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The delivery of drugs to tumors by nanoparticles is a rapidly growing field. However, the complex tumor
microenvironment (TME) barriers greatly hinder drug delivery to tumors. In this study, we first
summarized the barriers in TME, including anomalous vasculature, rigid extracellular matrix, hypoxia,
acidic pH, irregular enzyme level, altered metabolism pathway and immunosuppressive conditions.
To overcome these barriers, many strategies have been developed, such as modulating TME, active
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in the nanometer scale, NPs), including organic (e.g:, lipid-based,
polymer-based and cell-derived NPs) and inorganic NPs (e.g., gold,
silver, iron oxide and silica), have been developed to deliver drugs
for cancer therapy, also termed “nanomedicine”.* The basis for
the design of current NPs is the enhanced permeability and
retention (EPR) effect, where the hyperpermeable tumor vascula-
ture allows the extravasation and passive diffusion of large particles
coupled with impaired lymphatic drainage, reducing the elimina-
tion of NPs; thus, NPs are further retained and accumulate within
tumors.®” Besides, NPs can enhance drug stability and extend the
circulation half-life.

Unfortunately, the clinical translation of nanomedicine
still faces undesirable anti-tumor performances® despite the
achievement of some progress in lowering off-target side
effects.” As reported in a previous review, the median delivery
efficiency of NPs into tumors is estimated to be merely 0.7% of
an injected dose, completely diverging from the optimistic
anticipation of nanomedicine."® Accordingly, the golden standard
in drug delivery, i.e., the EPR effect is somewhat oversimplified or
exaggerated. In fact, for NPs, there is a long and bumpy journey
to reach tumor cells. Besides abnormal vascular networks, other
components in the tumor microenvironment (TME) play an
essential role in deciding the in vivo fate of NPs. TME refers to
all the physiological and biochemical compositions around tumor
cells, which comprise various types of growth-supporting cells,
fortified by a dense extracellular matrix (ECM) and irregular
vascular networks.!* These cells consist of endothelial cells,
pericytes, cancer-associated fibroblasts (CAFs) and immune-
infiltrating cells, while ECM consists of collagens, fibronectin,
integrins, elastin, and microfibrillar proteins. These composi-
tions interweave with each other and provide a niche for tumor
development, progression and metastasis.'”> For NP-mediated
anti-tumor therapy, some of the characteristics of TME, such as
a high interstitial fluid pressure (IFP) and solid pressure, can
impede drug delivery within the deep regions of tumors, while
others, such as hypoxia and acidity, attenuate the antitumor
effect and even cause drug resistance and metastasis.® For
example, photodynamic therapy (PDT) and radiotherapy, which
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Fig. 1 Schematic illustration of the barriers in the TME and the corres-
ponding strategies for improved drug delivery.

are dependent on oxygen, are greatly restricted by hypoxia in
tumor tissues. Thus, it is important to elucidate the biological
barriers in TME and modulate these TME targets, which can
help NPs overcome the barriers to enhance their delivery
efficiency and therapeutic effectiveness.

In this perspective, we summarize the barriers in the TME,
presenting the landscape of the TME. Subsequently, we review
the strategies to overcome the barriers in the TME, including
modulating the TME, active tumor targeting, and TEM-sensitive
drug delivery, as shown in Fig. 1. Finally, the challenges to
overcome the TME barriers are discussed.

2. Barriers in the TME

Increasing evidence has indicated drug delivery using nanocarriers
is, to a large extent, hindered by the tumor heterogeneity,
including anomalous vasculature, rigid ECM, hypoxia, acidic
pH, overproduced glutathione (GSH) and reactive oxygen spe-
cies (ROS), and immune suppression, which are derived from
cancer cells, and the crosstalk between them and the TME.'**>
Thus, the brief introduction of the dynamic tumor landscape
will offer researchers better access to the developing direction
of drug delivery in the future.

Huile Gao is a Professor at
Sichuan University. He obtained
his PhD in Pharmaceutics from
Fudan University in 2013 and
then joined West China School
of Pharmacy, Sichuan University
as a lecturer. In 2017, Gao was
promoted as a Professor. His
research focuses on the rational
design of drug delivery systems
for central nervous system
diseases and tumors.

Huile Gao

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0tb00649a

Published on 01 Elba 2020. Downloaded on 12/06/2026 11:37:10 AM.

Journal of Materials Chemistry B

2.1 TME composition

Strictly, a favourable vascular network is an essential prerequi-
site for the effective delivery of nanomedicine. However, this is
not the case with tumors. The overgrowth of neoplastic cells
demands dramatically more nutrients relative to normal cells.
Consequently, they and the surrounding stromal cells secret
angiogenic growth factors, such as vascular endothelial growth
factor (VEGF), basic fibroblast growth factor and tumor necro-
sis factor (TNF), leading to substantial vessel growth.'® Notably,
these newly-formed vessels are tortuous and leaky since aggres-
sive angiogenesis is accompanied by a lack of paracellular
junctions between endothelial cells and incomplete pericyte
coverage."*'”'® As discussed earlier, the “leaky” gaps and
blockage of lymphatic return provide evidence for the EPR
effect.’® However, this feature of the tumor vasculature is a
double-edged sword. Excessive plasma and fluid can extrava-
sate from leaky vessels to the interstitium, resulting in elevated
IFP and viscosity,"” while poor lymphatic drainage aggravates
the IFP, and thus causes blood reversal and further retards
blood flow. Accordingly, abnormally high IFP becomes a daunt-
ing bottleneck limiting the penetration and accumulation of
NPs. Similarly, it also provides the possibility of tumor meta-
stasis or drug resistance. Additionally, the tortuous nature of
vessels can result in geometric obstruction against blood flow.
Thus, the Janus-faced nature of aberrant vascular networks
should be considered carefully for drug delivery mediated by
passive targeting.

The tumor stroma is another roadblock, which comprises ECM,
CAFs, mesenchymal stromal cells, osteoblasts, and chondro-
cytes.?® Unlike quiescent fibroblasts in normal tissues, CAFs
are activated to enhance the proliferation, migration, and
secretion of multiple cytokines, such as VEGF, TNF,
interleukin-6 (IL-6), platelet-derived growth factor (PDGF) and
transforming growth factor-beta (TGF-f), which support tumor
growth and render tumor resistance towards traditional
chemotherapeutics.**> More importantly, CAFs generate large
amounts of ECM components, such as collagen and proteo-
glycans, which together offer a breeding ground for tumors.
They also release vast enzymes, such as matrix metallo-
proteases (MMPs), disintegrins and plasmin, to degrade and
remodel the ECM. Besides the intrinsic mesh-like physical
resistance, the stiff stroma can elevate solid stress, increase
IFP and isolate tumors from blood vessels, thus compromising
the interstitial transport of nanotherapeutics.”® Also, the posi-
tively charged collagen and negatively charged hyaluronic acid
(HA) can trap charged nanomedicines with high affinity.>*>*

2.2 Alteration in metabolic and immune profiles

Basically, the interior of tumors, particularly their core, presents a
hypoxic state, while the surroundings near the vessels are nor-
moxic, which can be explained by the rapid proliferation of tumor
cells and deficient oxygen supply from abnormal neovessels.”®
Also, blood vessels exhibit an uneven distribution within tumors,
which results in the local hypoxia of tumor regions.”” Hypoxia can
induce the increased expression of hypoxia-induced factors (HIFs)
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and stabilize them, subsequently initiating the downstream
signalling cascade, such as promoting epithelial-mesenchymal
transition, metabolic reprogramming, angiogenesis and resis-
tance to therapy.”® Metabolic adaption is a key step to satisfy
the high energy demand and hypoxia. The change to anaerobic
glycolysis alleviates the insufficient oxygen supply and increases
lactate production, together with H' ions. CO, hydration in
oxidative tumor areas via carbonic anhydrases (CAs) contributes
to another part of the production of H' ions. These excessive
intracellular H' ions can be exported via Na'/H' exchangers
(NHEs), monocarboxylate transporters (MCTs) and H'-ATPases,
thus resulting in the acidosis of the TME, tumor proliferation and
metastasis.”**® Also, tumors increase the production of GSH to
cope with the elevated ROS and maintain redox homeostasis.
Thus, the above hallmarks can be exploited to develop responsive
or TME-modulating therapeutic agents.

In addition, it should be emphasized that another signifi-
cant feature of the TME is the overall immunosuppressive
microenvironment. Immune-infiltrating cells include immuno-
modulatory cells, such as TAMs, myeloid-derived suppressor
cells (MDSCs), regulatory T cells (Tregs) and dendritic cells
(DCs), as well as effector immune cells, such as T lymphocytes,
B lymphocytes, and natural killer (NK) cells.*'* These cells
play a dominant and complex role in immune-escape mechanisms.
Tumor cells themselves significantly reduce the expression of MHC
and upregulate other immunosuppressive molecules, such as
programmed death ligand-1 (PD-L1), immune-checkpoint mole-
cules (CD47), and NK-cell ligands (factor associated suicide ligand
(FASL)), and recruit anti-inflammatory immune cells.

TAMs represent the main component of myeloid cells, invol-
ving pro-inflammatory M1-like phenotype and anti-inflammatory
M2-like phenotype, the latter of which is triggered particularly by
the hypoxic TME. Within tumors, the predominant M2-like
phenotype can facilitate angiogenesis, metastasis and decrease
the immune response of T cells.>* Thus, depleting or switching
TAMs can be a potent strategy to reverse immune suppression.
Tregs and MDSCs are other partners implicated in the negative
modulation of the immune system.*” Tregs produce TGF-B and
IL-10 to directly suppress T cell function and release perforin
and granzyme to destroy effector T cells, while MDSCs created a
large amount of nitric oxide (NO), arginine (Arg)-1 and IL-10,
which further decrease the T cell response and promote
immunosuppression.®® The production of indoleamine 2,3
dioxygenase (IDO) can decrease the amino acids (e.g. tryptophan)
and recruit Tregs to activate MDSCs, with the aim to suppress T
cells. Besides, the immunosuppressive milieu, containing IL-10,
TGF-B, PD-1 and prostaglandin E (PGE)-2, can reduce the antigen
cross-presenting ability of DCs. Also, tumor cells downregulate NK
cells to avoid the exposure of TNF-related apoptosis-inducing
ligand (TRAIL).*” The major anti-tumor immune cells in the
TME, CD8" T cells, are unable to exert an inhibitory response
against tumors due to the decreased trafficking into tumor sites
(including down-regulation of CD62L on CD8" T cells, and the
adhesion molecules (ICAM-1 and VCAM-1) and IL-12) and a lack
of activation elicited by above immunosuppressive TME.?® Thus,
targeting immune cells or immune-related specific molecules can
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reshape the immune microenvironment and boost the efficacy of
traditional treatments.

Thus, targeting angiogenesis, the ECM (e.g. degrading enzyme
and CAFs) and endogenous stimulus-response (e.g. hypoxia, pH,
GSH and ROS) can enhance the delivery of nanocarriers into
tumors and keep the concentrations of drugs within effective
therapeutic windows. Besides, modulating the hypoxic, acidic or
immunosuppressive microenvironment is another strategy to
overcome the dilemma in cancer therapy, and reduce tumor
invasion and metastasis (Fig. 1).

3. Strategies to overcome the TME
barriers
3.1 Strategies for modulating the TME

As mentioned before, the TME dominates the fate of nano-
carriers within tumors, from impeding their delivery to resisting
conventional therapies.'" In this section, particular attention is
paid to feasible strategies to modulate the TME via the following
aspects: remodeling the vascular networks, regulating stroma,
manipulating hypoxia and pH, and reshaping the immune micro-
environment, as summarized in Table 1.

3.1.1 Remodelling the vascular networks. Aided by the EPR
effect, NPs can passively reach tumors, but their delivery
efficiency is relatively low. Thus, to enhance the extravasation
of NPs into the TME, there are two opposite strategies based on
different rationales, including vascular disruption and vascular
normalization.*

Table 1 Summary of the TME modulation strategies
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Vascular disruption was presented as an approach to destroy
neovessels, leading to a dramatic decrease in blood supply and
the necrosis of tumors. Several vascular disrupting agents such
as 5,6-dimethylxanthenone-4-acetic acid (DMXAA) and combre-
tastatin A4 phosphate (CA4P) have verified the practicability of
this strategy. After administration, CA4, which is released from
CA4P, inhibits tubulin polymerization and destabilizes the
cytoskeleton, thus disrupting endothelial cells.***! Chen et al.
first employed CA4-conjugated poly(i-glutamic acid)-graft-
methoxy poly(ethylene glycol) nanodrugs (CA4-NPs) to disrupt
vessels, subsequently increasing MMP-9 in tumor tissues.
Then, they delivered an MMP9-activated doxorubicin prodrug
(Fmoc-GPLGL-DOX), which enhanced the selective release by
3.7-fold.** The sequential delivery of CA4-NPs and MMP9-DOX-
NPs was a new paradigm for the next generation of tumor-
selective enzyme-triggered prodrugs with reduced systemic
toxicity. Other research combined this drug with photothermal
therapy (PTT), hypoxia-sensitive drug (e.g. imiquimod and
tirapazamine) and other agents.”**® Besides, physical approaches
such as radiation, ultrasound, and near infrared (NIR) light
treatment can also trigger vascular disruption.””*® Tang et al.
applied o,fs-targeting peptide ¢(RGDfE)-modified hollow copper
sulfide NPs to load vinyl azide, which targeted tumor neo-
vasculature and released nitrogen (N,) bubbles under NIR
light-induced heating. These bubbles exploded and damaged
the neovessels, inducing the ischemic necrosis of tumors, as
indicated by photoacoustic imaging.*’

Vascular normalization has emerged as an alternative to
address the biological challenges in delivering NPs. Anti-angiogenic

Classification Examples Ref.

Remodelling the vascular Vascular disruption: DMXAA, CA4P, radiation, ultrasound, and near infrared (NIR) light 40-49
networks Vascular normalization: Cediranib, Sunitinib, Bevacizumab, DC101, and NO 50-53
Regulating stroma Targeting the ECM: 56-71

® inhibiting ECM biogenesis: prolyl-4-hydroxylase inhibitor, deferoxamine,

and 4-methy-lumbelliferone

@ disrupting the ECM: PTT, ultrasound, collagenase, hyaluronidase, cyclopamine, relaxin and NO
® mimicking the ECM: laminin-mimicking peptide

Targeting CAFs:

72-74 and 77-80

O directly disrupting CAFs: FAP-targeting NPs, docetaxel-conjugate nanoparticles or
delivering plasmids encoding TNF-related factor
O reducing the activity of CAFs: losartan, quercetin, ellagic acid and dexamethasone

Manipulating hypoxia
and pH

Modulating hypoxia:
O improving blood flow: PTT

81-92

O delivering oxygen: hemoglobin and perfluorocarbon
[ in situ oxygen production: MnO,, CaO,, catalase, and light-driven water splitting
[0 decreasing oxygen consumption: atovaquone, metformin, tamoxifen, and NO

Modulating pH:

30, 93 and 94

O neutralizing acidity with buffers: sodium bicarbonate, imidazoles and lysine
O interfering with pH-regulating enzyme: proton-pump inhibitors (e.g. omeprazole and
esomeprazole), MCT inhibitors (e.g. AZD3965), and CAIX inhibitors (e.g. sulfonamide-

and coumarin-related substances)
Reshaping immune Targeting immune cells:
microenvironment
chloroquine, celecoxib, NO, and CO

O Tregs: CTLA-4, Sunitinib

0 TAMs: CSF-1, bisphosphonates (e.g. clodronate and zoledronic acid), TLR agonists,

53 and
95-110

[0 MDSCs: CDDO-Me, 6-thioguanine, and gemcitabine

Targeting immune molecules:
O IDO: NLG919 and indoximod

111-114

[0 CXCL12: AMD 3100 or monoclonal antibody
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This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0tb00649a

Published on 01 Elba 2020. Downloaded on 12/06/2026 11:37:10 AM.

Journal of Materials Chemistry B

drugs, such as Cediranib, Sunitinib, Bevacizumab and DC101, have
been shown to decrease vascular leakiness and improve vascular
functionality.’®>> Recently, Chen and coworkers encapsulated
[Fe(u-SEt),(NO),] (NO donor, DNIC) into lipid-poly(lactic-co-
glycolic acid) (PLGA) polymer NPs (NanoNO). After treatment
with free DNIC, HUVECs obviously downregulated three pro-
angiogenic genes (VEGFA, ANGPT2 and EGF) and increased the
expression of two vessel maturation-related genes (S1PR1 and
ANGPT1). In contrast with high-dosed NanoNO (1 mg kg™ ),
low-dosed NanoNO (0.1 mg kg™ ') normalized tumor vessels by
increasing pericyte coverage (increased pericyte marker NG2/
vessel marker CD31) and functional vessel perfusion (lectin®/
CD31" area increased), thus enhancing the delivery and efficacy
of other therapeutics, such as doxorubicin and recombinant
TRAIL.>®> More importantly, tumor vessel normalization is
closely associated with immunostimulatory pathways, such as
lymphocyte infiltration or activity, which provide new route to
influence tumor progression.’>® The above low-dosed NanoNO
also further evidenced this theory since PD-L1 expression was
hampered, anti-tumor M1-like TAMs increased and CD8" T cell
infiltration was enhanced in vivo. This study, for the first time,
clearly indicated the difference between low- and high-dosed
NO for vessel normalization and the versatility of NO therapy.

However, despite the progress in vascular remodelling, these
two strategies have some inevitable drawbacks. For vascular
disruption, the abnormal vasculature and impaired lymphatic
drainage exacerbate the IFP and hypoxia, further reducing NP
penetration and recruiting pro-inflammatory and pro-angiogenetic
cells. Relatively, vascular normalization increases blood perfusion
and mitigates the IFP to promote NP diffusion, but the reduced
gaps between endothelial cells may block large-sized NPs.>

3.1.2 Regulating stroma. After crossing blood vessels, the
next formidable barrier is the stroma, which increases solid
stress, compresses blood vessels and restricts drug diffusion.
Accordingly, two methods have been explored to improve drug
delivery, involving modulating the ECM and targeting CAFs.>*

The ECM can be regulated via the following three routes,
inhibiting ECM biogenesis, disrupting the ECM and mimicking
the ECM. The synthesis of collagen can be interrupted by prolyl-
4-hydroxylase inhibitor,>**” deferoxamine and siRNA silencing
heat shock protein 47,>® while 4-methylumbelliferone can block
the synthesis of HA, another major component.’>*® Physical
methods (e.g. PTT and ultrasound®"®?), enzymes (e.g. collage-
nase and hyaluronidase (HAase)*>"®%) and chemical agents
(e.g. cyclopamine, relaxin and NO®®®°) can be applied to
facilitate the degradation of the ECM and NP permeation into
tumors. Cao et al. used NO to trigger MMP expression and
disintegrate collagen, which rendered a 2.7-fold greater distri-
bution of mesoporous silica NPs within tumors.®” However, it
should be noted that the above two strategies may increase the
chances that tumor cells will migrate and spread throughout
the body. By contrast, the final means is based on the fact that
cancer cells express ECM degrading enzyme to promote invasion
and metastasis. Thus, strengthening the ECM, rather than disrup-
ting it may address tumor metastasis.”® Considering this, Wang
and coworkers constructed a laminin (essential component in

This journal is © The Royal Society of Chemistry 2020
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ECM)-mimicking peptide (BP-KLVFFK-GGDGR-YIGSR) (Fig. 2A),
where a Y-type RGD-YIGSR motif binding with tumor cells, KLVFF
segments, formed the fibrous structure around tumors.”* This
ECM-simulating strategy effectively hampered 82.3% and 50.0%
of lung metastasis in breast and melanoma tumor models,
respectively, as seen in Fig. 2B-D. This case provided new insight
for the inhibition of tumor metastasis.

The subsequent emphasis shifted to ECM origin-CAFs. CAFs
are key mediators in the ECM, and contribute to limited drug
delivery. Thus, directly disrupting CAFs may improve delivery,
and fibroblast activation protein-targeting NPs, docetaxel-
conjugate NPs and delivering plasmids encoding TNF-related
factor into CAFs were all utilized to verify this hypothesis.”>”*
It is worth noting that direct CAF depletion may promote tumor
progression and metastasis, mainly because CAFs possess an
anti-tumor phenotype to retard growth.”>”® Thus, perhaps
reducing CAFs activity is a better alternative. There are several
anti-inflammatory or anti-fibrotic drugs, such as losartan,
quercetin, ellagic acid and dexamethasone.”” % If CAFs acci-
dentally internalize chemotherapeutics, this will induce them
to secret damage response specific proteins, e.g., Wntl6,
which become involved in drug resistance (e.g. cisplatin).
For example, Huang et al prepared lipid/calcium/phosphate
NP-encapsulating quercetin, which greatly downregulated Wnt16
expression, blocked the growth of «-SMA' CAFs and reduced
collagen.”®

3.1.3 Manipulating hypoxia and pH. Hypoxia, another
significant hallmark of tumors, has recently attracted intense
attention because it hinders angiogenesis, metastasis, resistance
and failure of other treatments (e.g. photodynamic therapy (PDT)
and chemotherapy). Several ways exist to improve the hypoxic
state, including improving blood flow, delivering oxygen, in situ
oxygen production and decreasing oxygen consumption.®'
Typically, mild PTT (around 42 °C) can increase blood flow
and relieve hypoxia,®* while delivering oxygen carriers, such as
hemoglobin® and perfluorocarbon,®* and also overcome the
hypoxia-mediated resistance of tumors towards PDT and radio-
therapy. However, the oxygen loading amount is not sufficient to
combat hypoxia. Thus, as an alternative, the delivery of agents
such as Mn0,,% Ca0,%® and catalase®” into tumors can trigger
chemical reactions and physical methods, such as light-driven
water splitting®® and in situ-produced oxygen, for effective PDT.
However, in situ oxygen production typically suffers from poor
penetration of large NPs, hard-degradable inorganic materials,
and low oxygen generation efficiency. Besides increasing the
oxygen supply within tumors, inhibiting oxygen consumption
provides another potent strategy to alleviate hypoxia. Jiang and
coworkers encapsulated verteporfin (PDT agent) and atovaquone
into PLGA NPs (ATO/VER NPs), where atovaquone hindered
the electron transport of the mitochondria respiratory chain
to enhance the PDT efficacy. Under hypoxia, ATO/VER NPs
displayed 1.5 times higher cytotoxicity than PDT alone.®®
Metformin,”® tamoxifen®' or NO°? also inhibited the respiratory
chain for oxygen-economized PDT, as verified by some studies.
This strategy can overcome hypoxia in sparsely vascularized
regions and reverse the resistance to oxygen-dependent therapy.
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Fig. 2 Transformable nanomaterials as an artificial extracellular matrix for inhibiting tumor invasion and metastasis. (A) Schematic Illustration. (B) Photos
of original tumors (upper panel) and immuno-histochemical staining analyses for CD31 (lower panel) on day 19 after the first administration and the
quantitative analysis of MVD (right panel). (C) Photos of the lungs (upper panel) and H&E stained lung slices (lower panel) and quantitative analysis of the
lungs (left panel). (D) Tumor volume and body weight of the 1-NPs, 2-NPs, RGD + YIGSR and PBS treated mice and inhibition rate of lung metastases
treated with different concentrations of 1-NPs. Data are presented as mean + SD (n = 4). *p < 0.05 and **p < 0.01. Reproduced with permission from

ref. 71. Copyright © 2017, American Chemical Society.

Hypoxia is usually accompanied by an acidic microenviron-
ment. As discussed earlier, the acidity also contributes to
tumor progression and metastasis. The strategies modulating
acidosis include neutralizing acidity with buffers and inter-
fering with pH-regulating enzyme.** Sodium bicarbonate,
imidazoles and lysine were introduced to act as a buffer against
acidity and reduce tumor aggressiveness. Proton-pump inhibitors

6770 | J Mater. Chem. B, 2020, 8, 6765-6781

(e.g. omeprazole and esomeprazole) can inhibit H'/K'-ATPase
and enhance extracellular pH. The use of MCT inhibitors (e.g
AZD3965%%), which tackle lactate synthesis-derived H* ions, is
another attractive approach to manipulate pH. CAIX expression
correlates with the poor prognosis of hypoxic tumors, and thus
specific chemical inhibitors (e.g. sulfonamide- and coumarin-
related substances) have been employed. Chen et al. presented
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the self-assembly of a CA inhibitor (benzenesulfonamide)-
modified short peptide (N-pepABS), which formed fibrous
structures around hypoxic tumor cells triggered by pH, con-
centrated CA inhibitors on the cell membrane and caused CA
dysfunction.”® N-pepABS regulated the extracellular pH and
inhibited cell migration, largely because N-pepABS not only
suppresses CAIX enzymes, but its fibrous structure also restricts
normal movements for cancer cells. They were also internalised
into cancer cells via CAIX enzymes and further formed longer
fibres in the lysosome, eventually blocking protective autophagy.
This study exemplified the effect of regulating CAIX enzymes on
acidic pH and hypoxia, while modulating them can reduce the
resistance to traditional therapy.

3.1.4 Reshaping the immune microenvironment. The afore-
mentioned angiogenesis, stroma, hypoxia and pH modulation
generally convert the intrinsic immunosuppression into immuno-
stimulatory, which confers better therapeutic outcomes in combi-
nation with immunotherapy. Thus, in this section, targeting
immunosuppressive factors, involving cells or soluble mediators,
is the main focus of our discussion.

Negative regulatory cells include TAMs, Tregs and MDSCs,
which inhibit the anti-tumor immune response of T cells and
NK cells. M2-like TAMs secret some immunosuppressive cyto-
kines, such as IL-10, PGE-2 and TGF-B, and small amounts of
proinflammatory cytokines (IL-6, TNF-a), resulting in evasion-
mediated immune suppression.*> Colony-stimulating factor
1 receptor (CSF-1R) or bisphosphonates (e.g. clodronate and
zoledronic acid) can directly inhibit the survival and prolifera-
tion of macrophages. However, the direct depletion of TAMs
can kill M1-like macrophages, and thus researchers have modi-
fied several ligands to enhance the M2-targeting ability, such as
M2pep and anti-CD204 immunotoxin.®® Reprogramming TAMs
into an M1-like phenotype represents a relatively ideal method
based on the excellent plasticity of macrophages. Metal NPs,
such as gold, silver and iron oxide, can increase ROS within
TAMs, thus activating M1-like macrophages.®®®” Several thera-
peutics also mediated this switching, such as TLR agonists,”®
chemicals (chloroquine and celecoxib®®'°°), and gases (NO and
CO*>'Y). For example, Yao et al fabricated two look-like
nanodrugs (GLnano), which were both established on anti-
angiogenic low molecular weight heparin (LMWH), and mixed
together to administer to mice for melanoma treatment.'®?
One of the nanodrugs was doxorubicin (DOX)-loaded LMWH-
chrysin (LCY) with DSPE-PEG-anisamide decoration (D-LCA
nanodrugs) to actively kill tumor cells. The other was
celecoxib-loaded LMWH-PLGLAG-containing peptide conjuga-
tion (C-Lpep), which could release celecoxib for M2-to-M1-like
macrophage reeducation. This GLnano effectively inhibited
tumor growth, and on day 10, the tumor size was only 1/2,
1/4, and 1/8 of that in the D-LCA, free DOX, and saline groups,
respectively. For Tregs, the strategies can also be divided into
three types, including depletion’®*'** (using PDT or chemo-
therapy), function inhibition with anti-cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) molecules and modulating Tregs
by the signal transducer and activator of the transcription
(STAT)3/5 pathway.'®® Some studies revealed STAT3 of immune
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cells facilitate secretion of Th2 cytokines, thus suppressing the
Th1 response and promoting the survival of Tregs.'°® Sunitinib,
a tyrosine kinase inhibitor, acts on this pathway and lowers the
proportion of Tregs and MDSCs.'®” In the case of MDSCs,
derivatives of oleanolic acid (CDDO-Me),'%® 6-thioguanine'®®
and gemcitabine''° all were used to inhibit their function and
development.

Besides targeting immune cells, soluble mediators such as
IDO, MMP, TGF-f and CXCL12 play a vital role in promoting
the immunosuppressive microenvironment. Thus, delivery of
these mediator-related inhibitors is viewed as a viable approach
to regulate the immune system. IDO can catalyze the degrada-
tion of tryptophan to kynurenine, and a low concentration of
tryptophan impairs the survival and activity of cytotoxic T cells.
IDO inhibitors such as NLG919 and indoximod with the use of
nanocarriers exert an effective immune response against tumors,
in combination with other treatments."”"™'" Notably, IDO
inhibitors alone cannot induce an intense immunostimulatory
response. Wang et al. fabricated redox-responsible phospho-
lipid-porphyrin conjugates to self-assemble into liposomes
(IND@RAL), in which NLG-8189 was loaded in their lumen
(Fig. 3A).""" After tumor cell internalization, IND@RAL
responded to the high GSH levels in the tumor cells, then
recovered the fluorescence signal and PDT activity (> 100-fold).
Strikingly, GSH-activated PDT induced immunogenic cell death
at the primary tumor sites and recruited CD8" T cells into the
tumors. After combination with IDO inhibitor, the systemic
antitumor immune response was further enhanced, as evi-
denced by the inhibition of metastatic sites (Fig. 3B). Tumor
cells and mesenchymal cells secret chemokines (e.g. CXCL12)
to activate and recruit immunosuppressive cells, such as Tregs,
into the TME. Small-molecule inhibitors (AMD 3100) or mono-
clonal antibody can block this effect of CXCL12."**

3.2 Strategies for tumor active targeting

Besides TEM modulation, physical NPs feature, such as size,
surface chemistry, shape and existence of targeting ligands, can
also influence the tumor distribution and cellular uptake of
NPs. In this section, we focus on how to enhance targeting
capacity towards tumors or non-cancer cells in the TME for
improved delivery and efficacy, including the modifying targeting
ligand and biomimetic strategy, as depicted in Fig. 5.

3.2.1 Targeting ligand modification. Targeting ligand
modification is one of the widely used strategies to improve
the tumor targeting delivery of NPs, which is attributed to the
specific interaction between ligands on NPs and proteins on the
membrane of tumor cells or tumor stroma cells.'*

Initially, researchers attempted to use some natural ligands
that could recognize proteins overexpressed on tumor cells or
stromal cells. For example, transferrin is the most widely used
ligand, which can specifically interact with transferrin receptor
(TfR) overexpressed on tumor cells and endothelial cells."*® Also,
oxaliplatin-loaded transferrin-modified liposomes are under
clinical evaluation. Although high tumor selectivity and thera-
peutic activity were observed in the pre-clinical study, thrombo-
cytopenia was found as the main toxicity in the Phase I study.""”
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Additionally, the most serious limitations of proteins as
targeting ligands are their poor stability, large molecular weight,
high immunogenicity, and high cost,"*® which restrict the appli-
cation and clinical translation of protein-decorated NPs.

To solve the above-mentioned problems, peptides with several
or tens of amino acids in length were designed for tumor
targeting."'® T7 peptide (HAIYPRH) is one such ligand that
can specifically bind with TfR.">° However, the traditional
L-form peptide still suffers from quick degradation by enzymes
in the blood, while the retro-inverso p-form peptide was still
integral after 8 h incubation."®" Additionally, p-form T7 peptide
(p-T7) showed stronger binding affinity with TfR compared with
r-formed T7."*> Thus, we conjugated p-T7 onto PEGylated
bilirubin nanoparticles (BRNPs) for brain tumor targeting
delivery.'*® The results showed the brain tumor accumulation
of p-T7-modified BRNPs (TBRNPs) was over 4-fold higher than
that of BRNPs (Fig. 4A-C). According to the fluorescence
distribution in the brain slices (Fig. 4D and E), the TBRNPs
showed higher intensity in the brain tumor, and well
co-localized with TfR, indicating the TfR-mediated active tar-
geting of TBRNPs. Cediranib-loaded TBRNPs could better target
neovessels and inhibit the tyrosine kinase activity of c-KIT and
VEGFR1, 2 and 3 for anti-angiogenesis. As a result, cediranib
and paclitaxel-loaded TBRNPs greatly prolonged the medium
survival time of brain tumor-bearing mice from 16 days to
53 days, which was significantly longer than that for the
unmodified BRNPs. Also, there are several other targeting

6772 | J Mater. Chem. B, 2020, 8, 6765-6781

ligands for tumors or other cells in the TME, such as RGD
(targeting vascular receptor Integrin o,B5"°), fibroblast activation
protein antibody (targeting CAF),"** vitamin D ligand (targeting
CAFs in pancreas),’* and mannose (targeting DCs'*° or cancer
cells'?’).

3.2.2 Biomimetic NPs. In the body, circulating cells, such
as platelets, circulating tumor cells and macrophages, can
target tumor with high efficiency. Thus, biomimetic NPs coated
with these cell membranes,"® drugs and NPs-loaded cells or
exosomes can mimic the interaction among these cells or
between stromal cells and cancer cells, such as cell recruitment
and immune escaping, to improve the delivery and efficacy of
drugs. For example, the vascular disruption in tumors
can recruit platelets in the blood and cause coagulation."”®
Therefore, Zhang et al. coated a platelet membrane onto
mesoporous silica NPs (MSNs), which were loaded with hypoxia
activated tirapazamine (TPZ) and vasculature-disruptive agent
DMXAA for tumor treatment.’*® The designed particles,
MTD@P, showed good selectivity to cancer cells. Compared
with the normal cell line 3T3, the uptake of MTD@P in the
colon cancer cell line CT26 increased 15 times. After entering
the tumor, MTD@P could disrupt the tumor vasculature to
inhibit tumor growth. Glycoprotein VI (GPVI) on platelet mem-
branes is vital for the recruitment of platelets toward injured
vascular sites, which exposes the vascular epithelial collagen to
bind with GPVL.'*' Thus, the vasculature disruption recruited
more platelet-mimic MTD@P, reinforcing its hypoxia and TPZ

This journal is © The Royal Society of Chemistry 2020
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Society.

efficacy. Macrophages also display tumor targeting capacity.">

Our group coated a shape-changeable NP with a macrophage
membrane to improve its targeting capacity, and encapsulated
thioketal-linked PTX dimer and disulfide-linked IND dimer for
the combination of chemotherapy and immunotherapy.'** The
coated NPs, I-P@NPs@M, showed higher cellular uptake by
cancer cells and IDO overexpressed cells compared with that
of the uncoated NPs I-P@NPs. In vivo, I-P@NPs@M showed
1.38-fold higher intensity in 4T1 breast tumor than I-P@NPs.
Directly loading NPs or drugs into whole cells can also
achieve active tumor targeting. Xue et al. used neutrophils to
deliver paclitaxel-loaded liposomes (PTX-CL/NEs) for glioma
recurrence treatment.’>* After surgical removal of a glioma,
local brain inflammation occurs accompanied with the release
of inflammatory factors, such as TNFa, which can activate
neutrophils to migrate to the inflammatory area."*> Compared
with paclitaxel-loaded liposomes (PTX-CL), the blood brain

This journal is © The Royal Society of Chemistry 2020

barrier penetration ratio of PTX-CL/NEs increased from 1% to
38%, while the penetration into glioma spheroids by PTX-CL/
NEs also increased significantly. Similarly, macrophages also
show potential as carriers of drugs and NPs for tumor targeting
delivery."*® Guo et al. loaded doxorubicin into M1 macrophages
(M1-Dox) for the treatment of metastatic ovarian carcinoma.”
When M1-Dox interacted with the tumor cells, it formed
tunnelling nanotubes to transport doxorubicin from the macro-
phages to tumor cells, providing an effective drug transporta-
tion pathway and leading to an effective antitumor effect.
Similarly, exosomes and vesicles can serve as drug carriers
due to their long blood circulation time, immune escape and
potential tumor targeting.’*® Wang et al. loaded doxorubicin
into macrophage-derived exosomes and then modified them
with gold nanorods.'®® After entering the tumor, the photo-
thermal effect of the gold nanorods caused disruption of the
exosomes and they released doxorubicin, boosting enhanced
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chemo-photothermal combinational therapy. Furthermore, some
exosomes may directly kill tumor cells. A recent study showed
engineered T cells expressing chimeric antigen receptor (CAR)
could release exosomes, which also carried CAR on their
surface.'*® As a result, the cytotoxic molecule-expressed CAR-T
cell exosomes could directly inhibit tumor growth. Additionally,
the CAR exosomes did not express PD1, making them safer
than CAR-T therapy.

Besides mimicking biological components in the body, the
immune system can also be hitchhiked for tumor targeting
delivery. Li et al. developed a type of cisplatin loaded nano-
pathogenoid,"*' which could in situ hitchhike circulating
neutrophils. When the tumor was applied with PTT, PTT-
induced inflammation recruited neutrophils together with the
nano-pathogenoid. The inflammation factors in the tumor
caused the release of the nano-pathogenoid from the neutro-
phils, which were then taken up by tumor cells. Finally, the
cisplatin in the nano-pathogenoid led to apoptosis of the tumor
cells. Thus, this hitchhiking strategy can effectively target
tumors with a simple NP composition and preparation, which
is promising for clinical translation.

3.3 Strategies for TME-responsive drug delivery

Compared to normal tissue, the unique characteristics of the
TME, including low pH, hypoxia, and high levels of redox
potential and enzymes, have guided the construction of
stimuli-responsive NPs.'*?> Generally, the pre-designed functions
of these NPs can be activated in response to the TME signals, as
shown in Fig. 6, such as detachment of the PEG corona, surface
charge conversion, ligand exposure, and on demand drug release,
for enhanced deep tumor penetration, augmented drug release,
and increased tumor cell uptake.'**™*¢ Based on these strategies,
the efficacy of TME-triggered cancer treatment has greatly
improved.

3.3.1 Enhanced tumor penetration of NPs. Initial tumor
accumulation of drug carriers is a critical step for tumor
therapy. To date, studies mainly focus on stimuli-responsive
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Fig. 5 TME and tumor cell active targeting, including ligand modification
and biomimetic strategies.
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modulation of the physiochemical properties of particles, such as
particle size, shape, surface charge, and ligand presence.'*’"*°
The challenges associated with particle size is well-known. Firstly,
the pores between endothelial cells range from 200 nm to 1.2 pum
in size, depending on the tumor type. Secondly, after extravasation
from vessels, NPs with a larger size (>100 nm) are more likely to
be retained in the TME but it is difficult for them to penetrate
within the tumor due to the dense ECM, whereas smaller NPs
(<30 nm) can penetrate into the deeper region of tumor, but be
easily pumped back into the bloodstream by the high IFP."*°
Based on this, the development of size-shrinkage platforms is
necessary. Briefly, after blood circulation, particles with a relatively
large size can respond to internal stimuli, such as enzymes,""
acidic pH,** and hypoxia,*** to achieve size shrinkage and tumor
penetration.'>*

The first strategy has been established on the principle that
TME cues will induce the detachment or degradation of the
outer shell layer on NPs. In this regard, many studies have
been devoted to design NPs with matrix metalloproteinase
(MMP)-sensitive peptides or benzoic imine-conjugated PEG
corona,"®>'*® which can respond to either a higher expression
level of MMP or lower pH at the tumor site to form smaller NPs.
These size-shrinkage characteristics result in improved pene-
tration into the tumor site due to the easier diffusion through-
out the tumor interstitial space. In addition, tethering small
particles on the surface of other NPs or hiding them inside
large particles through TME-sensitive linkers can also prompt
the penetration of small NPs when the platform is exposed to
the TME."” "% Cui et al. fabricated P-DOX by conjugating
doxorubicin (DOX) with poly(4-formylphenyl methacrylate-co-
2-(diethylamino)ethyl methacrylate)-b-poly(oligo(ethylene glycol)
methacrylate) (P(FPMA-co-DEA)-b-POEGMA) via imine linkage.'®!
The constructed pH sensitive NPs could dissociate into ultrasmall
particles (~ 10 nm), which are inherently favorable for deep tumor
penetration.

Objectively, the deep penetration efficacy of any of the
abovementioned methods will not be perfect due to the
complexity of the TME. Hence, the combination of multiple
strategies, including the modulation of NP properties (size
shrinkage/surface charge conversion) and remodeling the TME,
has become a promising approach to improve the penetration
capacity.'®>'®® In addition, TME-triggered self-assembled NP can
also be used to improve solid-tumor penetration. For instance,
Wang et al.'®* employed an in vivo self-assembly strategy and
designed polymer-peptide conjugates (PPCs), which underwent
an increase in acid-induced hydrophobicity under a narrow
pH-response range. The results showed that at appropriate
molecular concentrations (around the ICs, values of PPCs),
in situ self-assembly in the TME enabled the drug to be
delivered deeper into the tumor.

3.3.2 Increased cellular uptake of NPs. TME-responsive
NPs with charge conversion and shell detachment can also be
utilized as advanced strategies for tumor-specific cellular
uptake, which can offer several advantages, such as solving
the dilemma of long blood circulation (negative charge) and
efficient cellular uptake (positive charge). Some TME cues, such

This journal is © The Royal Society of Chemistry 2020
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as redox potential, acidic pH, and overexpressed enzymes, can
stimulate the responsive bonds on the surface of NPs to achieve
charge reversal.'®>'®® For example, ionizable chemical groups
(amine and acyl sulfonamide) and pH-cleavable chemical
bonds (hydrazone, imine, and dimethyl maleic anhydride) are
commonly used as pH-sensitive linkers."®” Similarly, quaternary
amine bonds are charge switchable, which can be protonated at
weak acidic pH to improve the cellular uptake of NPs."®®

In addition, TME signals can target the sensitive bonds on
NPs to recover hidden ligands, and thus achieve enhanced
tumor internalization. Generally, targeting ligands should
be shielded during the blood circulation to circumvent their
non-specific interaction with surrounding healthy tissue. One
effective approach to achieve this purpose utilizes enzyme- and
pH-sensitive PEG coatings. The overexpressed enzymes in the
TME can cleave bonds (e.g. MMP-2 and MMP-9) to deshield PEG
and expose the targeting ligands to promote efficient cellular
uptake. In their pioneering research article, Ji et al. constructed
enzyme-sensitive GEM nanovectors through the conjugation of
matrix metalloproteinase-9 (MMP-9) detachable PEG (Fig. 7A)."*
When the nanovectors accumulate at the tumor site via the EPR
effect, the PEG corona can be detached through overexpressed
MMP-9 to expose RGD for facilitating cellular internalization, as
seen in Fig. 7B.

3.3.3 Augmented drug release at tumor site. TME cues
can trigger a hydrophilic-hydrophobic switch, leading to the
collapse of NPs and on demand drug release. For example,
pH-sensitive NPs are fabricated with polymers that switch
between the hydrophilic (swollen) and hydrophobic (collapsed)
states as a result of the protonation and deprotonation of their
functional groups (e.g. poly(2-(diisopropylamino)ethyl metha-
crylate) (PDPA)) to trigger drug release.'”’

Besides, cleaving various TME-sensitive linkers to degrade
NPs is another strategy for the efficient release of loaded
therapeutics. Recently, hypoxia-mediated drug release has
aroused attention, in which hypoxia-responsive molecules such
as nitroimidazole (NI) are incorporated into NPs. When exposed

This journal is © The Royal Society of Chemistry 2020

to the tumor hypoxic environment, hydrophobic NI segments are
converted into hydrophilic 2-aminoimidazole, thereby facilitating
71 Furthermore,
azobenzene (AZO), as a hypoxia-sensitive linker, can also be used
to conjugate carboxymethyl dextran (CMD) with black hole
quencher 3 (BHQ3) to load DOX. When these particles enter the
hypoxic tumor site, the release rate of DOX remarkably increases
through the cleavage of the azo bond in BHQ3."”> In addition,
redox-sensitive linkages, including disulfide (S-S) and diselenide
(Se-Se) linkers, are integrated into the backbone or side chains to
attain redox-sensitive drug release.'”?

Notably, the acidic pH in the TME can induce the collapse
of some inorganic NPs, such as manganese dioxide (MnO,),
calcium carbonate (CaCOs) and calcium phosphates (Ca;(PO,),)
by facilitating the release of loaded cargo."’* Additionally, the
utilization of TME signals to trigger the generation of gas
(e.g. CO, and H,S) demonstrates great potential for accelerated
drug release.'”®

the release of the drug encapsulated in NPs.

4. Challenges of overcoming TME
barriers

Based on the distinguished TME, many types of TME-modulating
strategies and NPs have been developed to overcome the bio-
logical barriers and improve drug delivery efficiency. However,
although impressive progress has been made, there are still many
issues remaining to be elucidated and improved.

4.1 Cross talk of the complex TME

The complex properties of the TME construct a network in which
the alternation in a specific character will influence many other
characters. As described above, angiogenesis is an important
character of tumors, resulting in leaky vasculature and EPR
effect, where the latter is the most widely accepted rationale
for designing nanoscale drug delivery systems.'”® However, the
leaky vasculature also leads to extravasation of blood components,

J. Mater. Chem. B, 2020, 8, 6765-6781 | 6775


https://doi.org/10.1039/d0tb00649a

Published on 01 Elba 2020. Downloaded on 12/06/2026 11:37:10 AM.

Perspective

A

View Article Online

Journal of Materials Chemistry B

|
’ 1,2,RGD MMP Cathepsin B
EDC/NHS o . Tumor < Intracellular
QDs coated with microenvironment lysosome
amphiphilic polymer
> PEG-GGPLGVRGK-NH(1) ~# GEM-GELG-NHz(2) & RrRGD

B DAPI

Overlap

Fig. 7 Dual enzymatic reaction-assisted GEM nanovectors achieving multistage tumor cell targeting and efficient drug release. (
of the preparation of the nanovectors and their enzyme-sensitive behavior. (B) Fluorescence microscopy images of BxPC-3 cells incubated with d-QDs
in the (a) absence and (b) presence of the MMP inhibitor, (c) cb-QDs (cathepsin B-sensitive QDs without MMP-9 responsiveness, with an uncleavable PEG
shell), and (d) d-QDs (nr) (dual-enzyme-sensitive QDs without RGD targeting ability) with a concentration of 200 nM QDs for 4 h. The scale bar is 200 pm.

Reproduced with permission from ref. 169. Copyright

such as proteins, resulting in high IFP, and finally inhibits the
passive diffusion of drugs and NPs. Therefore, many researchers
have developed tumor vessel normalization strategies by anti-
angiogenesis to reduce IFP and improve the penetration of NPs.'"
Although these studies have reported enhanced drug delivery
and antitumor effect, anti-angiogenesis greatly reduces blood
perfusion of tumors, which aggravates the deficiency of oxygen
in tumors, and unfortunately, hypoxia is considered as a contri-
butor to tumor resistance towards chemotherapy.

Similarly, inhibition of the tumor matrix synthesis can
reduce the density of the tumor matrix, which can improve tumor
penetration. For example, oral administration of losartan can

6776 | J Mater. Chem. B, 2020, 8, 6765-6781

A) Schematic illustration
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apparently reduce the synthesis of collagen via recognition of
the angiotensin II type I receptor, which can downregulate tumor
transforming growth factor-B1.’”” Thus, the combination of oral
losartan with NPs can improve the tumor targeting delivery of
NPs.'”® However, the loose tumor matrix also facilitates the
extravasation of tumor cells, which will elevate metastasis
potential. Unfortunately, most studies do not pay much attention
to this concern.

4.2 Active targeting and cell uptake

Ligand modification is the most widely used strategy to over-
come tumor biological barriers, improve tumor active targeting

This journal is © The Royal Society of Chemistry 2020
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and facilitate cell uptake."*> Although the targeting capacity of
ligands has been widely accepted, and some ligand-modified
nanomedicines are under clinical evaluation, the efficacy of
ligand modification is challenged by the formation of a protein
corona.'”® Upon interaction with biological fluid, proteins in
the fluid can adsorb on NPs and form a protein layer, called the
protein corona. Several studies indicate that the formation of a
protein corona may diminish or even eliminate the specific
interaction of a ligand with its receptors, while some studies
indicate the specific interaction is still reserved in in vivo
conditions.'®>'®" However, regardless if the targeting is dimin-
ished or eliminated, the protein corona indeed influences the
active targeting and cellular uptake of NPs. Therefore, it is
useful to develop strategies that can overcome the influence of
the protein corona.

Surface de-shielding may be an applicable strategy to over-
come the influence of the protein corona. A PEG layer on the
surface of NPs can reduce the adsorption of protein and
improve the blood circulation time, and thus PEGylation is
widely used in the construction of drug delivery systems.'®*
However, the PEG layer also inhibits the interaction between
NPs and cells. Therefore, PEG should be conjugated onto NPs
through a cleavable linker."®> When the NPs arrive at the tumor,
specific stimuli, such as acidic condition and overexpressed
enzyme, will trigger the detachment of PEG from the NPs and
the protein corona will be detached correspondingly, resulting in
the exposure of the inner ligand on the NPs and specific targeting
to tumor cells."®*

4.3 Specificity and efficiency of stimulus response

Responsive drug delivery systems are designed in response to
the stimuli in tumors to improve drug delivery, such as acidic
condition, GSH, ROS and overexpressed enzymes. Thus, it is
important to ensure the response occurs in the right location,
the tumor. Although the conditions in the tumor are different
compared with that of other tissues, they indeed exist in
normal tissues. For example, the concentration of GSH in
tumor cells, especially in the cytoplasm, may be as high as
1-10 mM, which can be used for designing GSH-sensitive drug
delivery systems.'®® However, GSH is distributed throughout
the body. The concentration of GSH in the blood is about
2-20 pM, which is the first place that NPs enter after intra-
venous injection. Due to the long time that NPs circulate in the
blood, it is important to prohibit premature drug release in
response to GSH. Thus, to circumvent this problem, dual-
responsive drug delivery systems have been designed, where
the effective response requires the existence of two stimuli.'%¢

Besides the responsive specificity, responsive efficiency is
another important issue. Although NPs display an enhanced
retention effect compared with free drugs, their retention time
in tumors is still limited, with a half-life of several hours.
Therefore, NPs should respond to stimuli as quickly and
efficiently as possible before they are cleared from the tumor.
Although the degrading reaction of specific substrates by
enzymes is very rapid, the full response of NPs is time-consuming.
For example, gelatin NPs incubated with MMP-2 were reduced

This journal is © The Royal Society of Chemistry 2020
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only to half of their initial size in about 8 h.'®” Unfortunately,
more than half of the NPs will be pumped back into the blood
within 8 h. This time-consuming procedure may explain the
limited benefit of enzyme-sensitive drug delivery system.

5. Conclusion

The knowledge about the barriers in the TME for drug delivery
have been greatly extended. In the present review, we summar-
ized the knowledge about the barriers, and then discussed
the strategies to overcome these barriers and improve drug
delivery. Although promising development has been made in
this area, there are still some issues that need to be given great
attention. In addition to the challenges discussed in last
section, the properties of NPs are also very important. There
are numerous studies that show the surface moieties, charge,
size, shape, softness and even the inner core of NPs can
influence their behaviour. This means there is no general rule
that all NPs obey. Thus, case-by-case evaluation should be
performed before obtaining a good drug delivery system. The
safety of drug delivery systems is another critical concern.
Although the strategies in this review showed the potential of
improving drug delivery to tumors, most NPs, at least over 90%,
will go to normal tissues. Thus, biocompatible and biodegrad-
able materials should be used in the construction of drug
delivery systems. Recently, some carrier-free NPs have been
developed with tumor targeting capacity. Due to the termination
of the use of toxic materials, carrier-free NPs hold great promise in
clinical application.

In short, great improvement has been made in TME-targeting
drug delivery. A better understanding about the TME will further
improve the drug delivery efficiency and antitumor outcome.
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