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Abstract

Cancer therapies have significantly improved cancer survival; however, these therapies can often result in undesired 

side effects to off target organs. Cardiac disease ranging from mild hypertension to heart failure can occur as a result 

of cancer therapies. This can warrant the discontinuation of cancer treatment in patients which can be detrimental, 

especially when the treatment is effective. There is an urgent need to mitigate cardiac disease that occurs as a result 

of cancer therapy. Delivery strategies such as the use of nanoparticles, hydrogels, and medical devices can be used 

to localise the treatment to the tumour and prevent off target side effects. This review summarises the advancements 

in localised delivery of anti-cancer therapies to tumours. It also examines the localised delivery of cardioprotectants 

to the heart for patients with systemic disease such as leukaemia where localised tumour delivery might not be an 

option. 

Graphical Abstract

Keywords

Cancer therapy, localised drug delivery, cardiotoxicity, Immune checkpoint inhibitors, myocarditis, 

cardioprotectant.



                               AUTHOR ACCEPTED MANUSCRIPT                           

© 

               

                Controlled Release Society

3

Introduction 

Cancer is a major healthcare problem globally and is one of the leading causes of death worldwide (1). It is the 

second most common cause of death in the USA (2). GLOBOCAN estimates 18.1 million new cases and 9.6 million 

cancer deaths worldwide in the year 2018 (1). As per the projection for 2020, 1,806,590 new cancer cases and 

606,520 cancer deaths will occur in the USA alone (3). Over the past few years, there has been a decrease in overall 

cancer related mortality. For example, in USA, the combined cancer death rate for both men and women dropped 

continuously through 2017 by a total of 29%, that is, approximately 2.9 million less cancer deaths than expected (3). 

No doubt, advancements in chemotherapeutics have played a major role in reducing the cancer death rate that has 

seen a decline over the past decade. 

Although cancer therapies are successful in the treatment of cancer, their use often results in undesired side effects, 

most notably, cardiotoxicity which could lead to various cardiac diseases demonstrated in Figure 1. This could be 

detrimental to the patient’s treatment and can result in the discontinuation of cancer therapy. Several subclasses of 

cancer therapies result in the formation of cardiac disease including the use of anthracyclines, targeted therapies 

such as anti-HER2 treatment and vascular endothelial growth factor (VEGF) receptor inhibitors, and most recently 

noted immune checkpoint inhibitors (ICIs). These cardiovascular diseases can range from hypertension to severe 

cardiomyopathies resulting in congestive heart failure (CHF) which has excellently been reviewed in detail 

elsewhere (4). Such therapies can be broadly characterised into causing vascular damage, cardiomyopathy, 

arrythmia, and pericardial disease as outlined in Figure 1. There is thus an unmet need to overcome off target side 

effects of these cancer therapies. This paper discusses the problem of cardiac disease from these therapies and 

potential strategies to overcome these off-target effects, including strategies for localised delivery of 

chemotherapeutics to the tumour site and localised cardioprotectant delivery to the heart for systemic malignancies, 

for example, haematological malignancies for which localised anti-tumour treatment is not an option. 
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Fig. 1 Outline of anti-cancer agents resulting in toxicities related to vascular changes, cardiomyopathy, pericardial 

disease, and arrhythmia

Agents Causing Cancer Therapy Induced Cardiotoxicities 

Cancer therapy induced cardiotoxicity is a generalised term for a group of cardiac diseases resulting from treatment 

with either traditional cancer therapeutics such as chemotherapies and radiotherapies or novel targeted therapies 

such as monoclonal antibody therapies. The diseases can manifest in several different ways which is depending on 

the therapeutic strategy used including myocardial, pericardial, and vascular diseases (5). This may lead to left 

ventricular dysfunction resulting in a reduced left ventricular ejection fraction (LVEF) and CHF. 

Anthracyclines 

Anthracyclines are the most commonly used chemotherapeutic agents. Despite their remarkably known curative 

effect, their use is limited because of the adverse effect on the heart. Anthracyclines often induce irreversible 

degenerative cardiomyopathy which leads to CHF with time and is fatal (6). Chemotherapy induced cardiotoxicity 

leading to CHF has been associated with a 3.5 fold increased mortality risk as compared to the CHF caused by the 

idiopathic cardiomyopathy (7). The mortality rate can be as high as up to 60% at 2 years post treatment (8). 

Anthracyclines can result in an acute or chronic cardiotoxicity and while most patients may be exposed to the initial 

acute cardiotoxicity, patients who receive high doses or are treated early in life may be more exposed to the late 

onset side effects of anthracyclines including CHF. Over 50% of the greater than 330,000 childhood cancer 

survivors in the USA have been treated with anthracyclines (9). Although they have significantly improved survival 

by >75% they are associated with the development of chronic cardiotoxicity causing lifelong problems with 

childhood survivors of cancer treatment being particularly vulnerable (10,11).  
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There are several suggestions on possible mechanisms of action although it is widely accepted that the formation of 

reactive oxygen species, lipid peroxidation of the cell membrane, and mitochondrial dysfunction play a role which 

ultimately damage the cardiomyocyte leading to irreversible heart damage (12,13). The incidence of left ventricular 

dysfunction associated with anthracycline therapy can vary depending on the type of drug used but it is generally 

dose dependent. Doxorubicin is one of the most commonly used anthracyclines containing a dose dependent 

increase with rates of up to 5%, 26% and 48% with 400mg/m2, 550mg/m2, and 700mg/m2 respectively (14). Other 

types of anthracyclines can be associated with cardiotoxicity such as idarubicin (>90mg/m2), epirubicin 

(>900mg/m2), and mitoxanthone (>120mg/m) which have reported incidences of up to 18%, 11.4% and 2.6% 

respectively (5). Due to this high rate of reported cardiotoxicity, there is a need to develop localised delivery 

strategies that either deliver the drug directly to the tumour resulting in reduction in off target side effects or 

development of delivery strategies that deliver therapeutics to the heart to prevent cardiotoxicity. 

Targeted Therapies 

Human Epidermal Growth Factor Receptor 2 (HER2) Inhibitor  

Human epidermal growth factor receptor 2 (HER2) inhibition using  trastuzumab has been shown to be effective by 

increasing overall survival and disease free survival, however, this has been associated with significantly increased 

levels of CHF and LVEF decline (15). The rate of cardiac dysfunction has been reported to lie between 7% and 34% 

in patients receiving a combination of anthracyclines and trastuzumab (5,15). Additionally, the use of trastuzumab in 

combination with antimetabolites and alkalising agents were associated with cardiac dysfunction and CHF at rates of 

5% and <1% in patients with gastric cancers (5,16). However, trastuzumab is only involved in acute toxicity and not 

in chronic toxicities. Several studies have followed patients receiving trastuzumab for up to ten years and these 

studies have concluded that trastuzumab has a low risk of cardiac events and have found the improvements in 

overall survival and disease-free survival. The positive effects of trastuzumab outweighs the potential benefits of 

any acute side effects (17–21).  It occurs around the time of treatment and thus is more reversible. This is thought to 

be due to the mechanism of action of these agents that result in structural and functional changes in both the 
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mitochondria and the contractile proteins which rarely leads to cell death. This is a possible explanation as to why 

trastuzumab therapy is reversible and is not associated with long term effects as opposed to the use of agents such as 

anthracyclines which result in cardiomyocyte death (5,22,23). Other anti-HER2 pathway targeted therapies such as 

lapatinib, pertuzumab, and trastuzumab-emtansine seem to show similar results to trastuzumab although larger 

prospective trials may be needed for confirmation (5,24,25). A study comparing the use of trastuzumab vs 

trastuzumab and lapatinib in over 8000 patients with breast cancer has shown no improvement in disease free 

survival and low rates of cardiotoxicity in both groups (5,26).

Vascular Endothelial Growth Factor (VEGF) Inhibitors

Blocking the VEGF pathway has shown promising results in several solid cancers; however, they are often 

associated with both reversable and irreversible cardiac side effects. A large metanalysis of Food and Drug 

Administration (FDA) approved VEGF receptor TKIs containing 10,647 patients from 21 randomised phase II and 

III clinical trials examined the risk of CHF associated with the drugs. This study found a 2.69 fold increase in CHF 

risk compared to controls not using TKIs which was deemed significant (5,27). However, this study also found there 

was no significant increase in the risk of severe CHF between the groups (27). A trial examining the effects of the 

anti-VEGF antibody bevacizumab after chemotherapy resulted in development of left ventricular dysfunction in 2% 

of patients and resulted in severe CHF in 2% of patients (5,28). A comparison of the VEGF inhibitors pazopanib and 

sunitinib has shown that both have similar efficacy and although there was no difference between the two in 

cardiovascular events the data favoured pazopanib in safety and quality of life profiles (29). The use of the VEGF 

inhibitors pazopanib, sunitinib, and axitinib has shown that their use is associated with rates of cardiac dysfunction 

between 3-15% and between 1-10% of patients will develop CHF (5,30–32). VEGF inhibitors have also been found 

to result in arterial hypertension which can lead to cardiac dysfunction. If cardiac dysfunction does develop, it can 

be reversible in 60-80% of patients upon treatment discontinuation (33).  Additionally, it can also be suggested that 

if hypertension is controlled, the potential of CHF may be reduced (5,34).  
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Immune Checkpoint Inhibitors (ICI)

Recently approved by the FDA, ICIs have emerged as a promising anti-cancer treatment option and has been 

increasingly used in earlier stages of the disease (35). Tumour cells, by various molecular pathways, suppress the 

activation of adaptive and innate immune systems that may poise threat to them. Leach DR et al in their landmark 

study observed the rejection of tumours in a murine model when antibodies against cytotoxic T lymphocyte antigen 

4 (CTLA-4) were introduced (36). Hence, it was inferred that blocking the inhibitory regulation could unleash the 

immune system against the tumour cells and that is the basis of the ICI therapy. Although ICIs exploit the potential 

of the self-immune system to destroy the tumour cells, the up-regulation of the immune system is also associated 

with immune-mediated adverse events (imAEs). Any human body system can be affected by an imAEs. It is 

reported that these imAEs lead to the discontinuation of the ICI therapy in approximately 40% of the patients 

(37,38) . Cardiovascular imAEs occurring as a result of ICI therapy are often severe and life threating. Salem et al 

have reported that >80% of cardiovascular imAEs are severe with death occurring in 50% of myocarditis cases and 

21% of pericardial diseases. Thus, there exists an urgent need to develop new management strategies and 

therapeutics to treat cardiovascular imAEs (39). 

ICI-induced myocarditis is a fulminant and potentially fatal complication that may warrant discontinuation of the 

ICI therapy. Sporadic cases of ICI-induced myocarditis have been reported. Though sparsely reported in early trials 

and considered to be a rare complication occurring in less than 1% of the patients receiving ICI therapy (40), the 

frequency seems to be increasing. Most recently, Mahmood et al created an 8-centre institutional registry to better 

understand the statistics of ICI-mediated myocarditis. The prevalence of ICI-induced myocarditis was found to be 

1.14% in adult patients while the median time of onset was 34 days after starting ICI (41). The majority of patients 

presented with abnormal electrocardiogram (ECG), elevated troponin and NT-proBNP (N-terminal pro B-type 

natriuretic peptide) levels and nearly half of the patients had ejection fraction of <50%. Patients were managed with 

high dose steroids which resulted in lower serum troponin levels at discharge and no case of recurrent myocarditis 

was reported (41). Major adverse cardiovascular events (MACE) were found to be high in patients with ICI-induced 
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myocarditis.  At a median follow up of 102 days, nearly half of the patients with myocarditis experienced a MACE, 

including cardiovascular death, cardiogenic shock and cardiac arrest (41). Hence, surveillance and early detection of 

ICI-induced myocarditis is the key to prevent such serious and potentially fatal complications. 

The incidence of cardiotoxicities associated with ICIs, although it appears to be arguably low, seems particularly 

elevated in patients following a combination therapy regimen (42). With pertinence to ICI-induced cardiotoxicity, a 

combination therapy is defined as a therapy that employs a concoction of pathways, such as PD-1, CTLA-4 and 

PDL-1inhibition. In particular, a combination therapy in the context of ICIs refers to the uptake of a dual-drug 

regimen, often Ipilimumab and Nivolumab. Beyond cardiomyopathy, however, K. Abdallah, et al. also report an 

increased incidence of varying degrees of heart-block, arrhythmia, and new-onset CHF, all of which can be fatal in a 

patient undergoing oncological treatment with ICIs (42). While the majority of cardiotoxicity-related cases are seen 

within the first few months of commencement of therapy, it is imperative to note that cardiac symptoms—such as 

palpitations, shortness of breath, and irregular heartbeat—often overlap with symptoms such as myositis, which 

occur due to concomitant organ toxicities, making the diagnosis of cardiotoxicity a considerable challenge.

Although the enthusiasm of using ICI therapy has been extended to the paediatric cancer population to achieve 

substantial disease response, there is limited data available as it has only been used in some cases. Hence, it is 

difficult to comment on the long-term safety and efficacy of ICI therapy in this population. In majority of the 

published cases, the adult dosage of ICI therapy was prescribed in the paediatric population (43). Merchant MS et al 

in their phase I clinical trial used anti CTLA-4 agent, ipilimumab, to treat recurrent or refractory paediatric solid 

tumours like sarcomas, melanomas, renal/bladder carcinomas and neuroblastoma (44). The trial was designed to 

evaluate the safety and pharmacokinetics of ipilimumab up to 10 mg/kg. Dose-limiting toxicities were observed at 5 

and 10 mg/kg dose levels (44). There are some on-going clinical trials of single and combined ICI therapy in 

paediatric cancer patients with recurrent or progressive/refractory disease leading to a better understanding of the 

safety and efficacy profile of ICI therapy in the in paediatric population (43).
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Strategies that deliver the therapeutic directly to the tumour have great potential in the ICI induced cardiotoxicity 

space and could minimise the potential of these therapies to cause cardiotoxicity. However, such strategies may not 

be applicable to systemic malignancies such as leukaemia. It is also unknown if delivery of steroids will have an 

effect on patient outcomes, therefore, there also exists an unmet clinical need to deliver prophylactic and 

therapeutics directly to the heart in order to reduce ICI cardiotoxicity. Such local delivery strategies could 

incorporate the use of gene therapy, stem cells, and drugs in order to reduce cardiotoxicity related to ICI therapy 

(45–47).

A Need for Novel Localised Delivery Strategies 

Traditional drug delivery strategies are largely focused on drug delivery through oral, intravenous, and transdermal 

routes for drug delivery which have several limitations (48). Oral strategies are the most common route of drug 

delivery, however, therapeutics are exposed to the acidic environment in the stomach, the alkaline environment in 

the intestines, and can have poor absorption in the intestines (48). This makes this route difficult for the delivery of 

poorly soluble drugs and peptide-based therapeutics. While intravenous delivery can overcome most of these 

limitations a health care professional is required for administration. Transdermal delivery can be an alternative route 

but there are limited number of drugs with the ability to pass the epithelial barrier of the epidermis and are only 

applicable to cancers localised to the upper layers of the skin (48). These limitations have led the use of more 

sophisticated systems for drug delivery including liposomes, nanoparticles, injectable biomaterials, and microneedle 

patches as shown in Figure 2. 

It is clear that cancer therapies result in off-target side effects, to which, the heart is particularly susceptible leading 

to life threatening cardiac disease. Due to the off-target side effects that occur as a result of anti-cancer therapies, it 

is important that delivery strategies are improved in order to prevent such side effects. Two approaches that can be 

taken for this is either localised delivery directly to the tumour or localised delivery of cardioprotectant to the heart 

which may mitigate cardiac side effects, especially when localised tumour delivery is not an option. Reducing the 
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off-target side effects of cancer therapy would increase the tolerability of drugs and allow higher dosages at the 

target site while mitigating the off-target side effects. There are several other side effects, which can be prevented by 

such localised delivery such as those that cause discomfort to the patient but do not necessarily warrant the 

discontinuation of the therapy, such as nausea and hair loss. Novel drug delivery strategies to deliver anti-cancer 

therapies using targeted and localised approaches will be discussed in detail below and are demonstrated in Figure 2. 

Also, Table 1 shows the approved therapeutic products for targeted delivery and Table 2 gives the details of the 

localized strategies for tumour targeting in preclinical studies.

Fig. 2 Localised delivery strategies that can be used to delivery drugs directly to tumours

Anthracyclines

Several strategies have been used in order to localise delivery of anthracyclines to target sites while reducing off 

target side effects. Liposomal forms of anthracyclines have been used in order to reduce the off-target side effects 

and enhance therapy with both pegylated and non-pegylated forms of liposomes being approved for use in patients 

(49). Liposomal forms of doxorubicin have improved overall response rates and reduced the rates of cardiotoxicity 

(50). The aim of such strategies is for selective accumulation of drug to the tumour site in order to maximise the 

anti-cancer properties while equally preventing build up in off target sites. The advantage of peglayting liposomes is 

that they avoid the phagocytic system and have a longer circulating time due to reduced renal clearance in 

comparison to non-pegylated forms of liposomes (51)..Doxil® was the first liposomal nanoparticle formulation to 

receive regulatory approval for treatment in AIDS related Kaposi sarcoma, multiple myeloma, and ovarian cancer 

due to the failure and intolerance of other systemic therapies. Doxil® had a half-life of 45 hours in comparison to 2 

hours for free doxorubicin, additionally, Doxil® showed a 4-16 times higher accumulation in the tumour in 

comparison to doxorubicin and additionally has shown reduced cardiotoxicity in comparison to free doxorubicin 
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(49,52,53). Since the approval of Doxil®, a pegylated liposome, several other anthracycline liposomal formulations 

have been approved for use including Myocet® and DaunoXome®. Myocet® is an approved form of non-pegylated 

liposomal doxorubicin approved for use in combination with cyclophosphamide for treatment in metastatic breast 

cancers. Myocet® reduces chemotherapy induced cardiotoxicity while maintaining efficacy due to the large size of 

the vesicles. This minimises exposure to healthy tissues and targets the tumour due to leaky blood vessels (54,55). 

Phase III clinical trials of Myocet® also showed similar progression free survival and response rates compared to 

free doxorubicin while also significantly reducing the rates of cardiac events and rates of CHF (56,57). 

DanuoXome® is a liposomal form of the anthracycline Daunorubicin which has been approved for the use in 

Kaposi’s sarcoma. A phase I/II clinical trial showed that DanuoXome ® showed better pharmokinetic profiles than 

free daunorubicin with an increased half-life of up to 5.6 hours in comparison to 0.77 hours for daunorubicin. 

However in this trial there was no significant differences in the rates of cardiotoxicity (58,59). Another phase II 

clinical trial assessing the efficacy of liposomal DanuoXome® showed reduced rates of pulmonary symptoms and 

no reported cardiotoxicity in the trial (60). A phase III trial comparing the use of DanuoXome® to a regiment of 

doxorubicin, bleomycin, and vincristine in Kaposi sarcoma found no significant differences in response rates and no 

cardiotoxicity in either arm of the study (61). 

Due to the leaky blood vessels and poor lymphatic drainage in tumour sites there tends to be a build-up of drug in 

tumours (53). This has led to the development of nanoparticle formulations with preferential build up in tumour 

sites, additionally, such particles can be combined with the use of antibodies, peptides, and small molecules in order 

to target specific surface receptors associated with tumours that are present in smaller amounts in healthy tissues 

(62). Receptors can then be internalised, and drugs can unleash their drug loads into the cytoplasm of the cells which 

can increase the cytotoxicity of drugs. A group has worked on the development of a hyperbranched doxorubicin 

polymer that targets prostate specific membrane antigen which is overexpressed in prostate cancer cells but not on 

normal prostate cells. This system is also a pH responsive system that has no drug release at neutral pH and rapidly 

releases drug in response to lower pH of 5.5. This system allows triggered release upon uptake of the particles into 
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endosomes which targets the cell internally, additionally these hyperbranched polymers were found to have a high 

uptake in LNCaP prostate cancer cells when coated with an active target ligand for prostate specific membrane 

antigen. Additionally, the hyperbranched polymer containing the active ligand reduced tumour size compared to the 

other groups (63).. Furthermore, drug-polymer conjugation is an advanced strategy for localised and targeted drug 

delivery. One such example is the co-conjugation of doxorubicin and aminoglutethimide to PGA via a pH liable 

linker in order to target the acidic tumour microenvironment. The polymer conjugation strategy was found to reduce 

tumour size and reduce lung metastases by 90% in a preclinical metastatic triple-negative breast cancer murine 

model. Metronomic approaches which involve frequent low dose administration of drugs have been shown to be 

advantageous (64). Several clinical trials using metronomic approaches breast, prostate, gastrointestinal, renal and 

pancreatic cancers, and melanoma have been performed (64). However, there are concerns surrounding these 

approaches including low tumour drug accumulation, effectiveness in chemoresistant and metastatic tumours, and 

development of chemoresistance with prolonged treatment. Novel drug delivery strategies such as localised and 

targeted delivery may offer a solution to this problem. For example, Mazzucchelli et al have shown the effectiveness 

of a H-ferritin (HF-n) mediated targeted nano delivery of metronomic doxorubicin. The authors found that 

metronomic delivery of HF-n-doxorubicin had a potent anti-tumour effect in comparrision to doxorubicin, prevented 

angiogenesis, and  prevented chemoresistance. Furthermore, the approach showed proven avoidance of off target 

side effects and prevention of cardiotoxicity (64). Exosomes are an emerging strategy used to deliver DNA, RNA, 

and protein based therapeutics but can also be loaded externally with drugs in order to develop a novel drug delivery 

solution that allows for enhanced drug uptake. It was shown in both in vitro and in vivo models that when exosomal 

doxorubicin worked as well as doxorubicin but reduced doxorubicin concentrations in the heart by up to 40%. 

Transarterial chemoembolization has been used for use in both primary and metastatic liver cancers; this procedure 

starves the tumour of oxygen resulting in cell death by blocking of a blood vessel that feeds the tumour. It is 

currently the gold standard for treatment in hepatocellular carcinomas. These blood vessels can be blocked by using 

beads which can be effective with or without drug loading of chemotherapeutic agents in order to target the tumour 
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(65). A study that compared the use of a drug eluting bead (DEB) combined with TACE (DEB-TACE) versus 

conventional TACE alone found that 11 patients received and complete response in the DEB-TACE group while 6 

patients had a complete response in the conventional TACE group. There was also more reoccurrence in the TACE 

only group with 78.3% versus DEB-TACE 45.7% at 12 months with also a significant difference in the time to 

progression in DEB-TACE group (36.2 weeks) versus TACE group (42.4 weeks) (66). Such strategies that localise 

the chemotherapy to the tumour may be beneficial for drug delivery and offsetting cardiotoxicity although further 

data may be needed to confirm this. 

Targeted Therapies 

Human Epidermal Growth Factor Receptor 2 (HER2) Inhibitors 

Research has also been conducted into the localised delivery of therapeutics such as the HER-2 inhibitor 

trastuzumab. Multiple delivery modalities have been used including the use of hydrogels and microparticles. 

Subcutaneous delivery of trastuzumab has shown to have similar pharmacokinetics, safety, and efficacy in 

comparison to intravenous administration (67). Combination of enzymes that break down the extracellular matrix 

have been investigated for the co-delivery of such therapeutics. This increases the available injection volume and the 

rate at which the therapeutic can reach the vasculature and increasing bioavailability (68). Hyaluronidase has been 

investigated for the localised delivery of rituximab and trastuzumab with both showing similar efficacy to 

intravenous injection (69). Additionally, a hyaluronic acid tyramine hydrogel has been combined with hyaluronidase 

and trastuzumab for controlled localised release of trastuzumab. The hydrogel was found to have a sustained release 

of trastuzumab over four weeks and additionally inhibited the growth of BT-474 cells in vitro. When investigated in 

vivo the hyaluronic acid tyramine gel loaded with hyaluronidase and trastuzumab inhibited tumour growth 

significantly compared to localised injection of trastuzumab alone. The gels also did not exhibit fibrous capsule 

formation after two weeks and improved the pharmacokinetic release profile in the plasma of mice. This should 

reduce off target side effects including cardiotoxicity although this was not investigated in the study (70). A 

thermosensitive PLGA-PEG-PLGA hydrogel loaded with trastuzumab and collagenase has also been investigated 
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for cancer treatment. This study showed the gel was retained in the tumour for at least 20 days and was found to 

increase apoptosis, reduce collagen density, and reduced toxicity compared to controls in BT474 tumour-bearing 

mice (71). Hyaluronic acid based microgels have also been used for the controlled release of trastuzumab to 

tumours. These microgels were formed using a combined microfluidic and photoclick chemistry method, these gels 

are also fluorescent to allow tracing of microparticles during testing. The microgels were found to be localised to the 

tumour with minimal levels detected systemically. Trastuzumab loaded microgels were found to significantly reduce 

tumour volume and apoptosis in comparison to trastuzumab delivered intravenously and subcutaneously (72). Single 

chain variable fragments (ScFv) are becoming more extensively researched and give the benefits of antibody therapy 

by using the antigen recognition site and removing the majority of the heavy chain antibody fragments. This allows 

a smaller molecule that can as effectively attach to the required antigen. Bifidobacterium has been shown to safely 

and effectively grow in hypoxic sites such as tumors after localized injection. These bacteria have been engineered 

to produce and secrete trastuzumab ScFv which was shown to reduce in vitro HER-2 positive cell growth. 

Additionally, the bacteria were locally injected into xenografted human HER2-positive tumours and found to inhibit 

tumour growth representing a promising strategy for localised sustained release of such therapeutics (73). Another 

promising strategy is the localised delivery of an alpha particle emitting radionucleotide 25Ac-T linked to 

trastuzumab to target HER2 positive tumours via intraductal injection. It was found to deliver highly cytotoxic and 

targeted doses of radiation to tumours in a ductal carcinoma in situ model in mice. Localised delivery significantly 

reduced tumour growth compared to the same dose delivered intravenously (74). This offers a promising strategy for 

localised radiation therapy. HER-2 has also been targeted by thermosensitive liposomes by coating these particles in 

trastuzumab it allows specific targeting of HER-2 positive cells which only release their contents upon hyperthermic 

stimulation. Additionally, the authors also report a two components system that is composed of two HER-2 targeting 

liposomes that only differ in the substance they encapsulate. Once HER-2 receptor binding occurs by the liposomes 

they are engulfed by endocytosis, as these endosomes are up taken they go through the endocytosis pathway and 

they eventually fuse. Upon hyperthermic stimulation the endosomes release their contents into the endosomes in 
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healthy cells the cytotoxic drug can be contained within the endosome. However, when the two component system is 

used one component ruptures the endosome and the other releases its cytotoxic contents. This has limited effects on 

off target tissues as HER-2 is heavily over expressed in tumour cells and the particles alone in the healthy cells may 

not be sufficient to have a cytotoxic effect. Combining this with localised hyperthermic simulation makes this a 

highly specific and targeted system (75). 

Vascular Endothelial Growth Factor (VEGF) Inhibitors

Localised delivery of VEGF inhibitors such as bevacizumab have been extensively studied. Localised delivery of 

such factors will localise angiogenesis inhibition which would allow for reduced amount of drug to be used while 

additionally preventing off target side effects. A paper studying the effects of localised delivery of an oncolytic 

herpes virus hrR3 in addition to bevacizumab found that this is a promising treatment in an in vivo model of gastric 

cancer. Oncolytic herpes virus was administered to the tumour by intra tumoral injection and bevacizumb was 

administered internally. Although this is not a localised delivery of bevacizumab it was found to enhance localised 

therapy of oncolytic virus. Combination therapy of bevacizumab and hrR3 significantly reduced tumour growth 

compared to either treatment alone. Combination therapy also significantly reduced tumour angiogenesis compared 

to hrR3 alone and increased viral distribution as measure by lac Z (76). TACE is often used to block major vessels 

feeding a tumour but this then also leads to an angiogenesis response due to VEGF secretion. A study investigating 

the use of clinically available embolyitic beads added bevacizumab by layer by layer coating using alginate and 

poly-l-lysine for use as a localised and sustained controlled release system. A bevacizumab embolytic bead was 

successful developed and tested in 2D and 3D cell-based assays. The bevacizumab coated bead showed reduced cell 

sprouting of human umbilical vein endothelial cells comparable to the levels of bevacizumab alone. Although this 

study is promising for the use of these beads to enhance TACE therapy in highly vascularised tumours further 

studies are needed in order to test for its in vivo efficacy (77). Delivery to the brain can be often limited by the blood 

brain barrier, which can be challenging for localised therapy to brain cancers such as glioblastoma multiforme. It has 

been hypothesised that localised delivery of bevacizumab to glioblastoma could enhance its therapeutic benefit, but 
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due to the location of the brain this can be challenging. A group has used adeno associated viruses containing gene 

sequences for bevacizumab production in order for local neurons to produce bevacizumab and therefore bypassing 

problems associated with the blood brain barrier. The authors showed expression of bevacizumab mRNA in the 

brain and additionally showed increased survival, reduced tumour volume, and reduced blood vessels present in the 

tumour (78). Another study investigating the use of an adeno viral vector into the pleura of the lung in 

immunocompetent mice with metastatic lung cancer using a model of prostate cancer. Delivery of this adenovirus 

associated vector resulted in the sustained release of anti-human VEGF-A in lung epithelial fluid in the lung for the 

study duration of 40 weeks. In the treated mice there was increased survival, reduced tumour growth and reduced 

amount of blood vessels present in the lung (79). This further provides evidence that adenovirus vectors could be 

used for localised delivery and could serve as a viable option for localised delivery of VEGF inhibitors. A Poly 

(ethylene glycol)-poly (ε-caprolactone)-poly (ethylene glycol) (PEG-PCL-PEG, PECE) hydrogel has been used to 

deliver bevacizumab as an ophthalmic delivery system for glaucoma filtering surgery in rabbits and was found to 

reduce neovascularisation and scaring. Such hydrogel delivery systems could be considered for intratumorally 

delivery as a sustained release system in tumours while reducing off target side effects (80). Nanoparticles may also 

serve useful for the localised delivery of VEGF inhibitors. Mesoporous silica nanoparticles have been used for the 

localised delivery of VEGF to the eye. It has been shown that mesoporous silica nanoparticles loaded with 

bevacizumab reduced VEGF-induced endothelial cell proliferation, migration, and tube formation in vitro (81). 

Additionally, investigation of chitosan grafted-poly(ethylene glycol) methacrylate nanoparticles have been 

investigated for the controlled release of bevacizumab. This nanoparticles showed a prolonged release of 

bevacizumab and were also shown to be haemcompatible although further studies would be needed in order to 

assess the efficacy of such systems in vivo (82). Bevacizumab has also been loaded in poly (lactide-co-glycolide) 

(PLGA) nano particles and controlled release has been investigated in endothelial cells and were found reduce 

corneal neovascularization and retinal neovascularization. Additionally, SiO2@LDH nano particles have been used, 

the surface was coated with bevacizumab for targeted therapy and loaded with doxorubicin or loaded with 
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doxorubicin only. The formulation was found to have anti angiogenic effects and additionally was cytotoxic due to 

the doxorubicin loading. In animals the SiO2@LDH-bevacizumab-doxorubicin system was found to be the most 

effective formulation and significantly improved survival and reduced tumour volume (83). Additionally, this was 

one of the few studies to investigate the off-target effects of such therapies and was additionally found to prevent 

cardiotoxic effects and hepatic injury. Such systems have the potential to also be applied to anti-cancer therapies and 

could be beneficial in the field in tumour targeting and reducing off site cardiotoxicity. 

Immune Checkpoint Inhibitor (ICI) Therapy

As stated previously, patients may have to discontinue ICI therapy due to various imAEs including cardiac 

complications, having an adverse effect on patient outcomes. It is essential that new preventative and therapeutic 

approaches are developed to help patients with ICI induced cardiotoxicity. Current strategies for local delivery of 

drugs in the cancer induced cardiotoxicity space focus on the delivery of chemotherapeutics directly to the tumour 

site in order to reduce the off-target cardiotoxicity. Local delivery of ICIs to cancer cells has been extensively 

researched and has shown promising and efficacious results (84–87). Numerous multimodal drug delivery vehicles 

have been employed including the use of hydrogels, microneedles, cells, and nanovesicles to deliver ICIs which has 

been excellently reviewed elsewhere (88). Alginate hydrogels have been used for the local delivery of two FDA 

approved ICI therapies celecoxib (cyclooxygenase 2 (COX-2) inhibitor) and programmed cell death protein 1 (PD-

1) inhibitors in B16-F10 melanoma and 4T1 metastatic breast cancer in mice. The authors have shown that local 

delivery of these therapies improved T-cell mediated immunity, reduced immunosuppression, and angiogenesis (85). 

A biodegradable microneedle patch has been explored to deliver PD-1 inhibitors via pH responsive dextran 

nanoparticles to improve cost and efficacy in a B16-F10 mouse melanoma model. A single administration of a PD-1 

inhibitor using this patch inhibited tumour growth in comparison with an intratumoral injection of PD-1 (86). Wang 

et al have shown that the conjugation of monoclonal antibodies against programmed death ligand (PD-L1) to 

platelets can result in a controlled release of anti-PD-L1 on activated platelets through platelet derived nanoparticles. 

This resulted in reduced recurrence of tumours after surgery and additionally reduced metastases in B16-F10 and 
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4TI mice through targeting of the surgical bed and targeting of circulating tumour cells (87). Cell derived 

nanovesicles are an emerging technology that has the potential to change drug and cell delivery. Xudong et al have 

reported the use of cell derived nanovesicles that display PD-1 which bind to PD-L1 on tumour cells to block 

inhibitory signals therefore enhancing T-cell immunity. These vesicles suppressed melanoma growth in vivo using 

B16-F10 mice (84). Thus, local delivery of ICIs using local and controlled release systems are a desirable way to 

minimise their systemic side effects while also improving upon the therapeutic index.  However, these studies have 

failed to monitor the systemic toxicities which may be a major hurdle in the translation of this technology (84–87). 

Furthermore, these approaches are still in their infancy and will require extensive research before being approved for 

use. 

Localised Delivery of Other Drugs

Several other products have been approved for commercial use for the localised delivery of chemotherapeutics to 

tumours. Abraxane® is a clinically approved formulation of paclitaxel bound to albumin approved for use in 

metastatic breast cancer, non-small cell lung cancer, pancreatic cancer, and ovarian cancer. Use of Abraxane® has 

shown improved complete remission rates in comparrision to solvent based paclitaxel in metastatic breast cancer 

(89). Marqibo® is a clinically approved liposomal form of vincristine approved for the treatment of Philadelphia 

chromosome negative acute lymphoblastic leukaemia representing an advancement in drug delivery to improve 

efficacy and reduce off target toxicities (90). Giladel® is a carmustine loaded polyanhydride wafer implant, in this 

system carmustine is loaded in a 1,3-bis(p-carboxyphenoxy) propane and sebacic acid copolymer matrix. The 

polymer matrix slowly degrades and releases drug into the site and is used for the treatment of recurrent brain cancer 

(91–93). Zoladex® is a PLGA based implantable cylinder that is used for treatment of prostate and breast cancers 

and allows the release of drugs for up to three months (93,94). Eligard® is an injectable implant that forms in situ 

for the release of leuprolide acetate that is used in cancers such as breast cancer and prostate cancer that are hormone 

responsive. It is composed of a drug and a matrix composed of PLGA in N-methyl pyrrolidone which when 

combined result in the formation of a solid implant upon injection (93). Viadur® is used for palliative treatment in 
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patients with advanced prostate cancer, it is a miniature implant that is composed of a titanium alloy reservoir, 

polyurethane membrane, elastomeric piston and a diffusion moderator. This implant in non-biodegradable and 

allows for the sustained drug release for up to one year (93,95). A thermosensitive, biodegradable PLGA and PEG 

hydrogel named OncoGel® has been developed for treatment in brain tumours post resection. This gel is liquid at 

room temperature and undergoes a liquid to gel transition in the body solidifying upon injection, This gel is loaded 

with paclitaxel and can be combined with other treatments for use in brain tumour applications (93,96,97). 

The use of endobronchial intratumoral chemotherapy (EITC) has been used in order to deliver several drugs to 

tumours. EITC combines the use of a flexible bronchoscope to access the lungs which is then attached to a needle-

catheter which allows for the localised injection of chemotherapy into  the tumour site (93). The use of 5-flurouracil 

was used with EITC in a trial of 65 patients, 56 patients responded positively to the treatment and increased the area 

of luminal opening from a mean of 22% to 58.5% (98). EITC has also been used for the localised delivery of 

cisplatin and it was found that this therapy could be beneficial in reducing airway obstruction and prevention of post 

obstruction pneumonias in patients with inoperable lung cancers (99,100). Such approaches could be used with 

injectable hydrogels or nanoparticles which would allow a more sustained release of drug due to the prolonged life 

of hydrogels within the tumour (93). 

Polyurethanes have been used in order as synthetic polymers capable of delivering drugs to tumours. Polyurethanes 

are often selected due to their biocompatibility, mechanical properties, and their ability to degrade into non-

cytotoxic products (93,101). A thermosresponsive polyurethane membrane was developed which allowed on off 

switching to allow controlled on demand release of paclitaxel. This membrane could switch on by heating to 44 

degrees and release drug in a time dependent manner, upon cooling of the membrane to 37-degrees drug release 

stopped. Such membranes have the potential to be implanted in the body and allow the on demand release of drug 

although further research is needed in order to translate this technology to patient use (102). Polyurethanes have also 

been developed for the local treatment of gastric tumours around gastrointestinal stents using paclitaxel. In this study 
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the authors tested there stent in vivo and observed a 65.5% reduction in tumour growth in comparison to untreated 

controls (103). Another group used polyurethane films in order to treat pancreatic cancer by loading a film with 

gemcitabine this device had the advantage of being easily placed in the body, being refillable, and easily removed 

from the body. Low dosages of gemcitabine was able to slow tumour growth and prevent tumour regrowth after 

surgery in mice (92). 

Table 1 Approved therapeutic products for targeted delivery

Therapeutic Drug Delivery Vehicle Indication Outcomes

Doxil® Doxorubicin Pegylated liposome Approved for AIDS related 
Kaposi’s sarcoma, breast 
cancer, ovarian cancer, and 
other tumours

Improved half-life and 
tumour drug 
accumulation while 
mitigating 
cardiotoxicity (52,53)

Myocet®  Doxorubicin Non-pegylated liposome Approved for use in 
combination with 
cyclophosphamide in 
metastatic breast cancer

Similar response rates 
to doxorubicin but 
reduced rates of 
cardiotoxicity (56,57)

DanuoXome® Daunorubicin Non-pegylated liposome Approved for use in AIDS 
related Kaposi’s sarcoma

Improved drug half-life 
but prevention of 
cardiotoxicity in 
comparrision to free 
daunorubicin is unclear 
(61)

Marqibo® Vincristine Non-pegylated liposome Approved for Philadelphia 
chromosome negative acute 
lymphoblastic leukaemia 
during relapse 

Comparative data to 
free vincristine not 
available. Marqibo® 
trial reported cardiac 
arrest in 3% of patients 
(50)

Abraxane® Paclitaxel Albumin conjugation Approved for metastatic 
breast cancer, non-small 

Approval in complete 
remission rates 
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cell lung cancer, pancreatic 
cancer, and ovarian cancer

compared to free 
paclitaxel. Similar rates 
of cardiotoxicity (89)

Table 2: Localized strategies for tumour targeting in preclinical studies. 

Approach Drug Delivery Vehicle Results 

Hyper branched 
polymer 

Doxorubicin Polyethylene glycol Tumour specific targeting and significant 
reductions in tumour size (64)

Drug polymer 
conjugation 

Doxorubicin and 
aminoglutethimide

Poly glycosylic acid Reduced tumour size and reduce lung metastases 
by 90% in a preclinical metastatic triple-negative 
breast cancer murine model (64)

Metronomic nano 
delivery 

Doxorubicin H-ferritin 
nanoparticle

Improved anti-tumour effect, reduced 
chemoresistance, and mitigation of cardiotoxicity 
in comparrision to doxorubicin  (104)

Exosomes Doxorubicin Exosomes Anti-tumour effects comparable to doxorubicin. 
Exosomes reduce cardiac doxorubicin 
concentration by 40% (105)

Hydrogel delivery 
with hyaluronidase 

Trastuzumab Hyaluronic acid 
tyramine 

Sustained release over four weeks. Significantly 
reduced tumour size in vivo in comparrision to 
localized injection of trastuzumab (70)

Hydrogel delivery 
with collagenase

Trastuzumab PLGA-PEG-PLGA Tumour retention for up to 20 days. Enhanced 
apoptotic cell death and reduced toxicity 
compared to controls (71)

Microgels Trastuzumab Hyaluronic acid Superior tumour localization and reduced off 
target accumulation. Increased reduction in 
tumour volume in comparrision to intravenous and 
subcutaneous injection (72)

Localized bacterial 
delivery to produce 
single chain 

Trastuzumab single 
chain variable 
fragments 

Bifidobacterium Sustained release and inhibition of tumour growth 
(73)
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variable fragments 

Localized 
radiotherapy and 
trastuzumab 

Alpha particle 
emitting 
radionucleotide 
25Ac-T linked to 
trastuzumab

Intraductal injection Reduced tumour growth in vivo in comparrision to 
intravenous injection (74)  

Oncolytic herpes 
virus hrR3

Oncolytic virus and 
bevacizumab 

Intratumoral 
injection 

Combinational approach reduced tumour size and 
angiogenesis compared to either treatment alone 
(76)

TACE Bevacizumab TACE beads Reduced endothelial cell sprouting in vitro (77)

Adeno associated 
viruses for delivery 
of bevacizumab 
gene sequences 

Bevacizumab Adenovirus Increased survival, reduced tumour volume, 
decreased angiogenesis for glioblastoma 
multiforme (78)

Adenoviral vector 
for anti-VEGF 
delivery

Anti-VEGF A 
antibody

Adenovirus Sustained release for up to 40 weeks in mice 
increased survival, reduced tumour growth, 
reduced angiogenesis (79)

Nanoparticle 
delivery

Bevacizumab and 
doxorubicin 

SiO2@LDH Improved survival and reduced tumour volume 
(83)

Hydrogel delivery 
for ICI therapy

Celecoxib and PD-1 
antibodies

Alginate hydrogel Improved T-cell immunity, reduced 
immunosuppression, and angiogenesis (85)

Microneedle patch 
with drug loaded 
nanoparticles 

PD-1 inhibitor Microneedle patch 
and pH responsive 
dextran 
nanoparticles 

Microneedle patch inhibited tumour growth in 
comparrision to intratumoral injection (86)

Platelet delivery of 
anti-PD-L1

PD-L1 inhibitor Platelet derived 
nanoparticles 

Reduced reoccurrence and metastases (87)

Exogenously Triggered Systems 

In order to efficaciously combat cancer-therapy induced cytotoxicity, exogenously triggered drug delivery systems, 

which capitalise on external stimuli such as temperature, ultrasound, and magnetic fields can be employed. 
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Thermoresponsive drug delivery systems 

Thermoresponsive drug delivery systems draw primarily upon the marked response of nanocarrier particles to non-

linear, sharp variations in temperatures within a certain setting. An ideal thermoresponsive system ought to respond 

to subtle, yet non-linear, changes within a tissue milieu, thereby triggering the release of the loaded drug dose (106). 

In practice, this notion can be extrapolated to suggest that such systems should retain their drug loads at the standard 

human body temperatures and release their drug load to tumours that are locally heated to 40-42 degrees Celsius 

(107). Pertinently, thermoresponsive liposomes (TSLs) are touted to be the most technologically advanced 

thermoresponsive nanosystems (108). Doxorubicin-loaded TSLs have demonstrated unparalleled safety and efficacy 

in several clinical trials. For instance, doxorubicin-loaded TSLs have progressed to phase II clinical trials for the 

treatment of breast cancer (109). In the same vain, doxorubicin-loaded TSLs have recently entered phase III clinical 

trials for the chemotherapeutic treatment of hepatocellular carcinoma (110). Nevertheless, the overarching 

challenges that ensue in the curation of thermoresponsive nanocarriers stem from the fact that the curated particles 

must both be safe and sensitive enough to respond to subtle variations in temperature. To this end, thermoresponsive 

liposomal drug delivery systems are deemed the most clinically advanced and boast the greatest therapeutic 

potential. 

Magnetic nanoparticle based systems 

The salient feature of magnetically triggered nanoparticle based systems is the variable responsiveness of the 

particles to alterations in magnetic field, increments in temperature, or both (111). The employment of magnetically 

responsive systems also lends to the possibility of conducting magnetic resonance imaging (MRI) of the tumour site 

simultaneously (6). The concurrent application of diagnostics and therapy within a single system ameliorates the 

efficiency of the system, thereby championing the so called “theranostic” approach (112). In order to conduct this 

approach, a magnetically responsive nanocarrier is first injected in the target site. In doing so, the extracorporeal 

magnetic field is directed towards the target tumour site through the means of magnetic guidance. Interestingly, such 

drug delivery systems have boasted remarkable rates of drug accumulation within solid tumours in models. The 
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most viable candidates for this approach are core-shell nanoparticles and magnetoliposomes (113). While most core-

shell models have demonstrated encouraging results in in vitro studies, only a handful have boasted noteworthy 

anticancer potential during in vivo studies (114,115). Perhaps the most detrimental roadblock to the uptake of such 

models is the limitation that occurs secondary to mechanical drug entrapment. In order to evade this issue, the 

nanoparticle in question can be covalently linked to the desired therapeutic drug (116). Another downside of 

adopting this approach is that magnetically stimulated delivery systems are limited to solid tumours and nodules, 

and often manifest no efficacy in the treatment of cancer metastasis or dissemination (116). 

Ultrasound triggered drug delivery systems

The employment of ultrasound stimulated drug delivery systems lends to the possibility of spatiotemporal control of 

drug release within the diseased tissue, thereby circumventing harmful drug-related adverse effects on the healthy 

tissues (117). In addition to affording narrow spatiotemporal control, ultrasound triggered drug delivery systems 

remain non-invasive and do not necessitate harmful exposure to ionising radiation (118). Furthermore, the frequency 

of the ultrasound can be manipulated to vary the depth of the tissue invasion required. Nevertheless, it is equally 

important to bear the ramifications of ultrasound triggered drug delivery systems in mind. Ultrasound triggered 

systems, for instance, can amplify the vessel permeability, leading to a paradoxical increase in the risk of cancer 

dissemination (119). Due to the ability of ultrasound-mediated drug delivery systems to create a pore in the cell 

membrane, the drug can be delivered directly into cytosol, thereby evading degradative endocytosis (120). 

Delivery of Cardioprotectants to the Heart 

Another possible option of preventing ICI induced cardiotoxicity is the localised delivery of cardioprotectants to the 

heart. It can be considered for the patients with haematological malignancies where localised ICI delivery is not an 

option. Biomaterial-enhanced local delivery systems have been extensively researched in the cardiac field and 

include the delivery of cells, drugs, and growth factors incorporating minimally invasive strategies (121). Minimally 

invasive delivery strategies that can be used to target therapies to the heart which can be incorporated with 
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minimally invasive procedures include epicardial, intracoronary, endocardial, and transvascular approaches this 

could improve the translatability of such approaches outlined in Figure 3. Studies have shown that the delivery of 

embryonic and adipose derived mesenchymal stem cells can improve cardiac function in mouse models of 

chemotherapy induced cardiotoxicity (45,46,122). Data of the first and only study using stem cells to treat 

chemotherapy induced cardiotoxicity was recently published. The phase I trial randomised 31 subjects to receive 

either 1 x 108 allogeneic bone marrow derived mesenchymal stromal cells or delivery vehicle. The study showed 

safety and feasible and provides information for the conduction of larger trials. Secondary outcomes showed a trend 

towards significance in the 6 minute walk test and a significant improvement in the Minnesota Living with Heart 

Failure Questionnaire (123). Biomaterial carriers could be used to enhance cell and drug delivery strategies by 

allowing local delivery of therapy to the heart (121). For example, systemic use of dexrazoxane, the only FDA 

approved cardioprotectant against anthracycline induced cardiotoxicity was under scrutiny especially in paediatric 

populations by the regulatory bodies amid concerns of its association with secondary malignancy (124,125). Local 

delivery of dexrazoxane to the heart has the potential to alleviate such concerns surrounding the use of dexrazoxane.  

Fig. 3 Minimally invasive delivery strategies that could be used for localised delivery of therapeutics to the heart

Medical device technology incorporating minimally invasive strategies could have great potential in the 

chemotherapy induced cardiotoxicity and ICI induced myocarditis space. Garcia et al have developed a minimally 

invasive device that allows the delivery of biomaterials to the heart using the pericardial space as a novel site of 

delivery of biomaterials. This device has had success in delivering a drug loaded polyethylene glycol (PEG) 

hydrogel in both rodent and porcine models. The amiodarone loaded PEG hydrogel showed a success in a porcine 

model of atrial fibrillation by reducing the duration of atrial fibrillation compared with delivery of gel alone. 

Furthermore, off target amiodarone levels were significantly reduced in comparison with systemic delivery after 28 

days (126,127).  A recent study by Whyte et al has shown promising results for a refillable cardiac reservoir that can 
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be placed on the epicardium in a minimally invasive fashion using a mini-thoracotomy for the delivery of stem cells 

to the heart post myocardial infarction. This device can easily be refilled through a subcutaneous port and allows 

multiple dosages of cells or drugs to the heart in a minimally invasive fashion. Refills of cells into this device have 

shown to significantly increase LVEF compared to no treatment and to cell injection alone (128). Such devices have 

the potential to allow local cell and drug therapies that could combat issues associated with ICI induced myocarditis.  

Other potential treatments that have been shown to decrease the rates of cardiotoxicity in preclinical models could 

also be considered for localised cardioprotectant delivery to the heart. Resveratrol which is a promising polyphenol 

compound has been investigated in several preclinical studies. As well as providing cardioprotective effects 

resveratrol has also shown anti-tumour efficacy (129–135). However, resveratrol often has poor oral bioavailability, 

combining resveratrol with nanoparticles could improve its bioavailability in the body and could enhance its 

cardioprotective effects (136). It is a potent antioxidant which can prevent the formation of reactive oxygen species 

produced by anthracyclines such as doxorubicin and is also thought to be protective through activation of the 

sirtunin pathways (107,108). Curcumin, which is a component of turmeric, has also shown promising effects in 

preventing chemotherapy induced cardiotoxicity and has anti-cancer effects. Both resveratrol and curcumin have bin 

co-administer using nanoparticles and it has been found that co-delivery mitigates doxorubicin induced 

cardiotoxicity in a preclinical model (139).

Conclusion 

Chemotherapeutics including newly introduced ICI therapy give patients greater options for treatment but is drawn 

back due to its systemic toxicity including myocarditis. Chemotherapy induced cardiotoxicity is a potentially fatal 

complication. Holding the therapy or using systemic steroids to curb the complications may reduce the effectiveness 

of the therapy. Hence, there is an unmet need to develop new delivery strategies to either deliver the 

chemotherapeutic locally to the tumour site to reduce the off-target complications or to deliver cardioprotectants 

directly to the heart for the prevention of chemotherapy induced myocarditis.
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