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Abstract
Gaining significant attention in recent years, starvation therapy based on the blocking nutrients supply to cancer cells via 
blood occlusion and metabolic interventions is a promisingly novel approach in cancer treatment. However, there are many 
crucial obstacles to overcome to achieve effective treatment, for example, poor-targeting delivery, cellular hypoxia, adverse 
effects, and ineffective monotherapy. The starvation-based multitherapy based on multifunctional nanomaterials can narrow 
these gaps and pave a promising way for future clinical translation. This review focuses on the progression in nanomaterials-
mediated muti-therapeutic modalities based on starvation therapy in recent years and therapeutic limitations that prevent their 
clinical applications. Moreover, unlike previous reviews that focused on a single aspect of the field, this comprehensive review 
presents a broader perspective on starvation therapy by summarising advancements across its various therapeutic strategies.
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1  Introduction

Presently, cancer remains the most fatal disease, beginning 
with aberrant cellular metabolism that triggers uncontrolled 
proliferation and metastasis of tumours [1–5]. Typically, 
cancer treatments involve surgery, radiotherapy and chemo-
therapy aimed to destroy tumours and prevent metastasis to 
prolong the life expectancy and enhance the patient’s life 
quality. However, conventional intravenous chemotherapy 
has several limitations due to poor bioavailability, whereby 
the therapeutic dose is not achieved as the drug does not 
reach the target tumour site. Moreover, repetitive intravenous 
administration leads to the development of drug resistance, 
which results in poor efficacy and prognosis in patients. 

Additionally, surgery is often accompanied by lethal risks 
including bleeding, undesirable side effects, and damage 
to nearby tissues and organs [1, 6, 7]. Hence, innovative 
approaches to overcome barriers related to strategies have 
been employed, for example, photothermal therapy [8], pho-
todynamic therapy [9], sonodynamic therapy [10], sonother-
mal therapy [11], chemodynamic therapy [12], immunother-
apy [13], hormone therapy [14], and, especially, starvation 
therapy [15].

Cancer starvation therapy, which targets the tumour’s 
blood supply to inhibit its growth and survival, has indeed 
emerged as a promising strategy in cancer treatment. This 
approach aims to deprive tumours of essential nutrients 
and oxygen by disrupting angiogenesis, and the formation 
of new blood vessels which is crucial for tumour nour-
ishment. Various methods, such as using angiogenesis 
inhibiting agents, vascular disrupting agents, and tran-
sarterial chemoembolisation (TACE), have shown poten-
tial in limiting tumour growth. Angiogenesis inhibiting 
agents which prevent the establishment of new blood ves-
sels and vascular disrupting agents which devastate exist-
ing vasculature are applied to terminate the blood flow 
into tumours [16, 17]. Without blood supply, cancer cells 
become malnourished of oxygen and nutrients, resulting in 
death. Another method is transarterial chemoembolisation 
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(TACE) which integrates the targeted delivery of chemo-
therapy to tumours and blockage of its blood supply. How-
ever, TACE is mainly limited to vascular tumours mainly 
for hepatocellular carcinoma [18] but also in metastatic 
colorectal cancer, neuroendocrine tumours, cholangiocar-
cinoma, and renal cell carcinoma. Metabolic intervention 
involves deprivation of intra-tumoural oxygen or nutrients 
such as amino acids [19], glucose [20], and lactate [21] 
which cancer cells use as a major energy source to survive 
and proliferate.

While these therapeutic approaches have demonstrated 
promise in cancer treatment, there are also drawbacks asso-
ciated with their utilisation, such as low targeting ability as 
many of these treatments lack the precision to exclusively 
target tumour vasculature, which then also affects nor-
mal blood vessels leading to adverse effects and reduced 
therapeutic efficacy. Consequently, the lack of specificity 
may allow the tumour to develop alternative pathways for 
angiogenesis, leading to the development of drug resistance 
[22]. Additionally, by disrupting the tumour’s blood supply, 
these therapies can create a hypoxic environment within the 
tumour. This paradoxical effect of tumour hypoxia while 
initially detrimental to tumour growth can also promote the 
selection of more aggressive cancer cells that are adapted 
to survive in these conditions, potentially leading to tumour 
metastasis and resistance to further treatment [22, 23].

Moreover, a single treatment based only on starvation 
therapy cannot provide a considerable result. The combi-
nation with the other cancer treatment modalities provides 
better solutions to overcome limitations and gain optimistic 
effectiveness [24]. Furthermore, the development of nano-
materials with high-targeted delivery [25] and multifunc-
tional particles [26] opened new opportunities to close the 
gap and attain a more efficient cancer therapy. These systems 
enable targeted delivery of multiple therapeutic agents to the 
tumour site, enhancing efficacy while minimising adverse 
effects on healthy tissues. Overall, leveraging nanomedi-
cine for cancer starvation therapy holds immense potential 
to improve patient outcomes by enhancing treatment speci-
ficity, and efficacy, and reducing adverse effects associated 
with conventional therapies. It represents a cutting-edge 
approach that addresses some of the limitations of current 
cancer treatment strategies, ultimately offering hope for bet-
ter management of the disease and improved quality of life 
for patients.

Although review articles on starvation therapies have 
been published elsewhere [27, 28], the latest one that cov-
ered all aspects was in 2019. This comprehensive review 
aims to present up-to-date approaches and recent efforts in 
the application of starvation therapies over the past 3 years. 
We focus on the combination of starvation therapies with 
multifunctional nanomaterials, providing an overview 
of fundamental concepts, recent advancements, and key 

challenges in the development of more effective treatment 
strategies.

2 � Conventional approaches of starvation 
therapy

Starvation therapy is a comprehensive cancer treatment 
strategy aimed at suppressing tumour growth and preventing 
metastasis by cutting off the tumour’s supply of nutrients and 
oxygen, as well as blocking pathways involved in metastatic 
spread. Two main targets of this treatment are tumour vascu-
lature and cancer cell metabolism. The first target includes 
many strategies such as vascular embolisation (blocking ves-
sels), anti-angiogenesis, and vascular disruption. The latter 
target focuses on metabolic intervention, namely glucose 
deprivation, amino acid depletion, and lactate deprivation. 
Scheme 1 summarises the mechanism of these starvation-
inducing strategies.

2.1 � Angiogenesis inhibiting and vascular disrupting 
agents

The systemic system plays an important role in the distribu-
tion of nutrients and oxygen to every cell in the body. Like 
normal cells, cancer cells also require them to survive and 
divide. Moreover, the uncontrolled growth of tumour cells 
requires an increased supply of nutrients and oxygen. Upon 
growing beyond a few millimetres in size, tumours release 
chemical signals (vascular permeability factor (VPF)/vas-
cular endothelial growth factor (VEGF, VEGF-A)) that 
stimulate the formation of new blood vessels from existing 
vasculature to satisfy the demand for nutrients and pave the 
way for metastasis. Some tumours will depend on the exist-
ing blood vasculature to nurture [29, 30]. Therefore, block-
ing the blood supply to tumours will effectively restrain the 
growth and metastasis via the removal of crucial provisions. 
Two main approaches for blood supply obstruction are the 
(1) destruction of existing vasculature which is termed a 
vascular disruption agent and (2) inhibition of new blood 
vessel formation which is termed an anti-angiogenesis agent. 
U.S. Food and Drug Administration (FDA) has approved a 
list of agents for these purposes in cancer treatment that is 
performed in Table 1.

Tumour vasculatures have a high proliferation of 
endothelial cells, and lack of pericytes and the morphology 
is longer than healthy cells which facilitates the blocking 
of selective vessels. Moreover, in preclinical and clinical 
trials, anti-angiogenic agents (AAs) and vascular disrupt-
ing agents (VDAs) have demonstrated efficacy in occlud-
ing blood supply to tumours resulting in the suppression 
of its growth. However, the side effects related to anti-
angiogenic medicines and the lack of efficacy in preventing 
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multi-factor-mediated angiogenesis are crucial barriers to 
overcome to obtain therapeutic benefits by this conventional 
approach [29]. A significant drawback of VDAs treatment 
is that malignant cells at the outer tumour rim after treat-
ment are still viable. These survival cells could regenerate 
new tumours with resistance to drugs. Moreover, the cancer 
cells are highly adaptive. They can modify their metabolism 
or take nutrients from surrounding tissues or non-damaged 
blood vessels to maintain their life [33].

2.2 � Vascular embolisation (blocking vessels)

One of the valuable targeting strategies for devasculari-
sation is embolisation, in which tumour vasculatures are 
directly blocked by using embolic agents such as gelatine 

sponge [34], polyvinyl alcohol nanoparticles [35], Mg2Si 
[36], or enzymes to cause thrombus. This obstruction not 
only suppresses the proliferation by interrupting the deliv-
ery of oxygen and nutrients to tumours but also encumbers 
metastatic spreading. Instead of using chemical agents to 
destroy vascular and inactivate angiogenic factors, embolisa-
tion usually utilises physical blockade to trigger starvation. 
Therefore, the therapeutic resistance and toxicity could be 
minimised. However, the embolisation should be controlled 
precisely with the highly tumour-selective delivery to pre-
vent unfavourable thrombosis occurring in normal vessels. 
The clinical application of this approach is transarterial 
chemoembolisation (TACE), in which the embolic agents 
are carried precisely to the tumour artery under the support 
of imagining equipment. Despite good therapeutic results 

Scheme  1   Strategies in starvation therapy. Two main approaches 
used to induce the starvation include blood occlusion (blocking vessel 
or embolisation, anti-angiogenesis, vascular disruption) and metabo-

lism intervention (glucose deprivation, amino acid deprivation, lac-
tate deprivation)

Table 1   Mechanism and agents of angiogenesis inhibition and vascular disruption [31, 32]

Angiogenesis inhibition Vascular disruption

Mechanism Binding with angiogenic factors/receptors and inactivating the angiogenesis process Causing the change in shape of 
endothelial cells which leads 
to the decrease in vessel size

Agents Axitinib, bevacizumab, cabozantinib, everolimus, lenalidomide, lenvatinib mesylate, 
pazopanib, ramucirumab, regorafenib, sorafenib, sunitinib, thalidomide, vandetanib, 
ziv-aflibercept

Combretastatin A4 phosphate, 
AVE8062, ZD6126, ABT-
751, MN-029, TZT-1027, 
DMXAA
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achieved, this technique is restrictively implemented for 
hepatocellular carcinoma and usually requires an additional 
surgical operation [37].

The most popular embolic agent is thrombin, an endog-
enous trypsin-like allosteric serine protease, that triggers the 
clotting of blood via the regulation of platelet aggregation 
and promotes the conversion of fibrinogen into insoluble 
fibrin in plasma. In this way, thrombosis occurs and causes 
blockage in blood vessels [38].

2.3 � Metabolic interventions

2.3.1 � Mechanism of metabolic processes in cancer cells

Glycolysis is the most vital metabolic process which pro-
vides energy for cell activities through breaking down 
glucose into adenosine triphosphate (ATP) and nicotina-
mide adenine dinucleotide phosphate hydrogen (NADH). 
In healthy cells, glucose is converted to 36 molecules of 
ATP in the presence of oxygen. Conversely, in the acidic 
and hypoxic microenvironment of cancer, the Warburg 
effect describes the preference of cancer cells for aerobic 
glycolysis, in which almost glucose is converted to lactate 
and only 2 ATP are produced. This process is considerably 
less efficient than normal oxidative phosphorylation in the 
production of sufficient energy for maintaining normal life 
in mammals.

Consequently, cancer cells demand a huge amount of 
glucose, amino acid, and glutamine to survive due to inef-
ficient energy production [39]. Metabolic interventions such 
as starvation therapy have been explored as potential adjunct 
treatments for cancer. By limiting the availability of glucose, 
amino acids, and other nutrients that cancer cells heavily 
rely on, the goal is to induce metabolic stress and ultimately 
trigger apoptosis or necrosis in cancer cells.

2.3.2 � Glucose deprivation

There are 2 main approaches for glucose consumption inhi-
bition including glucose oxidation into other compounds 
and inactivation of enzymes catalysing glycolysis. Glucose 
oxidation–mediated starvation therapy relies on glucose oxi-
dase (GOx), a glycoprotein which has 2 polypeptide chains 
and 2 adenine dinucleotide coenzymes. GOx catalyses the 
oxidation of glucose into gluconic acid and by-product 
H2O2 under the presence of O2. Enhanced conversion into 
gluconic acid results in the inevitable reduction of cellular 
glucose concentration which triggers an energy crisis and 
apoptosis in cancer cells. Nonetheless, intra-tumoural oxy-
gen consumption can worsen hypoxic conditions, and the 
production of gluconic acid can increase cellular acidity, 
further promoting tumour survival and progression. Further-
more, the paucity of intracellular oxygen restricted glucose 

oxidation. This exacerbates the tumour microenvironment 
and weakens therapeutic effectiveness. The accumulation 
of by-product H2O2 augments the oxidative stress and cyto-
toxicity, potentially harming surrounding healthy tissues. 
Moreover, glucose oxidation can occur in the bloodstream, 
reducing the delivery of GOx to cancer cells and hindering 
its efficacy. This approach has shown potential in preclinical 
studies, but their translation into effective clinical therapies 
faces challenges such as systemic toxicity, off-target effects, 
and limited efficacy [39, 40]. Combining these approaches 
with other treatments or developing more targeted delivery 
methods may improve their clinical utility.

Some medicines, such as 3-bromopyruvate [41], lonid-
amine, and its derivatives [42], interfere in glycolysis by 
blocking hexokinase in mitochondria. However, this block-
age occurs temporarily and is reversible. The therapeutic 
efficacy of a single-use lonidamine is usually low and not 
enough to suppress the proliferation of cancer cells. Moreo-
ver, the hydrophobic and low mitochondria targeting also 
hinder the employment of lonidamine in oncology treat-
ments [43].

2.3.3 � Amino acid depletion

Tumours often exhibit an increased demand for exogenous 
amino acids from the bloodstream to support their rapid 
growth and proliferation due to the inefficient utilisation 
of glucose for energy production. The uptake of amino 
acids by cancer cells is tightly regulated by cellular signal-
ling pathways, notably the mammalian target of rapamycin 
complex 1 (mTORC1) and general control nonderepressible 
2 (GCN2) pathways. mTORC1 plays a central role in pro-
moting cell growth and proliferation in response to nutrient 
availability, including amino acids. GCN2 is activated in 
response to amino acid deprivation or starvation, leading 
to cellular responses aimed at conserving energy and pro-
moting survival. When amino acid availability is limited for 
an extended period, cells activate stress response pathways 
such as GCN2, which suppresses mTORC1 activity. This 
response helps cells adapt to nutrient scarcity and maintain 
viability. However, prolonged amino acid deprivation can 
also trigger apoptosis, leading to cell death [44]. Targeting 
amino acid metabolism and the signalling pathways involved 
in amino acid sensing and utilisation represents a promising 
approach for cancer therapy. By disrupting the balance of 
amino acid supply and demand in cancer cells, these inter-
ventions listed in Table 2 aim to impede tumour growth and 
progression [19, 45, 46].

Amino acid depletion therapies may lack specificity, 
leading to off-target effects and potential toxicity to healthy 
tissues. Amino acids are essential for the function and reg-
ulation of immune cells, including those involved in anti-
tumour immunity. Depleting amino acids indiscriminately 
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may impair the immune response against cancer, potentially 
compromising the effectiveness of immunotherapy strate-
gies. Moreover, tumours exhibit considerable heterogene-
ity in their metabolic profiles, even within the same type 
of cancer. Additionally, cancer cells can adapt to nutrient 
limitations by altering their metabolic pathways or acquiring 
nutrients through alternative mechanisms. These adaptations 
may reduce the effectiveness of amino acid depletion therapy 
and contribute to treatment resistance. Hence, improving the 
delivery and specificity of inhibitors is essential to minimise 
adverse effects [[40]].

2.3.4 � Lactate deprivation

While lactate was traditionally viewed as a waste product 
of glycolysis, recent research has shown that cancer cells 
can utilise lactate as a significant energy source, particu-
larly under conditions of glucose deprivation or hypoxia. 
This metabolic adaptation allows cancer cells to survive and 
proliferate in nutrient-limited environments. Lactate not only 
sustains cancer cell survival but also influences the tumour 
microenvironment in ways that promote metastasis and angi-
ogenesis. Intra-tumoural lactate concentration can be limited 
by therapeutic approaches including restricting lactate pro-
duction, inactivating transporter, neutralisation, and lactate 

oxidation. Lactate dehydrogenase (LDH) inhibitors such 
as oxamate, gossypol, and PSTMB can block the conver-
sion of pyruvate to lactate, thereby reducing lactate produc-
tion in cancer cells. Monocarboxylate transporters (MCTs) 
facilitate the uptake and efflux of lactate from cancer cells. 
Inhibiting MCTs can limit lactate export from cancer cells, 
potentially mitigating its effects on surrounding tissues and 
immunity. Therapeutic strategies that neutralise extracellu-
lar lactate or promote its oxidation within cancer cells are 
also being explored as potential treatments to reduce lactate 
levels and disrupt cancer metabolism [49–52].

3 � Cancer starvation therapy based 
on nanomaterials

3.1 � Nanomaterials as starvation agents–blood 
occlusion and metabolism intervention

Nanomaterials themselves can possess properties that cause 
starvation via blood occlusion and metabolic interventions.

Gold and silver nanoparticles can block signalling path-
ways or inhibit the secretion of pro-angiogenic factors, com-
plementing the action of loaded anti-angiogenic compounds. 
Several nanomaterial-based formulations have shown 

Table 2   Mechanisms and limitations of amino acids depletion therapies [44] [47] [48]

Amino acid Role in cancer cells Mechanism of interventions Limitations Preclinical and clinical

Glutamine -Most consumed nutrients (next to 
glucose)

-Important for the tricarboxylic acid 
cycle

-Utilised in almost syntheses of 
nonessential amino acid

-Glutaminase increases glutamine 
synthesis when enhancing glu-
taminolysis

-Inhibition of Glutaminase by 
inhibitor: CD-839, BPTES

-Development of 
drug-resistant 
mutations toward 
inhibitors

Yes

Asparagine -Stimulated glutamine biogenesis 
leading to epithelial to mesen-
chymal transition which drives 
metastasis

-Using asparaginase (ASNase) to 
restraint biosynthesis

-ASNase can also prohibit glu-
tamine synthesis

-Most successful 
amino acid deple-
tion therapy

-Therapeutic resist-
ance

-Cancer cells can 
alternatively utilise 
glutamine

Yes

Arginine -Important role in stabilisation of 
proteins

-Precursor for active compounds for 
metastasis and DNA damage

-Depletion caused by enzymes 
human arginase or the bacte-
rial arginine deiminase which 
converts arginine to ornithine or 
citrulline

Therapeutic resistance Yes

Methionine -Active role in malignant transfor-
mation

-Isolating cancer cells from exog-
enous methionine supply

-L-methionine-gamma-lyase 
converted methionine to the other 
products

Therapeutic resistance Yes

Serine and cysteine -Crucial role in proteins, phospho-
lipids and glycine synthesis,

-Participate in the folate cycle for 
producing nucleotides

-Using cyst(e)inase and phos-
phoglycerate dehydrogenase 
inhibitors combined with dietary 
restriction

Therapeutic resistance Preclinical only
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promise in inhibiting angiogenesis and suppressing tumour 
growth. Zinc, titanium, selenium, sulphur, and cerium 
compounds exhibit dual properties, either angiogenesis or 

anti-angiogenesis depending on the compounds consisting 
of them and the surrounding environment. For example, 
cerium oxide’s dual behaviour in angiogenesis was affected 
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by pH, ROS level, and concentration of nanoparticles [53]. 
Selenium-gold nanostructure [54] and Elaeagnus angustifo-
lia L-Fe2ZnO4 [55] are promising anti-angiogenic particles 
which successfully interfered with the VEFG/VEFGA.

An anionic phospholipid (dipalmitoyl phosphatidic acid, 
DPPA) was prepared as lipid nanoparticles via the precipi-
tation method and employed as an anti-angiogenic agent 
which not only inactivated Homeobox cut like 1 (CUX1)/
fibroblast growth factor 1 (FGF1) hepatocyte growth factor 
(HGF) signalling pathway but also successfully restricted 
the growth of breast cancer (4 T1 cells) (Fig. 1). The DPPA 
liposomal nanoparticles (DPPA-LNPs) overcame the bar-
riers of the conventional use of DPPA which were supe-
rhydrophobicity and side effects. In the form of nanopar-
ticles, the anti-angiogenic and anti-tumoural properties of 
DPPA were retained and the tumour-targeting delivery was 
improved considerably. The DPPA-LNPs concentration of 
20 µg/mL not only impeded notably the tube formation of 
human umbilical vein endothelial cells (HUVEC) but also 
suppressed the migration of these cells by around 50%. At 
the higher concentration of these liposomal nanoparticles 
(40 µg/mL), the HUVEC proliferation was constrained sig-
nificantly [56].

Polyphenol nanoparticles, which were formulated via the 
coordination of iron and 15 polyphenols respectively, per-
formed not only notable vascular disruption but also excel-
lent anti-angiogenesis. These polyphenols naturally have 
high hydrophobicity and poor solubility despite their good 
inhibition of new vessel development via the preferential 
binding to VEGFR2 (vascular endothelial growth factor 
receptor 2). Therefore, their translation for clinical applica-
tions usually was obstructed. The respective assembly of 15 
polyphenols and iron is a powerful approach to overcome 
limitations. Naringenin, hesperidin, catechin, quercetin, sily-
bin, ellagic acid, curcumin, myricetin, luteolin, morin, caf-
feic acid, chrysin, gallic acid, dopamine, and EGCG spheri-
cal shape nanoparticles (diameter from 2 to 150 nm) have 
shown their anti-angiogenic activity. At concentrations of 

200 µg/mL, polyphenol nanoparticles consisting of ellagic 
acid, gallic acid, and quercetin provided preponderant new 
vessel suppression and selectively vascular interruption for 
the treatment of high-grade glioma [57].

Instead of merely changing endothelial cells’ shape, 
recent approaches employed nanoparticles to trigger vascu-
lature damage with heat produced via photothermal treat-
ment therapy. The localised heating of the tumour vascu-
lature leads to several effects, including endothelial cell 
damage, vessel coagulation, and disruption of blood flow. 
This can result in vascular occlusion, ischemia, and ulti-
mately, tumour necrosis. 5,6-Dimethylxanthenone-4-acetic 
acid (DMXAA)–mediated fibrinogen-conjugated AuNPs 
aggregation amplified the photothermal-supported tumour 
vascular disruption [58]. A combination of semiconducting 
polymer nanoparticles, which produced heat under near-
infrared irradiation, with platelet membranes for activat-
able vascular targeting, provided novel nano-sized systems 
for light-driven vascular targeting and disruption therapy 
(LDVDT). The generated heat-engendered vascular disrup-
tion enhanced the activation of coagulation cascades and 
recruited the blood circulation of polymer nanoparticles 
toward injured vessels. This improved the targeting delivery 
to the tumour region. At the dosage of 200 µL (concentra-
tion of polymer of 150 µg/mL), this system could not only 
eradicate the tumour utterly but inhibited the metastasis of 
lung cancer (4 T1 cells) remarkably under 808 nm laser irra-
diation (0.3 W/cm2) (Fig. 2) [59].

Predominantly, metabolic interventions are based on the 
utilisation of enzymes, especially glucose oxidase (GOx) 
to catalyse the transformation of glucose. These enzymes 
usually were loaded on nanocarriers to improve the target 
transportation via the covalent conjugation or electrostatic 
interactions between enzymes and nanomaterials. Despite 
the notable refinement of selective targets to tumour tis-
sues, there are many limitations, for example, leaching of 
enzymes, aggregation of nanocarriers, and limited loading 
capacity hinder the clinical translations. The ideas exerting 
alternatives relied on enzyme-mimicking materials such 
as metal nanoparticles, especially ultrasmall Au nanopar-
ticles, which are auspicious solutions for these problems. 
Moreover, the acidity of the tumour microenvironment 
also prevents effective metabolic interventions via trig-
gering cell cycles to induce autophagy that improves the 
survival of cancer cells under a starvation state [60]. Cal-
cium phosphate (CaP)–coated Au nanocomposites loaded 
with MCT4 inhibitor fluvastatin mimicked the glucose 
oxidase (Au nanoparticles) and restricted autophagy by 
blocking cellular efflux of lactate using an MCT4 inhibi-
tor (fluvastatin)[60]. Au@BSA-L-wzb117 was reported 
as a multifunctional system where Au catalysed glucose 
oxidation and wzb117 inhibited the glucose transporter 
1 (GLUT1) to prevent the entry of extracellular glucose. 

Fig. 1   I Schematic illustration of the anti-tumour and anti-angiogenic 
effect of DPPA-LNP. (A) The bioactive lipid DPPA was utilised to 
prepare DPPA-LNP. (B) DPPA-LNP efficiently accumulated in 
the tumour area after intravenous injection. In TME, DPPA-LNPs 
achieve an anti-angiogenic effect by inhibiting vascular endothelial 
cell proliferation, migration, and tube formation (C); meanwhile, it 
directly induces tumour cell apoptosis (D). II In vitro anti-angiogenic 
effect of DPPA-LNPs. (A) The HUVEC viability after treated with 
indicated concentration of LNDPPA or LNDPPA-PEG for 24 h; (B) 
the HUVEC tube formation inhibition ability of DPPA-LNPs after 
co-incubated HUVEC with 20 µg/mL LNDPPA or LNDPPA-PEG for 
6 h (scale bar indicated 500 µm); (C) the HUVEC migration inhibi-
tion ability of DPPA-LNPs after co-incubated HUVEC with 20 µg/
mL LNDPPA or LNDPPA-PEG for 12 h (scale bar indicated 100 
µm); (D) the quantification of migrated HUVEC of transwell assay 
(*p < 0.05; ***p < 0.001 compared with Con group) [56]. Repro-
duced with permission. Copyright 2023, Elsevier

◂
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This two-pronged strategy was highly selective to the 
tumour region via the hypoxia-triggered release of wzb117 
by breaking hypoxia-responsive linker 4,4-azodibenzoic 
acid; therefore, the tumour growth was suppressed strik-
ingly but not eradicated [61]. Cobalt nanoparticles were 
utilised for dual amino acids and oxygen depletion therapy, 
in which, cobalt nanoparticles formed the complexes with 
amino acids to carry oxygen molecules and oxidise them. 
The simultaneous deprivation presented positive effects 
on killing cancer cells [62]. During blood circulation, the 
interactions between these nanomaterials and nutrients in 
blood could cause adverse effects such as blood sugar level 
drop and deprivation of amino acids that are necessary for 
normal tissues to survive. Moreover, low targeting deliv-
ery and undesirable leakage of active compounds during 
vascular transport could lead to the risk of intoxication. 
The tumour-responsive strategies should be considered 
carefully to improve the safety of therapies and prevent 
severe effects on normal cells.

3.2 � Nanomaterials as carriers for targeted delivery 
of starvation‑inducing agents

Nanomaterials offer precise delivery of starvation-inducing 
compounds to aberrant cells while protecting healthy tissues, 
thus reducing side effects. Their nanostructure enables them 
to penetrate biological barriers more effectively. Further-
more, the use of nanocarriers allows for controlled release 
of active compounds, prolonging their pharmacological 
activity, and enhancing selective cellular accumulation. This 
controlled release is particularly beneficial for maintaining 
therapeutic efficacy over a long period.

Various nanomaterials are utilised as delivery systems 
for anti-angiogenic agents, including polymers (e.g. PEG, 
PLA, PLGA), liposomes, and large-surfaced carbon-based 
nanomaterials (e.g. graphene oxide, carbon nanotubes, nano-
diamonds). These materials are chosen based on their com-
patibility with anti-angiogenic medicines (AAs) and their 
ability to efficiently deliver drugs to target sites [63–65]. 

Fig. 2   Schematic illustration of light-driven vascular targeting and 
disruption therapy (LDVDT) using polymer nanoparticles. The 808 
nm irradiation triggered mild hyperthermia that caused the tumour 
vascular haemorrhagic damage and activated the coagulation cascade. 
After that, the damage generates collagen exposure and uncoils the 
von Willebrand factor (vWF) in plasma. This facilitated the accumu-

lation of nanoparticles through their binding to membrane proteins 
GP1b-V-IX and integrin α2β1. Finally, nanoparticles aggregated and 
enhanced hyperthermia significantly to not only destroy vessels but 
also eradicate tumours [59]. Reproduced with permission. Copyright 
2023, Wiley Periodicals LLC
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Graphene oxide nanoparticles containing 6-gingerol suc-
cessfully suppressed the expression of glutathione per-
oxidase (GPx), superoxide dismutase (SOD) antioxidant 
enzymes, VEGF, and VEGF-R genes in gastric tumour cell 
lines at a concentration range of 26–36 µg/mL [66]. RGD1-
R6 peptide–carrying siRNA nanoparticles [67], metformin-
loaded gold-poly(catechin) core–shell nanoparticles [68], 
and low-density lipoprotein (LDL) nanosystem encapsulated 
Vandentanib [69] are promising anti-angiogenic particles 
which successfully interfered with the VEFG/VEFGA.

Cardiotoxicity and short half-life are Achilles’ heels of 
conventional vascular disrupting agents (VDAs). There-
fore, nano-sized carriers are substantially helpful for target-
ing the delivery of VDAs to tumours and the improvement 
of cellular accumulation of VDAs. Usually, monotherapies 
of only one of the VDAs or AAs have limited response 
because of the resistance of tumours. Therefore, the coali-
tion of VDAs and AAs concurrently is a prominent solution 
to overcome the bottlenecks of monotherapy including drug 
resistance and tumour recurrence. Platelet membrane–coated 
mesoporous silica nanoparticle (MSN) co-delivered Com-
bretastatin A4 (CA4) and Apatinib provided the remarkable 
suppression MHCC-97H liver tumours growth after 25 days. 
Platelet membrane is ideal for protecting nanocarrier from 
blood clearance and the immune system. Hence, the trans-
portation of starvation agents is improved undoubtedly [70]. 

The main hindrance to effectual metabolic-intervened 
starvation therapy is the poor-targeting delivery of meta-
bolic interruption-inducing compounds. Instead of tumours, 
starvation can have adverse effects on normal cells. For these 
reasons, the conventional approaches did not provide sig-
nificant benefits in tumour eradication. Nanoparticles have 
opened new avenues for improving the efficacy and speci-
ficity of starvation therapies in cancer treatment. Nanoplat-
form based on amorphous calcium phosphate (ACP) nano-
substrates loaded with metformin and GOx was developed 
to combine glucose starvation and sensitised metformin 
therapy [71]. Iridium/ruthenium (IrRu) ultrasmall nano-
particles modified with GOx and PEG improve glucose 
oxidation by catalysing the decomposition of H2O2 into 
O2. Moreover, this system also enhanced the formation of 
singlet oxygen 1O2 causing apoptosis of cancer cells [72]. 
Transgenic microorganism Escherichia coli MG1655 (EcM-
GDH) microbes that produce glucose dehydrogenase and 
have a high affinity to tumours were used to initiate apop-
tosis by depriving glucose nutrition in colorectal tumours 
[73]. Hyaluronic acid (HA)–functionalised redox-responsive 
micellar nanosystem encapsulated Lonidamine and (5-phe-
nylacetmido-1,2,4-thiadiazol-2-yl) ethyl sulfide [74], and 
functional MOF-based core/shell nanoreactor–loaded inhibi-
tors [61, 75] respectively provided dual-blocking starvation 
therapy which restricted not only glycolysis but glutamine 
metabolism as well. Fluvastatin sodium–, metformin-, and 

bupivacaine-loaded ClO2@CaSiO3@MnO2-arginine-gly-
cine-aspatic acid nanoparticles were administered to trig-
ger deficiency of methionine via the release of ClO2

− that 
oxidised methionine. Moreover, fluvastatin inhibited the 
MCT4 expression and metformin suppressed the TCA cycle 
simultaneously [76]. Zeolitic imidazolate framework-8 (ZIF-
8) nanoplatforms loaded with α-cyano-4-hydroxycinnamate 
(CHC) and glucose oxidase (GOx) were employed to trigger 
the dual deprivation of glucose and lactate hence the effi-
cacy in killing tumours was enhanced considerably when 
compared with mono-blocking approach [77]. Instead of 
blocking the lactate production, lactate oxidase was loaded 
in mesoporous silica combined with mitochondria-targeting 
drugs to deplete the existing lactate and dysfunctional the 
mitochondria [78].

Immediately inducing blood coagulation when contact-
ing directly blood in vessels, embolic agents such as throm-
bin cannot be directly intravenously injected. Blood clot 
formation caused by these agents during circulation could 
significantly reduce the blood flow to normal tissues and 
cause insufficient vascular blockage at tumour sites. Nano-
carriers are the optimal choice for tumour-specific releas-
ing and inducing thrombosis-based starvation. Organic 
phase-change materials (PCM) co-loaded thrombin (Thr) 
and IR780 have been constructed as thermal-responsive 
nanoplatform for controllable-released embolisation at the 
tumour site. Under 808 nm irradiation, PCM nanoparticles 
started melting and releasing Thr because of the thermal 
effect induced by IR780 [79]. Red blood cells (RBC) were 
decorated with photoactivable 2-(1-hexyloxyethyl)−2-
devinyl pyropheophorbide-�(HPPH) and co-loaded Thr and 
tirapazamine (TPZ) to synthesise photoactivable bomb for 
laser-triggered thrombin release starvation. RBC provided 
hemocompatibility and improved circulation time of embolic 
agent and hypoxia-responsive chemodrug during transporta-
tion to the tumour site. Under laser irradiation, HPPA gener-
ated 1O2 that burst the RBC to release loaded active drugs in 
tumour vasculature in a precise and highly controllable way 
(Fig. 3) [37]. ZIF-8 encapsulated Doxorubicin (DOX) and 
Thr has been used as a tumour microenvironment-respon-
sive transporter for combined chemoembolisation therapy 
on 4 T1 cells [80].

3.3 � Nanomaterial‑based combination therapy

Monotherapy based solely on cellular starvation often 
proves to be ineffective or only mildly effective in sup-
pressing cancer progression. The adaptability of cancer 
cells through metabolic modifications is a significant fac-
tor contributing to therapeutic failures. Hypoxic conditions 
in cancer cells activated the hypoxia-inducible factors 
(HIFs) that orchestrated metabolic response to promote 
survival and resistance to treatments [81]. The concept of 
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Fig. 3   “Photoactivatable bomb” for vascular embolisation. I Scheme 
illustrating the fabrication of Th/TPZ@HRBCs and their appli-
cations in laser-triggered tumour vessel blockage and hypoxia-
activated chemotherapy. II (a) Representative colour-coded laser 
speckle images of the tumour sites in the mice from different groups. 
Tumour-bearing mice were intravenously injected with PBS (control) 
or Th/TPZ@HRBCs (thrombin = 500 U kg−1, TPZ = 3 mg kg−1), 
and then imaged at 1, 3, and 7  days postinjection, respectively. For 
the “Laser (+)” group, laser irradiation (671 nm, 30 mW). (b) PAI 
data reflecting the blood oxygen saturation levels of the tumour areas 
in the 4 T1 tumour-bearing mice intravenously injected with TPZ@
HRBCs or Th/TPZ@HRBCs (thrombin = 500 U kg−1, TPZ = 3 mg 

kg−1). Laser irradiation (671 nm, 30 mW cm−2, 20 min) was carried 
out at 6  h postinjection. The images were taken at 24 h after laser 
irradiation. Untreated mice were set as the control group. The green 
dotted circles indicate tumour regions. Red and blue colours indicate 
higher and lower blood flow, respectively. The red dotted circles indi-
cate tumour regions. (c) Quantified oxygen saturation levels of the 
tumour area in the mice at different time points after the indicated 
treatments. Statistical data are presented as mean ± standard devia-
tion (n = 5) and the differences between the two groups were analysed 
by Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001) [37]. Repro-
duced with permission. Copyright 2021, Wiley Periodicals LLC
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exploiting nutrient scarcity to enhance the vulnerability 
of cancer cells has gained significant attention in recent 
years. This vulnerability can be leveraged to improve the 
efficacy of other treatments, making combination therapy 
(Scheme 2) a critical approach in cancer treatment.

3.3.1 � Starvation/chemodynamic therapy

H2O2, a by-product of glucose oxidation, becomes useful 
for triggering the chemodynamic therapy (CDT) via con-
version into *OH, hence enhancing therapeutic efficacy 

Scheme 2   Multi-therapeutic modalities based on starvation therapy
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synergistically. OH* radical reacts with cellular compo-
nents, causes genetic damage, and triggers cell apoptosis 
via activation of caspases while glucose starvation caused 
by glucose oxidation can disrupt protein interaction that 
leads to loss of mitochondrial membrane potential and ulti-
mately triggers the cell apoptosis [82, 83]. This combined 
attack enhances the effectiveness of killing cancer cells. 
Moreover, the formation of gluconic acid also assists glu-
tathione (GSH) in facilitating the release of metal ions from 

nanoparticles such as Fe2+ and Fe3, to catalyse the Fenton 
process (Scheme 3). This combination is a key to figuring 
out not only the increase of cellular acidity but also the cyto-
toxicity of H2O2.

The starvation caused by glycolysis inhibition via block-
ing transporters will not produce H2O2. In this case, metal 
ions can be exerted to decompose endogenous H2O2, hence 
stimulating dual treatment. Because of the low concentra-
tion of endogenous H2O2, the therapeutic effectiveness will 
not be as good as the glucose oxidation/chemodynamic 
approach. This dual strategy has been adopted success-
fully in various reported studies for many cancer cell types 
(Table 3).

The pivotal advantage of this combinatory strategy is that 
the chemodynamic can be triggered without the requirement 
of external energy such as ultrasound or light. Therefore, the 
depth of tumour location is no longer a limitation. Generally, 
the CDT primarily relied on iron and manganese ions as 
catalysts to generate radicals. Other metal ions, such as Cu2+ 

Scheme  3   Mechanism of integrated starvation/chemodynamic ther-
apy

Table 3   Representative recent efforts in nanomaterials supported starvation/chemodynamic therapies

Nanomaterials Metallic ions Starvation 
causing 
agents

Cell lines Duration of in 
vivo treatment
(days)

Tumour suppression 
(S) or eradication (E)

Ref

Janus c-Fe2O3/SiO2 conjugated GOx Fe2 +/Fe3+ GOx 4 T1 15 S [84]
LipoCaO2/Fe(OH)3-GOx MDA-MB-231 16 S [85]
Fe3O4@MIL-100@GOx 4 T1 14 S [86]
ZIF8-loaded GOx, haemoglobin and methemo-

globin
4 T1 18 S [87]

FeGdNP-ICG/GOx-RGD2-mPEG MKN45 GC 15 S [88]
ZIF-8/PdCuAu/GOx@HA T24 28 S [89]
Iron-based NMIL11 4 T1 14 S [90]
AS/GOD@HAZnO NPs 4 T1 10 S [91]
MnSiO3@Met@GOx Mn2+ GOx 4 T1 14 E [92]
F127–MnO2-ZIF-8@GOx HeLa

4 T1
No in vivo No in vivo [93]

GOx with manganese-doped calcium phosphate 
(MnCaP)

IDH1 (R132H) 60 S [94]

Mn3O4@PDOMs-GOD SMMC-7721 12 S [95]
Mn-TCPP = 5, 10, 15, 20-tetrakis (4-carboxy-

phenyl) porphyrinato-manganese (II) chloride) 
loaded with GOx

4 T1
A549

14
(4 T1 tumours)

S [96]

Bismuth − manganese-based nanozyme loaded 
with GOx

4 T1 14 S [97]

GOx@MnCoMOF Cal-27 17 S [98]
CaCO3@MnO2-NH2@GOx@PVP 4 T1 14 S [99]
Triptolide (TP) and 2-deoxy-D-glucose (2-DG) 

loaded into hollow mesoporous MnO2
2-DG A549 14 E [100]

Cu2 + -inserted hollow mesoporous silica nano-
particles–loaded GOx

Cu2+ GOx MCF-7 16 S [101]

ZnO2@Au@ZIF-67 NPs Co2+/Co3+ Au 4 T1 15 S [102]
Pd@Pt-GOx/HA Pd@Pt GOx 4 T1 15 S [103]
PCN-224(Cu)-GOD@MnO2 nMOFs Cu+/Mn2+ GOx HeLa 14 S [104]
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and Co2+, as well as noble metals like platinum and palla-
dium were also explored to undergo the Fenton process. The 
starvation in this dual strategy was mainly caused by the glu-
cose oxidation using GOx or GOx-mimicking nanoparticles 
(Au NPs) as catalysts. The utilisation of glycolysis inhibi-
tors in this approach is limited because they cannot produce 
H2O2, a crucible factor of CDT. Despite impressive results 
achieved in cancer treatment, this therapeutic combination 
possessed certain drawbacks involving the undesirable glu-
tathione (GSH) oxidation catalysed by GOx under the pres-
ence of oxygen to produce glutathione disulfide (GSSG). 
This oxidation leads to an insufficient level of glutathione 
that cannot initiate the release of Fenton-catalysed metal 
ions. Furthermore, the unexpected consumption of oxygen 
during this oxidation also restricted glucose oxidation. These 
factors significantly impeded ROS generation and conse-
quently diminished the therapeutic efficacy.

3.3.2 � Starvation/phototherapies

Phototherapies including photothermal therapy (PTT) and 
photodynamic therapy (PDT) exert light as an energy source 
to produce active compounds or heat that prompt the cancer 
cells’ apoptosis [105–108]. These therapies are usually less 
invasive and more biocompatible than conventional radia-
tion. Combining starvation therapy with phototherapies 
presents promising approaches to cancer treatment, offer-
ing the enhanced therapeutic efficacy through synergistic 
mechanisms.

Starvation/photodynamic therapy: H2O2 produced from 
glucose oxidation can be accumulated to increase endog-
enous H2O2 concentration which is usually inadequate for 
satisfactory PDT results and decomposed into O2 under the 
presence of nanocatalysts. This O2 augmentation not only 
inhibit the activation of defence mechanisms in cancer cells 
via hypoxia alleviation but also accelerate the formation of 
singlet oxygen (1O2)—a crucial compound for PDT by sup-
plying oxygen source [109]. While glucose oxidation cuts 
off the main energy source and makes cancer cell become 
more vulnerable, its by-product H2O2 can be positively used 
to contribute to amelioration of hypoxia and enhancement 
of PDT therapeutic effect by providing more oxygen. The 
singlet oxygen generated from PDT induces cell death via 
apoptosis, necrosis, and autophagy via diverse signalling 
pathway related to many factors and caspases [110].

Starvation/photothermal therapy: Photothermal therapy 
works by generating heat to induce cell apoptosis. Due to its 
independence from ROS generation, PTT is not affected by 
hypoxia. However, the main barrier of PTT is the release of 
heat shock proteins (HSPs) that allow cancer cells survival 
by repairing thermal-induced damage. The combination 
with starvation, especially glucose oxidation, provides many 
benefits: (1) the glucose starvation could impede the HSPs 

expression by blocking the main energy supply used for 
HSP production [111]; (2) the glucose oxidation consumes 
oxygen and cause hypoxia; however, PTT is not effected by 
hypoxia and maintain its therapeutic performance; (3) the 
mild temperature increase induced by PTT could enhance 
GOx enzyme efficiency instead of causing adverse effects 
on its stability [112]. These factors lead to a synergistic 
enhancement of therapeutic outcomes when photothermal 
and starvation therapies are combined. Table 4 summarises 
recent nanomaterials-mediated starvation/phototherapies.

Organic photosensitisers, including Chlorin e6 and por-
phyrin, are the most ubiquitous components used in PDT 
nanotherapeutics. They have minimal long-term side effects 
and are less invasive compared to drugs used in conventional 
therapies. Moreover, PDT exhibited highly accurate target-
ing of tumour tissue due to the dual selectivity on localisa-
tion of photosensitiser and confinement of light. Manganese 
and its derivatives such as oxides played a pivotal role in 
supporting the PDT process because of their catalytic activ-
ity in the decomposition of H2O2 into O2 (catalase mimick-
ing). Various nanoparticles—ranging from organic dyes (e.g. 
IR780, IR820) to plasmonic metal NPs (e.g. Ag, Au) and 
2D materials (e.g. quantum dot, graphene)—were explored 
as photothermal agents in PTT. Starvation-primed photo-
therapies often utilised GOx as a starvation-inducing agent. 
GOx not only catalysed the oxidation of glucose to gener-
ate H₂O₂, which is vital for enhancing PDT, but its activity 
is also amplified under increased temperatures. Conversely, 
glycolysis inhibitors, such as hexokinase, 2-DG, and 3-BP, 
were less commonly used as they primarily interrupt glyco-
lysis and not be influenced by temperature changes or ena-
ble the generation of H2O2—crucial factors for synergetic 
enhancement.

Certainly, these combinatory therapeutic modalities 
offer many advantages over the conventional single star-
vation treatment, but there are many notable challenges to 
overcome. The phototherapies occur only at irradiated sites 
selectively; therefore, it is difficult to eradicate metastatic 
and deeply embedded tumours where the light penetration 
is attenuated by tissues. This limitation can lead to tumour 
relapse. Additionally, increasing the temperature during 
PTT can potentially damage surrounding healthy tissues 
and induce the production of heat shock proteins that confer 
heat resistance in cancer cells [138, 139]. Figure 4 exhibits 
2 nanomaterials that mediated the combination of starvation 
and phototherapies.

3.3.3 � Starvation/chemotherapy

During glucose oxidation, glucose oxidase consumes 
intracellular oxygen to convert glucose into gluconic 
acid and hydrogen peroxide (H₂O₂), resulting in a local-
ised increase in intracellular acidity and the induction of 
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hypoxic conditions. This alteration of the tumour micro-
environment can be strategically exploited to activate 
and release anticancer drugs and prodrugs. This not only 
allows localised therapeutic effects but also mitigates side 
effects via preventing the premature leakage of hydrophilic 
chemotherapeutic agents during systemic transportation. 

Furthermore, the starvation-induced vulnerability of 
tumour cells limits their ability to develop resistance and 
make them more susceptible to chemotherapy. Co-load-
ing starvation causing agents and anticancer drugs into 
nanocarriers offers several advantages for achieving syn-
ergistic therapy as well as overcoming barriers via highly 

Fig. 4   Nanomaterial mediated the synergic starvation/photothera-
pies. I Schematic diagram of the preparation of PB@MIP and its 
application as a hexokinases inhibitor for combined starvation and 
enhanced photothermal therapy of malignant tumours (left) and 
relative tumours’ photographs of different groups: (1) PBS, (2) PBS 
+ NIR, (3) PB, (4) PB + NIR, (5) PB@NIP, (6) PB@NIP + NIR, (7) 
PB@MIP, (8) PB@MIP + NIR after 14 days of treatment (right). II 

(A) Schematic design of the MCGF nanoplatform and (B) applica-
tion of MCGF in tumour therapy and imaging, including MRI and 
enhanced starvation/PDT (left). Photographs of tumours collected 
from sacrificed mice of different groups (1) PBS, (2) PBS + L660, (3) 
Ce6 + L660, (4) MCGF, (5) MCF + L660, (6) MCGF + L660 (right). 
Reproduced with permission. Copyright 2023. American Chemical 
Society[118] [135]
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precise-targeting delivery and enhanced permeability and 
retention (EPR) effect [140] [141] (Table 5).

Despite notable improvement in tumour suppression 
efficacy, this combinatory therapeutic approach inherits 
many challenges of conventional chemotherapy, includ-
ing drug resistance in cancer cells and toxicity associated 
with chemodrugs. Furthermore, the combination strategy 
primarily relies on the tumour microenvironment (TME) 
for drug release rather than addressing or mitigating its 
adverse effects. Consequently, the accumulation of H2O2 
and hypoxia leads to the activation of hypoxia-induced 

factors (HIF) that boost the defence mechanism of cancer 
cells against therapy.

3.3.4 � Starvation/gas therapy

The starvation/gas therapy modality leverages H₂O₂ gener-
ated during glucose oxidation to oxidise L-arginine (L-Arg), 
an endogenous nitric oxide (NO) donor, into L-citrulline, 
thereby releasing NO gas. Compared with using exogenous 
NO donors, this process overcomes the low-specific deliv-
ery to tumours and improves gas therapy notably as well. 

Table 5   Representative recent nanomaterials-mediated starvation/chemotherapy

Materials Starvation 
causing 
agents

Chemotherapy agents Targeting agents Cell line Times of in 
vivo treat-
ment
(days)

Tumour suppression 
(S) or eradication (E)

Ref

GOx- and TPZ-co-loaded 
oDex-SeSe-Gel

GOx Tirapazamine (TPZ) B16-F10 20 S [140]

PTX-ASC-GO@MPC-
SApt NPs

GOx PTX Aptamer 4 T1 15 S [141]

Sorafenib (Sor) and 
GOx co-loaded into a 
N-acetyl-galactosamine 
(GalNAc) modified 
(ZIF-8)

GOx Sor GalNAc C5 WN1 14 S [142]

Liposomes co-delivered 
cisplatin (CDDP) and 
bis-2-(5-phenylaceta-
mido-1,3,4-thiadiazol-
2-yl)-ethyl-sulfide 
(BPTES)

BPTES CDDP Liposomes SKOV3DDP 16 E [143]

Banoxantrone (AQ4 N)/
GOx@ZIF-8@Cell-
membrane(CM)

GOx AQ4 N CM HepG2 21 S [144]

Hollow mesoporous 
organosilica-GOx/
DOX-CM

GOx DOX CM HepG2 12 S [145]

Yolk − shell-mesoporous-
organosilica-GOx/
DOX@aptamer

GOx
DOX

DOX aptamer MCF-7 21 S [146]

Folic acid (FA)-func-
tionalised-carbon-dots 
(CDs)-embedded -with-
GOx-and-paclitaxel 
(PTX)

GOx PTX FA MDA-MB-468 No in vivo [147]

GOx with Pt-NPs in a 
PLGA -coated-nano-
system

GOx Pt PLGA CT26 20 S [148]

Mesoporous-
silicon(DMSN)-
binding-peptide, 
(FTH1)-co-loaded-
TPZ-and-GOx

GOx TPZ Peptide L-02
A549

14 S [149]

GOx-coupled-Ag@
mSiO2-TPZ

GOx TPZ MCF7 No in vivo [150]
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However, supplementation of free L-arginine can cause a 
serious increase in plasma L-arginine concentration. High 
levels of L-arginine could be toxic and cause unpleasant 
side effects including high potassium levels, nausea, and 
diarrhoea. Nano-sized delivery vehicles provide the ideal 
solution to this problem. Covalent organic frameworks 
(COFs) [151], MnO2-HSA-FA [152], MnO2-modified poly-
dopamine (PDA) and FA [153], FA-BSA/GOx@ZIF-8-L-
Arg [154], and tetrasulfide bond–doped mesoporous silica 
nanoparticles co-loaded GOx and L-Arg [155] contributed 
promising results in eliminating HeLa cell tumours via syn-
ergistic starvation-NO gas therapy. The modification with 
folic acid (FA), human serum albumin (HSA), and bovine 
serum albumin-FA (BSA-FA) promoted the targeting deliv-
ery via specific recognition of tumours.

In this therapeutic approach, starvation was often 
induced by glucose oxidation, which generated key factor 
H2O2 to support the cooperative dual therapy. Therefore, 
this approach inherited almost limitations of both glucose 
oxidation and gas therapy. The combination of gas therapy 
and other starvation strategies is limited. Moreover, during 
systemic transportation, GOx could consume blood glucose 
for oxidation and release H2O2 that not only causes oxidative 
stress on normal tissues and diminishes blood glucose con-
centration but also interacts with L-arginine (both in blood 
and nanocarriers) leading to uncontrolled release of toxic 
gas NO. These are potential safety risks which should be 
considered carefully.

3.3.5 � Starvation/sonodynamic therapy

Ultrasonic-triggered sonodynamic therapy (SDT) is a novel 
and promising approach in cancer treatment in recent years, 
offering advantages in deep-tissue penetration compared 
to light-based therapies such as PTT or PDT [156]. SDT 
involves the employment of nanoparticles when exposed to 
ultrasound, undergoing a process called sonoluminescence, 

leading to the generation of ROS within the tumour tissue. 
These ROS induce oxidative stress and cause damage to 
cancer cells, ultimately leading to cell death. SDT shares 
the same mechanism as PDT, with the only difference being 
the replacement of light with ultrasound irradiation. There-
fore, glucose oxidation can enhance SDT through the same 
mechanism underlying combined starvation and photody-
namic therapies [157] (Table 6).

Sonodynamic therapy has emerged as a non-invasive 
therapeutic strategy which has fewer side effects and is a 
better choice for deep tumours due to ultrasound penetration 
ability. However, research in this novel area is quite lim-
ited. Moreover, the combination with starvation treatment is 
nearly based on the application of glucose oxidase. Further 
exploration in this area could focus on optimising the com-
bination of SDT with various starvation strategies to yield 
significant advancements in cancer treatment, especially for 
hard-to-reach tumours.

3.3.6 � Other starvation‑based dual therapies

Besides these integrated therapies above, some new 
approaches have been reported. A multistage responsive 
dual-enzyme nano-cascade was applied for starvation-
enhanced radiotherapy via glucose depletion facilitating 
the faster-kill radiotherapy. In this study, two enzymes GOx 
and CAT were placed closely within a polymeric coating 
for the continuous multistage process to prevent the escape 
of H2O2 causing oxidative stress [162]. Binding siRNA and 
GOx on Au NRs also gives a more promising combined 
therapy in which GOx deprives glucose and siRNA has 
significant effects on cancer growth, metastasis, and drug 
resistance [163]. Porous Pt binding with GOx provided new 
starvation/electrodynamic therapy. Pt not only replenished 
O2 via catalysing H2O2 decomposition but also generated 
ROS under an alternating electric field [164]. For integrated 
starvation/immunotherapy, PCP-Mn-DTA@GOx@1-MT 

Table 6   Representative nanomaterials-mediated starvation/sonodynamic therapy

Materials Starvation causing 
agent

SDT agents O2 gen-
erating 
agents

Cell lines Times of in vivo treat-
ment
(days)

Tumour suppression 
(S) or eradication (E)

Ref

TiO2@Pt/GOx GOx TiO2@Pt Pt 4 T1 14 E [157]
Hollow CoP@N 

− carbon@PEG
CoP@N − carbon 4 T1

L929
14
(4 T1 tumours)

E [158]

Porphyrin-based-
PCN-224-loaded-Pt 
and GOx

GOx Tetrakis(4-
carboxyphenyl)
porphyrin

Pt BxPC-3 15 S [159]

AuPt@MgSiO3@
GOx

GOx AuPt@MgSiO3 MCF-7 13 S [160]

Organoplatinum (II) 
complex (Pt-TPE)

Pt-TPE 4 T1 14 S [161]
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[165] and microalgae-integrated living hydrogel [166] have 
been administered.

3.3.7 � Multifunctional nanomaterial–crucial key 
in starvation‑based multitherapy

The explosion of research focusing on multifunctional nano-
materials for multimodal therapies (> 3 modalities) in can-
cer treatment (Table 7) over the past few years reflects the 
growing recognition of their potential to overcome the limi-
tations of monotherapy and to enhance therapeutic efficacy 
synergistically. This literature review will update elaborately 
on recent efforts in the last 3 years.

Like dual starvation–based therapies, multifaceted thera-
peutic approaches relied virtually on glucose oxidation to 
trigger the scarcity of glucose in tumours via glucose oxi-
dase (GOx) and its mimicking nanoparticles (e.g. Au NPs). 
The utilisation of starvation-inducing agents such as glucose 
inhibitors or blood occlusion agents is rare. Therefore, the 
adaptation of cancer cells to glucose deprivation via meta-
bolic changes was still the main barrier. However, the com-
bination of starvation and other therapies could attack the 
tumours more effectively and eradicate them quickly before 
the development of therapeutic resistance. Moreover, the 
coalition of many treatments could take advantage of the 
limitations of starvation in a more effective way when com-
pared to mono and dual therapies. For example, starvation/
chemodynamic (dual combination) will only consume a 
certain amount of ubiquitous H2O2 by-product of glucose 
oxidation to trigger the synergistic treatment. The remain-
ing amount of this compound still exists in the cell environ-
ment and continues causing oxidative stress. Therefore, the 
combination with one more therapeutic strategy that uses 
H2O2 to enhance therapeutic effects such as sonodynamic, 
photodynamic, or gas therapy is considered a useful solu-
tion. These approaches not only utilise more H2O2 to allevi-
ate intra-tumoural-oxidative stress in a better way but also 
significantly intensify therapeutic outcomes on tumour sup-
pression and eradication.

Starvation-based multimodal therapies practically employ 
together many functional materials which have different 
roles in the treatment. Metals and metal compounds (oxides, 
sulfides, ferrites, MOF, etc.) based on Fe, Mn, Cu, Co, Zn, 
Ru, Mo, Ce, Bi, etc. were used as key nanoparticles that not 
only trigger the other therapies (PTT, PDT, CDT, SDT) but 
also support the starvation. The noble metal nanoparticles 
such as Pt, Ag, Pd, and, especially, Au could play a dual 
role, as the starvation-inducing agent via the mimicking of 
glucose oxidase and as the other therapies’ active agent. 
Some organic compounds such as IR780, Prussian blue and 
L-Arginine were also applied as active agents in combined 
therapies.

As seen in Table 7, some multifunctional materials for 
multimodal therapies could eradicate the tumours in a short 
time of treatment (13–21 days). The multifaceted therapeu-
tic approaches could open the promising prospect of com-
pletely curing cancer. Eradicating tumours in a short time 
could not only restrict the adaptation of tumours against the 
treatment but also improve patient compliance compared 
to conventional treatments. However, the combination of 
many materials could increase the toxicity of normal cells 
and cause more side effects. The highly targeted delivery 
is still required to not only promote synergistic therapeutic 
effects but also prevent adverse effects on normal tissues.

Furthermore, metabolic-intervened starvation therapies 
usually focused on single nutrient blocking. This cannot 
cause the severe famines to completely dislodge the tumour 
and usually facilitates tumour metabolic adaptations to treat-
ment. The multi-nutrient-based starvation should be consid-
ered to improve therapeutic effectiveness. Facing the deple-
tion of multiple nutrients, tumour starvation will be more 
stringent and induce cell death more easily. Tumours need 
more time and effort to develop metabolic change to promote 
survival. The concomitant blocking of many nutrients could 
be an effective way to prevent the emergence of therapeutic-
resistant adaptation in cancer cells. However, multi-nutrient 
deprivation can worsen adverse effects on normal tissues. 
Figure 5 exhibits 2 strategies that were applied for multith-
erapy modalities based on starvation.

4 � Advantages and limitations

4.1 � Advantages

Advancements in knowledge about not only cancer cells but 
also multifunctional nanomaterials opened doors to diag-
nose and treat cancer in more effective ways. The barriers 
of monotherapy based on starvation can be overcome via 
the combination of therapies. Starvation therapy usually 
enervates cancer cells and delays their growth instead of 
completely eradicating them. Tumours become more vulner-
able after starvation. Hence, the efficiency of other therapies 
can be improved significantly in starvation-based multi-
therapeutic modalities. This facilitates the abridgement of 
treatment duration. According to in vivo anti-tumour stud-
ies of starvation-based multitherapy, optimistic results in 
tumour demolition can be obtained in short periods from 9 
to 20 days. This will be extremely beneficial for patients in 
clinical trials because long treatment periods of conventional 
therapies can cause exhaustion.

The promising effects on abolishing the cancer progres-
sion were attained in various cell lines, such as HeLa, 4 T1, 
MCF-7, and HepG2. Therefore, the integration of starva-
tion and other therapies can provide effective treatment for 
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various cancer types instead of just a specific one. Cancer 
cells often develop resistance to single-agent therapies 
through various mechanisms, including metabolic changes 
and activation of survival pathways. Multi-therapeutic 
modalities that target multiple pathways simultaneously can 
help overcome treatment resistance and prevent the rapid 
adaptation of cancer cells to therapy.

Nanocarriers can be designed to selectively deliver both 
starvation causing agents and anticancer drugs to tumour 
tissue, minimising off-target effects on healthy tissues. By 
incorporating targeting ligands or responsive elements, 
nanocarriers can further enhance their specificity for cancer 
cells, ensuring precise delivery of therapeutic agents to the 
desired site but restricting the adverse effects on surround-
ing tissues as well. Therefore, starvation-based multitherapy 
is less invasive and more compatible. It can be a desirable 
alternative to conventional ones.

4.2 � Limitations and clinical challenges

While there have been promising outcomes in preclinical 
studies of starvation-based synergistic therapy, clinical trials 
involving nanomaterials are still limited.

Firstly, the adverse effects caused by the accumulation 
of nano-sized particles should be considered carefully, 

especially nanomaterials based on non-dietary elements. 
Most studies used cytotoxicity test to conclude biocompat-
ibility of nanomedicines; however, their long-term effects 
and degradation are also the matters of concern. The life of 
mice used for in vivo experiment is too short for biosafety 
evaluation. In addition, some nanomaterials based on human 
essential minerals such as iron, copper, or manganese are 
considered less harmful than non-dietary elements; how-
ever, their degradation may cause side effects related to the 
increase of their concentration in body that could lead to 
serious damages to organs. The promising preclinical cyto-
toxicity test cannot ensure absolute safety when adminis-
tering nanoparticles in humans. Therefore, the degradation 
pathways of nanomedicines after exerting their therapeutic 
effects represent a crucial gap that needs to be explored for 
future clinical translation. Moreover, multifunctional nano-
particles can result in more serious metabolic risks in normal 
cells if they are leaked during the transportation inside the 
body. The highly targeting delivery to confine unwanted side 
effects is also necessary.

Secondly, some novel approaches to starvation therapy 
are still in the early stages of development and require thor-
ough investigation—for example, lactate deprivation, amino 
acid depletion, and the combination of sonodynamic and 
starvation therapies. Reports in these areas are still limited.

Fig. 5   Nanomaterial mediated starvation-based multimodal therapies. 
I (a) Schematic diagram of preparation and mechanism of ruthenium-
nanoaggregate (RuNA)@MnO2@GOx (MRG@HA). (b) Tumour 
volume change curves of mice during treatment. (c) Tumour shape 
and size of mice at the end of treatment. Copyright 2023 American 
Chemical Society [167]. II (a) Schematic illustration of the prepara-

tion of Pdot@Fe@GOx for enhanced multimodal cancer treatment. 
(b) Time-dependent tumour growth curves. (c) Digital photographs of 
the dissected tumours of different groups Saline, P dots, P dots@Fe, 
P dots@Fe@GOx, Saline + L (light), P dots + L, P dots@Fe + L, P 
dots@Fe@GOx + L. Copyright 2023 Wiley Periodicals LLC [198]. 
Reproduced with permission
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Thirdly, most combinations of starvation and other thera-
pies rely on glucose oxidation. However, not all cancer cells 
rely on same metabolic pathways. Some cancer cells are 
vulnerable to the scarcity of glucose while others seem to 
be more resistant and continue to survive in low-glucose 
environments via gene alterations and metabolic adaptions 
that allow them to consume the other energy sources such as 
amino acid and lactate. Hence, there is still ample room to 
explore various approaches for combining starvation therapy 
with other treatments. However, the other strategies of star-
vation such as amino acid depletion or lactate deprivation 
do not produce by-product that allow synergistic therapeutic 
performance like H2O2.

Fourthly, the scaling up of nanomedicines also presents 
significant challenges. The synthesis and fabrication of these 
active compounds usually require complicated processes 
with intricate equipment. The minor errors in scaling up 
process can result in the change in structure and physico-
chemical properties of nanomedicines that compromise their 
therapeutic performance. For example, gold nanoparticles 
can effectively mimic glucose oxidase only at small sizes, 
whereas larger nanoparticles exhibit reduced catalytic activ-
ity [208]. Therefore, if scaling up is not carefully conducted 
to maintain consistency with laboratory conditions, changes 
in properties such as size and structure of the nanomedicines 
may occur, potentially affecting therapeutic outcomes. Due 
to the challenges in scaling up, only small amounts of nano-
medicines are produced per synthesis, particularly in low-
yield processes. This leads to high costs, making them less 
affordable for patients. In addition, the difficulty in scaling 
up is also a major challenge for clinical translation. Clini-
cal trials necessitate the production of substantial quantities 
of nanoparticles to accommodate investigations involving a 
large cohort of patients. Laboratory-scale synthesis is typi-
cally inadequate to meet this demand.

Fifthly, during the transportation to tumour site, starva-
tion-triggered nanoparticles could interact with immune 
system and trigger immune-responsive via release of pro-
inflammatory cytokine that leads to unintended inflam-
mation and cytokine release syndrome. These could cause 
severe effects on patient health. In addition, the immune 
system could trigger the clearance of nanoparticles via acti-
vation of mononuclear phagocyte system that diminishes 
bioavailability and therapeutic outcomes of nanomedicines 
[209].

Ultimately, the clinical translation of starvation-based 
therapeutic modalities remains significantly hindered 
by numerous challenges. These include concerns about 
biosafety, long-term toxicity, adverse effects on normal 
cells, degradation pathways, scalability, unintended immu-
nogenicity, and reliance on glucose oxidation, which can 
lead to metabolic adaptation. Moreover, starvation ther-
apy and its related therapeutic modalities are a broad and 

complex landscape, encompassing diverse approaches with 
distinct therapeutic mechanisms. Evaluating the therapeu-
tic performance of a large number of nanomedicines to 
identify the most promising candidates for clinical trials is 
challenging due to inconsistencies in treatment conditions, 
including variations in dosage, mechanisms of action, and 
treatment duration.

5 � Conclusion and outlook

Starvation therapy has many approaches including vascu-
lar disruption, anti-angiogenesis, metabolic interferences 
via glucose deprivation, amino acid depletion, and lactate 
deprivation. Instead of being utilised as a monotherapy, 
starvation therapy can be combined with other therapies 
to enhance the therapeutic efficiency synergistically and 
overcome the barriers related to hypoxic conditions, an 
increase of intracellular pH and cytotoxicity of by-prod-
ucts. In starvation-based multimodal therapies, not only 
cellular hypoxia but also intracellular pH can be allevi-
ated considerably via the decomposition of by-products 
H2O2 into useful O2. Moreover, hypoxic conditions and 
pH increase can also facilitate the release and activation 
of anticancer drugs. The targeted delivery of starvation 
causing agents is improved significantly by using nano-
sized carriers. The utilisation of new medicines that sup-
port starvation via the blocking of signalling pathways 
and molecules’ transportation promotes therapeutic effi-
cacy notably. In addition, the starvation caused by block-
ing the bloodstream is not limited to using conventional 
medicines.

The administration of nanomedicines provides prom-
ising results. Most innovations in this field are still in 
their infancy, with underlying challenges regarding clini-
cal translation that need to be assessed in detail. There 
are many challenges to overcome including the safety of 
treatments using nanomedicines and their adverse effects 
on normal tissues. The accumulation of nanoparticles 
that will provide promising tumouricidal effect or cause 
aberrant metabolism in normal tissues should be consid-
ered carefully and meticulously. While limitations and 
challenges exist, the future of cancer starvation therapy 
remains promising because of the efficacy it provides. 
Overall, combining starvation therapy with other treat-
ment modalities offers a promising approach to cancer 
treatment, capitalising on the metabolic vulnerabilities of 
cancer cells and enhancing overall treatment efficacy. Con-
tinued research efforts are focused on optimising multi-
therapeutic modalities and translating them into clinical 
practice for the benefit of cancer patients.
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