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Abstract: The tumor microenvironment (TME), characterized by its distinct inflammatory profile, acidic pH levels, and hypoxic
conditions, holds a pivotal position in regulating tumor behavior, thereby rendering it paramount for devising effective therapeut-
ic  strategies.  Nanocarriers  specifically  designed  to  target  the  TME  have  emerged  as  promising  agents  in  oncology  treatment
paradigms, attributing to their heightened targeting specificity, extensive drug loading capacity, and versatility in executing mul-
tifaceted therapeutic interventions. However, traditional nanoparticles design based on passive targeting are gradually proving to
be  difficult  to  achieve  efficient  delivery.  How  to  design  targeting  carriers  based  on  the  tumor  microenvironment  and  how  to
achieve rapid and precise delivery by modifying ligands, which here listed as pivotal and challenging issues in nanomedicine de-
velopment. This comprehensive review delves into the intricate designs of drug delivery systems tailored for the TME, which ex-
hibit specific and microenvironment-responsive characteristics. It explores both passive and active targeting methodologies, high-
lighting the challenges posed by the tumor's enhanced permeability and retention effects, along with the potential of ligand-medi-
ated active targeting. Furthermore, it applauds the advancements in innovative treatments that capitalize on the unique attributes
of the TME to enhance drug efficacy and optimize patient outcomes. Our novelty focused on a comprehensive summary of re-
cent studies concerning nanocarriers that  target  the tumor microenvironment,  proposes future directions and conceptual  frame-
works for  the development  of  targeting ligands,  examines potential  targets  within the tumor microenvironment,  and concludes
with a perspective on strategic approaches pertaining to the engineering of pertinent nanocarriers.
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Introduction

Biological behaviors  such  as  tumorigenesis,  proliferation,  meta-
stasis,  invasion,  and  evasion  all  manifested  within  the  TME.
Therefore, isolating and studying any single cell  in the TME of-
ten failed to reveal the full picture of the tumor in a comprehens-
ive manner[1,2]. According to the current study, the TME was sur-
rounded  by  non-malignant  extratumoral  stromal  cells,  which
were interconnected with the external environment via tumor mi-
crovessels  and  microlymphatics.  Internally,  malignant  tumor
cells,  immune  cells,  and  other  stromal  cells  composed  a  highly
heterogeneous system. The TME had a unique inflammatory pro-
file, acidic  PH,  and  hypoxic  environment,  which  were   exacer-
bated in necrotic tissues as the tumor moves from the outside in.
Developing effective tumor treatment strategies required a deep-
er understanding of these TME properties. Future studies needed

to further investigate the complexity of the TME and explore pre-
cise  therapeutic  approaches  that  target  its  unique  characteristics
for enhanced tumor control and treatment efficacy[1].
Nano-based  drug-carrying  particles  have  been  demonstrated

significant potential and advantages in the field of tumor therapy
and  were  regarded  as  a  cutting-edge  effective  strategy[3-5].
Through fine  structural  modification,  nanocarriers  could  be   en-
gineered to  carry  ligand molecules  that  specifically  target  tumor
cells,  achieving precise targeting and attack on tumor cells.  This
property rendered nanocarriers highly targeted and precise in tu-
mor therapy[6-8].  The three-dimensional carrier structure of nano-
carriers gave them a considerable loading capacity, enabling them
to be synergistically loaded with a variety of different therapeutic
agents. This  synergy  among  multiple  therapies  not  only   im-
proved the efficacy of drugs but also reduced the side effects and
achieves a safer and more effective treatment. During the drug re-
lease process, nanocarriers could be released in the desired order,
thus  enabling  multi-pathway  cascade  therapy.  This  approach
could fully  utilize  the synergistic  effect  of  various drugs to  effi-
ciently  kill  tumor  cells  while  minimizing  the  damage  to  normal
cells.
In the present article, we discussed mechanisms of TME-based

tumor pathology and potential molecular targets of reported drug
delivery  strategies  (Fig. 1).  We also  addressed  the  limitations  of
passive targeting strategies of nanocarriers,  as well  as the repor-
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ted  active  targeting-based nanocarriers.  Additionally,  we   dis-
cussed the  specificity  of  the  tumor  microenvironment  and   mi-
croenvironment-responsive  design.  The  objective  of  this  review
is to assess recent reports and to propose potential avenues for the
advancement of targeting nanocarriers in response to the charac-
teristics of the tumor microenvironment. 

Tumor microenvironment and delivery strategy

Microenvironment-responsive drugs showed great potential in tu-
mor therapy as an innovative therapeutic approach[6-8].  The TME
markedly differed from the normal cellular environment (Fig. 2),
exhibiting  the  following  characteristics[1,2]:  (1)  A  weakly  acidic
microenvironment  (pH  ≈  6.5).  (2)  Overexpression  of  enzymes,
such as matrix metalloproteinase 2 (MMP-2), histone B (Cathep-
sin B), and alkaline phosphatase. (3) Imbalance in redox homeo-
stasis,  as  evidenced  by  a  substantial  increase  in  the  disparity

between  intra-  and  extracellular  oxidation-reduction  potentials.
The redox  potential  difference  between  the  intracellular  and  ex-
tracellular environments in the TME resulted in a hypoxic and re-
ducing state, characterized by disruptions in glutathione metabol-
ism and  elevated  intracellular  oxidative  stress  levels.  (4)   Elev-
ated inflammation levels were attributed to the release of inflam-
matory factors and chemokines from a significant number of ap-
optotic or  necrotic  tumor  cells,  which  subsequently  recruit   nu-
merous inflammation-associated cells to infiltrate the TME, lead-
ing to a robust inflammatory response. (5) Ionic homeostasis im-
balance was characterized by high extracellular concentrations of
ions (e.g., Na + , K + , etc.) in the TME, which maintained the in-
tracellular microenvironment and regulate the physiological state
of the  cells.  (6)  Immunosuppression  was  evident  through   im-
mune checkpoint-mediated mechanisms in the TME, resulting in
reduced  inflammation  and  diminished  infiltration  of  immune
cells, leading to the characteristic features of “cold” tumors.
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Fig. 1. It was underscored the significance of TME-targeted drug delivery systems in advancing novel therapeutic strategies for cancer treatment.
The distinctive characteristics of the TME and how these features could be leveraged through both passive and active targeting approaches to en-
hance the efficiency of nanocarrier-mediated drug delivery, thereby overcoming the challenges posed by the TME.
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Limitations of passive targeting strategies of nanocarriers

The  EPR  effect  was  mainly  based  on  two  histologically  based
premises:  Firstly,  the  high  permeability  due  to  the  laxity  of  the
endothelial  interstitial  space  of  the  tumor's  neoplastic  vascular
system  allowed  optimal  access  to  the  tumor  tissue  for  drug
particle  sizes  of  6-8  nm,  or  greater  than  40  kDa[9,10];  And
secondly, the obstruction of lymphatic reflux caused by defects in
the tumor lymphatic system was the primary reason for the accu-
mulation of drug particles within the TME[10].
It  had  been  pointed  out  that  current  studies  of  EPR effects  in

tumor tissues  tend to  oversimplify  the  complexity.  This  was  be-
cause  the  highly  heterogeneous  nature  of  human  tumor  tissues
and the  complexity  of  the  TME  collectively  influence  the   effi-
ciency of tumor drug delivery based on the EPR effect, primarily
due to the dense extracellular matrix (ECM) and elevated intersti-
tial  fluid pressure (IFP) levels of tumor tissues.  The ECM could
be  divided  primarily  into  the  basement  membrane  (BM),  which
supported  the  epithelial  cells,  and  the  interstitial  matrix  (IM)[1].
The BM is a thin, pliable membrane that must firstly be breached
during the  spread  of  tumor  cells.  Tumor  cells  secreted  ECM re-
modeling  enzymes  (e.g.,  matrix  metalloproteinases)  to  penetrate
and destroy  the  basement  membrane.  However,  from  this   per-
spective, the BM of the tumor ECM did not appear to differ much
structurally from  that  of  normal  tissues  and  was  therefore   un-
likely to pose a significant obstacle to drug delivery. On the oth-
er  hand,  the  interstitial  matrix  (IM)  was  looser  and  consists  of
collagen  fibers,  elastin  fibers,  glycoproteins,  and  so  on.  With  in
some  of  the  tumor  intracellular  environment,  the  collagen  fiber
layer becomes thicker, more ordered, and denser as collagen fiber
deposition increased. This change not only promoted tumor inva-
sion  but  also  posed a  great  obstacle  to  nanomedicine  delivery[1].
Additionally,  the  compression of  the  surrounding normal  tissues
by the dense ECM and proliferating tumor mass resulted in high-
er  levels  of  interstitial  fluid  pressure  (IFP)  in  the  TME.  High

levels of  IFP  not  only  promoted  tumor  cell  migration  and   inva-
sion,  accelerating  cancer  progression[11,12],  but  also  significantly
reduced the delivery efficiency of targeted drugs. From a kinetic
point  of  view,  a  pressure  difference  should  be  overcome  while
drugs have been delivered from a blood vessel to a target tissue.
However, since  the  IFP  of  tumor  tissues  was  similar  to  its   sur-
rounding microvascular levels, this resulted in difficulties for the
drug to diffuse efficiently into the interior of the tumor tissue and
penetrate the ECM into the central region[13]. Therefore, high IFP
was  considered  to  be  a  key  factor  preventing  the  targeting  of
nanocarriers to tumor tissues. Lowering IFP was considered a po-
tential strategy to enhance the EPR effect.
Notably, when  discussing  the  EPR  effect  of  nanocarriers   tar-

geting  tumors,  we  tended  to  assume that  nanocarriers  should  be
efficiently delivered to the periphery of tumor tissues through the
bloodstream. However, the aberrant structure of the tumor vascu-
lar  system  challenged  the  premise.  Although  the  mechanism  of
tumor angiogenesis was not been fully clarified, it had been sug-
gested that tumor vascularization was closely related to the hyp-
oxic state of the TME and the regulation of angiogenesis by VE-
GF secreted by a variety of cells in the TME[9,14-16]. During tum-
origenesis  and  progression,  over-proliferating  tumor  cells  were
often in  a  state  of  high  oxygen  consumption  and  nutrient   defi-
ciency,  leading  to  a  hypoxic  microenvironment  tin  the  TME[9].
Under well-oxygenated conditions, HIF-1α and HIF-2α were hy-
droxylated by PDH and FIH-1 and degraded via the proteasome-
mediated ubiquitination  pathway.  However,  in  the  hypoxic   mi-
croenvironment  of  tumors,  the  activity  of  FIH-1  and  PHDs  was
reduced and failed to hydroxylate HIF-1/HIF-2α, resulting in the
intracellular  accumulation  of  these  proteins.  The  accumulated
HIF-1/HIF-2α dimer  entered  the  nucleus  and activates  genes   re-
lated to angiogenesis (e.g., VEGFA, VEGFR1, MMP2, ANGPT),
thereby promoting angiogenesis in tumors[14]. On the other hand,
due to  hypoxia,  the  expression  of  VEGF/VEGFR  was   upregu-
lated, and these factors mediated the abnormal growth of vascu-
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lar  endothelial  cells  by  activating  the  RAF/MEK/MAPK  and
PI3K/AKT  signaling  pathways  to  regulate  the  processes  of  cell
proliferation,  migration,  and  invasion[15,16], resulting  in  an   in-
crease in the density of capillaries that exhibited a multibranched
morphology  and  disorganized  orientation[17,18].  Overall,  vascular
disorganization  at  the  tumor  margins  not  only  hindered  oxygen
delivery  and  exacerbated  hypoxia  in  the  TME  but  may  also
leaded to vascular necrosis in the central region of the tumor. To-
gether, these factors obstruct blood flew within the TME, thereby
limiting the effective delivery of nanocarriers[19]. 

Nanocarriers delivery strategies based on active
targeting ligands

There  had  been  documented  a  variety  of  targeting  ligands,  each
with distinct attributes, enabling their application to diverse nano-
carriers tailored to specific clinical or experimental requirements.
Here  enumerated  and  detailed  currently  available  mature  ligand
species for recognition.
Monoclonal  antibodies  demonstrated  highly  selective  binding

to  target  cell  surface  antigens  through  antigen-antibody  specific
binding  reactions,  particularly  when  directed  against  molecular
markers overexpressed on the surface of tumor cells. Leveraging
this  property,  monoclonal  antibody-drug conjugates (ADCs) had
been developed and shown significant potential in tumor therapy.
ADCs  not  only  markedly  reduced  the  side  effects  of  drugs  and
enhanced  their  efficacy  but  also  achieved  efficient  and  precise
drug delivery[6-8].
Aptamers,  also  known  as  nucleic  acid  aptamers,  were  short-

stranded  oligonucleotide  sequences  obtained  through  in  vitro
screening techniques.  They  exhibited  high  affinity  and   spe-
cificity  for  particular  receptors,  making  them  effective  tools  for
efficient and rapid recognition and binding of overexpressed anti-
gens.  Additionally,  aptamers  possessed  advantages  such  as  low
molecular weight, low immunogenicity, stable structure, and ease
of  synthesis  and  modification[20,21].  Small  molecule  ligands
offered  advantages  over  large  molecule  antibody  ligands  due  to
their ease  of  modification,  small  molecular  weight,  stable   struc-
ture, and  low  immunogenicity.  Short  sequence  peptides,   com-
monly referred to as targeting peptides or homing peptides, were
frequently utilized as ligands for  nanoparticle modification.  Tar-
geting  peptides  offered  significant  advantages  due  to  their  high
affinity and specificity for target receptors. 

Monoclonal antibodies and nanobodies ligands

Monoclonal antibodies themselves possessed diverse tumor cell-

killing mechanisms, such as mediating antibody-dependent cellu-
lar  cytotoxicity  (ADCC),  antibody-dependent cellular   phagocyt-
osis (ADCP), and complement-dependent cytotoxicity (CDC) [22,23],
while also binding to membrane antigenic epitopes of tumor cells
with high  affinity,  thus  mitigating  their  mediated   immunosup-
pression  and  immune  escape[24,25].  Consequently,  nanocarriers
conjugated with monoclonal antibodies often exhibited higher ef-
ficacy  than  standalone  drugs.  Presently,  the  development  of
monoclonal  antibodies  was  well-established, enabling  the   cre-
ation of  antibodies  targeting  specific  tumor  surface   overexpres-
sion antigens[26-35]  in Table  1.  These antibodies  had also become
valuable  raw  materials  for  the  semi-synthesis  of  nanocarriers.
Notably,  monoclonal  antibody  nanocarrier  platforms  targeting
immune  checkpoints  (ICBs)  presented  a  promising  strategy  for
immune  reprogramming  of  the  tumor  microenvironment.  These
drugs  not  only  modulated  the  immunosuppressive  state  but  also
delivered  drugs  that,  in  synergy  with  loaded  chemotherapeutic
drugs  or  photosensitizers,  could  cascade  to  induce  tumor  cell
death. ICBs overexpressed on the tumor surface include CTLA-4,
PD-L1,  TIM-3,  B7-1,  BTLA,  VISTA,  LAG-3,  among  others,
with nanocarriers designed based on PD-L1 and CTLA-4 becom-
ing the most common platforms for immune-suppression modula-
tion by targeting ICBs[36-37].
Additionally,  a  "rapidly  assembled"  monoclonal  antibody-

modified nanocarrier  technology  had  garnered  significant   atten-
tion.  This  approach  employed  aPD-L1  monoclonal  antibody  to
modify  PLGA  carriers,  crosslinking  the  antibody  Fc  fragment
with the  carrier  drug  during  nanoparticle  preparation,  and   sub-
sequently  combining  the  active  Fab  segment  with  Fc-PLGA  as
needed.  This  innovative  method offered a  new strategy for  drug
discovery characterized by rapid preparation, immediate use, ex-
tended storage time,  and ease of  transportation[38].  In  addition to
monoclonal  antibodies,  nanobodies (Nbs) had garnered attention
for  their  outstanding  solubility,  stability,  antigen  affinity,  and
deep tissue penetration, offering new possibilities in the realm of
tumor therapy[39]. 

Aptamers targeting ligands

The  aptamer  screening  process  relied  on  SELLEX  technology,
which  enabled  precise  construction  of  target  antigens  through
data  mining  and  structural  analysis[8].  For  instance,  Kianpour  et
al.[40]  investigated  the  potential  inducing  effect  of  CEMIP2  on
cancer cell  metastasis.  Through  data  mining  and  structural   do-
main deletion localization analysis, they identified the role of the
PANDER structural domain of CEMIP2 in mediating tumor mi-
gration.  Subsequently,  they  successfully  screened  the  specific

 

Table 1.  The nanocarriers based on monoclonal antibodies targeting tumor specific or associated antigens.
Monoclonal Antibodies Targeting TSAs/TAAs References

Cetuximab EGFR [24,25]

Trastuzumab HER-2 [26-28]

Bevacizumab VEGF [29,30]

Rituximab CD20 [31]

Anti-CD147 monoclonal antibody CD147 [32,33]
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aptamer aptCEMIP2-100 using Cell-SELLEX technology and de-
veloped a mesoporous nano-loading platform carrying doxorubi-

cin  based  on  this  finding.  The  range  of  targets  recognized  by
aptamers was extensive[41-48] , as shown in Table2.

 
 

Table 2.  The nanocarriers modified aptamers targeting tumor specific or associated antigens.
Aptamers Targeting TSAs/TAAs References

AS1411 aptamer Nucleolin [41-43]

HApt aptamer HER-2 [44]

Sgc8c aptamer PTK7 [45]

EPCAM DNA aptamer EPCAM [46]

5TR1 aptamer MUC-1 [47,48]
 

Despite  their  potential,  aptamers  also  exhibited  limitations,
such as  susceptibility  to  degradation  by  nucleases,  renal   clear-
ance, potential  chemical  and  immunogenic  toxicity  during   syn-
thesis, and  possible  conformational  changes  in  the  tumor   mi-
croenvironment, affecting their pharmacokinetic properties[49]. To
address  these  limitations,  protecting  and  structurally  modifying
aptamers showed crucial. Modification strategies based on specif-
ic responses to the TME for drug release were considered effect-
ive  solutions.  For  instance,  Yang et  al.[45] utilized  a  homo-struc-
tured mSiO2 material to protect the sgc8c aptamer, enabling drug
release in response to pH changes in the TME, thereby achieving
the desired therapeutic effect with reduced toxicity. 

Small molecules and short sequence peptides ligands

These characteristics facilitated the entry of small molecules into
the TME, thereby reducing toxicity and side effects in the circu-
latory system[6-8,49]. Folic acid served as a commonly used small-
molecule targeting  ligand  due  to  its  dependence  on  folate  meta-
bolism,  particularly  in  metabolically  active  tumor  cells[50-52].
Moreover,  small  molecule  ligands  targeting  tissue-specific  anti-

gens or receptors represented a promising strategy[53-62] in Table 3.
However,  small  molecule  ligands  encountered challenges  due to
their small molecular weights, including off-target effects result-
ing from  high  mobility  and  difficulty  in  achieving  effective   re-
ceptor contact due to their small binding area.
The wide application of random peptide sequence strategies in

peptide ligand design had enabled researchers  to develop  target-
ing peptide ligands with high compatibility and selectivity against
specific antigens found in various organs, tissues, or cell types[6-8,63].
One  of  the  most  well-known  targeting  peptides  was  the  cRGD
peptide,  composed  of  three  amino  acid  residues-Arg-Gly-Asp-
capable  of  binding  specifically  to  the  integrin  receptor  αVβ3,
which exhibited high expression in the endothelium of neoplastic
tumor vessels. Nanocarriers designed using cRGD as a basis had
shown notable selectivity and specificity in targeting diverse ma-
lignant tumors including ovarian cancer, non-small cell lung can-
cer, colon cancer, breast cancer, and osteosarcoma[63]. Several tar-
geting  peptides  had  been  documented[64-68],  which  had  been
shown  in  Table  4.  Nonetheless,  current  challenges  revolved
around  achieving  a  substantial  accumulation  of  peptide-drug
couplings at the target site and ensuring effective target recogni-
tion at the molecular level.

 
 

Table 3.  The nanocarriers connected with small molecular ligands which target tumor specific or associated antigens.
Small Molecules Targeting TSAs/TAAs References

Folic acid Folic acid receptor [50-52]

Glucose derivatives GLUT-1 [53,54]

Urea derivatives PSMA [55,56]

Glycyrrhizic acid derivatives GA-R [57,58]

Hyaluronic acid CD44 [59,60]

Phenylboronic acid sialic acid [61,62]
 
 

Table 4.  The nanocarriers coupled with short sequence peptides which target tumor specific or associated antigens.
Short Sequence Peptides Targeting TSAs/TAAs References

cRGD peptide Integrin receptor αvβ3 [63]

F56 peptide VEGFR1/3 [64,65]

Esbp peptide E-selectin [66]

F3 peptide Nucleolin [67,68]
 
 

Opportunities and Challenges

Broadly  speaking,  the  development  of  nanocarriers  specifically

tailored to the TME represented a promising and valuable field of
study. On the one hand, the TME's unique characteristics, which
amplified the uniqueness of tumor cells from the cellular level to
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the  tissue  level,  offered  innovative  avenues  for  the  tracking  and
diagnosis of  exogenous  drug  probes.  Furthermore,  the  engineer-
ing  of  TME-responsive  nanocarriers,  informed  by  the  TME's
physicochemical  properties  and  employing  multi-level  targeting
strategies, held  the  potential  to  actualize  the  paradigm  of   integ-
rated diagnosis and therapy. On the other hand, the distinct physi-
cochemical and biological attributes of the TME facilitated a di-
verse  array  of  options  for  the  modification  of  targeting  ligands
and  the  encapsulation  of  therapeutic  agents,  thereby  enhancing
the efficacy of combined therapeutic approaches.
Nevertheless, akin to the challenges encountered by many nov-

el anti-tumor drugs, TME-based nanocarriers confronted the crit-
ical challenge of clinical translation, compounded by the inherent
uncertainties  regarding  their  therapeutic  efficacy  and  potential
toxicity. These issues underscored the necessity for rigorous pre-
clinical assessments and comprehensive clinical investigations to
address  the  complexities  and  paved  the  way  for  their  eventual
clinical application. 

Conclusion

The mechanisms that underpin TME-based tumor pathology and
the  molecular  targets  implicated  in  reported  drug  therapeutic
strategies were systematically summarized. Limitations had been
critically assessed inherent to passive targeting strategies of nano-
carriers and underscored the significant advancements in the de-
velopment of active targeting-based nanocarriers. The specificity
of the  tumor microenvironment  and the  critical  role  of  microen-
vironment-responsive  design  were  emphasized.  There  had  been
documented  a  variety  of  design  strategies  for  TME-targeted
drugs, which enhanced therapeutic efficacy by responding to spe-
cific microenvironmental  cues,  such  as  acidic  PH,  hypoxia,   en-
zyme overexpression, and reductive conditions. To surmount the
challenges  related  to  drug  distribution  and  efficacy  at  the  tumor
site,  researchers  had  proposed  actively  targeted  nanodrugs  and
environmentally  responsive  drug  delivery  strategies  that  were
specifically tailored  to  the  characteristics  of  the  TME.  The  mi-
croenvironment-  responsive  drug  release  affect  the  targeting  of
internal tumor cells  within  the  TME that  the  ligands  on the  sur-
face of  nanocarriers  effectively  could  recognize  antigens  or   re-
ceptors  specific  to  the  microenvironment,  the  capabilities  of
nanorobotics  for  targeted  drug  delivery  and  these  systems  be
seamlessly integrated  into  biological  processes  were  also   sum-
marized  and  discussed.  The  development  of  drug-loaded  nano-
particles targeting tumor microenvironment has also gained atten-
tion. The  emerging  development  of  conventional   chemothera-
peutic drug delivery systems based on nanocarriers provides a vi-
able option for a new generation of low-toxicity,  high-precision,
and high-efficacy oncology therapeutic strategies[69-73].
Overall, our study delivered an exhaustive overview regarding

the  distinctive  physicochemical  and  biological  characteristics  of
the tumor  microenvironment  that  underpins  the  design  of   nano-
carriers. Furthermore,  this  paper  also  reviewed  the  existing   tar-
geting  ligands  comprehensively  across  distinct  sections,  as  well
as their  respective  benefits  and  drawbacks.  With  ongoing   ad-
vancements  in  research  and  technological  developments,  it  was
anticipated that more innovative therapies would be translated in-
to  clinical  practice  in  the  future.  These  developments  held  the

promise of overcoming current limitations and improving patient
outcomes in the realm of oncology. 
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