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Abstract: Nanotherapy is a part of nanomedicine that involves nanoparticles as carriers to 
deliver drugs to target locations. This novel targeting approach has been found to resolve 
various problems, especially those associated with cancer treatment. In nanotherapy, the 
carrier plays a crucial role in handling many of the existing challenges, including drug 
protection before early-stage degradations of active substances, allowing them to reach 
targeted cells and overcome cell resistance mechanisms. The present review comprises the 
following sections: the first part presents the introduction of pharmacoeconomics as a branch 
of healthcare economics, the second part covers various beneficial aspects of the use of 
nanocarriers for in vitro, in vivo, and pre- and clinical studies, as well as discussion on drug 
resistance problem and present solutions to overcome it. In the third part, progress in drug 
manufacturing and optimization of the process of nanoparticle synthesis were discussed. 
Finally, pharmacokinetic and toxicological properties of nanoformulations due to up-to-date 
studies were summarized. In this review, the most recent developments in the field of 
nanotechnology’s economic impact, particularly beneficial applications in medicine were 
presented. Primarily focus on cancer treatment, but also discussion on other fields of 
application, which are strongly associated with cancer epidemiology and treatment, was 
made. In addition, the current limitations of nanomedicine and its huge potential to improve 
and develop the health care system were presented. 
Keywords: nanotechnology, pharmacology, pharmacoeconomic analysis, pharmacoeconomics, 
nanomaterials synthesis, clinical trials

Introduction
Nowadays, increasing evidence indicates that nanomedicine might have revolutio-
nized therapeutic and diagnostic procedures, especially cancer treatment. This new 
technology provides a new toolset impacting the prevention of diseases by applying 
novel molecular diagnostic disease markers, early diagnosis of the neoplastic 
lesions in molecular imaging, and the treatment by enabling precise and effective 
therapies based on a personalized medication regimen.1,2 Furthermore, there is 
evidence suggesting that combining nanomedicine with pharmacoeconomic evalua-
tions could help reduce costs in managing cancer patients, for instance, by short-
ening the time of hospitalization or bringing down the number of necessary tests to 
be carried out. Another important fact worth mentioning is that the efficacy of drugs 
used with nanocarriers may substantially reduce cytotoxicity, preventing the occur-
rence of side effects by dose reduction and lower accumulation of therapeutic 
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compounds in healthy body sites.3,4 The considerations 
above provide a sound basis for holding nanotechnology 
in future medical developments capable of delivering 
highly efficacious and safe products. These new 
approaches should be available at reasonable costs and 
help restrict healthcare costs while maintaining clinical 
efficacy.3,5

From a pharmacoeconomic point of view, the develop-
ment of new drug substances and products such as nano-
systems and their introduction into the pharmaceutical 
market could contribute to more affordable care. 
Specifically, the potential for reducing adverse events 
plays a significant role in new encapsulated therapeutics, 
which results in fewer medical procedures and leads to the 
reduction in personnel costs. It also gives greater chances 
of remission and allows patients to return to professional 
life.5,6

Moreover, it should be emphasized that the application 
of nanotechnology in the medical field has many advan-
tages since nanoparticles make a significant contribution 
as drug delivery systems due to their unique properties like 
the small size and large surface area.7–9 The nanoformula-
tion of drugs increases efficacy by enhancing the drug’s 
cellular uptake in the cellular targets; hence, it achieves 
better biodistribution. Nanosized formulations, in compar-
ison with conventional forms of drugs, exhibit better con-
trol of drug release kinetics, which lead to an increased 
active concentration and bioavailability. Another important 
factor is that the nanodrugs could induce a marked sup-
pression of tumor growth, prolongation of total survival 
time in cancer patients, and targeted delivery, which might 
enhance cytotoxic effects on neoplastic cells and restrict 
adverse effects in the whole body.10,11 All the above 
advantages make nanotechnology much cheaper than con-
ventional therapies, which can also be reflected in the 
pharmacoeconomic aspect as the reduction or total avoid-
ance of costs associated with medical (hospitalization, 
medical devices, monitoring therapy), and non-medical 
procedures (accommodation, transportation or the informal 
care).

It is worth noting that a broad literature review was 
undertaken. This paper presents existing evidence avail-
able regarding the effectiveness and expected pharmacoe-
conomic benefits of the alternative options of commonly 
used chemotherapeutic drugs to treat different types of 
cancers. Some factors may influence the results of the 
treatment regimen applied, such as patients’ age, stage of 
the disease, therapy onset, benefit duration, and also time 

to recurrence. Pharmacoeconomic analyses of alternative 
therapy options will improve decision-making and will 
help to optimize the use of already limited health care 
resources allocated to the care of cancer patients.12 This 
paper aims to identify potential benefits from applying 
pharmacoeconomic to the rapidly evolving area of nano-
technology, especially in the domain of drug development 
for cancer treatment, which is presented in Figure 1.

Pharmacoeconomics – a Use Case 
of Nanocarriers Evaluation
Pharmacoeconomics is considered as a branch of health 
economics, which identifies, measures, and compares the 
costs and consequences of drug therapy for healthcare 
systems and society.13–15 Moreover, it provides essential 
guidance on the management of limited healthcare 
resources and medical practice. Given the limited financial 
resources, health economics, particularly pharmacoeco-
nomic analysis, is becoming a frequently used criterion 
for decision-making in modern healthcare policy.16,17 

Therefore, searching for novel therapeutic options charac-
terized by high efficacy with restricted side effects remains 
a highly desired goal.18

Pharmacoeconomics applies the principles of health 
economics to the field of pharmaceutical policy. Also, it 
uses a broad range of techniques for health economic 
evaluation in the specific context of drug 
management.19,20 In effect, the introduction of novel 
forms of drugs, such as those encapsulated in carriers, 
lies in pharmacoeconomic purposes.

If think about conducting a pharmacoeconomic analy-
sis, we should follow a clearly defined stepwise approach: 
a) Define the pharmacoeconomic problem – we should 
state the problem and select the objectives; b) Identify 
the perspective of the study – the most popular are: 
patients, provider, payer, and society; c) Identify the rele-
vant interventions – we need to answer a significant ques-
tion: “Have all relevant interventions been identified 
(including non-drug interventions)?”; Use decision trees 
or treatment models; d) Select the appropriate pharmacoe-
conomic method – CEA, CMA, CUA, CBA; e) Select the 
primary data source and study design – retrospective/pro-
spective clinical trial data, economic (naturalistic) trial 
data; f) Select the secondary data sources – such as data-
bases, literature, clinical expertise; g) Select appropriate 
analysis technique – modeling, meta-analysis; h) Identify 
the measures and the outcomes of alternative 
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interventions – health outcomes and resource outcomes for 
beneficial as well as adverse effects; i) Use analytical 
methods – to establish the probability of outcome events 
and to answer the research question – such as efficacy 
rates, the incidence of adverse drug reactions, and decision 
trees; j) Estimate costs and effectiveness – reduce costs 
and outcomes; perform incremental cost analysis; k) 
Perform sensitivity analysis – determine the effect of vary-
ing uncertain variables over a range of results/assump-
tions; l) Interpret and present results – describe 
assumptions, methods, data sources; study limitations 
including significant omissions stated; interpret results.21

There are four most popular analyses to estimate the 
outcomes, and each of the methods is associated with 
a different type of pharmacoeconomic analysis, see 
Table 1.

In pharmacoeconomic analysis, costs are crucial ele-
ments that should be taken into consideration. They can be 
classified as direct (medical and non-medical), indirect and 
intangible costs. Financial costs relate to monetary pay-
ments associated with the price of a good or service traded 
on the market. Economic costs match the broader concept 
of resource consumption, irrespective of whether such 
resources are traded in the market.13,24 In Table 2, we 
summarize and specify the types of costs that are consid-
ered in pharmacoeconomics. These costs together with the 
expected pharmacoeconomic efficacy measure when 

applying nanocarriers in cancer treatment are shown in 
Table 3.

For any pharmacoeconomic analysis, the perspective is 
critical since it determines what costs and benefits will be 
measured: 1. Societal – all costs and consequences that 
occurred during the treatment, 2. Third-party payer–payers 
are represented by insurance companies, employers, or the 
government; the direct costs are included, but also indirect 
costs can also be included, 3. Hospital/physician (health-
care providers) – providers include hospitals, private-prac-
tice physicians, or managed-care organizations; from this 
perspective, direct medical costs are included, 4. Patient – 
all costs borne by the patient for any product or services 
and are not covered by any insurance; there are direct, 
indirect, and intangible costs (out of pocket). According to 
the aforementioned, those costs/analysis should be taken 
into consideration if we are thinking about the safe appli-
cation of nanocarriers in modern therapy.13,25

The Cancer Burden in the World
The National Cancer Institute defines cancer as a set of 
diseases in which abnormal cells divide without control 
and can spread to various tissues. Cancers can manifest in 
different parts of the body – leading to a range of different 
cancer types.26 Based on the available data, it is assessed 
that cancer is one of the leading causes of death. In 2018, 
9.6 million people were estimated to have died of various 

Figure 1 Pharmacoeconomic impacts in biomedical nanotechnology.
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Table 1 Types of Pharmacoeconomic Studies.21–24

Pharmacoeconomic 
Study

Description Use Case Example

Cost-minimization 
analysis (CMA)

To select the least costly among several 
similar interventions. 

• Applied when there is a need to compare multiple 

drugs of equal efficacy and equal tolerability. 

• Is performed when the outcomes are the same for 

the two interventions. 

• It cannot be used to evaluate programs or therapies 

that lead to different outcomes.

To identify the least costly option when 

outcomes/consequences are identical.

Compare costs of Drug 

A and Drug B (equal efficacy 

for a given condition and 

safety).

Cost-benefit analysis 
(CBA)

To identify, measure, and compare the 
benefits and costs of a program or treatment 
alternative. 

• The most comprehensive and the most difficult of 

all economic evaluation techniques. The benefits are 

assigned a monetary value so that costs and benefits 

can be easily compared. Different interventions can 

be compared – is a useful tool (like CUA) for 

resource allocation by policy-makers. 

• CBA should be employed when comparing 

treatment alternatives in which the costs and benefits 

do not occur at the same time. 

• Can be used to compare programs with different 

objectives - because all benefits are converted into 

currency and to evaluate a single program or 

compare various programs.

To compare programs or agents with 

different objectives or one program 

against a return on investment 

benchmark.

Clinical pharmacy service vs 

another institutional service.

Cost-effectiveness 
analysis (CEA)

To assist decision-makers in identifying the 
preferred choice among possible alternatives. 

• Used to evaluate multiple drug interventions for the 

same condition. The cost of drug treatments is 

weighed against the effectiveness of the drug. 

• The costs of drug treatments consist of acquisition 

costs, physician engagement, and nursing costs for 

administration of the drug. 

• The effectiveness of drug treatment is measured by 

the duration of treatment, length of hospital stay, and 

mortality rate. 

• The key measure of these evaluations is the 

incremental cost-effectiveness ratio (ICER).

To compare treatment alternatives for 

a given condition that differ in 

outcomes and costs.

Osteoporosis: Drug A vs 

Drug B on fracture risk 

reduction ($/fractures 

avoided).

Cost-utility analysis 
(CUA)

To compare medications or interventions with 
different outcomes. 

• Compare cost, quality, and the number of patient- 

years. 

• Used when programs and treatment alternatives 

should be compared. 

• CUA is applied less frequently than other 

economic evaluations because of the lack of 

standardization of measurement utilities, eg, difficulty 

comparing QALYs (quality-adjusted life-years) across 

patients and populations and difficulty quantifying 

patient preferences.

The same as CEA, useful when 

treatment extends life and/or affects the 

quality of life.

Compare cancer 

chemotherapy regimens.
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forms of cancer. Globally, WHO roughly estimates that 1 
in 6 deaths is due to cancer. Considering the income – 
approximately 70% of deaths from cancer occur in low- 
and middle-income countries. The most common cancers, 
in terms of frequency and number of deaths, are lung, 
breast, and colorectal.27

Cancer burden is associated with risk factors belonging 
to three main groups, which are: socio-economical, life- 
style, and genetic/health predisposition comprising 
prolonging and chronic inflammation caused by the exis-
tence of microbial infections. Besides the fact that 
microbes might induce chronic inflammation, it was evi-
denced that they are able to produce carcinogenic bacterial 
metabolites, which caused mutation of genetic materials.28 

It means that disturbance in one of these groups triggers 
a cascade of processes leading to the development of 

cancer. Researchers have found several risk factors that 
may increase the chance of getting lung, breast, and color-
ectal cancer (Figure 2).

In the case of lung cancer, the number one risk factor is 
smoking. People who smoke cigarettes are about 15, even 
up to 30 times more likely to get or die of lung cancer than 
people who do not smoke. Smoking only a few cigarettes 
a day or occasionally increases the risk of developing lung 
cancer. The longer a person smokes, and the more cigar-
ettes are smoked each day, the more risk becomes appar-
ent. It is a misleading belief that smoking can only cause 
lung cancer. Smoking also causes several other neoplasms, 
such as cancer of the mouth and throat, esophagus, sto-
mach, colon and rectum, liver, pancreas, kidney, urinary 
bladder, and even acute myeloid leukemia.29 Moreover, it 
should be emphasized that tuberculosis, pneumonia, and 
chronic bronchitis are examples of pathology, which have 
a profound role in the emergence of cancer. In effect, in 
the case of lung cancer, prolonging microbial infections 
are major inflammation-inducing factors, which is known 
to be the cause of cancer development.30

Risk factors for breast cancer can be divided into 
modifiable and non-modifiable.31 To have a lower risk of 
getting breast cancer, every woman should be physically 
active and keep the body weight normal, if possible – 
avoid taking contraceptives and hormone replacement 
therapy, have the first pregnancy before age 30, breastfeed, 
and have a full-term pregnancy. Smoking, being exposed 
to chemicals, drinking alcohol, and having changes in 
other hormones due to night shift working may also 
increase breast cancer risk.31 Non-modifiable risk factors 
include age, genetic mutations, reproductive history, dense 
breasts, personal and family history of breast cancer, and 
previous treatment using radiotherapy. Important is the 
fact that there is evidence linking chronic inflammation, 
which might be caused by microbial infection, to breast 
cancer risk, development and progression.32 For instance, 
it is established that breast cancer was one example of 
among other 15 incident cancer, in which the risk of 
developing one year after Staphylococcus aureus bactere-
mia (SAB) was significantly increased compared to the 
general population.33 Screening for this aspect in cancers 
in populations with developed SAB infection might allow 
for earlier disease detection. Additionally, the presence of 
chronic infection also affects the human microbiota. 
Recent studies have found that people who have a good 
response to immunotherapy to treat their cancer appear to 

Table 2 Type of Costs in Pharmacoeconomic Analysis.13,22,24

Costs

Direct Medical 1a. Hospitalization 
1b. Outpatient visits (to primary care 

providers) 

1c. Procedures and tests (laboratory tests, 
surgical interventions, USG) 

1d. Medical devices 

1e. Homecare 
1f. Nursing care 

1g. Medications 

1h. Monitoring therapy 
1i. Adverse events management 

1j. Medical staff costs 

1k. Administrative costs

Non- 
medical

2a. Accommodation 
2b. Transportation 

2c. Non-medical services (home helper, meals 

on wheels, social assistance) 
2d. Devices and investments 

2e. The informal care

Indirect 3a. Sick leave or absences (short term disability) 

3b. Reduced productivity at work (productivity 

loss) 
3c. Early retirement due to illness (long term 

disability) 

3d. The premature death

Intangible Costs which are difficult to assess; a patient or 

their family might feel: 
4a. Anxiety 

4b. Pain 

4c. Suffering
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Table 3 Efficacy of Selected Drugs and Expected Pharmacoeconomic Benefits Due to Their Nanoformulations.115,140–167

Nanocarrier Efficacy Expected 
Pharmaco- 

Economic Efficacy*

NP Type of NPs Doxorubicin

Chitosan-dextran 

conjugate NPs

P Reduction of tumor size; Prolongation of survival. 1a-1k,2a-2e 

3a-3d,4a-4c

Dox-loaded chitosan 

NPs

P Marked inhibition of tumor growth; Prolongation of survival. 1a-1k,2a-2e 

3a-3d,4a-4c

Dendrimer-Dox 

conjugates NPs

P A single dose can cure mice with s.c. implanted colon cancer; The 100% 

survival of the tumor-bearing mice; A lower weight loss.

1a-1k,2a-2e 

3a-3d,4a-4c

Peptide-Dox 

conjugates NPs

Pp Marked inhibition of tumor cells in vitro; An effectiveness against a Dox- 

resistant neuroblastoma cell line.

1a-1k,2a-2e 

3a-3d,4a-4c

Dox-loaded 

polymeric NPs

P The greatest inhibition of primary human liver tumors implanted s.c.; Reduction in 

tumor growth; greater tumor inhibition and tumor necrosis; A marked reduction 

in the tumor collagen levels; A little to no toxicity to the mice.

1a-1k,2a-2e 

3a-3d,4a-4c

PCMB-Dox NPs P Prolongation of survival; Suppression of tumor growth by about 80%; No toxic 

effects evidenced by histology, blood chemistries, and body weight.

1a-1k,2a-2e 

3a-3d,4a-4c

Dox-loaded 

exosomes

E Significant inhibition of tumors; No cardiotoxicity. 1a-1k,2a-2e 

3a-3d.4a-4c

Paramagnetic NPs M A greater killing of cancer cells. 1a-1k,2a-2e 

3a-3d.4a-4c

5-Fluorouracil

SLNs L An improvement of the uptake of anticancer drugs inside colon tumors; 

Superior anticancer activity; Enhanced cytotoxic effects.

1a-1k,2a-2e 

3a-3d,4a-4c

Chitosan-based NPs P Minimization of the toxic effects on healthy cells; An improvement of 

localization of the drug at the colon region; A decrease in drug-induced 
toxicity; A reduction of dose frequency and drug administration; A provision 

of better targeting efficiency and the accumulation of the drug.

1a-1k,2a-2e 

3a-3d,4a-4c

PLGA NPs P The rate of cell lysis was about 80%; A prominent exhibition of an effect on 

target CRC cells.

1a-1k,2a-2e 

3a-3d,4a-4c

FA and PLGA 

conjugates

P An enhancement of anticancer activity; The lowest cell viability. 1a-1k,2a-2e 

3a-3d,4a-4c

Eudragit S100 

coated CPNs

P A better targeting efficiency; An exhibition of drug release over a prolonged 

period.

1a-1k,2a-2e 

3a-3d,4a-4c

SiNPs M An enhancement of cellular uptake; An improvement of cytotoxic effects. 1a-1k,2a-2e, 

3a-3d,4a-4c

Paclitaxel

PLGA-NPs P Minimal systemic toxicity; Significantly better tumor growth inhibition effect 
with transplantable liver tumors; Facilitation of drug cell uptake; An increase in 

cellular association; An enhancement of cytotoxicity; Inhibition of intimal 

proliferation in a rabbit vascular injury model; A significant prolongation of 
survival; Improvement of drug encapsulation efficiency; Better control of drug 

release kinetics; An enhancement of cellular uptake; Better antitumor efficacy.

1a-1k,2a-2e 

3a-3d,4a-4c

(Continued)
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Table 3 (Continued). 

Nanocarrier Efficacy Expected 
Pharmaco- 

Economic Efficacy*

NP Type of NPs Doxorubicin

PLA NPs P Significant antitumor efficacy; More drug accumulation in tumors. 1a-1k,2a-2e 

3a-3d,4a-4c

PCL NPs P An enhancement of cytotoxicity; A remarkable tumor growth inhibition; An 

enhancement of antitumor efficacy; No acute toxicity; An increase in cellular 
uptake; An enhancement of toxicity; An improvement of tumor inhibitory activity.

1a-1k,2a-2e 

3a-3d,4a-4c

PEG-PCL NPs P An improvement of the pharmacokinetic profile; An increase in the mean 
survival time; Better drug loading profile; An improvement in entrapment 

efficiency to 98%; Significantly greater tumor accumulation.

1a-1k,2a-2e 

3a-3d,4a-4c

PVP-b-PCL or PCL- 

g-PVA

P Significantly superior antitumor efficacy; An exhibition in reduction of drug 

release rate profiles; Better antitumor activity.

1a-1k,2a-2e 

3a-3d,4a-4c

HO-GC P Faster cellular uptake; Better therapeutic efficacy; An enhancement of the 

aqueous solubility; Achievement of a higher drug loading up to 20%; 
Achievement of maximum entrapment efficiency of 97%.

1a-1k,2a-2e 

3a-3d,4a-4c

mPEG-CHO- 
chitosan NPs

P Significantly slower tumor growth rate; An improvement of life span. 1a-1k,2a-2e 

3a-3d,4a-4c

LyP-1-Abraxane NPs Pp A significant improvement of antitumor efficacy. 1a-1k,2a-2e 

3a-3d,4a-4c

BSA NPs Pp High stability; Surface properties which specifically targeted to human prostate 
cancer cells.

1a-1k,2a-2e 

3a-3d,4a-4c

OSA NPs Pp An improvement of the lipophilicity of albumin; Higher drug entrapment 
efficiency; Greater stability.

1a-1k,2a-2e 

3a-3d,4a-4c

HA-NPs P A superior antitumor efficacy; An achievement of the drug loading up to 20.7%. 1a-1k, 2a-2e 

3a-3d, 4a-4c

PBCA-NPs, (HA)- 
PBCA-NPs

P A gradual drug release up to 80% within 96 h; Reduction of the initial burst 
release of the drug; A decrease in the cytotoxicity; An enhancement by cellular 

uptake; More potent antitumor inhibition activity.

1a-1k, 2a-2e 

3a-3d, 4a-4c

HPG-C10-PEG, PEI- 

C18-HPG

P Drug release up to 80%; Better tolerance; A significant exhibition and 

improvement of antitumor efficacy; A decrease in cytotoxicity.

1a-1k, 2a-2e 

3a-3d, 4a-4c

PEG-PE NPs P Better antitumor activity; An improvement of antitumor efficacy. 1a-1k, 2a-2e 

3a-3d, 4a-4c

Gelatin NPs P A significant improvement of antitumor activity. 1a-1k,2a-2e 

3a-3d,4a-4c

NK 105 P A significant better antitumor efficacy; Dramatically lower neurocytotoxicity. 1a-1k,2a-2e 

3a-3d,4a-4c

Liposomes L A significant better antitumor efficacy; Greater tumor uptake; Reduction of 

toxicity; Significantly smaller tumor volumes; Inhibition of metastasis.

1a-1k,2a-2e 

3a-3d,4a-4c

SLNs L Increased cellular uptake; Optimization of the drug entrapment efficiency; 

A significant enhancement of toxicity; An increase in brain uptake; Slower 

tumor growth rate; Potential to overcome P-gp-mediated MDR.

1a-1k,2a-2e 

3a-3d,4a-4c

(Continued)
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have a different microbiome composition than those who 
do not respond that well.34

The risk of getting colorectal cancer increases as the 
patient gets older.36 About 90% of cases occur in people in 
their 50s or older. Other risk factors include inflammatory 
bowel disease (Crohn’s disease, ulcerative colitis), 
a personal or family history of colorectal cancer or color-
ectal polyps, and a genetic syndrome, such as hereditary 
non-polyposis colorectal cancer (Lynch syndrome).36 

Moreover, in recent decades, there has been accumulating 
information in the published literature about the link 
between CRC and microbial infection. It has been 
announced that both viruses and bacteria can cause CRC 
via prolonged infection and accompanying inflammation, 
as well as induction of mutagenesis that leads to uncon-
trolled epithelial cell proliferation. Based on data from 
clinical and laboratory trials, among the aforementioned 
microbial agents, a crucial role was noted for 

Table 3 (Continued). 

Nanocarrier Efficacy Expected 
Pharmaco- 

Economic Efficacy*

NP Type of NPs Doxorubicin

Lipid Nanocapsules L A significant increase in the life span; Potential to overcome P-gp-mediated 

MDR; An increase in drug cell uptake and retention; An increase in drug 
loading and entrapment efficiency; Prolonged and sustained in vitro release; An 

exhibition of better antitumor efficacy.

1a-1k,2a-2e 

3a-3d,4a-4c

PTX Fatty Acid- 

Prodrug Lipid-Based 

NPs

L Tumor growth inhibition; Antitumor activity; Less toxic; A significant 

improvement of drug loading efficiency; A superior anti-tumor efficacy.

1a-1k,2a-2e 

3a-3d,4a-4c

Micro- and Nano- 

Emulsions

L Much better tolerance; A significant improvement of antitumor efficacy; An 

increase in the life span; An extended release; Greater bioavailability.

1a-1k,2a-2e 

3a-3d,4a-4c

Drug-Polymer 

Conjugates

P A significantly better antitumor efficacy; A remarkable enhancement of tumor 

inhibitory activity; Low toxicity; Superior antitumor activity; Complete 
elimination of tumors (in some cases); Prolonged circulation time.

1a-1k, 2a-2e 

3a-3d, 4a-4c

MNPs M An enhancement of cell inhibition activity; Low toxicity. 1a-1k, 2a-2e 

3a-3d, 4a-4c

CNTs C A significant improvement of antitumor activity; An increase in drug loading; 

A significant increase in cell death; Non-toxicity.

1a-1k, 2a-2e 

3a-3d, 4a-4c

CD NPs P Low haemolysis and cytotoxicity. 1a-1k, 2a-2e 

3a-3d, 4a-4c

Nanogel P A significant improvement of antitumor efficacy. 1a-1k, 2a-2e 

3a-3d, 4a-4c

ANG 1005 Pp Better antitumor efficacy; An increase in survival time. 1a-1k, 2a-2e 

3a-3d, 4a-4c

Note: *Based on Table 2. 
Abbreviations: ABCB1 gene, ATP Binding Cassette Subfamily B Member 1; ANG 1005, Angiopep-2 Paclitaxel Conjugate; BSA, Bovine Serum Albumin; C, carbon-based 
nanoparticles; CD NPs, Cyclodextrin Nanoparticles; CNTs, Carbon Nanotubes; CRC, Colorectal Cancer; Dox, Doxorubicin; E, exosomes-based nanoparticles; Eudragit 
S100, Anionic Copolymers based on Methacrylic Acid and Methyl Methacrylate; HA, Hyaluronic Acid; (HA)-PBCA-NPs, Hyaluronic acid coated poly(butyl cyanoacrylate) 
nanoparticles; HO-GC, Hydrotropic Oligomer-Conjugated Glycol Chitosan; HPG, Hyperbranched Polyglycerol; HPG-C10-PEG, Hyperbranched polyglycerol-C10- poly 
(ethylene glycol); i.v., intra venosa; L, lipid-based nanoparticles; LyP, 1-Abraxane - type of peptide; M, metallic-based nanoparticles; MNPs, Magnetic NPs; MDR, Multidrug 
Resistance; mPEG-CHO-chitosan NPs, Methoxypoly(ethylene glycol) conjugated Chitosan Nanoparticles; NK 105, Paclitaxel-incorporating Micellar Nanoparticle 
Formulation; PEG, polyaspartate micellar NPs; NPs, Nanoparticles; s.c., subcutaneously; OSA, Octyl-modified bovine Serum Albumin; SiNP, Silica Nanoparticles; SLNs, 
Solid Lipid Nanoparticles; P, polymeric-based nanoparticles; PBCA, Poly(butyl cyanoacrylate); PCL, Poly(ε-caprolactone); PCMB-Dox NPs, PEGylated Carborane-Conjugated 
Amphiphilic Copolymer Doxorubicin Nanoparticles; PEI-C18-HPG, Polyethyleneimine (PEI)-C18-HPG; PEG-PCL, Poly(ethylene glycol)-Poly(ε-caprolactone); PEG-PE Nps, 
Poly(Ethylene Glycol)-Phosphatidyl Ethanolamine Nanoparticles; P-gp, Permeability glycoprotein; PLA, Polylactide; PLGA, Poly(lactic-co-glycolic acid); PLD, PEGylated 
Liposomal Doxorubicin; PLMB-Dox NPs, Doxorubicin-Loaded Carborane-Conjugated Polymeric Nanoparticles; Pp, peptide-based nanoparticles.

https://doi.org/10.2147/IJN.S323831                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 6600

Milewska et al                                                                                                                                                        Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Streptococcus bovis, Helicobacter pylori, Escherichia coli, 
Klebsiella pneumoniae, and Fusobacterium.37

It should be kept in mind that lifestyle factors may also 
contribute to an increased risk of colorectal cancer, such as 
lack of regular physical activity, low amount of fruit and 
vegetables in the diet, a low-fiber and high-fat diet or 
a diet high in processed meat, overweight and obesity, 
alcohol consumption and tobacco use.36

Noteworthy is the fact that between 30% and 50% of 
cancers can be prevented by avoiding risk factors and 
implementing existing evidence-based prevention strate-
gies. Cancer burden can also be reduced by early detection 
of cancer and the management of patients who develop 
cancer. Many cancers are curable if they are diagnosed 
early and treated properly.38 Additionally, it should be 
emphasized that inflammation is often associated with 
cancer development and progression.39 The triggering of 
chronic inflammation that increases cancer risk includes 
bacterial infections. In effect, the application of nanotech-
nology products that possess proved antimicrobial proper-
ties might have important implications for cancer 
preventions (Table 4).

Adequate prevention measures and early detection and 
treatment might substantially reduce cancer mortality rate. 
There are two components for efficient detection: 1. Early 
diagnosis – cancer that is diagnosed at an early stage, 
when it is not too large and has not spread, is more likely 
to better respond to effective treatment and can result in 
a greater improvement in survival rates, decrease in mor-
tality, and less expensive treatment; 2. Screening – aims to 
detect cancer before the symptoms appear. The definition 
says that it is the presumptive identification of unrecog-
nized disease or defects through tests, examinations, or 
other procedures that can be applied rapidly.60

However, implementation of the above preventive 
measures mentioned above in most cases cannot be 
accomplished due to the failure of systemic approaches.

Different Aspects of the Use of 
Nanocarriers – Prevention, Diagnostic 
and Therapeutic Application
Recently, increasing evidence demonstrates that nanopar-
ticle-based targeting strategy is effective and promising at 

Figure 2 The burden of cancer: risk factors and the frequency of diagnosed cases and deaths (in the center35).
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Table 4 The Examples of Nanotechnology-Based Applications with Proved Antimicrobial Properties

Nanoparticles Microbe Mode of Action Ref.

Metal and metal oxide NPs: 
1. Ag NPs 

2. BiOBr NPs with Fe3+

Staphylococcus 
aureus MRSA

Disruption of the bacterial cell wall. 
Stops cell division by interaction with both DNA and RNA. 

Disruption of signal transduction, and ROS generation.

[40–43]

Carbon-based NPs: 

1. GO 

2. GO with curcumin 
3. CNFs 

4. NCQDs

Penetration of cell membranes. 

A significant enhancement of the anti-MRSA. Activity due to the 

illumination of LED lights. 
The positively charged NCQDs interacted with negatively charged 

bacteria and then anchored specifically to particular sites on the 

surface of MRSA.

[40,41,44,45]

Liposomes: 
1.liposomal vancomycin 

2.exosomal linezolid

Liposomal vancomycin (in comparison to free form) adequately 
accumulated vancomycin levels in the macrophages and exhibited 

a remarkable bactericidal effect against MRSA intracellularly. 

The in vivo assessment of exosomal linezolid (vs free linezolid) 
showed superior activity against intracellular MRSA.

[40,46–48]

Polymeric NPs: 
1.diblock guanidinium polymer 

2.encapsulation of vancomycin in the 

amphiphilic self-assembled 
supramolecular vesicles 

3.C1-PNPs with gentamicin or 

ciprofloxacin 
4.PEG-PLGA with Eudragit E100 and 

chitosan

The system is able to target macrophages, release an antibiotic inside 
the cell, and consequently increase the effectiveness against 

intracellular MRSA. 

Restore MRSA sensitivity to antibiotics as C1-PNPs increased the 
cellular uptake of gentamicin by MRSA and inhibited the MRSA efflux 

mechanism for ciprofloxacin. 

Target macrophages in an efficient way and also to improve the delivery 
of vancomycin to MRSA inside the cells, and conclusively improved the 

antibacterial activity of vancomycin on intracellular MRSA.

[40,49,50]

Silica NPs: 

1.Gentamicin-loaded mesoporous silica 

NPs

The system is able to release loaded gentamicin upon the bacteria’s 

presence followed with the bacterial toxins-caused degradation of 

the shell and thus could be used to treat the intracellular MRSA.

[40,51]

Polydopamine-based NPs: 

1.PDA-PEG-Van NPs

High targeted antimicrobial activity against MRSA when exposed to 

NIR low-power radiation.

[52]

Metal and metal oxide NPs: 

1.Mg(OH)2 NPs

Streptococcus 
bovis

The mechanism of antimicrobial action of oxide NPs involves the 

production of active oxygen species which are known to induce 
bacterial cell death. The effect of MgO is stronger against Gram(+) 

bacteria than Gram(-) bacteria, most likely because of differences in 

bacterial membrane structure.

[53]

Metal and metal oxide NPs: 

1.AG NPs 
2.Tv-Ag NPs

Helicobacter 
pylori

Generation of ROS (oxidative damage) and exhibits antimicrobial and 

antibiofilm activity.

[54,55]

Noble metal NPs: 
1.GNR@LDH-PEG NPs 

2.GNSs 

3.Tri-Ag NPs 
4.dvPtNPs

Escherichia coli NIR irradiation - thermally kill at least 99.99% of E.coli. 
Concomitant release of ROS and chemotherapeutic Pt2+, resulting in 

tri-model (photothermic/photodynamic/chemotherapeutic) 

antibacterial activity against E.coli.

[56,57]

Metal sulfide/oxide NPs: 
1.CS@MoS2 

2.MoS2/PDA-RGD 

3.CuS NPs 
4.MnO2 NPs

Photothermic and photodynamic effects of chitosan-assisted MoS2 

(CS@MoS2), resulting in the inhibition of 99.84% of E.coli. 
MnO2 can have interaction with GSH in bacteria and convert into 

Mn2+, not only destroying the oxide balance of bacteria, as well as 
avoiding long-term body retention.

[56]

(Continued)
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a diagnostic and therapeutic level and might include many 
kinds of cancers, such as colorectal cancer, breast cancer, 
ovarian cancer, or lung cancer.61,62 Nanotechnology can be 
used in the prevention of disease, diagnosis, and treatment, 
especially by enabling early disease detection and diagno-
sis, as well as a precise and effective therapy, which is 
vital for developing personalized treatment strategy. In 
effect, implementing the aforementioned new concept of 
personalized medicine potentially offers an efficient cure 
for virtually any type of malignancy. Various applications 
of nanotechnology concerning prevention, diagnosis and 
treatment fields of use are shown in Figure 3.

Many types of nanodevices could be clinically applic-
able, in different kinds of detection, such as imaging con-
trast agents, immunoassays, or targeted drug delivery 
systems. In Table 5, commonly used nanodevices and 
their primary areas of application are presented.

Treatments Using Drug Delivery Systems
An accurate cancer diagnosis is essential for adequate and 
effective treatment because each type of cancer requires 
a specific treatment regimen that encompasses one or more 
actions, such as surgery, radiotherapy, and chemotherapy. 
Determining treatment goals and palliative care is an 
essential first step, and health services should be integrated 
and patient-oriented. The fundamental aim is to cure can-
cer or to prolong life. Improving the patient’s quality of 

life is not insignificant, and it can be achieved by suppor-
tive or palliative care with minimization of side effects of 
drugs as well as via psychosocial help.73

Nanocarriers used in drug delivery systems are typi-
cally about a size below 500 nm. They are made of organic 
(lipid, liposome, dendrimer, polymeric) or inorganic (car-
bon nanotubes, iron oxides, metallic) materials, as well as 
their hybrids of varying sizes, shape, and surface 
characteristics.74 Examples of the most widespread antic-
ancer drugs as part of drug delivery systems, specifying 
the nanocarriers and type of cancer, are presented in 
Figure 4.

To achieve targeted drug delivery with maximum phar-
macokinetic activity at pathology sites, constant progress 
in drug delivery systems using nanotechnology strategies 
has been noted. The use of drug carriers offers several 
benefits in terms of the chemical and biological properties 
of the drug. From a chemical point of view, the application 
of nanocarriers exerts an impact on drug solubility and 
penetration ability. Moreover, surface characteristics, 
immobilization of homing molecules, as well as the sensi-
tivity of carriers to different stimuli determine specific-site 
delivery, modulate drug release, exert the impact on bio-
distribution and retention process, as well as influence the 
immunomodulatory properties of carriers. The above-men-
tioned features show that a strong association between 
physicochemical and biological properties exists.

Table 4 (Continued). 

Nanoparticles Microbe Mode of Action Ref.

Polydopamine-based NPs: Specific interaction with bacteria and showed that under NIR 

radiation induced a temperature rise to 45 °C could cause a marked 

bacterial death.

[52]
1.PDA-coated polystyrene/silver NPs 

2.PDA-modified magainin NPs

Carbon-based NPs: 

1.rGO-Au NPs

Klebsiella 
pneumoniae

Captured the bacterial cell wall membrane, and Au NPs destroyed 

the outer coating of the bacterial cell wall.

[41]

Metal and metal oxide NPs: 

1. Ag NPs 
2. GSH-Ag NPs

Fusobacterium An exhibition of improved antimicrobial activity due to their 

enhanced surface-to-volume ratio. 
Trigger inflammatory response in human gingival fibroblasts by the 

increase of cytokine production.

[58,59]

Abbreviations: Ag NPs, silver nanoparticles; BiOBr NPs, polyethylenimine grafted bismuth oxybromide nanoplates with Fe3+; C1-PNPs, pyridinium amphophile- 
loaded PLGA (poly (lactic-co-glycolic acid) nanoparticles; CNFs, carbon nanofibers; CS@MoS2, chitosan-assisted MoS2; CuS NPs, copper sulfide nanoparticles; 
dvPtNPs, dualvalent platinum nanoparticles; GNR@LDH-PEG, poly(ethylene glycol) (PEG) modified core-shell GNR@ (gold nanorod) layered double hydroxide 
nanoparticles; GNSs, gold nanospheres; GO, graphene oxide; GSH, glutathione; GSH-Ag NPs, glutathione-stabilized silver nanoparticles; MDR, multidrug-resistant; 
MIC, minimum inhibitory concentration; Mg(OH)2 NPs, magnesium hydroxide nanoparticles; MnO2 NPs, manganese oxide nanoparticles; MoS2/PDA-RGD, 
molybdenum disulfide/polydopamine-arginine-glycine-aspartic acid; MRSA, methicillin-resistant Staphylococcus aureus; NCQDs, nitrogen-doped carbon quantum 
dots; NIR, Near-infrared irradiation; NPs, nanoparticles; PCE, tetrachloroethene; PDA-PEG-Van NPs, polydopamine-based nanoparticles modified with PEG and 
vancomycin; rGO-Au NPs, reduced-graphene-oxide functionalized with gold nanoparticles; ROS, Reactive Oxygen Species; Tri-Ag NPs, citrate-coated triangular 
nanoparticles; Tv-Ag NPs, toxicodendron vernicifluum silver nanoparticles.
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Improving Drug Solubility
The most crucial goal of nanoencapsulation is to solve the 
problem of poor drug solubility.74 The majority of the 
currently used drugs are poorly water-soluble molecules, 
which is why various methods of immobilization and 
encapsulation of drugs in nanoparticles are used to 
increase their bioavailability. Drug solubility can be 
increased by the supplementation of additives (DMSO), 
which, however, can be toxic even at low doses.75 From 
the pharmacoeconomic point of view, insoluble drug deliv-
ery technologies have many benefits, including reduction 
of dose and related toxicity, improved formulation, cost 
reduction, patent protection, or patient compliance.76

Nanocarriers for hydrophobic drugs delivery are most 
often built of biodegradable monomers or preformed poly-
mers (polymeric nanoparticles), amphiphilic building 
blocks that due to their organization create structures 

having the drug located in the hydrophobic interior of 
a hydrophilic vehicle (polymeric micelles, liposomes), or 
are structures exhibiting the guest-host properties (dendri-
mers, carbon nanotubes).

Polymer nanoparticles can be divided due to their 
organization into (1) nanospheres in which the drug is 
trapped or dispersed in a polymer matrix, and (2) nano-
capsules that consist of a drug dissolved or dispersed in an 
oily or aqueous core that is surrounded by a solid polymer 
membrane. A plethora of drugs, including anticancer 
(Paclitaxel, 5-Fluorouracil), anti-inflammatory (Ibuprofen, 
Diclofenac), and antibiotics (Rifabutin, Benzathine peni-
cillin G) are described as formulations based on polymeric 
nanoparticles. A number of PNPs bearing hydrophobic 
anticancer drugs are at various stages of clinical trials.73,74

In another of the strategies involving the use of poly-
meric micelles, water-insoluble drugs exhibit affinity for 

Figure 3 Application of nanotechnology.1
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the hydrophobic region of micelles formed from diblock 
hydrophobic-hydrophilic polymers. As a result of drug 
encapsulation, a hydrophilic nanocarrier is created, which 
due to the typically low critical micelle concentration, 
remains stable even after dilution by body fluids. Drug- 
containing polymeric micelles, such as Genexol PM® con-
taining Paclitaxel, already exist on the market.76

Another example of delivery of poorly soluble drugs is 
the liposomal formulation, where lipophilic drugs can be 

dissolved in the lipid segment of the phospholipid bilayer 
membrane. Liposomal carriers are very flexible when it 
comes to their structure and functionality. Lipid formula-
tions of anticancer drugs have been successfully marketed, 
such as Endo®-TAG-1 which is a product containing 
Paclitaxel that uses positively charged phospholipid vesi-
cles for pancreatic cancer treatment.77,78

Finally, hydrophilic dendrimeric polymers are recog-
nized as suitable carriers because drugs can be 

Figure 4 Use of nanocarriers.73
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encapsulated in their interior. The presence of empty cav-
ities can be controlled by affecting the polymer conforma-
tion by changing the pH, the type of solvent, as well as the 
design of the polymer structure itself. At the same time, 
the encapsulation mechanisms can utilize electrostatic, 
hydrophobic, acid-base interactions, or hydrogen bonds 
between the drug and the polymer. Although there is no 
dendrimer-based product on the cancer drug market, 
research shows that some known dendrimeric vehicles 
are good candidates. For example, it was reported that 
polyamidoamine branched polymers with hydrophobic 
Paclitaxel, in addition to better drug solubility, showed 
10-fold higher anticancer activity compared to free drug, 
which is attributed to better uptake by tumor cells.79

Interestingly, in the latest literature, there are such 
bioinspired solutions for drug delivery as the use of 
amphiphilic proteins to stabilize the hydrophobic drug 
and induce biosilicification on its surface, which leads to 
the formation of drug-core silica-shell nanoparticles.80

Other interesting examples are hydrogels, biocompati-
ble crosslinked hydrophilic polymer networks already well 
known for being a good hydrophilic drug delivery system, 
which can be modified to encapsulate hydrophobic drugs, 
for example, by having hydrophilic moieties or molecules 
having empty cavities in their structure, or even containing 
polymeric micelles or nanoparticles with the encapsulated 
drug.81

Targeted Drugs Delivery – the Passive 
and Active Crossing of Biological Barriers
A key element for the effectiveness of the drug is to 
successfully access diseased sites. This can be improved 
or enabled by the use of nanosized drug delivery systems, 
which themselves are capable of crossing biological bar-
riers or allow the encapsulated drug to traverse them to 
achieve maximum effect at the target. Depending on the 
method of administration (intravenous, oral, or inhalation), 
the nanocarrier must cross various barriers on the way to 
the tissues or organs and subsequently to the cells or 
organelles, which takes place via two modes of transport, 
“passive” and “active”. Targeted drug delivery systems 
(TDDSs) have many advantages, including (1) reducing 
the exposure of healthy cells to cytotoxic compounds, (2) 
overcoming the increasingly common drug resistance of 
tumors, and (3) reduction of side effects of therapy, which 
directly translates into profits from a pharmacoeconomic 
point of view.82

“Passive”, non-specific targeting is associated with 
reduced nanoparticle sizes and surface properties, such as 
hydrophobicity, surface charge, or non-specific adhesion, 
which may result in reaching organs having porous 
endothelial capillaries (liver, spleen), helping to cross spe-
cialized epithelial, and penetrating the cell cytoplasm.83 

For example, in the case of cancer, the phenomenon of 
increased permeability and retention (EPR effect) can be 
observed, which is based on selective penetration into 
cancer cells compared to normal tissues due to the size 
of nanoparticles. This is caused by the leaky nature of the 
tumor-bearing blood vessels that have endothelial cell lin-
ings of 100 to 700 nm, which is 10- to 70-fold more than 
the normal endothelium. This, combined with the weak 
drainage system typical of solid tumors, leads to the accu-
mulation of drug-loaded nanoparticles in the neoplasm.

Furthermore, due to the increased metabolism of tumor 
cells, their surroundings are characterized by acidic pH 
and slightly increased temperature, which can be used in 
the design of stimuli-responsive nanocarriers. Finally, 
tumors will release specific enzymes, such as metallopro-
teases, into their adjacent environment, which in addition 
to function as tumor markers, can also be recognized by 
functionalized drug delivery systems.73

Unfortunately, for some organs, the delivery of drugs 
passively using nanosystems is significantly impeded due 
to the poor permeability of biological barriers, such as the 
blood–brain barrier (BBB). In these cases, “active” trans-
port methods can improve traversing through 
membranes.84 “Active targeting” relies on the increased 
selectivity of the drug-loaded nanocarrier through its sur-
face functionalization with a ligand showing an affinity for 
the pathological site. Such ligands, including antibodies, 
peptides, proteins, glycoproteins, growth factors, nutrient 
compounds, vitamins, or nucleic acids, are bound by 
receptors that are overexpressed on cancer cells. Then, 
receptor-mediated endocytosis ensures cellular uptake of 
nanocarriers providing higher drug concentration in the 
cytoplasm.73 An interesting example of a ligand is folic 
acid, whose receptor (FR) is overexpressed in many types 
of cancer, such as breast, lung, ovarian, and colorectal 
tumors.85 Among classical targets, there are transferrin 
receptors (TfR) or nicotinic acetylcholine receptors typical 
for the vasculature of brain tumors.86

Furthermore, targeting tumor endothelium on which 
there are numerous moieties, such as vascular endothelial 
growth factors (VEGFs) or vascular cell adhesion mole-
cules (VCAMs) can be a complementary strategy to drug 
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delivery, as it involves the destruction of endothelial walls, 
and thus cutting off oxygen and nutrient access leading to 
cell death.73

Another advantage of nanocarrier functionalization is 
the conjugation of the carrier with a fluorescent marker 
that allows tracking of both the carrier and the drug 
in vitro and in vivo studies, which can be used in 
theranostics.87

Nowadays, most of the clinical trials using nanocarriers 
apply “passive” transport,85 and the use of the EPR effect 
in the design of drug delivery systems has become stan-
dard. Some of these products are commercially available, 
such as Doxil®, a liposomal formulation of the cytotoxic 
Doxorubicin, or Caelyx®, a PEGylated liposomal formula-
tion of this drug. Besides, many studies are documenting 
the in vivo antitumor activity of nanosystems using an 
“active” mechanism of cell penetration, and some of 
them are at the clinical trials, including a liposomal nano-
platform containing Doxorubicin with scFv antibody as 
a ligand targeting the human epidermal growth factor 
(HER2) receptor in advanced breast cancer, and 
a polymeric nanoplatform having Docetaxel with nucleic 
acid-based protein-ligand (ACUPA) targeting prostate-spe-
cific membrane antigen (PSMA) in solid tumors.86

Increasing Drug Stability and Controlled 
Release
Drug delivery systems (DDSs) have many advantages over 
using free medicines. Often, one type of carrier signifi-
cantly improves a given therapy by improving several 
chemical properties of the formulation, thereby increasing 
the stability of the formulation and drug during storage, 
the stability of the formulation in vivo, and also allowing 
for prolonged release of the drug.

Maintaining the unchanged properties of the drug dur-
ing storage and extending its suitability for use in the drug 
delivery systems can be very helpful. For example, it was 
reported that a carrier made of cyclodextrin could result in 
increased thermal stability and reduced drug volatility.88 

Another case was described by Hsiao and coworkers, who 
showed that chlorophyll, a valuable bioactive compound 
known for its sensitivity to oxygen, high temperature, and 
light, has been encapsulated in polycaprolactone, gaining 
greater stability and therefore being more convenient for 
storage.86

The drug delivery system can lead to increased drug 
stability in vivo and protect it from degradation before and 

after it gets into systemic circulation by decreasing meta-
bolic clearance in blood and gastrointestinal tract (GIT) or 
renal reticuloendothelial system (RES) clearance. 
However, it is very important to maintain constant nano-
particle parameters, such as size, morphology, size distri-
bution, porosity, or crystallinity, because their disturbance 
can lead to altered pharmacological properties of the drug- 
loaded nanosystem. Some active moieties, such as DNA or 
siRNA, possess disadvantaged physicochemical properties 
(molecular weight, charge, susceptibility to degradation by 
enzymes) and have to be applied clinically together with 
appropriate nanocarriers.88,89 Specifically, in the case of 
immobilization of enzymes on nanocarriers, in addition to 
increased stability, they are attributed to such benefits as 
reduced protein degradation, resistance to mass transfer, 
high mechanical strength, and minimum diffusional 
problems.90 One should also mention the “stealth” tech-
nology used for liposomes, which consists of attaching 
a synthetic polymer poly(ethylene glycol) (PEG) to the 
liposome structure. This modification extends the presence 
of intact pegylated nanocarriers in the blood through 
reduced uptake by the mononuclear phagocyte system 
(MPS).91

The formulation must be stable to external factors 
mimicking conditions in the body, and therefore without 
the evaluation nanomaterials cannot be used clinically.83 

For instance, Villamizar-Sarmiento et al carried out 
a comprehensive study and confirmed that the prepared 
nanomedicines based on poly(styrene sulfonate) polymer 
had unchanged hydrodynamic sizes and zeta potential for 
over a dozen days at a varying salt concentration (NaCl), 
pH, and temperature, and was durable despite freeze-dry-
ing and redissolving in water.92 Similarly, Kanwar et al 
studied structural changes of nanostructured lipid carriers 
(NLCs) under stress conditions, such as changing electro-
lyte concentration, pH, and stabilizing polymer addition. 
Interestingly, NLCs are resistant to changes in the envir-
onment, which is important for their pharmaceutical 
applications.93

The immobilization of a drug, both hydrophobic and 
hydrophilic, helps to ensure its controlled slow-release and 
avoid burst effect, which would not have been possible 
without the carrier.94 As a result of slow controlled drug 
release, the active substance has a prolonged circulation in 
the body and is released at pathological target sites. In one 
of the strategies, due to the specific chemical properties of 
the designed nanocarrier, its durability can be controlled 
in vivo by local stimuli, such as abnormal pH,95 
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temperature,96 or ionic strength97 (so-called stimuli- 
responsive materials). For instance, Guo et al reported 
the synthesis of carriers consisting of cationic liposomes 
coated with carboxymethyl chitosan, stable under physio-
logical conditions, but in an acidic environment specific to 
the tumor (pH=6.5) quickly transformed into a cationic 
form, which aided tumor-specific cellular uptake. 
Moreover, in the presented studies synergistic use of two 
active molecules, the anti-cancer drug (doxorubicin) and 
oncogenic protein inhibitor (MDM2), was possible using 
the dual-drug delivery system.98 Recently, Razavi et al 
described multi-stimuli-responsive block copolymers 
based on poly(N-(2-(dimethylamino)ethyl)-methacrylate) 
(PDMAEMA) and poly(methyl methacrylate) (PMMA) 
chains terminated with spiropyran, wherein the size of 
the nanoparticles, as well as the release of doxorubicin, 
was controlled through pH, light, and temperature.99

The Efficiency of Encapsulation/ 
Immobilization of Drugs in Carriers
From a pharmacological point of view, it is important to 
ensure efficient drug encapsulation to avoid such in vivo 
side effects of the use of nanocarriers in excess such as 
agglomeration resulting in excretion from the body by the 
immune system, high blood pressure, renal failure or sys-
temic toxicity.100 Unfortunately, the majority of currently 
known drug delivery systems are characterized by a low 
loading efficiency (less than 10%), which is associated 
with the use of a large amount of carrier.101 To achieve 
good loading efficiency, the kind of materials used (char-
acterized mainly by a large surface area) and their surface 
modification and the method of drug encapsulation/immo-
bilization are important. In general, the mechanism of drug 
loading through non-covalent interactions most often 
results in low loaded drug carriers, and covalent or coor-
dination bonds result in high drug loading efficiency. Such 
non-covalent bonds are electrostatic interactions, π-π 
stacking, hydrogen bonding, or hydrophobic/hydrophilic 
interactions of the drug with the surface of the carrier. 
For example, the most popular carrier, liposomal, depend-
ing on its morphology, is characterized by hydrophobic or 
hydrophilic drug–carrier interactions. In the case of poly-
mer nanoparticles or dendrimers, they may form structures 
that allow the drug to become entrapped in a micellar or 
hollow structure, respectively, or to bind the drug via 
a chemical linker. Typically, enzymatically or chemically 
cleavable linkers are used, such as amide, ester, disulfide 

bonds, or phosphate esters. There are also examples of 
specific linkers sensitive to the stimulus or enzyme typical 
of the tumor environment. For example, disulfide bonds 
can be broken by glutathione, an enzyme that is over-
expressed on cancer cells.102,103

Due to the type of nanocarriers’ structure, the follow-
ing types of high drug loading nanomedicines can be 
distinguished: 1. Inert porous material as a carrier (silica, 
carbon, or protein nanoparticles); 2. Polymer-drug conju-
gates (PDCs); 3. Coordination polymer nanoparticles 
(metal-organic frameworks); 4. Carrier-free nanomedi-
cines (drug nanocrystals, amphiphilic drug–drug 
conjugates).103 The PDCs systems used are solid disper-
sion of the drug in a hydrophilic polymer, and nanoconju-
gates of an amphiphilic or hydrophilic polymer with the 
drug. Recently, various PDCs carrier improvement strate-
gies have been introduced to enhance loading efficiencies, 
such as the use of: 1. Multi-arm polymer conjugated with 
drug;104 2. The hydrophobic105 as well as the 
hydrophilic106 drugs as part of the core-shell carrier struc-
ture; 3. Two drugs with opposite hydrophilicity linked via 
a hydrophilic carrier (spacer);107 4. Encapsulation in core- 
crosslinked polymer.108,109

Another class of nanomaterials that overcomes the 
problem of low drug loading is nanocages (protein, gold, 
carbon, silica, or DNA NCs), which have a hollow struc-
ture and can contain up to thousands of drug particles 
inside.97 A different way to increase the effectiveness of 
drug loading is surface modification. For example, porous 
iron oxide nanoparticles (IONPs) coated with materials, 
such as silica, surfactants, carbon, and polymers are used 
as drug carriers. Moreover, the introduction of functional 
groups on the surface allows its further modification, for 
example, with proteins, which further increases the affinity 
for drugs.103 Another example describes calcium phospho-
silicate nanoparticles (CPSNPs) as phospho-drug nanocar-
riers (5-Fluorouracil) where due to metal-ligand 
complexes between the phosphate group and calcium, 
efficient drug encapsulation is possible.99

It turns out that the effectiveness of the encapsulation 
procedure depends on many factors, and in the literature, 
comprehensive analyses can be found regarding specific 
carriers in combination with various medicines and encap-
sulation methods. For example, the fact that the route of 
immobilization should be selected depending on the type 
of medicine was described by Krukiewicz et al where two 
different loading methods have been tested with two var-
ious active substances. For quercetin, the highest loading 
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was achieved by immobilization on a polypyrrole matrix 
during the electropolymerization process, while in the case 
of a second drug tested, ciprofloxacin, incorporation dur-
ing post-modification (polymer oxidation) was more 
efficient.110 Furthermore, Perotto et al reported that in 
addition to such medicine characteristics as hydrophilicity 
and molecular weight, the charge of the drug might have 
the most significant impact on its encapsulation, as in the 
case of positively charged methylene blue-achieving up to 
88% encapsulation efficiency in keratin nanoparticles.111 

Besides, the study of curcumin encapsulation into poly ε- 
caprolactone NPs was carried out by Nagy and coworkers 
using Box–Behnken experimental design, where the vari-
ables in the encapsulation procedure were the initial 
amount of the drug, the volume ratio of the organic and 
aqueous phases, as well as the composition of the organic 
phase. It was found that the volume of the organic phase 
containing a drug used for nanoprecipitation of the poly-
mer was crucial for efficient drug loading.112

In the latest literature, one can also find reports about 
drugs encapsulated in high loading carriers by environ-
mentally friendly methods. That is, due to aromatic–aro-
matic interactions and the formation of ionic pairs, 
hydrophilic and aromatic low molecular weight drugs 
(HALMD) were encapsulated in a poly(styrene sulfonate) 
(PSS) with the yield of about 50%.113

Application, Mechanism of Action, and 
Drug-Resistance of Selected 
Chemotherapeutics
Doxorubicin (DOX) is commonly used in various types of 
malignancies, such as sarcoma, leukemia, lymphomas, 
breast, lung, and ovarian cancer. There are two different 
mechanisms of action: intercalation of doxorubicin into 
DNA and inhibition of topoisomerase II leading to 
changes in chromatin structure; generation of free radicals 
and oxidative damage to biomolecules. Repeated doxoru-
bicin administration leads to drug-resistant cancer cells; it 
also increases drug cytotoxicity. The interaction between 
signaling pathways can promote drug resistance through 
the induction of proliferation, cell cycle progression, and 
prevention of apoptosis. Doxorubicin-induced drug resis-
tance and tumor growth can occur through the adaptive 
role of the MAPK/ERK pathway in the effort to protect 
tumor cells. The mechanism of drug resistance of the 
Anatomical Therapeutic Chemical Classification System 
(ATC) is related to the expression of multidrug-resistant 

1 (MDR1) transporters. MDR1 transporters pump Dox 
molecules out of cells, reducing intracellular concentration 
of drug and inhibiting chemotherapeutic efficacy.114,115

5-Fluorouracil (5-FU) could be applied to treat solid 
tumors of the gastrointestinal tract, breast, head, and neck, 
as well as the pancreas. Mechanism of action involves 
blocking DNA synthesis and replication through inhibition 
of thymidylate synthase and incorporation of 5-FU meta-
bolites into RNA and DNA. 5-FU resistance abrogated the 
anticancer effect amplified by the Chk1 inhibition, even in 
p53-deficient cancer cells. Chk1 inhibition might be effec-
tive in sensitizing 5-FU resistant cancer cells to 5-FU 
because Chk1 activation is reported to be related to the 
resistance to chemotherapy. It has also been observed that 
the synergistic cytotoxic potential for Chk1 inhibition dur-
ing 5-FU treatment in p53-deficient colon cancer cells with 
or without 5-FU resistance.116,117

Paclitaxel (PTX) is used against many forms of cancer, 
for example, ovarian, breast, lung, Kaposi sarcoma, cervi-
cal, and pancreatic cancer. Mechanism of action relates to 
targeting microtubules – it disrupts the major function of 
microtubules, which is the production of the mitotic spin-
dle during cell division, as well as maintenance of the cell 
structure, motility, and cytoplasmic movement within the 
cell. A weakened mitotic checkpoint confers only short- 
term resistance to mitotic arrest but also the activation of 
a mitotic checkpoint followed by mitotic slippage resulting 
in optimal cell killing. There are some identified markers 
of resistance or sensitivity to paclitaxel, such as protea-
some subunits, cyclin-G1 (CCNG1), and solute carrier 
genes. The cytotoxicity of nanoparticles using tamarind 
seed polysaccharide and paclitaxel by epichlorohydrin 
crosslinking (PST-PTX) in cancer cell lines and resistant 
cancer cell lines were determined by MTT assay. 
Quantitative analysis of cell death was determined by 
Annexin V dead cell assay, Caspase 3/7 assay, and expres-
sion of pro-apoptotic protein Bax. Overexpression of the 
ABCB1 gene confers resistance to nab-paclitaxel in 
urothelial cancer cells.118,119

Each of these drugs has a different field of application, 
mechanism of action, and also various explanations of 
drug-resistance. Cells become resistant to different drugs 
through various mechanisms of modification of drug tar-
gets, alteration in drug metabolism, and genetic changes of 
cells to target pathways.120 However, it is worth noting 
that despite these differences, resistance to drugs continues 
to be a principal problem in oncology, affecting most 
cancer patients.
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Improving Activity and Help to 
Overcome the Drug-Resistance
Currently, major treatments for cancer management 
include cytotoxic chemotherapy, surgery, targeted therapy, 
radiation therapy, endocrine therapy, and also immunother-
apy. Despite the efforts and achievements made in treating 
cancers during the last few decades, resistance to classical 
chemotherapeutic agents and novel targeted drugs remains 
a major problem in cancer therapies.121 Drug resistance, 
also the one existing before treatment (intrinsic) or gener-
ated after therapy (acquired), is responsible for most 
relapses of cancer, which are the major causes of death 
of the disease. Heterogeneity among patients and tumors 
and the comprehensiveness of cancer to circumvent thera-
pies make drug resistance even more difficult to deal with. 
A better understanding of the mechanisms of drug resis-
tance is required to provide guidance to future cancer 
treatment and achieve better results.121 The complexity 
of drug resistance development suggests that combina-
tional and personalized treatment might provide better 
approaches and improved efficacy for fighting drug resis-
tance in cancer.122

Cancer presents difficult challenges that would benefit 
from uniting experts from a broad cross-section of related 
and unrelated fields. Combining extant approaches with 
novel ones could help in raising this challenging health 
problem, enabling the development of therapeutics to stop 
disease progression and prolong patient lives.122 

Regardless of the research approaches, based on the results 
from clinical trials and research publications on the appli-
cation of nanoparticles as drug delivery systems in the 
treatment of cancer, the main benefits are the enhancement 
of vascular and gastrointestinal permeability and selectiv-
ity of drugs/compounds to tumor cells. Abdifetah et al,123 

in their summary of the review, note the fact that due to the 
application of nanoparticles, the improved permeability 
and selectivity resulted in the overall improvement of 
cellular drug uptake, the inhibition of drug hepatic first- 
pass metabolism and P-gp efflux, the increase in drug 
solubility and stability, and the decrease in the rate of the 
drug excretion. As a consequence, a reduced dosage can 
be achieved without compromising the efficacy, which 
minimizes potential drug toxicity. Still, regardless of the 
therapeutic and research progress made, some of the chal-
lenges in cancer therapy, such as multidrug resistance 
(MDR), are being further investigated to better understand 
the molecular mechanisms and optimize the therapies 

concerning efficacy and safety. According to El-Readi et -
al,124 due to the tumorous tissue specifics such as their 
abnormal blood vessels and pathologic processes that hin-
der effective cancer chemotherapy, the design and applica-
tion of new methodologies for drug delivery like NPs are 
vital. MDR is known to be a result of synergistic processes 
taking place directly in cancer tissues and tumorous cells. 
In Figure 5, different mechanisms synergistically, causing 
multidrug resistance (MDR) are summarized.

The influence on membrane transport is one of the 
most important mechanisms in the development of resis-
tance against anticancer drugs. The reduction of drug 
concentration can be achieved by reduced drug uptake or 
increased extrusion of the molecules. The overexpression 
of P-glycoprotein is responsible for efflux. The use of 
nanoparticles loaded with docetaxel (PLGA-PEG) has pro-
ven to be effective in overcoming the MDR as referenced 
in the article.126 The authors also listed other advantages 
of the application of NPs in the therapy over the standard 
dosage forms; for example, nanosized drug carriers mini-
mize the elimination of the molecules substantially 
through the liver or kidney. Other properties like improved 
permeability and accumulation of nanoparticles loaded 
with drugs are passively targeting tumor tissues resulting 
in lower systemic toxicity.

Another successful application of targeted anticancer 
nanocarriers using biocarriers is presented in the article by 
Radu et al.127 Poly(3-hydroxybutyrate-co-3-hydroxyvale-
rate) carriers were obtained via the emulsification-diffu-
sion method, loaded with 5-fluorouracil and therapeutic 
potential on human adenocarcinoma cells was investi-
gated. As a result, it was observed that the drug-loaded 
carrier could significantly decrease cell viability, showing 
the high potential of destroying human adenocarcinoma 
cells. Overall, significant progress has been made in the 
field of nanocarriers in cancer treatment resulting in 
improved pharmacokinetic properties, better antitumor 
efficacy, and lower risk associated with the development 
of undesirable drug effects. Physicochemical properties of 
the therapeutic nanocarriers and pathophysiological tumor 
characteristics still need to be investigated to get deeper 
insights into the mechanisms allowing effective and safe 
cancer treatments. Arranja et al reported a list of clinically 
used nanomedicines containing mainly liposomes, poly-
mer-drug conjugates, and polymeric micelles.128 In con-
trast to traditional chemotherapy, nanomedicines are 
characterized by prolonged circulation half-lives, 
increased bioavailability, and better tumor disposition; 
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however, they rely mainly on the EPR effect. To increase 
our understanding of actively targeted nanodrugs, the 
authors suggest and discuss the application of strategies 
from theranostics. The main aim of this approach is to 
integrate molecular imaging properties into therapeutic 
agent formulations to monitor tumor accumulation and 
therapeutic efficacy of nanomedicines at the same applica-
tion time. More controlled targeted drug delivery should 
further optimize therapeutic effects minimizing unwanted 
cytotoxicity in the off-target tissues.

Cancer multidrug resistance (MDR) to chemotherapy is 
a crucial barrier in the effective treatment of malignancies, 
which may lead to therapeutic failure of the treatment 
regimen. Nanotechnology ensures a novel and unconven-
tional approach to circumvent MDR. In Table 6, recent 
literature examples of application nanocarriers to over-
come MDR are presented. Mechanisms and advantages 
of various types of nanocarriers were discussed below as 
well as potential approaches to overcome these limitations.

Establishing a practical nanotechnology-based drug 
delivery systems may help in the future to improve the 
bioavailability and therapeutic efficacy of antitumor drugs 
while providing better accumulation at the target site 
compared with conventional antitumor drug delivery 
systems.

Pharmacoeconomic Aspect of Drug 
Carriers
The efficacy of selected drugs due to their equivalents in 
nanocarriers could have an impact on reducing or mini-
mizing costs in pharmacoeconomic analysis, especially in 
shortening the time of hospitalization or a smaller number 
of tests carried out. We could also avoid some intangible 
costs, such as pain, suffering, or anxiety – if the patient 
stays shorter in the ward and could be faster at home. 
What is more, we can reduce the number of inpatient 
days, resulting in decreased risk of infections and 

Figure 5 Multidrug resistance in cancer mechanism overview.125
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medication side effects, improve quality of treatment, and 
increase hospital profit through more efficient bed 
management.133

As a result of the use of drug carriers we can observe 
the following benefits: 1. The economic benefits result 
from the savings associated with a more cost-effective 
medical procedure; 2. Clinical benefits are defined as the 
direct positive effects of the applied therapy, measured by 
primary or secondary endpoints. The size of clinical ben-
efits is a measure of the clinical effectiveness of the 
examined medical procedures; 3. Unmeasurable benefits 
concern the reduction of pain, anxiety, and improvement 
of life comfort and its duration.

Comparing the use of traditional therapy with alterna-
tive therapy, such as nanocarrier-based-therapy, we can 
evaluate examples of systemic treatment parameters in 
oncology such as Evaluation of response to treatment 
(%); Percentage of corresponding patients (%); 
Percentage of total remissions (%); Time to relapse 
(months, years); Percentage of reduction in risk of recur-
rence (%); Percentage of 5-year survival rate (%); 
Percentage of responses to treatment (%); Percentage of 
total pathological remissions (%); Total survival time 
(months); Median survival (months); Indicators of quality 
of life and reduction of symptoms, such as VAS 
procedure.134

Clinical studies have demonstrated the effects of using 
PEGylated-liposomal doxorubicin in adjuvant chemother-
apy for advanced and metastatic breast cancer (Table 7). 
Reflected in Table 7, results review the clinical application 
of PLD in the adjuvant chemotherapy of breast cancer and 
illustrate the therapeutic effects of pegylated liposomal 
doxorubicin in various treatment regimens. These clinical 
studies, which presented therapeutic strategies for apply-
ing listed drugs to such adjuvant chemotherapy, show 
a significant improvement in the treatment results in 
terms of increased survival time as well as progression- 
free survival time. Both of these indicators are crucial in 
the effective treatment of oncological patients.

Over the past decade, the application of nanomaterials 
for the treatment of cancer features high sensitivity, speci-
ficity, and efficacy. Nanomaterials could be applied to 
employ specific ligands to target cancer cells predictably 
and deliver encapsulated load capacity effectively. 
Besides, nanomaterials can also be created for enhanced 
drug loading, greater half-life in the body, sustained 
release, and selective distribution by transforming their 
size, composition, morphology, and surface area. For 
instance, carbon-based materials, polymeric nanomater-
ials, metallic nanoparticles, dendrimers, and liposomes 
have been developed as smart drug delivery systems for 
cancer treatment, showing improved pharmacokinetic and 

Table 6 Mechanism of Overcoming Drug Resistance and Benefits of Nanocarrier Use

Drug Type of 
Cancer

Type of Nanocarrier Mechanism of Overcoming Drug 
Resistance and Benefits of Nanocarrier 

Use

Ref.

DOX Ovarian 

cancer

Iron oxide-titanium dioxide core-shell nanocomposites Downregulation of TfR1 expression [120]

ATC Dopamine-melanin NPs Increased cellular uptake [129]

5-FU CRC Mesoporous silica NPs grafted with EGF Cell death through S phase arrest 

Downregulation of DPYD expression

[117]

GC Gelatinase-stimuli di-block copolymers poly(ethylene glycol)- 

b-poly(ε-caprolactone) (PEG-b-PCL)

Upregulation of TFAP2E and downregulation 

DKK4

[130]

Chitosan NPs Downregulation of HIF-1α expression [116]

PTX Lung 

cancer

Galactoxyloglucan Downregulation of the expression of multi- 

drug resistant proteins P-gp and BCRP

[131]

MDCK- 

MDR1

Two diblock copolymers, MePEG114-b-PCL200 and MePEG17- 

b-PCL5 (PCL200/PCL5) + ultrasound

Increased accumulation of drug [132]

Abbreviations: 5-FU, 5-Fluorouracil; ATC, anaplastic thyroid cancer; BCRP, breast cancer resistance protein; CRC, colorectal cancer; DKK4, Dickkopf WNT Signaling 
Pathway Inhibitor 4; DOX, Doxorubicin; DPYD, Dihydropyrimidine Dehydrogenase; EGF, Epidermal Growth Factor; GC, Gastric Cancer; HIF-1α, Hypoxia-inducible factor 
1-alpha; MDCK-MDR1, Madin Darby canine kidney (MDCK) cells with the MDR1 gene; NPs, Nanoparticles; P-gp, Permeability glycoprotein; TFAP2E, Transcription Factor 
AP-2 Epsilon; TfR1, Transferrin Receptor 1.
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pharmacodynamic parameters over standard formulations 
because of their nanosize and individual physicochemical 
properties.

The data presented in Table 3, suggest that nanotech-
nology will provide new opportunities for cancer manage-
ment. Moreover, a range of nanoparticles demonstrate 
significant efficacy for anticancer therapies, and their 
application can also be discussed in the pharmacoeco-
nomic context. Considering that all the presented benefits 
from the use of nanomaterials make nanotechnology much 
cheaper than conventional treatment, it can also be 
reflected in the expected pharmacoeconomic efficacy. 
This could result in the reduction or total avoidance of 
costs in the management of cancer patients, particularly by 
reducing costs of interventions, shortening the time of 
hospitalization or avoided expenditure on illness which 
results in fewer medical procedures carried out, leads to 
the reduction of personnel costs and allows patients to 
return to professional life.

Clinical Application of Drug Carriers
The website clinicaltrials.gov was searched on 09.12.2020. 
The search was conducted using the keywords: cancer and 
nanoparticle. The start and end dates of the study were 
determined from 01.01.2015 to 09.12.2020. The status of 
the study was also defined – only studies with “completed” 
status were taken into consideration. As a result of this 
search, 13 studies meeting the above criteria were found. 
The search strategy is presented in Table 8.

To summarize, in Table 9, all studies are interventional 
(clinical trials), which are presented on the clinicaltrials. 
gov website. Each study involves a different number of 
patients, ranging from 2 to 146 participants. Different 
types of cancer were investigated, and the degree of sever-
ity is also taken into account, whether or not it is meta-
static cancer. Each study describes arms – experimental or 
placebo, as well as treatment/other intervention. The 
selected endpoints – primary, secondary, or other – are 
included in the studies as per the protocols.

Table 7 The Effects of Using Pegylated Liposomal Doxorubicin (PLD) for Adjuvant Chemotherapy of Advanced and Metastatic Breast 
Cancer

Treatment Regimen Phase 
of 

Clinical 
Study

Number 
of 

Enrolled 
Patients

Results Ref.

The Total 
Effective 
Rate (%)

Median 
Progression- 
Free Survival 

(Months)

Total 
Median 
Survival 
(Months)

Evaluation of the effect and safety of salvage 
chemotherapy for treating metastatic breast cancer with 

PLD (40 mg/m2)+cyclophosphamide (500 mg/m2) and 

5-fluorouracil (500 mg/m2) in the presence of paclitaxel.

II 45 41.9 8.2 Up to 36.6 [135]

Adjuvant chemotherapy in patients with advanced HER-2 

positive breast cancer by PLD (administered at 40 mg/m2 

every four weeks) in combination with lapatinib and 

trastuzumab.

II – 4 5.8 23.3 [136]

Comparison of combined PLD (administered at 30 mg/m2 

every three weeks) and docetaxel with the separate use of 

docetaxel.

III – 25–36 7.0–9.8 – [137]

Examination of the therapeutic efficacy of PLD 

(administered at 20 mg/m2 every two weeks) in elderly 
patients with advanced breast cancer and all patients 

enrolled were older than 70 years.

– – 33.3 10.3 – [138]

Evaluation of the combined regimen of PLD (administered 

at 40 mg/m2 every four weeks) and navelbine 

(administered at 25 mg/m2 every four weeks) and its 
therapeutic efficacy in first-line chemotherapy in elderly 

patients with metastatic breast cancer.

– 34 50 – 3 of 34 [139]
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Unfortunately, so far, no results have been published 
for any of the thirteen studies, so we cannot draw any 
conclusions, but we can state that the use of nanoparticles 
in medicine, in the treatment of cancer, is becoming 
increasingly popular.

Business Criteria for the 
Development of Drug Carriers
During the manufacturing of drug forms, different meth-
ods should be considered. The selection of manufacturing 
methods often depends on the final product’s requirements 
in terms of clinical efficacy, including size distribution, 
chemical composition, and drug release characteristics 
together, which dictates the pharmacokinetic demonstra-
tion of adsorption, distribution, metabolism, and elimina-
tion (ADME).181

Reducing Cost/Reagents/Green Synthesis
It is estimated that the development of a new nanodrugs 
takes only about 3–4 years and $20- $50 million. In 
comparison, discovering new active molecules takes 
more than 10 years, costing an average of about $500 
millions.182

In order to perform the procedure for obtaining a drug 
delivery system designed in a laboratory on an industrial 
scale, careful optimization of the synthesis must be carried 
out in order to reduce the production costs. For example, 
Ding et al carried out a tedious optimization of polymer 
synthesis for protein therapy by changing time, solvent, 
and equivalents of reagents. As a result, the cost of 
a polymer prepared on a few hundred grams scale, 

following the principles of green chemistry, was reduced 
by almost 90%.183

Furthermore, in industrial-scale production, the time of 
synthesis directly translates into cost; thus, it is important 
to choose the most time-efficient184 and inexpensive pro-
duction method.185 Finally, affordable, non-toxic, and 
common solvents, such as water, are most desirable.111 

Interestingly, to reduce the time and cost of formulation 
development, computational methods are used to predict 
in vitro/in vivo properties of carriers, such as stability, 
solubility, and potential toxicity.186

It is also worth noting that multifunctional carriers with 
targeting and imaging properties as well as multistep 
synthesis and greater regulatory hurdles thereof are worth 
the cost due to their numerous advantages, such as redu-
cing side effects, dosing frequency, use in theranostics, and 
even reducing the toxicity of the drug, as proved by Cheng 
et al.187 Despite higher production costs, recent analyses 
show that the use of targeted drug delivery systems for 
cancer patients leads to long-term reduced healthcare uti-
lization and expense.188

Transfer of Drug Carriers Synthesis 
Methods from Lab to Industry - 
Challenges
Despite increased interest in nanodrugs in recent years, the 
transfer of methods to the market is still a challenge due to 
the difficult industrial transfer.189,190 In general, proce-
dures of nanocarriers synthesis are sensitive to reaction 
conditions and the characteristics of nanomaterials (size, 
charge, shape, morphology, and dispersity) can be easily 
disturbed due to scaling-up and thus formulation and 
effectiveness of nanodrugs may change.191 Furthermore, 
these parameters are very important for the in vivo stabi-
lity and toxicity of nanocarriers.192

In an industrial plant, the particle size can be affected 
by the available chemical reactor volume, stirring velocity, 
and time, as well as the energy used during the synthesis. 
These fluctuations in features may further lead to 
decreased efficiency of drug loading.193,194 One of the 
examples of difficulties associated with large-scale pro-
duction can be Doxil, the first nanodrug authorized in 
1995, whose sales were suspended in 2011–2014 due to 
production and sterility problems.195 Furthermore, it was 
described in the literature how scaling-up generated new 
minor impurity, which was found to be cytotoxic and 

Table 8 Terms and Synonyms Searched in Clinical Trials 
Database

Terms/Synonyms Search Results* Entire Database**

Nanoparticle 13 studies 452 studies

Cancer 13 studies 78,405 studies

Neoplasm 13 studies 70,026 studies
Tumor 6 studies 17,331 studies

Malignancy - 3274 studies

Neoplasia - 651 studies
Neoplastic Disease - 22 studies

Neoplastic syndrome - 618 studies
Oncology - 1348 studies

Notes: - No search results. *Number of studies in the results matching the search 
term or synonym. **Number of studies in the entire database matching the search 
term or synonym.
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changed the colloidal and structural properties of 
nanoparticles.196

Another challenge regarding the industrial transfer of 
nanodrugs is an insufficient number of guidelines for the 
characterization of nanoparticles concerning their safety 
and non-toxicity and lack of strict legal regulations.188,197 

Given the listed challenges, to obtain the desired features 
during the synthesis of drug formulations, the Food and 
Drug Administration (FDA) introduced in the 2000s 
a method of quality by design, which provides product 
quality controls at every stage of the process (by using pH 
or ionic strength sensors). In this way, the key parameters 
of the drug carrier synthesis must be obtained via standar-
dized procedures and scalable chemical equipment. Since 
the synthesis conditions in the industrial plant are different 
from in the laboratory, each stage of the synthesis must be 
transferred according to Chemistry, Manufacturing and 
Controls (CMCs) and follow good manufacturing practice 
(GMP) requirements.191,198 However, as it is not easy to 
control the process taking into account so many para-
meters that nanoparticles desire, a reproducibility problem 
arises.195 As a consequence, each batch of produced mate-
rial must be thoroughly tested to ensure its characteristics, 
safety, and non-toxicity.190 Some researchers suggest that 
routine testing of large-scale formulations in animal mod-
els would be desirable.191

One may notice a deficit of simple industrial proce-
dures for the synthesis of nanomaterials regarding the 
limited possibilities of the industrial plant.199 Methods 
for the synthesis of nanomaterials described in the litera-
ture have many limitations, such as the difficult removal of 
a toxic organic solvent (in solvent emulsification-diffusion 
technique applied to lipids) or challenging maintaining 
sterility of the product.185,191,200 Furthermore, some meth-
ods to produce nanoformulations, such as freeze-drying 
and spray-drying used to fabricate nanoencapsulates in 
powder form, are expensive and may affect particle 
size.201 Large-scale preparation of nanocarriers that will 
be biodegradable in vivo is another challenge.201,202 

Therefore, top-down processes (consisting of mechanical 
fragmentation of the product) are still more common than 
the bottom-up approach (generating nanoparticles starting 
from molecules or atoms).203 However, some production 
methods seem to be more useful than others for large-scale 
applications, such as supercritical reverse-phase evapora-
tion or microfluidic mixers.191,192

Furthermore, as usually creating a new drug delivery 
system is a reformulation of a previously known drug, 

pharmaceutical companies often do not consider this pro-
cess worth the time and costs compared to profits and 
prefer investing in the search for new drugs by simply 
screening libraries of small compounds.188,199

Green Synthesis in Drug Carriers 
Manufacturing
“Green nanomedicine” is a new field of drug delivery 
systems based on nanomaterials, which provides tools for 
more economical nanocarriers synthesis. However, cur-
rently, only a few literature examples of research can be 
found in which at least a few of the dozen “green chem-
istry” postulates have been met. Among syntheses of such 
drug carriers as nanometallic compounds, polymer nano-
composites, and quantum dots one can find examples of 
the use of safer reagents, solvents or auxiliaries, the design 
of safer, atom economical syntheses, application of renew-
able energy sources, or the synthesis of biodegradable 
carriers. Among the described nanosystems, protein and 
lipid compounds are the safest of known drug 
carriers.204,205

A very important aspect is the choice of the synthesis 
method among those available.206 A separate group of 
non-toxic reactions in nanomedicine are methods that use 
plant extracts as reagents. For example, Palai et al 
described the synthesis of a decorated graphene nanocom-
posite, where the aqueous neem leaf extract was used to 
reduce graphene oxide, while the synthetic procedure was 
modified to reduce the number of toxic gases and impu-
rities generated.207

One of the latest examples of the use of eco-friendly 
reagents was delivered by Uthappa et al, who described 
the green synthesis of natural diatoms modified with poly-
dopamine as a drug delivery system, in which additionally 
the synthesis time was reduced and no toxic reagents and 
solvents were used.87 Furthermore, Hasan et al described 
the eco-friendly synthesis of silver nanoparticles in which 
the reduction process by chemical compounds has been 
replaced by a reduction by a biopolymer (dextrin).208 An 
alternative to green solvents may be the use of ionic 
liquids.209

Despite the existence of more adaptive techniques, 
such as reverse-phase evaporation or thin-film hydration, 
a green technique, energy-saving probe sonification 
method using only water as a solvent, was chosen for the 
production of niosomes by Khan et al.113 Next, Ca2+ cross- 
linked Fe-guanosine monophosphate (Fe-GMP) hydrogel 
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for doxorubicin delivery was prepared by facile mixing of 
appropriate components at ambient conditions.210 Finally, 
it is important to select those biocompatible from among 
the available polymers (poly(sodium 4-styrene sulfonate), 
PSS), and assure that the encapsulation of the drug takes 
place using a simple green method, for example, by mix-
ing of two aqueous phases containing the polymer and the 
drug, respectively.92 From the producer’s point of view, 
the more “green” the process, the cheaper and safer for the 
final product due to the lack of toxic impurities.

Pharmacokinetic and Toxicological 
Studies of Nanoparticles as 
a Delivery System
Pharmacokinetics, often described as what an organism 
does to a drug, is a branch of pharmacology dealing with 
the study of the activity of compounds in the body over 
a period of time with a primary focus on processes by 
which medicinal products and drugs are absorbed, distrib-
uted, metabolized, and finally excreted (ADME). 
Pharmacokinetics depends on many factors that are related 
to the physicochemical properties of the complex sub-
stance as well as to patient-related conditions like gender, 
age, individual physiology, or genetics. Knowledge of 
pharmacokinetics is crucial for targeted and safe applica-
tion of drugs to achieve the maximum therapeutic effect 
and the minimum risk associated with the occurrence of 
adverse effects.

An ideal drug should be highly specific concerning the 
pathologic processes and changes without any toxicity to 
healthy organs, tissues, or cells. The most desired proper-
ties of an active compound should directly lead to proper 
absorption and drug distribution, low metabolism, decent 
elimination, and low toxicity.

Pharmacokinetic key parameters used for defining and 
describing the ADME processes include bioavailability 
(by determining the area under the plasma concentration– 
time curve), elimination half-life (t1/2), the volume of 

distribution (Vd), and clearance (CL).123 These factors 
play a crucial role in the determination of the concentra-
tion of the drug in the body at a specific therapeutic target. 
Pharmacokinetics is applied to estimate the exposure and 
the most important parameters used to define the optimal 
dosage form and the dosing regimen in clinical practice to 
achieve maximum efficacy and lowest toxicity.211

Pharmacokinetic Aspect of the 
Application of Nanoparticles as Delivery 
Systems
Drugs encounter many barriers in living organisms from 
the time of administration in a specific dosage form until 
the therapeutic molecules reach the target. Advances in 
technology allow us to make structural changes that make 
significant improvements in drug properties and help over-
come the limitations of reduced drug efficacy and potential 
safety issues. Advances in nanotechnology over the past 
decades did revolutionize drug delivery systems by 
improving their pharmacokinetic and pharmacodynamic 
properties, such as higher solubility, duration of exposure, 
and targeted delivery to the site of action.212

The tabulation below briefly summarizes the main dif-
ferences in pharmacokinetic properties of small drug 
molecules and the desirable drug-loaded nanoparticles 
(Table 10).

There are many different types of nanoparticles used as 
carriers for therapeutic compounds, as shown in Figure 6., 
each of them having different properties.

As mentioned in previous sections, nanoparticles differ 
in their surface charge, particle size and shape, efficiency, 
loading capacity, and stability, leading to substantial varia-
bility in pharmacologic effects and the safety of different 
nanocarriers. Petschauer et al summarize in their review 
the main factors affecting the pharmacokinetic (PK) and 
pharmacodynamic (PD) properties of anticancer carrier- 
mediated agents in patients.213 The discussion includes 
the following elements: Uptake by the mononuclear 

Table 10 Pharmacokinetic Properties Comparison Between Small Molecule Drugs and Drug-Loaded Nanoparticles

PK Property Small Molecule Medicine Drug-Loaded Nanoparticle

Volume of distribution High Low

Bioavailability (AUC) Low High

Circulation half time Short Long
Tumor accumulation Poor Good

Clearance Rapid Slow
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phagocyte system; Delivery of the compounds in tumors: 
nanoparticles (NPs) can get into tumors’ tissue due to the 
leaky vasculature, which results in enhanced permeability 
and retention effect.; Particle size and shape: NPs between 
100 and 200 nm have been observed to be most efficient in 
uptake by tumors; in turn, particles smaller than 50 nm 
showed short circulation time, and NPs greater than 300 
nm prevented particles from taking advantage of the EPR 
effect, leading to lower tumor accumulation; Surface mod-
ification and charge (Conjugation of PEG to the surface of 
NPs increases circulation time and bioavailability – mea-
sured by Area Under The Curve – AUC; Uncharged par-
ticles have less mononuclear phagocyte system uptake, 
which results in longer circulation time); The concentra-
tion of NPs administered: a higher concentration level of 

particles per dose given increases the drug exposure in 
both plasma and tumor.

Besides, the authors stress the fact of the existence of 
a relationship between NP clearance and patient age, gen-
der, disease conditions like liver or renal impairments, or 
concomitant medications. Another point to consider is the 
possibility to predict pharmacokinetic properties of 
PEGylated liposomal NPs based on the monocyte and 
dendritic cells function.

Advances in computational sciences over the past dec-
ade allow researchers to focus on mathematical and statis-
tical approaches. Dogra et al describe a novel modeling 
approach aiming to predict whole-body nanoparticle phar-
macokinetics and their tumor delivery.214 The identified 
main factors governing NP kinetics in the tumor 

Figure 6 Classification of nanocarriers for drug delivery.
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interstitium were nanoparticle size, tumor vascular frac-
tion, tumor vascular porosity, nanoparticle degradation 
rate, and tumor blood viscosity. Since the number of 
potential factors having an influence on the ADME pro-
cesses in the living organism is huge by nature, mathema-
tical modeling in this parameter space is proposed as an 
efficient alternative to traditional experiments.

The authors discuss the impact and particular values of 
parameters to optimize the delivery of NPs into tumor 
tissue. Garofalo et al present another methodology com-
bining computer-aided drug design from the domain of 
computational chemistry and drug delivery techniques.215 

The multidisciplinary approach gives promising results in 
overcoming some of the main challenges, such as poor 
selectivity for the target or poor ADME properties. The 
authors discuss selected applications of the new approach, 
aiming to provide insights into a novel rational design of 
anticancer therapies. According to the authors, the compu-
ter-aided drug delivery system design should be combined 
with “wet” laboratory techniques that allow better predic-
tion of drug delivery systems in vivo and helps in design-
ing drug molecules that increase therapeutic targeting and 
reduce the optimal dosage.

Despite the fact that nanoparticles demonstrate excel-
lent potential as drug delivery agents, the nano-protein 
interaction and the formation of a protein corona have 
been found to interfere with the nanoparticle delivery. In 
recently published studies, Zhang et al provided a brief 
summary of the latest developments on the nano-protein 
interactions between NPs and enzymes of the digestion 
and initiated an engaging discussion on the possibility of 
the use of the digestive enzyme corona for the targeted 
delivery in the colon.216 The authors described physico-
chemical properties that are closely linked to the oral 
absorption of NPs, which include: size, zeta potential and 
surface molecules, which are greatly affected by the inter-
action of nano-enzymes and the formation of the enzyme 
corona. Moreover, it has been shown that the uptake of 
NPs by epithelial cells is significantly increased after the 
formation of the enzyme corona. The interaction of nano- 
enzymes is thus a major challenge for oral delivery of NPs 
and might exert an impact on pharmacological properties. 
On the other hand, a nano-enzyme interaction could also 
be applied to advanced oral delivery. As epithelial absorp-
tion of NPs is inhibited by the enzyme corona, a great 
number of NPs have a high chance of passing into the 
colon in the form of the NP-corona complex. After that, 
inside the colon, the enzyme corona and indeed NPs could 

be degraded and metabolized throughout the greatest 
microbiota in the organism, resulting in the release of 
loaded drugs straight into the colon area. The same pro-
blem has been previously discussed by Peng et al.217 They 
synthesized the cationic NPs (CNPs) based on poly 
(3-hydroxybutyrate-co-3-hydroxyhexanoate) and exam-
ined the interaction of CNPs with digestive enzyme and 
its impact on cellular uptake. Author’s results show for the 
first time the formation of the enzyme corona and its 
inhibitory effect on CNP uptake by epithelial cells. In 
another paper, Peng et al assessed the interaction between 
proteins and nanomaterials, which results that, in the 
in vivo performance of nanomaterials, are significantly 
different from these in vitro. It has been shown that the 
protein–nanomaterial interaction may induce remarkable 
changes in the properties of nanomaterials as well as 
their associated proteins.218 These changes in properties 
will eventually lead to undesirable outcomes, which 
include: 1. Fast clearance of the bloodstream owing to 
opsonin adsorption; 2. Capillary blockage risk from the 
increased size after adsorption of serum proteins; 3. The 
loss of ability to target due to the original surface ligand 
being covered by the protein corona; 4. Possible toxicity 
due to the change in conformation of bound proteins. On 
the one hand, the above interactions are a major challenge 
for the safe and effective use of nanomaterials in clinical 
way, but, on the other hand, these interactions could be the 
possibility of decorating nanomaterial-based drug delivery 
systems. Consequently, in vivo transport and subsequent 
behavior of the protein-nanomaterial complex is much 
more controlled and indeed such a complex holds greater 
promise for being transferred to the practical products. In 
effect, it could be supposed that in the near future, these 
new smart products will be on the market for clinical use.

Toxicity of Drug Delivery Systems
Toxicity remains a challenge even when applying nano-
particles as drug carriers. Highly complex interactions 
between the molecules, cells, and the host environment 
are influenced by nanoparticles with many questions aris-
ing concerning their long-term safety.

Khan et al describe some of the potential NPs toxici-
ties, which depend on various factors and types of particles 
used.219 One of them, as pointed out by the authors, is the 
ability to organize around the protein concentration. This 
particular feature depends on particle size, curvature, 
shape and surface charge, functional groups, and free 
energy. Based on these properties, there is at least 
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a theoretical possibility for NPs to generate adverse and 
unexpected outcomes through protein unfolding, crosslink-
ing, or causing loss of enzymatic activity.

It becomes evident that despite the promising results 
and improvement of pharmacokinetic properties of antic-
ancer drug-loaded NPs, long-term research and further 
studies must be rolled out to better understand complex 
interactions at the molecular level in vivo.

The Problems of Nanotechnology in 
Practical Use. The Limitations and 
Concerns of Different Types of 
Nanoparticles for Drug Delivery 
Applications
In view of this paper, the use of nanotechnology in prac-
tice may face some challenges. The biggest concern is that 
the health and safety implications of the specific properties 
of nanoparticles have not yet been addressed by the reg-
ulatory authorities. The new European chemicals policy 
REACH does not consider side effects. Nanoparticles raise 
a number of safety and regulatory issues that governments 
are now beginning to address. A review of recent regula-
tions and ongoing monitoring by authorities is 
necessary.220 Moreover, some problems such as toxicity 
demonstrated by some nanoparticles cannot be overlooked 
when considering the application of nanomedicine in rou-
tine clinical practice. Recently, nanoparticles are mostly 
used together with natural products to reduce toxicity 
problems. The green chemistry pathway in the design of 
drug-containing nanoparticles is being extensively pro-
moted due to the fact that it minimizes harmful compo-
nents in the process of biosynthesis. Therefore, the use of 
“green” nanoparticles for delivering drugs can potentially 
reduce the side effects of drugs.189

The use of an optimal nanoparticle drug delivery sys-
tem is mainly determined by the biophysical and biochem-
ical properties of the targeted drugs that are selected for 
treatment and could help to improve the successful deliv-
ery of nanosystems and optimize the pharmacoeconomic 
impacts.189

Recently, various nanotechnology-based solutions for 
drug delivery in the field of medicine have attracted great 
interest. Despite the above, unfortunately there are still 
many concerns about the safety application of nanoparti-
cles as drug delivery systems.221

Studies carried out on nanotechnology have proven 
that every type of nanoparticles has some limitations in 

practical use. The NPs’ toxic effects are in general asso-
ciated with the poor biocompatibility of the nanomaterials 
that were used to develop them. Carbon nanotubes (CNTs) 
are the type of NPs with more toxic potential observed. 
They have been found to be lung carcinogenic, but they 
are also toxic to CNS, blood and GIT. Heavy metals may 
accumulate in the liver and kidneys and can be toxic to the 
CNS and GIT. Silicates also have a significant potential to 
accumulate in the liver and lungs, leading to fibrosis. 
Direct toxicity of liposomes may be caused primarily by 
their size, charge or composition. For instance, cationic 
liposomes may interact with lipoproteins, serum proteins 
or even with the extracellular matrix, resulting in aggrega-
tion or release of agents that are loaded before they reach 
target cells, causing the systemic toxicity. At doses much 
higher than those administered (multiple injections of 
≥100 mg/kg lipid), liposomes have been demonstrated to 
cause RES impairment, granulomas, hepatomegaly or even 
splenomegaly. Furthermore, the increase in lipid dose has 
been demonstrated to deplete plasma of different proteins. 
While the identification and importance of all deleted 
proteins remain unclear, it is possible that their loss will 
cause impairment in normal homeostasis. Metallic NPs 
could lead to peribronchitis, granulomas, interstitial fibro-
sis, collagen deposition, adenocarcinoma and pleural 
lesions. Nanoemulsions could be responsible for interfer-
ence with the close linkage in GIT and direct cytotoxicity. 
Carbon NPs exhibit the oxidative stress, depletion of glu-
tathione, an increase in the number of dermal cells, and 
also thickening of the skin and rash. Dendrimers and gold 
nanoshells demonstrate toxicity induced by macrophages, 
plasma protein depletion, aggregation of platelets and also 
their pathway of synthesis is complicated.222,223

In view of the above, the awareness of particle levels 
that may cause health effects is imperative for both work-
ers and exposed patients.222

Challenges in Pharmacoeconomic 
Aspects of Nanocarriers as Drug 
Delivery Systems
Nanomedicine adopts the use of nanotechnology for 
highly specific medical interventions for the prevention, 
diagnosis and treatment of diseases, all of which are pre-
sented in this paper. The development of nanomedicines 
tends to improve the therapeutic efficacy, reduce the dose 
that is therapeutically effective, and decrease the risk of 
developing side effects.224 Nanocarriers as DDS are 
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designed to reduce the cost of administering the drug, 
improve the compliance and help patients to recover as 
soon as possible. All of these aspects are reflected in 
pharmacoeconomics, a discipline that aims to provide 
reliable information on the cost of therapies and to choose 
the best one, considering its effectiveness at the lowest 
possible costs. In the above paper, nanotechnology solu-
tions and standard therapies, their costs and effectiveness 
were discussed.224

The clinical development of nanomedicine encompass 
many aspects, there are some key issues to look out for: 
biological development (appropriate in vivo structural sta-
bility of the nanomedicine after application); process of 
manufacturing (production on a large scale according to 
GMP standards, which includes: reproducibility, techni-
ques, infrastructure, experience, and costs of the whole 
process; tests used to control the quality for characteriza-
tion which includes: charge, size, morphology, dispersion, 
encapsulation, modification of the surface, stability and 
purity); biocompatibility and safety concerns (develop-
ment of much more targeted toxicoassays for nanomedi-
cines; appropriate understanding of nanocarriers 
interactions with cells and tissues; reduced level of nano-
particles accumulation in targeted cells, tissues or organs); 
intellectual property (understand of the nanomedicine 
patent complexity); government regulations (development 
of clear nanomedicine regulatory guidelines); and total 
cost-effectiveness compared to standard treatment regi-
mens (restricted understanding of the nanomedicine’s bio-
logical interactions with the patient’s biological 
environment, leading to an impossibility to apply 
a pharmacoeconomic approach).225–229

Such determinants could be substantial obstacles that 
limit the market emergence of nanomedicines, despite 
their therapeutic efficacy.

Conclusion
The availability of evidence resulting from the application 
of pharmacoeconomics can be useful in health policy 
decision-making. It can be applied by healthcare profes-
sionals such as policymakers, primary healthcare provi-
ders, health-care administrators, and health managers.

Pharmacoeconomics can certainly help in decision- 
making when evaluating the affordability and access to 
the right medication for the right patient at the right time, 
comparing alternative drugs from the same therapeutic 
class or drugs with a similar mechanism of action, and 
establishing accountability that the claims by 

a manufacturer regarding a drug are justified. Proper appli-
cation of pharmacoeconomics will allow the pharmacy 
practitioners and administrators to make better and more 
informed decisions regarding the products and services.

Based on the published literature, the engagement 
of nanoforms at different stages, including prevention, 
diagnosis, and treatment, might provide significant ben-
efits from an economic as well as treatment perspec-
tive. Those include but are not limited to the factors 
like faster diagnosis, increase in the viability of 
patients during antitumor therapy, overcoming the 
mechanisms of resistance in neoplastic cells, or enhan-
cing therapeutic efficacy via synergistic or additive 
interactions.

The use of drug nanocarriers is a unique opportunity 
for an economically attractive improvement of known 
drugs because the development of novel nanoformulations 
is much cheaper and faster than the discovery of new 
drugs. Despite higher production costs, greater regulatory 
hurdles and difficult industrial transfer, they are worth the 
cost due to their numerous advantages.

Nanoencapsulation can increase the bioavailability of 
poorly soluble drugs, facilitate access to pathologically 
altered sites by improving the crossing of biological bar-
riers and increased selectivity of drug-loaded nanocarriers, 
provide better storage and in vivo stability, and enable 
slow, controlled release of the drug in the human body. 
From a pharmaceutical and economic point of view, all of 
these benefits can reduce dose and associated toxicity, 
dosing frequency, side effects and costs, improve formula-
tion, protect patents, and enhance patient compliance. In 
addition, the use of drug nanocarriers has found wide 
application in theranostics.

However, there are doubts about the use of drug car-
riers regarding the risks associated with the excess of 
nanocarriers used, such as high blood pressure or systemic 
toxicity. These side effects can be countered by selecting 
an appropriate carrier material as well as proper drug- 
carrier binding to ensure a low drug-to-carrier ratio in 
the formulation. Furthermore, changes in the stability and 
toxicity of carriers associated with industrial production 
can be avoided due to carefully optimized synthesis, 
including product control at every stage of its production, 
as well as the preparing guidelines for the synthesis of 
nanomaterials.

It is impossible to say which is better: discovering new 
drug nanocarriers or searching for new, more effective 
active substances. But surely to improve the well-known 
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drugs with serious side effects through the use of their 
nanoformulations is very desirable and cost-effective from 
the point of view of pharmacoeconomics.

Nowadays, nanotechnology has many advantages, which 
includes: great bioadhesive properties, high biocompatibility, 
low toxicity, high encapsulation efficiency and also great drug- 
loading capacity. Analyzing the above features of nanoformu-
lations it can be concluded that nanoparticles hold a huge 
potential as drug delivery systems, imaging agents and also 
in phototherapy. Despite these advantages, there still remain 
many issues that need to be resolved before nanoparticles can 
be used in a safe and comprehensive clinical way. Some 
aspects need further studies, such as: to the generation of 
nanoparticles with desired sizes; control of the thickness of 
each layer of the nanoparticles and the impact of it on the 
therapeutic efficacy; development of more stable nanoparticle; 
optimization of the drug release profile from nanomaterials; 
presently, the release rates differ significantly and depend on 
how drugs are integrated into nanomaterials (mostly by: sur-
face adsorption, conjugation or encapsulation); safety and 
clinical applications; their biodistribution and long-term toxi-
city profile. Finally, to understand the mechanisms for meta-
bolism, accumulation and biodegradation of nanoparticles in 
in vivo studies; discover interactions of nanoparticles with 
other materials, substances, drugs, and living organisms.

Furthermore, current studies have been limited to the 
in vitro stage and do not show in-depth toxicology and 
pharmacokinetic parameters. However, as time passes, the 
science and publication aspects are broadening, and we are 
getting much more data that allow us to evaluate and 
predict the effects of the nanocarriers formulations.

Moreover, from a manufacturing point of view, opti-
mization of the synthesis parameter, encapsulation effi-
cacy, and improved stabilization of nanoproducts will 
also provide a better understanding of their mode of action 
and potentially predict the risks of eventual use. In effect, 
it might be a substantial achievement in reducing the direct 
and indirect costs of therapy.

Undoubtedly, implementation of new therapeutic 
options, such as nanotherapy, will be associated with to 
date still unknown risks; however, expansion and devel-
opment of the currently performed studies will conse-
quently eliminate the existing gap in our knowledge and 
understanding of relevant mechanisms when applying 
nanotechnology to drug development and related costs.

Given the above, more attention should be paid to the 
pharmacoeconomic aspects of the nanocarriers, to properly 

assess the risk and benefit balance of the very promising 
technology presented in this review.
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