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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.'? 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.>* 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.>”’

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.>*

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.””® 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.'®'' 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.'? 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.'>'> 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.'®"”
Therefore, searching for novel therapeutic options charac-
terized by high efficacy with restricted side effects remains
a highly desired goal.'®

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.'®*® 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
and the alternative

the measures outcomes  of
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Figure | Pharmacoeconomic impacts in biomedical nanotechnology.

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; 1) Interpret and present results — describe
assumptions, methods, data sources; study limitations
including significant omissions stated; interpret results.?'

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.!>?* 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

~ AN IMPROVEMENT EFFICACY
AS DRUG DELIVERY SYSTEMS
(DDS)

REDUCTION OF ADVERSE
EVENTS

EFFECTIVENESS
CANCER TREATMENT

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.'>*

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.”® 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
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Table | Types of Pharmacoeconomic Studies.?'™*
Pharmacoeconomic | Description Use Case Example
Study
Cost-minimization To select the least costly among several To identify the least costly option when Compare costs of Drug

analysis (CMA)

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.

outcomes/consequences are identical.

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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Table 2 Type of Costs in Pharmacoeconomic Analysis.'*2%%4

Costs

Direct | Medical | |17 Hospitalization

I®. Outpatient visits (to primary care
providers)

I€. Procedures and tests (laboratory tests,
surgical interventions, USG)

19, Medical devices

I°. Homecare

I Nursing care

18. Medications

I". Monitoring therapy

I'. Adverse events management
Il. Medical staff costs

1. Administrative costs

Non- 2%, Accommodation

medical | 2°. Transportation

2°. Non-medical services (home helper, meals
on wheels, social assistance)

2°. Devices and investments

2%, The informal care

Indirect 32 Sick leave or absences (short term disability)
3°. Reduced productivity at work (productivity
loss)

3€. Early retirement due to illness (long term
disability)

39, The premature death

Intangible Costs which are difficult to assess; a patient or
their family might feel:

4%, Anxiety

4°. Pain

4°. Suffering

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.?’

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-
Besides the fact that

microbes might induce chronic inflammation, it was evi-

tence of microbial infections.
denced that they are able to produce carcinogenic bacterial
metabolites, which caused mutation of genetic materials.?®
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.?’ 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.*”

Risk factors for breast cancer can be divided into
modifiable and non-modifiable.’! 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.’’ 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.>* 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.”® 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
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Table 3 Efficacy of Selected Drugs and Expected Pharmacoeconomic Benefits Due to Their Nanoformulations.''>'40='¢7
Nanocarrier Efficacy Expected
Pharmaco-
Economic Efficacy*
NP Type of NPs Doxorubicin
Chitosan-dextran P Reduction of tumor size; Prolongation of survival. 12-1%22.2¢
conjugate NPs 32.394%.4¢
Dox-loaded chitosan P Marked inhibition of tumor growth; Prolongation of survival. 12.1%2%2¢
NPs 33944
Dendrimer-Dox P A single dose can cure mice with s.c. implanted colon cancer; The 100% 12.1%222¢
conjugates NPs survival of the tumor-bearing mice; A lower weight loss. 32.3947%4°
Peptide-Dox Pp Marked inhibition of tumor cells in vitro; An effectiveness against a Dox- 12-1%222¢
conjugates NPs resistant neuroblastoma cell line. 3.394%.4°
Dox-loaded P The greatest inhibition of primary human liver tumors implanted s.c.; Reduction in 12-1%222¢
polymeric NPs tumor growth; greater tumor inhibition and tumor necrosis; A marked reduction 32.394%.4°
in the tumor collagen levels; A little to no toxicity to the mice.
PCMB-Dox NPs P Prolongation of survival; Suppression of tumor growth by about 80%; No toxic 12-1%22.2¢
effects evidenced by histology, blood chemistries, and body weight. 32.39.4%.4°
Dox-loaded E Significant inhibition of tumors; No cardiotoxicity. 12152222
exosomes 32.39.4%.4°
Paramagnetic NPs M A greater killing of cancer cells. 12152220
32.39474¢
5-Fluorouracil
SLNs L An improvement of the uptake of anticancer drugs inside colon tumors; 12-1%2%.2¢
Superior anticancer activity; Enhanced cytotoxic effects. 32.39,4%.4°
Chitosan-based NPs P Minimization of the toxic effects on healthy cells; An improvement of 12-1%2%.2¢
localization of the drug at the colon region; A decrease in drug-induced 32.39,4%.4¢
toxicity; A reduction of dose frequency and drug administration; A provision
of better targeting efficiency and the accumulation of the drug.
PLGA NPs P The rate of cell lysis was about 80%; A prominent exhibition of an effect on 12-1%22.2¢
target CRC cells. 32.39,4%.4¢
FA and PLGA P An enhancement of anticancer activity; The lowest cell viability. 12-1%22.2¢
conjugates 32.39,4%.4¢
Eudragit S100 P A better targeting efficiency; An exhibition of drug release over a prolonged 12142220
coated CPNs period. 32.394%.4¢
SiNPs M An enhancement of cellular uptake; An improvement of cytotoxic effects. 12142228,
32.394%4°
Paclitaxel
PLGA-NPs P Minimal systemic toxicity; Significantly better tumor growth inhibition effect 12-1%22.2¢
with transplantable liver tumors; Facilitation of drug cell uptake; An increase in 32.394%4°
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.
(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. 12-1%222¢
3a_3d‘4a_4c
PCL NPs P An enhancement of cytotoxicity; A remarkable tumor growth inhibition; An 12-1422.2°
enhancement of antitumor efficacy; No acute toxicity; An increase in cellular 3a-3d,4a-4c
uptake; An enhancement of toxicity; An improvement of tumor inhibitory activity.
PEG-PCL NPs P An improvement of the pharmacokinetic profile; An increase in the mean 12-1%22.2¢
survival time; Better drug loading profile; An improvement in entrapment 3.394%4°
efficiency to 98%; Significantly greater tumor accumulation.
PVP-b-PCL or PCL- P Significantly superior antitumor efficacy; An exhibition in reduction of drug 12-1%2%.2¢
g-PVA release rate profiles; Better antitumor activity. 32.39.4%.4°
HO-GC P Faster cellular uptake; Better therapeutic efficacy; An enhancement of the Ia-Ik,Za-Ze
aqueous solubility; Achievement of a higher drug loading up to 20%; 32.39.4%.4°
Achievement of maximum entrapment efficiency of 97%.
mPEG-CHO- P Significantly slower tumor growth rate; An improvement of life span. 12-1%22.2¢
chitosan NPs 32-394%-4°
LyP-1-Abraxane NPs Pp A significant improvement of antitumor efficacy. 12-1%22.2¢
32-394%4°
BSA NPs Pp High stability; Surface properties which specifically targeted to human prostate 12-1%22.2¢
cancer cells. 32.39 42 4¢
OSA NPs Pp An improvement of the lipophilicity of albumin; Higher drug entrapment 12-142%.2¢
efficiency; Greater stability. 32.39 42 4¢
HA-NPs P A superior antitumor efficacy; An achievement of the drug loading up to 20.7%. 121K 22.2¢
3a_3d 42.4¢
PBCA-NPs, (HA)- P A gradual drug release up to 80% within 96 h; Reduction of the initial burst 121K 22.2¢
PBCA-NPs release of the drug; A decrease in the cytotoxicity; An enhancement by cellular 3234 42.4¢
uptake; More potent antitumor inhibition activity.
HPG-CI10-PEG, PEI- P Drug release up to 80%; Better tolerance; A significant exhibition and %1% 22.2¢
C18-HPG improvement of antitumor efficacy; A decrease in cytotoxicity. 3239, 4240
PEG-PE NPs P Better antitumor activity; An improvement of antitumor efficacy. 12-1%, 222¢
3234 424
Gelatin NPs P A significant improvement of antitumor activity. 12-1%222¢
32-394%4°
NK 105 P A significant better antitumor efficacy; Dramatically lower neurocytotoxicity. 12-1%222¢
32-394%4°
Liposomes L A significant better antitumor efficacy; Greater tumor uptake; Reduction of 12142220
toxicity; Significantly smaller tumor volumes; Inhibition of metastasis. 32.39 42 4¢
SLNs L Increased cellular uptake; Optimization of the drug entrapment efficiency; 12152222
A significant enhancement of toxicity; An increase in brain uptake; Slower 3“-3‘1,43-4c
tumor growth rate; Potential to overcome P-gp-mediated MDR.
(Continued)
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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 12.1%222¢
MDR; An increase in drug cell uptake and retention; An increase in drug 3.394%4°
loading and entrapment efficiency; Prolonged and sustained in vitro release; An
exhibition of better antitumor efficacy.
PTX Fatty Acid- L Tumor growth inhibition; Antitumor activity; Less toxic; A significant 12-1%222¢
Prodrug Lipid-Based improvement of drug loading efficiency; A superior anti-tumor efficacy. 3.394%4°
NPs
Micro- and Nano- L Much better tolerance; A significant improvement of antitumor efficacy; An 12-1%22.2¢
Emulsions increase in the life span; An extended release; Greater bioavailability. 32.39 42 4¢
Drug-Polymer P A significantly better antitumor efficacy; A remarkable enhancement of tumor 121% 2220
Conjugates inhibitory activity; Low toxicity; Superior antitumor activity; Complete 3239, 424
elimination of tumors (in some cases); Prolonged circulation time.
MNPs M An enhancement of cell inhibition activity; Low toxicity. 12-1% 2222
3a_3d' 4a_4c
CNTs C A significant improvement of antitumor activity; An increase in drug loading; 121% 2220
A significant increase in cell death; Non-toxicity. 3239 42.4°
CD NPs P Low haemolysis and cytotoxicity. 121k 2220
339, 424°
Nanogel P A significant improvement of antitumor efficacy. 121k 22.2¢
33_3d’ 43_4c
ANG 1005 Pp Better antitumor efficacy; An increase in survival time. 121k 22.2¢
3239, 424

Note: *Based on Table 2.

Abbreviations: ABCBI gene, ATP Binding Cassette Subfamily B Member |; 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); iv., intra venosa; L, lipid-based nanoparticles; LyP, |-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(e-caprolactone); PCMB-Dox NPs, PEGylated Carborane-Conjugated
Amphiphilic Copolymer Doxorubicin Nanoparticles; PEI-C18-HPG, Polyethyleneimine (PEl)-CI8-HPG; PEG-PCL, Poly(ethylene glycol)-Poly(e-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.

have a different microbiome composition than those who  Moreover, in recent decades, there has been accumulating

134 information in the published literature about the link
It has been

announced that both viruses and bacteria can cause CRC

do not respond that wel

The risk of getting colorectal cancer increases as the between CRC and microbial infection.

patient gets older.*® 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).>®

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

6600 "

Dove!

International Journal of Nanomedicine 2021:16


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

Dove

Milewska et al

B COLORECTAL

\

S
a
@
;}
of 3
s‘@ 3
AN

\r°\°
2°
'
T e
0
W

“::

0
nsy
wd

9ese0m pue sud
SPiny pyos yo 3°
Ausaqo pue

/o
Yoye 40 uopdw

Figure 2 The burden of cancer: risk factors and the frequency of diagnosed cases and deaths (in the center®).

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

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.*®

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.*® Additionally, it should be
emphasized that inflammation is often associated with
cancer development and progression.*” 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-
implications for cancer

ties might have important

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.®°

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
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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: Staphylococcus | Disruption of the bacterial cell wall. [40-43]
I. Ag NPs aureus MRSA | Stops cell division by interaction with both DNA and RNA.
2. BiOBr NPs with Fe3* Disruption of signal transduction, and ROS generation.
Carbon-based NPs: Penetration of cell membranes. [40,41,44,45]
1. GO A significant enhancement of the anti-MRSA. Activity due to the
2. GO with curcumin illumination of LED lights.
3. CNFs The positively charged NCQDs interacted with negatively charged
4. NCQDs bacteria and then anchored specifically to particular sites on the

surface of MRSA.
Liposomes: Liposomal vancomycin (in comparison to free form) adequately [40,46—48]
|.liposomal vancomycin accumulated vancomycin levels in the macrophages and exhibited
2.exosomal linezolid a remarkable bactericidal effect against MRSA intracellularly.

The in vivo assessment of exosomal linezolid (vs free linezolid)

showed superior activity against intracellular MRSA.
Polymeric NPs: The system is able to target macrophages, release an antibiotic inside [40,49,50]
I.diblock guanidinium polymer the cell, and consequently increase the effectiveness against
2.encapsulation of vancomycin in the intracellular MRSA.
amphiphilic self-assembled Restore MRSA sensitivity to antibiotics as CI-PNPs increased the
supramolecular vesicles cellular uptake of gentamicin by MRSA and inhibited the MRSA efflux
3.CI-PNPs with gentamicin or mechanism for ciprofloxacin.
ciprofloxacin Target macrophages in an efficient way and also to improve the delivery
4.PEG-PLGA with Eudragit EI00 and of vancomycin to MRSA inside the cells, and conclusively improved the
chitosan antibacterial activity of vancomycin on intracellular MRSA.
Silica NPs: The system is able to release loaded gentamicin upon the bacteria’s [40,51]
|.Gentamicin-loaded mesoporous silica presence followed with the bacterial toxins-caused degradation of
NPs the shell and thus could be used to treat the intracellular MRSA.
Polydopamine-based NPs: High targeted antimicrobial activity against MRSA when exposed to [52]
|.PDA-PEG-Van NPs NIR low-power radiation.
Metal and metal oxide NPs: Streptococcus | The mechanism of antimicrobial action of oxide NPs involves the [53]
1.Mg(OH), NPs bovis 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.
Metal and metal oxide NPs: Helicobacter Generation of ROS (oxidative damage) and exhibits antimicrobial and [54,55]
I.AG NPs pylori antibiofilm activity.
2.Tv-Ag NPs
Noble metal NPs: Escherichia coli | NIR irradiation - thermally kill at least 99.99% of E.coli. [56,57]
|.GNR@LDH-PEG NPs Concomitant release of ROS and chemotherapeutic Pt**, resulting in
2.GNSs tri-model (photothermic/photodynamic/chemotherapeutic)
3.Tri-Ag NPs antibacterial activity against E.coli.
4.dvPtNPs
Metal sulfide/oxide NPs: Photothermic and photodynamic effects of chitosan-assisted MoS; [56]
|.CS@MoS, (CS@MoS,), resulting in the inhibition of 99.84% of E.coli.
2.MoS,/PDA-RGD MnO, can have interaction with GSH in bacteria and convert into
3.CuS NPs Mn?", not only destroying the oxide balance of bacteria, as well as
4.MnO, NPs avoiding long-term body retention.

(Continued)
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Table 4 (Continued).

Nanoparticles Microbe Mode of Action Ref.
Polydopamine-based NPs: Specific interaction with bacteria and showed that under NIR [52]
|.PDA-coated polystyrene/silver NPs radiation induced a temperature rise to 45 ’C could cause a marked
2.PDA-modified magainin NPs bacterial death.
Carbon-based NPs: Klebsiella Captured the bacterial cell wall membrane, and Au NPs destroyed [41]
1.rGO-Au NPs pneumoniae the outer coating of the bacterial cell wall.
Metal and metal oxide NPs: Fusobacterium | An exhibition of improved antimicrobial activity due to their [58,59]
1. Ag NPs enhanced surface-to-volume ratio.
2. GSH-Ag NPs Trigger inflammatory response in human gingival fibroblasts by the

increase of cytokine production.

Abbreviations: Ag NPs, silver nanoparticles; BiOBr NPs, polyethylenimine grafted bismuth oxybromide nanoplates with Fe3*; CI1-PNPs, pyridinium amphophile-
loaded PLGA (poly (lactic-co-glycolic acid) nanoparticles; CNFs, carbon nanofibers; CS@MoS,, chitosan-assisted MoS,; 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), NPs, magnesium hydroxide nanoparticles; MnO, NPs, manganese oxide nanoparticles; MoS,/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.

a diagnostic and therapeutic level and might include many
kinds of cancers, such as colorectal cancer, breast cancer,
ovarian cancer, or lung cancer.®"** 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.”?

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.”* 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.
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Figure 3 Application of nanotechnology.'

Improving Drug Solubility
The most crucial goal of nanoencapsulation is to solve the
problem of poor drug solubility.”* 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.””> 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.”®
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.”*"*

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

—

Cisplatin, Doxorubicin
Doxil

Cisplatin, Docetaxel
Doxgrubicin,
natinib mesylate

, Cisplatin,

ClHits

Carboplatin, Cisplatin

Figure 4 Use of nanocarriers.”

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.”®

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

~ Doxorubicin, Mitomycin C
thotrexate, Paclitaxel

%

fumors

orouracil, Doxorubicin \
clitaxel, Methotrexate

w BREAST, COLON, LUNGS, PANCREATIC

)

lﬂ, BREAST, COLON, LUNGS

’ BREAST, SKIN, LUNGS

)

w BREAST, CHRONIC MYELOID LEUKEMIA

Docetaxel \
bi Mett;otrexate

ﬂ BREAST, SKIN, LUNGS

BREAST, SKIN, LUNGS

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.””’®

Finally, hydrophilic dendrimeric polymers are recog-
because drugs can be

nized as suitable carriers
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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.”
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.®
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

81

drug

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.*?

“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.®
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.”?

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.®* “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.”® 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.®> Among classical targets, there are transferrin
receptors (TfR) or nicotinic acetylcholine receptors typical
for the vasculature of brain tumors.®¢

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.”

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.®’

Nowadays, most of the clinical trials using nanocarriers
apply “passive” transport,” 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)
a polymeric nanoplatform having Docetaxel with nucleic

receptor in advanced breast cancer, and
acid-based protein-ligand (ACUPA) targeting prostate-spe-

cific membrane antigen (PSMA) in solid tumors.*

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.®®
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.

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
(RES)
However, it is very important to maintain constant nano-

renal reticuloendothelial — system clearance.
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.*®® 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.”® 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).”!

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

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.’* 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,”
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temperature,”® or ionic strength’” (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.”® Recently, Razavi et al
block
based on poly(N-(2-(dimethylamino)ethyl)-methacrylate)
(PDMAEMA) and poly(methyl methacrylate) (PMMA)

chains terminated with spiropyran, wherein the size of

described multi-stimuli-responsive copolymers

the nanoparticles, as well as the release of doxorubicin,
was controlled through pH, light, and temperature.””

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.'”® 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.'" 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, 7-m
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.'9%'%?

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-
drug—drug
conjugates).'”> The PDCs systems used are solid disper-

cines (drug nanocrystals, amphiphilic
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;'® 2. The hydrophobic'® as well as the
hydrophilic'®® drugs as part of the core-shell carrier struc-
ture; 3. Two drugs with opposite hydrophilicity linked via
a hydrophilic carrier (spacer);'”” 4. Encapsulation in core-
crosslinked polymer.'®%1%?

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.”” 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.'®® 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.”

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.’'® 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.'"!
Besides, the study of curcumin encapsulation into poly -
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.'"?

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%.'"?

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.''*'"

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 Chkl 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.''*'"”

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 (CCNGI1), 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
ABCBI1 gene confers resistance to nab-paclitaxel in
urothelial cancer cells.''®!'"?

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.'”" 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.'?' 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.'>' 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.'*

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

lives.'?

disease progression and prolong patient
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,'*
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,'** 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.'?® 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.'?” 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.'*® In con-
trast to traditional chemotherapy, nanomedicines are
half-lives,

increased bioavailability, and better tumor disposition;

characterized by prolonged circulation
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Figure 5 Multidrug resistance in cancer mechanism overview.'”

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

Drug | Type of Type of Nanocarrier Mechanism of Overcoming Drug Ref.
Cancer Resistance and Benefits of Nanocarrier
Use
DOX Ovarian Iron oxide-titanium dioxide core-shell nanocomposites Downregulation of TfR| expression [120]
cancer
ATC Dopamine-melanin NPs Increased cellular uptake [129]
5-FU CRC Mesoporous silica NPs grafted with EGF Cell death through S phase arrest [117]
Downregulation of DPYD expression
GC Gelatinase-stimuli di-block copolymers poly(ethylene glycol)- Upregulation of TFAP2E and downregulation | [130]
b-poly(e-caprolactone) (PEG-b-PCL) DKK4
Chitosan NPs Downregulation of HIF-1a expression [I116]
PTX Lung Galactoxyloglucan Downregulation of the expression of multi- [131]
cancer drug resistant proteins P-gp and BCRP
MDCK- Two diblock copolymers, MePEG 14-b-PCL200 and MePEGI7- Increased accumulation of drug [132]
MDRI b-PCL5 (PCL200/PCL5) + ultrasound

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-la, Hypoxia-inducible factor
I-alpha; MDCK-MDRI, Madin Darby canine kidney (MDCK) cells with the MDRI gene; NPs, Nanoparticles; P-gp, Permeability glycoprotein; TFAP2E, Transcription Factor

AP-2 Epsilon; TfRI, Transferrin Receptor |.

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 total remissions (%); Time to relapse

Percentage of corresponding patients
(months, years); Percentage of reduction in risk of recur-
rence (%); Percentage of S5-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.'*

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

Cancer

Phase
of

Treatment Regimen

Clinical
Study

Number Results Ref.
of
Enrolled

Patients

The Total
Effective
Rate (%)

Median
Progression-

Total
Median
Survival
(Months)

Free Survival
(Months)

Evaluation of the effect and safety of salvage Il
chemotherapy for treating metastatic breast cancer with
PLD (40 mg/m?)+cyclophosphamide (500 mg/m?) and

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

45 419 82 Up to 36.6 | [I35]

Adjuvant chemotherapy in patients with advanced HER-2 I
positive breast cancer by PLD (administered at 40 mg/mZ
every four weeks) in combination with lapatinib and
trastuzumab.

233 [136]

Comparison of combined PLD (administered at 30 mg/m? 1]
every three weeks) and docetaxel with the separate use of
docetaxel.

- 25-36 7.0-9.8 - [137]

Examination of the therapeutic efficacy of PLD -
(administered at 20 mg/m? every two weeks) in elderly
patients with advanced breast cancer and all patients
enrolled were older than 70 years.

10.3 - [138]

Evaluation of the combined regimen of PLD (administered -
at 40 mg/m? every four weeks) and navelbine
(administered at 25 mg/m? every four weeks) and its

therapeutic efficacy in first-line chemotherapy in elderly

patients with metastatic breast cancer.

34 50 - 3 of 34 [139]

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.

https:
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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.

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).'®!

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.'™

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%.'**

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

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."®” 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-

- 188
lization and expense.

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.'®'*° 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.'®' Furthermore,
these parameters are very important for the in vivo stabi-
lity and toxicity of nanocarriers.'*?

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.'”*'** 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.'®> Furthermore, it was
described in the literature how scaling-up generated new
minor impurity, which was found to be cytotoxic and

International Journal of Nanomedicine 2021:16

6615

Dove:


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

Dove

Milewska et al

s|[oD wiAg J9dueD) 3444

S|[93 BWO3§ 3d44 P
s|[@3 Jnowin] 3444 2

[#D Jnown] Sunenaai) Suissaadxe 7yYIH 'q

112D 4nown| SunenoJ) Suissaudxs |7ad &
:uapJng |[90) Jnown| Suneinaaid ¢
DNV IIP4eN '8
SI4eH I!PeN "L
Xew ) |IpJeN ‘9
Xew? |IpLeN ‘g
DNV duexelqy
dl|-jeH duexeqy g
Xew | auexelqy ‘g

Xew?) suexelqy |
saunses)y awodnQ Asepuodeg
skep (96) Xis-Ay1j [eniul aya SuLINp passasse s3uaAs AIdIxo| Supiwr]-asoq

sa4nseajy awonnQ Adewid

‘a1ey|ns auizjauayd jo asop Buiseaudul AjpAissadoud e

UaAI8 9q [Im Yoea sdnous 3104od Al Ul PIPIAIP SI Apnag

's9]24A> ¢ 4o} A|lep UDAIZ 29 ||IM 91B)|NS dUIZ|]dUSYY

*$9]2A2 SAIINDISUOD ¢ J0) poliad Xoam- &

JO $99M € 1541 3YD 40} APj9SM USAIZ S| UONE.ISIUILPE SUBXEIQY
's9]2A> uone.asiulwpe ¢

Jo poliad aya Joj Apjaam passasse aq ||Im Adedlya pue A1ajes Uayradol
s3nup oma 9soys Jo 10949 ay3 91e3NSIAUI 01 S| ApNas dY3 Jo wie 3y
“Adeaayy Jadued J0j USAIS USaq

10U Sy |30q JO UONEBUIGWOD dYl J9ASMOY SJedA Joj ddnde.d [ediulp
ul patjdde usaq aAey s1onpoud [eudIpaW 3y Jo yiog A|edo eyns

auizjpuayd pue suexeaqy PaJaisiuILPE A|SNOUSAB.IIUL JO UONEBUIGUIOD

(610 ‘0€ 42q01>Q) parsjdwod :snyeyg Apnig
‘AiIxo|

Buniwry-aso & 9dualiadxa oym asop Jenonded
BuiAa. s109lgns Apmas jo uaquinu aya se Apmis pue
uonedydde [edju> 4oy pauyap si uonde.y AdIX01 3y |
‘%01 jo uiSsew Suipuodsauiod e

pUB %0€ JO uonde) A3I21X0) 393.83 pauysp €

yum (sdnoug g) uisep dnous 1u10yod aAnEINWND
‘pasiWopuel-uou ‘[9qe| uado ‘|euonuUIAII|

:udisep Apmyg

BERIT:A)

1SB3.q PadUBAPE A||B0]| JO dNEISEISW Joj (|IpJeN)
a1g)|ns suizjpuayd pue suexe.qy JO UONEB.MSIUIWPE
J9ye Aoediye pue A19jes 9yl aUIWIIBP O]
:s9A23[qO Apmis

ql aseyd

:aseyd Apmg

J9due)) Isealg

pasueApy A|[e307 3|qeJadou| 4o dBISEIS| Ul 0B NG

aUIZ|aUSY4 YIM UONBUIGUIOD) Ul duBXEJqY JO 38esoq

SAI9D3 ||IM SAOQE .10 SUeaA g| 98E JO J9DUBD ISBSJQ PIdUBAPE A|[Bd0) p/3wQg jo asop xew e 01 p/3wig| jo asop [eniul ‘0°'d (JIpJeN]) 1y NS duizpUaYd 7 ay1 aulwaa 01 Apmig (Qd) so1weuApodew.ieyq
a|qetadour Jo Jadued ISBAIQ JNNEISEIDW YUM pasouselp sauedidniey (;w/Big|) A1 duexe.qy ‘axeaded punog-uiwngle apn.edouen | /(31d) sonsupjodeWIRY pue A19)eS q| dSeyd
Arewwng jalug sway 1L Apnas epY O

saJnseajy awo3nQ pue uondudsap jorg SUOIJUSAIIU| pUE SWIY spre3aq Apnis pa3dsles

g9,192UEBD JSEAIG PIDUBAPY 4O

J9due)) 1sBa.Ug dNEISEID|
(sauedipnaed g)
J13eISEID| YIIM Sjudijed ul Je)Ing SUIZ|SUsyd YIIM paulquio)) auexeiqy jo Apnjg aseyd Alie3 uy °|

$3IPNIS [BJ1Ul|D PaYD.eas JO SONSIISIDBIRYD) § d|qeL

International Journal of Nanomedicine 2021:16

https:
Dove!

6616


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

Milewska et al

Dove

(panunuod)

suone.uaqe Aemyzed YO W jo aiey g
(areuuonsanb 0£D-010 D1MO3) 3y Jo Alend|
$9UNSses)| dWodINQ PYI0

uolssaJ3o.d aseasip o1 awi] f

awn [BAIAING ¢

Jusaunea.l Apnis 01 SIUSAS 3S49APE Jo diysuone(ay g
SIUSAD ISIIAPE JO DUSPIU| |

sa4nsesjy awod3nQ A4epuodsg

) sasuodsa. pawiijuod jo uondodo.d |

saunseapy awodInQ Adewid

"yamo.3 |93 oy pa.inbad

QWAzZUD YO L W ay3 Bupuanpul Aq s|[92 J92UED Jo Yamod3 2y Aqiyul
Aew yoiym ‘upAweded punog-ujwnge sppnJedouru USAIZ aJe susnEY
(YO W) upAwede. jo 193.e1 dnsiueydaw paj[ed uProad e ul synsad
1531 2119US3 [BWIOUGE SUIABY PUE I9DUEBD PIdUBAPE YlIMm siudaed o1
paJaasiuiwpe upAwedes 03 asuodsau [ed1ul]d saaednsaaul Apnas aojid siy |

Arewwng jalig

WBWSSassy dy-jo-Auend 7
sisAjeuy JayjJewolg AJoledoqeT °|

SUOIJUdAIRU|

upAwedes punog-uiwngje apnJedouey °|

sy

paisjdwod :snye3g Apnag
810T ‘+T IMdy :23ep
pus Apms ‘9|0 AJenue( :21ep 14eas Apmg :sayep Apnig
uswudisse
dno.g sj3uls ‘|oqe| uadQ ‘[euonusAiul :udisep Apnig
suone.iaqe
Aemyzed YO L W [eNPIAIPUI JO 3B B3 SSISSE O] ||
‘s4oyew diwousd yam swordwAs
TODYH 3ej2.1100 03 pue 9yi| jo Afenb ssosse o) °|
‘SIAILDA(GO AYVILNIL
‘susned asay3 JO [eAIAINS
|[e49A0 PUE [BAIAINS 93.j-Uolssa.Bo.d ssasse O] ‘Al
1JoUq [BD1UI]D SY3 SSISSE O] ||
9]yo.d JUSAD 9SISAPE B3 SSASSE O] ||
S3WO2INO [BJIUI[D JBYIO SIBWINSS O] °|
‘SIAILDIIGO AIVANODIS
upAweded
-qeu Jo 93eJ dsuodsa. PaULIJUOD SY3 SUIWLIRISP O] ||
“Aoediye 91e3nsaAul 0] |
'SIAILDIIEO AUVININ
:s9And3(qO Apms
| aseyq :9seyd Apnis
SJ9dUBD) pPadueApY Ul (QldVY) s8nJiQ [euonesnsaau)
Jo} wJope|d ssaddy pidey & jo Apmig 10| v
@p1L ApMS [ePYo

sa4nseaj dwodInQ pue uondLidsap jarig

SUOIJUDAIDIU| pUE SWIY

s|ie3a@ Apnis pa3does

Al DIl gl

:93e15 J9dUBD) UBIBAQ ‘GA| ‘Glll ‘VIII :28'1S J9dueD) [B2IAUD) ‘Al ‘DIl ‘Glll

“vlI| ;98835 Jedue) IseaUg “YA| 9881 3 V||| @883 J9dURD) [[9) [RURY ‘A| 281§ 8 ||| 98eIS JadueD) 23EISOUd ‘GA| ‘WAl 1| 28835 JadueD) Joppe|g ||| 25e1s wseidoaN pIOS ‘ewouldRY) (|90 [BUSY UBLINIDY ‘wseidoaN JueuSiiely

1USJJIND3Y (9IBISO.J ‘UBLIBAQ 9N PUE ‘PBIH ‘[BJIAI9D) Isea.g USPPe|g JO BLWOUIDIRD) JUS.1INdaY ‘wsejdosN aulisin Jueudifely ‘ewoudleD) [elladwopuy ‘ewouldJe)) |90 snowenbg [ea1aue) wsejdosp aueudifely pasueapy

(sauedidnued 7)

69/SUOIIEINK YOLW YIIAA 430UED PIOUBAPY YIIAM SIudiied Sungead) ul updwedey punog-uiwng|y apnJedouenN °||

6617

https:

International Journal of Nanomedicine 2021:16

Dove!


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

Dove

Milewska et al

(asuodsau jo uoneanp) Adesiys Jowni-pue jo sudls AlJeg ‘g

(9384 asuodsau |[eaar0) Adedlys Jowni-nue jo sudls AlJeg - |
sa4nsesj awod3InQ AJepuodog

(DY) 2AINd BWN-UONEIIUSIUOD

SY1 Japun eaJe pue (7)) 9dueJes]d Apoq [e101 (7/13) 94| JBY

‘(PA) uonNGLISIP JO SWN[OA ‘(XBWD)) ‘(Xew ] ) :s2naupjodRWIRYd */
950(] Pa7eJ9|0] WINWIXE| 9y I8 SoNI[EWIOUGE DT JO SdUSpdUY| 9
950 P238J3|0] WNWIXE|\ 9Y3 I8 SIN|BA 8| [BW.IOUGE JO 9dUSPIdU| °§
(Fo¢g

9pe.S) 950(] PIILI|O] WNWIXE| BY3 IB SIUSAS SSISAPE JO DUSPIU| f
"Au|IqeJs|ol pue A19jes

Jo aunseaw e se s3uipuly WeJ3oIpJed0.43d3[9 JO [BW.IOUqe 9JUDPIdU| “§
"A)|IqeJs|ol pue A19jes

JO 2Unseaw e St sanjeA AI0IBJOQE| [EDIUI]D [BUWLIOUGE JO DUSPIdU| T
‘A|iqeJsjol pue

A19jes Jo 2unseaw e se ( JO ¢ 9peUS) SIUSAD BSUIAPE JO DIUSBPIdU| °|
saunsesly awoxnnQ Atewiid

sanown pijos

yam saudned 01 PaBISIUILIPE 3G UED 1Y) [9XBIDIOP (31D JO ISOp
oyes 1s9y31y aya Suipuy Aq A19yes suIW.I2ISP 03 S| ApMIs SIyl Jo wie 3y |

Asrewwng jalug

asop Al Apeam ¢
9pdnuedoueu Suiuieluod [Pxeladoq
[9XE3930p 331D |

sy

pa19jdwod :snye3s Apn3s

8107 AIn[ :91ep pus Apmg

G10T I3sn3ny :23ep 14els Apmg

:sayep Apmig

auswudissy dnousy 9jduls ‘jaqe uadpo

:uBisap Apmyg

Aiqesajor pue A1aes ssasse o]

:$9AI3IqO Apmis

| aseyq :aseyd Apnis

sanowin| p1joS YIAA siusned

ul [9xe1920( &23dHD Jo Apmg Adeoiyg Adeuiwnjaag
pue dnaupjodewJeyd ‘AI19es ‘aqe-usdQ | aseyd v
Bp1L ApmS [ePyo

saJnseal] awod3nQ pue uondidsap jorig

SUOIJUSAJ3U| pUE SWIY

s|re3aq Apnis po3d9es

sJown| PpIjoS Y4adUBD) JdNEISEID
(sauedinued ¢g)

021$4NOWINL PIIOS YN SIUBIIE] O3 USAID [9XEIDI0Q 23dMD Jo ApmiS W “|II

"(penunuod) 6 d1qeL

International Journal of Nanomedicine 2021:16

https:
Dove!

6618


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

Milewska et al

Dove

(panunuod)

uno> 13[1e|d paseatdnq ‘¢

(aunod iydouanau) eluadoaanay °g

(s4reuuonsenb o-] D) 9y jo Aend £

(sreuuonsanb 0gD-OTO DLYO3) 347 J0 Aend 9

saisdoiq

Jowns Aq pazA[eue 9q ||Im duexe.qy jo (Qd) solweuApodewieyd g
*(492UBd UBLIBAO JO 3SBD Ul G7 | VD Yadued dneaddued Joy

6'61VD Y2JUEBD UYDBWOIS J40) D USJUED ISBIIQ IO} £°G | YD) SIdjJew
Jown) 3uisn pazA[eue 3q ||IM SUEBXEIQY JO SOIWEBUAPODBWLIRYY }
(DNV) 2AIND aya Japun) BaUy €

auexe.qy JO uope.auaduod ewsejd wnwixep| g

(uoneoyisse|d uslAg|D-opuI) paJnsesw 3q [|im Alpigiow [ed18ng - |
sa4nsesj awod3nQ AJepuodsg

(sanid1xo1 Suniwi| 9sop) SUBXEJqY JO SOP PaIL.3|0d A|[BWIXE] °|
saJnsealy awoxnnQ Atewiid

Adeassyzowsyd |osouse [eaucitiadensur paziinssaad

pareadad yum pausasiujwpe (oed-qeu) |axedlded spnaedouru punoq
ulWNg|e JO 9SOp P3IE.IS|0 [BWIXEW Y SSISSE O pausisap si Apnas ay |

Arewwng jalug

(;w/Bw o) duexeiqy Yum DVdId 'S
(/3w 71 1) suexeiqy Yyam Dvdid +
(/3w () duexeiqy YIM DVdId '€
(/3w (z) auexeiqy yum Dvdid T
(/3w g¢) auexeiqy Yim Dvdld °|I

sy

pa1sjdwod :snyeyg Apnys

020T ‘9 Ael :@3ep pua Apnag

/10T ‘9| Joquiaadag :a1ep 1Jeas Apmg :sayep Apnig
RERTERTMING

‘PopUIIq 3|qnoQ

9uawudissy dnougy 9j3uig

‘paziwopuey

‘leuonuaAIRIY|

:udisep Apmg

Adedye pue A1d1X0) Jo sadjJewWoOlq

‘suoie.auaduod 3n.p [esuoaliad pue ‘anssiy Jown
‘ewse|d 01 uonippe uj ‘saredodaodul yoiym 3uljjepow
JiweuApooew.reyd/pnaupjosewaeyd yam pauiquiod
UOIE[BISS SSOP BIA 9SOP P33BJS|O) [BWIXBW SSISSE O]
:s9A1323Iq0 Apmis

| aseyd :aseyd Apnis

J32UBD) UBLIBAQ PpUE 1sBa.g

‘sea.due ‘YdeWOIS Jo} sapdnJedoueN [oxelded
gels-ulwng|y JO Uonez||osody [eauoitiadeniu)

ep1L Apms [epPwo

saJnseaj] awod3nQ pue uondiidsap jorig

SUOIJUAJ3U| pUE SWIY

s|ie3aq Apnis po3d9|es

Al 98835 g[|| 98835 “U9DUBD) SBAUDURY (SISBISEID| YIM A 93815 8 ||| 9883S {49duURD) YDRWOIS ‘A O||| ‘dl

(sauedidnued g7)

98e1g JodueD) Isealg ‘Al ‘DI

|£1492UBD UBLIEAQ pUE Isea.g ‘seatdued ‘Ydewios 4o} ded-qeN Dvdid ‘Al

‘dl

:93eag J9duR) UBLIBAQ

6619

https:

International Journal of Nanomedicine 2021:16

Dove!


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

Dove

Milewska et al

WINJSS JO S|9A3| PUB SUdjIBWOIG Jown] *|
:$94NSEI|| SWO0IINQ PYI0

"1 1SID3Y 2Y3 Aq perewiase se a3eJ asuodsay ‘9

[BAIAINS 934} UOIssaUS0Ud °§

‘une|dsiD pue SpLIOJYd0PAY SuigeIdWD)

Y3IM UORBUIGWIOD Ul QIURLIDY) JO D JO SDOMY [ENPIAIpUI 91BWNSD
03 padojoAsp aq ||Im [9pow dpaupjodew.eyd paseq uoneindod v
‘uneidsi> pue ‘uonejnuiioy spnRJedoutu

pazijiqeas-uiung|e [9xe3l|oed Jo $INSII9IDBIRYD dBUBOdBWLIRY]
‘|oXeal|ded-qeu pue dpLIojyd0pAy

19D J0 11D o sDNVY
[enpIAIpul @1eWSS 01 padojaAap 3q |[IM [Spow dnaupjodew.eyd paseq

SUIQEIDWIL) YIIM UOITBUIqWIOD Ul qI

uonejndod v tuone|nw.oy spnJedoueu pazijigers-uinge [axelloed
PUE ‘9pLIOJY20.pAY BUIGEIDWIL) ‘QIUNLISY) JO SOBUDOdBWLIRYY '€
qIUNLIY) JO 9DUBIESJD 4O DY [ENPIAIPUI

a7eWNSS 01 [9pow dnaupjodew.eyd paseq uoneindod v :pauiquiod
9PLIO|Y20.PAY BUIGRIDWSD) PUE GIUNIIDY) JO SIIBUDOJBWLIBYY T
Juswiea.l Apnas o1 diysuonefau pue ssausnolias ‘diysuonea.

awn “Aal1eass Aousnbauy ‘9dA1 Jusas uo paseq ajyoud Lisjes
Adesayaowayd apliojys0ipAy suiqerdwasd yum

JUBWIEAII UONEBUIGUIOD Ul 90 JO SIUDAS ISJUIAPE JO DUIPIdU] |

saJnseajy awodnQ AJiepuodag

uone|nw.oy dpnJedouru pazijiqes-ulunge

|oxea|oed pue apLIojyd0.4pAY auIqeIdWSS YIIM UONEBUIQUIOD Ul GIURLISD
JO 3SOP || 3SEY4 PIPUSWILIOIDI PUB ISOP PIIBIS|O) WNWIXE] €
une|dsid> pue 9pLIO|Y204pAY SUIqeIDWSS YIIM UOIBUIWOD Ul QIURIISD
JO 9SOP || 3SEY4 PIPUSWILIOIDI PUB ISOP PIIBIS|O) WNWIXE] T
QUO|B BPIIO|YI0PAY BUIGEIDWSS YIIM UO[EBUIQUIOD Ul qIUNLISD

JO 9SOP || 3SEYJ PIPUSWILIOID] PUE ISOP PIIBIS|OI WNWIXE] *|

saJnseajy awodnQ Atewlid

sJowna pijos padueApe yum siusned ul (82eMQT)
quRLRD Yum Adelsyiowsyd 1oy 9Sop || 3SBYJ PIPUIILIOID
pUE SSOp Pa1e.Ia|01 WNWIXEW Y3 - AI9)es SUlWII9p 03 ApMmg

Arewwng jalig

Apmg [ea13oj0dewIRyy aYIO
sisA|euy JadJewolg AlojedoqeT 1ay1Q
SplIojyd0.4pAH suiqeapws Bnuq
uneidsi) :BnuQg
quie) BnuQg
€ SUOIJUSAIRIU|

uneldsid> pue auIqeIdWSS YIIM USY3 SSOP PIJeI9|03 WNWIXEW qIURIIDD) €

Apmg [eaiSojodewaeyd Jay3Q
sisA|euy JadJewolg AlojedoqeT (a0
uone|nw.io4 appn.JedoueN pazi|iqeis-uiwng)y [9xelded Bniqg
3plIo|y20.4pAH aulqeIdWas) Bnig
qunue) Bnig
1T SUOIIUSAIIU|
spnJedouru pazijiqels
-ujwngje [axell|oed pue suIGRIDWSS YIIM USYI 9SOp PaIL.|03 WNWIXEW qIURLIDD T

Apmg [ediSojodewieyd Jay3Q
sisA|euy JoyJewolg AlojedoqeT (B30
9pLIo|Y204pAH BulqeIdWaL) Bnig
quie) BnuQg
] suonUdAIIU|

suoje sulqeadwad usyl (L) SSOp PIIeIS|0) WNWIXeW qi

sy

pa1sjdwod :snye3g Apnys

610C ‘71 Aaenugad :23ep pua Apmg

‘510¢ ‘g Atenue[ :2aep 1ueds Apmig :sajep Apnis
juswuisse

|9]|eJed ‘[9qe| USdQ ‘PaZIWIOPUERI-UON ‘|BUOCNRUSAIIU|
:udisep Apmyg

Adediye Jo sudjiewolq [enusiod ednsaAul |
‘SIAILDIEAO AdVILYAL

‘suoieUIqWOd SNnup

Apnis a3 jo Adeoiye Aseuiwiaad aya sujwaalag |||
sopsiieIdRIRYD dnBupjodew.eyd syl sulwaLIq ||
ajyoud Aisjes ayp ssassy |

$IAILDIMAO AIVANODIS

‘sappueusijew

pljos pasueApe yam siuaned ur unedsid/suiqelidwes
pue |oxeal|ded-qeu/auiqelidnwad ‘Suoje (spliojyd04pAy
suiqeInwas) suiqewsd Yim uoneuiquiod

Ul qIUNLISD JO 3SOP || 3SBYJ PIPUSWILIOID

puUE 9SOp PaleJ3|0l WNWIXEW dY) dUIWIRIDQ |
‘SIAILDIMEO VN

:s9A123[qO Apmis

| aseyq :aseyd Apnis

sJown]

PI|OS PJUBAPY YIAA Sauaied ul Adessypowsyd
Paseg-auIqeIdwan) YIAA UOIBUIqUIOD Ul 403Iqiyu]
MV [2AON & (8£€31QT) quunaD Jo Apmg | aseyd
ap1L ApMIS [Py o

saunsesaj awod3InQ pue uondiidsap jorig

SUOIJUS3AJIlU| pue suy

spre3nq Apnis pajdales

Al 38e1g 8

(sauedped gg)

93e1g J9dURD D13EA.IDURY BUIOUIDIBIOUSPY JI3B3.dUR] JIISEIB) 9ARISOd MV ‘wiseidosN pIjos Iueuijely padueApy

2/492UED dJEAIDURY D1JEISEID)Y 40 PIdUBAPY A|[B207] 40 SJOWN] PIOS PAOUBAPY UMM SIusneqd Suneadl ul Adessyyowsyd uoneuiquiod pue quuiLIRD ‘A

"(panunuo)) ¢ 31qeL

International Journal of Nanomedicine 2021:16

https:
Dove!

6620


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

Milewska et al

Dove

(panunuo))

SIUDAD ISIDAPE PUB SIN[EA QE| [BWLIOUqE
‘suonoead d1Is uoneasiuiwpe Sulioluow Aq Juswissasse A1afeg
saJnseaj] awodInQ Aiepuodsg

Adixoy

8UnIWI|-9SOp PUE SIUSAS 3SJSAPE Jo Juswdolaasp sy Sulioluow

AQ 2sOp Pa1eJ3|01 WNWIXEW SUIWLIAISP 01 JUSWSSsSe A1a)eS
saJnseajy awodnQ Asewid

‘suorawe.ed

Aiajes ssasse 01 Sulwre Yaoued essold pasdejau Ajjediwsydolq

yaim sjuanred Jo s140YOd Ul Aj[BWLISPEIIUL USAIS ‘QUIDdBA ddiJedoutu
P31231p HYVH B ‘(10€-SNS) 1-10€-NVd Jo Apmis | aseyd youeasoy
Asewwng joug

1-10€-NVd :[e2i8ojoig
‘uonuUaAIIU|

aupdeA (10€-SNS) 1-10€-NVd |
sway

pa319jdwod :snye3s Apn3s

8107 42qweda( :23ep pus Apnig

‘910¢ Joqwiade( :23ep 1Ie3s Apmig :soyep Apnig
19qe| uadQ “auswudissy [enuanbag ‘[euonUaAIIU|
:uBisap Apmyg

:$9A1323[qO Apmig

| aseyq :@seyd Apnis

sJualIRy JIdUBD Ul |- 0E-NVd 4O Adiuagounwiw
pue A19jeS Sy3 931BN[EAT 03 [BlI| [oqeT uadQ ‘| Sseyd
BPIL Apms [ePYO

sa4nseajy awoxnQ pue uondidsap joug

SUOIJUSAJdlU| pue sway

sjre3aq Apnis pa3ddjes

J9due)) a3eIsoUd
(sauedionued 7))
¢, S3UREd 49dueD Ul (10E-SNS) 1-10€-NVd JO [BML | 3seyd ‘A

6621

https:

International Journal of Nanomedicine 2021:16

Dove:


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

Dove

Milewska et al

SIUDAS 3SISAPE JO SDUSPIdU|
sa4nseaj] awod3InQ Aiepuodsg
[eAIAINS 934} uOIssaJSo.d
saJnseal awocnQ Asewid

's190UBd AJEI|Iq YaIm saudped ul pausasiuiwpe

s8nup uonuaAialul 3Y3 Jo AdBdIYS dYl sAIe3NSaAUl ApnIs SIy |

Asewwng joug

S3IPNIS SANE[R.I0D) ‘sisA[euy Jdjiewolg AloresoqeT ayiQ
"
|loxeaped-qeN BnuQg
"
SpLIO|Y204pAH BuiqeIdWID Bnug
Al USAID
uneldsiy BnuQg
JUSUIEDII/UOIIUSAIDIU|
(suigeapwagd ‘uneidsid ‘exeaded-qeu) Juswiead] |

sway

pa1ajdwod :snye3g Apn3s

070T ‘€| asn3ny :23ep pud

ApmiS ‘G10T ‘T IMdy :23ep 1ueIs ApmiS :sajep Apnis
12q¢g|

- uadQ “auswudissy dnouo sj3ulg ‘|euocnusAIRIU|
:udisop Apm3g

'su9dued AJel|iq padueApE Ul [oxelljded-qeu

pue ‘une|dsid ‘suiqeldwial jo AdIX01 ay1 den[eA] |||
'sJadued

AJeljiq pasueApe ul [axedlded-qeu pue ‘une|dsid
‘3UIqEIPWAS JO [BAIAINS |[BISAO SUIWLIRID ||

el

|0J3U0> 3seasip pue a1ed dsuodsad ayy suIwIRIRQ ‘|
$IAILDIA0 ANIVANODIS

'sJadued

pa1ea.aun ‘pasueApe ui [axell|ded-qeu pue

‘uneidsid ‘(suiqeadwas) spLiojyd04pAY Sulqerdwss
JO [eAIAINS 93.4-uoissau3oad sy sulwaRIBq |
‘SFALLDAEO VNI

:$9A1329[qO Apmig

T aseyd aseyd Apmg

sJ9dueD) AJeljig PIdUBAPY Ul dueXe.qy

pue ‘une|dsi) ‘auiqeldwWan) jo Apnig || aseyd v
BPIL ApMms [ePYO

saunsealy swodnQ pue uoidLidsap Jarig

SUOIJUIAIIU| pUB SWIY

sire3a@ Apms pa3d9es

BWOUIDJED) JSPPE|q|[ED) 9|qeIdasaJduf ewould e 1an( 3|ig dhedaye.axg ajqedasadun /A DDfy ewoun.edoiduejoyd dnedsyeanu| ga| 98815 zA D[y J9oue) Joppe(q|eD) gA| 931
/A DD[ rwounuedoiuejoyD anedayeanu) wA| 38835 /A DD J93ueD) Jappe|q|[eD) YA| 288IS ZA DD[V J9oue) Jappe|q|eD) g||| 98e1s /A DD[V J49oue)) Jappe|q)eD V||| 98e1s /A DD[y Bwouldaedoiduejoy?) onedayeau| ||| a8e1s

(sauedidnued z9)

4 422UeD AJEl|Ig d13EISEID)Y U0 PIOUBAPY UM SIUSNIEd Sunesd] ul [oxej|ded-qeN pue ‘upe|dsiD ‘Opliojyd04pAH duiqe3nwen JIA

"(penunuo)) 6 31qeL

International Journal of Nanomedicine 2021:16

https:
Dove!

6622


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

Milewska et al

Dove

(panunuon)

[EBAIAINS |[BISAQ 9
[BAIAINS 33.j-uoissaJSoud [elue.deaIul SSASSE 01 YN 'S

anssi Ayaeay 3uipuno.uns pue

S9SEISEIDW UleJq Ul s3dnJed X|NDY JO UoNNQLIASIp 91BN[eAS O1 [y
7/11- s9pnJed X|noy jo Jsisweded dpsupjodeuLIRyd ‘€

DNV - s9pnJed XNOY jo Js1swe.ed dpsupjodeuLIRyd T

Xew?) - sapnJed X|NOy jo Jazoweled dnsupjodRWLIBYd ||
s24nsesj] awod3nQ Adepuodog

Adeasyy uoneipes

uleJq S|0YM 343 YIIM USAIS X|NDY JO 3SOP PIeJ[0d WNWIXe |

saunseap awodnQ Arewiad

‘passasse os|e aq

|Im AdeJaya uoneipes pue X|NOY JO UONEBUIQUIOD Yl JO SSIUIANIAYD
Areuiwiaad ay) Adessys uoneiped uredq sjoym yum Jayaadol
pa3d8(ul usym XNy jo dsop [ewndo pue 10949 dpIs BY3 SAIPNIS
[eLn3 siy | "uonelped 03 |93 Jown Suiznisuas Aq Adesays uoneiped

JO SSOUBANDYD B3 aseaJdul Aew sapdnUed X[NOY JI s91ednsaAul Apmg

Asewwng joug

XINoy Bnuq
JUSWIJEDAI/UOIIUDAIRIU|

2
/3w 00| pue 38w g7 By/8w g ‘Dj/Bw og B/Bw G| :5110Y0d UoNE[RISS SUIMO||0) YD YIAA

Adeasyioiped pue X|noy °|
sway

pa319jdwod :snye3g Apn3s

610 Arenagay

:93ep pud Apnig ‘9|07 Yd4elN :93ep 1uels Apnig
:sajep Apmig

wswudissy dnouo sj3ulg ‘[aqe| uado ‘jeuonuaAtiu|
:udisap Apmyg

Aoeoyye Aueuiwnppad pue Liajes Apmis of
:$9A1323[qO Apmig

| aseyd :aseyd Apms

sa|dnJedouep wniuljopes) Ag saselsels)y

uleJg JO UOIBZNISUISOIPEY JO ApMIg [ed1ul]D | 3seyy

PPIL APMIS [ePYO

sa4nseajy awodnQ pue uondidsap joug

SUOIJUDAIIIU| pUE SWIY

sire3a@ Apmis pe3d9|es

S9SBISEId|, uledg

(sauedidnued g|)

¢, /SePnJedoueN paseg wniuljopen X|noy Suisn sesejselaly ureag ajdiniy jo uoneznisussolpey “IIIA

6623

https:

International Journal of Nanomedicine 2021:16

Dove:


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

Dove

Milewska et al

Sdadld pue
s98UBYD [BUOWLIOY ‘UOIDUNY YO JO UONEBINPOW :SDIWEBUAPOdRWLIEBY b

asuodsau-aunsodxa :solaupjOdBWLIRYd '€

‘siowny pijos dANRe3aU YO J0 dARISOd-YO Yam sauaned Ul [AIAINS
||BJ9A0 puE ‘[eAIAINS 9. UoIssauSo.d ‘eied asuodsad aAndaIqO T
[BAIAINS |[BISAO ‘[BAIAINS 3.} uO|ssauSo.d ‘@1es asuodsad aAn3IqO |
sa4nseajy awocnnQ PBY30

SIUSAT 9SJOAPY POIB[DY-IUSWIEAI] JO SDUSPIdU] |

sa4nsesj] awodInQ A4epuodsg

PEISTILIOD 4o 950 paaets|o] WnwWixel “|

saJnsealy awoxnnQ Atewiid

'sJown) pijos yum siuaned ul pasisiuiwpe
|oxeyoed-qeu pue 57| 10D $8nJp Jo uoneuIquIod 3y Jo Adedlyd
Areujwaad pue A1ajes ayy ssasse o1 s| Apms siyy jo asodund ay |

Arewwng jalug

‘A1 [oxealjoed-qeN|

'0°d [oxened-qeu YuM F€1ST1 LNOD

JUD LB UOIIUDAIIU|

[oxeaed-qeu Yum €| STI1NOD
way

pa1sjdwod :snye3g Apnyg

0207 Aely :23ep

pus Apng ‘9]0¢ Aely :23ep 14eds Apmg :sajep Apnig
Ja3uLdn|nw quawudissy dnoug

3j8uis ‘joqe| usdo ‘paziWOpUE.-UOU ‘|BUOIIUSAIIU|
:udisap Apmig

JSLRTITEY

Adeuiwia.ad ay3 sulwIaIsp 03 pue A19jes a3 SSISSE O]
:$9A1I3[qO Apmis

/| 3seyd aseyd Apmig

sJown| PIjOS YIAA SIusned ul [oxedloed-qeN YIAA
uoReUIqUIOD Ul L€ STI LYOD SO Apmas /| dseyd
Bp1L ApmS [ePYo

saJnseal] awod3nQ pue uondiidsap jorig

SUOIJUAJ3U| pUE SWIY

s|ie3aq Apnis pa3d9|es

sJown] pijos

(sauedidnued 94 )

52/SAOWNL PIIOS YA S3usned ul [oxe3ioed-qeN YA UoieuIquIoD Ul pE| S| LYOD d3enjeAg 03 Apms “X|

"(penunuod) 6 d1qeL

International Journal of Nanomedicine 2021:16

https:
Dove!

6624



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

Milewska et al

Dove

(panunuo))

Xew | — Jaioweded spaupjodewLIeyd 9

Xew?) — Jaiaweled opaupjodewIeyd ‘G

DNV — J4e13weded dnsupjodewieyd H

BaJE JusWIBa.] Ay Ik uled Ul uoNONpPaY '€

asuodsau [ediuld 9An3IqO T

BaJE JUSWIEBS.] AU Ul (S)UoIsa| 3|qISI[d JO BaJE [€I0] Ul dUBIRYI ||
saJnseaj] awodInQ Auepuodsg

SIUDAD 9SISAPE JUSISWD JUSWIBDIY JO 9DUBPIDU| *|

saJnsesj] awod3nQ AJdewlid

‘synpe
ul J9dued BwOoUEDW-UoU WouJj soselseIsl snosueind Jo juswieady
oY1 4o} (£00YOS) 3usunuio |oxelded spnJedoueu [edidol e Apnis o)

Asewwng joug

usunulQ (joxeadey spnJtedoueN paieooun Bnig

UonUIAINU|

waunulQ (jaxended ajpnJedoueN pajeodun)
%0T L00YOS '€
UBUNUIO (|oXeAPEd 3Pn.edoueN pateodun) %0°| L00YWOS T
usunulQ (jaxendeq ajpnJedoueN pajeodun)

%S1°0 L00YOS "I
sway

pa19|dwod :snye3g Apnmag

020 ‘6T Iy :a3ep pus Apnig

‘810T ‘1€ Adenuef :a3ep 1ae3s Apnig :soyep Apnig
Buisiu-asop ‘[aqe|-uado uswudissy

Jenuanbag ‘paziwopuey-uopN ‘[eUOnUIAIIU|
:uBisap Apmyg

(suone.ausduod JusJIBYIP Ul) Z00YOS Jo Adediys
Aseuiwnpad pue Ajiqessjol Aivjes ay3 s1enjeAs of
'$9A1323q0 Apms

/1 3seyd eseyd Apmis

SOSEISEID)Y SNOBUBIND J0j Z/00YOS [e2ido] jo Apmig
Aoeolyg pue Aujiqeas|o] “A1sges ‘Buisry-asoq /| dseyd
BPIL Apms [ePYO

saunseajy awomnQ pue uondLdsap jarig

SUOIJUDAIRIU| pUE SWAY

sjre3aq Apnis pa3d9as

SISEISE}3|\ snoauein)

(sauedionued ¢7)

,|SOSEISEID SNOdUEIND 40) JUBWIIUIO LOOYOS [ed1doy yo Apmig *X

6625

https:

International Journal of Nanomedicine 2021:16

Dove:


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

Dove

Milewska et al

[eXeI220p 33414 JO 250p dnNnade.ay JO UONEASIUIWPE JSE puR
aJ0jeq [aXe1220p 33d14D~d-[1Z68] @50p @50p MO| jo uonnqLIsipolg
[9X€1920p [E301 pUE [9XEIDI0P ¥dLD-J-[1Z768] UsamIaq Aireaur]
UONE.IISIUIWPE [9XEI9I0p

>2d"D-1a-[4Z68] “a3e BuiBewn |34 Joj 3uiod swn jewndo
uolINQLIASIPOIq PUE UORE.IIUIIUOD

A1ANOE UO paseq [axe1d0p 29dlD-d-[1768] jo Answisoq
sanseaj] awodInQ A4epuodsg

SuoIS3)

Jnown uy [2xe320p 23dMD-4a-[4Z68] Jo (eAnEInuEnb) uondereg
eadn Jown jo (Juasaaduasqe) uondISp [eNsip

SUOIS3| JNoWN) Ul [9XBI2I0P 33diD4a-[4Z68] Jo (jensia) uondareQ

$94nse’) awod3nQo %LNE_LL

‘usAIg 3nup Iy jo
UOI3B|NWINJIE JNOWN] PUB UORNGLIASIPOIG SSISSE O3 SINOWNI PI|OS YIIM

sauaned ul [pxesd0p 23duD-4a-[1768] Jo uonensiuiwpe yum Apmg

[oxe3920p 33dlD-4a-[1Z68] |
sway

pa319jdwod :snye3s Apn3s

00T ‘8 AelN :338p pud

Apnmis ‘g1 0T ‘| |Mdy :93ep ue3s Apnig :sejep Apnig
uswudissy dnouo 9jduls ‘jeqe uado

:uBisap Apmg

‘paJaasiuiwpe Snup aya

JO UOIIBINWINIJE JNOWIN] PUB UOINGLIISIPOI] SSISSE O]
'$9A13221q0 Apmis

| aseyd :@seyd Apmig

[oxe1930Q 23dD-4a-[1Z68] Jo uonenwindy
Jnowin| pue uonNQLIISIPOlg SSISSY 01 Ssanowin|.
PIIOS WA SIUBIIEY Ul [9XEIDI0( o3dHD-4a-[1Z68]
YU APnag 13d ‘Pqel-usdO ‘| aseyd [ednuD v
BPIL ApMms [ePYO

saJnseajy awodnQ pue uondidsaq jolig

SUOI3USAJIIU] pPUE SWIY

sjie3ag Apn3s po3dojes

Jowny pijos
(sauedidnued z)
g19X€3920Q 23dMD-4Aa-[1Z68] YIM Apmis 13d “IX

"(penunuo)) ¢ a1qeL

International Journal of Nanomedicine 2021:16

https:
Dove!

6626



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

Milewska et al

Dove

(panunuo))

*(UoIsn[220 JeNdI[|0} ‘UonBWIWE[UI
‘UoneLLIl JO SDUSPIAD) UONBUIWEXD AQ PasSasSe UONDEaY UDIS

saJnseaj awoxnQ Adewnid

‘uondazo.d Jo uone.np aya pue
‘soIs119108IBYD ({dS) 4038} uondaloJd uns ‘K19jes syl sassasse Apnig

:Arewwng joug

‘paijdde jusle ou ‘jonnuoc) §
Suriey AN ou yum sdins ogadeyd v
ioresedwor weys ‘¢
*(%€) @uozuaghxo pue (%/) O drewiped jo 3unsisuod UIdSUNG pJepuels ‘g
(sdNg) so|onJedouru sAissypeolq pue juade SulLy AN °|

sway

po19|dwod :snye3g Apnmas

£10T ‘8] 3sndny :21ep pus Apmg

£10T ‘L1 An[ :23ep 34eas Apnag

:sayep Apnmig

juswudisse [9)esed ‘papuljq s|qnop ‘paziwopury
:udisap Apmg

uaa.dsuns apdnRJedoury SAISSYPEOIq B

Jo Adediye pue uondaloud Jo uoneanp ay3 9IeN[EAS O]
:$9A1323[qO Apmig

| aseyq :aseyd Apnis

suewny

Ul uon310Id AN 404 sappniedoueN dAISaYpE-Ub|S
Jeuondunyiainyy Jo Adediyg pue A1jes aya 3uissassy
BPIL Apms [ePYO

saunseajy awomnQ pue uondLdsap jarig

SUOIJUDAIRIU| pUE SWAY

sjre3aq Apnis pa3d9as

adeweq upjs Aoy AN ‘BWOUERPL
(sauedionued ¢|)

21 S2P11edoUEN SAIS9ypEOIg UO paseg udRIISUNS Y ‘|IX

6627

https:

International Journal of Nanomedicine 2021:16

Dove:


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

Dove

Milewska et al

JUSWIEA.) pJEpURIS B SE 67| 0-NN Sulialsiuiwpe jo Aiqisea] '€
*(sdowm ays jo siaed snolieA uj sopdn.ed

JO UONE.IUSUOD) BNSsI Jownl Ul g7 |0-NN 4O uonnqLasipolg ‘g
Poo|q Ul UORE.IUDUOD 3ni( *|

sa4nsesl] awod3nQ Aiepuodog

SIUSAJ 9SJ9APY JO 9OUSPIdU|

saJnsesal awodnQ Adewnid

‘8uimoud wouy s|22

J9oued doas [Im 67| 0-NN Y3m auad 7|7712g ay3 Sunasier 3eys 30adxe
SJ9YDIB9S3 DY "BWIOD.IESOI|3 1O SW.IOHINW BWOISE|qOl|3 3UD.1INdD
yam sauaned ur (spndedoueu pjod [esrsyds jjews e jo adeLINS

ay3 uo padue.Je spide d9[aNnu jo uonediidde eiA) ‘6710-NN ‘SnJp
PaJa3siuIWpE 33 Jo A19jes 9yl 91BN[BAS 01 SI ApMIS SIY) JO Wie ay |

:Arewwng joug

Apmag [ed18ojodewreyy 7
sisA[euy JoJewolg AJojeloqe] °|

‘UonUdAJIRNU|

(6710-NN) usuneasy [eauswiadxy °|
sway

pa1sjdwod :snye3g Apnys
070T ‘61 IsnSny :@3ep pud
ApmS /10T ‘ST A_lA :@3ep 4Bl Apnig sayep Apn3s
uswudissy dnougy sjdulg ‘|aqe uadQ ‘leuonusAlLIy]|
:udisop Apmig
'91e. 9suodsau |[eI9AO ‘syauow
9 I€ [BAIAJNS |[BISAO PUE [BAIAINS 93.) UOIssa.Z0.d ||
S|9A9] uoissaudxa 777|129 9zAjeue of |
'SIAILDAMO AdVILYIL
"BWO.BSO1|3 4O Sw.IoM|NW BWOIse|qold
JU9.4ND3J J0) JUSWIIES.) PJBPUEIS B SEB 67 |0
NN Buwsiuiwpe Jo Ajiqises) ay3 Ajaa o) )|
"6Z10-NN jo uonensuad [esownelnul AJlUsA o] ||
UOIIE.IUSIUOD 3NUp WNJSS SSISSE O] °|
$IAILDIA0 AIVANODIS
610
-NN JO uonensiuiwpe AT Jo A19Jes Sy3 ssasse o] |
‘SFALLDAIEO VNI
:$9A1323[qO Apmig
0 oseyd :aseyd Apmis
SIUSNEJ BUWODJESOI|) IO SW.IOMN|A
BWOISEIGOI[) UD4IN3Y Ul 7|771D9 Sunadie]
apn.edoueN pio9 (YNS) PPRY 218NN [edtiayds v
‘6710-NN 3utsn Apm§ uewnH-uj-3s.i4 0 dseyd v
PpLL ApmsS [ePYOo

saJnseajy awodnQ pue uondidsap joug

SUOIJUSAIIIU| pUE SWIY

sire3a@ Apmis pa3dojes

BWOISE|GOI[D) IUIINIDY ‘BWODIESOI|D)

(sauedidnued g)

ow_rmm.:_m Sul0849pun BUWOD4ESOI|D 40 BUIOISE|GOI|D JUILINIDY YIIAA SIuaided Sunead] ul 6Z10-NN ‘HIX

"(panunuo)) 6 31qeL

International Journal of Nanomedicine 2021:16

https:
Dove!

6628


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

Dove

Milewska et al

changed the colloidal and structural properties of
nanoparticles.'”®

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.'**'*7
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.'”"'”® However, as it is not easy to
control the process taking into account so many para-
meters that nanoparticles desire, a reproducibility problem
arises.'” As a consequence, each batch of produced mate-
rial must be thoroughly tested to ensure its characteristics,
safety, and non-toxicity.'”® Some researchers suggest that
routine testing of large-scale formulations in animal mod-
els would be desirable.'”!

One may notice a deficit of simple industrial proce-
dures for the synthesis of nanomaterials regarding the
limited possibilities of the industrial plant.'”® 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.'®>!?12% 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.”! Large-scale preparation of nanocarriers that will
be biodegradable in vivo is another challenge.?*'*"?
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).”> 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.'?!+'??

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.'®*'

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
carriers.

compounds are the safest

204,205

of known drug

A very important aspect is the choice of the synthesis
method among those available.’°® 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.?"’

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.?” 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).’”® An
alternative to green solvents may be the use of ionic
liquids.*®

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.''® Next, Ca®" 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.?'® 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.”? 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-
excreted (ADME).
Pharmacokinetics depends on many factors that are related

uted, metabolized, and finally
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 (t;;), the volume of

distribution (Vd), and clearance (CL).'*® 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.”"'

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.'

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.’’* 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
6630 https: International Journal of Nanomedicine 2021:16
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Figure 6 Classification of nanocarriers for drug delivery.

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.”'* The identified
main factors governing NP kinetics in the tumor
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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."”
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.?'® 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.?'” 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.”'® 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.?'” 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.”?® 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.'®

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.'®

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.?*!
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.******

In view of the above, the awareness of particle levels
that may cause health effects is imperative for both work-

. 222
ers and exposed patients.

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.”** 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.”**

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-
with  the
leading to an

logical interactions patient’s  biological

impossibility to apply
225-229

environment,
a pharmacoeconomic approach).

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 that  the

accountability 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,
options, such as nanotherapy, will be associated with to

implementation of new therapeutic
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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