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Abstract

In the last decades, nanotechnology-based tools started to draw the attention of research worldwide. They offer economic, rapid,

effective, and highly specific solutions for most medical issues. As a result, the international demand of nanomaterials is

expanding very rapidly. It was estimated that the market of nanomaterials was about $2.6 trillion in 2015. In medicine, various

applications of nanotechnology proved their potential to revolutionize medical diagnosis, immunization, treatment, and even

health care products. The loading substances can be coupled with a large set of nanoparticles (NPs) by many means: chemically

(conjugation), physically (encapsulation), or via adsorption. The use of the suitable loading nanosubstance depends on the

application purpose. They can be used to deliver various chemicals (drugs, chemotherapeutic agents, or imaging substances),

or biological substances (antigens, antibodies, RNA, or DNA) through endocytosis. They can even be used to deliver light and

heat to their target cells when needed. The present review provides a brief overview about the structure and shape of available

NPs and discusses their applications in the medical sciences.
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Introduction

The development of new industrial tools which enabled the

manipulation of the materials at their nanoscale provided the

medical science with opportunities for evolutionary new ap-

plications. This, in turn, opened the door for new solutions for

old medical problems such as drug-resistant pathogens, vac-

cine development, and cancer therapy (Manuja et al. 2012).

Since 1974, the term (Nanotechnology) started to describe the

techniques applied for the manipulation of the materials at

their nanoscale making at least one of their three dimensions

(3D) about 1–100 nm (Troncarelli et al. 2013). Other expres-

sions were adapted to the new (Nano) situation, so that terms

like Nanomaterials, Nanomedicine, Nanovaccines, or

Nanotheranostics started to be introduced. The nanomedicine

is the application of various nanotechnological tools to

develop better solutions for medical problems (Mohantya

et al. 2014). On the other hand, the nanotheranostics are hy-

brid formulations which have diagnostic and therapeutic prop-

erties at the same time (Rizzo et al. 2013). Meanwhile, the

nanomaterials are the manipulated materials to have one of

their 3D in nanosize. It is worthy to mention that

nanomaterials have different chemical, physical, biological,

and therapeutic properties than their counterparts. The source

of theses nanomaterials is natural or engineered or incidental

as a byproduct of mechanical or industrial processes

(Jeevanandam et al. 2018). The reduction in size makes them

not only more reactive, soluble, and efficient but also may

provide them with new properties which are not present in

their counterpart (Swain et al. 2015; Troncarelli et al. 2013).

A good example of such changes in material properties is the

soybean oil which traditionally has little applications in med-

ical fields. However, when converted to nanodrops (emulsifi-

cation), it gains high potential to destroy multidrug-resistant

pathogens (Hajipour et al. 2012; Hakemi-Vala et al. 2017).

This potential is achieved through its physical properties

caused by the surface tension. Upon coming in contact with

bacterial/viral envelope, the drops merge with the membrane

and kill the pathogens. This new category of antibiotics is safe

as they do not harm the eukaryotic cells and effective as no
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bacterial resistance can be developed against it because its

mode of action is physical not chemical (Chakravarthi and

Balaji 2010).

Historically, NP development started with Paul Ehrlich and

then initial trials by Ursula Scheffel and colleagues and the

extensive work by the group of Professor Peter Speiser at the

ETH Zurich in the late 1960s and early 1970s are delineated

from a personal viewpoint (Kreuter 2007). Momentous atten-

tion is paid to the years from 1970 to the early 1980s. Further

evolutions emerging from this work are also followed, and

concentrate is put particularly strong advances such as nano-

particles for drug delivery crossing the blood–brain barrier

(BBB) (Kreuter 2007). There are many types of NPs, the size,

shape, and origin determine to a large extent the application of

the nanoparticles (NPs). The most common types are listed in

Table 1 and Fig. 1. The NPs can be used as vehicles to deliver

their loaded substances through two mechanisms: (1) encap-

sulation using lipid-based capsules or polymer-based capsules

and (2) polymer-based structures using natural polymers or

synthetic polymers (Troncarelli et al. 2013). In general, the

NPs have several advantages compared with conventional

preparations in the field of diagnostics and therapeutics.

They are biocompatible and mostly safer (Jurj et al. 2017).

They can cross the BBB and other physiological barriers

(Ceña and Játiva 2018; Zhou et al. 2018), and can kill intra-

cellular and multiple drug-resistant pathogens efficiently

(Talukdar et al. 2014). They provide new approaches for vac-

cine development and gene therapy (Awate et al. 2013; Riley

and Vermerris 2017; Sridharan and Gogtay 2016). The present

work discusses the medical applications of nano-products in

diagnostics as well as in therapeutic field.

Uses of nanotechnology in medicine

The employment of nanotechnology in medicine empowered

the increase of half-life time of the drugs by improving drug

internalization, decreasing drug degradation/clearance, and

through providing slow-release mechanisms of loaded drugs.

The circulation time of the NPs can be controlled by changing

the surface charge of the NPs according to the goal of their

application. While the positive charge increases the internali-

zation of the NPs, the negative charges extend the circulation

time in the blood stream. In addition, they increase the bio-

availability of the drugs, and improve the water solubility of

hydrophobic preparations. They modify pharmacokinetics

and exactly deliver the drugs where they are needed.

Therefore, they decrease the side effects and reduce the re-

quired doses. They may be loaded with one or more drugs

in parallel. New generation of nano-robotics can independent-

ly make decisions according to the situation and help the sur-

geons during the operations (Freitas Jr 2005; Freitas 2005; Jurj

et al. 2017; Troncarelli et al. 2013). The nanotechnology uti-

lization in medicine has been summarized in Fig. 2.

Diagnostics

Multipurpose nanosized sensors were designed to detect dif-

ferent pathological parameters, foreign proteins/antigens, and

toxic substances. Recently, bio-barcodes were also developed

to target protein disease markers as the PSA (prostate specific

antigen). Such biosensors can diagnose prostatic cancer very

early based on anti-PSA antibodies. The sensitivity of the

developed assay utilizing bio-barcode for the diagnosis of

prostatic cancer is about one million times more than the con-

ventional methods used at the time (Manuja et al. 2012).

As imaging agents

Ideal imaging agents are now developed using various

nanomaterials due to the unique optical, chemical, and phys-

ical properties. They provide better contrast, controlled bio-

distribution, and multi-model imaging for ultrasound, MRI,

PET, and SPECT. Due to the leakage in capillaries built in

the cancer tissues, the NPs tend to accumulate in the tumor

interstitial spaces. This allows the diagnosis of very small

lesions which cannot be detected by classical imaging agents

(Chapman et al. 2013).

Although many classes of NPs can be used as imaging

agent, the physical characters of the QD (such as their high

photostability and resistance to photobleaching) made them

ideal for use in imaging purposes. They can be utilized as

fluorescent probes and highly sensitive low-cost biosensors.

The degree of the fluorescent emission of the QD can be

controlled according to the size of the QD used. They have

varied additional advantages over the classical fluorescent

dyes, being brighter, easy to visualize, and stay longer in the

body (Meena et al. 2018). Multimodal imaging provides ad-

vanced imaging benefits such as the combination of paramag-

netic QD for fluorescent imaging at the same time with MRI

(Minchin and Martin 2010).

For the diagnosis of cancer

There are over 200 types of cancer; every type has its own

characteristics. Some of them (e.g.. lung cancer) are difficult

to diagnose in the early curable stages through conventional

techniques where the cancer is still a localized slow-growing

tumor (Hirsch et al. 2003) It is estimated that the cancer cells

require about 10 years since their first appearance before they

can be diagnosed by conventional methods. Late diagnosis of

cancer usually complicates the case and worsens the prognosis

especially if the cancer metastasized to distant sites such as the

liver and brain (Martin et al. 2013). In addition, the traditional

imaging agents are renal toxic and cannot be applied in
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patients with renal problems. They are inaccurate in the diag-

nosis of lesions less than 1 cm (Krishnan and George 2014).

Due to the optical, chemical, and physical characters of the

nanoshells, they are favored for use as a scanner for skin

cancer which can differentiate among various malignant and

benign types. Tumor markers including certain proteins (e.g.,

epidermal growth factor receptor or the proepithelin) are char-

acteristic for cancer cells and are usually widely distributed on

their outer surface of the malignant cells. The development of

nanosensor chips which carry special antibodies to these

markers provides an early and sensitive diagnostic tool for

cancer (Monami et al. 2009; Probst et al. 2013). The use of

gold NPs as bio-barcode assay provides a very accurate diag-

nostic tool for prostatic cancer. Trials to develop an electro-

chemical immunosensors for the diagnosis of cancer are under

development (Li et al. 2017; Remião et al. 2018).

For the diagnosis of infectious diseases

NPs allow rapid, accurate, and cost-effective diagnosis of

many infectious diseases. Among these systems, the devel-

oped fluorescent silica NPs (FSNPs) can detect infections with

mycobacterium tuberculosis complex (MTB), Salmonella

typhimurium, or S. aureus within only 4 h (Qin et al. 2007;

Shangguan et al. 2015; Wang and Kang 2016).

Liposome-based systems were also developed for rapid

detection of food-borne toxins such as cholera or botulinum

toxins. The test (sandwich fluoro-immunoassay) is carried out

on an antibody-coated microtiter plate where the liposomes

are labeled with fluorescent markers specific for target toxins

(Ahn-Yoon et al. 2003; Ahn-Yoon et al. 2004).

Recently, new approaches based on colorimetric, fluores-

cence, mass spectrometry, and electrochemical assays, various

metal NPs known as surface plasmon resonance (SPR) were

adapted to detect DNA/RNA sequences, or proteins and even

small analytes accompanying infections (Pedrosa and Baptista

2015).

Zhang et al. developed a single quantum dots–based

nanosensor specific for the detection of HIV-1 and HIV-2

viruses (Zhang and Hu 2010). The assay requires a very low

sample volume and delivers the results in a short time with a

very high sensitivity level. Meanwhile, fluorescent

immunosensors were also designed to diagnose Salmonella

spp. even if present at a very low concentration. The technique

depends on the use of simple cellulose-based swabs which

allow the examination of a large number of samples in a short

time (Tang et al. 2016). Similar assays are also applied for the

diagnosis of other infectious diseases such as HVB, HCV, and

Serratia marcescens infections (Ebrahim et al. 2015;

Klostranec et al. 2007) Other HCV and HBV diagnostic as-

says using immune-gold silver staining with Au-NPs are un-

der investigation. The pilot study results are promising (DuanT
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et al. 2005; Goluch et al. 2006; Pedrosa and Baptista 2015;

Qasim et al. 2014).

NPs are also used for the early diagnosis of acute renal

failure (ARF) and renal ischemia. Classical diagnostic assays

for the diagnosis of ARF depend mostly on the measurement

of serum creatinine level. In opposite to them, the newly de-

veloped dendrimer-encapsulated contrast nanoparticle-based

magnetic resonance imaging (MRI) assay offers early diagno-

sis even before serum creatinine level gets elevated which

saves time and allows early interference (Dear et al. 2006).

Therapeutic applications

The evolutionary applications of NPs in medicine opened the

door for the treatment of many diseases which were recog-

nized to be fatal or have bad prognosis records. They are used

not only to treat infectious diseases but also non-infectious

diseases such as metabolic/hormonal disorders, autoimmune

diseases, cancer, and inflammations. They can kill multidrug-

resistant pathogens, cross the BBB, and can even supply the

body with oxygen and functionally replace RBCs/WBCs

(Krishnan and George 2014).

For the treatment of infectious and non-infectious diseases

The development of smart drugs which become active only in

their target organs under specific circumstances offered flexi-

bility, specificity, and individuality in the treatment of every

case separately. Smart drugs also control the required doses

providing a slow-release mechanism over days or even weeks.

The application of these new therapeutic approaches enabled

efficient elimination of viruses and intracellular organisms.

Nanosized streptomycin and doxycycline showed greater po-

tential in the treatment of Brucella melitensis infection than

their counterparts (El-Sayed 2018; Manuja et al. 2012;

Troncarelli et al. 2013).

Examples for some therapeutic preparations which are un-

der development include the use of the nanoformulations (1)

PEG-AmB-LIP and PLGA loaded with Amphotericin B for

the treatment of leishmaniasis and even systemic mycotic in-

fections. The administration of the drug as a nanoparticle

Fig. 2 The different applications
of nanoparticles in medical
science: diagnostic, therapeutics,
and immunization

Fig. 1 Schematic illustration
displaying the most commonly
used NPs in medicine
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increases the drug efficiency for the treatment of the intracel-

lular Leishmania infections by 20-folds compared with the

same active ingredient when given in the conventional form.

(2) Isobutyl cyanoacrylat loaded with ampicillin for the treat-

ment of salmonellosis increases the therapeutic efficiency of

ampicillin to eliminate salmonellosis by 120-folds (Manuja

et al. 2012). (3) PEO-ß-PAA_1Na loaded with streptomycin

and doxycycline revealed promising results in the elimination

of brucellosis from the liver and spleen in mice (Seleem et al.

2009). (4) The use of PLGA containing rifampin, isoniazid,

and pyrazinamide completely eradicated mycobacterium

tuberculosis from lab animals suffering from generalized TB

infection (Sharma et al. 2004).(5) Liposomes loaded with

etanidazole could treat trypanosoma cruzi infections in lab

animals (Morilla et al. 2005).

Acquired antibiotic resistance represents an international

public health hazard and the multi-drug-resistant pathogens

such as the XDR-/ TDR-/ MDR-TB, MRSA, and

enterobacteria became a serious concern. NPs offer new chem-

ical and physical solutions for the elimination of antibiotic-

resistant pathogens. The NPs can perform their mission selec-

tively and at the same time with minimal side effects/host tox-

icity. Additionally, they can reduce the bacterial attachment and

biofilm formation (Torres-Sangiao et al. 2016).

The recently developed silver ring–coated superparamagnetic

iron oxide NPs overcomes the known limitations of using silver

NPs in pathogen control. The newNPs are biocompatible, have a

clear antimicrobial effect, and are less toxic to host cells. They

penetrate deeper into the biofilm to eliminate the pathogens and

are easily directed by external magnetic fields (Gupta et al. 2016;

Mahmoudi and Serpooshan 2012).

While trials to use iron chelators for the treatment of drug-

resistant TB isolates showed promising results, it was found

that nitric oxide (NO)–loaded nanoparticles are effective in the

elimination of MRSA. The NO-NPs have also an anti-

inflammatory effect and allows rapid wound healing with

minimal scar tissue formation. Meanwhile, the gold NP dis-

persed on zeolites provided a radical and rapid solution for

antibiotic-resistant E. coli and Salmonella typhi strains

(Talukdar et al. 2014; Troncarelli et al. 2013). Similarly, in-

fections with S. aureus could be successfully eliminated by the

administration of antimicrobial peptides anchored to gold-

coated NPs. The NPs were directed to the bone marrow-

derived mesenchymal stem cells of the patients (Riley and

Vermerris 2017).

Both ZnO and CuO were also proven to be efficient in the

treatment of MDR pathogens. They kill the bacteria by the

induction of membrane disruption and generation of reactive

oxygen species (ROS). They were successfully applied in the

treatment of MSSA, MRSA, MDR, E. coli, Strept. mutans,

and Klebsiella pneumoniae (Beyth et al. 2015; Dastjerdi and

Montazer 2010; Hameed et al. 2016). The use of nano-

emulsions was proven to be efficient as antimicrobial agent.

The oil drops merge with the pathogen membrane and cause

its death in a physical way (Chakravarthi and Balaji 2010).

In a parallel line, the NPs can also aid in the treatment of

many non-infectious chronic/metabolic diseases. The admin-

istration of encapsulated secretory cells offers new aspects for

hormonal and enzymatic treatment in deficiency disease. For

this purpose, NPs containing nanopores are used for supplying

the body with deficient enzymes/hormones by keeping the

secretory cells in the internal chambers of the particles, and

the size of the pores allow the passage of the secretedmaterials

but not the secretory cells themselves. Rat pancreatic beta cells

which were inoculated in NPs remained viable and secrete

insulin for several weeks as they were protected from the

attacks of the immune system. This approach is promising in

the treatment of type 2 diabetes (Leoni and Desai 2004).

Another approach for the treatment of diabetes was tested.

The concept depends on the co-loading of an electro-active

hydrogel membranewith insulin and glucose oxidase enzyme.

The membrane acts as a biosensor, in the presence of high

concentration of glucose, and the membrane releases insulin

in proportions equivalent to the concentrations of glucose in

the medium (Brahim et al. 2002).

The NPs could be applied for diminishing the damaging

effects of ischemia. In the body, the superoxide dismutase

(SOD) is the major “antioxidant defense system” against free

superoxide anion radicals. Trials to convey SOD-loaded NPs

to the injured sites due to anion free radical in laboratory

animals succeeded to minimize tissue damage and fibrosis.

The application of this tool in the treatment of renal ischemia

or stroke reduces the size of damaged tissues by 50% (Brede

and Labhasetwar 2013). Other chronic diseases could be treat-

ed with the aid of nanotechnology such as Parkinson’s disease

(Ganesan et al. 2015) and psoriasis (Gupta et al. 2016).

For the treatment of cancer

In the last years, surge reports about resistance of cancer cells

to treatment with conventional approaches were published.

Malignant cells may develop drug resistance through different

mechanisms including (1) increasing of drug metabolism, (2)

mutation of drug target receptors, (3) increase drug efflux

pump, (4) changes in tumormicroenvironment to tolerate hyp-

oxia and enhances tumor growth and metastasis, (5) quiescent

and stem cells which resist apoptosis and survive the treat-

ment, and (6) higher DNA repair capacity to prevent cell ap-

optosis (Casals et al. 2017). These factors may be either in-

trinsic or acquired mechanisms. The intrinsic resistance is

triggered due to initial tumor features before starting the ther-

apy which makes the chosen drug ineffective to eliminate this

cancer type, while the acquired resistance is developed later

on after the beginning of the therapy due to selective pressure.

In such cases, the tumor mass is clearly reduced and apparent

healing occurs although some clones escape the healing,
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develop resistance, and start to expand and metastasis. A com-

mon example is the metastatic castration-resistant prostate

cancer (mCRPC) (Casals et al. 2017; Livney and Assaraf

2013).

Conventional chemotherapeutic approach for cancer treat-

ment aims mainly to delay cancer progress and metastasis by

inhibiting physiological cell functioning through the interfer-

ence with (1) the replication and repair of DNA, (2) protein

synthesis, and (3) cell division mechanisms. However, the use

of chemotherapy is not exclusive for cancer cells alone. In

comparison with healthy tissues, cancer cells have higher met-

abolic and glycolytic activities which make them more sus-

ceptible to irradiation and DNA damage. However, it is a

challenge to protect surrounding tissues from being exposed

to irradiation to prevent their damage without reducing the

therapeutic doses given to the cancer cells. Therefore, the

development of new approaches was necessary to enable sen-

sitive identification, selection, targeting, and elimination of

cancer cells (Aparicio et al. 2013).

An ideal cancer therapy should have certain properties:

being able to completely eliminate the malignant cells, safe

for use, has minimal side effects, and is cost-effective (Casals

et al. 2017). None of the available conventional approaches

can provide these properties. Among the obstacles facing the

conventional assays are (1) malignant cell resistance to cell

division inhibitors and chemotherapy (Jurj et al. 2017). (2)

The application of chemotherapy is also problematic as it is

substantial to give high doses in order to reach the therapeutic

dose in the tumor tissue. Therefore, the healthy tissues suffer

as well from the high doses administered. As a result, it is

critical to balance between giving the correct dose or giving

low (sub-therapeutic) interrupted to help recovery of the body.

It is also important to administrate high doses of the drugs as

the therapeutic agents do not target the tumor tissues and get

distributed all over the body and are mostly cleared by the

macrophages to the reticuloendothelial system (Blanco et al.

2011). The accumulation of enough amounts of the therapeu-

tic agent in the tumor can also be made more difficult when

necrotic lesions with poor blood flow are present (Cao et al.

2011). (3) Cancer therapy may also fail due to the high sur-

vival power of the cancer stem cells (CSC) which are charac-

terized by their high DNA repair capability, overexpression of

anti-apoptotic factors, high hypoxic stability, presence of de-

toxifying enzymes, and effective drug efflux transporters. The

survival CSC after chemo/radiotherapy will lead to recurrence

of the tumor and its spread to give metastasis in other organs

(Vinogradov and Wei 2012).

The use of NPs in cancer therapy provides individualized

therapeutic programs, i.e., every patient becomes a suitable

therapeutic protocol according to the type/stage of the cancer

in addition to his/her health condition. They specifically target

the tumor, overcome drug resistance problems, minimize the

given dose which reflects positively on the general health

condition of the patients, enable combining more than one

agent in the same formulation, follow and trap metastatic cells

anywhere in the body, detect the tumor much earlier than

conventional diagnostic methods, provide faster healing / re-

covery, decreases the risk of infection, reduce the cost of treat-

ment, and improves the compliance (Elgqvist 2017; Krishnan

and George 2014).

Therapeutic agents can be directed to the tumor cells

through active targeting where tumor-specific antibodies are

conjugated to the NPs. They target certain biological struc-

tures overexpressed in malignant tissues. Meanwhile, passive-

ly targeting can be performed through targeting certain cell

functions or environments. Passive targeting depends on the

enhancement of cell permeability and retention effect (EPR)

exhibited by some cancer types. Malignant tissues are charac-

terized by the formation of perforated leaky blood vessels and

inefficient lymph drainage. The small-sized NPs pass through

the pores in the walls of the leaky vessels into the tumor

tissues and are retained there. Passive targeting, in opposite

to active targeting, is restricted to some but not all cancer types

(Jurj et al. 2017; Revia and Zhang 2016). After their arrival to

their target, the therapeutic agents can enter the cancer cells by

different mechanisms such as endocytosis. Following the in-

ternalization of the drugs into the cells, the therapeutic agents

get trapped in the endosomes where they are enzymatically

degraded by the lysozymes. Alternatively, the NPs may utilize

another pathway to enter the cells such as via pore formation

in the lipid bilayer of the membrane allowing the agents to

enter the cells. The proton sponge effect (pH-buffering effect)

mechanism helps also in the release of the entrapped drugs by

allowing the inflow of water and ions into the endosomes

leading to the rupture of the endosomal membrane

(Varkouhi et al. 2011). The endosomal membrane may also

be destabilized by fusogenic peptides or photochemically in

which the endosomal membrane is ruptured by the released

singlet oxygen following light exposure (Jurj et al. 2017).

Magnetic NPs are also used for the diagnosis (imaging

agent) and the therapy (theranostic platform) of cancer. The

produced alternating magnetic fields (AMF) can be applied

for heating the tissues (Fortin et al. 2008). Among other fac-

tors, such as the source/form of iron used, NPs made of iron

oxide with nano-crystalline magnetite (Fe3O4) cores are the

most commonly used in cancer treatment due to their high

biocompatibility and biodegradability. They are easily and

cost-efficiently synthesized. Another influencing factor is the

size of the NPs. Small NPs (less than 20 nm) own

superparamagnetic properties, which can be used to increase

contrast in MRI (Jarockyte et al. 2016). The superparamagnetic

iron oxide nanoparticle (SPION) consists usually of an iron

oxide core (for MRI contrast, hyperthermia therapy, and con-

trolled drug release) coated by a polymer coating (which pre-

vents NP aggregation, extends their half-life time, regulates the

drug release, and enables conjugation with other biomolecules).
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In addition, several biomolecules are conjugated to the polymer

coat such as chemotherapeutical agents (one or more sub-

stances), photofunctional moiety (fluorescent dye or

photosensitizing element), biotherapeutics (DNA/RNA/ pro-

teins for gene therapy or hormone compensations), targeting

agent (antibodies targeting the cancer cells or intracellular or-

ganelles), and functional moiety (cross physiological barriers

and cell membranes) (Revia and Zhang 2016).

The ability of accumulated iron oxide NPs in the cancer

cells to convert the electromagnetic energy into thermal ener-

gy when exposed to external magnetic field is exploited. The

therapeutic hyperthermia concept utilizes the generated heat to

kill cancer cells or make them more susceptible to be elimi-

nated by other anti-cancer agents. The intensity and duration

of the generated heat by these nano-heaters can be controlled

by regulating the intensity and duration of oscillation of the

external magnetic field. However, the used NPs must be very

small in size to gain supermagnetic behavior, i.e., they lose

their magnetic power directly when the magnetic field is re-

moved. This is a momentous feature to prevent their aggrega-

tion which may lead to blockage of blood capillaries and pre-

vents their passage through the endothelium of the capillary

walls to the cancer cells. By the application of the external

electromagnetic field, heat can be generated with a tempera-

ture up to 42 °C which is usually enough for the denaturation

of intracellular proteins and the inactivation of the enzymatic

system inside the cancer cells (Ishizaki et al. 2016; Rivas et al.

2012; Walter and Carraretto 2016; Xu and Sun 2013). The

released heat leads also to the destruction of the extracellular

matrix which facilitates the drug penetration in the tumor cells.

Lab animal experiments revealed the death of 53% of the

colo-rectal cancer cells within 6 min, while only 5% of the

adjacent healthy tissues were affected (Revia and Zhang

2016). Taking into consideration the safety aspects and bio-

compatibility, the use of iron oxide–based core shells or in its

colloidal form draws greater attention in cancer therapy than

other nanoformulations (Banobre-Lopez et al. 2013).

The magnetic hyperthermia is also used as a smart on-

demand drug dosing tool where the drugs are coated with

thermolabile polymers which shrink by heat exposure leading

to intelligent/controlled drug release every time it is heated

through the external magnetic field (Banobre-Lopez et al.

2013; Piñeiro et al. 2015). Additionally, SPION enables si-

multaneous monitoring of drug delivery/distribution and tis-

sue response, so that the therapeutic interference can be ad-

justed according to the needs and results (Revia and Zhang

2016).

Other cancer therapeutic concepts were also developed and

displayed promising results. Among them, the photon activa-

tion therapy (PAT) is based on the direction of NP to the tumor

cells before being activated by synchrotron radiation (or X-

ray) to start a cascade of reaction. The released energy will

result in the formation of ionization tracks which destroy the

tumor cells. In laboratory animal experiments, tumor regres-

sion was reported within 2–4 weeks after treatment (Elgqvist

2017).

Photochemotherapy or photodynamic therapeutical assay

(PDT) was also developed. The assay depends on the use of

chemical substance (called photo-sensitizer), which produces

nascent reactive oxygen upon radiation with certain light

wavelengths. Tumor necrosis follows as a result of the cyto-

toxic effect of the nascent oxygen. The use of the PDTshowed

auspicious results especially in the treatment of skin cancer

(Gupta et al. 2016).

A third photon dependent approach is the photothermal

therapy (PTT)/plasmonic PTT (PPTT). The exposure of gold

NP to laser light converts the light to heat energy. The use of

gold NP in photothermal cancer therapy can be substituted by

iron oxide NPs which have a gold shell (hybrid NPs). The

delivered heat kills the tumor cells and causes necrosis of

the affected area without releasing oxygen in opposite to the

PDT (Revia and Zhang 2016; Turcheniuk et al. 2016).

Beside these physical approaches for cancer treatment, im-

munological assays were also investigated. Different NPs are

used for cancer immunotherapy which vary in their chemical

structure and mode of action. While some preparations can

directly activate the immune cells, or increase the immunoge-

nicity of the tumor cells, other preparations can prolong the

drug effect in the cancer microenvironment (Dobrovolskaia

et al. 2016). The concept of cancer immunotherapy is to mod-

ify T-lymphocytes in vitro to be able to express an artificial

signaling molecule (CAR). The modified lymphocytes gain

the ability to recognize and attack surface antigens expressed

by cancer cells only. The T cells are usually suppressed by the

programmed death-ligand 1 (PD-L1) protein produced by

many cancer types (e.g., prostate cancer). The protein sup-

presses the T cell migration, proliferation, and their ability to

produce cytotoxic mediators in order to kill the cancer cells.

The development of anti-PD-L1 protein enables the recogni-

tion of the cancer cells by the immune system and the mobi-

lization of immune cells to cancer microenvironment (Herbst

et al. 2014).

A major obstacle in cancer therapy is the presence of cer-

tain types of cancer which are very aggressive and can resist

conventional treatment. One of the futural aspects in cancer

therapy is the use of the gene therapy to shut off major cancer

regulatory genes. The main challenge in the approach is the

development of synthetic RNA fragments with short half-lives

in the circulation (Brede and Labhasetwar 2013). Cancer gene

therapy became one of the most promising concepts in tumor

treatment protocols. The treatment success degree depends on

the type of the cancer and its stage, the immune status of the

patient, and whether the gene therapy is given alone or

coupled with chemotherapy/radiation. The delivery of the ge-

netic materials into the nucleus is not an easy process. It could

be achieved by the aid of synthetic viruses as carriers of the
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genetic material. However, the application of NPs allows their

parallel use as therapeutic and imaging agents simultaneously

(Kozielski et al. 2016). Gene therapy of cancer usually targets

either the tumor-suppressor genes or the oncogenes such as

short hairpin RNA (shRNA) or the small interfering RNA

(siRNA) (Sridharan and Gogtay 2016). siRNA is a class of

double-stranded RNA molecules which is responsible for

mRNA cleavage. They are used in gene silencing in cancer

cells (Braicu et al. 2015; Jurj et al. 2017). NPs used in cancer

gene therapy are usually coated with a cationic polymer to

bind easily to the negatively charged DNA fragments on their

surface (Revia and Zhang 2016). Hepatocellular carcinoma

(HCC) is responsible for one million deaths every year, being

the second leading cause of cancer-related mortalities world-

wide. The use of siRNA to silence HCC gene expression is a

promising tool to treat HCC due to its high specificity, safety,

and efficiency. However, the rapid degradation of the siRNA

and its poor cellular uptake make the efficiency of its systemic

delivery very low. The siRNA has a high molecular weight

and negative charge which complicates the intracellular trans-

port to the endosomes. This obstacle can be overcome by the

use of the nanovector (NP-siRNA-GPC3 Ab). The vector was

developed by (Wang et al. 2016) and consists of an iron oxide

core covered by chitosan PEG–grafted PEI copolymer. The

NP is functionalized by siRNA. The complex is then conju-

gated to a monoclonal antibody specific for the glypican-3

(GPC3) receptor (Wang et al. 2016). Successful field trials

were carried out using NPs conjugated to siRNA where the

cyclic nanopeptide siRNA conjugated to the outer surface of

lipid-based carriers was able to target and penetrate the target

cancer cells. Following penetration, the peptides are enzymat-

ically processed by proteolytic enzymes of the cells to release

their payload in the cancer cells (Parvanian et al. 2017).

Advanced cationic polymer-decorated SPIO NPs containing

disulfide bonds in their structures were also proven to be high-

ly effective and safe for the delivery of nucleic acid or siRNA

into cancer cells (Li et al. 2014).

Recent works show that coupling the chemotherapeutic

agents to NP enhances their biocompatibility, provides speci-

ficity and selectivity to target tumor cells alone. In addition,

the NPs protect the drugs from degradation. All these factors

allow the administration of higher doses with fewer side ef-

fects. Among different investigated agents, the combination of

SPIONs with temozolomide (TMZ) and chlorotoxin (CTX)

increase their stability and specificity (Fang et al. 2015;

Revia and Zhang 2016).

In biotherapeutics, in opposite to chemotherapy, the NPs

are designed to deliver biological materials such as DNA,

s iRNA, pep t i d e s , o r even p ro t e i n s i n s t e ad o f

chemotherapeutical drugs in the cancer cells. Providing tumor

cells with healthy DNA to replace defective genes will result

in the expression of normal proteins instead of atypical ones.

The same goal may be accomplished by supplying the tumor

cells with siRNA or the required proteins. The delivered pro-

teins may enhance important cellular functions as cell apopto-

sis. The use of NPs to carry the biological materials protects

them from being attacked by the immune system (Revia and

Zhang 2016; Xing et al. 2014).

Radiotherapy is one of the oldest concepts of cancer treat-

ment. It depends on radiating the lesions with high doses of

radiation which damage the DNA of the cancer cells and

neighbor healthy tissues. At the time, radiolabeled NPs are

commonly used in cancer diagnosis and therapy. However,

serious concern about possible side effects may occur if the

radionuclides escape to healthy tissues. This may occur if the

binding between the radionuclides and the NPs is not stable

enough. Other concerns about possible contamination during

manufacturing and other health hazards for the workers were

also taken into consideration (Wu et al. 2017).

Some NPs own more potency for cancer than others such

as gold NPs, liposomes, hybrid systems, dendrimers, and

CNTs (Jurj et al. 2017) Nevertheless, the use of a cocktail of

a mixture of many anti-cancer nanodrugs with different ther-

apeutic concepts was shown to have greater therapeutic po-

tency (Casals et al. 2017), e.g., the use of a cocktail of NPs

could reverse the resistance of breast cancer to tamoxifen and

prevents further growth of the tumor by preventing the estro-

gen to bind estrogen receptors (Cho et al. 2013). Other cock-

tails were also designed to increase the intracellular drug up-

take and accumulation in the MDR cancer cells (Gao et al.

2017).

Gene and stem cell therapy and regenerative medicine

In gene therapy, the function of a defective gene is to be

replaced by a functioning variant of the gene. An integrating

or non-integrating exogenous genetic material is introduced

into the cell with the aid of special vectors in order to influence

gene expression in living organisms. Successful gene therapy

can be achieved via one of two approaches, either delivering

DNA to the cells suffering from genetic disorders or inherited

diseases to replace defective gene or delivery of therapeutic

nucleic acids to silence genes as in cancer therapy. For gene

therapy, anti-sense single-stranded 8-–50-bp oligonucleotide

complementary to the target mRNA is used. They are modi-

fied to resist inactivation by nuclease enzymes. Similarly, the

DNA aptamers can be used in gene therapy. These are 56-–

120-bp single-stranded nucleic acid which binds protein

encoding genes (Riley and Vermerris 2017; Sridharan and

Gogtay 2016).

For a long time, the viral vectors were used in gene therapy

to deliver genetic materials due to their high transfection effi-

ciency (Kamel and El-Sayed 2019). This application has

many concerns about their biosafety (oncogenicity, mutagen-

esis, and immunogenicity). The use of NPs as carriers for

genetic material is safer and allows loading with larger
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amounts of DNA. However, some challenges still face the

design of carrier NPs such as their penetration through the cell

membranes and to escape endosomal degradation following

their endocytosis. After endocytosis, the substances are deliv-

ered to the endosomes are identified, sent to the lysosomes for

degradation, or to the Golgi apparatus for processing, or re-

moved back via plasmamembrane (Gu et al. 2001; Luzio et al.

2007), So that, for successful gene therapy, the transported

genes must pass through the cell membrane, lysosomes, and

vector capsule without being degraded. For this purpose, bio-

degradable cationic polymers capable of endosomal escape

are used (Li et al. 2014; Manuja et al. 2012).

Intelligent NPs are used in gene therapy due to their ability

to protect the loaded DNA or RNA from degradation during

their journey and due to their capability to enter the cell nu-

cleus to deliver the genetic materials at their target. The intel-

ligent NPs have a special coat which breaks down when ex-

posed to certain environmental conditions present at their tar-

get organelle (Revia and Zhang 2016), e.g., iron oxide–cored

NPs coated by the cationic polymer polyethyleneimine (PEI).

The positively charged polymers bind easily to the negatively

charged DNA. The bioreducible cationic polymers are

biodegraded inside the cells. The PEI contains a disulfide

bond which is usually stable outside the cells. When the NP

enters the cell, the bond is cleaved by the glutathione leading

to the release of the genetic materials. An additional advantage

of the use of biodegradable polymers is their low cytotoxicity

(Son et al. 2011). Chitosan can be also used as a coating

material for particle stability, biocompatibility, and biodegrad-

ability (Cheng et al. 2011). Gold NPs are preferred for use in

gene therapy. The flexible surfaces enable better

functionalization and allow the DNA to be directly complexed

to the NPs (Sattler 2010).

Another tool for gene therapy is based on the use of cell-

penetrating peptides. They are cationic and/or amphipathic

peptides. They are maximum 30 A.A. and can penetrate the

cells with their load of RNA/DNA by energy depending en-

docytosis (Lehto et al. 2016). However, they have many dis-

advantages such as their low encapsulation efficiency, slow

endosomal escape, and poor stability when stored. They can

be loadedwith small RNAmolecules (miRNA/siRNA) for the

induction of gene silencing in cancer cells, as well as they can

be loaded with monoclonal antibodies to target antigens/cell

receptors (Jurj et al. 2017). miRNA are short (20–25 nucleo-

tides) single-stranded noncoding RNAs. They are responsible

for the regulation of the post-transcriptional gene expression

being implicated in cell differentiation, proliferation, metabo-

lism, tumorigenesis, and apoptosis. When conjugated to NPs,

they can restore normal gene expression or inhibit translation

of mRNA in target cells (Braicu et al. 2015; Jurj et al. 2017).

Stem cells are characterized by their restricted cellular up-

take; therefore, they are arduous to manipulate using conven-

tional non-viral vectors (Lakshmipathy et al. 2004). This

obstacle can be overwhelmed by the use of peptide-

conjugated gold NPs to deliver the DNA to target stem cells

(Peng et al. 2014). Many investigators studied the application

of fluorescent nano-diamond in stem cell therapy and regen-

erative medicine. The fluorescent nano-diamonds are natural

biocompatible nontoxic NPs (Wu et al. 2017).

Tissue engineering and prosthetic orthopedic implants

Nanomaterials can be engineered to replace diseased and dam-

aged tissues. Nanomaterials support tissue repair and regener-

ation, increase the durability and lifespan of implants, and

minimize possible side effects and risk of rejection. With the

aid of the nanomaterials, it is expected that artificial organs

can be manufactured to replace damaged organs or tissues in

the near future (Manuja et al. 2012).

Bone grafting is required in many cases when the condition

exceeds the internal potency for bone regeneration such as in

large scale injuries, infections, or tumors. Beside the bone

tissue, it must be taken into consideration that bones contain

in addition various proteins, such as collagen, fibronectin, and

laminin, extracellular matrix, and bone supporting tissues,

e.g., ligaments and tendons, which may need also large scale

repair/regeneration. At present, many synthetic matrixes are in

use; however, they suffer from implant material failure after

10–15 years due to various reasons (Zhang and Webster

2009). The used material should also be slowly bio-

absorbable to allow its gradual replacement with bone mate-

rials (Yi et al. 2016). Nanomaterials were developed to offer

biocompatible and safe surfaces which mimic natural bone

environment. The used materials should enhance the normal

healing process and the adhesion/proliferation of osteoblasts

should have enough mechanical strength, be porous to allow

transport of oxygen/ nutrients, and in the same time should not

toxic during implantation or later (Williams 2008). Multi-

walled carbon nanotubes were developed to be applied for

the repair of tendons and ligaments. The extracellular mate-

rials are replaced by hydrogel which enhances cell prolifera-

tion and vascularization (Sheikh et al. 2015). It is also pre-

ferred to coat the metallic implants with nanomaterials to min-

imize debris degeneration and advocating an inflammatory

response which prolongs the life expectation of the graft.

The nanomaterial can also be loaded with antimicrobial drugs

to prevent post-operative infections (Venkatesan and Kim

2014; Yi et al. 2016).

Immunization and vaccine production

For vaccine production, the NPs provide many advantages

compared with conventional vaccines and adjuvants. They

improve the solubility of hydrophobic antigens, have less

post-vaccinal side effects, afford a controlled sustainable
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release of the antigens, target directly the lymph nodes or

reticuloendothelial tissues, and require smaller volumes and

less number of doses (Dobrovolskaia et al. 2016). They can

also be constructed to be more immunogenic with adjuvant

properties, carry antigens of different pathogens at the same

time, and are safer to use. They are, in contrast to conventional

ones, not susceptible for degradation and are effective for

immunization against protected micro-organisms such as mi-

crobial spores. Successful trials to develop spore-based anti-

Bacillus subtilis and anti-clostridium tetani vaccines were

published (Manuja et al. 2012; Nordly et al. 2009).

Supplying the NPs with pathogen-specific antigens advocates

immune response. Some non-degradable biocompatible

nanocarriers have additional adjuvant effect such as the natu-

ral zeolite clinoptilolite (Dobrovolskaia et al. 2016). Through

mimicking the microbial antigens, NPs can stimulate active

immune response. They may be also designed to upregulate

definite genes responsible for the production of co-stimulatory

substances in the antigen presenting cells. Through this mode

of action, the immune response can be strengthened and

prolonged. Alternatively, the NPs may be designed to release

the loaded antigens gradually, which in turn increase the pro-

tection time (Mohantya et al. 2014; Nordly et al. 2009).

Nanovaccines and nano-adjuvants can be given separately or

combined in one shot to reduce the number of required doses.

Nanovaccines can be administrated via different routes which

offer more flexibility making them ideal for veterinary applica-

tions specially if a large number of birds or animals are to be

vaccinated (El-Sayed and Kamel 2018; Kamel et al. 2019).

Topical application of nanovaccines on mucus membranes re-

duces the pain/fear of injections and provides better target muco-

sal immunity in the target systems (e.g., intranasalMM to protect

the respiratory system) (Underwood and Van Eps 2012).

Nanotechnology allows the manipulation of the NPs to

specifically target the immune system (for vaccine prepara-

tion) or to avoid its stimulation (for other medical applica-

tions) (Dobrovolskaia et al. 2016). There are several factors

which determine the nature of immune response and the de-

gree of phagocytic clearance of the NP, such as the NP size. It

was found that NPs (20–200 nm) provoke strong CD4+ and

CD8+ Tcell responses while the sameNPs but with larger size

(> 500 nm) have more potential to induce interferon (IFN)-γ

and antibody responses. Meanwhile, the larger counterpart (~

1200 nm) NPs induced tumor necrosis factor (TNF)-α. This

difference is attributed to the preference of phagocytic cells to

clear certain size ranges, and NPs ranging from100–200 nm

are usually cleared by the Kupffer cells in the liver, while

larger NPs are cleared by the splenic macrophages. Other

factors which can also affect the degree of immune response

include the materials used in the manufacturing of the NP,

surface charge, and type of coating (Gbadamosi et al. 2002;

Rettig et al. 2010; Xiang et al. 2010). After intradermal ad-

ministration of small NPs (< 100 nm), they directly target LN-

resident dendritic cells (DCs), B cells, and macrophages. They

are carried to the LNs via lymph drainage or by cell-associated

migration. Meanwhile, the transportation of larger NPs is lim-

ited to their uptake by tissue-resident antigen presenting cells

(Manolova et al. 2008). NPs are also employed to suppress

undesired immune response and inflammation, e.g., the inha-

lation of carbon nanotubes results in systemic suppression of

humoral immune response while allergic reactions (type I hy-

persensitivity) can be inhibited by the administration of fuller-

ene derivative polyhydroxy C60 (Mitchell et al. 2009; Ryan

et al. 2007).

Alternative to NPs, non-infectious virus-like particles

(VLPs) can be used as carriers for the pathogen antigens or

synthetic nucleotides (Kamel and El-Sayed 2019; Troncarelli

et al. 2013). The VLPs are multiprotein structures similar to

the viral structural proteins without containing viral genetic

materials. They are safe and can be loaded with other antigens

from other pathogens in parallel. Trials to produce VLP vac-

cines against HBV and human papillomavirus delivered suc-

cessful results.

Executive summary and conclusion

The newly developed nanotechnological assays lead to a med-

ical revolution in the diagnosis and treatment of both infectious

and non-infectious diseases as drug-resistant pathogens, intra-

cellular pathogens, different cancer types, and even many

chronic non-infectious diseases. Various nanomaterials depend-

ing on the physical and chemical properties of their surface

have been applied for varieties of biomedical applications such

as drug delivery systems, optical imaging, bioimaging, biosens-

ing, and bone grafting. Nanotechnology promoted in parallel

advances in gene therapy and vaccine preparation. NPs have

many merits in immunization and vaccine production as for

instance they improve hydrophobic antigen solubility, have

fewer side effects following vaccination, sustainable and con-

trolled release of the antigens, target directly to the tissues, and

need smaller volumes and less number of doses and more. NPs

can also provoke active immune response carrying multiple

antigens from several pathogens without degradation. The na-

ture of these immune responses and the degree of phagocytic

clearance of the NPs are affected by size of NPs, the materials

used in manufacturing NPs, type of coating, and surface charge.
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