These  studies  aim to  evaluate  whether
the nanoparticles elicit any adverse reactions, such as
cytotoxicity  or  immune system activation,  in  healthy
tissues  [112].  Typically,  these  studies  are  performed
using in vitro cell cultures and in vivo animal models
to  ensure  that  the  TCM  nanoparticles  are  safe  for
human  use  without  causing  unintended  harm  to
normal biological functions.

Long-term toxicity studies are essential to evaluate
the  safety  profile  of  TCM  nanoparticles  over
extended periods. These studies are usually conducted
in animal models to assess any potential chronic toxic
effects,  such  as  organ  damage  or  systemic  toxicity,
which may not be apparent in short-term studies [113,
114]. The results from these studies provide valuable
insights into the clinical translation potential of TCM
nanoparticles, helping to determine whether they can
be  safely  used  for  long-term  treatment  without
significant side effects or risks to human health [115]. 

Conclusions

This  review  underscores  the  growing  significance  of
TCM nanonization  in  enhancing  the  effectiveness  of
immunotherapy for GI tumors. By transforming TCM
compounds  into  nanoparticles,  their  bioavailability,
target  specificity,  and  therapeutic  outcomes  can  be
substantially  improved.  The  integration  of  TCM
nanocarriers  with  conventional  immunotherapies,
such  as  immune  checkpoint  inhibitors,  has  shown
promising  potential  in  overcoming  treatment
resistance and boosting immune activation, ultimately
improving treatment efficacy.

The  combination  of  TCM  nanonization  and
immunotherapy  offers  substantial  promise  in
improving  patient  prognosis  for  GI  cancers.  Clinical
application prospects are particularly exciting, as this
approach could offer more personalized and effective
treatment  strategies,  leading  to  enhanced  patient
outcomes.  Future  applications  may  involve  further
optimization of nanoparticle formulations to enhance
their  targeting  capabilities  and  reduce  systemic
toxicity.  Additionally,  continued  exploration  of
synergistic  effects  between  TCM  compounds  and
immunotherapy  could  unlock  novel  pathways  for
enhancing  the  immune  response  and  overcoming  the
limitations of current cancer treatments.  With further
clinical  validation  and  optimization,  TCM

 

Table 2 TCM nanoparticles for GI cancer immunotherapy.

TCM Immune efficacy Cancer type Experimental
research Ref.

Gambogic acid
(GA)

Activate dendritic cell maturation, reduce M2 macrophage differentiation,
enhance CD8+ T cell activation

Colorectal
cancer In vivo, in vitro [93]

Ursolic acid (UA)
and lentinan

(LNT)

Dendritic cell maturation and the polarization of tumor-associated macrophages
from the pro-tumor M2 phenotype to the anti-tumor M1 phenotype

Colorectal
cancer In vivo, in vitro [94]

Artesunate (AS) Targeting both tumor cells and M2-like tumor-associated macrophages (TAMs) Colorectal
cancer In vivo, in vitro [102]

Astragaloside III
(As)

Activating NK cells; Enhancing the cytotoxicity of CD8+ T cells;
Boosting IFN secretion by immune cells; Increasing the expression

of the T-box transcription factor T-bet in T cells
Colon cancer In vivo, in vitro [92]

Artesunate (AS)
and Chloroquine

(CQ)

Inhibiting the immunosuppressive phenotype of tumor-associated macrophages
(TAMs) and promote the polarization of M2-type TAMs to M1-type TAMs

Colorectal
cancer In vivo, in vitro [102]

Ginseng Colorectal
cancer In vivo, in vitro [95]

Plumbagin and
Dihydrotanshinone

I

Inducing immunogenic cell death (ICD) in liver cancer cells, while DIH enhances the
ICD effect of PLB through the generation of reactive oxygen species (ROS) Liver cancer In vivo, in vitro [103]

Icaritin Enhancing the induction of immunogenic cell death (ICD) and activating dendritic cells Hepatocellular
carcinoma In vivo, in vitro [104]

Scutellarin Reversing the immunosuppressive tumor microenvironment by increasing
immunostimulatory cells and reducing immunosuppressive cells

Hepatocellular
carcinoma In vivo, in vitro [105]

α-mangostin and
triptolide

Inhibiting the TGF-β/Smad signaling pathway suppresses the activation of
tumor-associated fibroblasts (CAFs); reducing the production of extracellular matrix (ECM),

improving tumor vascular normalization and enhancing blood perfusion.

Pancreatic
cancer In vivo, in vitro [101]
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nanoparticles  combined  with  immunotherapy  have
the  potential  to  redefine  cancer  treatment  paradigms,
offering  a  more  comprehensive  and  individualized
approach  to  treating  GI  cancers.  This  innovative
strategy  could  not  only  improve  survival  rates  but
also enhance the quality of life for patients, offering a
promising direction for future cancer therapies. 
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