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Abstract

Intelligent nanomaterials can make dramatic changes in interdisciplinary medicine. They
have versatile biomedical applications that are discussed in this chapter. Typically, this
chapter focuses on five groups of intelligent nanoparticles and nanocomposites, including
polymeric, lipid-based, carbon-based, metallic, and hybrid materials. In each group, available
nanomaterials are introduced according to their ability to be controllably responsive to the
alteration of pH, light, temperature, stress, moisture, electric/magnetic fields, and other
external stimuli. Finally, the applications, limitations, challenges, and future trends of these

nanostructured materials are discussed.
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1. Introduction

New materials are being developed at an increasing pace to lay the foundation for new
advances within the realm of industry as well as medicine. Throughout history, biomaterials
have been used to treat diseases and improve health. Some of the first biomaterials included
gold for use in dentistry, while other examples include wooden teeth and glass eyes [1]. Also,
with the development of research and technology, nanosized particles were developed.
Nanoparticles are materials of 1—100 nm in size and have the potential to carry imaging
agents, molecular drugs, nucleic acids, and other constituents [2, 3]. Ancient Egyptians
exploited the use of nanotechnology, but the scientific experimentation and understanding of
nanomaterials came to fruition in the late 1900s. At nanoscale proportions, materials will
express different characteristics than their counterparts in larger dimensions, thus allowing
for use in biomedical engineering applications such as drug delivery, DNA labeling, and
cancer therapy [4]. On the other hand, intelligent nanomaterials were introduced, providing
additional functionalities to the material and becoming more useful and desirable under
specific circumstances. External stimuli can induce rapid and reversible changes in the
nanostructure of the particle, such as the behavior in an aqueous environment. Once the
stimulus is removed, the nanoparticle is able to return to its original state [5]. Thermo-
sensitive and pH-responsive nanoparticles have been used extensively; also, the conversion of
nanoparticles into nanocomposites makes their application in nanomedicine more valuable
[6]. The addition of smart ingredients can ultimately transform the nanoparticles into

permeation enhancers, guide site-specific accumulation, and provide dynamic control [7].
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Stimuli-responsive polymers have been of great interest in medicine for controlled drug
release, cell adhesion mediators, and enzyme function controllers as well as gene expression.
Solid lipid nanoparticles (SLNs) have also been used for controlled drug delivery, initiated by
transformation from a- to B-forms by means of a built in a trigger system [8]. Lipid-based
nanostructures have shown the least toxicity for in vivo applications. A number of intelligent
gels have been developed and can respond to prompts such as changes in pH, temperature,
and even specific molecules in the body including glucose. Such systems may be valuable in
areas of endocrinology and treatment of diseases such as diabetes. For instance, some provide
a direct feedback, causing insulin to be delivered in response to detected excess in glucose
[9]. Healthcare relies heavily on the development of new materials. Intelligent nanomaterials
are being investigated for use in diagnoses, screening, imaging, and regenerative medicine.
Biodegradable intelligent nanomaterials are being looked at for biomedical applications in
vivo, including temporary implants, carriers for drug delivery and tissue engineering
scaffolds. Polymer-based nanoparticles have been shown to be advantages in permeability
and retention and thus are good candidates for drug delivery systems. Different polymeric
systems exist including poly D,L-lactide-co-glycolide (PLGA), polylactic acid (PLA),
polycaprolactone (PCL), chitosan, and gelatin.

Shape memory metallic alloys have also been considered as promising intelligent materials
due to their function as sensors and actuators [10]. They can be integrated in textiles to
provide multifunctional garments in several health care or common applications. One such
example includes Nitinol wires used in recovering any shape and becoming superelastic.
Nitinol has also been explored for use in medical, biomedical engineering and micro-

electromechanical systems (MEMS) applications. Such intelligent metals have been
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recognized for use in orthodontic wires and vascular stents in addition to several other
applications. Additionally, buckminsterfullerene (C60) and carbon nanotubes (CNTs) have
been shown to undergo rapid, reversible changes in conformation and properties in response
to minor changes in their surrounding environments [11]. Carbon nanostructures have
benefits of low toxicity and biocompatibility. Thus, intelligent carbon nanomaterials have
been used in various fields including biomedicine, bioimaging, energy conversion optical
devices, and drug delivery.

Today, an important area of development is composite-nanostructured systems. One such
example is incorporating shape memory materials into other functional materials to form
hybrid composites, in which there would be benefits from each individual material. Shape
memory alloys alone have an inferior dynamic response and low efficiency. However,
ceramics such as piezoelectric have a superior dynamic response, although their
displacements are small and many of them are very brittle. Thus, a system of shape memory
alloys and piezoelectric ceramics can form smart hybrids that generate a larger displacement
than the conventional piezoelectric ceramics and have the improved dynamic response,
compared to monolithic shape memory alloys [12]. The design of such systems demands an
optimized specificity to attain controlled functionality and biocompatibility [13]. Hybrid
nanostructures as intelligent stimuli-responsive systems have been recognized for their use in
nanomedicine as drug delivery carriers, theranostics, and imaging agents.

In this chapter, we focus on the introduction and medical applications of polymeric, lipid-

based, carbon-based, metallic, hybrid, and composite nanostructures.
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2. Polymeric Nanoparticles

2.1. General Features

Several decades ago, drug delivery mechanisms were improved by nanoparticle
encapsulation and delivery, which would result in sustained release and efficacy [14].
Because of primitive complications following delivery, such as rapid clearance, surface
modification was necessary to improve clinical outcomes [15]. Surface modification is
especially advantageous in oncological treatments because it can enhance the selective
uptake capability of the delivery system in targeting of tumors [16]. In this regard, polymeric
compositions help to reduce adverse physiological effects [17]. Ease of surface modification
gives polymer-based nanoparticles a distinct advantage, which has drawn the attention of
many scientists [18].

Enhanced permeability and retention (EPR) are a quality of nanocarriers, which has made
them more suitable for certain medicinal areas [19]. Targeted accumulation, for example, can
manifest a large concentration of therapeutic agents within the hydrophobic polymeric
nanoparticles, due to localization near a specific site of pathology [20]. Water-insoluble
agents can become encapsulated in the polymeric micelle surrounded by its hydrophilic shell,
allowing the drug delivery system to travel through blood and other aqueous media [21].
Swelling also has a significant effect on drug release rate [22]. Mechanisms of drug release
include swelling from the osmotic effects of the aqueous environment followed by enzyme-
induced rupture, leading to drug release; however, the final end result of nanoparticle
targeting depends on specific physical characteristics [23], where characterization of these
systems are accomplished by advanced microscopy techniques [24]. Loading capacity and

drug release are dependent on the chemical nature of both drug and polymer [25]. Scientists
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can deduce the binding rate from adsorption isotherms [26]. Moreover, the manipulation of
polymer matrices can change the drug release action, and a direct proportion exists between
loading and release [27]. Copolymer blending can similarly be used to control the release
[28]. The overall goal of nanoparticle delivery should direct particle size and encapsulation
efficiency [15].

The therapeutic potential of polymeric nanoparticles and evidences behind their clinical
efficacy allow them to be widely focused on in both academic and industrial nanomedicine.
Being the most prevalent nanoparticle in therapeutic applications, their promise is evident in
oncology, immunology, endocrinology, orthopedics, and dentistry [29]. These biodegradable
carriers have been frequently used as drug delivery systems [30]. The efficacy of anticancer
drugs against tumors is enhanced by nanoparticle encapsulation [31]. The intelligent nature
of these nanoparticles promotes structural self-assembly into a micellar form with polymers
of different degrees of hydrophobicity [32]. The hydrophobic component of micelle
functions in pharmaceutical delivery stabilizes the structure in blood as a result of steric
protection [33]. Intelligent, polymeric nanocomposites can furthermore be stimulated for
drug release as a result of external stimuli, such as pH or temperature change [29]. The co-
delivery of multiple drugs or combination therapy is also possible, following polymeric
nanoparticle synthesis [34]. Biodegradable polymeric systems exhibit controlled and
sustained release, are safe and nonimmunogenic and can undergo encapsulation for

nanodelivery [35—37].
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2.2. Poly-D,L-lactide-co-glycolide

PLGA is an effective, synthetic nanoparticle that undergoes enzymatic hydrolysis to produce
metabolic products that are nontoxic [26]. Synthetic polymer nanoparticles have a dramatic
effect on the improvement of sustained release compared to natural polymers [20]. They
have demonstrably been incorporated in the development of bone implants and screws [38].
Nanoprecipitation is the most common method of synthesis for this type of polymeric
nanoparticles [39]. This polymer is frequently blended with alginate or chitosan to form a
composite which is useful for nanomedicinal purposes and commercialization [40-42].
PLGA was approved for human use by US Food and Drug Administration (USFDA),
especially in therapeutic anticancer treatments [15]. Insulin-loaded PLGA nanoparticles as
well as the incorporation of haloperidol, a drug used for acute psychosis, show a broad
spectrum of therapeutic applications [43, 44]. Furthermore, bacterial infections, such as
tetanus, and post-menopausal hormone therapy are relevant examples of PLGA nanoparticle

encapsulation and drug delivery [45, 46].

2.3. Polylactic Acid

PLA is a biocompatible, polymeric nanoparticle that can be prepared by solvent evaporation
[47]. Its role in antipsychotic drug encapsulation efficiency is notable, an increased
efficiency of approximately 95%, and supported by both in vitro and in vivo neuroleptics
[48]. PLA can drastically improve the blood circulation time of oridonin, which targets
malignant lymphoid cells for apoptosis [49]. Although no considerable advantage was seen

by its use, encapsulated PLA was used in pharmacological intervention in restenosis [50].
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2.4. Polycaprolactone (PCL)

PCL, which is commonly synthesized by nanoprecipitation, is the most profound case in long
lasting implantable instruments, because of its slow rate of degradation [26]. Similar to the
aforementioned polymeric nanoparticles, PCL is efficacious in cancer treatments and
improves both drug release time and sustainability, in addition to the encapsulation
efficiency of Tamoxifen [51]. It has been also used a carrier vehicle for insulin with a
positive glycemic response that preserves the hormone's bioactivity, ultimately proving
extremely useful for diabetics [52]. Amphotericin B (AmB) can cause fungal cell death, but
may also induce toxicity. PCL nanoparticle encapsulation with AmB not only increases the
effectiveness of the drug by sustained release but lowers also the associated toxic side effects

[53].

2.5. Chitosan

Chitosan is a natural polymer derived from exoskeletal chitin from arthropods, and methods
of its synthesis include ionotropic gelation and microemulsion [35]. It has been noted that
chitosan remarkably increases the absorption of insulin from gastrointestinal tracts after
encapsulation with hormone [54]. Nasal absorption of insulin was also enhanced in a rat
model when delivered in encapsulated chitosan nanoparticles [55]. Gastrointestinal
abnormalities, such as ulcerative colitis and Crohn's disease, can be targeted by cyclosporine
A (Cy A) inhibition of T-cell activation and a subsequent autoimmune response. Chitosan
has been effectively used in combination with the Cy A [56]. Furthermore, systemic
immunological responses targeting Diphtheria toxoid (DT) were greatly enhanced during in

vivo applications, as reported by van der Lubben et al. [57]. Chitosan-based nanoparticle
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applications in the literature are widespread and indicative of proven results in the treatment

of various pathologies, including ocular delivery and anticancer therapy [58].

2.6. Gelatin

The nontoxic and bioactive behaviors of gelatin, in addition to its widespread use in food
products, make it appealing for nanomedicinal uses [26]. It is derived from the degradation
of collagen protein [59]. Gelatin is a hydrophilic polymer that can swell in an aqueous
environment and is prepared with a variety of techniques, including desolvation and
emulsion [60]. Drug loading is achieved by incubation in the gelatin solution for a certain
period of time [61]. The biphasic drug release is characterized by initial, rapid burst release,
followed by sustained release as a result of slow diffusion [15]. Bovine serum albumin
(BSA) encapsulation maximizes the water absorption capability of gelatin nanoparticles to
approximately 70% [62]. Anticancer and anti-HIV drugs have been also encapsulated in
gelatin nanoparticles [63, 64]. These polymeric nanoparticles, in particular, are able to attach
to tumorigenic cells in a specific ligand—receptor interaction [65]. Because of the abundance
of collagen present in the eye, ocular drug delivery is another application of gelatin-based
nanoparticles, improving both stability and corneal penetration because of the polymer's
electrostatic interchange with mucin [59, 66]. It also holds tremendous promises in the

delivery of genes and peptide drugs [62].

2.7 Potential and Challenges

Several other polymers have been synthesized as nanoparticles with the competence to serve

as drug delivery systems. Despite not incorporated in humans due to its toxic byproducts,
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poly-alkyl-cyano-acrylates (PAC) encapsulation of antibacterial and anti-inflammatory drugs
is possible [67, 68]. With respect to the anticancer drug Ftorafur, encapsulation leads to
sustained release and larger loading capability [69]. Albumin is capable of encapsulating
liphophilic drugs and was approved for treating metastatic breast cancer approximately a
decade ago [70]. The histopathology of a tumor mediates uptake of nanocarriers [71]. The
abundance of albumin in the circulatory system is advantageous in its use as a tumor
detection vehicle and drug delivery in the central nervous system as it can cross the blood—
brain barrier [72, 73].

Although many therapeutic advantages exist for polymeric nanoparticle delivery, limitations
currently serve as an obstacle for the systems' maximum potential. For instance, problems
with encapsulation efficiency and other physicochemical properties limit the full use of
synthetic polymers, such as PLGA [74]. Loading efficiency, combination therapy,
biocompatibility, potential toxicity, sustained release rate, and clinical applications are all
factors that need to be taken into account when measuring drug suitability for patient uses.
Despite potential challenges, the wide variability in physiological targeting gives polymeric
nanocarriers tremendous attention.

Research is growing in the applications of polymeric nanoparticles in the treatment of
disease. Surface modification remains a rampant technique to improve the polymer's
applicability in the human beings. Surface modification has allowed these delivery systems
to cross the blood—brain barrier [75]. Potential has been seen in the prevention of restenosis
in postoperative recovery [76]. Vast anticancer therapy and lymphatic targeting have
attracted attention [77]. Drug regimens given to eradicate pathogenic gastrointestinal bacteria

can be lowered because nanoparticles can increase efficacy and mucoadhesivity [78]. Lastly,

10
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lungs can serve as an effective site of drug delivery in nanoparticle systems, given their
vascularity, mucosal permeation, and surface area [79]. The versatility of the aforementioned

systems and their desirable properties are continuing to improve the field of nanomedicine

[15, 80].

3. Lipid-based Nanoparticles

3.1. Different Types

In the past decade, nanoparticle systems significantly influenced the development of
pharmaceutical carriers. Liposomes [81], niosome [82], micelles [83], polymerosomes [84],
dendrimers [85], nanoemulsion [86], aptamers [2], carbon-based nanostructure [87], metallic
nanoparticle [88], etc. have been developed for therapeutic and diagnostic applications in a
variety of diseases including cancer. Clinical success in drug delivery systems needs to
include some important parameters: physical and biological stability, loading efficiency,
drug release profile, and, most importantly, minimum toxicity. Among all types, lipid-based
nanoparticles show the least toxicity for in vivo applications. Lipid-based nanoparticles
mainly include: liposome, niosome, micelle, nanoemulasion, and SLNs.

Among the various lipid-based formulations, liposomes are one of the most traditional.
Liposomes and niosomes are self-assembled colloidal systems obtained by hydration of
amphiphilic molecules above the phase transition temperature. To increase the bilayer
stability and reduce aggregation, cholesterol and charged phospholipids are often added. The
commonly obtained type of vesicles includes: multilamellar vesicles, unilamellar vesicles,

and multivesicular vesicles. Due to their biocompatibility and capability of loading both

11
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hydrophilic and lipophilic drugs, vesicular drug delivery systems are widely used in the
pharmaceutical fields [89]. Another colloidal systems is micelles. Micelles are the simplest
molecular assembly formed by amphiphilic molecules. Liposomes are composed of lipid
bilayer, while micelles are closed lipid monolayers with a fatty acid core and polar surface.
The micellar shape can be changed from spherical to ellipsoidal or rod like. Micelles can be
mainly divided into three categories: lipid micelles, polymeric micelles, and lipid—
polymeric hybrid micelles. Lipid micelles are formed from small amphiphilic molecules of
surfactant [90]. Amphiphilic block copolymers can form polymeric micelles, and lipid-
polymeric hybrid micelles are composed of amphiphilic lipids, which may be advantageous
in both of them [83, 91, 92].

In comparison with liposomes, niosomes and micelle nanoparticles, SLNs introduced in the
early 1990s represent an alternative carrier system to the traditional colloidal carriers
discussed above. SLNs offer the following advantages: ease of preparation, low cost, long-
term physical stability, and versatile chemistry. The preparation of SLNs can be achieved by
micro-emulsion, high-pressure homogenization, W/O/W double emulsion, ultrasonication,
and solvent-evaporation methods [93]. SLN mainly offers slower drug mobility than liquid
systems like nanoemulsion. Eventually, nanoemulsions consist of a fine oil-in-water
continuous phase, with nanosized droplets in the range of 10—100 nm in size [94]. Long-
term stability, high solubility of drug molecules, and ease of preparation make them versatile
as a drug delivery tool [95]. The methods of nanoemulsion formulation generally require a
"high-energy" process, such as ultrasonication or high-pressure homogenization, to break

down the large droplet to a smaller size [86].

12
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3.2. Applications

Stimuli-sensitive drug delivery nanocarriers have received a great deal of attention, due to
the fact that they can deliver the cargo at the desired time and to the desired location. The
mechanism of triggering, mainly due to the pathological changes, occurs in tissues [96].
Tumorigenic regions demonstrate a lowered pH [97], higher temperature [98], greater redox
potential [99], and particular enzymes. These parameters are called "intrinsic stimuli" since
there are local stimuli within the tumor tissue. On the other hand, drug delivery systems take
advantage of induction in the desired region by externally applied stimuli, including
temperature change, magnetic fields, ultrasounds or near-infrared (NIR) light, which are

referred to as "extrinsic stimuli" [100].

3.2.1. Intrinsic Stimuli

The importance of pH-sensitive nanoparticles encompasses their ability to deliver the cargo
drugs to the site of pathology. Diseases wherein pH-sensitive drug delivery systems are
promising include: peptic ulcers, asthma, and cancer [101]. This can be achieved by two
strategies: using polymers containing at least one ionizable group undergoing conformational
or solubility changes in the response to environmental pH changes, and designing polymeric
systems containing acid-sensitive bonds undergoing break-down to achieve pH-assisted on-
demand control release [84]. Other pathological changes in tumorigenic regions alter the
expression of some specific enzymes in the extracellular environment.

Enzyme-mediated drug delivery is mainly related to the change in the expression profile of
specific enzymes in pathological conditions. The expression of specific enzymes like

phospholipases, proteases or glycosidases is often greater in pathological tissues, such as the

13
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sites of inflammation or cancer [102]. This exploits the designed nanoparticles that respond
to altered enzyme gradients in pathological tissues [102]. Enzyme-triggered systems exist in
the microenvironment of tumor. Matrix metalloproteinases (MMPs), especially MMP-2 and
MMP-9, are the most studied enzymes for on-demand enzymatic drug delivery [100]. Recent
studies have reported the use of MMP's cleavable linker between polyethylene glycol (PEG)
chains or transactivator of transcription (TAT)-functionalized liposomes [103].

Moreover, redox-sensitive systems relate to the breakage of disulfide bonds in the presence
of glutathione. The triggering drug release depends on the amount of glutathione in
intracellular and extracellular compartments. This may be achieved by designing disulfide
links in the backbone of the hydrophobic polymeric component [104]. The other approach
may be related to incorporated glutathione-sensitive agents in the core or in the shell of
nanoparticles, such as micelles [105, 106]. Table 1 summarizes the most popular intrinsic

stimuli-sensitive lipid-based nanoparticles.

Table 1. Examples of intrinsic stimuli sensitive lipid-based drug delivery systems.

Intrinsic Stimulus  Nanoplatforms Components Content Results Ref.
PDMA-b-
-, . PDPA Bcl-2 siRNA/ Overcoming MDR,
pH sensitive Micelle di-block Paclitaxel Bcl-2 down regulation [107]
copolymers
Enhanced the
. transfection
pH sensitive Micelle DOPE-PEI D?ﬁ;riblcm/ efficacy/improved [108]
s biocompatibility /
Overcoming MDR
ethylene . .
gl(yco}ll)- Triggering drug
pH sensitive Micelle poly(aspartate Doxorubicin rele.:a'se under 10W P H [109]
hydrazone- condl?lon/ greater in vivo
a drizmycin) antitumor efficiency
Hyrdazone bond
Folate cleaved
. . conjugated—poly . at low pH/ enhanced
pH sensitive Micelle (aspartatehydra Doxorubicin cellular uptake and [110]
zone-adriamycin) cancer cell toxicity

14
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pH sensitive

pH sensitive

Enzyme
sensitive

Enzyme
sensitive

Enzyme
sensitive

Redox
sensitive

Redox
sensitive

Redox
sensitive

Redox
sensitive

Liposomes

Liposomes

Liposome

Micelle

Liposome

Micelle

Micelle

Micelle

Micelle

Dioleoylphosph
atidylethanolamine
/ PEG

Egg
phosphotidylcholin
e /transferrin /pH-
sensitive fusogenic
peptide

PEG2000-
peptid sensitized to
MMP-2, DODAG,

DOPC, Chol

PEG-pp-PEI-
PE

DPPG,DPPC,D
PPE-PEG2000

poly-(ethylene
glycol)-b-
poly(lactide-co-2-
methyl-2-
carboxyl-propylene
carbonate)
Poly
(cystaminebisacryla
mide-
diaminohexane)
with arginine
grafted
Cationic
amphiphiles
synthesis from o-
lipoic (6,8-thioctic)
acid

siRNA-S-S-
PE/PEG-PE

Doxorubicin

Mastoparan

siRNA

Paclitaxel/
siRNA

siRNA

Daunorubicin/
Oxaliplatin

Paclitaxel/
DNA

Plasmid DNA

siRNA

Enhanced
intracellular
drug delivery/
enhanced cell toxicity

Enhanced cellular
uptake/ triggered drug
release

Enhanced delivering
nucleic acid to cell gene
silencing

High load of siRNA
and paclitaxel, enhanced
passive targeting,

Efficient triggering
release, enhanced cellular
uptake

enhance cellular
uptake /Improved
transfection of SIRNA

Lower systematic
toxicity/ increase
synergistic effect both in
vivo and in vitro

Low cell toxicity /
increase cellular uptake

Increased transgene
expression/ triggering
DNA released

Cytotoxicity
decreased/
gene silencing
increased

(111

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

3.2.2. Extrinsic Stimuli

Thermo-sensitive drug delivery is one of the most investigated exogenous stimuli-responsive

strategies. Thermo-responsivity of nanoparticles usually leads to a sharp change in at least

one component of the nanoparticle upon temperature changes, resulting in triggered drug

release. Ideally, the nanoparticles should be stable throughout blood circulation, but they also

release drug cargo in a mildly hyperthermic state (~40-42 °C) [100].



This is the accepted manuscript (postprint) of the following article:

M. D. Fahmy, H. E. Jazayeri, M. Razavi, M. Hashemi, M. Omidi, M. Farahani, E. Salahinejad, A. Yadegari, S.
Pitcher, L. Tayebi, Biomedical applications of intelligent nanomaterials, Intelligent Nanomaterials, 2 (2016)
199-245.

https://doi.org/10.1002/9781119242628.ch8

Heat-triggered systems generally include liposomes, micelles, or polymers. Thermo-
sensitivity for liposomes mainly arises from a gel-to-liquid phase transition of the constitute
lipids, such as dipalmitoylphosphatidylcholine or lysolipids [100]. Another approach to
sensitizing liposomal carriers to temperature is the incorporation of synthetic polymers in the
membrane, where they act as a disruptive agent in a lower critical solution temperature
(LCST) to 40 °c [120]. The following polymers have been added to sensitize liposomes to
temperature: poly(N-substituted acrylamides), poly(N-vinylethers), and poloxamers [121].
Thermo-sensitive polymeric micelles are composed of self-assembled thermo-sensitive
amphiphilic block copolymers. Moreover, iron oxide (10) nanoparticles, along with
alternative magnetic fields, can induce hyperthermia-triggered drug release.

A magneto-response nanoparticle consists of a magnetically active component within a stable
pharmaceutical formulation [122]. The magnetic nanosystem can serve as a magnetic
guidance under externally applied permanent magnet or/and nano heat generator to control
the drug release when an alternating magnetic field is applied. Sensitized magnetic fields are
more often imparted by incorporating magnetite or maghemite to nanoparticles [123]. The
biomedical application of magneto-responsive nanoparticles includes bioseparations,
magnetofection, drug targeting, magnetic resonance imaging (MRI), and magnetic
hyperthermia [122]. Magnetically responsive lipid-based nanoparticles consist of nanosized
magnetic cores enwrapped by lipidic shells and include phospholipids, surfactants, and
polymers.

One of the other extrinsic stimuli systems is light potential-sensitive systems. In the past few
years, a variety of radiation-based drug delivery mechanisms have been developed. Photo-

responsive drug delivery systems can be primarily divided into two categories. The first is
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the delivery of photosensitizers using conventional nanoparticles and the second is the design

of light-assisted on-demand control release in response to a specific wavelength (in the

visible, ultraviolet or NIR regions) [100]. Liposomal nanoparticles offer the ability to

encapsulate hydrophobic photosensitize agents [124]. Photo-sensitive lipid molecules

provide light-sensitive liposomal drug delivery systems with stable sustained release during

circulation and localized photo-triggered drug release to desired sites [125] (Table 2).

Table 2. Examples of extrinsic stimuli sensitive lipid-based drug delivery systems.

E)ftl‘lnSlC Nanoplatforms Components Content Results Ref.
Stimulus
DPPC, DC-Chol, DOX/ Enhanced in vivo and
Thermo sensitive  Liposome DOAB, cholesterol SATBI- in vitro inhibition cell [126]
and ShRNA growth
magnetic fluid Fe3O4
.\ . Neomycin Enhanced triggering
Thermo sensitive  Liposome DPPC/DSPC Methotrexate  drug release [127]
.\ . DPPC/lyso-PC/DSPE- Doxorubicin/ ..
Thermo sensitive  Liposome PEG2000 Cisplatinum Enhanced cell toxicity — [128, 129]
Triggered doxorubicin
. . DPPC/DSPE- .
Thermo sensitive ~ Liposome PEG2000/Chol/ELP Doxorubicin rele.age/ Enhanced cell [130]
toxicity
E?Ii}(/IAnlf/fP C})))(_I];I_PMAm)- Increased drug
Thermo sensitive ~ Micelle p(HPMAm-Bz-co- Paclitaxel (s:tizrl‘(t:nlll;ifion during [131]
HPMAm-Lac) 4
Anionic Increasing
dendrimerphthalocyani doxorubicin  release
. . . ne .. during photoirradiation
Light sensitive Micelle /' PEG-PLL block Doxorubicin in vitro and in vivo [111]
copolymer
g}}:(l))l(ejs/terol HSPC/ Increased cell toxicity/
Light sensitive Liposome /DSPEPEG2000/  Au Doxorubicin Incr§ased antitumor [132]
. efficiency
nanoparticles
DSPC/ cholesterol/ High efficient cancer
Light sensitive Liposome Pyro-lipid/ DSPE-  Doxorubicin & [133]
cell treatment
PEG-2K
N-succinyl-N’-4-(2- Increased loading
Light sensitive Micelle nitrobenzyloxy)- Doxorubicin  efficiency/ improved [134]

succinyl-chitosan
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micelles ability
Transferrin
. Enhanced
Magnst ° Liposome conjugated-EPC/ SPION transmigration to [135]
sensitive cholesterol/ blood-brain barrier
mPEG2000-DSPE
.. Triggered drug release
Magneto . Doxorubicin/ :
sensitive Liposome DPPC SPION during exposure to the [136]
magnetic field
poly(2-vinylpyridine) /
Maeneto poly(ethylene oxide)/ Efficient hyperthermia
gnet Micelle poly(glycidyl methyl Maghemite during AC magnetic [137]
sensitive .
ether-co-ethyl glycidyl fields exposure

ether)

3.3. Potential and Challenges

Nanocarrier design efficacy and payload delivery to desire cells are still a challenge in
pharmaceutical researches. Compared to nonstimuli-sensitive drug delivery systems, stimuli-
sensitive nanoparticles offer more advantages to efficiently control the drug release and
enhance drug accumulation at desired sites. Despite the great progress in stimuli-sensitive
drug delivery systems, there are still considerable problems to overcome, including low
specificity and insufficient sensitization to the extrinsic and intrinsic stimuli [138].

Thus, the improved design and characterization of the nanoparticles are needed. By
combining several stimuli-sensitive moieties and by functionalizing the nanoparticles with
specific ligands, improvements in the efficiency of pharmaceutical drug delivery systems are

possible.
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4. Carbon Nanostructures

4.1. General Feature

Carbon is unquestioningly one of the most abundant and useful elements in our universe. By
altering the combination of sp, sp?, and sp? carbon atoms, a broad extent of carbon allotropes
including carbon structures and nanostructures would be accessible. Carbon nanostructures
have attracted a great deal of attention as new materials with excellent properties and
superior applications in a variety of fields over the last two decades. All of the carbon
nanostructures could be structurally categorized in one group, which consists mainly of sp?
carbon atoms settled in a hexagonal composition. However, they may have different
morphologies, sizes, and shapes. Also, they generally have some ordinary properties due to
the fact that they are made up primarily of a unique atomic arrangement.

Carbon nanostructures can be dimensionally divided into four main categories. The first
group of carbon nanostructures is known as OD carbon nanostructures, which consist of
fullerenes, carbon dots (CDs), and graphene quantum dots (GQDs). The second group is
defined as ID carbon nanostructures, which is mostly comprised of CNTs and carbon
nanofibers (CNFs). The third category of carbon nanomaterials can be called 2D carbon
nanostructures, which is approximately, embraced graphene, graphene oxide (GO), reduced
graphene (rGO), and multilayer graphitic sheets. Finally, there are some specific carbon
nanostructures with three dimensional structures that are chiefly made up of CNTs and
graphene hybrids, 3D carbon microspheres, and 3D graphenic superstructures.

In general, carbon nanostructures have several applications in different fields including

biomedical engineering, biomedicine, drug delivery, biosensors, bioimaging, catalysis and

19



This is the accepted manuscript (postprint) of the following article:

M. D. Fahmy, H. E. Jazayeri, M. Razavi, M. Hashemi, M. Omidi, M. Farahani, E. Salahinejad, A. Yadegari, S.
Pitcher, L. Tayebi, Biomedical applications of intelligent nanomaterials, Intelligent Nanomaterials, 2 (2016)
199-245.

https://doi.org/10.1002/9781119242628.ch8

photo catalysis, energy conversion and storage, solar calls, batteries, composites, and

electrical and optical devices.

4.2. Zero-dimensional Carbon Nanostructures

Generally, zero-dimensional carbon nanostructures are usually made up of sp? carbon atoms.
However, they may contain some sp> carbon atoms at edge planes or defect structures.
Fullerenes are one of the most well-known zero-dimensional carbon nanostructures, which
has commenced the discovery of other carbon nanostructures. Fullerenes can be considered
as the smallest carbon nanostructure. They are synthesized from graphite by different
methods, such as laser irradiation, plasma discharges, chemical vapor deposition (CVD), and
arc discharge [139-141]. Other important OD carbon nanostructures are called CDs, which
contains carbon nanodots, GQDs, and polymer dots. CDs were discovered by Xu et al. [142]
during synthesizing single-walled CNTs (SWCNTSs) by means of the arc discharge method.
Respecting the earlier mentioned consideration, fullerenes as zero-dimensional carbon
nanostructures have extraordinary conduction in a wide range of temperatures due to its
crystallinity [142]. Moreover, because of its proper functionalization, fullerenes have been
lately utilized in biomedical applications, liquid crystals, and hydrogen storage [139-142].
Carbon quantum dots, GQDs, and polymer quantum dots as another kind of the OD carbon
nanostructures have been extensively studied recently [143]. These attractive carbon
nanostructures have countless features such as low toxicity and biocompatibility compared to
metallic quantum dots, have easy synthesis approaches, excellent solubility in water and
other solvents, superior optical properties with low photobleaching, facile functionalization,

and so forth [139-141]. It has been shown that, because of strong fluorescence and
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photoluminescence which can be achieved by these nanostructures, they can be used in a
variety of fields, especially those that are related to optical properties such as bioimaging,
photo catalysis, and biological labeling. For instance, superior optical and fluorescence
properties of CDs make them attractive to produce TiO /C-dots and SiO /Cdots in order to
convert the sunlight spectrum to a desired wavelength for the degradation of pollutants such
as poly aromatic hydrocarbons (PAHs) [140]. Also, owing to its strong selectivity,
sensitivity, and photostability, CDs and GQDs are used as novel and extremely accurate
probes for the detection of heavy metals such as Hg, Ni, Cr, and Pb. Furthermore, this type
of OD carbon nanostructure has been widely utilized for bioimaging, due to its low toxicity
and excellent emission—excitation behavior in living cells [139-142].

Drug delivery is another important applications of the CDs family. Due to its various
chemical functional groups, the combination of CD nanostructures with magnetic
nanostructures such as Fe304 and Fe203 can be used as an applicable structure in order to
improve a drug's release, control, and delivery [142]. Energy-related harnesses are another
significant application of CDs, which broadly includes organic photovoltaic cells (OPVs)
and solar cells. As aforementioned, CDs and GQDs absorb a wide range of wavelengths and
convert it to a desired wavelength. This potential application provides an opportunity for
researchers to focus on these nanostructures as smart materials for energy conversion in solar
cells. Also, tunable band gap characteristics of CDs and GQDs make them alluring

nanostructures for OPVs [140, 142, 143].
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4.3. One-dimensional Carbon Nanostructures

One-dimensional carbon nanostructures are mainly comprised of cylindrical or tubular
nanostructures with sp? carbon atoms in a hexagonal network. CNTs are one of the well-
known ID carbon nanostructures, discovered in 1991. CNTs are made up of graphene sheets
which are combined to form a tubular or cylindrical shape with diameters about 0.5—10 nm
and micrometer length [143]. This feature increases the aspect ratio (L/D) of CNTs. With
respect to the number of graphene like sheets in the CNTs, they are divided into three main
categories: SWCNTs, double-walled CNTs (DWCNTs), and multi-walled CNTs
(MWCNTs). CNFs are another group of carbon nanostructures [144—146]. Due to the fact
that CNFs are mainly based on sp? carbon atoms, they are structurally like CNTs except in
diameter [147]. The diameters of CNFs are ranged between 50 and 200 nm; however, CNFs
have a high aspect ratio. Furthermore, CNTs have a hollowed composition and are vacant
cylinders. On the contrary, CNFs do not have these properties, as a principal difference
between these carbon nanostructures [147, 148].

CNTs as the main member of the one-dimensional carbon nanostructures have tremendous
applications. Because of their high strength and suitable electrical properties, CNTs and
CNFs have been used for producing composite materials and in the electronic industry,
respectively. Regarding their high aspect ratio, CNTs are convenient nanostructures as
polymer additives to make nanocomposites, enhancing physical and chemical characteristics.
Environmental applications such as air and water purification have been successfully
reported. Considering their high surface area and adsorbent capacity, CNTs can be used as
adsorbents for the removal of organic and inorganic pollutants [145—147]. CNTs have been

greatly applied as catalysis supports in different chemical reactions such as gas to liquid
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reactions (GTL), desulfurization, oxygen reduction reactions, and so on. CNTs have also
broadened a new horizon in biomedical applications, such as gene and drug delivery,
bioimaging, and in biosensors. Energy storage and energy conversion are another application
of the one-dimensional carbon nanostructures, such as lithium batteries, fuel cells, solar cells,

and super capacitors.

4.4. Two-dimensional Carbon Nanostructures

The most prominent two-dimensional carbon nanostructure is graphene. Graphene is known
as the thinnest and strongest substance that has been ever discovered. Graphene sheets are
composed of a two-dimensional sheet, in which sp? carbon atoms are bonded to form a
honeycomb lattice. Graphene has a numerous physical and chemical properties such as high
surface area, appropriate electrical conductivity, suitable transparency, proper
biocompatibility, high mechanical strength and so forth [149—151]. Owing to its
extraordinary and unique characteristics, scientific researches on graphene have been
conducted in various fields.

One of the most important issues in synthesizing carbon nanostructures is aggregation.
Graphene sheets tend to stick toward each other through weak van der Waals interactions. If
graphene sheets aggregate, the properties will be changed. Thus, it would be very essential to
prevent aggregation by means of mechanical exfoliation. Graphene could be produced by
different methods. In a general manner, the synthesis of graphene can be classified into three
main techniques, as briefly described below. The first and common method is chemical-
based techniques, one of the most well-known approaches is called Hammer's method. Also,

there are many different modifications or improvements on this method, which makes it
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attractive for researchers. Briefly, in this method, graphite as the carbon precursor is used
and oxidized in concentrated sulfuric acid with KMnO4 as another oxidant. In addition, after
holding the reaction at a desired temperature for a period, the GO sheets are separated by
adding water and oxygen peroxide. Consequently, the GO should be washed by hydrochloric
acid in order to remove any manganese residue and finally should be washed with the
copious amounts of water to reach the neutral pH value [152]. Chemical-based approaches
can be used to produce a large amount of graphene, although some of these techniques need
especial and precious materials. The second method is called CVD, in which graphene is
usually synthesized with graphite target. The greatest advantage of the CVD method is the
lack of any metallic residue that is an issue in chemical-based methods. The third method for
the preparation of graphene is named exfoliation. As mentioned earlier, in order to maintain
the superior properties of graphene, the sheets should be individually separated. Therefore,
due to the fact that the graphite is naturally made up of graphene sheets which are held
together with van der Waals' interactions, exfoliation separates graphene sheets by breaking
these weak interactions [153, 154].

Owing to the striking characteristics of graphene and its by-products, it has an extended
scope of applications and is utilized from technological applications to medical ones. Some
important applications include field effect devices, energy storage and conversion systems,
sensors including bio and electrochemical sensors, transparent electrodes, solar cells and fuel
cells, nanocomposites, and biomedicine. lhe technological applications of graphene are
preliminary comprised of electrical and optical properties. For example, there are numerous
reports on field-effect transistors (FET) biosensors, which can be used as precise biosensors,

rather than electrochemical biosensors that have become obsolete [153—155]. There are
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several kinds of transistors that are affected by the discovery of graphene, including
photosensitive transistors, spin transistors, ballistic transistors, etc. Transparency of graphene
sheets is another crucial feature of this kind of the superstructure material. The combination
of graphene sheets with transparent polymers, such as polymethyl methacrylate (PMMA),
can lead to appropriate nanocomposites with a multitude of applications in electronic devices
and transparent electrodes.

From medical and biomedical perspectives, graphene, GO, functionalized graphene, and
other derivatives of graphene have exhibited practical applications, including disease
diagnostics, bioimaging, cancer targeting, tissue engineering, drug delivery, cancer therapy,
gene delivery, antibacterial and antiviral materials, and so forth. For instance, due to its high
specific surface area and excellent chemical functional groups, GO and functionalized GO
has shown promising results for the delivery of water insoluble anticancer drugs.
Furthermore, extraordinary optical characteristics of graphene and its family members
inaugurates a novel method for cancer therapy. For example, the appropriate absorption of
wavelength in NIR range introduces graphene and its derivatives as promising photothermal
carbon nanostructures which can be used for in vivo cancer therapy. The existence of edge
planes and defect structures on graphene sheets makes it thoroughly outstanding and
effective as antibacterial materials. It is believed that, the antibacterial behavior of graphene
sheets is provided by a possible interaction between bacteria and graphene sheets. In addition
to these considerations, graphene sheets are a unique candidate for sensors and biosensors,
because of its exceptional selectivity, sensitivity, and conductivity. Since graphene has

demonstrated a great potential for surface modification and manipulation, it has shown that
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the biocompatibility of graphene and its related production is much more than other carbon

nanostructures such as CNTs, CNFs, and fullerenes [152-155].

4.5. Three-dimensional Carbon Nanostructures

Three-dimensional carbon structures mainly contain diamonds and graphite. Three-
dimensional carbon nanostructures are usually synthesized with graphene sheets as 2D plates
and CNTs, CNFs, carbon nanohorns, and other ID carbon nanostructures [156]. Owing to the
fascinating chemical and physical characteristics of these nanostructures, numerous works
have been reported on hybridized CNTs and graphene as three-dimensional carbon
nanostructures. Three-dimensional carbon nanostructures have higher surface area because of
an additional dimension [156], and chemical vapor is commonly used for its production. It is
believed that if the one-dimensional carbon nanostructures are placed vertically onto
graphene sheets, it would be more desirable for specific applications such as drug delivery
and catalysis.

Three-dimensional carbon nanostructures are based on hybridizing zero-, one-, and two-
dimensional carbon nanostructures which represent a novel structure with the characteristics
of their components. Three-dimensional carbon nanostructures like other types of the carbon
nanoallotropes have multiple applications in various fields of science and technology. The
combination of graphene and fullerenes has been recently investigated as convenient
superstructures for photovoltaic cells. Hybridizing graphene sheets with one-dimensional
carbon nanostructures including CNTs and CNFs provides an opportunity for electronic
industry to increase the performance of transistors, light-emitting diodes (LED), and

composite materials. On the other hand, there are numerous publications which indicate the
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application of 3D carbon nanostructure as support catalysis for energy conversion in fuel
cells. The small size of CDs and GQDs makes them striking candidates for combination with
other carbon nanostructure to improve their performance in biological and technological

applications [156].

4.6. Potential and Challenges

Considering the earlier discussion regarding carbon nanostructures and their related
applications, it is found that the potential usage of these precious materials has been regarded
to a great extent in science and technology. As the number of carbon nanostructures and their
derivatives increases, the probability of replacing obsolete materials with carbon
nanostructures will be raised. However, there are some barriers which have hindered the
comprehensive exploitation of these smart materials. One of the most important challenges is
the purification and large-scale production of carbon nanostructures. Nonetheless, there are
some attempts to produce carbon nanostructure, especially CNTs and graphene in an
enormous scope for different applications. It is noteworthy that the future of science and
technology relies heavily on the development and utilization of sophisticated materials

including carbon nanostructures.

5. Nanostructured Metals

5.1. Nitinol

Shape memory alloys as intelligent materials in reconstructive surgery are gaining growing

interest [157]. Among them, NiTi shape memory alloy has outstanding sensing-actuating
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behaviors. Suitable biocompatibility, fine corrosion resistance and promising
osteoconductivity have been reported particularly for NiTi porous alloys [158]. NiTi alloys
show a combination of shape memory and superelasticity, making this alloy especially
promising for cardiovascular stents. NiTi stents are able to elastically recoil to their original
shape after being crushed entirely with no variation of the lumen diameter, because the
elasticity of NiTi is approximately 10 times higher than that of the stainless steel material
currently used in medical devices [159, 160]. This alloy is being used in the form of powder,
wire, bulk, surface treated bulk, and porous scaffolds. Here, we aim to discuss the
aforementioned structures and the effect of nanotechnology on the improvement of their
biological characteristics.

Micro- and nanostructured features on the surface of dental implants and stents commonly
present particular behaviors. Samaroo et al. [161] synthesized NiTi alloys with different
micron to nanometer surface roughness by using different particle sizes of NiTi powder. The
results of endothelial cell culture indicated that endothelial cells adhered much better on fine
grained compared with coarse grained NiTi compacts. Moreover, cells proliferated more on
NiTi with greater sub-micron and nanoscale surface roughness, compared with coarse
grained NiTi. It was also confirmed by using molecular dynamics simulations that certain
single-crystal face centered cubic (FCC) metal nanowires can show both shape memory as
well as pseudo elastic properties [162]. The mentioned properties are for nanoscale
phenomena that are not detected for bulk metal, showing that metal nanowires may be
employed in future nano- and microscale structures as self-healing materials. Shape memory

nanowires would comprise an improvement over bulk alloys in multiple respects, including
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the ability to sustain larger tensile stresses, having more than 40% reversible strains, as
compared to about 10% for bulk alloys [163].

Mechanical alloying and sintering processes are production techniques for making
nanostructured materials [164—182], which have been used for NiTi alloys. Highly
crystalline ultra-pure nanoparticles developed by mechanical alloying—combustion
synthesis give a high surface area, desirable for enhanced osteoconductivity. High energy
milling is an innovative approach to producing nanocrystalline NiTi materials. During the
milling process, nanometer-scale component interactions are carried out at atomic planes.
Biological characteristics including biocompatibility, bioactivity and biodegradability seem
to be controllable with milling speed/ time, compression pressure, and sintering
temperature/times. NiTi shape memory alloys can be developed from both elemental and
mechanically alloyed aggregate compacts [158]. Also, laser ablation in liquid is known as a
technique to create colloidal shape memory alloy nanoparticles. The generation of NiTi
shape memory alloy nanoparticles for surface coatings was demonstrated as an effective tool
giving access to nanomaterials for biomedical usages. Cell adhesion has been observed on a
surface coated with laser generated NiTi nanoparticles [157].

Due to the shape memory effect, superelasticity, biocompatibility and a high damping
capacity, intelligent metals are being used in several applications, in particular for biomedical
engineering and MEMS [183]. They have attracted much attention for orthodontic wires,
vascular stents, orthopedic implants, and eyeglass frames. Additionally, the application of
nanotechnology can improve success rates of implants for orthopedic and dental applications.
NiTi possesses both mechanical and thermal shape memory behavior; thus, NiTi vascular

stents can unfold once exposed to the convective heat flow of blood. Moreover, the elasticity
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of NiTi presents a high flexibility, which is beneficial for delivering the stent to the vascular

site [161].

5.2. Other Metallic Nanoparticles

Metallic nanoparticles such as gold (Au) or silicon dioxide—gold (Si02—Au) nanoshells
have been incorporated into temperature-responsive interpenetrating polymer networks as
new intelligent therapeutic nanocomposite systems, where the nanoparticles or nanoshells
absorb light, and then convert it to heat and transmitted locally to the surrounding intelligent
therapeutic nanocomposite [184]. Au nanoparticles were incorporated inside a
polyacrylamide/poly(acrylic acid) shell via an in situ inverse emulsion polymerization and its
surface was then treated by PEG via covalent grafting. Depending on the type and size, the
metallic nanoparticle core can be tuned to absorb visible-to-NIR with 530—1200 nm
wavelengths of light. By increasing temperature, the polymer swelling begins and releases
any encapsulated useful agents within the polymer network [185]. Using metals, intelligent
therapeutic systems are able to revolutionize drug delivery and disease treatments based on
thermally responsive metal—polymer nanocomposites [ 184].

Metallic nanowires have been widely investigated for the past decade because of their better
mechanical, electrical, and optical properties due to their nanometer size scale. Park et al.
[163] also showed that silver nanowires can display both shape memory and pseudoelastic
properties. Silver nanoparticles are also well known to cause antiproliferative effects [186].
Because of the mentioned properties, it appears that nanowires could potentially be

employed as next-generation structural materials, biosensors, and circuitry, and
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interconnectors in future nanoscale devices to fill the critical need for nanoscale self-healing

materials in future nanomedicine applications [163].

5.3. Potential and Challenges

Risks and uncertainties are associated with the use of NiTi alloys in biomedical applications.
The corrosion resistance of NiTi is controversial. The corrosion resistance of NiTi alloy is
due to the naturally formed titanium dioxide (Ti02) on its surface. However, this layer is too
thin (typically 5-10 nm thick) and is easy to deteriorate. Pitting corrosion is the primary
mechanism of NiTi implants in the human body. Chloride ions (Cl-) in the body fluid have
high diffusivity and interfere with the passive layer, leading to the breakdown of the oxide
layer and eventually pitting corrosion [160]. Severe pitting corrosion and fractures have been
detected in NiTi stent wires of explanted aortic endovascular grafts. The occurrence of
corrosion and fracture in NiTi stents may induce the release of toxic nickel (Ni), subsequent
inflammations and possible carcinogenic effects. Cytotoxicity of released Ni ions on
endothelial cells has been observed in regard to the NiTi alloy [187]. In addition, the inert
surface of NiTi does not allow for the easy attachment of endothelial cells and the formation
of a monolayer. In long-term cell culture tests, cells did not grow well on NiTi with larger
grain size, because the coarse particles had large voids on the surface, whereas the existence
of a superior amount of homogeneous inter particulate voids on fine grained NiTi seems to
be more helpful for endothelial cell attachment and proliferation, leading to the creation of an
endothelial cell monolayer [188]. Moreover, data from laboratory experiments confirmed
that the endothelialization of NiTi alloy at present could be enhanced by surface micro-

/nanopatterning [ 189].
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Different kinds of surface treatments have been reported, such as chemical or
electrochemical processes, heat treatment, ion implantation, etc. Anodization has also been
proven to be efficient informing a compact Ti-enriched oxide layer, notably decreasing Ni
release from the material surface [190]. Another concern over the use of NiTi is lack of
surface osteoconductivity, which is a characteristic among metallic biomaterials, but has
been less addressed for NiTi and can be improved by the existence of a bioactive layer on the
surface. For example, hydroxyapatite and other calcium phosphate coatings have been
developed to encourage the bone tissue attachment and increase the interface bonding of
Nitinol surfaces for orthopedic applications [191]. Although these coatings could enhance
the surface bioactivity, a low bonding strength with the substrate and deformation capacity
are major concerns in long term. On the other hand, it may be possible to increase the surface
osteointegrity by changing the surface roughness, for example hybrid micro-to-nanoscale
structures, which avoids the use of coatings with weak adhesion strengths. Such a technique
follows to the idea of biomimetics, which proposes that the designed micro- and
nanotopographies would present biologically appropriate surfaces for biomaterials. Such
findings state that a micro-to-nanoscale surface treatment is a proficient route, which can
improve the surface biofunctionality of titanium alloys [1901.

Nanograined NiTi microtubes have currently been utilized to produce medical devices such
as stents designed for less invasive operations [192]. Any improvement in practical
procedures for making highly surfaced NiTi implants enhances the success rate and
decreases the healing time after surgery. Good flexibility, fatigue life and super elastic
properties at or near the body temperature allow to decrease the size of medical devices made

of nanograined NiTi material [193]. Furthermore, it has been recently found that the
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introduction of porosity in the structure of NiTi has great applications, since porosity is
believed to be beneficial for osteointegration. Although, making porous NiTi encourages
tissue-ingrowth through the pores, the surface area of NiTi exposed to the body corrosive
media increases, leading to the higher corrosion rate of NiTi. However, nanocrystal
formation in NiTi improves the mechanical properties. Controlling the amount of porosity in
the structure of NiTi in order to have optimized biological, mechanical and corrosion
properties should be considered in further studies.

Regarding production techniques, these alloys are conventionally made by arc melting or
induction melting, followed by a hot or cold treatment to reach their final shapes. However,
these processes require several re-melting processes to ensure enough homogeneity. Casting
processes usually have technical obstacles such as oxidation and diffusion of contaminants
from the crucible as well as difficulty in working or mechanically machining.

To produce NiTi components at an industrial scale, near net shape fabrication methods are
ideal with limited machining. For this reason, there has been significant interest in powder
metallurgy routes. This process can evade troubles relevant with casting, such as segregation
or grain growth, and has the advantages of an accurate control of composition and simple
realization of complex shapes. However, difficulties inherent in the powder metallurgy
process include high porosity and tendency to form other Ni-Ti phases, including Ni3Ti,
Ti2Ni, Ni4Ti3, etc. Spark plasma sintering is a relatively innovative technique for sintering
powders with uniform heating to high densities at lower temperatures. The refinement of
NiTi particles is beneficial for the sintering process [183]. However, so far, there are few
reports on the development of NiTi using nanosized NiTi powders, perhaps because of their

high surface reactivity and susceptibility to oxygen contamination. Shearwood et al. [183]
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focused on the characterization of NiTi alloy prepared by spark plasma sintering of NiTi
nanopowder produced by the electro-explosion of wire process.

In summary, intelligent nanostructured metals that are powder, wire, bulk, and porous have
attracted much attention due to the combination of shape memory and superelasticity
properties. Present investigations in this field show greater propensities for having
nanostructured metals. Nanostructured intelligent metals have presented an improved
interaction with various cell lines, higher mechanical properties and intelligent therapeutic
behavior. If the production techniques and corrosion rates are well controlled, these
nanostructures metals may be a promising selection for dental, orthopedic, cardiovascular,

and drug delivery systems.

6. Hybrid Nanostructures

The development of smart composite and hybrid nanomaterials has gained great attention in
recent years because they present unique remarkable physicochemical characteristics. These
nanomaterials are designed via hybridization of both inorganic and organic components to
provide improved functions and attributes. One of their general features is their ability to
respond to various internal or external stimuli, including; pH, temperature, redox potential,
light and magnetic fields. Accordingly, these intelligent stimuli-responsive systems, as
promising platforms, offer numerous opportunities in many different fields including
nanomedicine as drug delivery carriers, theranostics and imaging agents. In other words,
nanoplatforms have emerged to overcome the restrictions associated with conventional

methods and to attain both therapeutic and diagnostic purposes in the same platform.
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Hereupon, this section reviews recent advances and developments in potential biomedical

applications of metal and carbon-based smart nanocomposites.

6.1. Smart Nanostructured Platforms for Drug Delivery

Intelligent stimuli-responsive nanostructures are widely used as drug delivery carriers for
targeting and controlled releasing of drugs, genes and other therapeutic components, a
phenomenon known as smart drug delivery. Specific delivery nanosystems display important
advantages, such as optimizing the efficacy of curative drugs, reducing undesirable side-
effects on normal tissues and organs, protecting compounds against enzymatic and
proteolytic degradations, delivering therapeutic agents more selectively to a target site and,
consequently, decreasing the dosing frequency. A major obstacle in cancer treatments is the
drug resistance and the efficient delivery of therapeutic agents. To inhibit the drug resistance

and effectively treat disease, novel approaches are used.

6.1.1. Metal-based Smart Composite and Hybrid Nanostructures

Intrinsic properties of gold (Au) and 10 magnetic nanoparticles have led to the development
of a wide variety of smart composite and hybrid nanostructures for theranostic applications.
Transference vehicles for drugs and nucleic acids based on gold nanoparticles (AuNPs) have
received great attention in the last few years, due to advantages such as simple preparation,
ease of surface functionalization, facile bioconjugation, and biocompatibility [194]. To
achieve tumor-targeted delivery, AuNPs should be modified by molecules that show high
affinity to cancer cells and interact with cell surface receptors over-expressed [195]. The gold

nanoparticles can be functionalized by thiolated ligands using Au—S link formation, and
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many molecules can be covalently attached to Au by this approach [196]. For instance, pH-
sensitive composite nanostructures with a gold core, a hydrophobic poly(L-aspartate-
doxorubicin) inner shell, and a hydrophilic poly(ethylene glycol) and folate-conjugated
poly(ethylene glycol) outer shell (PEG-OH/FA) have been successfully prepared [197].
Acidcleavable hydrazone binding covalently links anticancer drug doxorubicin to the
hydrophobic inner shell. The carrier exhibited a higher cytotoxic effect on the 4T1 mouse
mammary carcinoma cell line with pH-triggered drug releasing and targeting ability. Another
approach to controlling the drug release is to use the exchange reaction of biodegradable
disulfide bonds of Au—S-R in the presence of intracellular glutathione (GSH) [198].

Braun et al. [199] demonstrated the pulsed NIR laser-dependent release of siRNA from gold
nanoshells as a light-responsive delivery system. Besides covalent linking, noncovalent
functionalization to carry nucleic acids can be obtained via electrostatic interactions. Han et
al. [200] introduced a photo labile gold nanoparticle system to deliver DNA using o-
nitrobenzyl ester linker with a positive charge. An and his co-workers [201] fabricated a
thermosensitive liposome—AuNP hybrid to release drug.

Freeman et al. [202] used magnetic carriers to deliver drugs to specific target sites for the
first time. Core-shell NPs may consist of magnetic Fe3O4 NPs (IONPs) as the core and a
polymeric or nonpolymeric (silica or metals) structure as the shell. The drug can be
covalently bound to the surface or entrapped or adsorbed within pores of the vehicle
(polymer or mesoporous silica). For drug release using a pH-dependent behavior, Chen et al.
[203] prepared Fe3;Os@SiO2 core-shell nanostructures to deliver anticancer agent
doxorubicin (DON). Kim and co-workers [204] applied a layer of temperature-sensitive

polymers onto the surface of IONPs (IONP/polymer) for controlled drug release using
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temperature as a trigger. In another study, Hayashi et al. [205] designed magnetic field-
responsive smart NPs by combining DOX and clustered IONPs core within a polymer with a
glass-transition temperature (T) of 44 °C for cancer treatments. P(EO-co-LLA)
functionalized Fe304@mSiO> nanocomposites were also employed by Guo et al. [206] for

thermo and pH-sensitive drug-controlled release and hyperthermia.

6.1.2. Carbon-based Smart Composite and Hybrid Nanostructures

Over the past few years, carbon-based nanostructured materials, such as CNTs and graphene
with sp?-hybridized carbon atoms, have made significant advances on clinical therapeutics.
Functionalized CNTs exhibit unique properties, which enable a wide range of biomedical
areas and can be used as drug carriers for in vitro and in vivo delivery. Covalent and
noncovalent strategies can be employed for surface processing of CNTs, affecting toxicity
and water solubility [207]. Tie high surface area and high loading capacity, cellular
internalization, and biocompatibility of CNTs help for applications in drug delivery [208].
Biomolecules (e. g. DNA and proteins) can also be attached to functional groups on modified
CNTs via electrostatic binding [209, 210].

FA-MWCNT@Fe nanocomposites were prepared of MWCNTs difunctionalized with folate
and iron for biological (active) and magnetic (passive) targeting, respectively. External
magnetic fields increased to deliver DOX to six-fold compared to free DOX [211]. A
targeted drug delivery system triggered by a change in pH by using SWCNTs has been
reported [212]. It was also modified with carboxylate groups and processed by a
polysaccharide coating, so that it is be able to be loaded with the anticancer agent DOX. A

composite with dual pH and electro-responsive release behavior was prepared by Yun et al.
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[213] using MWCNTs, poly(acrylic acid) and poly(vinyl alcohol). MWCNTs were employed
to enhance electro-responsive characteristics. In another study [214], the same group
developed an electro-responsive transdermal drug delivery system by electrospinning of
poly(vinyl alcohol)/poly(acrylic acid)/MWCNTs nanocomposites. Spizzirri et al. [215]
synthesized spherical gelatin/CNTs hybrid microgels as an electro-responsive system to
deliver drug. Also, Ghosh and colleagues [216] also reported a novel drug delivery system
composed of pH-sensitive CNT for the target specific release of DOX to cancer cells.

Graphene, GO and rGO, owing to their key interesting features, offer opportunities for
theranostic applications. In this regard, pH-sensitive linkers, biodegradable polymers, tumor
targeting ligands and magnetic carriers can be conjugated to graphene derivatives. Also, drug
delivery using GO-Fe304 nanocomposites was served for the first time by Yang et al. [217].
The hybrid material displayed magnetic properties and pH responsiveness behavior for
controlled targeted drug delivery. A novel nanohybrid of hyaluronic acid (HA)-decorated GO
was produced as a pH-responsive nanocarrier for controlling the release of anticancer drug
DOX (HA—GO—DOX) for cancer therapy [218]. In other research, Hu and co-workers
[219] reported a pH-dependent release of DOX from graphene-based nanocarriers with a
nonionic surfactant, (PF127/graphene) hybrid. Besides pH-dependent behaviors, Wen and
collaborators [220] introduced a biodegradable and redox-responsive nanocarrier using a
PEGylated nanographene oxide that could transport an encapsulated payload to tumor areas,
with elevated glutathione (GSH) levels. GO-poly (N-isopropyl acrylamide) composite is a
thermo-responsive material that was prepared by Pan et al. [221] to efficiently deliver

camptothecin and to kill off cancer cells.

38



This is the accepted manuscript (postprint) of the following article:

M. D. Fahmy, H. E. Jazayeri, M. Razavi, M. Hashemi, M. Omidi, M. Farahani, E. Salahinejad, A. Yadegari, S.
Pitcher, L. Tayebi, Biomedical applications of intelligent nanomaterials, Intelligent Nanomaterials, 2 (2016)
199-245.

https://doi.org/10.1002/9781119242628.ch8

6.2. Smart Nanostructures for Diagnostic Imaging

Given that the early detection and diagnosis of disease has a vital role in curing and most
cancers are asymptomatic in the early stages, conventional imaging methods like X-ray and
MRI do not have adequate spatial resolution for early detection. Thus, new approaches are
required for accurate diagnosis. Nanohybrid platforms have unique properties that can be
utilized as promising materials for bioimaging applications. Diagnostic imaging agents can
be attached to the surface of nanostructured materials. Image contrast and spatial resolution
are important for diagnostic techniques in biomedicine, and imaging agents have been

developed to provide robust imaging signals and to improve diagnostic accuracy.

6.2.1. Metal-based Smart Composite and Hybrid Nanostructures

Metallic nanomaterials, like gold (Au) and 10, can serve as contrast agents and cancer
nanodiagnostics for a variety of imaging techniques, because of their unique properties
compared to current agents. Gold-based hybrid nanostructures provide tunable optical
characteristics, exhibit strong native fluorescence, and display excellent anti photobleaching
behaviors, that makes them attractive components for medical imaging. Also, through both
passive and active targeting strategies, these nanostructures can be delivered to tumor sites
and enhance imaging quality. Day et al. [222] developed NIR resonant antibody-conjugated
gold-gold sulfide nanosized particles as contrast and therapeutic agents for breast cancer.
Hou et al. [223] manufactured Fe304 nanoparticles labeled with a NIR fluorophore,
IRDye800CW-Fe304 that can be used as an effective probe for cell-labeling and in vivo
imaging. Feng and colleagues [224] prepared Fe304 nanoparticles coated with PEG diacid

and (3-aminopropyl) triethoxysilane (F%04/APTES/PEG) for MRI. nanocomposite was also
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designed by Lai and co-workers [225] for MRI, luminescence imaging, and photodynamic

therapy.

6.2.2. Carbon-based Smart Composite and Hybrid Nanostructures

CNTs display remarkable mechanical and optical properties that make them a favorable tool
for early cancer detection. Moreover, graphene-based nanocomposites can be used for
imaging due to functionalizability of their surface that provides a material with interesting
optical and magnetic properties. Zerda et al. [226] demonstrated that SWCNTSs attached with
cyclic Arg—Gly—Asp (RGD) peptides can be utilized as a contrast agent for photoacoustic
imaging of tumors in living mice. Wu and co-workers [227] loaded Fe304 nanoparticles on
the surface of MWCNTs and suggested the potential application of the hybrid as an excellent
MRI contrast agent. Selective imaging and probing of cells by using SWCNTs as NIR
fluorescent tags were reported by Welsher and colleagues [228].

Yang et al. [229] offered anrGO-1Onanoparticle-polyethylene glycol nanocomposite (RGO—
IONP—PEG) with excellent physiological stability, intense NIR optical absorbance, and
superparamagnetic  characteristics. In  another study [230], a multifunctional
superparamagnetic graphene

oxide-10 hybrid nanocomposite (GO-IONP) was synthesized, then functionalized by PEG
polymer, and used for in vivo MRI applications. Chen and co-workers [231] introduced
composites of aminodextran-coated Fe3Os nanoparticles and GO that can be used as a
contrast agent for cellular MRI. Using 10 nanoparticles into PLA microcapsules and surface
functionalization with GO, Li et al. [232] fabricated a novel multifunctional theranostic agent

and employed it as a hyperthermic and imaging contrast agent for ultrasound, photoacoustic
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and MRI. Quantum dot (QD)-tagged rGO(RGO—QD) nanocomposites were also developed
for fluorescent cell imaging and photothermal therapy [233].

From the above surveys, it is clear that hybrid nanoplatforms have emerged for a multitude
of applications to overcome the limitations associated with conventional methods and to

attain both therapeutic and diagnostic purposes in the same platform.

7. Concluding Remarks

In this chapter, an overview was provided on the structure, preparation, and biomedical
applications of polymeric, lipid-based, carbon-based, metallic, hybrid, and composite
intelligent nanostructures, particularly nanoparticles. Also, challenges associated with the
further development of each category were addressed. Overall, it was concluded that
biomedical requirements for the aforementioned materials are improved by nanostructuring,
as compared to conventional, coarse-sized structures for both therapeutic and diagnostic
purposes. In the polymer group, particularly enhancements in the effectiveness of drug
delivery by PLGA, PLA, PCL, chitosan, and gelatin were the main area of focused. In this
regard, surface modification can be deemed as an effective approach to overcoming this
group's possible limitations, including toxicity, encapsulation efficiency and other
physicochemical properties. Lipid-based nanoparticles, including liposome, niosome,
micelle, nanoemulasion, and SLNs, having the minimum in vivo toxicity, were also regarded
in enzyme-, pH-, and redox-sensitive, as intrinsic stimuli-sensitive, and thermo-, light- and
magneto-sensitive, as extrinsic stimuli-sensitive, drug delivery areas. Insufficient
sensitization to extrinsic and intrinsic stimuli was noted to be the main challenge of this

group, as can be addressed by combining several stimuli-sensitive moieties and by
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functionalizing the nanoparticles with specific ligands. Furthermore, zero-, one-, two-, and
three-dimensional carbon nanostructures in biomedical engineering, biomedicine, drug
delivery, biosensors, and bioimaging were also addressed, where purification and large-scale
processing are their main limitations. Intelligent nanometals mainly benefit from shape
memory and superelasticity properties, developed for dental, orthopedic, cardiovascular and
drug delivery applications, with the challenge of corrosion behavior. Eventually, the most
advanced group, i. e. hybrid and composite nanoplatforms which overcome the limitations of
the former groups were introduced for both therapeutic (drug delivery) and diagnostic

purposes.
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