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Abstract

Drug delivery systems are now well developed and in use for various therapies.
These systems surpass conventional mode of drug administration by efficiently
delivering the desired concentrations of bioactive drug. Typically, drug delivery
in the body is an interfacial phenomenon. Interaction of the administered carrier
molecules with the body fluid depends on the physiochemical properties of the
carrier molecules and hence controls its pharmacokinetics. However, nonspecific
interactions and physiological stability of these molecules within biological
systems may result in complications during the therapy and stimulate the immune
responses. Also, the insolubility of hydrophobic drugs is a major problem in their
therapeutic applications. Target-specific drug delivery with controlled interfacial
interactions is a possible alternative to overcome these challenges. The regulation
of interactions at biointerface allows modulating the in vivo administration of a
carrier system. Various engineered nanomaterials, emulsion and polymer-based
drug delivery systems, have been explored in the literature. Further, surface
modifications and functionalization of these delivery systems are found to regu-
late interfacial interactions. The modification not only controls the reaction
potency of drug with the biological systems but also enhances the stability and
compatibility. This chapter describes the designing of engineered drug delivery
systems using polymers, self-assembled monolayers, and emulsions. Application
of these strategies to alter the surface chemistry of drug molecules and delivery
systems is elaborated through recent studies. Bio-interfacial aspects of the above-
designed systems are highlighted to confirm their fidelity to be used as effective
drug delivery systems.
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1.1 Introduction

Drug delivery plays a vital role in the success of therapeutics. Drug delivery systems
are intended to deliver desired concentrations of a drug molecule to a specific site to
achieve efficient treatment without exhibiting side effects. Concept of drug delivery
was first coined in the 1950s, and since then the advancements in the technology
resulted in the arising of drug delivery systems with long-term stability and sustain-
able release (Park 2014). These systems offer advantages like improved stability and
activity of the drug molecules, better pharmacokinetics, and reduced side effects
(Li et al. 2019).

Interaction of the drug delivery systems with biological system determines the
fate of drug molecules and hence the success of the treatment (Mahon et al. 2012).
Drug delivery is an interfacial phenomenon and governed by the surface properties
of the carrier (Buckton 2000). When the carrier system enters the body, it initially
interacts with the different biological fluids depending on the mode of administra-
tion. The interaction of drug molecules with body fluid is referred to as medium
effect and depends on the interfacial potential, for example, self-energy of surface
moieties. Medium effect involves the simultaneous short-range interactions of
solvent and solute molecules such as adhesion and bonding forces (Israelachvili
2015). Proteins present in biological fluid get adsorbed on the carrier surface forming
protein corona and decides the cell interaction and biocompatibility with the carrier
molecules, ultimately the progression of the carrier system (Gan et al. 2019; Hasan
et al. 2018a). The surface energy of the system which controls the protein adhesion is
the function of hydrophobicity or hydrophilicity (Lima et al. 2011; Dallin and Van
Lehn 2019; Pandey et al. 2013; Hasan et al. 2018a). Solid-liquid interface regulates
the process in case of in vivo solid-state drug delivery systems such as
nanomaterials, while liquid-liquid interface controls the process in case of liquid
state drug delivery systems such as nanoemulsions (Packham 2003). Interfacial
energy between these two types of carrier systems determines the adhesion of the
protein and other biological macromolecules on the carrier molecules. Lower surface
energy favors the optimum compatibility with blood, while better protein adsorption
is favored by high interfacial energy (Andrade et al. 1987; Leininger 1972).

In conventional drug delivery, drug molecules were administrated in the form of
pills, ointments, gels, suspensions, and oral solutions to treat various health
conditions. However, such approaches result in the reduced efficiency due to inacti-
vation of the native structure of drug molecules by biological fluid and other factors
leading to the requirement of a higher dose. Moreover, nonspecific interactions of
drug molecules with healthy tissues and different biological processes result in some
side effects (Sharma et al. 2011; Lang 1995; Langer 1990). Focusing the therapy to a
specific diseased site is the best possible approach to avoid such side effects and to
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achieve efficient performance (Agnihotri et al. 2011; Mehta et al. 2011). In this
regard, the targeted delivery of drug molecules offers various advantages and
confirms the fidelity of the activity of a drug. Delivery of desired drug concentrations
to the target site and sustained release of the drug molecules enhances the treatment
efficacy with the time (Bae and Park 2011). Drug carriers also offer the advantages
of delivery through biological barriers such as blood—brain barrier, blood—labyrinth,
and blood-retina barriers (Urtti 2006; Song et al. 2018; Nyberg et al. 2019). Various
alternatives are available for the site-specific drug delivery such as protein or peptide
conjugated carriers, nanomaterials-based carriers, polymeric drug carriers, drug-
loaded emulsions, self-assembled monolayer-based carriers (Sun et al. 2010;
Couvreur et al. 2018; Jaiswal et al. 2015; Habibi et al. 2016). These carriers enter
the body via various routes and approaches targeted site by means of specific domain
or affinity. After reaching the site, respective stimuli such as pH and ionic strength
lead to the release of the drug molecules for the desired purpose (Choi and Han 2018;
Mahon et al. 2012).

Additionally, poor solubility and stability of such drugs and biomolecules are the
significant challenges for researchers working in the domain of therapeutics (Bohley
et al. 2019; Pangeni et al. 2017). Such obstacles in the formation of these drugs into
viable medicines limit the bioavailability, delivery of required concentrations, and
reduced efficiency of the process. Additionally, when administered orally, variation
in pH at the levels of gastrointestinal tract leads to loss of drug activity (Gavhane and
Yadav 2012). One possible solution over the solubility issue is the incorporation of
such hydrophobic drugs or biomolecules into some carrier molecules. The carrier
molecules ensure the delivery of a natural and active form of drug molecules to the
target site in vivo to achieve its desired activity (Lu et al. 2018). Surface modification
of carriers is one of the ways to control the undesired interactions occurring at the
biointerface under in vivo conditions. Surface modification is a potential strategy to
manipulate the properties of the drug delivery carrier by using different polymers
and functionalization (Hasan and Pandey 2015). Natural polymers like cellulose,
pectin, starch, dextran, glycan, chitosan, and synthetic polymers like polyether,
polyethylene imines, and polyesters are extensively used in the various biomedical
applications to alter the surface properties (Xiao et al. 2018). Polymers alter the
surface charges, topography, and hydrophobicity to modulate protein and surface
interactions (Prajapati et al. 2019). Self-assembled monolayers (SAMs) control the
functionalities of the surface and prevent the elimination of hydrophobic drugs. In
the aqueous medium, SAMs arrangement occurs by hydrophilic portion interacting
with the physiological medium, and the hydrophobic drug gets sequestered inside
the relatively hydrophobic portion of the SAMs. In the different approach like
encapsulation and emulsion, separation of drug molecules from the external envi-
ronment improves the stability and solve the issue related to the solubility of drug
molecules.

This chapter describes the three-drug delivery systems: polymers, SAMs, and
emulsions. Characteristics of these carrier systems have been discussed with some
applications in drug delivery. Polymers are used to modify the surface charges and
energy, which decides the interactions between the proteins and other biomolecules
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with carrier molecules. While SAMs form an assembly which controls the surface
functionality and help in the site targeting and anchoring of signal molecules.
Emulsions enclose the drug molecules within and separate from the external envi-
ronment. The solubility of the drug molecules is dealt with based on the hydrophilic
and hydrophobic properties and accordingly use of continuous and dispersed phase.
Delivery of drug to the specific sites and its sustained release is the perspectives of
attempts made for delivery systems. The chapter discusses a few case studies of drug
delivery systems with their proven potentiality for the in vivo applications in the
therapeutics.

1.2  Emulsions-based Drug Delivery Systems

Emulsions are metastable colloids of two immiscible liquids, one dispersed into
others with the help of emulsifier (surfactant). The biphasic structure possessed by
emulsions is a distinct dispersed phase surrounded by the continuous phase along
with the interface covered with surfactant (Jaiswal et al. 2015). Oil, water, and
surfactants are the constituents of emulsions, and based on dispersion of one
component into another determines the type of emulsion as oil in water or water in
oil as shown in Fig. 1.1 (Langevin 1992). There is another type of emulsion called as
a double emulsion in which droplets of dispersed phase contain smaller droplets of
continuous phase dispersed within (van der Graaf et al. 2005). Table 1.1 has listed
out some examples of oil and surfactants used in the preparation of emulsion.
Delivery of drugs or biomolecules by emulsions to desired site offers many more
advantages over the typical suspension-based delivery. In the typical suspension-
based delivery, drug molecules are mixed/dissolved in the aqueous solution such as
saline or PBS and administered in the body via oral or injection routes. However,
these types of delivery systems are not suitable for drug molecules having low
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stability and hydrophobic nature and require higher dosage due to the loss of drug
during the transport. Thus, the use of emulsions based on the delivery of a hydro-
phobic drug overcomes the solubility problem. The solubility of drug molecules
plays a crucial role in determining their effects based on physiochemical properties.
Based on the solubility in the water and oil, and the surface charges of drug
molecules, the selection of the emulsion system is carried out (Washington 1996).
The stability of emulsions depends on the nature of forces acting on them. Repulsive
forces repel the incoming droplets and maintain the stability of the system (Lu et al.
2018). However, attractive forces result in the formation of droplet clumps and
disorders of the system. The emulsion system is stabilized by the equilibrium of the
various forces involving Van der Waals, electrostatic, solvent, and steric forces
(Helgeson 2016; Sari et al. 2015). Typically, the small size of emulsions offers
long-term stability by overcoming the coalescence and sedimentation via significant
Brownian motion of the nanosize droplets (Lovelyn and Attama 2011).

The size of emulsions categorizes them as nanoemulsion and microemulsion.
Nanosize droplets formation takes a higher amount of energy due to the requirement
of higher shear rates (El-Aasser et al. 1997; Tadros et al. 2004). The energy required
to produce particular droplet size is expresses as follows:

3
Emin = 3y®d/a

where 7 is interfacial tension between two immiscible phases, 4 is the volume
fraction of the dispersed phase, and a is the size of the particle (Helgeson 2016).
Surfactants play a crucial role in lowering the y values and stabilizing the interfacial
area (Leal-Calderon et al. 2007; Mason et al. 2006).

Nanoemulsions range below 100 nm in size with narrow size distribution and are
widely used as a carrier for drug delivery systems (Sonneville-Aubrun et al. 2004).
Nanoemulsions have been popularly used in therapeutics like the treatment of liver
enzyme replacement therapy, neurodegenerative diseases, oral therapy, and cancer
treatment (Qi et al. 2011; Nandivada et al. 2016; Fornaguera et al. 2015a). Various
studies have been performed to analyze the effect of emulsions-based drugs and
biomolecules and the release profile to understand the pharmacokinetics emulsion-
based delivery. Surrounding pH, temperature, temperature, ionic concentration, and
enzymes triggers the release of drugs from the emulsions and mostly due to diffusion
or sometimes coalescence or both (Herzi and Essafi 2019; Llinas et al. 2013).

In a study by Saxena et al., edible oil-based nanoemulsion was tested for its
potentiality as a delivery vehicle for a hydrophobic molecule, a-tocopherol (Saxena
et al. 2018). Coconut 0il was used to prepare the nanoemulsion of size 386 (£20) nm
using Triton X100 and water. Loading capacity of nanoemulsion for a-tocopherol
was observed as 9.5 mg/ml and was stable up to 30 days of storage without any
phase separation. The formulation showed temperature stability up to 275 °C along
with pH stability for 8 h in basic and 6 h in acidic mediums. The noted stability of the
prepared nanoemulsion proved its potential for drug delivery. Cytotoxicity studies
performed on L1929 (mouse fibroblast) confirmed the biocompatibility of
a-tocopherol-loaded nanoemulsion for the concentration up to 20 pg/ml.
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Antibacterial activity studies on E. coli and E. hirae showed zones of inhibition of
21.1 (£0.8) mm and 24.8 (£1.0) mm for unloaded and drug-loaded nanoemulsions,
respectively. Release of drug from the nanoemulsion was found to follow a com-
bined of a diffusion-controlled (Higuchi model) and kinetic-controlled (first-order
kinetics) models (Costa and Lobo 2001). Kinetic model contributed 70% release,
and Higuchi model contributed to 30% of release. The rate constant for the release
profile was observed as 0.133 (£0.010) h™! and 100% release observed within
24 h. These features confirmed the suitability of delivery vehicle (nanoemulsion)
for the delivery of a-tocopherol. Figure 1.2 summarizes the preparation and
characteristics features of the abovementioned o-tocopherol-loaded coconut
oil-based nanoemulsion.

Emulsion offers the delivery of hydrophobic drugs to the desired site by the
means of oil in water emulsion. Hydrophobic drug molecules such as curcumin is
used for the treatment of cancer, Alzheimer disease, and as antioxidant and anti-
inflammatory drugs (Fan et al. 2013). A study by Wang et al. showed the capability
of oil in water emulsion for the delivery of curcumin synthesized using bovine serum
albumin (BSA)—dextran conjugate as emulsifier and stabilizer (Wang et al. 2016).
BSA-dextran conjugate was prepared by Maillard reaction and used with oil phase
of medium chain triglyceride. Size of the prepared nanoemulsion was around
350 nm with the different tested ratios of constituents. Nanoemulsions with the
highest curcumin loading capacity of 15 mg/ml showed the stability up to 60 days at
4 °C and 10 days at 37 °C. For oral mode of administration, the digestive tract pH
range of 2—8 showed no significant effects on the emulsions loaded with curcumin.
The ex vivo fluorescence studies performed on the mice models showed gradual
release of curcumin mainly in the gastrointestinal tract and enhanced bioavailability
to 4.8-fold compared to suspension-based delivery system. Protection of curcumin
against denaturation and increased bioavailability in the gastrointestinal tract proved
the potentiality of the prepared nanoemulsion for oral drug delivery.

Double water in oil emulsions systems are more complex and used in the delivery
of both hydrophilic and hydrophobic drugs (Aditya et al. 2015). These systems
comprise water droplets within larger oil droplets and are dispersed in the aqueous
phase with surfactants (Zhao et al. 2011). In a study by Shakeel et al., an oral drug
delivery system for 5-fluorouracil was developed using double water in oil self-
emulsifying emulsions system (Shakeel et al. 2014). Primary water in oil
nanoemulsions was prepared using Transcutol-HP and isopropyl alcohol as surfac-
tant and co-surfactant with deionized water, respectively. The mixture was titrated
with slow addition of different ratios of lauroglycol-90 as oil phase and
5-fluorouracil to prepare primary nanoemulsions. The prepared primary water in
oil nanoemulsion was characterized and selected based on the smallest droplet size,
lowest polydispersity index, and the optimal zeta potential to prepare double water in
oil nanoemulsions using primary nanoemulsion as oil phase and deionized water as
aqueous phase. In vitro drug release studies for 1 g self-emulsifying nanoemulsions
containing 25 mg S-fluorouracil were performed at 37 °C at 50 rpm in deionized
water and analyzed through reverse-phase high-performance liquid chromatography
method. Highest drug release was observed for the sample SN6 (mix ratio of
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10:45:45 (w/w/w)) and showed 98% release of 5-fluorouracil in 60 min. The rapid
release of 5-fluorouracil was due to the smallest droplet size of 16.1 nm, lowest
polydispersity index value of 0.086, and the lowest viscosity value of 6.15 centipoise
compared to other combinations. Cytotoxicity studies performed on the HT-29 colon
cancer cell lines showed up to 95% cell deaths with 1200 uM of 5-fluorouracil and
confirmed the capability of complex double water in oil nanoemulsions for the drug
delivery against cancer cells.

Many studies have elaborated the mechanisms and reactions occurring when
emulsion-loaded drug is administered via the oral route (Gumus et al. 2016; Liu
et al. 2017). In a particular study, the fate of p-carotene-loaded emulsion in the
gastrointestinal tract and antioxidant properties were analyzed by Zhong et al.
(2019). A hydrophobic molecule, f-carotene, was encapsulated into three types of
oil in water emulsions using oat protein isolate (OPI) and p-glucan from P. ostreatus
(POG) (~60 pm), OPI-POG mixture (~30 pm), and OPI-POG conjugate (~3.1 pm).
OPI-POG conjugate emulsion synthesized by Maillard reaction showed the stability
in pH range of 3.0-7.0, temperature stability for 30-90 °C, and high salt concentra-
tion tolerance up to 350 mM concentration of NaCl. The gastrointestinal fate of
[-carotene emulsions was studied using a reported stomach model (Chen et al. 2016;
Minekus et al. 2014). For the mouth stage, emulsions were preheated at 37 °C and
mixed with simulated saliva containing mucin with pH 6.8. No change on the
particle size was observed for the OPI-POG conjugate emulsion as compared to
the other two. Anionic mucin was repelled by covalent bonding of POG, and hence
the stability was observed for conjugate emulsion. For the stomach stage, samples
from the mouth stage were mixed with simulated gastric juice having NaCl and HC1
along with pepsin. The pH for the stomach stage was adjusted to 2.5 and agitated at
100 rpm for 2 h at 37 °C. At this level, OPI and OPI-POG mixture micelles were
broken and formed droplet flocculation. However, conjugate-based emulsion was
found to be distributed uniformly with steric hindrances with pepsin avoiding
proteolysis of OPI. The zeta potentials of the emulsions were reduced to near zero
in the presence of anionic mineral ions. In the small intestine level, intestinal juice
having saline solution, lipase, pancreatin, and bile salts was maintained at pH 7 and
analyzed for the generation of free fatty acids. Increase in the sizes of OPI and OPI-
POG mixture emulsions were observed due to replacement of OPI and OPI-POG
mixture by bile salts and free fatty acids generated. However, no change in size was
observed for conjugate-based emulsion with 93% release of free fatty acids and
conversion to mixed micelles for solubilizing B-carotene. The prepared emulsions
showed initial rapid release of free fatty acids for around 25 min followed by a
slower release rate for more prolonged time up to 100 min. Based on the
bioaccessibility, stability, and adsorptions results, bioavailability of the OPI-POG
conjugate emulsion showed the highest value of 11.06% as compared to 2.24% of
OPI and 4.06% OPI-POG mixture. Enhanced bioavailability resulted in the
enhanced cellular antioxidant activity through the elimination of peroxyl radicals
by B-carotene in the Caco-2 cells, a type of human colon carcinoma cell line. This
proved the potentiality of conjugate-based emulsion for the delivery of
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biomolecules. Figure 1.3 shows the synthesis of OPI-POG-stabilized p-carotene
emulsion and antioxidant effect of B-carotene to Caco-2 cells.

In conclusions, emulsions offer various advantages over the conventional mode
of drug delivery. Especially in the case of hydrophobic drugs, oil in water emulsions
are very useful to deliver a drug molecule in its active form. Emulsions possess better
stability in a wide range of pH and thus pass through various levels of gastrointesti-
nal tract. Moreover, improvement in the bioavailability of the administered drug was
observed during various studies. Although there are certain drawbacks of the
emulsion-based drug delivery systems such as a short shelf life, flocculation, and
creaming during storage (Kale and Deore 2017). These drawbacks of the emulsions
can be overcome by controlling the factors like surfactant concentration, use of
co-surfactant, and ratio of oil phase and aqueous phase. Therefore, emulsion-based
drug delivery systems are successfully being used for various therapeutical
applications.

1.3  Surface Modifications in Drug Delivery

Surface modification is a powerful tool to alter the surface energy of a system which
has been potentially explored for various applications in biomedical, pharmaceuti-
cal, and biological fields (Song et al. 2019a; Mardilovich et al. 2006; Hasan et al.
2017, 2018b). For drug delivery, surface modifications have tuned hydrophobicity,
enhanced stability, and imparted targeted delivery.

Hydrophobic drugs are nearly insoluble in an aqueous medium in the physiologi-
cal environment. These physiochemical and pharmacokinetic issues hinder the
bioavailability and usage in biomedical applications. In this regard, surface modifi-
cation offers a promising solution for manipulating surface properties for various
applications such as tissue engineering, implants, and drug delivery (Hasan et al.
2018a, b, c; Hasan and Pandey 2016; Pandey et al. 2013; Pandey and Pattanayek
2013). Szegedi et al. have used modified mesoporous silica nanoparticles (NPs) for
entrapment of curcumin. NPs were modified with amino groups using
3-aminopropyltriethoxysilane (APTES) to enhance the drug-loading capacity.
APTES modification strategy employed for surface modification is shown in
Fig. 1.4. Typically, a surface to be modified is firstly activated by piranha treatment
to convert SiO, surface groups to Si-OH groups followed by silanization to provide
amine terminal group on the surface. After drug loading, the modification was also
carried out using four alternating layers of polyelectrolytes k-carrageenan and
chitosan to improve drug release profile and biocompatibility. Therapeutic potential
of the curcumin remained intact after the above entrapments (Szegedi et al. 2019).

Amphiphilic self-assembled NPs of polyvinyl alcohol (PVA) decorated with
hydrophobic side-arms were used by Delbecq et al. for the encapsulation of hydro-
phobic drugs such as prednisolone or cholesterol (Delbecq and Kawakami 2014).
PVA was chosen due to modification flexibility, non-immunogenicity, and biocom-
patibility. PVA self-assembled NPs were formed via hydrophobic—hydrophobic
interactions resulting due to the presence of two entirely different pendant
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Fig. 1.4 Schematic showing silica surface modification with APTES to form amine self-assembled
monolayers (SAMs)

hydrophobic moieties. PVA was utilized due to its biocompatibility and
non-immunogenic nature, which is also modified according to the desired applica-
tion. In this case, random acetylation with oleyl chloride was done to provide
hydrophobicity to the PVA. These amphiphilic PVA NPs were successful in
enhancing the water solubility and bioavailability of hydrophobic drugs (Delbecq
and Kawakami 2014).

Surface modifications have been explored for the enhanced stability of the drug
delivery system. In a recent study, 9-O-octadecyl-substituted berberine derivative was
used for the construction of the self-assembled nano-drug, which was coated with
1,2-distearoyl-sn-glycero-3-phosphoethonalamine-N-[amino(polyethylene  glycol)-
2000] (DSPE-PEG 2000) for its stability enhancement. To avoid instability of this
positively charged nano-drug (34.1 mV) and clearance from blood plasma, hyaluronic
acid (HA) coating was done onto PEGylated surfaces as shown in Fig. 1.5.
HA/PEGylated berberine nano-drug (HA/PEG/berberine-ND) showed —25.8 mV
surface charge, and drug loading efficiency was >70%. Tumor site is enriched in
hyaluronidase (HAase), which degraded HA and re-exposed PEGylated nano-drug.
This positively charged nano-drug (PEGylated) interacted with the negatively charged
cell membrane, bypassed lysosome, and targeted mitochondria. Thus, the surface-
modified nano-drug was found to be efficient in mitochondrial targeting (cell apopto-
sis) for the cancer treatment (Song et al. 2019a).

1.3.1 Role of Surface Modifications in Targeted Drug Delivery

Various macromolecules like peptides, proteins, aptamers, and protein amphiphiles
(PAs) have been explored for the targeted delivery of a drug molecule (Xu et al.
2018; Mardilovich et al. 2006). Aptamers are single-stranded oligonucleotides or
proteins that have high stability, specificity, and ease of manufacture compared to
the conventional antibodies. Aptamers can be conjugated onto the surface of various
NPs for the targeted drug delivery. Proteins show great potential as nano-carriers due
to versatility, non-immunogenicity, ease of surface modification, and biocompatibil-
ity. Among proteins, albumin is the most abundant plasma protein, which is involved
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Fig. 1.6 Schematic representation of DOX@Apt-BSA NPs formation. (a) DOX triggered BSA
NPs formation followed by Aptamer conjugation on the NPs surface, and (b) Aptamer AS1411
targeted over-expressed nucleolin on cancer cells resulting in the targeted DOX delivery. Adapted
and reprinted from Xu et al. (2018) with permission from Elsevier, Copyright (2018)

in the maintenance of osmotic pressure and has the long-circulating ability. Albumin
shows co-existence of hydrophobic and hydrophilic domains, which makes it an
ideal carrier for the loading of both hydrophilic and hydrophobic drugs. Xu et al.
fabricated self-assembled bovine serum albumin (BSA) NPs triggered by doxorubi-
cin (DOX) and coupled with Aptamer AS1411(Apt) as shown in Fig. 1.6. Aptamer
AS1411 is specific against nucleolin, which is over-expressed in cancer cells. The
average molar ratio of BSA and Aptamer in the above assembly was 10:1. The
hydrodynamic diameters of DOX@BSA and DOX@Apt-BSA were 145 £ 2.5 nm
and 163 £ 2.5 nm, respectively, which indicated successful modification with
aptamer. The cell inhibition efficiency was performed against MCF-7 and showed
upregulation of pBR, Bax, PARP, p2l, pl16, and E-cadherin. It also exhibited
downregulation of Bcl-2, PCNA, EpCAM, Vimentin, MMP-9, Snail, CD133, and
CD44. These observations indicated modified BSA NPs-suppressed tumor progres-
sion and metastasis (Xu et al. 2018).
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Targeting the activity of common recognition motifs can be enhanced by
designed PAs. In a study, stealth liposomes (PEGylated liposomes) were coupled
with PR_b peptide (PAs) that resembles fibronectin (cell-binding domain) and
targets integrin asP;. Thus, PR_b coupled with stealth liposomes was efficiently
internalized into colon carcinoma cells and targeted integrin asf;. Another research
group utilized antimicrobial peptide based on D,L-amphipathic helix motif against
various cancer lines. Cancer cells express a higher level of phosphatidylserine (PS),
thus imparting a higher negative charge compared to normal cells. The designed
diastereomeric peptides were found to be active against both zwitterionic and
negatively charged membranes, which imparted selectivity against cancer cells
than normal cells. Binding of these cationic antimicrobial peptides enhanced perme-
ability of the cancer cell membrane leading to the membrane disruption (Papo and
Shai 2003).

Researchers have fabricated protease responsive peptide for drug delivery. The
KLD-12 peptide contains alternating hydrophobic and hydrophilic amino acids
resulting in the formation of B-sheet hydrogels in aqueous solutions (Kisiday et al.
2002). This fabricated peptide consists of protease cleavable region flanked by
B-sheet motifs at both sides, which make them sensitive to proteases. The drug
was loaded inside the gel matrix, which was released on enzymatic treatment (Law
et al. 2006). The above system can be manipulated to release a drug on interaction
with protease-associated disease. Furthermore, SAMs can be designed for
pH-responsive drug delivery because of its surface chemistry. In a study, SAMs
with aldehyde terminal was prepared by the Kazemi et al. on a gold substrate.
Amine-based drugs such as dopamine were attached to the aldehyde functional
group by imine bond formation (Fig. 1.7). This self-assembly was found to regulate
the reversible release and loading of dopamine as a function of pH (3-7), which can

HQ  OM Free dopamine

OH OH HO
A, AOH A OH HO- /‘1
I‘- - Ty
“NH,
~ Ny
N N
% .

PN pvfu,o\r

s i
e

B

[

g L w/‘\-_-_/‘\\__-"\._\_zs

A pH

>
c

12 hrs, nt

Fig. 1.7 Schematic representation of reversible loading and release of dopamine to aldehyde
terminated thiol attached on a gold surface. Adapted and reprinted from Kazemi et al. (2013)
with permission from Elsevier, Copyright (2013)
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be explored for drug delivery and biological application. Dopamine release was
found to be the highest at pH 3 (Kazemi et al. 2013).

Surface modification successfully addresses the critical issues of drug delivery
like delivery of the hydrophobic drugs, the stability of drug carrier, and targeted
delivery at the diseased site. Table 1.2 summarizes various surface modification
strategies used for the drug delivery systems. These alternate modern-day drug
delivery vehicles enhance the bioavailability of the drug by resolving the pharmaco-
kinetics issues. Drug loading enhancement is carried out via surface modifications
(silanization). Drug release is improved using a suitable coating like chitosan to the
delivery vehicle. For the stability enhancement, polymers such as PEG and
hyaluronic acid are of potential use. Targeted delivery is achieved by coupling the
delivery vehicle with the site-specific aptamers/peptides/PAs/proteins. For such
cases, the drug release is triggered via pH or enzymatic responses. Summarily, a
drug delivery vehicle is fabricated depending on the type of drug molecule to be
encapsulated inside or conjugated onto the surface as well as the physiological
conditions and biomarkers present at the target site.

1.4  Modified Polymers-Based Drug Delivery Systems

Now a days, synthetic polymers are of increasing interest in drug delivery as a
therapeutic vehicle. A polymer consists of four major mechanisms through which it
gets activated to perform biointerface activities as shown in Fig. 1.8 (Wang and
Dong 2015). In first simple mechanism (A), it directly attaches to the biomolecule
and thereby triggering downstream cellular signals. In the second type of mechanism
(B), instead of applying directly to the receptor, it binds to a growth factor and forms
complexes, thus blocking or enhancing the function of the growth factor. For its
enhanced third mechanism (C), polymer is engineered to conjugate ligands and form
into a multivalent conjugate with high efficiency and specificity to control cell
behavior and activate cellular receptors. A polymer is also encapsulated by biomo-
lecular coronas, which redefines its function as revealed in the last mechanism (D).

The polymeric NPs have been applied to deal for various therapies like to treat or
in hebetate infection and as efficient drug delivery system (Sun et al. 2019; Verma
et al. 2019). These polymeric NPs protected or encapsulated inside a core have more
advantageous than direct application. Further, surface of the encapsulated NP can be
functionalized by various methods, which can further be utilized to reduce nonspe-
cific distribution, increase residence time in the blood and in some cases for targeting
specific cells surface antigens with targeted ligand (aptamers, peptide, fragment,
small molecule, antibody) (Bazak et al. 2015; Accardo et al. 2014).

Enhanced bioactivity of VEGF 45, being used for the treatment of peripheral
arterial diseases or cardiovascular diseases, was observed by binding with isolated
heparan sulfate glycotherapeutic (HS7*¥°) as shown in figure 2(B) (Wang et al.
2014). In another study, activation of dectin-1 was demonstrated through its binding
to B-glucan polymers as shown in figure 2 (C). Dectin-1 detects p-glucans in fungal
cell walls and triggers cellular antimicrobial function. It was observed that the
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Fig. 1.8 Four mechanisms of polymer to get activated for biointerface activities. Adapted and
reprinted from Wang and Dong (2015) with permission from Elsevier, Copyright (2015)

signaling of dectin-1 was activated only after binding to particulate -glucan poly-
mer and not to soluble polymer (Goodridge et al. 2011). Additionally, when nano-
sized polymer particle gets into human body, number of biomolecules gets attached
on its surface to form coronas. After which it redefines the property of the polymer
and improvises targeted efficiency as shown in figure (1D) (Monopoli et al. 2012).
Recently, zwitterionic polymers (sulfobetaine (SB), carboxybetaine (CB), and
phosphorylcholine (PC)) have been studied as ligands to modulate protein-NPs
corona formation. SB-coated NPs resulted the complete absence of protein corona,
while the other two polymers-coated NPs exhibited protein adsorption (Debayle
et al. 2019; Papi and Caracciolo 2018).

Natural polymers and their modifications are extensively studied materials for
enhancing the therapeutic effects. These polymers are easily available and
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biocompatible. Various sources for natural polymers include plants (cellulose, guar
gum, karaya gum, pectin, and starch), animals (alginate, psyllium, chitin, and
carrageenans), marine (agar, alginates, and carrageenans), and microbial origins
(pullulan, gellan, xanthum gum, dextran, glycan, and biosurfactants) (George et al.
2019; Wali et al. 2019). Cellulose and chitosan have been extensively explored for
the drug delivery applications (Edgar 2007). Cellulose esters possess desired feature
for pharmaceutical requirements like stability, high water permeability, film
strength, low toxicity, compatibility with wide range of activities, and ability to
form micro and NPs. In addition, modifications of cellulose have been tested in
literature. For example, electrospun cellulose acetate phthalate fibers for semen
induced anti-HIV vaginal drug (Huang et al. 2012), hydroxypropylmethyl cellulose
for cartilage tissue engineering (Talukdar et al. 1996), and cellulose nanocrystal with
chitosan oligosaccharide for health care (Akhlaghi et al. 2013). Chitosan possesses
similar appealing properties such as low toxicity, biodegradability, biocompatibility,
and low cost of production due to its easy availability in nature. A number of
researches have been explored chitosan and modified chitosan for various
applications. In a study, N-[(2-hydroxy-3-trimethylammonium) propyl] chloride
chitosan was synthesized to inhibit the growth of microorganisms for pharmaceutical
and food industries (Shagdarova et al. 2019). In a separate study, PEG-trimethyl
chitosan was sued for improving the colloidal stability of polyplexes and enhanced
transfection efficiency in gene delivery (Germershaus et al. 2008).

Apart from natural polymers, synthetic polymers, also referred as
“Pharmapolymers” or smart polymers, have been explored for application in medi-
cine. A significant focus has been drawn on the elegant chemistry for developing the
improved macromolecules with desired physicochemical characteristics. However,
complete understanding of the interplay of these synthesized materials at the inter-
face of chemistry, biology, and medicine must be described. For example, synthetic
polymers have biological action in a particular range, from food to pharmaceuticals
(Hunter and Moghimi 2002). Various synthetic polymers, their characteristics, and
their applications are summarized in Table 1.3. Initially PEG and its derivatives were
used for the drug delivery applications due to their biocompatibility and anti-fouling
properties. Each ethylene glycol in the PEG backbone strongly binds to water
molecule, which bridges the ether oxygen and imparts anti-fouling character
(Liisse and Arnold 1996; Oesterhelt et al. 1999; Aray et al. 2004). However poor
stability of PEG in physiological environments limited its applications. Hence,
surface modification of PEG helped in improving its stability in body fluids along
with facilitated targeted drug delivery (Song et al. 2019b; Gupta et al. 2019; Herranz-
Diez et al. 2016; Shahabi et al. 2014). For example, PEG-PCL (polycaprolactone)
copolymers have been developed and explored for various targeted drug delivery
applications (Grossen et al. 2017).

Both the natural and synthetic polymers have also been integrated and tested for
drug delivery applications. Recently, Hasan et al. have synthesized a nanocomposite
of chitosan, polyvinylpyrrolidone (PVP), and cellulose nanowhiskers (CWC) and
tested for the controlled/sustained release of a model drug (curcumin) for potential
application in wound healing. Chitosan is termed as bioactive dressing and
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Table 1.3 Various synthetic polymers, their characteristics, and applications for the drug delivery

Synthetic
polymers

Polyethers

Poly(ethylene
imine)s

Polyesters

Polycarbonates

Polyamino acid

Poly(peptoids)s

Poly
(N-acrylamide)s

Sub classes

PEG
Poly(propylene
glycol)
Poly(glycerol)

Branched poly
(ethylene imine)
linear poly
(ethylene imine)

Poly(caprolactone)
Poly(lactic acid)
and poly(glycolic
acid)
Poly(oxalate)s
Poly(butylene
terephthalate)

Poly(oxalate)
Poly(butylene
terephthalate)
Poly(y-glutamic
acid)

Different
functionalities such
as ionic or stimuli-
responsive side
group can be easily
formed
Poly-p-peptoids
Poly-y-peptoids

Poly-N-2-
hydroxypropyl-
methacrylamide
Poly-N-isopropyl-
acrylamide

Identifications

¢ Ether
functional group
in their main
chain

e Lack of
biodegradability

* High cationic
charge densities.
* Highly
efficient vector
for delivering
oligonucleotides
in vitro and

in vivo

e Semi-
crystalline
aliphatic
polyester

* Soluble in
several solvents
* Tunable
degradation
properties

¢ Nontoxic
degradation
products
Biocompatibility
¢ Absence of
autocatalytic
degradation
processes

e Exhibit a
good
biodegradability
and excellent
biocompatibility

¢ Side chain
with amid
nitrogen.

¢ Amide at side
chain

¢ Severe toxic

Applications

¢ Food
additive, skin
healing creams
and skin
substitutes and
pharmaceuticals
¢ Emulsifier in
food

¢ In tissue
culture

¢ Promoter
attachment

¢ Transfection
reagent

¢ Drug
delivery
systems, sutures
¢ Long-term
implants

¢ Adhesion
barriers as well
as new tissue
scaffold host
systems

¢ Intracellular
delivery of
anticancer drugs

e Cancer
treatment

¢ Excitation
antibodies
production

¢ Lung cancer

References

Herzberger
et al. (2015)

Boussif et al.
(1995)

Englert et al.
(2018)

Zhang et al.
(2013),
Seyednejad
et al. (2011),
Guo et al.
(2019)

Mauro et al.
(2019)

Havanur
et al. (2019)

(continued)
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Table 1.3 (continued)
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Synthetic
polymers Sub classes Identifications Applications References
Polysiloxanes Poly- * Silicon and ¢ In coating Xu et al.
dimethylsiloxane oxygen atoms technology as (2019)
having two alkyl | target.
or aryl moieties e Vascular
* Permeable, surgery
flexible, low gas
transition
temperature
Poly- Polyacrylic acid e Methacrylic e Stimuli- Arya et al.
methacrylates Polymethacrylic acid and acrylic sensitive drug (2018),
acid acid or their e Tissue Havanur
Poly-methyl esters engineering et al. (2019)
methacrylate ¢ Gene
therapy
Polyolefins Polypropylene * Alkene or * Packaging Zaikov et al.
Polybutene olefin as Industries to (1999),
polyethylene monomer preserve food. Francolini
e With * Antifouling et al. (2017)
minimum one coating

C-C double bond

accelerates wound healing by macrophage activation, granulation, and promotion of
inflammatory cells infiltration. PVP holds potential for a sustained drug release from
drug-conjugated matrices. CWC acts as nanofillers and regulates controlled drug
release via modulating the swelling behavior of composite. The synthesized com-
posite exhibited controlled drug release (biphasic release profile) along with excel-
lent antibacterial activities and biocompatibility (Hasan et al. 2017).

1.5 Conclusion and Future Perspectives

In recent decades, drug delivery has proven its effectiveness in the field of therapeu-
tics with the advancement in the technologies. Various drug delivery systems
showed development in the preparation techniques, strategies of delivery, tuning
of materials, and thus resulted in improved pharmacokinetics, biocompatibility, and
bioavailability. Limiting drug molecules to the specific diseased site has resulted in
reduced side effects and high efficiency. Controlling interaction of carrier systems
with the biological fluid determines the fate of drug molecules as drug delivery is an
interfacial phenomenon. Surface properties like surface energy, hydrophobicity, and
surface charges regulate the bio-interfacial interactions. Modifying surface
properties helps to achieve optimum interaction with biological systems to avoid
adverse effects. Incorporation of target-specific ligands to these carrier systems
enables the transport of the loaded drug molecules to the desired site and their
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release in the vicinity of diseased tissues. Ligand attachment to carrier molecules is
carried through some functional groups or some other modifications. Such
modifications are possible to achieve by applying polymers, SAMs, and other
approaches such as enclosed carriers like nanoemulsion and encapsulations. Poly-
meric surface modifications offer anchoring of drug molecules over the surface for
the optimum loading with controlled delivery. While SAMs provide protections to
drug molecules in according to the hydrophobic conditions of the local environment
and offer different functionalities over the surfaces, which facilitate the delivery of
the hydrophobic drugs, stability of drug carrier, and targeted delivery. Emulsion-
based drug delivery systems deliver hydrophobic drugs by encapsulation and hence
resolving solubility issues for such drugs.

However, there are yet some bottlenecks in the practical applications of drug
delivery systems which need to be resolved to achieve the optimum and safe
delivery. Retention of carrier systems in the body, undesired interactions, and
stability of the drug molecules after the release are the major issues in the success
of drug delivery systems. Emulsion systems have problems with short shelf life and
unstable structure. The range of pH and temperature may cause disturbance of the
emulsion structure. SAMs and polymeric modifications over the surface may vary
with time and thus require high stability. Targeting of carrier systems to the desired
site requires highly specific ligand with high affinity. Designing and attachment of
such ligands to delivery systems is a challenge for successful delivery of drug
molecules. Researches on such aspects are expected to improve the potential of
drug delivery systems for the assured treatments and therapies.
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Abstract

This chapter summarizes the progress made in the therapeutic application of adult
multipotent stem cells, in conjunction with biomaterials for regeneration of whole
tooth and associated structures. The management of edentulous space and alveo-
lar bone resorption, following extraction of tooth or periodontal pathology,
represents a major challenge in clinical dentistry. Additionally, the precise role
of surface topography and its chemical constituents for dental implants in the
dynamics of osseointegration and alveolar bone regeneration (used for replacing
those missing teeth) remains poorly understood. Hence, a broader therapeutic
strategy, involving interdisciplinary knowledge-based approach from scientist to
clinicians, is essential for the development of engineered nanostructure
biomaterials with exogenous or endogenous mesenchymal stem cells for translat-
ing the evolved cross-disciplinary concepts into clinical application and products.
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2.1 Introduction

Edentulism (partial/complete) may arise from incidence related to dental caries (Dye
et al. 2015), periodontitis (Pihlstrom et al. 2005), maxillo-facial trauma (Wiens
1990), malignancies (Zeng et al. 2013), etc., resulting in undesirable consequences
such as irreversible alveolar bone resorption (Atwood 1971) leading to a decrease in
height and width of alveolar bone (Allen and McMillan 2003), impaired masticatory
function (Helkimo et al. 1977), objectionable aesthetics and phonetics (Roumanas
2009), decreased postural control (Yoshida et al. 2009) and impaired proprioception
(Ghi and McGivney 1979), to name a few. In physiological environment, the healthy
functioning tooth provides crucial stimulus to alveolar bone necessary for its devel-
opment and maintenance (Misch 2004). In events related to tooth loss, gradual
resorption and remodelling of the alveolar bone occurs leading to atrophic edentu-
lous ridges (Misch 2004) which further results in changes in natural jaw relationship,
facial musculature and facial morphology (Cawood and Howell 1991; Sutton et al.
2004), thus affecting the oral function and facial form (Sutton et al. 2004) (Fig. 2.1).
As mentioned earlier, alveolar bone loss is also a common occurrence in case of
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Fig. 2.1 Alveolar bone resorption. (a) In maxilla, the crest of the edentulous ridge had shifted
palatally with an overall decrease in the vertical height of the ridge. (b) The most pronounced
resorption in the mandible are noted on superior surface and in the posterior lingual surface of the
ridge. (¢) Changes in facial profile in relation to alveolar ridge resorption. (Adapted and redrawn
from Nobel Biocare AG)
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periodontitis (Cochran 2008). Of note, statistics from epidemiological studies have
further confirmed the higher incidence of periodontitis associated with tooth mortal-
ity (Ong 1998) and alveolar bone loss (Edman et al. 2015) in adult population.
Hence, in the past, several strategies have been outlined in the literature for alveolar
ridge preservation (ARP) like root retention (Osburn 1974), socket grafting with
deproteinized bovine bone mineral (Artzi and Nemcovsky 1998), socket filling with
autologous bone, bone substitutes and bioactive materials (Darby et al. 2009).
Advantageously, it was also noted that the prosthesis on osseointegrated implants
provide a different stimulus on alveolar bone when compared to conventional
denture resulting in a maximum of 0.1 mm marginal bone loss, annually (Lindquist
et al. 1988). However, as stated by many authors, majority of these literature based
on ARP have limitations and do not substantially translate into clinically relevant
conclusions (Hammerle et al. 2012, Ten Heggeler et al. 2011; Horvath et al. 2013;
Vittorini Orgeas et al. 2013).

The recent advances in stem cell technology, biomaterials and scaffold
fabrication-based research has led to the emergence of advanced tissue engineering
options used for preservation/regeneration of maxillo-mandibular complex
circumventing the traditional drawbacks of conventional replacement therapies
such as autografts, allografts or xenografts (Oryan et al. 2014; Chai and Leong
2007). Further, the ethical concern free with significantly less risk of malignant
disease development; adult mesenchymal stem cells (MSCs) (Wei et al. 2013b) with
biomaterials (Sekuta and Zuba-Surma 2018) have emerged as a remarkable prospect
for tissue engineering-based applications (Egusa et al. 2012). These emerging stem
cell-based technologies that facilitates regeneration of complete/partial tooth struc-
ture (Ikeda et al. 2009; Sonoyama et al. 2006), periodontium (Pagni 2016) and
alveolar bone (Kim et al. 2009b) with various studies focused on surface kinetics of
dental implants for optimal alveolar bone integration (Le Guéhennec et al. 2007; Das
et al. 2018) are receiving considerable attention owing to their multifaceted prospect
in management of maxillo-mandibular pathologies. As a result, there is a gradual and
progressive transition towards the application-oriented mindset, leading to various
pioneered works related to the manufacturing process as per good manufacturing
practices (GMPs) further assessing the safety, efficacy and quality control of
products used for regenerative therapies for dental tissues (Nakashima and Iohara
2017; Nakashima et al. 2017).

Hence, this chapter reviews the current strategies and explores the therapeutic
potentials of different biomaterials and dental stem cells in relation to their implica-
tion towards potential clinical applications. Therefore, we have attempted to selec-
tively choose relevant concepts and methodological approaches rather than a
comprehensive review from the rapidly evolving and vast domain of regenerative
medicine, biomaterials and tissue engineering. Further, we hope that the cluster of
information could be used as an effective approach, specifically directed towards
development of regenerative therapeutics in dento-alveolar region.
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2.2 Tooth Regeneration

Apart from speech (Johnson and Sandy 1999) and aesthetics (Dong et al. 1999),
teeth along with their investing structures are among the most vital components of
masticatory system (Orchardson and Cadden 1998). The adverse consequences
related to tooth loss and edentulism have been well-documented elsewhere
(Emami et al. 2013). Hence, prosthetic considerations for replacing missing teeth
are of significant importance (Carr and Brown 2010) (Shillingburg et al. 2012)
(Misch 2004). Yet, varying degrees of limitations and disadvantages are often
associated with the current prosthetic treatment options involving removable partial
dentures (Hall 2013), fixed partial dentures (Misch 2004) and dental implants
(Taylor 1998). Thus, deriving the benefits from immense advances in stem cell
biology and biomaterials, exploration of numerous achievable regenerative
approaches like induction of odontogenesis (Modino and Sharpe 2005) and bioen-
gineering tooth and dental tissues have been attempted (Ohazama et al. 2004; Yen
and Sharpe 2008). Based on our understandings, there are multiple approaches
documented in the literature employed for complete/partial tooth regeneration and
could be broadly summarized into—(1) complete tooth regeneration with
specialized cells obtained from in vitro embryonic tooth development process and
implanted in vivo; (2) cultured cells with polymers for in vivo implantation for
complete tooth regeneration and (3) partial regeneration of tooth with bioactive
materials, stem cells and polymers.

2.2.1 Whole Tooth Regeneration

Based on the principle that development of tooth involves complex epithelial—
mesenchymal interaction as a prerequisite (Thesleff and Hurmerinta 1981),
Ohazama, A. et al. showed that odontogenesis could be initiated through recombi-
nation of non-dental-cells-derived mesenchyme and embryonic oral epithelium;
further, in vivo transplantation of such explants gave rise to teeth (crowns) and
associated structures (Ohazama et al. 2004). In another study, recombinant explants
(i.e. stem cells from embryo and adult mice were covered by embryonic epithelium
obtained from mouse embryos) provided evidence of odontogenic events in vitro
and also when transplanted in the maxilla of adult mice (Modino and Sharpe 2005).
Mina M et al. reported that non-odontogenic epithelium may induce odontogenesis
in instances related to the interaction of mandibular mesenchyme and mandibular
epithelium (Mina and Kollar 1987). Findings also suggests that mature tooth
structures could be bioengineered from cultured tooth bud cells of rat (Duailibi
et al. 2004). Komine, Akihiko et al. bioengineered tooth germs with dental epithelial
and mesenchymal cells, which later formed structures similar to teeth in vivo
(Komine et al. 2007). In the past, literature describes the method for formation of
structurally correct tooth from bioengineered tooth germ (Nakao et al. 2007). Recent
studies also show that dissociated odontogenic cells were involved in the formation
of dentine and bone in canine jaw (Honda et al. 2006). Scaffold composed of gelatin-
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chondroitin-hyaluronan-tri-copolymer with swine dental bud cells also gave rise to
dental tissue complex when autografted in alveolar socket (Kuo et al. 2008). Young
et al. reported positive findings when he tested the feasibility of tooth regeneration
by using cells isolated from porcine third molar tooth bud onto biodegradable
polymeric scaffolds such as those fabricated from polyglycolate/poly-L-lactate
(PGA/PLLA) and implanted in vivo (Young et al. 2002). He also emphasized the
concept of tooth-bone hybrid tissues engineering, where tooth bud cells and osteo-
blast induced from bone marrow progenitor cells were seeded in polyglycolide
(PGA) and polyglycolide-colactide (PLGA) scaffolds and PLGA-fused wafer scaf-
fold, respectively, later harvested, sutured together, reimplanted and grown in the
omenta of adult rat host to regenerate respective tissues (Young et al. 2005).
Interestingly, a recently published report discusses about an erupted and occluded
bioengineered tooth into the alveolus of an adult mouse accomplished by transplan-
tation of bioengineered tooth germ (Ikeda et al. 2009). Masamitsu Oshima et al.
reported that engrafted bioengineered tooth unit in a murine model exhibited tooth
and periodontal ligament (PDL)-related functions (Oshima et al. 2011).

2.2.2 Partial Tooth Regeneration

Although, the concept of whole tooth regeneration appears to be relatively simple in
proposition, the dynamics and highly complex biology of the dental cells and tissues
together as a unit makes the feasibility potential far from straight forward (Sonoyama
et al. 2006). Hence, as suggested by many authors, the focus has to be rather on
clinical significance in devising a strategy appropriate for a relevant and high
treatment outcome. Clinically, an artificial/prosthetic or natural crown is supported
by the root of tooth, indicating that regeneration of a physiologically functional tooth
root could be a more viable option (Yuan et al. 2011). Taking note of the above-
perceived notion, Wataru Sonoyama et al. transplanted stem cells isolated from
periodontium and apical papilla of human teeth to regenerate root, which was later
found to be competent enough for supporting a porcelain crown in minipig model
(Sonoyama et al. 2006). Likewise, in another study, BoYang et al. used dental
follicle cells in treated dentine matrix (TDM) from human, for regeneration of
tooth root, when implanted subcutaneously into the dorsum of mice (Yang et al.
2012). Baohui Ji et al. in their study showed that combined use of platelet-rich fibrin
(PRF) and TDM leads to regeneration of tooth root by cell homing when
transplanted orthotopically in beagle dogs (Ji et al. 2014). Interestingly, a bio-root
was formed by using allogenic dental stem cells and Vit C-induced PDL cell sheet
with root shape hydroxyapatite tricalcium phosphate scaffold in swine for artificial
crown restoration (Wei et al. 2013a). Recent findings also suggests that, aligned
PLGA/Gelatin electrospun sheet (APES), TDM and native dental pulp extracellular
matrix (DPEM) seeded with stem cells regenerate tooth-root-like tissues in porcine
jaws (Chen et al. 2015). Weihua Guo et al. claimed that an inductive alveolar fossa
microenvironment with dental follicle stem cells (DFCs) and TDM scaffolds could
be utilized for regeneration of tooth root (Guo et al. 2012). In spite of all the exciting
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advances, strategies to successfully regenerate fully functional tooth roots have
achieved no concrete results.

Furthermore, much effort has been made lately to regenerate dentine or dentine/
pulp complex as the approach is viewed as crucial for successful engineering of
bio-root (Na et al. 2016). Study indicates that when implanted intramuscularly,
hydroxyapatite ceramic (HAC) granules and dental papilla cells gave rise to
structures comparable to tooth root and pulp tissues (Holtgrave and Donath 1995).
Likewise, cells isolated from pulp tissues in the presence of f-glycerophosphate gave
rise to structures comparable to human dentine matrix (About et al. 2000). Experi-
mental studies also confirm about the formation of dentine and pulp-like tissues upon
transplantation of dental pulp stem cells (DPSCs) in immunocompromised mice
(Gronthos et al. 2000). Sakai VT et al. suggested that tubular dentine could be
formed when MSCs from deciduous teeth were seeded in tooth slice/scaffolds and
implanted subcutaneously into immunodeficient mice (Sakai et al. 2010) Similarly,
formation of ectopic dentine and associated pulp tissues upon transplantation of
DPSCs in mice was also reported (Gronthos et al. 2002). Findings further suggest
that cultured rat tooth bud cells in PGA/PLLA and PLGA scaffolds implanted into
the jaws of adult rat hosts can form organized bioengineered dental tissues
containing dentine, enamel, pulp and PDL (Duailibi et al. 2008). Huang, George
T-J et al. reported the formation of pulp and dentine-like tissue when stem cells/
progenitor cells from apical papilla and dental pulp stem cells were seeded onto
synthetic scaffolds consisting of poly-D,L-lactide/glycolide and subsequently were
inserted into the tooth fragments placed in mouse model (Huang et al. 2009).
Y. Zheng et al. documented the benefits of using porcine deciduous pulp stem
cells/progenitor cells in beta-tricalcium phosphate (f-TCP) scaffold for dentine
regeneration (Zheng et al. 2012). In another study, autologous pulp stem cells and
stromal cell-derived factor-1 were transplanted into a root canal displayed pulp and
dentine regeneration (Iohara et al. 2011). Some studies relate the use of triacrylate
polymers (Vining et al. 2018), propolis (Ahangari et al. 2012), magnesium-
containing nanostructured hybrid scaffolds (Qu et al. 2014), PLLA nanofibrous
microspheres (NF-MS) with bone morphogenetic protein-2 (BMP-2) (Wang et al.
2016), biphasic calcium phosphate scaffold (AbdulQader et al. 2013), gelatin
hydrogels with fibroblast growth factor-2 (Ishimatsu et al. 2009), lithium chloride
(Ishimoto et al. 2015), etc., in the promotion of dentine regeneration.

Recent therapeutic strategies under investigation for dentine regeneration also
includes the use of acellular matrix, largely due to its biological recognition and
comparable features to native tissues (Dhandayuthapani et al. 2011; Kim 2018).
Level of evidence shows that human dental follicle cells in human-treated dentine
matrix is suitable for dentine regeneration (Li et al. 2011). Moreover, Liang Jiao
et al. stated that cryopreserved dentine matrix will safeguard the effectiveness of
dentinogenesis-related proteins in the bio-scaffold (Jiao et al. 2014). Related studies
further shows that bioactive molecules such as bone morphogenetic protein (BMP),
transforming growth factor pl1 (TGF-p1) and extracted soluble dentine matrix
protein result in enhanced dentine formation (Luiz de Oliveira da Rosa et al. 2017,
Nakashima 2005). In another case, BMP2-treated 3D pellet culture of pulp cells on
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amputated pulp induced formation of reparative dentine (Iohara et al. 2004). Of late,
it was also noted that the scaffold geometry and shape determine the type of dental
tissue regeneration when seeded with dental pulp-derived cells (Tonomura et al.
2010). However, as stated by Weihua Guo et al., majority of these experimental
studies have issues on regenerating prefabricated-shaped dentine (Guo et al. 2009).
Limitations like exogenous cell transplantation (Sakai et al. 2010) and possible risk
of mutation, contamination or infection associated with cell-based therapies for
pulp—dentine regeneration could additionally pose technical challenges (Huang
et al. 2013).

23 Periodontal Regeneration

The priority of regenerative periodontal therapy is to reconstruct tooth’s functional
periodontium, alveolar bone and related connective tissue attachments (Sculean et al.
2008). Apart from serving as a supporting and anchoring tissue between the tooth
and alveolar bone, periodontium is also known for its proprioceptive mechanism
(Willis and DiCosimo 1979). As discussed in earlier sections, the higher prevalence
of periodontitis with corresponding tooth loss has prompted clinicians to solicit
novel regenerative strategies.

Approaches under periodontal therapy includes periodontal surgery (Caton et al.
1980), bone graft/substitutes (Reynolds et al. 2010), growth factors (Darby and
Morris 2013) and barrier membranes (Bottino et al. 2012). Studies show that
periodontal surgical techniques like modified Widman flap procedure had no signifi-
cant effect on restoring connective tissue attachments (Caton et al. 1980) (Caton and
Nyman 1980). Conversely, the abilities of various growth factors for enhancing the
regenerative potentials of stem cells in the periodontium are studied extensively.
Earlier studies have documented the combine use of recombinant human
(rh) platelet-derived growth factor (PDGF) and (rh) insulin-like growth factor-I
(IGF-I) in the management of periodontal osseous defects in humans (Howell
et al. 1997). The beneficial effect of recombinant human bone morphogenetic
protein-2 (thBMP-2) in an absorbable sponge (ACS) for periodontal regeneration
was also documented (Selvig et al. 2002). However, there are still important issues to
be addressed for utilizing various growth factors such as negating the incidence of
tooth ankylosis and excessive bone formation in relation to the use of BMPs, etc., to
name a few. Literature also indicates the extensive use of other alternatives like bone
grafts to enhance treatment effects and outcome (clinical attachment, regeneration of
new bone, cementum and periodontium, etc.) (Schallhorn 1977; Brunsvold and
Mellonig 1993). Various bone grafting materials like freeze-dried bone allografts
(FDBA) (Quattlebaunr et al. 1988), demineralized freeze-dried bone allografts
(DFDBA) (Russell et al. 1997), Deproteinized bovine bone matrix (DBBM) (Sartori
et al. 2003), bioactive glass (Schepers et al. 1991), tricalcium phosphate (TCP)
(Shetty and Han 1991), enamel matrix derivatives (EMD) (Miron et al. 2016) and
platelet-rich plasma (PRP) (Plachokova et al. 2008) are either used alone or in
combination with various growth factors for regenerative therapies (Orsini et al.
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Fig. 2.2 Guided tissue regeneration with barrier membranes. Placement of a physical barrier
between the gingival flap (reflected) and the defect before flap repositioning and suturing allows
desired cell population to regenerate targeted tissue while preventing gingival epithelium and
connective tissue (undesirable cells) from contacting the space created by the barrier

2018). However, as stated by Dieter d. Bosshardt et al., the limitations for majority of
these bone filler materials is the absence of “biologic rationale” in relation to the
regeneration of lost connective tissue attachment or periodontium (Bosshardt and
Sculean 2009). In addition, methods such as barrier techniques for guided tissue
regeneration of periodontal tissues have been reported (Tatakis et al. 1999). These
barriers like Gore-tex® membrane and Millipore® filter are placed on the denuded
root surface for the preferential proliferation of PDL cells which later amounts to
favourable connective tissue attachments (Gottlow et al. 1986) (Karring et al. 1993)
(Fig. 2.2). Nevertheless, there are numerous published studies suggesting potential
limitations associated with these conventional membranes (Bottino et al. 2012;
Villar and Cochran 2010). Other tissue engineering approaches like cell sheets
(Hasegawa et al. 2005; Akizuki et al. 2005; Flores et al. 2008; Iwata et al. 2009)
and implanting 3D scaffold seeded with stem cells/progenitor cells in the defect site
has also been explored (Bartold et al. 2000) (Nakahara et al. 2004; Liu et al. 2008).
However, the favourable/anticipated outcome of these approaches are not always
ensured (Orsini et al. 2018) and satisfied regeneration are hardly observed (Iwata
et al. 2009). In a recent in vivo study, 3D printed, micropatterned polycaprolactone
(PCL) scaffolds with mesoscale and microscale architectural cues were investigated
for regeneration of bone-ligament—cementum complex (Pilipchuk et al. 2016).
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24  Alveolar Bone Regeneration

Earlier studies have established the correlation between the patterns of root and
alveolar bone growth associated with development and eruption of teeth (Kenney
and Ramfjord 1969). This complex connection between the teeth and jaw is
interfaced by periodontium (Nanci 2017). As discussed earlier, alveolar bone
resorption as a consequence of periodontal diseases (Schei et al. 1959) and tooth
loss (Pietrokovski and Massler 1967) represents a significant clinical problem.
Hence, treatment strategies for regenerating/restoring alveolar bone mass is of vital
importance (Himmerle and Jung 2003). Several treatment modalities such as autog-
enous bone grafts (Peleg et al. 2010), grafts with titanium mesh (Roccuzzo et al.
2004), p-phase tricalcium phosphate (Zerbo et al. 2001), bioabsorbable membranes
(Lekovic et al. 1998), collagen type I matrices seeded with cells (Xiao et al. 2003),
rhBMP-2 (Wikesjo et al. 1999) and adenoviral vector-loaded chitosan/collagen
scaffolds encoding human BMPs (Zhang et al. 2007) for regeneration of alveolar
bone has been reported. Further, recent reports highlight newer avenues such as
understanding the importance of hierarchical organization of a material or tissue in
relation to its corresponding functionality, leading to the development of novel
functional materials (Elsharkawy and Mata 2018) such as those in protein-mediated
mineralization process and could be utilized towards hard tissue repair (Elsharkawy
et al. 2018).

In the past, Bruder et al. used human BMSCs loaded onto a ceramic carrier for
bone regeneration in critical size bone defects in adult athymic rats (Bruder et al.
1998b). Bruder et al. also demonstrated the usefulness of autologous MSCs loaded
onto porous ceramic cylinders composed of hydroxyapatite and p-tricalcium phos-
phate ceramic in the healing of critical-sized segmental defects in the femora of adult
female dogs (Bruder et al. 1998a). In another study, nano-hydroxyapatite/gelatin and
carboxymethylated chitin (n-HA/gel/CMC) scaffold construct was used in critical
size defects of rabbits (Sagar et al. 2013). PLLA/Gelatin/hydroxyapatite
(HA) scaffolds (Jaiswal et al. 2013a, b) and 3D printed gelatin/
carboxymethylchitin/hydroxyapatite (HA) composite gel constructs were also
reported to be beneficial in bone regenerative approaches (Gupta et al. 2019).
Apart from these, incorporation of silver nanoparticles (AgNPs) on cellulose
nanowhiskers (Hasan et al. 2018¢) and similar studies (Hasan et al. 2017) indicates
a beneficial antimicrobial role of such scaffolds towards bone tissue engineering.

Further, Yamada et al. documented the use of platelet-rich plasma (PRP) as an
autologous scaffold with in vitro-expanded MSCs as an osteogenic bone substitute
(Yamada et al. 2004). It has also been demonstrated that dental pulp cells (DPCs)
seeded onto collagen scaffold repair alveolar defects (d’Aquino et al. 2009). In
another study, a combination of -tricalcium phosphate and PRP was used to
enhance alveolar bone regeneration in beagle dogs (Suba et al. 2004). Recently, in
a very interesting finding, conditioned medium from bone marrow-derived mesen-
chymal stem cells (MSC-CM) was found to have osteogenic features promoting
alveolar bone regeneration (Katagiri et al. 2016). Yet, numerous published articles
express several noted potential limitations that warrant consideration. Study
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performed by Arrington ED et al. discussed the associated major and minor
complications with autologous bone grafts (Arrington et al. 1996). A recent review
article also discussed the morbidity and a number of complications associated with
autologous bone grafts (Dimitriou et al. 2011). Additionally, biomaterials like
collagen grafts used for bone regeneration are known for their potential immunoge-
nicity and poor structural support (Giannoudis et al. 2005). Synthetic bone
substitutes like coral-derived hydroxyapatite also showed unsatisfactory clinical
results with incidental inflammatory foreign body reactions (Giannoudis et al.
2005). Furthermore, studies have demonstrated the incidence of severe inflammatory
response and cyst—like bone formation in relation to the use of growth factors such as
BMPs (Zara et al. 2011).

2.5 Dental Implants

The clinical success of dental implants in edentulous and partially edentulous
patients has been studied extensively (Adell et al. 1990; Lekholm et al. 1994).
Given the fact that numerous studies on dental implant suggests predictable and
frequent success with osseointegration (Smith and Zarb 1989), they are used sub-
stantially as a reliable treatment option for edentulism and to replace the lost
anatomical structures of orofacial region. “Osseointegration implies a firm, direct
and lasting connection between vital bone and screw-shaped titanium implants of
defined finish and geometry-fixtures. Thus, there is no interposed tissue between
fixture and bone. Osseointegration can only be achieved and maintained by a gentle
surgical installation technique, a long healing time and a proper stress distribution
when in function” (Adell et al. 1981). Further, over the years, the number of dental
implants has increased manifold (Le Guéhennec et al. 2007), suggesting the numer-
ous advantages of dental implant have been acknowledged and established (Jivraj
and Chee 2000).

The quality of osseointegration depends on the surface properties of titanium
implants (Le Guéhennec et al. 2007). Implant surface properties such as surface
chemistry, nanoscale features, wettability and porosity have been proposed to
influence clinical performances (Das et al. 2018). Thus, there have been many
attempts to modify surface topography of dental implants to evoke a favourable
bone bio-response for enhanced osseointegration (Marco et al. 2005; Anil et al.
2011). G Zhao et al. reported that submicron-scale structure on titanium (Ti) surfaces
affects osteoblast response (Zhao et al. 2006). In another study, sandblasted and acid
etched implant surface demonstrated good clinical performance (Kim et al. 2008).
Additionally, plasma sprayed coatings of hydroxylapatite (De Groot et al. 1987),
anodization (Park et al. 2007), fluoride treatment (Ellingsen et al. 2004),
bisphosphonates (Kurth et al. 2005), statins (Yang et al. 2011a), growth factors
(Liu et al. 2007), proteins (Raphel et al. 2016), self-assembled layers (Hasan et al.
2018a, b; Pandey and Pattanayek 2011), etc., are evaluated to establish ideal surface
nanotopography towards enhanced osseointegration. Interestingly, in a recent proof
of concept trial, biodegradable osteogenic nanofibres coated titanium implant
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Fig. 2.3 Surface modification of dental implants such as uncoated pure titanium implant (a) is
coated with osteogenic nanofibres (b) for improved osseointegration. (Adapted and redrawn from
Ditron dental implant systems)

showed enhanced osseointegration suggesting nanofibrous coated implants may
serve as an ideal anchorage modules (Das et al. 2018) (Fig. 2.3).

However, in dental implant osseointegration, PDL; a specialized connective (Seo
et al. 2004) and proprioceptive attachment (Jacobs and van Steenberghe 1994) that
links tooth cementum and alveolar bone is missing (Lee et al. 2017). Thus, attempts
have been made to compensate the current sequence of events for conventional
“bone—integrated implants” by incorporating functional PDL connection onto
titanium implants. Fortunately, numerous experimental studies have provided the
basis for regeneration of periodontium around titanium implants (Buser et al. 1990).
Studies in monkeys show that hollow titanium plasma sprayed implants close to
retained root tips were surrounded by regenerated cementum and PDL with perpen-
dicularly oriented collagen fibres (Buser et al. 1990). In a similar study, PDL
formation was noted in self-tapping, screw-type titanium dental implants (Warrer
et al. 1993). A case report further discusses the formation of continuous layer of
cementum on the implant surface in contact with retained root residue (Guarnieri
et al. 2002). Other approaches such as approximating a tooth-to-implant contact
(Jahangiri et al. 2005; Urabe et al. 2000) and cells with/without scaffold-based tissue
engineering strategies have been explored with limited success (Choi 2000; Lang
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et al. 1998; Kawaguchi et al. 2004; Marei et al. 2009; Lin et al. 2011; Gault et al.
2010).

2.6 Scaffolds for Dental Tissue Engineering

The recent progress in bio-fabrication technologies and bioengineering involves
mainly the combination of scaffolds and bioactive molecules for enhanced recovery
or regeneration of intended tissues (Tables 2.1 and 2.2). Further, combinations of
stem cells from different sources with scaffold fabricated from a wide variety of
biomaterials have been proposed to regenerate native functional tissue (Weigel et al.
2006). Based on their origin, biodegradable polymeric biomaterials are broadly
classified into biologically derived/natural and synthetic polymers (Marin et al.
2013). Additionally, biodegradable natural polymers are known to evoke minimal
incidences of foreign body reactions (Hutmacher et al. 2001). Initially, for clinical
use, natural polymers were considered among others (Nair and Laurencin 2007).
Hence, to support the presumption, experimental studies demonstrated that natural
polymer such as collagen promotes differentiation of human dental pulp cells
(HDPC) and their subsequent mineralization by probably retaining
non-collagenous proteins (Kim et al. 2009a). Literature suggests that collagen
sponge scaffold (Sumita et al. 2006) and chitosan/collagen scaffold containing
BMP-7 DNA (Yang et al. 2011b) were suitable for dental tissue engineering.
However, some reports also suggest that maturation of tooth buds could be difficult
in collagen and fibrin gels (Ohara et al. 2010). Other natural polymers, like alginate
hydrogel were shown to support dental pulp regeneration by delivering growth
factors such as TGF-p 1 (Dobie et al. 2002). On the other hand, synthetic biodegrad-
able polymer offers greater potential advantages compared to their respective coun-
terpart (Vroman and Tighzert 2009). Barrier membranes made from synthetic
polymers such as polylactic acid (PLA) and polyglactin-910 (PG-910) demonstrated
appreciative results in the management of intrabony periodontal defects (Christgau
et al. 1998). It was also claimed that pulp-derived fibroblasts proliferate in PGA
fibres forming tissue constructs comparable to native pulp (Mooney et al. 1996).
Similar studies further suggest that fibroblasts isolated from pulp and gingival tissue
proliferates in PGA scaffolds and secretes type 1 collagen, cellular fibronectin and
probably transduce BMP signals, in vivo (Buurma et al. 1999). In another study,
enhanced DPSCs differentiation towards an odontoblast-like phenotype was
reported in nano-hydroxyapatite incorporated poly(epsilon-caprolactone) (PCL)/
gelatin scaffolds (Yang et al. 2010). Interestingly, histological samples of
transplanted DPSC seeded PLGA scaffold in rabbits exhibited osteodentine and
tubular-like dentine structures (El-Backly et al. 2008). In a recent study, composite
nanofibrous scaffold incorporating PCL and gelatin were optimized in various 3D
geometries and were found to support DPSCs, proliferation and their subsequent
neural differentiation (Das and Bellare 2018). However, despite the recent advance-
ment in physico-chemical properties and processing parameters of biodegradable
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Table 2.2 Some of the commercially available scaffold materials

Product
Bio-Oss®

Puros®

Grafton®
(DBM)

Vitoss®

Guidor
easy-
graft®

Raptos®

Gen-os®

Interpore
200®
OsteoGraf/
N-300
Cytoflex
Tefguard®

Epi-
Guide®

Manufacturer
Geistlich

Zimmer
Biomet

BioHorizons

Stryker
Sunstar

Citagenix

OsteoBiol by
Tecnoss

Interpore
International

Dentsply
Sirona

Unicare
Biomedical

Curasan Inc.

Source: Product Catalogues

Composition
Geistlich Bio-Oss®
granules and porcine
collagen

Puros cancellous
particulate allograft

Demineralized bone
matrix allograft

p-tricalcium phosphate
pB-tricalcium phosphate
granules coated with poly
lactide-co-glycolide

Mineralized/
demineralized bone
allograft
Cortico-cancellous
heterologous bone mix

Porous Hydroxyapatite

Sintered bovine-derived
hydroxylapatite
Micro-porous
polytetrafluoroethylene
thin film

Poly-DL-Lactic Acid

Usage/Clinical indication

Ridge preservation, minor bone
augmentation, periodontal
regeneration

Regeneration in periodontium,
furcation defects, osseous defects,
sinus augmentation, horizontal
alveolar crest augmentation
Extraction socket grafting, ridge
and sinus augmentation, bone
augmentation around implants,
bony defects, periodontal
regeneration

Bone augmentation

Ideally suited for ridge preservation
after tooth extraction and filling
voids around immediate implant
placements

Osseous defects

Alveolar ridge preservation, lateral
access maxillary sinus lift,
dehiscence regeneration

Periodontal osseous defect

Provides a scaffold for new bone
growth

Use as a barrier membrane for
guided tissue regeneration
procedures

Use as an adjunct to periodontal
restorative surgeries and assists in
the regeneration of bone and
periodontal support tissues

scaffolds, concern remains regarding the numerous associated limitations such as
reaction and tissue necrosis (O’brien 2011).

2.7

Conclusion

Even though tissue engineering is in the early period of existence, it offers significant
promise due to the combinatorial effect of MSCs and biodegradable polymers.
However, the ethical issues tied to the source of cells and stringent regulatory
approval process pose challenges in the translation of stem cell-based tissue
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engineering concepts to the clinics. Fortunately, the advancement of materials
science led to the development of a wide range of biodegradable polymers exhibiting
ease of manufacturability including fabrication of scaffolds with complex
geometries and processability demonstrating favourable mechanical and physical
properties. The feasibility of therapeutic application of stem cell/scaffold-based
tissue engineering approaches lies on our ability to identify and optimize the existing
or novel biomaterials and its corresponding interaction with MSCs to elicit syner-
gistic bio-response. Hence, further exploration of various modalities for polymeric
biodegradable biomaterials and stem cells in tissue engineering especially on the
perspective of teeth and dento-alveolar region is warranted.
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Abstract

Recent advances in synthetic chemistry has led to the increasingly sophisticated
design and preparation of biofunctional polymeric surfaces and materials. In this
regard, synthetic poly-(N-substituted glycine) “peptoids” which mimic the struc-
ture and function of peptides play an important role, since they may attain
functionalities similar to natural biopolymers. This chapter reviews efforts by
our group and others to develop “antifouling” peptoid coatings that resist the
nonspecific and undesired adsorption of proteins and attachment of mammalian
and microbial cells. We have found that the simplest peptoid—polysarcosine—
has been found to be well hydrated and therefore well-suited for antifouling
applications. We show that the synthetic convenience of peptoids in general
greatly facilitates studies on how polymer chain length, chain density, sidechain
chemistry, and specific peptoid sequences may control surface interactions.
Indeed, specific peptoids and sequence arrangements have been found to exhibit
long-term antifouling properties and excellent resistance against different strains
of bacteria. Addition of simple sugar groups to peptoid chains may further
enhance resistance against bacterial attachment. Combined with peptoid’s resis-
tance against enzymatic degradation, antifouling peptoids have excellent poten-
tial in biomedical applications. These range from coatings of catheters and other
biological devices to biosensing and nanomedicine that require a non-fouling
interface to achieve improved device performance.
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3.1 Introduction

Recent research has focused on the design of biofunctional surfaces using polymeric
materials. Poly-(N-substituted glycine) “peptoids” are structural isomers of peptides,
differing only in the attachment position of the functional sidechain. These are
located on the backbone a-carbon in peptides while they are instead located at the
a-nitrogen in peptoids. This rearrangement is not recognized in nature and accounts
for the protease resistance of the peptoids (Knight et al. 2015). Sidechain attachment
at the amide group also removes chirality and hydrogen-bond (H-bond) donors from
the peptoid backbone, promoting increased backbone conformation flexibility. This
sidechain shift further enables a versatile synthetic route (the “submonomer”
method) to install a diverse array of functional groups through commercially avail-
able building blocks (Lau 2014). The conformational flexibility and lack of intra-
and inter-backbone H-bonds also increase thermal processability, solubility in com-
mon organic solvents, as well as hydration (Lau 2014, Knight et al. 2015, Prakash
et al. 2018). Overall, the combination of biomimetic properties, resistance to enzy-
matic degradation, and material processability makes peptoids a potential candidate
for various biomedical as well as technological applications (Lau 2014, Knight et al.
2015, Gangloff et al. 2016).

Analogous to synthetic peptides, there are two fundamental approaches to
synthesizing peptoids: solid-phase submonomer synthesis (Zuckermann 2011) and
ring-opening bulk polymerization (ROP) (Gangloff et al. 2016, Tao et al. 2018). The
former enables sequence-specific design—the complex properties of the polymer are
determined by the sequence in which simple monomer units are ordered along a
linear chain. The latter enables production of bulk quantities of the polymer but can
only produce sequences with averaged monomer compositions and less-specific
functionalities.

Antifouling organic biointerfaces are surfaces grafted with small organic molecules
or polymers that resist biofouling—the undesired surface adsorption of proteins, other
biomolecules, and cell attachment. The search for surfaces that resist protein adsorp-
tion began several decades ago when it was recognized that surface-immobilized
biomolecules mediated a number of biological and biomedically important processes
(Vroman 1962, Prime and Whitesides 1991, Szleifer 1997a). In particular, polymer
chains grafted by their chain ends on surfaces at high densities, defined as antifouling
polymer “brushes”, are advantageous because their chemical properties can be tailored
by chemical techniques and the brush arrangement exert an additional entropic and
steric penalties against protein adsorption (de Gennes 1987, Szleifer 1997b, Halperin
1999). Polyethylene glycol (PEG) has been the “gold standard” antifouling polymer
and indeed displays excellent short-term antifouling performance suitable for
biosensing and cell patterning applications (Prime and Whitesides 1991, Unsworth
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et al. 2005). However, significant effort has been devoted to discovering other
antifouling polymers because PEG has not shown long-term stability and can exhibit
complement activity (Toda et al. 2010, Lau et al. 2012b, 2015). The Messersmith
group first reported antifouling surfaces composed of peptoids in 2005 (Statz et al.
2005), and we as well as other groups have expanded upon the initial study (Statz et al.
2008a, b, 2009, Lau et al. 2012a, b, 2015, van Zoelen et al. 2012, 2014, Ham et al.
2013, Ryu et al. 2014, Hortz et al. 2015, Huesmann et al. 2015, Leng et al. 2015a, Tao
et al. 2018, Cheung and Lau 2019).

This review highlights the potential advantages of applying peptoids as antifouling
polymer brushes. These include the ability to conveniently prepare different peptoids
exhibiting different monomer sidechain chemical groups, as well as sequences with
different specific ordering of monomers to tailor the antifouling property with unpar-
alleled control of chemical properties. It has also been reported that the conformational
flexibility and high hydration of the peptoid backbone may be especially advantageous
in resisting biofouling (Cheung and Lau 2019). Furthermore, the method of peptoid
solid phase synthesis also lends itself to convenient attachment of antibacterial agents
to combine antifouling and antibacterial performances. Access to higher molecular
weight polypeptoids with ROP also provides excellent opportunities toward practical
applications. Overall, peptoids provide a versatile platform to both study the molecular
origins of the antifouling effect and to prepare sophisticated antifouling surfaces for
potential biomedical applications.

3.2 Methods of Preparing Peptoids
The synthesis of peptoids is tackled by two main routes (Fig. 3.1): solid-phase

submonomer synthesis (SPSS) to target sequence specificity, and ROP to achieve
high molecular weight and larger quantities of material. ROP of N-substituted
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Fig. 3.1 (a) Peptoid chemical structure as compared to peptides. (b) Solid-phase synthesis procedure
of sequence-specific peptoids. (¢) Method to obtain peptoids by ring-opening polymerization (ROP).
Reproduced with permission from Lau (2014). Copyright the Royal Society of Chemistry
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N-carboxyanhydrides (NNCAs) was the first method reported (Goodman and Fried
1967, Sisido et al. 1977). High molecular weight low polydispersity peptoids in
various block and branching architectures have been reported (Lahasky et al. 2011,
Fetsch and Luxenhofer 2012, Jin et al. 2019). NNCA monomers are small organic
molecules that polymerize through the nucleophilic ring-opening mechanism
(Fig. 3.1c¢). Early studies in peptoid ROP were motivated by the need to understand
the basic ROP mechanism, which is also used to produce poly(a-peptide)s (Habraken
et al. 2011). Due to the sidechain attachment at the nitrogen, the NNCA propagating
species produced is a neutral secondary amino and as such, the steric effects of
substituents on the nitrogen significantly influence the reaction and the rate at which
polymerization proceeds (Goodman and Fried 1967, Goodman et al. 1973, Fetsch
et al. 2011). These effects are so great that polymerization rates can vary by several
orders of magnitude depending upon the substituent group (Ballard and Bamford
1956, Luxenhofer et al. 2013). Synthesis of polypeptoids with bulky sidechains is
particularly limited. Successful reports focus predominantly on poly(N-methylglycine)
(i.e., polysarcosine, the simplest peptoid), poly(N-ethylglycine), and poly
(N-propylglycine). Another general drawback of NNCA polymerization is the
requirements of inert and dry conditions during both storage and polymerization. In
light of this, catalytic polymerization of less-reactive N-thio-carboxyanhydride
monomers has recently been developed to enable unprotected polymerization in air
(Tao et al. 2014, 2017a, b, 2018).

SPSS is a more widely employed approach that focuses on sequence specificity
and functional group control. This approach had evolved from Merrifield solid-
phase peptide synthesis (SPPS): each residue is coupled in a sequence-specific
manner from a high number of coupling sites inside porous crosslinked polymer
“micro-sponges,” a.k.a. chemical resins. The submonomer method is distinguished
from regular peptide SPPS by the fact that each peptoid residue is formed from two
readily available units instead of from specially synthesized intact monomers
(Kruijtzer and Liskamp 1995, Zuckermann 2011). This speeds up the development
of bioactive sequence-specific peptoids with nonnatural sidechains (around
300 have already been demonstrated) (Culf and Ouellette 2010, Culf 2019).
Each submonomer cycle is composed of an acylation step to extend the chain/
monomer (for example, bromoacetic acid) followed by nucleophilic displacement
to couple the sidechain functionality (Fig. 3.1b). As in peptide SPPS, peptoid SPSS
can also be facilitated by microware irradiation to reduce the time required per
addition step (Yu et al. 1992, Olivos et al. 2002, Gorske et al. 2005). With or
without microwave heating, SPSS peptoid sequences 15-30 residues in length are
routine, and 50 residue chains have been demonstrated (Lau et al. 2012b, Murnen
etal. 2012). A 100-mer sequence has also been demonstrated by fragment conden-
sation (Murnen et al. 2012).
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3.3  Antifouling Peptoid Design
3.3.1 Sidechain Chemistry

Control of the nonspecific biomolecular adsorption and cell attachment is important
for biomedical devices in order to prevent, for example, bacterial infection and
fibrotic encapsulation of devices. Statz et al. was the first to study the antifouling
properties resulting from different peptoid sidechains (Fig. 3.2) (Statz et al. 2008a).
Peptoids containing methoxyethyl sidechain groups (PMP1) were compared with
hydroxyethyl (PMP2) and 2-hydroxypropyl (PMP3) sidechains. Lower fibrinogen
adsorption was observed on PMP1 than on PMP2 and PMP3. However, PMP1 alone
showed longer term prevention of mammalian cell attachment. All the peptoids
studied showed good resistance against E. coli attachment but PMP1 and 2 showed
significantly lower attachment of S. epidermidis, a species important in hospital
complications. As the backbone of all the peptoids studied was same, the differences
in protein adsorption, bacterial and mammalian cell attachment were attributed to the
differences in sidechain chemistry.

We had further compared the ability of PMP1 to prevent biomolecular adsorption
with that of PEG (Ryu et al. 2014). Both polymers were grafted on TiO,, to simulate
the effect on naturally oxidized surfaces of titanium-based biomedical devices.
Single-molecule fluorescence imaging was used to quantify the amount of adsorbed
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Fig. 3.2 (a) Chemical structures of the peptoids PMP1, PMP2, and PMP3. The R-group is a
pentameric peptide with special adhesive properties to graft the 20-mer peptoid chain onto a TiO,
surface. (b) The amount of fibroblast attached on the peptoid surfaces over 6 weeks. (¢) The amount
of S. epidermidis and E. coli attached on the peptoid surfaces after 1 and 4 days. Adapted with
permission from Statz et al. (2008a). Copyright the Royal Society of Chemistry
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DNA (single stranded) and immunoglobulin G (IgG). In most antifouling studies,
measurements of protein adsorption rely on surface techniques such as surface
plasmon resonance (SPR) spectroscopy, ellipsometry, and total internal reflection
fluorescence (TIRF) microscopy. However, their limit of detection (LOD) is
ca. 1 ng/em? (for regular commercial instruments), which translates to ca. 40 IgG
per pm?, or 40 x 10° IgG/mm?. Therefore, some antifouling surfaces can appear to
be “zero” fouling because the relatively low amount of adsorption may be below the
LOD (Yang et al. 2009), even though the amount is still sufficient for cells to
respond. Measuring adsorption by attenuated total reflection-fourier transform infra-
red (ATR-FTIR) spectroscopy or by assaying the amount of proteins left in a
solution give even worse LOD. In our study, over an imaging area of 50 pm?, 5 +
3 vs. 36 £ 10 molecules were adsorbed from a 10-nM DNA solution, on
PMP1 vs. PEG-coated TiO,, respectively. Lower IgG adsorption could also be
observed on PMP1 than on PEG, with 37 £ 12 vs. 431 £ 143 IgG adsorbed from
a concentrated 0.5 mM IgG solution. These values on PMP1 translate to ca. 0.0005
ng/cm? DNA and 0.0025 ng/cm? IgG adsorbed, while those on PEG were an order of
magnitude higher.

3.3.2 Effects of Chain Length and Chain Density

Antifouling polymer brushes attain their resistance against protein adsorption and
cell attachment only at sufficiently high coverages of polymeric material over a
surface (Raynor et al. 2009, Lau et al. 2012b, 2015). The chemical nature of the
antifouling polymer should minimize van der Waals and other attractive intermolec-
ular forces with biomolecules and cell surfaces (Prime and Whitesides 1993, Chap-
man et al. 2000). Interaction of the polymer with water molecules, i.e., hydration,
should be significantly more favorable than interaction with proteins and other
biomolecules (Raynor et al. 2009). Furthermore, the use of flexible polymer chains
possessing high translational entropy may enforce a large penalty to adsorbing
proteins because these would limit the conformational space of the grafted polymers
(de Gennes 1987, Szleifer 1997b, Halperin 1999).

We had studied the effect of varying the chain length of PMPI from 10 to
50 residues with corresponding brush thickness ranging from ca. 3 nm (10-mer at
1 chain/nmz) to ca. 12 nm (50-mer at 0.5 chain/nmz) (Fig. 3.3) (Lau et al. 2011).
Other methods of grafting antifouling brushes, namely surface-initiated polymeriza-
tion techniques, could only provide chain densities up to ca. 0.1 chain/nm* (Hong
et al. 2017). To achieve sufficiently high overall polymer chain densities for anti-
fouling applications, the lower density should be compensated by grafting of
polymers of higher molecular weight to obtain a higher brush thickness (typically
>20 nm in thickness).

For PMP1, we found that the peptoid exhibited an advancing water contact angle
of 39° irrespective of chain length at sufficiently high brush densities (e.g., >0.3
nm 2 for PMP1-20 and >0.1 nm ™2 for PMP1-50) (Lau et al. 2012a). This compares
to almost complete wetting (i.e., ~0°) on plasma cleaned TiO,. This indicated that
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Fig. 3.3 The amount of irreversible adsorption of fibrinogen (i.e., after rinsing with buffer) at
different grafted densities of (a) PMP1 and (b) polysarcosine chains of different chain lengths. The
R-group is a pentameric peptide with special adhesive properties to graft the peptoid chains onto a
TiO, surface, the same as used in earlier studies (see Fig. 3.2). The critical density is the density
identified when the amount of adsorption falls to below the sensitivity limit of detection
(ca. 10 ng/em?). (c) Resistance against bacteria attachment on polysarcosine brushes. Adapted
with permission from Lau et al. (2012a) and (2012b). Copyright the American Chemical Society

above the specified polymer grafting densities, the surfaces were completely covered
by the PMP1 chains so that water molecules essentially interacted with the peptoid
instead of partially with the peptoid and the underlying TiO,. This coverage was a
necessary but insufficient requirement for preventing irreversible protein adsorption
(i.e., the amount adsorbed after rinsing). Figure 3.3a shows that a critical surface
grafted chain density was needed: up to this critical density, the amount of protein
adsorption decreased within increasing chain density; above this critical density, the
amount adsorbed is very small and essentially below the measurement uncertainty.
A molecular model theory was also developed to corroborate the change in critical
density with different chain lengths (Lau et al. 2012a), which was confirmed by
experimental measurements (Fig. 3.3a). The critical density was found to range from
0.88 nm 2 for a relatively short 10-mer to 0.42 nm > for a 50-mer. Table 3.1
summarizes the effects of chain length, chain densities, and sidechain chemistry
on the water contact angles and critical brush densities to suppress fibrinogen
adsorption for the peptoid species we have studied in detail.
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Table 3.1 Summary of peptoid brush parameters relevant to their surface hydration and resistance
against protein adsorption

Chain Critical Adv.

Peptoid lengths | chain contact
species Sidechain tested densities | angle References
PMP1 Methoxyethyl 10720/ 0.88/0.5/ |39° See Sect. 3.2
50 0.4 and Lau et al.
nm~2 (2012a)
Polysarcosine | Methyl 10/20 0.5/1.0 13-20° | See Sect. 3.3
nm 2 and Lau et al.
(2012b)
PMKE/ Arrangements of 20/36 0.5/032  |30° See Sect. 3.4
PMEK methoxyethyl, nm 2 and Lau et al.
carboxyethyl, (2015)
aminoethyl.
Glycocalyx- Glucose, f-D-maltose, 20+ 0.65 <30° Ham et al.
terminated methylethyl chain (2013)
PMPI nm "’

3.3.3 Polysarcosine, the Simplest Peptoid, and Related Polymers

Sarcosine (N-methyl glycine) is the peptoid analog of alanine and, as an intermediate
in the metabolism of choline and creatine (Smith-Palmer 2019). as well as a glycine
transporter inhibitor (Cioffi et al. 2010), is the only naturally occurring peptoid.
Alanine, and polyalanine in particular, is often considered a hydrophobic peptide
because of intra- and inter-backbone H-bonding of the amide backbone polar groups
to form a-helical or f-sheet secondary structures, promoted exactly by alanine
residues, instead of H-bonding with water. However, since the amide hydrogens in
peptoids are replaced by the sidechains (Fig. 3.1), intra- and inter-backbone H-bond-
ing is not possible, and the peptoids backbone is completely free to interact with
water.

After realizing the potential of polysarcosine, we showed by water contact angle
measurements (Lau et al. 2012b) and molecular dynamics modeling (Cheung and
Lau 2019) that surface grafted polysarcosine is highly hydrophilic, and we first
reported the excellent antifouling properties of this peptoid in 2012 (Lau et al.
2012b). Furthermore, a particular advantage of using polysarcosine is the fact that
the polymer may be prepared by both solid-phase SPSS to control the exact chain
length for basic studies and by ROP polymerization to obtain bulk quantities of
material (Gangloff et al. 2016, Tao et al. 2018)

In our measurements, polysarcosine 20-mers surface grafted at >0.5 chain/nm?
exhibited an advancing water contact angle of ca. 15° and a receding angle of 5° at
the high surface chain coverages. These values are as low as many zwitterionic
charged polymer surfaces (see Sect. 3.4) and indicate excellent hydration of the
peptoid (Lau et al. 2012b). When challenged with fibrinogen at its physiological
concentration (3 mg/mL), we obtained critical densities of 1 nm 2 for a chain length
of 10 sarcosine units and ~0.5 nm ™2 for a chain length of 20 units (Fig. 3.3b).
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Moreover, the 20-mer showed excellent resistance against the attachment of the
mammalian fibroblasts for repeated challenges over 7 week, as well as against
P. aeruginosa and E. coli in a 24 h attachment assay (Fig. 3.3c). These levels of
antifouling performance are actually indistinguishable from those of PMP1 (com-
pare Fig. 3.3a and b, and see further data from Lau et al. (2012a) and (2015)).

Other groups also examined polysarcosine brushes for antifouling applications.
For example, Zhu et al. applied a polysarcosine coating on gold nanorods (AuNRs)
for photothermal tumor nanomedicine therapy (Zhu et al. 2017). The polysarosine-
coated NR exhibited excellent stability in a wide range of pH, and no toxic effect or
NR accumulation was found in the major organs such as heart, lung, spleen, kidney,
and liver. With near-IR laser excitation, the tumors dissipated in treated mice. Barz
and Schmidt also proposed to use polysarcosine to a core—shell cylindrical brush
polymer complex for the sequestration and delivery of RNA molecules for gene
therapy. In a study with AML-12 hepatocytes, a 70% knock-down efficiency of
ApoB100 mRNA was measured with application of the polysarcosine complex
(Hortz et al. 2015).

Interestingly, before the antifouling properties of polysarcosine were recognized,
other groups had already used the peptoid as the hydrophilic segment in block
copolymer designs that self-assemble into micelles for drug delivery applications
(Kidchob et al. 1998). In fact, it has been recognized that the solution properties of
polysarcosine (e.g., hydrophilicity, critical aggregation concentration, and hydrody-
namic radii) are similar to those of PEG (Huesmann et al. 2015). At the same time,
close structural relatives of polysarcosine, namely poly(2-methyl-2-oxazoline)
(PMOXA) (Wiesbrock et al. 2005, Hoogenboom and Schlaad 2017, Lorson et al.
2018) and the hydrophilic pB-peptoid poly(N-methyl-p-alanine) (Lin et al. 2011),
have shown very good antifouling properties. PMOXA, like polysarcosine, also
possesses similar hydrophilicity to PEG. In other studies, however, increasing the
alkyl sidechain length beyond the single methylene unit of sarcosine and its mimics
decreases the solubility in water, which leads to differences in block copolymer
microphase separation and degradation behavior under various pH conditions
(Lambermont-Thijs et al. 2009). These results reinforce the point that the side
chain chemistry can be tuned to govern antifouling properties and also the degrada-
tion, solubility, and stability of peptoids (for biomedical applications).

3.3.4 Sequence-Specific Design

It has been reported that zwitterionic polymers having both cationic and anionic
entities exhibit improved antifouling properties compared with neutral brushes or
those with cationic or anionic functional groups (Yang et al. 2009, Serrano et al.
2013). We therefore applied the capability of solid-phase synthesis to produce
sequence-specific zwitterionic peptoids and study the detailed interfacial properties,
including hydration, charge neutrality, and flexibility in molecular packing, of this
antifouling design (Lau et al. 2015). Our peptoids consisted of alternating lysine and
glutamic acid residues (i.e., Nlys and Nglu residues) spaced by specific numbers of
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Fig. 3.4 Chemical structures of zwitterionic peptoid model polymers and schematics of the grafted
charge arrangement (bottom row). The peptoids are named according to the nature of the residue
design: P—peptoid; M—uncharged spacer residues with methoxyethyl sidechains; K—peptoid
analog of lysine (red); E—peptoid analog of glutamic acid (blue). The number of M residues
between the oppositely charged sidechains is indicated by the numeral following the letter designa-
tion (0, 1, 3, and a). The last numeral specifies the total number of residues in the peptoid brush
segment (20 or 36). As in previous studies, The R-group is a pentameric peptide with special
adhesive properties to graft the 20-mer peptoid chain onto a TiO, surface. Reproduced from Lau
et al. (2015). Copyright Lau et al. Creative Commons license CC BY-NC 4.0

uncharged residues with methoxyethyl sidechains (i.e., the same Nme residues as in
PMP1), to tune the spatial separation between the charged sidechains as well as the
overall charge densities (Fig. 3.4). Therefore, the overall set of sequence designs
tested the potential advantage of adding zwitterionic charged groups to the PMP1



3 Antifouling Peptoid Biointerfaces 65

brush design with already impressive antifouling performance (see Sects. 3.1 and
3.2).

The set of zwitterionic peptoids exhibited overall excellent resistance against
protein adsorption and cell attachment similar to or slightly surpassing the levels
exhibited by PMP1 (Fig. 3.5). Significantly, it was observed that a separation of
<1.7 nm between charged groups was required to enable a charge-neutral zwitter-
ionic character to the antifouling brush. Otherwise, individual charged groups on a
protein and the polymer brush may directly interact electrostatically to cause higher
adsorption (Fig. 3.5d). Furthermore, at intermediate grafting densities, the zwitter-
ionic designs were able to suppress protein adsorption more than PMP1 by
ca. 10-20%, although all antifouling peptoid brushes studied exhibited the same
critical chain density for preventing protein adsorption (Fig. 3.5a and b). More
importantly, the zwitterionic peptoids were able to suppress protein adsorption
over the entire pH range studied from pH 5 to 7.4, whereas 5-8 times more protein
adsorption occurred on PMP1 at pH 5 and 6 (Fig. 3.5c and d). Acidic pH is
encountered in several biomedically important environments, including cancer
tumors and lysosomes (for drug delivery). Therefore zwitterionic (peptoid) brushes
could be advantageous in biomedical applications. All zwitterionic species, like the
uncharged PMP1, were able to suppress fibroblast attachment. On the other hand, the
resistance against bacteria attachment were more varied (Fig. 3.5e), with high
resistance against E. coli, S. aureus, and S. epidermidis, but not P. aeruginosa.
Some subtle differences between the different charge group arrangements were also
observed.

Recently, we further studied the charge and hydration behavior of our zwitter-
ionic peptoids using atomistic molecular dynamics (MD) (Cheung and Lau 2019).
Previous modeling of polyvinyl-based zwitterionic polymers, PEG, and other anti-
fouling polymers have already shown that polymer designs favoring H-bonding with
water result in longer living hydration layers and enhance antifouling performance
(Leng et al. 2015b, 2018). Our simulations further showed that charged residues of
zwitterionic peptoids are segregated to the exterior of the brush layer which
minimizes the electrostatic dipole of the brush structure, potentially leading to
reduced electrostatic interaction with proteins. Moreover, we were able to verify
that at intermediate to high densities (0.37 and 0.56 chain/nm*Q), the zwitterionic
peptoid brushes are organized as relatively uniform layers. Interestingly, and perhaps
contrary to expectations, at any chain density, the mobilities of the zwitterionic
peptoid chains at high grafting densities remain higher than both the same peptoids
at lower densities and the uncharged PMP1 as well as polysarcosine (see Sect. 3.3).
One might expect the bulkier charged groups to limit the space available for chain
fluctuations. However, the high chain mobilities observed could be due to the strong
interaction of the charged groups with water molecules and the constant chain
rearrangements required to accommodate the highly mobile water molecules
contained within a high-density zwitterionic brush structure.

The Segalman group had also prepared a set of sequence-specific polystyrene-
block-peptoid copolymers to investigate the effects of chain hydration and chain
segregation on antifouling properties against spores of marine organisms (van
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Zoelen et al. 2012, 2014, Leng et al. 2015a). Residues with fluorinated sidechains
were incorporated to enhance the ability of the brushes to release the fraction of
spores that had been adsorbed. Sum frequency generation (SFG) vibrational spec-
troscopy and X-ray spectroscopy were used to measure the surface hydration and
monomer segregation, respectively. Interestingly, while fouling-release properties
are found to be controlled mainly by the number of fluorinated residues, the surface
chemistry and antifouling performance were controlled mainly by the position of the
fluorinated units along the chains (van Zoelen et al. 2014). Further studies showed
that fluorinated residues that reside toward the surface increases the water contact
angle and decreases the hydration, and hence increases the amount of adsorption.
However, this also had the effects of enhancing the speed of polymer chain
restructuring at the air interface and spore release (Leng et al. 2015a).

3.3.5 Addition of Antimicrobial Peptoids and Other Functional
Groups

Antimicrobial resistance, lack of broad spectrum activity, as well as side effects of
conventional antibiotics have led to the search for new or modified antimicrobial
agents (Molchanova et al. 2017, Hasan et al. 2018, Saxena et al. 2018). A plethora of
antimicrobial peptides occur in nature, but their susceptibility to enzymatic degrada-
tion has hindered their application. Hence peptoids, which are resistant to proteoly-
sis, are considered a plausible molecular platform for the development of novel
antimicrobial agents (Ryge and Hansen 2005, Vedel et al. 2007, Uchida et al. 2009,
Eggimann et al. 2015, Corson et al. 2016, Molchanova et al. 2019). However, the
cytotoxic effects of current antimicrobial peptoids as well as the general problem of
rising antimicrobial resistance with environmental release of antimicrobials remain.

In an attempt to apply antimicrobial peptoids but mitigate their problems, Statz
et al. grafted antimicrobial peptoids to the tips of antifouling PMP1 brushes (Statz
et al. 2008b). This strategy should limit antimicrobial release as well as reduce
cytotoxicity since the antimicrobial is localized to the material surface (e.g., the
surface of a biomedical device where infection might take place). The antifouling
peptoid segment should also reduce the amount of bacteria that attaches to cause an
infection in the first place. In this initial study, however, both the antimicrobial and
antifouling effects were lowered in the combined peptoid design after grafting on a
surface, as compared to the antimicrobial peptoid in solution before surface grafting
and PMP1 grafted by itself. In fact, significantly higher water contact angles were
measured as compared to PMP1, indicating decreased hydration of the combined
peptoid surfaces. The consequent increase in protein adsorption was probably due to
the number of hydrophobic residues (ca. two-thirds of the chain) contained within
the antimicrobial peptoid segment. However, recent preliminary work in our group
shows that these problems could be mitigated with careful control of the specific
linker spacings placed between the antimicrobial sequence and the device surface
(data not shown).
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Fig. 3.6 (a) Chemical structure of the antifouling glycopeptoids (peptoids with sugar groups
attached). As in previous studies, the R-group is a pentameric peptide with special adhesive
properties to graft the 20-mer peptoid chain onto a TiO, surface. (b) Suppression in the attachment
of various bacterial strains by the glycopeptoids after 1 day and 4 days. Adapted with permission
from Ham et al. (2013). Copyright the American Chemical Society

To enhance the antifouling effect of peptoid brushes, especially against bacteria,
Ham et al. also coupled additional units to the tips of a PMP1 brush (Ham et al.
2013). Indeed, to further the theme of biomimicry, the researchers added simple
sugar groups (glucose and maltose) to create surface grafted glycopeptoids that
resemble the glycocalyx of the mammalian outer cell membrane (Fig. 3.6), in an
attempt to capture the ability of cells to inhibit nonspecific biomolecular interactions.
Encouraging results were obtained. The attachment of P. aeruginosa and E.coli on
the glycopeptoids decreased to 0.1% of the surface coverage on modified TiO,
surfaces, while the attachment of S. epidermidis decreased to 1% of the TiO, control
(Fig. 3.6b). Significantly, when compared with PMPI1, complementary nuclear
magnetic resonance (NMR) spectroscopy and molecular dynamics (MD) studies
showed that the number of H-bonds made with water increased by ca. five times on
glucose-functionalized PMP1 and by ca. ten times on maltose-functionalized PMP1.
These results further highlight the role of hydration on the antifouling performance
of antifouling (peptoid) designs, as well as the ability to use the peptoid platform to
(conveniently) achieve sophisticated molecular designs with biofunctionality.
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34 Conclusion

The convenience of solid-phase submonomer peptoid synthesis has enabled the
investigation of a variety of peptoid designs, both as homopolymers and as
sequence-specific chains, for their potential antifouling properties against protein
adsorption, fibroblast attachment, as well as bacteria attachment (both gram positive
and negative). We have demonstrated excellent antifouling performance for PMP1,
its zwitterionic derivative PMKE, and polysarcosine, the simplest peptoid. Interest-
ingly, polysarcosine appears to exhibit similar antifouling performance as the more
“sophisticated” PMP1. The possibility of obtaining polysarcosine in bulk quantities
by ROP polymerization also makes this peptoid particularly attractive from an
application point of view, and various groups have proposed to use it as an alterna-
tive to PEG.

We have also used the sequence specificity of peptoids to investigate in detail
how the spatial distribution of charge groups of zwitterionic polymers directs
antifouling properties. With the appropriate charge spacing, PMKE appears to
offer some performance gain over PMP1, in particular, the ability of the zwitterionic
design to resist biofouling in more varied pH environments and potentially in
corresponding biomedically relevant niches. Peptoid synthesis in general also
enables the convenient coupling of additional functional groups to the chain. Addi-
tion of simple sugars to the end of a peptoid, e.g., maltose, especially enhanced the
resistance against bacteria attachment by up to an order of magnitude. Overall,
peptoids constitute an unparalleled platform to investigate the chemical design of
antifouling polymers and to obtain coated surfaces with excellent resistance against
the fouling of proteins and biological cells.
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Structure and Rheology of Hydrogels:
Applications in Drug Delivery
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Abstract

Hydrogels are 3D network like structures comprising of hydrophilic polymers
having copious amounts of water in their intersticial spaces and thus promising
materials for the drug delivery platforms. Physical and chemical methods are
employed to synthesize the hydrogels. Rheology provides the structure—property
relationships to understand the various mechanisms of hydrogels which can tune
the cross-linking density to assess the mechanical strength. Stimuli-responsive, in
situ, and injectable hydrogels are being explored at different scales for the
delivery of drugs, proteins, and biomolecules. This chapter provides an extensive
overview of the different methods of fabrication, swelling properties, rheology,
and developments in drug delivery applications of hydrogels.
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PEO Poly ethylene oxide
PMVE/MA Poly methylvinylether/maleic acid
PNIPAM Poly n-isopropylacrylamide

PPO Poly propylene oxide

PVA Poly vinyl alcohol

PVP Poly vinyl pyrrolidene

SAOS Small angle oscillatory shear
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4.1 Introduction

Hydrogels are water-insoluble cross-linked hydrophilic network polymers which are
capable of holding a copious amount of water in their swollen state, about 30-40
times of their dry weight. The cross-linking can be either physical/chemical or can be
a combination of both (Ahmadi et al. 2015). Hydrophilic functional groups such as
amine (NH,), hydroxyl (-OH), amide (-CONH-, -CONH,), and sulfate (—SOz;H)
present on the polymeric backbone are the main reason to hold water in the matrix
where cross-links prevent the dissolution of the network (Ahmed 2015; Gerlach and
Arndt 2009). In 1959, Lim and his coworkers prepared a copolymer of
triethyleneglycol monomethacrylate with triethyleneglycol dimethacrylate in
which methacrylate esters were the cross-linking agents of ethylene glycol polymer
(Kopecek 2009) and noticed its hydrogel nature and later explored its application in
contact lenses.

The evolution of hydrogels has been reported in four stages by Buwalda et al. The
first-generation hydrogels came in the early 1950s where the hydrogels were
prepared by chemical cross-linking and some irradiation methods. The second-
generation hydrogels focused on the stimuli-responsive gels where external stimuli
of pH, temperature, and light, etc., control the swelling. The third-generation
hydrogels emerged in the early 1980s with click chemistry—physical interactions
such as metal coordination complex formations and stereocomplex formations. The
fourth-generation hydrogels, i.e., smart hydrogels, encompass nanocomposite
hydrogels and double network hydrogels (Buwalda et al. 2014; Roy 2015).

Rheological studies showed that a solution of water-soluble polymers show
Newtonian behavior where no considerable entanglements are present, but when
cross-linked networks were introduced, they started to show viscoelastic behavior
(Akhtar et al. 2016). These unique and versatile properties attracted many
researchers to explore the applications of hydrogels in the fields of agriculture,
biomedical, cosmetics, personal care products such as adult diapers and protein
separation (Maitra and Shukla 2014). Drug delivery is one such platform where
hydrogels are being taken, the leverage of controlled and continuous delivery of the
therapeutics. There are various drug delivery platforms being explored other than the
hydrogels such as metallic nanoparticles (Thirumurugan et al. 2018), emulsions
(Saxena et al. 2018), polymeric films (Hasan et al. 2017), dendrimers (Palmerston
Mendes et al. 2017), liposomes (Alavi et al. 2017), bio-inspired drug delivery
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vehicles where bacterial ghosts, micro-bots, virus-like nanoparticles are the carriers
of drug (Maelys et al. 2018), fullerenes (Wissing et al. 2004), quantum dots such as
zinc oxide (Cai et al. 2016) and zinc selenide (Zhao et al. 2017), etc., with different
success rates.

However, the main advantage of hydrogels is the drug release kinetics, which can
be controlled by tuning the density of cross-linking (Zhao et al. 2015). Hydrogels
can achieve targeted drug delivery as they are sensitive to external stimuli (Xu et al.
2018). Polymers such as polyethylene glycol (PEG) and chitosan give stealth
properties against phagocytosis and increase the retention time of the drug
(Amoozgar et al. 2012). Hydrogels also have good tunable biocompatible and
biodegradable properties compared to the other bio-materials (Chai et al. 2017).
This chapter summarizes the different methods of synthesis of hydrogels, swelling
properties, and different stimuli that affect the swelling in hydrogels. Rheology of
hydrogels has been explained to understand the mechanism of their gelation with
time and temperature, structural recovery after applying cyclic shear strain and the
mechanical properties of hydrogels. Different routes of drug delivery and the release
mechanism through hydrogels have also been discussed in detail.

4.2 Different Interactions Responsible for the Formation
of Hydrogels

4.2.1 Chemical Cross-linking

Chemical cross-linking can be performed in two ways. In the first approach, multi/
unifunctional monomer cross-links the monomers during the copolymerization.
Bulk, solution, and suspension polymerization techniques are applied to achieve
this cross-linking. In the second approach, polymers are cross-linked by simply
mixing the preformed polymers by adding chemical cross-linkers or by using
irradiation methods (Ahmed 2015).

Hydrophilic groups (NH,, COOH, OH) on the polymeric matrix are subjected to
covalent bonding by low molecular weight cross-linkers. The cross-linkers are small
molecules which have at least two functional groups to form the connection between
polymeric chains. Aldehyde such as glutaraldehyde with two aldehyde groups at the
ends are used to cross-link the -NH, groups of chitosan, -OH groups of polyvinyl
alcohol (PVA) to form Schiff bases as shown in Fig. 4.1a (Arguk Elles-Monal et al.
1998; Kumar Parida et al. 2011; Jamnongkan and Kaewpirom 2010). Genipin
derived from Gardenia fruit is a natural and biocompatible chemical cross-linker
which has replaced the use of aldehydes. Yu et al. synthesized a thermoresponsive
hydrogel composed of carboxymethyl chitosan and poloxamer 407 using genipin as
a cross-linker for drug delivery vehicle of baicalin (Yu et al. 2018). Dimida et al.
synthesized chitosan scaffolds for tissue engineering using Genipin as a cross-linker,
as shown in Fig. 4.1c (Dimida et al. 2017; Muzzarelli et al. 2015). Higher functional
groups such as 1,6-hexamethylene diisocyanate and hexanedibromide cross-link
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Fig. 4.1 (a) Chitosan and (b) polyvinyl alcohol chemically cross-linked with glutaraldehyde,
reproduced from Jamnongkan and Kaewpirom (2010) (c¢) Chitosan cross-linked with genipin,
reproduced from Muzzarelli et al. (2015)

with dextran (Simonsen et al. 1995) and scleroglucan (Coviello et al. 1999)
polymers, respectively.

Chemically cross-linked hydrogels also have significant mechanical strength and
long degradation times, depending on the structure of cross-linking agents and
covalent bonds in gels (Aoyagi et al. 1992). Unreacted chemical cross-linking agents
have to be removed entirely from the hydrogel to prevent undesirable side effects in
biomedical applications. This use of chemical cross-linking can be entirely avoided
by using irradiation techniques to cross-link the polymers (Hennink and van Nos-
trum 2012). PVA and polyvinylpyrrolidone (PVP) are cross-linked by irradiating the
mixture with y radiation (Razzak et al. 2001). Collagen hydrogels generally get
cross-linked at neutral pH, but irradiating with y rays can cross-link the hydrogel at
acidic pH (Inoue et al. 2000).

4.2.2 Physical Cross-linking

Unlike chemical cross-linking, physically cross-linked gel network is temporary.
Some of the physically formed networks are readily deformable and can be reformed
without a hysteresis. Ionic, hydrophobic, crystallization, and stereocomplex
formations are the primary physical interactions which can lead to the formation of
physically cross-linked hydrogels.

4.2.2.1 lonic Interactions

These interactions involve the electrostatic attraction between oppositely charged
molecules or ions. Incorporation of an oppositely charged polymer/ion to that of the
primary polymeric matrix induces an electrostatic interaction that forms bridges
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Fig. 4.2 Sodium alginate cross-linked with calcium chloride salt due to ionic interactions
reproduced from Kashima and Imai (2012)

between the polymer chains resulting in the formation of a gel (Berger et al. 2004).
For example, sodium alginate, an anionic polymer, treated with calcium or alumi-
num chloride forms a stable hydrogel as shown in Fig. 4.2 (Kashima and Imai 2012);
PVA treated with borax (Tsung and Burgess 2012); and chitosan cross-linked with
tripolyphosphate(TPP) (Jatariu et al. 2011).

4.2.2.2 Hydrophobic Interactions

Amphiphilic molecules consisting of short hydrophobic chains associate through
hydrophobic interactions to form self-assemblies and bridge the hydrophilic chains
resulting in a non-permanent network (Papadakis and Tsitsilianis 2017). These
interactions create reversible cross-links, which make them flowable with external
stimuli such as temperature and pH. Jung et al. developed thermoresponsive pluronic
hydrogels by physically mixing hyaluronic acid and a triblock copolymer compris-
ing of hydrophilic polyethylene oxide (PEO), and hydrophobic polypropylene oxide
(PPO) arranged in an A—B—A manner (PEO-PPO-PEO) for drug delivery studies.
The pluronics are known to form micelles with an increase in temperature. The
hydrophobic interactions between methyl groups on pluronics and acetyl groups on
hyaluronic acid caused the gelation and formed a densely packed network of
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Fig. 4.3 Schematic of densely packed PF127 and hyaluronic acid by hydrophobic interactions
(Jung et al. 2017)

micelles upon reaching critical gelation temperature (CGT) as shown in Fig. 4.3
(Jung et al. 2017).

4.2.2.3 Hydrogen Bonding

Hydrogen bonding is an interaction existing between an electronegative element and
a hydrogen attached to the other electronegative element. Intra- or inter-hydrogen
bonding between the polymeric chains can form a reversible network which can lead
to the formation of a hydrogel (Arunan et al. 2011).

Song et al. explored the fabrication of a tough hydrogel by heating acrylamide in
the presence of PVP under an inert atmosphere to form an interpolymer complex by
hydrogen bonding as shown in Fig. 4.4 (Song et al. 2013). Kimura et al. investigated
the network formation of a mixture of two water-soluble phospholipids poly
(2-methacryloyloxyethyl  phosphorylcholine-co-methacrylic acid) and poly
(2-methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate).

They concluded that the instant dimer formation due to hydrogen bonding was
the reason for the formation of hydrogel (Kimura et al. 2004).

4.2.2.4 Crystallization

The crystallization process induces gelation among some polymers where some parts
of polymeric chains grow into crystallites, and the other amorphous part is arranged
disorderly (Stenekes et al. 2001). Semi-crystalline PVA forms a gel when it
undergoes freeze—thaw cycles alternatively. The hydrogen bond formed between
PVA polymeric chains form an entangled network. When PVA goes through the
freezing cycle, ice forms in an amorphous region and during the thawing cycle, PVA
crystallites grow until their facets meet other crystallites and result in the formation
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Fig. 4.4 Schematic of PVP and acrylamide hydrogel formed due to hydrogen bonding reproduced
from Song et al. (2013)

of a porous network (Gupta et al. 2011). PVA crystallites formed in the gel acted as
physical cross-linking sites in the network (Peppas and Scott 1992).

A stronger gel was formed than that of chemically cross-linked as the mechanical
load is distributed along the crystallites (Hassan and Peppas 2000; Peppas and
Merrill 1976). Similarly, dextran also forms a hydrogel by crystallization process
as the aggregates formed at higher concentration due to intermolecular hydrogen
bonding form crystallites by nucleation (Stenekes et al. 2001).

4.2.2.5 Stereocomplex Formation
A polymer consisting of two enantiomers lead to the stereocomplex formation and in
turn, developed into cross-links in the hydrogel matrix (Maitra and Shukla 2014).
For instance, enantiomeric lactic acid oligomers grafted on dextran form cross-
links due to the stereocomplex formation, as shown in Fig. 4.5. This hydrogel system
is completely biodegradable as the lactic acid oligomers are attached to dextran via a
hydrolytically sensitive carbonate ester bond (Hennink et al. 2004). The synthesis
process was straightforward as the hydrogel could be formed by simply blending two
aqueous solutions. However, a limited number of polymeric compositions can be
used in this strategy of formation of hydrogels (Aoyagi et al. 1992).

4.3 Swelling of Hydrogels

Swelling is the main characteristic of hydrogels. Polymer—water interactions, ionic
interactions, and osmotic forces control the swelling in a hydrogel. The elastic forces
originating from the network cross-linking balance out the swelling forces to prevent
the dissolution of hydrogels (Omidian and Park 2010). Swelling and deswelling
depend on various factors such as ionic strength and pH of the medium, polymer



82 S. G. Marapureddy and P. Thareja

=== Dextran
L- Lactic acid D- Lactic acid @®®e D- Lactic acid Oligomer
Grafted Dextran Grafted Dextran @989 L-Lacticacid oligomer

S
= e

Hydrogel

Mixing
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concentration, mode of cross-linking, cross-linker concentration, and drying
techniques (Kim and Matsunaga 2017).

The most critical factor that influences the swelling is cross-link density. The
cross-link density determines the length between two cross-links on the same
polymer chain. Cross-linking is higher if the length is small and vice versa (Choi
et al. 2015). When cross-linking density is low, swelling is initially diffusion
controlled, and slowly, the polymer chains relax to allow more water into the
network, as shown in Fig. 4.6. As the cross-link density increases, only the diffusion
mechanism dominates and the rate of swelling decreases (Omidian and Park 2010).

The swelling involves a transition in the mass, volume, and dimensions of
hydrogels. The swelling ratio is expressed either as weight swelling ratio (gm/gm)
or volume swelling ratio (ml/ml) (Amri et al. 2018).

Weight swelling ratio, (Q,) = WWW;de

where W,, is the wet weight, W, is the dry weight of the hydrogel. O, is measured
in some cases, for instance, swelling in diapers (Prasad et al. 2004). If the swelling is
pressure-driven, volume change can be noted by pressure sensors.

4.3.1 External Stimuli-Controlled Swelling

4.3.1.1 pH-Controlled Swelling
Anionic hydrogels consisting of a polymer having sulfonic or carboxylic groups
ionize at a pH higher than their pKj, values and swell due to electrostatic repulsion as
shown in Fig. 4.7.

Cationic hydrogels consist of a polymer having amino groups which get
protonated at lower pH and repel with H" ions leading to swelling (Schwarte et al.
1999). Cationic polymers like chitosan and polyethylene amine swell at lower pH as



4 Structure and Rheology of Hydrogels: Applications in Drug Delivery 83

— ————

Low Crosslink density High =
crosslinker » crosslinker
________ il T i L 1 3 Ty

2 1 !
‘% Equilibrium
i Swelling
@
N
®
£
S
=
Diffusion- Relaxation- Time
controlled controlled

Fig. 4.6 Swelling kinetics of hydrogels reproduced from Omidian and Park (2010)

Acidic = . W S:Icl.:‘i::iil:n
Solution =TS SN .
" He s G AH LR '
) " ﬁ-"'h'_H':"-H' — )
£553 Swollen hydrogel Unswollen hydrogel it
Cationic Anionic
hydrogel " hydrogel
OH e
Basic o .. %ow A=\~ Basic
Solution gy Solution

Unswollen hydrogel Swollen hydrogel

Fig. 4.7 Schematic of swelling of cationic and anionic hydrogels (Gupta et al. 2002)

amino groups present on them gets protonated in an acidic medium (Papadakis and
Tsitsilianis 2017).

Thus swelling depends on factors such as ionic charge, the concentration, the
hydrophobicity, pK,, and pKj, value of the polymers and pH of the swelling medium
(Rizwan et al. 2017). Xu et al. fabricated a pH-responsive biodegradable hydrogel
with pentablock copolymer poly (L-lactide)-co-polyethyleneglycol-co-poly
(L-lactide) dimethacrylates as degradable polymeric cross-linker along with the
monomers acrylic acid and N-isopropylacrylamide (NIPAM) for drug release
applications. When the hydrogel was transferred to pH 1.2, hydrogel collapsed and
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swelled when transferred to pH 7. This transition could be repeated for several cycles
Xu et al. 2018). Similarly, two copolymers, poly (methacrylic acid-co-
methacryloxyethyl glucoside) and poly (methacrylic acid-g-ethylene glycol), were
used to synthesize an anionic hydrogel by radical polymerization. The pK, of this
polymer was 5, and thus hydrogel swelled by 25-folds at pH 7 (Kim et al. 2003).

4.3.1.2 Temperature-Controlled Swelling

Some hydrogels show a sol—gel transition behavior when heated or cooled to a
certain temperature. There are two main volume transitions: lower critical solution
temperature (LCST) and upper critical solution temperature (UCST) (Kim and
Matsunaga 2017). Polymers having LCST are soluble below this temperature, and
above this temperature, they become hydrophobic and insoluble. Upon heating,
hydrophobic chains lead to the formation of a hydrogel. Polymers possessing
UCST are insoluble below this temperature as polymer—polymer interactions
become stronger than polymer—solvent interactions (Augé and Zhao 2016). This
type of behavior draws attention to many biomedical applications (Echeverria et al.
2018).

Poly(N-isopropylacrylamide) (PNIPAM) is extensively used as a temperature-
responsive hydrogel (Han et al. 2018). LCST of PNIPAM is 32-34 °C. When
PNIPAM gel cools down from 50 to 10 °C, swelling ratio drastically increases,
and this swelling and deswelling can be repeated many times (see Fig. 4.8a). During
this, the diameter also changed as shown in Fig. 4.8b (Shah et al. 2008).

Bhattarai et al. developed thermoresponsive biodegradable hydrogel made up of
chitosan grafted with PEG. At low temperatures, the hydrogen bonds between PEG
and chitosan get disrupted as the water molecules come between PEG and chitosan.
At high temperatures, chitosan and PEG interactions increased and led to the
formation of gel because of prevailing hydrophobic interactions and hydrogen
bonding between —OH of PEG molecules and -NH, of chitosan (Bhattarai et al.
2005). This hydrogel showed a thermoreversible behavior between 30 to 40 °C and a
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Fig. 4.8 (a) Change in the swelling ratio with a change in temperature of PNIPAM hydrogel up to
several cycles reproduced from Han et al. (2018) (b) An increase in diameter with temperature after
reaching LCST of PNIPAM microgel reproduced from Shah et al. (2008)
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pH-responsive swelling with an increase in pH (Ju et al. 2001). These types of
hydrogels are useful in drug delivery as they form a gel as soon as they are injected
into the human body (above LCST) and deliver the drug at the corresponding pH.

4.3.1.3 Light Responsive Swelling

Schiphorst et al. synthesized a dual light and temperature responsive cotton fabric
functionalized with PNIPAM hydrogel using surface-initiated activators regenerated
by electron transfer atom transfer radical polymerization method. NIPAM, acrylic
acid, and an alkyl acrylate functionalized spiropyran monomers were used to
instigate the light-responsive properties to the hydrogel as shown in Fig. 4.9a. The
hydrogel grafted cotton when placed in an excess humidity chamber in the dark
conditions, an immediate swelling was observed in the cotton fibers as spiropyran
isomerizes to hydrophilic merocyanine-H*(McH") and when the swollen sample
was illuminated to white light, a decrement in the diameter of the fibers was noticed
as light isomerizes McH™ back to hydrophobic (Schiphorst et al. 2016).

Zhao et al. attached trans-azobenzene units of the polyacrylic acid (see
Fig. 4.9b.3) to the hydrophobic units of deoxycholic acid modified cyclodextrin
(see Fig. 4.9b.2) to form a light-responsive hydrogel as shown in Fig. 4.9b.1 where
trans-azobenzene isomerized to less stable cis form when it was photo-irradiated
with the UV light and vice versa when irradiated with visible light (Zhao and
Stoddart 2009).

4.3.1.4 Analyte Responsive Swelling

Analyte responsive hydrogels are prepared when specific molecules or templates that
can recognize the analyte molecules are embedded in the hydrogel (Echeverria et al.
2018). The interactions between analyte and template lead to swelling and
deswelling, and this may involve a change in the volume and refractive index
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Fig. 4.9 Light-induced swelling behavior of (a) PNIPAM hydrogel functionalized cotton
reproduced from Schiphorst et al. (2016), and (b) 1. Super inclusion complex formed by
2. deoxycholic acid-modified cyclodextrin and 3. azobenzene-modified polyacrylic acid reproduced
from Zhao and Stoddart (2009)



86 S. G. Marapureddy and P. Thareja

3D hydrogel.(matrix Glucose [ 3D hydrogel n'_l

el _f-.\_,).e
SNohE 4 Q\\g\\\g

N

\&K&,\&; Gl G
=N | =

‘_,‘("“‘—’ \__ T } ucose T\ ‘\_

).] )./ Pristine vy g\_\g\\%?‘“‘
Glucose induced volumetric swelling At I o Swollen

— Polymer -5‘/ Phgnylboronic @Gwcose

matrix ~Sdu acid

Fig. 4.10 Swelling and deswelling due to glucose concentration reproduced from Bajgrowicz-
Cieslak et al. (2017)

which provide a platform for sensing and drug delivery (Byrne et al. 2002). For
example, glucose-responsive hydrogels are such sensor-based hydrogels where the
swelling was induced by glucose concentration. Cieslak et al. fabricated a simple
optical sensor using a glucose-responsive hydrogel. Acrylamide and N,N-
'-methylene bisacrylamide were used as a polymeric matrix and 3-(acrylamide)
phenylboronic acid (PBA) as a template molecule. PBA in the hydrogel reacted
with glucose and forms a reversible boronate linkage which leads to swelling and the
optical sensor attached measure the change in diffraction patterns and in turn
measure the change in glucose concentration as shown in Fig. 4.10 (Bajgrowicz-
Cieslak et al. 2017). This type of hydrogels can help in sensing the fluctuations of
glucose levels in the body of diabetic patients (Lin et al. 2010).

Apart from good water absorbance and retention capacity of hydrogels, mechan-
ical properties also play a crucial role in applications. A hydrogel should be capable
of freely standing and should have a high modulus for cell growth and motility in
tissue engineering applications (Zuidema et al. 2014). The drug delivery application
expects a network relaxation in a hydrogel for the drug release, which is controlled
by cross-linker and polymer concentration and their environmental conditions.

4.4 Rheology of Hydrogels

Ideal viscous liquids show Newtonian behavior and follow Newton’s law of viscos-
ity, whereas ideal elastic materials show a quick deformation on the application of
stress and recover as soon as the stress is removed and exhibit a Hookean behavior.
Hydrogels are the viscoelastic materials whose behavior falls between viscous and
elastic material. A polymer flows freely like a liquid when it is not cross-linked, and
thus it is called a hydrosol. When cross-links are introduced, there is a sol—gel
transition, viscosity builds up, and the movement is restricted (Thakur et al. 2018).
Cross-linking also introduces inhomogeneities in the network structure, as shown in
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Fig. 4.11 Different types of inhomogeneities developed while cross-linking of hydrogels
reproduced from Shibayama and Norisuye (2002)

Fig. 4.11, which in turn leads to the weak mechanical behavior of the gel (Shibayama
and Norisuye 2002). Physical cross-links are so random and have more chances for
the presence of inhomogeneities in the network in comparison to chemically cross-
linked. Homogeneity can be developed in preformed polymers rather than the
monomers (Shibayama and Sakai 2012).

Rheology is a quick method with high sensitivity to assess the gelation time,
temperature, and structural inhomogeneities of hydrogels. The advantage is that a
minute sample is required (Choi et al. 2015). Rheological properties are determined
by small perturbations under which the material particles of the hydrogel are
displaced relative to each other resulting in strain. These perturbations are ensured
to be under the linear viscoelastic region where the mechanical properties are
independent of applied or measured stress or strain (Yan and Pochan 2010). Small
angle oscillatory shear (SAOS) and creep relaxations are the main techniques to
evaluate the mechanical properties of hydrogels. In the experiments, either stress or
strain is given as a sinusoidal input. If the rheometer is stress controlled, the input
will be 7(f) = 7,(sin wf) and the resultant output will be y(¢) = y,(sin wt + ) where
7(?) is time-dependent shear stress, y(f) is the resultant shear strain, y,is the amplitude
of strain response, w is the angular frequency of oscillation, and & is the phase
difference between input and output response. If the phase lag, d is 90°, the material
is fully viscous and completely elastic if it is 0° (Mezger 2006; Choi et al. 2015).
Parameters derived from the SAOS are written in the complex form. The complex
shear modulus (G*) of the tested material is represented as G* = G’ + G”. G’ is the
value that defines the energy stored during the material deformation, also known as
the storage modulus. G” is the value that defines the energy dissipated when the
material undergoes shear and is also known as the loss modulus. Therefore G’ and
G" represents the elastic behavior and viscous behavior of the material, respectively.
Loss tangent tan 6 is defined as a ratio of loss modulus to the storage modulus. If tan
6 > 1, the sample behaves more like a viscous liquid while, if tan § < 1, the sample
behaves more like an elastic solid (Mezger 2006; Yan and Pochan 2010).
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Fig. 4.12 (a) Temporal evolution of G’ (open circles) and G” (closed circles) during the cross-
linking reaction of PPO1000 and DRF at 30 °C and w = 0.5 rad/s. (b) Frequency sweep of
PPO/DREF reaction at distinct times with a shifting factor A, reproduced from Chambon et al. (1986)

Figure 4.12a shows the temporal evolution of the reaction of PPO and tris
(4-isocyanatophenyl) thiophosphate (DRF). It shows that as the reaction proceeds, G’
increases with an increase in the crosslinking density whereas the G” goes through a
slight maximum and reaches an equilibrium (Chambon et al. 1986).

The moduli cross over point (+ = 7.) cannot be considered as an exact gel point
due to external phenomenon such as vitrification and found to be a function of
frequency (Winter and Chambon 1986). The moduli are measured across a fre-
quency range to check the behavior at short and large time scales. Frequency sweep
of PPO/DREF reaction at different times was plotted (see Fig. 4.12b) and observed
that before reaching the gel point, G” > G’ at all frequencies showing the liquid-like
behavior and reaches a transition gel point where G’ and G” follow a power law,
G = G" = k" (Montembault et al. 2005).

For stoichiometrically balanced gels n = 0.5, n < 0.5 when the excess cross-
linker is present and n > 0.5 for vice versa (Winter 1987). Further cross-linking leads
to G > G” and the slopes of both G’ and G” decrease and eventually become
frequency-independent (Salehiyan and Hyun 2013).

Nguyen et al. investigated the effect of molecular weight of PNIPAM polymer on
the gelation temperature and noticed that H4P7 (average molar mass
(AMM):192000 g/mol) became a gel at a lower temperature to P7 (AMM:7000 g/
mol) and TP7 (AMM:17000 g/mol) as shown in Fig. 4.13a (Nguyen et al. 2015).
Kocen et al. elucidated the effect of adding inorganic bioactive glass (BAG) particles
to gellan gum hydrogels on their G’, G”, and gelation temperature.

It was concluded that on the addition of 4 wt% particles, G’ and G” increased and
the gelation temperature increased from 40 to 70 °C as shown in Fig. 4.13b (Kocen
et al. 2017). Flow properties are essential to study self-healing and shear thinning of
hydrogels for drug delivery and tissue engineering applications. Shear thinning
hydrogels are preformed hydrogels whose viscosity decreases when an external
shear is applied and restores its shape as soon as the load is released (Samimi
Gharaie et al. 2018). Chen et al. fabricated a hydrogel of hyaluronic acid whose
assembly and disassembly were controlled by the interactions between cyclodextrin
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Fig. 4.13 (a) G’ and G” evolution of different molecular weight PNIPAM hydrogels with
temperature, reproduced from Nguyen et al. (2015). (b) Temperature sweep of guar gum hydrogels
loaded with different weight % of BAG particles from 90 to 25 °C, reproduced from Kocen et al.
(2017)
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Fig. 4.14 Continuous flow experiments and cyclic strain sweeps of 5 and 7.5 wt% of hyaluronic
acid hydrogels reproduced from Chen et al. (2017)

and adamantane molecules. Shear thinning hydrogels show a decrease in viscosity
with an increase in strain. Cyclic strain sweeps conducted on hydrogels at 500% and
0.2% alternatively, as shown in Fig. 4.14. A 100% recovery was established after
decreasing the load (Chen et al. 2017).

4.5 Application of Hydrogels in Drug Delivery

Hydrogels are good drug delivery vehicles because of their biocompatibility having
lots of water in them. They are promising agents for controlled drug delivery as the
cross-linking system controls the release of a drug.
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Generally, hydrogels are classified into three categories based on their possible
shapes such as macroscopic hydrogels, micro and nano hydrogels (Li and Mooney
2016). Macroscopic hydrogels size ranges from the few millimeters to centimeters.
These gels are impenetrable to epithelial barriers, but the drug may cross the barrier
depending on its properties. Polymers having mucoadhesive properties such as
chitosan, alginate, gelatin, and carbohydrate derivatives are preferred for transdermal
delivery (Mythri et al. 2011). Microgels and nanogels are injected either orally or
directly injected at the site.

Diffusion is the primary mechanism for the drug absorption and the release in
hydrogels having a porous structure. Diffusion is rapid in case of hydrogels due to
the presence of water content in them, and particularly hydrophilic drugs get released
in a short period. Various mechanisms restrict this rapid release such as introducing a
higher cross-linking, selective release, or by enhancing the interactions between the
drug and the polymer. Mesh size decreases with an increase in a cross-linking agent
and so as the diffusivity of the drug. Drugs mainly interact with the polymer via
physical interactions such as hydrogen bonding, hydrophilic, and electrostatic
interactions. Some drugs are covalently bonded to polymeric backbones to increase
the payload (Hoare and Kohane 2008).

4.5.1 Drug Loading in Hydrogels

Hydrogels have a significant advantage of localized drug delivery where the drug
can be released directly at the infected or damaged part of the body. Hydrogels can
deliver a wide variety of drugs, biomolecules such as peptides, proteins, and nucleic
acids. The release profile of this payload also alters depending on the method of
loading of a drug in the hydrogel.

A drug can be loaded directly either before the cross-linking of polymers or after
the cross-linking. In the first approach, the drug is just added to the polymers and
cross-linkers simultaneously (Amoozgar et al. 2012). In the second approach, a drug
is loaded by diffusion into the already cross-linked hydrogels. Typically, a 70% of
the drug can undergo a burst release during the initial swelling in both the methods
which can be controlled by varying the cross-linking density that reduces the burst
release to 20-25% (Bhattarai et al. 2010).

4.5.2 Release Kinetics in Hydrogels

Different kinetic models are developed to describe the drug release from the
hydrogels. Models based on the rate-limiting step are categorized as drug release
through diffusion or swelling (Lin and Metters 2006). In the diffusion-controlled
release, unsteady state unidirectional drug diffusion from the slab-shaped hydrogel
matrix of thickness 1 can be described by Fick’s second law of diffusion with
appropriate boundary conditions under the assumption of uniform distribution of
the drug in the matrix, and a constant diffusion coefficient (D).
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where C is the concentration of drug in mg/ml, ¢ is a time in seconds, x is the
position
The solution of Eq. 4.1 in the form of trigonometric series is as follows:
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where M, is defined as the mass of drug release at time ¢ and M, as the mass of
drug release when the time approaches infinity.
For small values of times, Eq. 4.2 is approximated to
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Equation 4.3 is valid for the first 60% of drug release. Peppas et al. deduced a

generalized expression for both Fickian and non-Fickian release as Eq. 4.4.

M, n
M.~ kt (4.4)

where k is a constant indicating the characteristic of the polymeric network, and
n is a diffusional exponent which indicates the transport mechanism (Ritger and
Peppas 1987).

Swelling-controlled drug release accompanies diffusion and macromolecular
polymer relaxation. So this empirical relation of Eq. 4.4 is restricted to swelling of
25% of its original volume. If n = 0.5, the diffusion is completely Fickian and if
0.5 < n < 1, the release is controlled by both diffusion and the network relaxation
(Dgigt > Drep)- If n = 1, the release is completely non-Fickian where polymer
relaxation and diffusion are comparable (D ~ D1) (Siepmann and Peppas 2011;
Bajpai and Shrivastava 2002).

4.5.3 Different Routes for Drug Delivery

4.5.3.1 Drug Delivery Through Macro Hydrogels

Hydrogel patches are readily used to deliver a drug transdermally where the drug
passes through the skin to reach the targeted organs through the systemic circulation.
Transdermal drug delivery can be achieved by active route (iontophoresis,
sonophoresis, and electroporation) or by a passive route where the concentration
difference of the drug-loaded patch and skin leads to the drug release (Tan and
Pfister 1999). Figueroa and Mendez investigated the transdermal delivery by poly-
acrylamide hydrogel cross-linked by methylene bisacrylamide through active
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(iontophoresis) and passive routes for psoriasis treatment. The in vitro studies
showed that the amount of drug (Methotrexate) released through diffusion by
iontophoresis delivered a more amount of drug compared to the passive route
(Alvarez-Figueroa and Blanco-Méndez 2001).

A drug-loaded adhesive patch made of poly(methylvinylether/ maleic acid)
(PMVE/MA) and tri-propylene glycol ether cast on microneedle array of PMVE/
MA and PEG cross-linked by heating at 80 °C using silicone micro mold templates.
The in vivo studies of insulin delivery on diabetic rat model showed that
microneedle-attached patch showed a sustained delivery, and glucose level in the
body also dropped to a reasonable extent (Donnelly et al. 2012; Hardy et al. 2016).

Hydrogels can also be inserted directly into the human body by surgery without
contacting the epithelial barriers, but the risks and side effects with surgery may
cause discomfort. Alternatively, hydrogels can be directly injected at the affected site
in the sol form and can undergo gelation after entering the body due to external
stimuli (Singh et al. 2011). Kinetics of gel formation plays a crucial role in injectable
hydrogels (Loebel et al. 2017). For example, Gupta et al. synthesized a hydrogel of
guar gum and chitosan, which forms a gel in situ on contacting with teardrops as they
consist of electrolytes. Transcorneal permeation of timolol maleate drug is higher in
case of guar gum and chitosan hydrogel in comparison to guar gum and direct
loading.

A minimum invasive drug-loaded injectable hydrogel composed of ureido-
pyrimidinone modified PEG formed the gel after coming in contact with body pH
and temperature (Bastings et al. 2015). Qu et al. fabricated an injectable electro-
responsive chitosan-grafted polyaniline hydrogel using oxidized dextran as a cross-
linker which was also responsive to pH. In vitro studies show that drug release can be
changed with the voltage (Qu et al. 2018).

4.5.3.2 Micro and Nano Hydrogels for Drug Delivery

Micro and nano-sized hydrogels have the advantage to get injected into the body
parts whose size is less than 1 mm. Foreign particles having less than 5 pm have a
chance to get cleared by macrophages. Antiglaucoma drugs such as brimonidine and
timolol maleate attached polylactic-co-glycolic acid nanoparticles were added to
polydopamine dendrimer and were UV cross-linked to form a hydrogel. The study
shows that drug-loaded hydrogel tested on rabbit’s eye immediately decreased and
stabilized the intraocular pressure within 30 min (Yang et al. 2012). Methotrexate-
loaded chitin nanogels were investigated for transdermal drug delivery, and it
exhibited an excellent transdermal flux in stratum corneum and other epidermal
layers compared to the drug-loaded saline solution (Panonnummal and Sabitha
2018). These drug-loaded micro or nano gels are predicted to increase the retention
time of drug and get degraded in tiny size particles such that they are quickly
eliminated by various tissues and organs (Gao et al. 2008).

Merkel et al. developed deformable low moduli micro hydrogel resembling red
blood cells to increase the circulation time using perfluoropolyether polymer by
non-wetting templates technique (Merkel et al. 2011). The authors reported that an
8-fold decrease in elastic moduli could lead to an increase in 30-fold circulation time.



4 Structure and Rheology of Hydrogels: Applications in Drug Delivery 93

Sherbiny et al. synthesized biodegradable mucoadhesive micro hydrogels of
PEG-grafted chitosan and pluronics (40 wt%) whose aerodynamic diameter is
11.13 £ 0.23 pm which increased when it entered the lung cavity to increase the
adhesiveness and prevention against phagocytosis. In vitro macrophage uptake
studies suggest that PEG brushes on the microgels provide stealth and sustained
drug delivery (El-Sherbiny et al. 2010). Cellular uptake of the drug is necessary to
deliver the drug at a selective site, and positively charged particles readily enter the
negatively charged cellular membrane (Yim et al. 2013). The cisplatin drug-loaded
cationic poly ethylenimine-coated polyacrylamide nano hydrogels showed good
cytocompatibility and an enhanced cellular uptake (Shirakura et al. 2016).

Yang et al. explored the pH-based drug delivery at the malignant tissues having
less pH than the healthy tissues. Poly(oligo (ethylene glycol) methacrylates-ss-
acrylic acid) nanogels change from hydrophilic to hydrophobic state at acidic pH,
and hence they deliver doxorubicin drug at the affected site selectively (Yang et al.

2015).

4.6 Available Hydrogel Products in Market
Manufacturing
S.no | Hydrogel product | company Application Reference
1. Moraxen® CeNes For the sustained release https:/
pharmaceuticals | of morphine to reduce adisinsight.
severe cancer pain springer.com/
drugs/
800010172

2. Chitosan-based Kiomed Pharma | To restore the rheological | http://

formulation properties of healthy kiomedpharma.
synovial fluid com/products/
arthrovisc/

3. BeadBlock® BTG plc To embolize the https://btgplc.
(PVA hydrogel hypervascular renal com/en-US/
cross-linked with tumors in combination Bead-Block/
acrylic polymer) therapy by injecting it Home

directly through the
catheter

4. Cervidil (a PEO Ferring Vaginal insert to deliver http://www.
and polyurethane- | Pharmaceuticals | dinoprostone to induce cervidil.com/
based hydrogel) the labor resources/

5. Sular ® Covia A hydrogel layer is added | https://www.
(a PEG-based Pharmaceuticals | to control the release of covispharma.
hydrogel) nisoldipine com/#home-

products

6. Hydromer® Hydromer Inc. A hydrogel foam for https://www.
(a PVP-based hemostasis of heaving hydromer.com/
hydrogel) bleeding medical _

hydrogels_

foams.html


https://adisinsight.springer.com/drugs/800010172
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https://adisinsight.springer.com/drugs/800010172
https://adisinsight.springer.com/drugs/800010172
http://kiomedpharma.com/products/arthrovisc/
http://kiomedpharma.com/products/arthrovisc/
http://kiomedpharma.com/products/arthrovisc/
http://kiomedpharma.com/products/arthrovisc/
https://btgplc.com/en-US/Bead-Block/Home
https://btgplc.com/en-US/Bead-Block/Home
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4.7 Conclusions and Outlook

A wide variety of new responsive and injectable hydrogels are fabricated using many
biodegradable and biocompatible polymers with different cross-linking agents and
cross-linking methods. A structure—property evaluation is also a significant concern,
along with development in the fabrication of different hydrogels. Thus, rheology is a
simple technique to study the temporal evolution of gelation and the effect of cross-
linker, and polymer concentration, ionic strength, pH of the solvent to tune the
mechanical strength of the hydrogels. Hydrogels are synthesized in macro, micro,
and nano-shaped hydrogels depending on the drug delivery application. A signifi-
cant number of in vitro and in vivo experiments have been done on hydrogels to
investigate the controlled and sustained drug delivery. Hydrogels loaded with tumor
receptive ligands are used for selective drug delivery. Despite the fact that a handful
of patents have been filed on many hydrogels, only a few released in the market as
biodegradability is still an issue. One of the drawbacks of a hydrogel is the lack of
mechanical strength. Nanocomposite hydrogels and interpenetrating double network
hydrogels are being explored to improve the strength of gels. The mechanical
strength of the hydrogels can be increased by incorporating the nanofillers in the
polymer matrix. Different types of organic and inorganic nanoparticles are integrated
into the polymer to acquire the benefits of stimuli-responsive and better mechanical
properties of nanoparticles (Thoniyot et al. 2015). The degradation of hydrogel
needs to be tailored for the complete removal of hydrogel after releasing the drug
or can be reused for refilling the drug. Memory imprinted/sensor-based hydrogels
are explored to a limited extent, which can be used for controlled drug delivery.
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for Medical Diagnostic Applications
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Abstract

In a time of rising average population and complex illnesses, the healthcare
system is strained and struggling to keep costs low. Wearable devices are a
potential solution to detecting the onset of sickness allowing for early treatment
as well as continuous monitoring to prevent readmittance. Utilization of sensors
to monitor patients will allow them to return to the comfort of their home while
still under physician supervision remotely in case treatment is necessary, freeing
up hospital space and staff to treat those in need of direct care. Additionally, in the
consumer market, wearable devices are utilized by millions of users to monitor
their vital signs and general health. In this manuscript, various wearable device,
biosensors, and their applications are presented, as well as methods such as
surface engineering, a powerful tool to incorporate materials into devices to result
in increased functionality. Current challenges and the future outlook of the
wearables industry are also discussed.
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5.1 Introduction

The human body is a complex system in which many variables can alter mental and
physical performance. Having the ability to monitor multiple physiological
parameters through the use of wearable sensors can play a vital role in personal
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Fig. 5.1 Sensing locations and associated biosignals that could be monitored (a). Legend of
symbols and biosignals (b). Adapted from Ref Khan et al. (2016). Open access article distributed
under the Creative Common Attribution License
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healthcare as well as aiding medical diagnostics. In modern-day wearable technol-
ogy, a variety of instruments such as accelerometers, gyroscopes, optical, force,
temperature, and magnetometers have been incorporated into clothing, watches, and
eyewear (Lee and Chung 2009; Zhang et al. 2006; Park and Jayaraman 2003;
Sungmee and Jayaraman 2003) for the detection of location, movement, and
health-related criteria. As displayed in Fig. 5.1, the sensor must be designed with
location in mind to acquire a specific biosignal (Khan et al. 2016). While current
consumer market device measurements consist of physical activity and vital signs,
developments are being made to analyze biofluids such as saliva (Soukup et al. 2012;
Tekus et al. 2012; Kim et al. 2014), sweat (Bandodkar et al. 2014; Anastasova et al.
2017; Mena-Bravo and Luque de Castro 2014; Gao et al. 2016; Salvo et al. 2010),
and tears (Elsherif et al. 2018; Kudo et al. 2006; La Belle et al. 2016; Yao et al.
2011). The real-time monitoring of these parameters allows for an improved under-
standing of the user’s body conditions which can prompt early intervention of a
serious health condition if abnormalities are detected.

In the medical setting, wearable sensors are the standard to monitor vital signs of
the patients. A pulse oximeter can regularly be found clasped to the fingertip of a
patient or foot of an infant, monitoring the person’s blood oxygen saturation in
addition to pulse. With the use of a light emitter, the device uses the different
absorbance levels of oxygenated hemoglobin and deoxyhemoglobin in a calculation
to determine the peripheral blood oxygen saturation level (Chan et al. 2013). While
this value is not always identical to the arterial oxygen saturation level, the conve-
nience and safety of acquiring the information in a noninvasive method for a near
accurate reading has shown its value in clinical use. Other wearables seen in clinical
use allow for the monitoring of body temperature, brain activity, and muscle motion
(Edwards 2012). In combination, these sensors allow for a significant understanding
of the patient’s body condition, monitoring physiological parameters the individual
may not express physically or be able to verbally explain when seeking proper
treatment. When adapted to functioning with a network, the sensors also permit the
patient to return to the comfort of their home while still being monitored by
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physicians remotely. This is beneficial towards conserving resources and workload
on the medical team, resulting in improved care for those requiring close supervision
and on-site treatment.

While wearable devices continue to provide an important role in the clinical
setting, the consumer market is currently undergoing tremendous growth. In 2016,
the global wearable sensors market was valued at $146 million and is expected to
reach $2.86 billion by 2025 (Research 2018). With this estimated expansion, both
the industry and the research community will continue to push the boundaries of
healthcare innovation within wearable technology to provide real-time monitoring of
physiological parameters and activity.

One of the most recent advancements to reach the consumer market headlines is
the inclusion of electrodes capable of performing electrocardiography (ECG) on the
Apple Watch (Apple 2018). While this ECG function is not of the same efficacy of a
traditional 12-lead ECG as seen in clinical use, it does let users easily detect critical
information such as a rapid, skipped, or irregular heartbeat that may be associated
with atrial fibrillation from the convenience of a wristwatch.

Traditionally, wearable sensors for the general population are tailored towards
fitness. However, for many users, there is little understanding of the underlying
technology involved in the smart device that is relaying information such as heart
rate to their phone or computer. Researchers with novel ideas in the form of smaller,
cheaper, and more capable sensors for detection of multiple physiological
parameters will significantly benefit the health monitoring of the general population
by providing access to a wealth of information about their body’s status. One tool
that engineers are utilizing to achieve innovative functionality in wearable sensors is
the application of surface engineering.

5.2  Surface Engineering

Surface engineering is the process of modifying the surface of a component by
utilizing a treatment, coating, or layer to enhance its properties. The purpose is to
retain the key bulk properties of the component’s material, while offering improved
functionality. These properties may include the elasticity, hardness, Young’s modu-
lus, and yield, fatigue, and tensile strength necessary to perform the components
duty (Funatani 2000). In surface engineering, the engineered surface undergoes a
process that can vary from a simple finishing method such as abrasive blasting and
thermal treatments (Davis 2002) to intricate chemical and plating surface coatings.
Within these methods, the result can be a change to the surface metallurgy, chemis-
try, or an additional material layer to be exposed to the object’s functioning environ-
ment. The various methods used in surface engineering can be seen in Fig. 5.2.
The utilization of surface modification applies to a vast number of fields, scaling
from nanoscale coatings in the biomedical field (Mahapatro 2015) to large-scale
wind turbines (Slot et al. 2015). In each of these scenarios, a component needs to be
constructed to meet a variety of requirements which may not be possible from a
single material. Ideally, the replacement material should mimic the natural
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Fig. 5.2 Overview of the surface engineering applications and methods. Adapted from Ref. Gupta
et al. (2017). Open access article distributed under the Creative Common Attribution License

component material it is replacing from a mechanical, chemical, biological, and
functional point of view. In the biomedical field, surface engineering has been
applied on implantable devices to allow for components to be surrounded by
biological tissue and fluids while remaining bioinert, biocompatible, or even biode-
gradable (Huang et al. 2010; Zhang et al. 2002; Shen et al. 1993; Yu et al. 2008; Lee
et al. 2006; Kievit and Zhang 2011; Habibovic et al. 2002; Chen et al. 2006;
Woodard et al. 2007; Schmidmaier et al. 2001; Stemberger et al. 2003; Song et al.
2008; Yang et al. 2004; Ishihara 1997) depending on the application requirements.
Biocompatible in that there is limited adverse response to surrounding tissue while
limiting the intentional function of the device. Biodegradable in which it can be
broken down by natural biological processes for the needed duration of the
treatment.

5.2.1 Implant Treatments

One example of surface engineering developments in the biomedical research field
would be magnesium-based orthopedic implants. On its own, magnesium is light-
weight while still providing suitable mechanical properties in addition to stimulatory
effects on bone growth (Staiger et al. 2006; Zeng et al. 2008). However, the high
corrosion rate and hydrogen evolution in the degradation of magnesium has limited
its viability in clinical use. By incorporating a polymer coating consisting of
polycaprolactone to the implant, the corrosion rate is able to be controlled, allowing
for the component to fulfill its function for the prescribed healing period (Wong et al.
2010). In another study, a hydroxyapatite coating was electrodeposited on AZ91D
magnesium alloy to improve its biodegradable performance (Song et al. 2008). With
hydroxyapatite’s bioactive properties that have shown to improve bone tissue
growth (Habibovic et al. 2002; Chen et al. 2006; Woodard et al. 2007), it continues
to be a material of interest in research for orthopedic implant coatings. In a similar
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study by Behera et al., hydroxyapatite was incorporated with a titanium alloy for
implant applications to promote strong bonding between tissue and material (Behera
etal. 2018a, b). Titanium alloys, especially Ti-6Al-4V, have become of great interest
to the medical field due to the excellent corrosion resistance, biocompatibility, and
suitable mechanical properties (Elias et al. 2008; Khan et al. 1999; Niinomi 1998).

5.2.2 Drug Delivery

On a smaller scale, surface engineering is being applied in drug delivery and cancer
targeting systems as well. The body utilizes many physiological and cellular barriers
to hinder the traveling of a foreign object; however, they can by bypassed by a well-
designed polymer coating or simply size. In cancer targeting research, groups are
using superparamagnetic iron oxide nanoparticles (SPION) in conjunction with a
therapeutic agent and magnetic resonance imaging to detect and monitor cancer cells
within the body in a noninvasive fashion (Huang et al. 2010; Zhang et al. 2002; Shen
etal. 1993; Yu et al. 2008; Lee et al. 2006; Kievit and Zhang 2011). The architecture
of these nanoparticles can be seen in Fig. 5.3. These particles are able to circulate
throughout the body and accumulate at the tumor site to provide physicians with
monitoring abilities over prolonged periods of time. Several polymers have been
engineered on the surface of the SPION, including dextran (Shen et al. 1993),
polyethylene glycol (Zhang et al. 2002), and polyvinylpyrrolidone (Huang et al.
2010). With iron oxide and the designated coating’s biodegradable properties, the
particles can eventually be degraded and enter the body’s natural iron transport
(Kievit and Zhang 2011). As nanoparticle research continues to advance alongside
polymeric coatings, future drugs will be able to cure diseases that are currently
thought to be untreatable.
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53 Biosensors

Surface engineering innovations have been incorporated into sensors to begin a new
development in detection and monitoring. Biosensors are devices that contain a
receptor that detects and reacts to analytes in the application’s setting, resulting in a
generated signal that is sent to a processing unit to record a measurement in a
desirable format (Goode et al. 2015), as seen in Fig. 5.4. The very first biosensor
was developed in 1962 to continuously monitor blood glucose levels during cardio-
vascular surgeries (Clark Lc Jr Fau-Lyons and Lyons 1962). Since then, biosensors
have made tremendous advancements and span from the use in the food and
agriculture industry (Verma and Bhardwaj 2015; McGrath et al. 2013) to defense
systems (Paddle 1996) to integrated health monitoring and treatment (Sershen and
West 2003; Cao et al. 2001; Uhrich et al. 1999; Singh et al. 2016; Zhao et al. 2013;
Tothill 2009). With the versatility of selectively quantifying specific compounds
from a small and effective device, biosensors have gained considerable attention
from the research community. As expected, the biosensor industry has grown
tremendously, amounting to an estimated $300 million annual worldwide invest-
ment and a continuously increasing number of publications and patents (Co. 2004).
However, the commercialization of these devices has not followed the same path.
Over 50 years after the biosensor to detect blood glucose levels was developed,
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Fig. 5.4 Simplified illustration of biosensor design and operation. Adapted from Ref. Goode et al.
(2015). Copyright American Chemical Society
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handheld devices based on the same technology remain one of the only biosensors
available to the consumer. This gap of progression is due to the lack of reliability of
the sensor outside of a laboratory environment. The body is a complex system and
the sensor needs to be able to acquire data accurately in a changing environment of
chemical concentrations. Once accomplished, biosensors will have the potential to
provide real-time results, replacing traditional testing procedures done in the hospital
or appointment settings.

Cost is another factor limiting the widespread application of these devices. With
the aging population and rise of healthcare cost, the collective goal of the healthcare
industry is to treat patients with minimized cost. For these sensors, there is signifi-
cant investment needed for the required supplementary instruments, chemicals, and
transducer. However, once proven to be a successful analytical tool in practical
situations, biosensors will inevitably be a more viable option versus making a
clinical visit, as seen today by those affected by diabetes monitoring their blood
sugar levels at their own convenience. Additionally, once optimized and at lower
cost, the widespread utilization of biosensors in developing areas of the world with
food and water safety risks as well as high mortality rates to preventable diseases
would be of incredible value (Rodriguez-Mozaz et al. 2005). Currently in the
consumer market, wearable devices able to monitor heart rate can be had for as little
as $25. With more features included such as calories burned, distance traveled, sleep
monitoring, and most recently ECG in the Apple Watch, devices can reach over
$400. However, for the proactive individuals implementing a healthier lifestyle with
the continuous monitoring of a wearable device, this cost would be marginal
compared to clinical treatment.

The following sections will highlight the implanted and wearable biosensor
technology currently in development within the health monitoring and medical
diagnostic field.

5.3.1 Implanted

Within the biosensor developments, integrated devices have the potential to drasti-
cally improve point-of-care diagnostics, patient monitoring, and treatment. With the
ability to monitor specific metabolites or drug concentrations in real time, treatments
will be able to be optimized for maximum efficacy. Due to ineffective detection
methods, many diseases, especially forms of cancer, are only discovered after it has
metastasized through the body, which is often times beyond the point of treatment.
Biosensors designed to target specific biomarkers such as those from tumors in the
body would allow for early intervention before the disease progressed (Tothill
2009). In one study, a group designed a sensor with an immobilized sequence-
specific peptide for the detection of extracellular hydrogen peroxide, a by-product
released from breast cancer cells (Zhao et al. 2013). With a detection sensitivity
down to 0.03 pM, the biosensor could be valuable for selectively detecting H>O, in
physiological systems. In another publication, carbon nanomaterials were utilized in
the detection of lung cancer biomarker, hTERT, in incredibly low concentrations in
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the attogram and femtogram scale (Singh et al. 2016). With the continuous
innovations occurring in nanomaterial research, the future forms of cancer detection
and treatment will be unmatched.

One of the most popular surface chemistry methods utilized on biosensors is the
application of antibodies. Due to the significant research behind antibody’s binding
physics and reversible interactions with a wide selection of analytes, antibodies
provided a reliable surface for bioreceptors, especially for rapid and sensitive
analysis of pathogens and toxins (Goode et al. 2015; Karlsson et al. 1991; Omidfar
et al. 2013).

Drug release systems are another area of great interest for biosensor researchers.
With an implanted sensor to monitor the levels of a specific analyte, drugs can
directly be released to the area of interest with maximum efficiency. For nearly two
decades, groups have been working to develop a self-dosing implantable device to
therapeutic agents (Sershen and West 2003; Cao et al. 2001). This would be
beneficial in that less drugs will be needed due to direct site treatment or by skipping
the ingestion stage entirely, while still receiving the necessary amount. Additionally,
this would allow a controlled drug release to the therapeutic site over a time period
(Uhrich et al. 1999).

5.3.2 Wearables

In addition to the biosensors imbedded within the body to provide continuous data
on the targeted component, biosensors are also in development as wearable sensors
for the analysis of body fluids such as saliva, tears, urine, and perspiration. For a
potential user, a noninvasive option to monitor the status of their body will be
preferred if able to perform the same function, as introducing a foreign object to
the body can trigger an inflammatory and wound healing response (Anderson et al.
2008). One area still seeking improvements is the monitoring of blood glucose for
those with diabetes. With the current finger pricking method, users are forced to
manually check their blood sugar, which is inconvenient and also dependent upon
time after eating (Moebus et al. 2011). Developments have been made for the
continuous analysis of tear glucose concentrations (Elsherif et al. 2018; Kudo
et al. 2006; La Belle et al. 2016; Yao et al. 2011). The contact lens sensor fabricated
by Yao et al. demonstrated a fast response, high sensitivity, and repeatability,
providing optimism of a future wearable contact lens capable of chemical analysis.
In 2018, further improvements were made in the contact lens development by
Elsharif et al. with the integration of a photonic glucose sensor on a contact lens
that operates within physiological parameters and maintains a rapid response
(Elsherif et al. 2018).

One particular area of interest, especially in the exercise science industry, is the
analysis of sweat. The great advantage of evaluating sweat is that it is easily
accessible at many locations on the body and has the potential to provide valuable
physiological information (Bandodkar et al. 2014; Mena-Bravo and Luque de Castro
2014; Anastasova et al. 2017; Raiszadeh et al. 2012; Salvo et al. 2010) as well as
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Fig. 5.5 Micro-fluidic system integrated into a plaster (a) and into a wristband (b). Adapted from
Anastasova et al. (2017). Open access article distributed under the Creative Common Attribution
License

detecting genetic disorders such as cystic fibrosis (Rock et al. 2014). Different routes
are being approached in this area of research, such as sensing pH, metabolites, or
proteins. In athletics, this could be especially valuable information to understand the
fluid and electrolyte loss of the individuals. With the ability to track these parameters
in parallel with vital signs, the mental and physical well-being of an individual under
physical exertion can be tracked for prevention of injury or health risk. To analyze
the sweat, different methods are being used to approach the challenge. Curto et al.
incorporated ionic liquids into polymer gels and pH indicators to monitor and
display the sweat pH level by simple observation. This idea was incorporated into
a wristband, as seen in Fig. 5.5.

While this electronic-free device allows for the user to inspect during physical
activity, the pH values are predictions based on the color change of the pH indicator
dyes, which could be subject to error. However, the convenience and ability to
incorporate this sensing technology into a simple patch or clothing could be useful.
In other developments, electrochemical sensors are being fabricated to detect the
sodium and lactate concentrations in parallel while wireless communicating data
(Anastasova et al. 2017). This publication utilized microfluidic channels to guide
sweat to the pH-sensing iridium oxide membrane and lactate-sensing doped enzyme
deposit. Additionally, the sensor was adapted with Bluetooth technology to wire-
lessly transmit the data to an android application. With a response time of approxi-
mately 90 seconds and coefficient of variation under 10% for each parameter, this
work has potential to provide clinically important information from the convenience
of a wireless skin sensor.

Another body fluid that is under investigation in the biosensor research commu-
nity is saliva. Just like perspiration, saliva is continuously available in convenient
manner and it does not require physical activity to produce in measurable amounts.
With the correlation between saliva and blood analytes (Soukup et al. 2012; Tekus
etal. 2012), a mouthguard was developed to monitor metabolites in saliva (Kim et al.
2014). In this study, lactate was specifically targeted for measurement by entrapping
a lactate-oxidase layer on the working electrode. By monitoring lactate, this
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wearable biosensor could be used to monitor the status of a user’s endurance during
physical activity. While wearing a mouthpiece may not be the most comfortable
scenario for the common person, athletes could benefit from the protection a
mouthpiece provides while also acquiring real-time data on their body status.
Indications of high lactate levels could inform elite athletes that they are not in
peak physical condition and need to adjust their training regimen.

These biosensors are a brief insight of what the research community is currently
developing to further the monitoring and treatment process for individuals. On the
clinical side, the goal is to get patients out of the hospital setting and back to the
comfort of their home while still being under remote physician supervision. For
consumer use, these wearable devices will allow for a better understanding of the
body’s status, potentially leading to a desire to exceed goals for a healthier lifestyle.

54  Temperature Monitoring

One important physiological parameter to maintain body functionality includes
sustaining a core body temperature (CBT) of about 37°C (98°F). For humans and
animals, the body utilizes thermoregulatory functions to maintain homeostasis
during rest and exercise (Abizaid et al. 2001). Studies have shown that a slightly
elevated CBT results in improved working memory, alertness, visual attention, and
quicker reaction time (Wright et al. 2002). For many individuals, having your
temperature taken is almost exclusively tied to illness or a visit to see a doctor, yet
temperature monitoring is not a parameter often thought about on a day-to-day basis.

5.4.1 Health Complications

It is well documented that when deviating significantly from baseline body tempera-
ture conditions, bodily health issues can arise. Falling below 35°C induces hypo-
thermia, where complications occur such as respiratory depression, cardiac
arrhythmia, impaired mental function, muscle dysfunction, and can progress to
cardiac arrest or coma if untreated (Coleshaw 1983; Cheshire 2016). Alternatively,
rising and maintaining a CBT above 40°C results in a state of hyperthermia which
can cause sweating, fatigue, lightheadedness, headache, muscle cramps, low blood
pressure, and paresthesia, which can lead to loss of consciousness, seizures, and
coma (Cheshire 2016). At both extremes of body temperature, these symptoms and
illnesses can hinder an individual’s ability to perform day-to-day tasks as well as
threaten their life.

In microgravity, these small health complications can pose a significant threat to
the health of the crew. In spaceflight, a recent study has shown there is a gradual
increase in CBT during long duration space missions of about 1°C (1.8°F). The lack
of gravity limits evaporation and convection, preventing the body from cooling as
effectively (Stahn et al. 2017). Additionally, when wearing the extravehicular
mobility unit, the user will be under mental and physical strain which can raise the
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body temperature even further (Oka 2015). Monitoring the physiological parameters
of the crew is necessary for proper personal health and mission safety. However, the
instruments to measure these parameters take up more capacity than desired, and in
space transportation, weight and size are at an absolute premium (Advanced Space
Transportation Program: Paving the Highway to Space 2008). This limitation drives
the need to develop a thin sensor that can passively monitor multiple physiological
parameters and communicate the data wirelessly in real time.

5.4.2 Temperature Sensors

In the current market, the population is familiar with the traditional temperature
probes that are inserted in the mouth, rectum, or under the armpit to collect the
respective data. These thermometers make use of a thermistor, an electrical resistor
with temperature-dependent resistance. While simple, affordable, and effective,
these instruments can provide false readings if food or drink has been consumed
within 15 minutes or if the individual has been frequently breathing through the
mouth. For some users, this may be an unpleasant experience or inconvenient to
monitor their body temperature. The goal would be to have a sensor to monitor the
temperature in real time without having to go through preparation or specific
placement.

In recent years, researchers have been working on innovative projects to nonin-
vasively monitor body temperature in various ways. One route several groups have
went is the utilization of RFID (Vaz et al. 2010; Yu-Shiang et al. 2008; Zhou and Wu
2007; Milici et al. 2014; Opasjumruskit et al. 2006) to wirelessly transmit data at
ultralow power consumption, allowing for wireless temperature monitoring system.
One commercially available skin temperature sensor that uses RFID, the
ThermoSENSOR by Cadi, was compared against a digital clinical thermometer as
well as ear thermometer and found to be within 0.5°C (Ng et al. 2010). However,
with its high cost, lack of flexibility, need for a battery, and size protruding from the
site of temperature detection, progress can still be made.

One new and unique approach to monitoring the body temperature using a
wearable device is a 3D printed hearing aid with the addition of an infrared sensor
to measure the temperature of the ear drum (Ota et al. 2017). While the use of
tympanic thermometers has been around for two decades (Shinozaki et al. 1988) and
they are commercially available, the presence of ear wax or a curved ear canal can
interfere with accuracy. For a typical consumer, this device may seem unappealing
due to having an object inside the ear canal and attached to the surrounding area;
however the dual functionality in addition to the personalized design could lead to
more multi-function wearable devices, especially for infants, elderly, or at-risk
patients.
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5.5 Electromagnetic RF Resonator Sensor

As a research group, the goal is to design and fabricate an innovative skin patch
sensor that monitors multiple physiological parameters in a wireless and noninvasive
fashion. This allows for maximum functionality with less required resources, a
desire that spans across all industries. In recent developments with the use of an
electromagnetic radiofrequency resonating sensor, Dr. Kim Cluff’s research group
has developed innovative sensors to measure limb hemodynamics (Cluff et al.
2018), intracranial fluid volume shifts (Griffith et al. 2018), and volume changes
in the heart (Alruwaili et al. 2018) in a noninvasive manner. The open-circuit
electromagnetic resonant skin patch sensor was tailored to biomedical applications
after originally being proposed to detect surface damage on aircraft (Woodard 2011).
When powered using external oscillating magnetic fields, a loop antenna becomes
electrically excited, and couples to the sensor, which is a simple spiral copper trace.
The energized sensor then forms its own electromagnetic fields that can penetrate
into surrounding materials, as seen in Fig. 5.6. These fields interact with nearby
substrates, and changes in the electrical impedance cause changes to the resonant
response of the sensor, allowing it to detect permittivity changes associated with the
substrate using s-parameters. Figure 5.7 is an example of an electromagnetic
resonating sensor fabricated for studying limb hemodynamics being applied to a
tissue phantom. The sensor uses polyimide film as sensor substrate on both sides of
the conductive copper trace.

With an understanding of the sensor’s functionality with surrounding materials,
one method to add functionality to the SansEC sensor is to incorporate surface
engineering into the design. The following sections will go into detail of how

Adhesive Magnctic field lines Measurement
scnsmvc dielectric

,Ls%:é:éf:fé\\; N

1 b, / l
g

Antenna Conductive
Sensor substrate Electric field lines sensor trace

Fig. 5.6 Cross section side view of resonant open-circuit sensor that illustrates the antenna
coupling to the spiral trace and interactions with the dielectric material within the electromagnetic
field lines (Woodard 2011)
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Fig. 5.7 Open circuit RF resonator sensor used to detect limb hemodynamics. Adapted from Ref.
Cluff et al. (2018). Copyright IEEE

thermoresponsive polymers and dielectric materials could be utilized with this
sensor technology to add temperature-sensing ability to its current physiological
monitoring.

5.5.1 Thermoresponsive Materials

Thermoresponsive polymers are a class of “smart” polymers with the property to
respond to changes in temperature (Stuart et al. 2010; Roy et al. 2013; Schmaljohann
2006; Gandhi et al. 2015; Ward and Georgiou 2011). In aqueous solutions, these
materials undergo solubility changes at a critical temperature. Among the dozens of
polymers and copolymers that exhibit thermoresponsive behavior, poly
(N-isopropylacrylamide) (PNIPAM) is the most extensively investigated polymers
due to its transition temperature being in between room temperature and body
temperature at 32C. At room temperature, PNIPAM is soluble and transparent
when in water. However, as the temperature rises above its lower critical solution
temperature, the intra- and intermolecular hydrogen bonding dominates, resulting in
a collapse of the polymer and changing of the solubility (Roy et al. 2013). This
transition results in clouding, but upon cooling, the polymer response reverses and
becomes soluble again.
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What makes thermoresponsive polymers attractive is that the temperature at
which the transition takes place is tunable. Introducing hydrophobic or hydrophilic
groups allows for the adjustment of the transition temperature to increase or
decrease, as well as manipulate the temperature range at which response occurs to
be a slow or sharp transition. Studies have shown there is a dielectric permittivity
change in the aqueous solution containing thermoresponsive polymers (Fiillbrandt
et al. 2013, 2014; Su et al. 2014; Nakano et al. 2012). By incorporating a microgel
coating containing a thermoresponsive polymer in solution that transitions near
physiological temperatures to the electromagnetic RF resonating sensor, a sensor
with biomedical applications could be developed. However, this complicated
method would result in a complex sensor fabrication as well as potential misreading
due to volume shifts in the microgel.

5.5.2 Dielectric Materials

For the electromagnetic RF resonator sensor to measure temperature, surface
modification will need to be implemented to use a dielectrically sensitive film
that can increase selectivity of the sensor frequency response to changes in skin
temperature. In preliminary studies, the feasibility was explored for application of
polyvinylidene fluoride (PVDF) as a potential substrate and measurement sensitive
dielectric material to be incorporated into the skin temperature sensor (Schmidt
et al. 2019).

PVDF is a corrosion-resistant thermoplastic that has displayed dielectric
properties that are strongly dependent on temperature and frequency. Previous
studies have been conducted at lower frequencies in the Hz to MHz range which
indicates the ability of the polymer to show variations in dielectric permittivity with
variations in temperature (Yadav et al. 2010; Dang et al. 2005; Fu et al. 2015;
Thomas et al. 2010) and frequency (Yadav et al. 2010; Dang et al. 2005; Fu et al.
2015; Thomas et al. 2010; Wang et al. 2013; Zhai et al. 2014; Niu et al. 2015). This
relationship can be seen in Fig. 5.8.

However, no report exists that elaborates on the effects of temperature on
dielectric properties of PVDF in the 10 MHz to 3 GHz range, which is the frequency
range the sensor uses for physiological measurements. By utilizing the temperature-
dependent dielectric properties of PVDF with the functionality of the electromag-
netic resonating sensor, it is envisioned that an innovative passive, wireless temper-
ature sensor can be developed. In addition to the advantageous dielectric properties
of PVDF, the flexibility and durability of PVDF will further benefit the proposed
skin temperature sensor and help in creating a more robust device.
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Fig. 5.8 Frequency and temperature-dependent dielectric permittivity of PVDF. Adapted from
Ref. Yadav et al. (2010). Open access article distributed under the Creative Common Attribution
License

5.6  Future Outlook and Challenges

As our population ages and the healthcare system is strained, there is a demand to
monitor individuals without being on site to lower costs and provide suitable
attention to those in need. Ongoing challenges being targeted in sensor research
consists of real-time accurate monitoring, cost, comfort, power consumption, and
reliable information transmission (Dunn et al. 2018). For flexibility, comfort, and
sensitivity, one promising avenue for advances in sensor development is the
incorporation of nanotechnology, another research topic of immense interest (Chae
and Lee 2014; Kim et al. 2016). Nano-carbon materials are being considered to
replace traditional silicon for computing to allow for flexible and stretchable devices.
Additionally, nanomaterials high surface to volume ratio allows for improved
sensitivity. With healthcare cost being the underlying motivation behind the devel-
opment of wearable, this challenge will take care of itself over time (Saracco 2017).
New technologies initial high cost and exclusivity will become more affordable and
available with advancements in fabrication methods and material availability.
Another challenge with the acceptance of wearable devices to substitute point of
care testing is the reliability of the device to deliver accurate data for all users. In
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order to do so, calibration is of great importance and must be done with multiple
devices across a diverse user group to develop algorithms and continuously improve
with the ability to monitor specific types of activity (Bassett et al. 2012). Addition-
ally, with continued development and the increasing adoption of wearable technol-
ogy monitoring our body’s activity, the disposal of consumer electronics is also of
concern. E-waste is one of the fastest growing waste industries, and while precious
metals used in the fabrication of the devices can be gathered, the presence of harmful
chemicals makes it challenging. The devices of the future need to be designed and
manufactured with this in mind to limit the environmental footprint of this industry
(Gu et al. 2016; Kumar et al. 2017; Lepawsky et al. 2017).

5.7 Conclusion

This review presents and discusses wearable devices, their current application, and
the potential they could provide to improved healthcare monitoring and treatment.
With the tremendous growth that is expected in the wearable devices field, diagnos-
tic and monitoring instruments used in clinical and research applications will slowly
trickle into the consumer market. To be effective, these wearable devices will need to
be safe, comfortable, and be able to provide clinical grade information to replace the
current instruments used in healthcare.
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Abstract

Defect in insulin secretion or insulin action in the body leads to a chronic health
disease known as diabetes mellitus (DM). Current therapy for diabetes through
subcutaneous insulin administration leads to occasional hypoglycemia in patients
and bolus. Non-invasive means of insulin delivery, including transdermal, ocular,
buccal, oral, and nasal, are currently being explored. However, the various factors
limit these new insulin delivery routes, including degradation and structure
deformation of insulin due to the presence of harsh body conditions like temper-
ature and pH. The insulin drug should reach the specific site of action at the
required physiological concentration in a definite time interval. In noninvasive
means of insulin delivery systems, polymers of characteristics properties are used.
Natural polymers such as chitosan, alginate, starch, pectin, casein, dextran,
gelatin, and cyclodextrin and their derivatives are used frequently. In this chapter,
we have reviewed the present status of ongoing research on the various polymers
and their characteristics for insulin delivery in transdermal, oral, and nasal
delivery methods.
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6.1 Introduction

Diabetes mellitus is a common metabolic disorder that involves hyperglycemia or an
excess of glucose in the bloodstream due to insulin deficiency or abnormality in the
use of insulin. The beta cells, which are distributed in a cluster of cells in the
pancreas (also named as the Islets of Langerhans), produce insulin to maintain
blood glucose levels in the body. The required level of insulin allows other cells
present in the body to transform glucose into energy.

Additionally, when the level of glucose in the bloodstream increases significantly,
insulin allows the storage of glucose as glycogen inside the body. The stored glucose
is used later in the higher energy requirements. In the absence of insulin, the body
cells are unable to utilize glucose as energy properly. As a result, the glucose remains
in the bloodstream leading to hyperglycemia. Chronic hyperglycemia is characteris-
tic of diabetes mellitus, which is related to severe complications, such as damage to
the nervous system, eyes, and kidneys (Alberti and Zimmet 1998). It is increasingly
recognized as a serious, worldwide public health concern. According to the Interna-
tional Diabetic Federation (IDF) report, about 463 million adults are living with
diabetes, and it is going to rise to 700 million by 2045.

There are three types of diabetes mellitus: type 1, type 2, and gestational diabetes.
In type 1 diabetes mellitus (T1DM), the pancreas makes a little or no insulin. In type
2 diabetes mellitus (T2DM), the pancreas produces insufficient insulin, or the insulin
works improperly. In gestational diabetes (GDM), high blood glucose during preg-
nancy and subsequent complications to both mother and child are observed. The
GDM usually disappears after pregnancy but the affected women and their children
may develop type 2 diabetes later in life. According to IDF, the proportion of type
2 diabetes is around 90%, while type 1 diabetes is about 10% of all diabetes cases.
Patients with diabetes often rely on insulin to regulate their blood glucose levels.

The most commonly used route of insulin administration among diabetic patients
is subcutaneous insulin injections. This route of administration has inherent poor
patient compliance with injections, in addition to several demerits, such as occa-
sional hypoglycemia and a risk of infection at the injection sites (Swift et al. 2002;
Yumlu et al. 2009; Shikama et al. 2010; Nilsson 2016). Therefore, the scientist has
been trying to develop a minimally invasive or noninvasive method of insulin
delivery. Many alternative routes of insulin delivery which have been explored
over the last two decades are nasal, buccal, dermal, oral, ocular, pulmonary, and
intraperitoneal (Illum 2002; Owens 2002; Cefalu 2003; Goldberg and Gomez-
Orellana 2003). A polymer with the route-specific characteristics properties is
needed to take care of the environmental conditions, biocompatibility, and biode-
gradability. In addition, the controlled release of insulin in the body requires either a
constant dose over a long period or a cyclic dosage of insulin. The controlled release
of insulin is also required to be monitored through the physicochemical properties of
the polymer (Ramkissoon-Ganorkar et al. 1999; Brown et al. 1986).

The processing of the combination of polymer and insulin may require tempera-
ture, contacts with a hydrophobic surface, extreme pH conditions, and the presence
of organic solvents. The activity of insulin may decrease in the presence of the above
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severe conditions for a protein and be avoided (Brange et al. 1997). To protect
insulin from these unfavorable conditions, an appropriate polymer or polymer blend
should be used as a protective layer over the insulin molecules. The polymer used
should be compliant to the recommendation of drug regulatory bodies like the Food
and Drugs Administration (FDA) and the European Medicines Agency (EMA).

This chapter aims to provide unique coverage of the field of various polymers
used in insulin delivery systems, addressing the recent developments in responsive
polymers. We will look into three distinct routes of insulin delivery system, i.e., oral,
transdermal, and nasal, and subsequently find out the effectiveness of various
insulin-loaded polymer matrix developed to date.

6.2  Oral Insulin Delivery

Due to convenience, oral administration is the most preferred delivery route (Plapied
et al. 2011, 2014). The medicine directly goes from the digestive tract to the liver
before going to the systemic bloodstream (Fig. 6.1). (Chen et al. 2011; Chaturvedi
et al. 2013; Herrero et al. 2012). However, the oral delivery of insulin remains a
challenge as it is to be protected from the harsh medium condition of the digestive
tract (stomach and intestine). Besides, other challenges are the presence of mucus

Fig. 6.1 Oral absorption of
insulin into the bloodstream
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and the low permeability of insulin across the intestinal epithelium during its passage
through the gastrointestinal tract.

The stability and bioavailability of insulin is the primary concern in the oral
delivery system. The native structure of insulin is damaged upon exposure to an
extreme acidic condition of the stomach (pH of gastric acid is 1.5-3.5). Oral
polymeric based insulin delivery systems should have the capability to protect the
encapsulated insulin from getting disrupted by harsh acidic and proteolytic enzymes
(Hosseininasab et al. 2014).

6.3 Polymers Used in Oral Insulin Delivery

Over the past few decades, various polymers (biodegradable and nonbiodegradable)
have been studied extensively by many researchers for carrying out oral insulin
delivery (Delie and Blanco-Prieto 2005). Slow degradation of polymers gives rise to
the sustained and controlled release of the loaded insulin. It has also been reported
that these polymer molecules may cross the intestine wall in small quantities. The
most common polymers used in oral insulin drug delivery are chitosan, dextran,
alginate, cyclodextrin, poly(lactic-co-glycolic acid)(PLGA), etc. (see Fig. 6.2 for the
structure of polymers and no. of papers on various polymers for oral insulin delivery
as reported in google scholar in different years). Despite some promising research
outcomes, a polymeric-based oral insulin delivery system has not been introduced in
the market yet due to the inability of microcapsule to give the desired protection and
subsequent insulin absorption. Besides, there is a lag between the intake of the
capsule and the absorption of insulin. The promising result has been reported for the
phase IIb trial of ORMD-0801 in patients with T2DM.

Chitosan (CS), a natural polysaccharide, is utilized in the maximum number of
researches. Its biodegradability, antimicrobial activity, and biocompatibility have
attracted researchers in the field of pharmaceuticals. It is a copolymer of p (1-4)
linked glucosamine and N-acetyl glucosamine, as shown in Fig. 6.2a. The presence
of many OH and amine groups, which are capable of the formation of intermolecular
hydrogen bonding, helps it in the formation of gel with high viscosity. Besides, the
chitosan polymer can be modified due to the presence of reactive functional groups.
Physical properties of chitosan are controlled by the chemical modification of the
primary hydroxyl and amine groups present on its backbone. Chitosan molecule
conjugated with hydrophobic moiety results in forming amphiphile self-assembled
nanoparticles, which can encapsulate drugs and deliver them to a desired target.
Several hydrophobic derivatives of chitosan have been investigated, as given in
Table 6.1. The entrapment of insulin is reported at around 50%. Chitosan enhances
the intestinal absorption of insulin when it is structured in the form of nanoparticles.
The orally administered insulin-loaded particles to diabetic Wistar rats resulted in a
reduction in its body sugar level (BSL). Recently researchers have improved the
entrapment efficiency of chitosan carriers up to 90% leading to effective insulin
delivery without much loss (Urimi et al. 2019; Mumuni et al. 2020).
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Fig. 6.2 Oral delivery of insulin using various polymers. Chemical structures of (a) chitosan, (b)
alginate, (c) dextran, and (d) B-cyclodextrin, (e) no of papers on various polymers for oral insulin
delivery as reported in google scholar in different years (Accessed on 13/03/2020)

Dextran, a natural water-soluble polysaccharide, is used as a polymeric carrier in
novel drug delivery systems as it improves water solubility of less soluble drugs. It
consists of linear 1, 6-linked glucopyranose units, with some degree of branching at
1,3 locations, as shown in Fig. 6.2b. Dextran conjugation is used as a blend with
other polymers, which helps in designing new customized polymers with different
structures, molecular weights, and shapes. The useful functional groups are required
for coupling at the ideal positions in the chain.

The dextran is conjugated with insulin molecules. This system has been studied
extensively due to its excellent pharmacokinetic and pharmacodynamic properties.
The entrapment efficiency of the dextran composite (see Table 6.1) is reported to be
about 60%, which is higher than that with chitosan. In vivo studies showed that there
is a reduction in body glucose level in rabbit or rats after oral administration of the
dextran-based insulin composite. The reported BSL decrease may widely vary
depending on the formulation of the composite. The best results are reported for
the nanoparticle surface conjugated with vitamin B12, a specific target legend. The
entrapment efficiency is reported to be between 45 and 70%. The composite could
protect 65—-83% of insulin from getting degraded in the gastrointestinal tract. In vivo
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studies showed that the plasma glucose level decreases significantly in the range
70-75% of basal levels in 8—10 h (Chalasani et al. 2007).

Alginate, which is a high molecular weight hydrophilic polysaccharide, is widely
used in biomedical applications owing to its mucoadhesive, biodegradable, low
immunogenicity, and biocompatible nature. Alginate is composed of linear anionic
block copolymers of o-L-guluronic acids (G) and f-D-mannuronic acid
(M) residues, as depicted in Fig. 6.2c. These residues are spread as blocks of G
and M or blocks of alternating G and M residues. Unlike chitosan, alginate is soluble
in high pH and insoluble in lower pH conditions (Chaudhury and Das 2010).
Another significant property of alginate gel is the occurrence of sol-gel transition
without alteration of temperature. This sole-gel transition creates pores in the
polymer whose dimensions depend on the nature, concentration, and conformation
of the alginate. Due to this, it improves the rate of flow of excipients in drug delivery
systems.

The alginate is blended with other polymers like chitosan and dextran sulfate to
improve the drug encapsulation efficiency of alginates (Reis et al. 2007; Sonia and
Sharma 2012). The entrapment of insulin is found to be as high as 88%, which is the
maximum reported value in the presence of alginate-based materials. The method of
preparation of nano-particles controls insulin entrapment efficiency. After five hours
of oral administration, in vivo studies showed that microparticles could reduce the
body glucose level very effectively.

Cyclodextrins (CDs) is a class of macrocyclic oligosaccharides that are linked by
a-1,4 glycosidic bonds (shown in Fig. 6.2d). They have been studied extensively for
engineering novel functional materials for various biomedical applications as it
improves the solubility of hydrophobic drugs and the stabilization of drugs against
dehydration, hydrolysis, oxidation, and photodecomposition. This property also
inhibits the adsorption or absorption of drugs to container walls. The most common
cyclodextrins are a, p, and y, based on the number of glucose units in a truncated
cone shape having a hydrophobic interior cavity, and a relatively hydrophilic
external surface. The hydrophobic inner cavities interact with various hydrophobic
guest molecules or their hydrophobic domains and form non-covalent inclusion
complexes. These internal cavities are hydrophobic, which facilitates the inclusion
of compounds ranging from small molecules, ions, and proteins. Due to their drug
loading capacity, cyclodextrins and their derivatives have been explored extensively
by the researchers for oral administration of various peptides and protein drugs.

Cyclodextrin (CD) complexation has a unique ability to improve insulin therapy.
It stabilizes the insulin molecule against forming aggregation, thermal denaturation,
and degradation. Insulin aggregation and denaturation activate by the presence of
hydrophobic residues in the protein molecules, which result in a reduction of
biological activity (Sluzky et al. 1991). It is reported that CD can form a complex
with the hydrophobic cavities present in insulin molecules which stabilizes the
structure of insulin molecules and further improves the absorption in GI (Irie
1999). D’Souza et al. have used a spray drying method to produce B-cyclodextrin
microparticles, which improves the bioavailability of insulin (D’Souza et al. 2015).
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B-Cyclodextrin microparticles could ensure a minimum amount of insulin release
when it comes in contact with the simulated gastric fluid (D’Souza et al. 2014).

Poly-lactic-co-glycolic (PLGA) is FDA-approved biocompatible, biodegradable
synthetic polymer, which has tunable mechanical properties. The hydrophobic
interactions between insulin and PLGA molecules lead to entrapment of insulin in
PLGA nanoparticles (Lassalle and Ferreira 2010). The mixture of insulin-loaded
PLGA microparticles and polyvinyl alcohol (PVA) hydrogels has shown the entrap-
ment efficiency of 72.6% (Liu et al. 2007). This nanoparticle-based insulin delivery
can reduce the body sugar level of infected mice by 60%. Attempts have also been
made to modify the negative charge on the surface of PLGA nanoparticles as it
reduces oral bioavailability by limiting the insulin diffusion across the mucus layer.
Chitosan polymer has been used for coating the PLGA nanoparticles. The positive
charge of chitosan polymer reverses the effect of negative charge on PLGA and
exhibits the strong bioadhesive potency with increased pharmacological availability
(Zhang et al. 2012).

From the above discussion, it can be seen that various polymeric carriers have
been developed for oral insulin delivery. Despite a few promising reports of oral
insulin delivery systems, further study is required before clinical testing. They are
not able to compete with SC insulin injection due to the low bioavailability of oral
insulin. The main reasons behind low bioavailability are uneven size distribution,
poor reproducibility, and degradability. The natural polymers are extracted from
various sources which compromise the purity and physicochemical properties.
Therefore, the well-defined study of polymer insulin behavior must be undertaken
to make oral insulin delivery a reality in the market.

6.4  Transdermal Insulin Delivery

The problem of severe conditions faced by drugs during oral delivery and painful
subcutaneous drug delivery can be eliminated through transdermal delivery. The
skin has mainly three layers, namely, epidermis, dermis, and hypodermis, as shown
in Fig. 6.3. The outermost layer of the skin, which is known as stratum corneum
(SC), provides a significant barrier for any drug transdermal delivery. It becomes
difficult for compounds, like drugs and vaccines, to cross the barrier and reach the
systemic circulation in the therapeutically relevant amount. To improve drug deliv-
ery, various methods such as chemical or biochemical enhancers (Karande et al.
2004; He et al. 2009), iontophoresis (Djabri et al. 2012), electroporation (Zorec et al.
2013), sonophoresis (Mitragotri et al. 1996), sonoporation (van Wamel et al. 2006),
magnetophoresis (Murthy et al. 2010), microwave (Wong and Nor Khaizan 2012),
thermal (Park et al. 2008) and laser (Chen et al. 2012) ablation, microscission
(Herndon et al. 2004), the needleless jet injector (Engwerda et al. 2011), and
microneedle (MN) (Davis et al. 2005) have been tested. Among all of them,
microneedle-based delivery systems have gained widespread interest.

Microneedle array consists of micron-sized needles with a height varying from
100 to 2000 pm and a width of 10 to 50 pm, which could penetrate the upper layer of
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Fig. 6.3 Schematics of skin with a thickness of various layers

the skin without causing pain. It can create pores on the skin, which enable the drug
to flow through the epidermis layer to the dermal tissues directly. Due to
this, microneedles can delivery a right amount of drug with the relatively high
delivery efficiency in comparison to other transdermal delivery methods.

6.5 Polymer Used in Transdermal Insulin Delivery

Microneedles (MNs) can be made from various materials, which are broadly divided
into three types: metal materials, inorganic materials, and polymer materials. Metal
and inorganic materials are not preferred as their transdermal drug delivery effi-
ciency is influenced by the shape, size, and pore density of the microneedles.
Additionally, the breakage of the microneedles inside the skin may lead to safety
problems and may cause skin infection. Polymeric material-based microneedles are
considered to be most promising for drug delivery. The nature of polymers is being
modulated to prepare different varieties of microneedles like solid, coated,
dissolving, hollow tip, and hollow microneedles. The polymer-based microneedles
are single-use and can be used to load an acceptable amount of drug in the formula-
tion. Many polymers have been used to fabricate microneedles for insulin delivery,
which we will discuss in this section (see Table 6.2).

The most important property needed for microneedle is mechanical strength,
geometry (e.g., shape tip radius, pitch, and base radius), and its composition.
These are directly affected by the type of polymer used. Ideal polymeric
microneedles possess the following characteristics:
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Fig. 6.4 Schematics of various polymeric microneedles: (a) coated MN (b) dissolvable MN (c)
degradable MN, (d) bioresponsive MN, and (e) tip-hallow MN

¢ Biocompatibility with the skin
¢ Physical strength to penetrate through the SC
* The careful fabrication process for controlled delivery of drugs inside the skin

Each type of microneedle follows a different approach for delivering the drug
through the skin, as illustrated in Fig. 6.4. The first one is a coated microneedle in
which drug formulation is coated on the surface of the microneedle. The coated
microneedle is inserted into the skin and left for the time till all the drug is released
into the skin (Fig. 6.4a). Next is dissolvable microneedle, which is made of polymer
loaded with the drug inside its matrix. These types of microneedles are inserted into
the skin and drug moves inside the skin with the dissolution of the polymer matrix
(Fig. 6.4b). The third one is degradable microneedles, which allows for the delivery
of payloads by the degradation of the polymer matrix (Fig. 6.4c). They are different
from dissolving microneedles in the way that degradable microneedles release the
drug without getting dissolved in the skin. So, they can be removed from the skin
once the drug delivery process is complete. The fourth approach shows
bio-responsive microneedle, which involves tuning of drug release in a
bioresponsive manner like change in pH or temperature (Fig. 6.4d). This is the
most advanced technique of drug delivery as it offers opportunities for on-demand
release of drugs in a controlled manner (Yu et al. 2015). Recently Ye et al. have
come up with a new design of microneedle called “Tip hollow” microneedle in
which drug is encapsulated at the tip of microneedle (Fig. 6.4e). It has good
mechanical strength like solid microneedles and delivery is expected to be optimized
using Tip-hollow MN (Ye et al. 2020).

The main polymers which have been used in the fabrication of polymeric
microneedle are polyvinyl alcohol (PVA), gelatin, cysteine, poly(methyl vinyl
ether-co-maleic acid) (PMVE/MA), hyaluronic acid (HA), carboxymethyl cellulose
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Fig. 6.5 Essential properties required in transdermal drug delivery through microneedles

(CMC), etc. To get the desired properties of an MN, a combination of polymers is
used as a single polymer substance cannot fulfill all requirements. The most impor-
tant properties required for microneedle based transdermal delivery is shown in
Fig. 6.5. In this section, we will discuss in brief about these polymeric materials and
their properties which make them suitable for using a transdermal insulin delivery
system.

Polyvinyl alcohol (PVA) is a water-soluble, biodegradable polymer that makes it
suitable for fabricating microneedles (Chang et al. 2000). Its chemical formula is
(C,H40),,, where the value of n for commercially available materials varies from
500 and 5000. PVA is first heated to dissolve in water, followed by the freezing and
thawing process. This leads to the formation of a highly elastic thermoreversible gel
(Watase and Nishinari 1988). The material resulting from this treatment has excel-
lent rubbery nature with high mechanical strength. PVA gel remains stable at room
temperature and retains its original shape, but it has a tendency to swell in contact
with water. Properties of the gel formed may depend on the degree of polymeriza-
tion, the concentration of an aqueous solution, and the number of freezing-thawing
cycles (Gao et al. 2009). PV A has also been used as a stabilizer in the fabrication of
nanoparticles in oral insulin delivery systems (Czuba et al. 2018). The properties
mentioned above make it compatible for use as a microneedle material for insulin
delivery.

Yang et al. used polyvinyl alcohol for preparing a swellable microneedle for
insulin delivery (Yang et al. 2015). A mixture of PVA, dextran, and carboxymethyl
cellulose (CMC) in a solvent is used to fabricate the microneedle patch. As discussed
in the oral delivery section, CMC increases the water absorption capacity and
improves the drug release kinetics of the microneedle array patch. Compared to
other hydrophilic microneedles (Lee et al. 2008), the PVA microneedles would not
dissolve in the skin but swell. The swelling opens the diffusion channels for loaded
insulin to release inside the skin (Yang et al. 2015). Microneedles generally have the
problem of incomplete insertion into the skin due to skin viscoelasticity. Most of the
drug does not come out from the needle due to incomplete insertion. To solve this
problem, Chen et al. fabricated fully insertable insulin-loaded poly-glutamic acid
microneedle with supporting structure made up of polyvinyl alcohol/poly-vinyl
pyrrolidone (PVA/PVP). The supporting structure provided the mechanical strength
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with complete microneedle insertion into the skin. The whole insulin is released into
the skin in 4 min (Chen et al. 2015).

Lau et al. have fabricated microneedles by mixing polyvinyl alcohol with silk
fibroin for creating a multilayered microneedle patch. A fast release of insulin
(1.0 mg in 3 h) was achieved with an improved insulin dissolution rate (Lau et al.
2017). In another study, Chen et al. fabricated polymeric microneedle using a
different molecular weight of polyvinyl alcohol for the delivery of insulin. The
different drug release rate was observed in different molecular weight of polyvinyl
alcohol-based microneedles leading to a different decrease in body sugar level. The
results of in vivo drug release indicated that the absorption of insulin decreased with
an increase in the molecular weight of PVA due to the formation of hydrogen
bonding (Chen et al. 2018).

Gelatin is another naturally occurring polymer that has been tested in this
application due to its properties like biocompatibility, biodegradability, and hydro-
philicity (Santoro et al. 2014). It tends to absorb a large amount of water, which
results in a very fast release profile (Lu 2004). Drug-release profiles are expected to
depend on the molecular weight and degree of crosslinking (Young et al. 2005). New
synthesis techniques for gelatin-natural as well as gelatin-synthetic polymer
mixtures have been proposed to enable desired water uptake and swelling behavior
(Foox and Zilberman 2015). Chen et al. have made a dissolving microneedle patch
by using gelatin and sodium carboxymethyl cellulose (CMC). It showed an 80%
drop in body glucose level (BGL) in 6 h in diabetic mice after giving a dose of 2 [U/
kg (Chen et al. 2018a). This study verified the potential of using gelatin/CMC
microneedle patch for insulin delivery which can be further used for delivering
other poor permeable protein drugs. Ling et al. prepared a strong composite for
dissolving insulin-loaded microneedle by blending starch and gelatin to improve its
processability.

Starch is a naturally occurring low-cost, bio-degradable polysaccharide, used as
an excipient for solid dosage formulations (Rodrigues and Emeje 2012, Zhang and
Sun 2004). It is generally blended with other biomaterials like gelatin to improve its
properties such as inflexible, brittleness, and poor film-forming capability to be used
for the transdermal drug delivery system. In another study, Yu et al. prepared
microneedle using calcium sulfate and gelatin with a high aspect ratio (6:1) for the
delivery of insulin (Yu et al. 2017a). Donnelly et al. used poly(methyl vinyl ether-co-
maleic acid) (PMVE/MA), commonly known with name Gantrez® AN-139 for
preparing an insulin-loaded microneedle (Donnelly et al. 2012). Films made from
aqueous blends of PMVE/MA are very brittle and are not a desired property. A
suitable plasticizer like FDA-approved polyethylene glycol (PEG) is mixed to
plasticize bioadhesive films.

6.5.1 Smart Insulin Microneedles Using Polymeric Microneedles

The polymer is engineered in developing smart insulin delivery patches, wherein the
insulin is delivered only at the necessary condition. The rate of insulin administration
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Fig. 6.6 Hypoxia-sensitive vesicle-loaded microneedle array patches. (a) GRVs were formed
through the self-assembly of the amphipathic grafted HA, (b) Response-release mechanism of
microneedles. Adapted with permission from Yu et al. (2015)

is controlled by incorporating bioresponsive material in the microneedle. Recently,
the focus on bioresponsive insulin microneedles has increased due to their controlled
and glucose-regulated delivery (Hu et al. 2017; Ma and Wu 2017; Chen et al. 2018b;
Hovorka 2011; Mo et al. 2014; Wu et al. 2011; Yu et al. 2016, 2017c). The
controlled insulin administration limits the potential for excessively low blood
glucose levels, which may arise due to excessive insulin dosing (Veiseh et al. 2015).

Yu et al. have developed a “smart insulin patch” consisting of three components:
insulin, the enzyme glucose oxidase (GOy), and a polymer. This array patch releases
insulin in response to a hyperglycemic state (a schematic is shown in Fig. 6.6). GOy
acts as a glucose sensor and the polymer acts as an actuator for insulin release. GOy
and insulin-loaded glucose-responsive vesicles (GRVs) are composed of hyaluronic
acid conjugated 2-nitroimidazole (NI). Hyaluronic acid is hypoxia-sensitive and NI
converts into hydrophilic 2-aminoimidazoles in hypoxic conditions. The GRVs
would dissociate and release insulin. In vivo studies have shown that transcutaneous
microneedles containing the GRVs have caused a quick decrease in body glucose
level to around 200 mg/dL within thirty minutes of treatment. Recently, he has
published another paper related to bioresponsive microneedles made up of diblock
copolymers consisting of polyethylene glycol (PEG) and 2-nitroimidazole-modified
polyserine. This system forms vesicles, which is hypoxia and H,O, dual-sensitive
(Yu et al. 2017d). Rapid consumption of oxygen and generation of H,O, increase
water solubility of such copolymers and dissociation of the vesicles. This leads to the
release of insulin inside the skin. The in vivo studies show that the insulin patch can
regulate the body glucose level in a diabetic mouse for 10 h.

Glucose + O, + H,O GOy Gluconic Acid + H,O,

In another microneedle-based study, GO, and insulin-loaded vesicles, which are
composed of polyethylene glycol (PEG) and phenylboronic ester (PBE) conjugated
poly-serine (mPEG-b-P(Ser-PBE)) (Hu et al. 2017), are used. The pendant PBE in
block copolymer not only has the ability of H,O,-mediated degradation at
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physiological conditions but also eliminates the excess H,0,. This approach
provides a basis for the clinical treatment of diabetes.

In addition to the delivery of insulin, Ye et al. have used the microneedle for
glucose-responsive regulation of insulin secretion from exogenous pancreatic f-cells
without implantation. The glucose-signal amplifiers were composed of GOy,
B-amylase, and glucoamylase. When the blood glucose levels elevated, the GOy
could accelerate material dissociate and release the enzymes, which could hydrolyze
B-amylose and generate a local glucose-concentrated site. The “amplified” glucose
effectively stimulated B-cell capsules and promoted the release of insulin into the
blood vascular. This smart microneedle patch proved more important from a funda-
mental perspective for transporting insulin for diabetes therapy.

6.6  Nasal Insulin Delivery

Nasal administration of insulin offers an exciting alternative to the inconvenient
parenteral route or oral administration. Insulin administered through nasal path
protects it from enzymatic degradation and increase its dissolution rate. The colum-
nar epithelium present in bronchi can act as a controlled release system. However,
several factors remain a concern to deliver insulin: Mucociliary clearance, enzymatic
degradation, and low bioavailability. To overcome these limitations, various nasal
particulate systems have been developed using mucoadhesive polymers as carriers.
These micro- and nano-sized particles effectively transfer insulin into the systemic
circulation for the effective glycemic control. The polysaccharides such as are
alginate, starch, and cellulose are used as mucoadhesive nasal drug delivery systems.
In this section, we have listed various polymers used in the nasal delivery of insulin
and their performance in vivo.

Morimoto et al. were the first one to study the effect of insulin in the aqueous gel
of poly(acrylic acid) on a rat model (Morimoto et al. 1985). Subsequently, Agrawal
et al. prepared a thermosensitive gel of chitosan and polyvinyl alcohol used in the
nasal formulation of insulin. This formulation exhibited a prolonged hypoglycemic
effect when administered in vivo. The reported (Agrawal et al. 2010) in vivo studies
showed a 40% reduction in the BGL after 4 h of administration. Wu et al. also
formulated a thermosensitive hydrogel of N-[(2-hydroxyl-3-trimethylammonium)
propyl] chitosan chloride and B-glycerophosphate for nasal insulin delivery. There
in vivo experiments showed a decrease in BGL by 40-50% for at least 4-5 h after
administration (Wu et al. 2007). In another study, Chung et al. prepared a thermo-
responsive gel of glutaraldehyde mediated crosslinked chitosan, poloxamer, and
glycine. The gel is used in the formulation of nasal insulin. In vivo studies performed
on diabetic mice showed prolonged hyperglycemic effect for three hours with
pharmacological efficiency of 18% (Chung et al. 2010). Jain et al. have used starch
nanoparticles as a mucoadhesive carrier in the formulation of nasal insulin. The
nanoparticles formulation of insulin showed a rapid and sustained hypoglycemic
action until 6 h (Jain et al. 2008). In addition to this, dextran microspheres have also
been used to carry out nasal insulin delivery (Pereswetoff-Morath and Edman 1995).
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Nasal insulin delivery is still not able to act as an alternative to subcutaneous
insulin delivery due to low bioavailability and inability to provide prolonged glucose
control. The concentration of insulin blood increases more rapidly and declines more
quickly during nasal administration than the subcutaneous administration. There is
also a possibility of physical loss of the dosage form into other parts of the respira-
tory tract like lungs. Further, the maximum loading of insulin is limited to about
150 pl (Liu et al. 2007). Intensive research and development are required for carrying
out effective nasal insulin delivery.

6.7 Conclusions and Future Prospects

The management of blood glucose levels in patients suffering from diabetes has
improved a lot since the introduction of insulin therapy. Several noninvasive
methods of insulin delivery, e.g., oral, transdermal, and nasal, have been tested.
These noninvasive methods may provide better control over blood glucose levels
and offer lesser other complications like weight gain, peripheral hyperinsulinemia,
hypoglycemic events, and late diabetic complications. Many clinical studies have
been done and most of them have shown reasonably good clinical results. Further
improvements are needed before these alternative routes for insulin delivery are
utilized.

The main limitations in oral insulin delivery include the low intestinal permeabil-
ity and enzymatic degradation, which results in lower insulin bioavailability. To
overcome these complications, biopolymers of various characteristics are being
investigated to encapsulate insulin. These polymers are derived from various
sources. To preserve the insulin’s stability, bioavailability, mucoadhesion, and
controlled release using these polymers, a detailed study is required. Further research
on the formulation front is required to optimize the nature of the polymer in terms of
surface charge, particle size, the thickness of protective polymer coating, and the
permeability of insulin. The physicochemical properties of insulin carrier will decide
its oral absorption and therapeutic effect in diabetes treatment.

The other mode of insulin delivery is the transdermal route. It has also attracted
the researchers due to the possibility of flexible dosing using a painless administra-
tion. Physicochemical properties of insulin play a significant role in its transport
through the skin layer. The lower flux of insulin in the skin and its retention in the
polymeric patch are the major hurdles for its application. A relationship between the
loaded and the final release amounts of insulin is to be developed to guide the clinical
application. The amount of drug that can be loaded in the polymeric microneedle is
less. Detailed research is required to improve the drug loading. Besides, the devel-
opment of a smart glucose-responsive microneedle is the future direction of research.

As discussed earlier, the nasal administration also has several limitations. The
drug substances and their constituents added to the dosage forms can irreversibly
damage the cilia on the nasal mucosa. Thus, it requires a lot of clinical investigations
before it can be used by the patients. All the delivery systems discussed above have a
profound capability to act as an alternative to subcutaneous insulin delivery. But
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they lack in certain aspects which require further research before it can be used in
clinical practice safely and effectively.
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Organization of Bio-Molecules in Bulk
and Over the Nano-Substrate: Perspective
to the Molecular Dynamics Simulations

Sunil Kumar and Trilochan Mishra

Abstract

The properties of bio-molecules are explicitly influenced by their organization in
bulk and vicinity of substrate. Organization of bio-molecules can be of various
kinds such as folded, unfolded, helix, swollen, globule, and so forth. These
organizations of bio-molecule also depend on the local surrounding environmen-
tal conditions like temperature, solvency, adsorption, and encapsulation. Varia-
tion in environmental conditions helps to manipulate and control the
organizations for the desired applications. Adsorption and encapsulation of
bio-molecule over substrate have many applications in the area of drug delivery,
design and development of bio-sensors, advance bio-separation process, etc.
Molecular dynamics simulation is a very powerful tool to investigate the molec-
ular structures, synthesis process and optimum properties, etc. A large number of
efficient force field parameters and molecular dynamics simulators are available
for large-scale simulation.

Keywords

Bio-molecule - Adsorption - Desorption - Graphene - SWCNT - Molybdenum
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71 Introduction

The application of molecular dynamics simulations in the medical science and
technology has expanded significantly in the recent years (Perricone et al. 2018;
Marco et al. 2016; Hospital et al. 2015). It is widely used for the study of various
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properties of bio-molecules in the bulk and the vicinity of nano-substrate at a broad
range of temperature and pressure. It is usually known that the combination of
various bio-molecules and nano-substrate can be used to develop new drugs and
its delivery systems. Significant enhancement in the simulation speed, accurateness,
and accessibility has increased the demand of molecular dynamics simulations to
predict the properties prior to real experiments. Molecular dynamics simulation
methodology works on the Newton’s equation of motions (Rapaport 2004; Allen
and Tildesley 2017). It has three processing steps such as preprocessing, molecular
dynamics simulator, and postprocessing as shown in the schematic in Fig. 7.1.
Preprocessing step consists of information for the atomic structure of
bio-molecules based on the quantum chemistry and physics (known as force-field
parameters).

To define the atomic or molecular structure of the bio-molecules, various kinds of
force fields parameters required to implement the inter- and intra-atomic interaction
between the atoms. A large number of force-fields parameters and their models for
the bio-molecules and nano-substrate have been developed recently such as Assisted
Model Building with Energy Refinement (AMBER) (Case et al. 2005, 2006),
CHARMM (Chemistry at HARvard Macromolecular Mechanics) (Brooks et al.
1983), GROningen MOlecular Simulation (GROMOS) (Scott et al. 1999), reactive
force field (ReaxFF) (Van Duin et al. 2001; Chenoweth et al. 2008; Senftle et al.
2016), Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO)
(O’Connor et al. 2015), and DREIDING force field (Mayo et al. 1990). These
force fields are extremely accurate and based on the quantum chemistry and physics
along with the experimental data and observations. Molecular dynamics simulator
consists of simulation algorithm and it works according to input parameters from
preprocessing steps. Fast, flexible, and accurate molecular dynamics simulators such
as GROningen MAchine for Chemical Simulations (GROMACS) (Van Der et al.
2005; Berendsen et al. 1995; Lindahl et al. 2001), Nanoscale Molecular Dynamics
(NAMD) (Nelson et al. 1996; Phillips et al. 2005), Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) (Plimpton 1995), and DL-POLY (Smith
et al. 2006) have been developed for realistic simulation of bio-molecules and nano-
substrate. Postprocessing step consists of analysis of output simulation trajectory
data for the visualization and characterization of final properties of simulated system.
Simulation trajectories can be characterized by using open source software tools like
Visual Molecular dynamics simulation (VMD) (Humphrey et al. 1996) and Open
Visualization tool (OVITO) (Stukowski 2009) etc.

Nano-substrates (like carbon nanotubes, graphene, graphyne, nano-pillared
graphite, silica, hybrid surfaces, etc.) and other 2D materials with the
bio-molecules are extensively employed for the design of drug delivery systems,
bio-sensors and other bio-medical devices (Georgakilas et al. 2016; Bitounis et al.
2013; Holzinger et al. 2017; Li et al. 2017; Yang et al. 2010; Menaa et al. 2015).
Nano-substrate facilitates unique organization of bio-molecules and enhances desir-
able properties for the abovementioned applications. Furthermore, the development
of switchable surfaces, i.e., adsorption and desorption of bio-molecule which are
responsive to a particular environmental conditions like hydrophobic/hydrophilic,
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depicts new and innovative process for bio-molecule operation. The mechanism of
the adsorption and desorption of bio-molecules over the substrate is uniquely
influenced by their chemical and physical characteristics along with the architecture
(Vilhena et al. 2016; Gu et al. 2015; Zuo et al. 2011; Raffaini and Ganazzoli 2013;
Moradi et al. 2016; Anselme and Bigerelle 2011; Viela et al. 2016; Kristensen et al.
2013; Pandey et al. 2013; Hasan et al. 2018a; Pandey and Pattanayek 2011, 2013;
Hasan et al. 2018b). Explicitly, it is well known that the inert substrate can be
functionalized, which facilitates or activates the desired characteristic of substrate.
However, surface architecture imparts massive effect over the pattern or nature of
adsorption and desorption behavior of bio-molecules.

7.2  Organization of Bio-Molecules in Bulk

Evolution of various organizations of bio-molecules manipulate many laboratory
and industrial processes, such as drug delivery (Shi et al. 2004; Liu et al. 2007,
2008), bio-sensors (Wang et al. 2004; Besteman et al. 2003; Allen et al. 2007,
Balavoine et al. 1999), material for medical implants (Calvert 1997; Park et al. 2017;
Saito et al. 2009; He et al. 2013; Diez-Pascual and Diez-Vicente 2015), and
bio-separation process (Nguyen et al. 2014; Chen et al. 2010, 2016;
Shanmuganathan et al. 2019; Hasan et al. 2017). Organizations of bio-molecules
are greatly influenced by the solvency conditions, inter-atomic interactions, and
temperature. Bio-molecules, i.e., proteins and DNA, consist of complex atomic
structures and multiple type of atoms and bonding pattern which are too difficult
to design and carry out molecular dynamics simulations using ordinary computing
resources. Therefore, simplistic models like united atom model (Tieleman et al.
2006; Paul et al. 1995) and coarse grain model (Shelley et al. 2001; Knotts et al.
2007; Lopez et al. 2002) have been developed for the simulation of polymer, protein,
DNA/RNA, and other bio-molecules. These models consist of a group of atoms
considered as a single bead, by freezing the quantum and atomic properties. United
atom model has been extensively used to investigate the organization and mechani-
cal properties of the chain-like molecules. Kavassalis and Sundararajan (1993,
Sundararajan and Kavassalis 1997) demonstrated an explicit folding mechanism as
globular to a folded crystalline structure of chain-like molecule during cooling
process in implicit solvency conditions using united atom molecular dynamics
simulations. Muthukumar (1986) has revealed that the long chain-like molecules
first formed local crystalline regions as “baby nuclei,” which then gradually
aggregates and forms a folded crystal. Kumar and Pattanayek (2018) have
investigated the organization of long polymer chain with a wide range of persistent
length in implicit solvent during cooling from 800 K to 300 K using united atom
molecular dynamics simulations. They have observed four distinct organizations
depending on the persistent length. These are the spherical globules, elongated
globule, and cigar- and toroid-like organization in the bulk as shown in Fig. 7.2.
The polymer chain of lower persistent length shows the spherical globules. In case of
moderate persistent length, polymer chain segments make lamellar organization. The
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Fig. 7.2 The evolution of various folding and organization of polymer molecule (united atom
model) as the simulation time increases during cooling from 800 K to 300 K: (a) k, = 0.02, (b)
ky, = 0.2, (¢) k, = 0.5, and (d) k, = 2 eV. Adapted and reprinted from Kumar and Pattanayek
(2018) with permission from Elsevier, Copyright (2018)

evolution of long cigar-like structure formed directly from lamellar aggregation of
chain segments during the simulation. In case of high persistent length polymer
chain segments make a circular-like organization, which looks like a toroid.

To demonstrate the organization of protein in explicit solvent, it is required to
characterize all possible states as native, transition, intermediate, and denatured
along with the mechanism of conversion. These characterizations are complicated
using the only experimental technique due to the dynamic, heterogeneous, and
transient nature of nonnative states of protein. Therefore, molecular dynamics
simulation has been used to characterize the folding/unfolding proteins in various
environments. The first few molecular dynamics simulation studies of the protein
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folding based on the folding pathway and intermediate states (Daggett and Levitt
1992; Mark and van Gunsteren 1992). From these studies, it can be conclude that the
transitional states and other related physical properties predicted by simulations are
exactly the same as observed from the experiments. In the intermediates
conformations, proteins are extended swollen state compared to the native state
with hydrophobic core as predicted by molecular dynamics simulations.

The investigation of various properties of DNA and RNA is carried out explicitly
to understand the genetic information at various levels of the cell. To understand the
functional mechanism of DNA and RNA molecules, it is requisite to carry out
molecular dynamics simulations at the atomistic level. The static and dynamic
properties of DNA and RNA organizations are essential for their biochemical
functions during the process transcription, replication, and translation. The organi-
zation of DNA/RNA in various solutions are generally flexible compared to the other
bio-molecules like globular proteins. Therefore many experimental X-ray crystal
structures of DNA/RNA have been explored. However molecular dynamics
(MD) simulation is frequently employed for effective investigations of various
organizations in DNA/RNA in the implicit/explicit solvent. Various inter- and
intra-atomic interactions like nonbonded, bonded, and hydrogen bonding play
fundamental roles to depict various unique organizations of DNA/RNA in bulk.
The unique conformation of double-stranded DNA is stabilized by the condensation
of the counter-ions due to nonbonded electrostatic and van der Wall interactions.

7.3  Adsorption Over Planner Substrate

Planner substrate like carbon allotropes (Geim 2009; Geim and Novoselov 2010;
Kurapati et al. 2016), molybdenum di-sulfide (Venkata et al. 2016), black/red
phosphorous (Tao et al. 2017), stannene (Dong et al. 2018), and so forth depicts
huge applications in the area of bio-medical science and technology as shown in
Fig. 7.3. Carbon allotrope mainly consists of carbon atom with hybridization states:
sp>, sp®, and sp. The sp” hybridized carbon atom mostly formed in planner structure
of graphene networks. Carbon triple bonds formed by sp-hybridized atoms construct
graphdiyne 2D material.

Graphene has sp°~hybridized carbon atoms packed into a honeycomb lattice of a
two-dimensional (2-D) sheet. Single-layer graphene depicts many exclusive
properties, such as highly transparent to visible light, exceptional mechanical
strength, extreme thermal stability, and large surface area. Due to these exceptional
properties, graphene has attracted much attention of the bio-medical scientist and can
be used as a filler or support for the bio-molecules to form nano-composites. The
bio-molecules-graphene nano-composites depict surprising properties because not
only individual properties, but they also demonstrate indication of further advanta-
geous properties.

In particular, graphene-bio-molecules composites can be prepared by anchoring
various types of bio-molecule to the graphene substrate through both in situ (e.g.,
growing bio-molecules on the graphene substrate) and ex situ (e.g., attaching
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Fig. 7.3 Atomic structure of planner 2D substrate: (a) graphene, (b) graphdiyne, (¢) molybdenum
disulfide, and (d) black phosphorous

pre-synthesized bio-molecules to the graphene substrate) methods (Viela et al. 2016;
Kristensen et al. 2013). A comprehensive atomistic understanding of bio-molecule-
graphene interactions is not only important for the development and design of new
drugs and bio-sensors but it may also provide information on the mechanisms such
as molecular folding. The graphene substrate facilitates to achieve unique self-
organization of bio-molecules, which depicts special properties and stability com-
pared to the bulk. In most cases, the adsorption of bio-molecule is achieved through
non-covalently, via the n—x interactions of the graphene substrate. During the
adsorption process, the graphene substrate stabilizes the native structure of
bio-molecules and forms a self-assembled structure. Ou et al. (2011) have performed
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Fig. 7.4 Adsorption of protein over a graphene substrate using molecular dynamics simulations.
Adapted and reprinted from Miicksch and Urbassek (2011) with permission from ACS, Copyright
(2011)

molecular dynamics simulations for the study of adsorption, conformational dynam-
ics, and dimerization of the a-helical peptide on a graphene substrate in explicit
solvent at temperature T = 310 and 330 K. They have found that the two peptide
chain turn into unfolded and assembled into an amorphous dimer on the graphene
substrate. The C-terminal residue preferenced to adsorb on the graphene substrate
due to the strong interactions with the carbon atoms and lead to a unfolding of the
a-helix starting from the C-terminal. The p-sheet conformation of protein has not
observed any folding within the 15-200 nano seconds (ns) during molecular dynam-
ics simulations, which depict that the a-helix to f-sheet transition for peptide is a
very sluggish process.

Molecular dynamics simulation is able to recognize the regions of strong inter-
atomic interaction between the peptide and the graphene and locate the starting point
of the a-helix unfolding over the graphene substrate as shown in Fig. 7.4 (Miicksch
and Urbassek 2011). The free and forced adsorption of various bio-molecules like
bovine serum albumin (BSA) and other peptide molecules over graphitic substrate
has largely been studied using molecular-dynamics simulation. In case of force
adsorption, an AFM tip pushes the protein with constant force to the surface using
molecular dynamics simulations. The adsorption dynamics and energetic is depen-
dent on the environment conditions like implicit or explicit solvency conditions,
temperatures, etc. Further, the adsorption of various bio-polymers is extensively
influenced by the chemical modification of graphene substrate.

Similarly, all-atom molecular dynamics simulations are extensively used for the
investigation of the adsorption and organization of DNA over the graphene or
graphene oxide substrates in the presence of explicit solvent. The responsible factors
for the adsorption are n—x stacking, electrostatic, van der Waals (vdW) interactions,
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and hydrogen bonding. Through simulations, the adsorption and organization of two
dsDNA segments onto the graphene oxide substrate has been investigated (Chen
et al. 2014). It has been reported that the DNA segments can “stand up” with their
helix axis perpendicular to the substrate due to energy penalty and other electrostatic
repulsion between DNA and substrate. DNA segments cannot lie on the substrate
with their helical axes parallel to substrate. The n—r stacking between base-pairs and
the graphene oxide basal plane mainly contributes to their binding and organization.
Molecular dynamics results reveal that the graphene oxide substrate behaves like an
amphiphile. The hydrophobic n—r stacking interactions illustrate that the basal plane
of graphene oxide is much more hydrophobic. However, the oxygen-containing
groups of graphene oxide provide hydrophilic characteristic.

Other carbon allotropes, like graphdiyne and graphyne, are sp-hybridized carbon
atoms with the planner structures (Srinivasu and Ghosh 2012; Peng et al. 2014;
Inagaki and Kang 2014). Graphdiyne consists of a 2D structure with big triangular
unit cell containing 18 carbon atoms. In each unit cell, there are two acetenyl groups
between neighboring benzene rings. Graphdiyne is the first synthetic carbon-based
nano-material with the sp”-hybridized carbon atoms (benzene rings) and sp-
hybridized carbon from acetenyl groups. Graphdiyne has been reported to have
promising applications in the fields of bio-science and technology. Applications of
the graphdiyne and its derivatives have been reported in the bio-sensing,
bio-imaging, cancer therapy, radiation protection, and so forth (Inagaki and Kang
2014; Banerjee 2016, 2018; Liu et al. 2019; Zhang and Wang 2015; Luan et al.
2016). In these bio-medical applications, graphdiyne exhibits better performance
and higher stability compared to other carbon-based materials.

Various other kinds of 2D nanomaterials, such as hexagonal Boron Nitride
(h-BN) (Watanabe et al. 2004), silicene (Lalmi et al. 2010), phosphorene (Liu
et al. 2014), and molybdenum disulfide (MoS,) (Coleman et al. 2011; Wang et al.
2015), have been employed to fabricate various kinds of bio-medical devices and its
components. Molybdenum disulfide (MoS,) has been demonstrating its bright
prospects in biomedical applications. For example, MoS, is found to be an extremely
efficient antimicrobial and antifungal 2D material. The MoS, can be used for the
drug delivery through surface conjugation and coating. It has been reported that
high-performance photo-thermal-triggered drug delivery platform can be
constructed to utilize the strong near-infrared (NIR) adsorption over MoS,. Further-
more, moderate direct band gap (1.8 eV) of MoS, shows its application in the
biosensors for the detection of various proteins and DNA. MoS, has also been
employed in the tomography imaging due to the X-ray adsorption of Mo element.
Molecular dynamics simulations demonstrated that the MoS, monolayer has an
exceptional ability to bind peptides in a quick and strong manner. Extremely strong
interaction between protein and MoS, substrate helps to unfold the peptide despite
the intra-peptide hydrogen bonds and subsequent secondary structures of a-helices
(Gu et al. 2016, 2017; Saikia et al. 2013). This phenomenon leads to the nano-
toxicity of MoS, when used in biological systems.
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7.4  Adsorption and Encapsulation of Bio-Molecules over
the Cylindrical Substrate

Adsorption and encapsulation of the bio-molecules over cylindrical substrate (such
as single-wall carbon nanotubes (SWCNT)) is attracting much interest not only due
to unusual properties but also because of the enhanced properties of this pseudo-one-
dimensional morphology. For the illustration, in case of drug delivery applications,
the SWCNT provides a protective layer against undesirable degradation of the
encapsulated drug molecules. While sidewall can leave the active drug molecules
open to attack from the nearby environment (Martincic and Tobias 2015; Roosta
et al. 2016a, b). Other important outcome of the encapsulating molecules within
single-wall carbon nanotubes is that the resulting bio-molecule nano-composite
modifies the properties of the fillers from those in the bulk. Encapsulation of
chain-like molecules such as bio-polymers, DNA, graphene nano-ribbons, polymers,
and so forth into a single-wall carbon nanotube has also attracted interest for their
capability to produce novel, functionalized bio-molecular nano-composite materials
(Gao et al. 2003; Zou et al. 2010). Single-wall carbon nanotubes also can be used for
the separation of biological molecules and microfluidic lab-on-a-chip applications.
To encapsulate a molecule into a single-wall carbon nanotube requires significant
attractive energy between the molecule and carbon atom of nanotube. This is due to
the confined region within the single-wall carbon nanotube that rigorously limits the
number of conformations (loss in entropy) of the molecule. The loss in the entropy
must be compensated by the gain of enthalpy during encapsulation process of
bio-molecules into the single-wall carbon nanotube. The van der Waals interaction
between single-wall carbon nanotube and bio-polymer played the dominant role in
the encapsulation processes as investigated by using molecular dynamics
simulations. After encapsulation, translocation of bio-polymer through nano-
channels of single-wall carbon nanotube is due to more favorable van der Waals
interaction energy. Based on the combination of molecular dynamics simulations
and theory, it has been estimated that the translocation time for linear polymer chain
is nearly 1 ps. However, it is extensively dependent on the solvency conditions and
architecture and conformation state of bio-molecules inside a single-walled carbon
nanotube. Yang et al. (2006) have been carrying out molecular dynamics simulation
to study the translocation of alkane molecules into a single-walled carbon nanotube.
They considered various chain lengths of alkane molecules and single-walled carbon
nanotube diameters at 300 K. They found that the long polymer chains followed a
cylindrical trajectory along the internal curved surface of the single-wall carbon
nanotube. Kumar et al. (2015) and Kumar and Pattanayek (2019) have investigated
encapsulation and translocation of chain-like polymer molecule into a single-wall
carbon nanotube. They have characterized various organizations of polymer chain
over the single-wall carbon nanotubes. At ambient temperature, polymer chain
organization consists of a central stem surrounded by helically wrapped layers inside
the short single-wall carbon nanotube. Polymer outside the single-wall carbon
nanotube depicts helical conformations or circular arrangements as shown in
Fig. 7.5. These organizations of polymer chain dictate similar conformations of the
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Fig. 7.5 Organization of chain-like molecule inside and outside of single-walled carbon nanotube
at T = 300 K using molecular dynamics simulations for different radius: (a) 3.8, (b) 7.7, (c) 9.5 and
(d) 11.5 Angtrom. Adapted and reprinted from Kumar et al. (2015) with permission from AIP,
Copyright (2015)



160 S. Kumar and T. Mishra

bio-molecule into the carbon nanotubes. Hence, large numbers of investigations
pertaining to the conformation of various kinds of bio-molecules inside single-wall
carbon nanotubes have been studied using large-scale molecular dynamics
simulations.

The interactions between single-walled carbon nanotube and DNA provide
driving force for the adsorption and encapsulation process. Single-stranded DNA
can be helically adsorbed around a single-wall carbon nanotube due to m—=n
interactions between the nucleotide bases and the sidewall of nanotube (Zheng
et al. 2003). However, double-stranded DNA depicts weak interaction with single-
wall carbon nanotubes, because it interacts via groove and end. Okada et al. (2006)
studied that a fully long ssDNA chain takes up a helical conformation inside the
single-wall carbon nanotube. The reactivity of encapsulated ssDNA with other
chemical compounds and reagents has been extremely controlled by the single-
wall carbon nanotube. Further, aggregation, dispersion, and sorting of single-wall
carbon nanotubes can be controlled by incorporation of DNA in aqueous medium.
Pramanik and Maiti (2017) have investigated structure and stability of single-
stranded DNA over the single-walled carbon nanotube by means of all-atom molec-
ular dynamics simulation. It has been noticed that dispersion efficiency of single-
walled carbon nanotubes depends on the types of nucleic bases of DNA. After
adsorption of DNA over outer cylindrical substrate of single-wall carbon nanotube,
another important phenomenon is the encapsulation and translocation of DNA
through the single-walled carbon nanotube. Molecular dynamics simulation is
extremely supportive to investigate encapsulations and translocation of DNA into
the single-walled carbon nanotubes. Many novel investigations have reported the
encapsulation/translocation of RNA/DNA inside single-walled carbon nanotubes of
various diameters and chirality using all-atom molecular dynamics simulations with
explicit solvent (Mogurampelly and Maiti 2013) as shown in Fig. 7.6. Various
energetic factors like enthalpy, entropy, and free energy barrier are accountable for
encapsulation and translocation. Molecular dynamics simulations show that the free
energy gains by the molecules upon their encapsulations into the single-walled
carbon nanotube provide stability of these molecules. The free energy profiles depict
that all molecules can enter the single-walled carbon nanotube without facing any
strong energy barrier but experience a strong energy barrier during their transloca-
tion. Strong energy barrier can be overcome by using plunger to make a nano-
syringe for energetic of force-induced translocation of DNA into the single-walled
carbon nanotube.

7.5 Conclusion

In this chapter, a brief outline has been emphasized during organization of
bio-molecules in bulk and over the nano-substrate using molecular dynamics simu-
lation. We have discussed different steps used in the molecular dynamics simulation
along with the force fields and integration algorithms. Various molecular dynamics
simulation software and other characterization tools are available as open source.
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Fig. 7.6 Encapsulation, organization of RNA into a single-walled carbon nanotube by molecular
dynamics simulations. (a)—(i) Snapshots of RNA at various time during MD simulations. Adapted
and reprinted from Mogurampelly and Maiti (2013) with permission from AIP, Copyright (2013)
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Finally, different application of molecular dynamics simulation in the area of
organizations of bio-molecules functions in bulk and in the vicinity of nano-substrate
has been described. Chain-like molecules adsorb over the planner and cylindrical
substrate due to energy benefits. However, due to limited accessibility of conforma-
tion of bio-molecules, the entropic factor inhibits the adsorption process. From the
molecular dynamics simulations, the amount of enthalpic and entropic factors for the
adsorption and encapsulations process of bio-molecules can be estimated. After
extensive simulations and data analysis it is shown that enthalpic energy dominates
over the entropy. Therefore, enthalpic energy is responsible for adsorption and
encapsulations. Various helical organizations of bio-molecules inside the single-
walled carbon nanotube are due to favorable enthalpic energy of the simulation
system. We believe that, brief description of organization of bio-molecules using
molecular dynamics simulations may enhance the understanding of academician and
researches toward the development of drugs and bio-medical devices.
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Abstract

This chapter focuses on the recent developments in the electrochemical biosensor.
On the onset historical aspects of biosensors have been discussed followed by the
current state of the art, which includes the fabrication, immobilization of the
receptors and the linking chemistry, sensitivity, specificity, and target detection
species. The importance of the electrode platform is outlined and classified into
porous and nonporous. The sensor reported on various platforms has been reviewed.
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8.1 Introduction

The biosensor market is growing rapidly and is expected to be valued at USD 31.5
billion by 2024 from the current value of USD 21.2 billion in 2019 (Biosensors
Market Report 2019). According to the IUPAC, biosensors are defined as a self-
contained integrated device, capable of providing specific quantitative or semiquan-
titative analytical information using a biological recognition element (bioreceptor),
which is in contact with the transduction element (transducer) (McNaught and
Wilkinson 1997). The biosensor is made up of two components: first, biological
recognition element or bioreceptor that can be a complementary DNA, enzyme

N. H. Maniya - D. N. Srivastava (D<)

Analytical and Environmental Science Division & Centralized Instrument Facility, CSIR-Central
Salt & Marine Chemicals Research Institute, Bhavnagar, India

e-mail: dnsrivastava@csmcri.res.in

© Springer Nature Singapore Pte Ltd. 2020 167
P. Chandra, L.M. Pandey (eds.), Biointerface Engineering: Prospects in Medical
Diagnostics and Drug Delivery, https://doi.org/10.1007/978-981-15-4790-4_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4790-4_8&domain=pdf
mailto:dnsrivastava@csmcri.res.in

168 N. H. Maniya and D. N. Srivastava

(or substrate), antigen (or antibody), or a receptor protein. Since the bioreceptors of a
biosensor can bind to the target analyte very selectively, the biosensor offers very
high selectivity compared to the chemical sensors. The second component of
biosensor is a transducer that converts the analyte concentration into a measurable
(optical, mass, electrical, or electrochemical) signal. They offer a number of distinct
advantages such as high sensitivity, high specificity, reusability, label-free, short
assay time, portability, and compact size in comparison to the traditional diagnostic
methods (Thevenot et al. 2001). Biosensors have been developed for the range of
applications from medical diagnostics, environmental monitoring, food safety, water
quality to agriculture. The major application area of the biosensor is in the medical
field for the diagnosis of different diseases, for example, cancer detection and blood
glucose monitoring in case of diabetic patients, drug discovery, drug analysis, and
whole blood analysis (Maniya 2018).

The interest in biosensors, in general, started with the introduction of the first
generation glucose biosensor in 1962 (Clark and Lyons 1962). This initial electro-
chemical biosensor was based on the measurements of either depletion of the
substrate (e.g., oxygen concentration) or generation of the product (e.g., hydrogen
peroxide) in an enzyme catalyzed reaction. For example, glucose oxidase catalyzed
oxidation of glucose into gluconate (Fig. 8.1). This was followed by the second-
generation biosensors that were developed to overcome the drawbacks associated
with the first generation biosensors. These biosensors used artificial mediators or
nanomaterials to transport the signal to and from the enzyme. However many times
the mediators are partially toxic. This improvement reduces the required potential
window of the system, minimizing effects from interferents and helped in improving
the selectivity (Ronkainen et al. 2010). The third-generation biosensors were then
developed where the signal is transferred directly from the enzyme to the electrode
without any intermediate stages or use of nanoparticles. These biosensors allow the
continuous measurement of target species, for example, glucose in case of diabetes
via subcutaneous biosensor. Electrochemical biosensors are popular due to low-cost
fabrication of the microelectronic circuits and simple sensor setup with an easy
interface and electronic read-out and processing. Further, the electrochemical
biosensors offer several advantages such as miniaturization, low detection limits,
small analyte volumes, and robustness (Das et al. 2016; Piro and Reisberg 2017).

Generally, biosensing can be performed in two detection protocols, viz., label-
free and label-based detection. In label-free detection, the target species are not
labeled or altered and are sensed in their natural forms. This detection method allows
easy as well as convenient quantitative and kinetic measurement of molecular
interaction in cost-effective manner. On the other hand, label-based detection
involves the labeling of either target species or biorecognition molecules with
suitable tags, such as dyes, enzymes (horseradish peroxidase, alkaline phosphatase),
or nanoparticles (quantum dots) (Krismastuti et al. 2014; Medintz et al. 2005; Szili
et al. 2011). The intensity of the signal is representative of the presence of the target
species and also the interaction strength between target and biorecognition species.
The label-based detection helps in increasing the sensitivity of the measurements;
however, at the same time it suffers from the costly and laborious labeling processes.
The labeling may also denature the biomolecule and interfere with the function of a
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Fig. 8.1 Schematic diagram depicting sensing strategies in various generations of electrochemical
sensors

biomolecule. Although label-free and label-based detection have their own positives
and negatives, both are widely incorporated in the biosensors to get vital and
complementary information regarding interactions among biomolecules.

The choice of electrode platform is also crucial for the performance of biosensors.
The electrode not only provides the surface for the attachment of the receptor
biomolecule but also in tailoring the electrochemical parameters like overpotential
and electrode kinetics. The current progress in nanotechnology and advanced fabri-
cation methods lead to the development of highly sensitive micro and nanostructured
platforms for biosensor applications. Different porous and nonporous platforms have
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been designed for various biosensing. Among them, porous platforms based on the
nanoporous anodic alumina (NAA), porous silicon (PSi), mesoporous silica (MPS),
and porous polymers whereas nonporous platforms such as glassy carbon electrode
(GCE), screen-printed electrode (SPE), and plastic chip electrode (PCE) has been
developed (Paul et al. 2019; Reta et al. 2018; Taleat et al. 2014; Zhao et al. 2016).
Porous platforms offer distinct advantages such as the high surface area to volume
ratio, size exclusion of interfering molecules, and theoretically high sensitivity due
to high surface area compared to the nonporous platforms. On the other hand,
nonporous platforms do not require tuning of pore size, porosity, etc. In the follow-
ing sections, we furnish representative examples from the two classes of electrode
platforms and biosensors reported on them in the literature.

8.2 Nonporous Material-Based Biosensor
8.2.1 Glassy Carbon Electrode (GCE)

Carbonaceous electrodes are important in biomedical applications as they are bio-
compatible and can be used as implantable electrodes (Kadefors et al. 1970). The
implantable carbon electrodes have been used as stimulus electrode in cardiac
pacemakers, cuff electrodes for peripheral nerve stimulation and retinal implants
(Vomero et al. 2018). Among various carbonaceous materials, graphite is not apt for
electrode fabrication due to its porous nature leading to inconsistent results. Glassy
carbon is controlled pyrolyzed, highly pure, and compact form of carbon. GCE is
electrically conductive, gas impermeable material of highly resistive to the chemical
attack (Zittel and Miller 1965). GCE has been utilized for a number of biosensing
applications based on electrochemical detection method. Some of the prominent
work on GCE electrode are outlined below.

Xing and Ma (2016) prepared the amperometric sensor using hybrid
nanocomposite of MoS, and reduced graphene oxide. The analysis of
nanocomposite displayed porous and flower-like structure and a large specific
surface. The electrochemical detection of ascorbic acid, dopamine, and uric acid
was performed using the nanocomposite biosensor by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). The recovery of these three species were more
than 99% as detected from the spiked human serum samples.

The electrochemical determination of caffeic acid was performed on the nitrogen-
doped carbon-modified GCE (Karikalan et al. 2017). The carbon nanomaterials were
prepared by the flame synthesis method. The fabricated biosensor displayed the
superior electrocatalytic performance for the detection of the caffeic acid in a wide
linear range of 0.01-350 pM with a limit of detection (LOD) of 0.0024 pM and the
limit of quantification (LOQ) of 0.004 pM. Also, the good selectivity, stability, and
reproducibility with detection of caffeic acid from red wine were also demonstrated.
An electrochemical biosensor was developed for the detection of the Salmonella
bacteria by immobilizing the nanocomposite of reduced graphene oxide (rGO) and
carboxy-modified multi-walled carbon nanotubes (MWCNTs) on the GCE surface
(Jia et al. 2016). The specific detection of Salmonella was obtained by covalently
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binding amino-modified aptamer to the rGO-MWCNT composite. The binding of
the Salmonella to the anti-Salmonella aptamer on the sensor surface blocked the
electron transfer and caused the increase in impedance as measured by electrochem-
ical impedance spectroscopy (EIS). The detection of Salmonella was obtained at a
working voltage of 0.2 V in the range of 75-7.5 x 10> cfu/mL and detection limit of
25 cfu/mL.

The simultaneous detection of ascorbic acid, dopamine, and uric acid was
performed on the GCE decorated with fullerene (C60) and modified with platinum
nanosheets by potentiostatic deposition method (Zhang et al. 2015). The DPV
measurements of the electrode showed the three well-resolved voltammetric peaks
for these biomolecules. The prepared biosensor showed detection from both real
plasma and urine samples with good storage stability and reproducibility. The
detection of ascorbic acid, dopamine, and uric acid was in the range of 10-1800,
0.5-211.5, and 9.5-1187 pM with LOD of 0.43, 0.07, and 0.63 uM, respectively.
These values of detection range and LOD were almost comparable to the values
obtained by Xing and Ma (2016). A similar biosensor for the simultaneous detection
of paracetamol, tramadol, and caffeine was fabricated based on GCE and modified
with poly(Nile blue) by electropolymerization of Nile blue monomer using CV
(Chitravathi and Munichandraiah 2016). The coating of the poly(Nile blue) film
helped in increasing the electroactive surface area and peak current and decreasing
the overpotential of paracetamol, tramadol, and caffeine in comparison to the bare
GCE. The biosensor displayed good selectivity and sensitivity for paracetamol,
tramadol, and caffeine detections in a linear range of 2.0 x 1077-1.62 x 1073 M,
1.0 x 107°-3.1 x 107*M, and 8.0 x 107 7-2.0 x 10> M, with LODs of 0.08, 0.5,
and 0.1 pM, respectively. Further, the biosensor also demonstrated to detect these
molecules in pharmaceutical dosage forms.

The detection of the tryptophan was carried out on the metal-organic framework
MIL-101(Fe) and silver nanoparticles composite (AgNPs/MIL-101) modified GCE
(Peng et al. 2016). The composite increased the oxidation current of tryptophan
compared to the bare electrode. The CV and DPV were used to measure the
electrochemical behaviors of tryptophan on the sensor surface. The oxidation peak
currents were found to be proportional to the tryptophan concentrations in the ranges
of 1-50 and 50-150 pM, respectively, with LOD of 0.14 pM. The detection of
tryptophan from urine samples was also performed.

The simultaneous determination of hydroquinone and catechol was performed on
the GCE by pre-electrolyzing GCE in ammonium carbamate aqueous solution
(Wang et al. 2016). This modification improved the electrocatalytic properties of
GCE for the electro-oxidation of hydroquinone and catechol due to the incorporation
of the nitrogen to the electrode surface. The simultaneous detection of both hydro-
quinone and catechol was in the linear range of 5 to 260 pM and LOD of 0.2 pM.
The biosensor also displayed detection from real river water samples with recoveries
of more than 95%.

Recently, the determination of the uric acid was performed on the GCE modified
with a nanocomposite consisting of Fe;04 onto graphene sheets and SiO, layer
(Movlaee et al. 2017). The electrochemical behavior of the uric acid on the electrode
was studied by CV, DPV, and chronoamperometry. The uric acid detection
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displayed the sharp oxidation peak current at 330 mV due to high electrocatalytic
activity. The linear increase in peak current with an increase in acid concentration
was seen in the range of 0.5-250 pM with the LOD of 0.07 pM. Further, the
detection of uric acid from the urine samples was demonstrated with high reproduc-
ibility (RSD: 1.7-3.4%) and excellent recoveries. In order to perform modification of
GCE and electro-oxidation of doxorubicin (DOX) at a low potential, graphene QD
of low toxicity was prepared by pyrolyzing citric acid in alkaline solution
(Hashemzadeh et al. 2016). The coating of the graphene QDs on the GCE resulted
in a decrease in the overvoltage (—0.56 V) of the DOX oxidation reaction in
comparison to the bare electrodes. This was due to the good electrocatalytic activity
for the redox reaction of DOX and an increase in the rate of electron transfer of DOX
due to the coating. The biosensor showed a determination of the DOX from the
human plasma samples in a wide linear range of 0.018-3.6 pM and LOD of
0.016 pM with good stability.

8.2.2 Screen-Printed Electrode (SPE)

Although the GCEs are excellent at the laboratory level and for proof-of-concept
experiments, for scale-up research and development they are not so practical.
Therefore an ancient printing technique, the screen printing, has been adapted for
easy and mass fabrication of electrodes. Now, screen printing on the electrode is one
of the most promising methods for simple, rapid, and cost-effective production of
biosensors (Windmiller and Wang 2013). The surface modification of SPEs can be
easily performed with different linking chemistries to attach bioreceptors and to
achieve a variety of improvements. The point-of-care applications with SPEs are
possible due to its miniaturized size, low sample requirements, and compatibility
with portable reading devices. Also, SPEs do not require tedious cleaning processes
and avoid memory effects problems that are present in conventional solid electrodes
(Taleat et al. 2014).

SPEs are prepared by layer-by-layer depositions of ink upon a solid substrate by
using a mold, stencil, screen, or mesh. This screen-printing technology offers several
important advantages, such as design flexibility, process automation, good repro-
ducibility, and a wide choice of materials (Hernandez-Vargas et al. 2018). SPEs
provide the opportunity to bring working, counter, and reference electrodes in a
single structural unit. Printed on various substrates like plastic, paper, ceramic, or
skin substrates, they can be conveniently modified using various inks. Silver and
carbon inks are most frequently used in printing while gold, platinum, noble metals,
and other inks are also used (Yan et al. 2012; Neves et al. 2012). A schematic
diagram of screen printing of electrode is given in Fig. 8.2. The reference electrode
track of the electrode is printed using silver ink while working electrodes are printed
using graphite and other inks. The selectivity and sensitivity of the electrode are
tuned by varying the composition of various inks used for printing. Carbon ink used
for dispersion, printing, and adhesion tasks is prepared by graphite particles, poly-
meric binder, and other additives. It is most commonly used ink due to low-cost,
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easy surface modifications, and chemical inertness. The performance of the biosen-
sor and electron transfer reactivity of the electrode is strongly affected by the change
in ink compositions such as type, size, or loading of graphite particles and printing
and curing conditions. The screen-printed gold electrodes are now gaining increas-
ing importance for the development of enzymatic, immuno, and geno-sensors due to
the formation of the self-assembled monolayers (SAMs) through strong Au-S bonds
on the electrode surface; however higher cost of gold restricts its application than
carbon ink. In addition, the surface of SPEs can be easily modified with different
bioreceptors, including DNA, enzymes, antibodies, synthetic recognition elements,
and others (Renedo et al. 2007). Some significant work done on SPE has been
discussed in the following paragraphs.

The detection of the 3-hydroxybutyrate was performed by using electrochemical
biosensor based on the SPEs modified by reduced graphene oxide and thionine
(Martinez-Garcia et al. 2017). The biosensor was immobilized with an enzyme
3-hydroxybutyrate dehydrogenase. The amperometric detection due to the genera-
tion of NADH from the NAD™ in the presence of 3-hydroxybutyrate was observed in
the linear range of 0.01-0.4 mM and with LOD of 1 pM. The detection from the
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spiked human serum samples was also demonstrated with two concentration levels
of 0.033 and 0.29 mM with mean recoveries more than 98%. Recently, an
immunosensor was developed using SPE for the detection of cancer biomarker
human epidermal growth factor receptor-2 (HER2) antigen (Tallapragada et al.
2017). The anti-HER2 capture antibody was immobilized on the sensor surface
without any prior surface treatment and then HER2 antigen was added. The detec-
tion was then performed in a sandwich format like ELISA by using biotinylated goat
anti-human ErbB2 attached to the streptavidin conjugated horseradish peroxidase
(HRP) as the detection antibody. The presence of HER?2 antigen resulted in enzy-
matic degradation of the substrate 3,3’,5,5'-tetramethylbenzidine (TMB). The linear
increase in amperometric signal was observed with increase in antigen concentration
with twofold linear range of 5-20 and 20-200 ng/mL, respectively. The values of
4 and 5 ng/mL were reported as the LOD and the LOQ for biosensor. The detection
of antigen from real patient samples was also demonstrated.

The electrochemical biosensors have been developed by immobilizing the DNA
probe specific to the certain genetic mutations, pathogens (for example, E. coli and
Salmonella), or specific diseases (for example, herpes simplex virus, Epstein-Barr
virus, and cytomegalovirus). DNA detection is done based on the DNA
hybridization, which is measured by the electrochemical method. The SPE surface
is generally fabricated using a gold-based ink to form well-ordered gold-thiol SAMs
using DNA oligos. The different signal amplification strategies involving labeled-
probes have been incorporated for DNA detection on the SPE biosensor. There are
many studies where direct detection of DNA hybridization does not give the required
sensitivity and LOD. Thus, amplification steps are therefore required to achieve very
high sensitivity (nano to pico-gram per mL) and low LOD (pico to femto-gram per
mL) (Taleat et al. 2014).

The detection of cancer biomarker prostate-specific antigen (PSA) was done on
SPE printed by vegetable parchment (Yan et al. 2012). The graphene and
HRP-labeled antibody (Ab2) functionalized with gold nanoparticles (GNPs) were
used to increase conductivity, stability, surface area, and amplify the electrochemical
signal on the SPE biosensor. By using this approach, LOD of 0.46 pg/mL and a wide
linear range over six orders of magnitude was seen. Also, the PSA detection from
human serum samples displayed acceptable concordance to the commercial turbidi-
metric immunoassay values.

SPE was also utilized for the multiplexed detection of carcinoembryonic antigen
(CEA) and a-fetoprotein (AFP) in a sandwich-type immunoassay method (Lai et al.
2012). The capture antibodies were attached to the chitosan-modified SPEs. In
sandwich immunoreactions, GNPs-modified antibodies were captured on the sensor
surface, which further induced the silver deposition from a silver enhancer solution.
Anodic stripping analysis was performed to detect deposited silver nanoparticles.
The wide linear ranges of three orders of magnitude and LOD of 3.5 and 3.9 pg/mL
for CEA and AFP, respectively, were obtained using this immunoassay. The detec-
tion results from clinical serum samples were in correlation with
electrochemiluminescent test.
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The multiplex detection of three breast cancer markers, cancer antigens 153 and
125 (CA 153, CA 125) and CEA was performed on a carbon electrode array
containing three graphite working SPEs (Ge et al. 2012). Graphene was incorporated
to increase the electron transfer efficiency. The capture antibody was immobilized on
the GNPs-modified electrode surface. Then secondary antibody labeled with alkaline
phosphatase (ALP) was captured on the sensor surface in a sandwich-type reaction
and enzymatic hydrolysis of the 3-indoxyl phosphate to an indoxyl intermediate
caused the reduction of the silver ions on the electrode surface. This silver deposition
was measured by linear sweep voltammetry. The ALP label and silver deposition
helped in amplifying the signal with a LOD of 1.5 x 107> U/mL for CA
153, 3.4 % 10~* U/mL for CA 125,and 1.2 x 1073 ng/mL for CEA.

The multiplex detection of four cancer biomarkers, viz., AFP, CEA, CA 125, and
CA 153, were performed on the microfluidic paper-based biosensor by the integra-
tion of a signal amplification strategy (Wu et al. 2013). The graphene/chitosan was
used to modify eight working electrodes, which had a common counter and refer-
ence electrodes and then the modified surface was immobilized with capture
antibodies. The various concentrations of the antigen solutions were kept on each
working electrode. To perform sandwich immunoreactions, nanobioprobe of
monodispersed silica nanoparticles co-immobilized with HRP and antibody were
added. The signal amplification was obtained by the application of graphene and
silica nanoparticles. A solution containing O-phenylenediamine and hydrogen per-
oxide (H,O,) was added on the paper and the signal was detected by DPV by this
paper-based electrochemical sensor. The detection of AFP, CEA, CA 125, and CA
153 was observed in the wide dynamic ranges of 0.001-100 ng/mL (LOD: 0.001 ng/
mL), 0.005-100 ng/mL (LOD: 0.005 ng/mL), 0.001-100 ng/mL (LOD: 0.001 ng/
mL), and 0.005-100 ng/mL (LOD: 0.005 ng/mL), respectively.

The SPE modified with carbon nanotube (CNT) and GNPs hybrid system was
developed for the voltammetric detection of human anti-gliadin antibodies (AGA)
IgA and IgG in serum samples specific to celiac disease (Neves et al. 2012). The
surface modifications caused the amplification of the immunoreactions. The sensing
was based on the gliadin-immobilized nanostructured surface and human
autoantibodies. Then anti-human IgA or anti-human IgG antibodies labeled with
ALP, and a mixture of 3-indoxyl phosphate with silver ions was incubated on the
electrode. The silver deposition on the sensor surface was detected by anodic
stripping voltammetry. The biosensor showed a LOD of 9.1 and 9.0 U/mL for
AGA IgA and AGA IgG, respectively, with ability of detecting these antibodies in
human serum samples.

The detection of the anti-transglutaminase (anti-tTG) IgA and anti-tTG IgG in
human serum samples was performed on the array of 8-channel SPEs biosensor
modified with a tTG by adsorption (Martin-Yerga and Costa-Garcia 2015; Martin-
Yerga et al. 2014). The study used anti-human antibodies labeled with Cd/ZnS
quantum dots (QDs) for the immunoassay. The anodic stripping voltammetry was
used to detect the Cd** release from the QDs after an acid attack. This approach
allowed the sensitive detection of 2.2 and 2.7 U/mL of anti-tTG IgG and anti-tTG
IgA, respectively, on the sensor surface.
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The label SPE-based biosensor was developed for the detection of human
C-reactive protein (CRP) (De Avila et al. 2013). The detection was performed in a
sandwich format on the surface of carboxylic-modified magnetic beads. The beads
were captured on the disposable gold SPE by placing a magnet under the sensor
surface. The HRP enzyme (used as a label) catalyzed degradation of the substrate
was determined by measuring amperometric response at —0.1 V. This magneto-
immunosensor showed a wide linear range of 0.07—1000 ng/mL with excellent LOD
of 0.021 ng/mL and allowed the detection of CRP from dilute blood serum in the
clinically relevant range.

The detection of biologically important mitochondrial metalloprotein cytochrome
¢ (cyt c¢) containing a prosthetic group (heme) was obtained using SPE
immunosensor in label-free manner (Pandiaraj et al. 2014). The polypyrrole (PPy)
was electropolymerized on the SPE working electrode and the resulting platform
was modified with either GNPs or CNTs incorporated via Nafion on the PPy matrix
to enhance the direct electron transfer between the cyt ¢ and the electrode surface.
The electrode was then immobilized with a specific monoclonal antibody. The
electrochemical immunosensing showed high sensitivity on both platforms; how-
ever GNP-based immunosensor (linear range = 2 nM-150 pM; LOD = 2 nM;
sensitivity = 154 nA/nM) was better than the nanotube-modified platform. The
detection of cyt ¢ from cell lysates of cardiomyocytes also gave results in excellent
correlation with standard ELISA.

The detection of acute myocardial infarction biomarker cardiac troponin T (cTnT)
was performed on the SPEs prepared by adding amine-functionalized CNT into the
printing ink during fabrication (Silva et al. 2013). The nonrandom and stable-
orientated antibody was immobilized on the surface because of the presence of the
amino groups. The CNTs also offered additional advantages of electrochemical
properties, which helped in rapid and sensitive detection of cTnT by DPV. The
current peak in DPV was decreased with increase in concentrations with a linear
range of 0.0025-0.5 ng/mL and LOD of 0.0035 ng/mL. Also, the immunosensor
showed results comparable to the electrochemiluminescent immunoassay from
serum samples.

The SPEs were modified with a layer of citrate-capped GNPs in a one-step
electrochemical technique and then immobilized with anti-cardiac troponin I anti-
body by electrostatic interaction for the label-free detection of the troponin I (Bhalla
etal. 2012). The coating of gold layer acted as matrix for immobilization of antibody
and as increased transduction properties. The binding of the highly charged nature of
antigen caused the charging of SPE surface that was sensed by the capacitive
component of the impedance. The biosensor showed LOD of 0.2 ng/mL, one
order of magnitude better than ELISA.

The detection of the cancer biomarker CA125 was obtained on the label-free
SPEs-based immunosensor (Ravalli et al. 2013). The GNPs were deposited on the
electrode and SAM was formed on it by 11-mercaptoundecanoic acid. The anti-
CA125 antibody was attached by 3-(3-dimethylaminopropyl)carbodiimide/N
Hydroxysuccinimide (EDC/NHS) linking chemistry. The surface modifications
were characterized by CV and EIS. The sensor showed a linear response of electron
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transfer resistance to the CA125 concentration in the range of 0—100 U/mL, LOD of
6.7 U/mL and also in serum spiked with CA125.

The SPE was modified with ZnO/Al,O5; nanocomposite for the sensitive and
selective electrochemical detection of the ascorbic acid (Ganjali et al. 2017). The CV
and DPV measurements were obtained for the determination of ascorbic acid on the
electrode. The detection was seen in a linear range of 1.0-100 pM with LOD of
0.6 pM and from real samples. Acetylcholinesterase (AChE) biosensor was devel-
oped by step by step drop casting of dispersion of carbon black, chitosan, and AChE
on the SPE (Talarico et al. 2016). This modification showed improved electrochem-
ical response compared to the bare SPE and SPE modified only with chitosan. The
enzymatic activity was measured by detecting the product thiocholine at +300 mV.
The detection of pollutant paraoxon as a model compound was carried out on the
biosensor as organophosphorus pesticides inhibit the AChE activity. The enzymatic
inhibition for paraoxon was observed up to a concentration of 0.5 pg/L and a low
detection limit of 0.05 pg/L. The detection from drinking water spiked with 0.5 pg/L
was also demonstrated with a good recovery value of 97 + 15%.

8.2.3 Plastic Chip Electrode (PCE)

The major technical bottleneck outstays in screen-printed electrodes is that its
conducting layer is not the integral part of the electrode, and hence there is a
possibility of its cracking or peeling. PCE is a recent development in electrode
technology and is being exploited for various applications in different fields, includ-
ing electrocatalysis, electrometallurgy, and anodic stripping voltammetry (Mondal
et al. 2018; Perween et al. 2014; Perween and Srivastava 2017). Unlike SPE, PCE is
a bulk conducting, self-standing composite electrode and hence stave off the major
problem of peeling of conducting layer. PCE has also been demonstrated as a
platform for ionic liquid-based solid-state reference electrode (Perween and
Srivastava 2018). PCE is fabricated by the simple solution casting method at room
temperature and without any additional requirement of sophisticated instruments that
are generally required in the fabrication of other electrodes (Fig. 8.3). Being a self-
standing, highly compact (Fig. 8.4a) composite, it can be cut in a chip of required
dimension. A typical thickness of the chip is 450 microns. A random distribution of
the conducting filler in the polymer matrix forms percolating channels for the
passage of charge. Typically, graphite powder is used as conducting filler for the
fabrication of PCE. The random distribution of the graphite into the polymer matrix
makes the surface of the PCE rough (Fig. 8.4b), which relatively increases the
surface area of the electrode compared to the flat electrodes. This increase in the
surface area, therefore, helps in increasing the sensitivity of the biosensors. PCE is
also advantageous for biosensing applications due to its low-cost, easy surface
modifications, and excellent electrochemical properties.

The PCE-based electrochemical biosensor was designed for the highly sensitive
and selective detection of the type (II) diabetes biomarker retinol binding protein
4 (RBP4) (Paul et al. 2019). The detection of RBP4 can be useful in the proper
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management of type (II) diabetes at early stage. The working area of PCE was
sputter coated with a gold layer of 10 nm in order to immobilize the bioreceptor via
SAMs of thiols. The surface was first modified with 4-aminothiophenol and then
glutaraldehyde. The anti-RBP 4 antibody was attached to the electrode and EIS
measurements were performed. The formation of Ag-Ab complex caused the
increase in impedance in a wide concentration range of 100 fg/mL to 1 ng/mL and
a detection limit of 100 fg/mL. The interference study using two proteins IgG and
Vaspin was also conducted, which showed negligible interference on the PCE
biosensor.

8.3 Porous Material-Based Biosensor

Porous platforms such as NAA, PSi, MPS, and porous polymers offer several
advantages in comparison to the flat electrodes for biosensing applications (Reta
et al. 2018). These platforms offer a very high surface area to volume ratio due to the
porous structure and the easy surface modification ability. Due to the high surface
area, a large number of bioreceptor molecules can be immobilized on the electrode,
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which in turn increases the sensitivity of the biosensing device. The surface chemis-
try of the materials can be modified by grafting different molecules for the stability
and attachment of the bioreceptor. Further, the pore size of the porous materials can
be optimized for specific analyte sensing and also to filter out interfering molecules
from the target sample. The specific binding of bioreceptor and biomolecule can be
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sensed by various electrochemical techniques like potentiometry, amperometry,
conductometry, or impedometry. With these advantageous properties, porous
materials have shown great potential for electrochemical biosensing. Here, in this
section, we will describe biosensing studies based on the nanoporous anodic alumina
(NAA), porous silicon (PSi), mesoporous silica (MPS), and porous polymers
(Table 8.1).

8.3.1 Nanoporous Anodic Alumina (NAA)

NAA has been exploited for a range of applications in drug delivery, biosensing, cell
adhesion, cell growth, molecular separation, catalysis, solar cells, and energy stor-
age. It is fabricated by anodization of high-purity aluminum in acidic solution by
applying a specific voltage, which makes homogenously distributed and self-ordered
porous structure. The pore size, interpore distance, pore length, barrier layer thick-
ness, and wall thickness of NAA can be optimized by varying anodization conditions
including type of electrolyte, electrolyte composition, temperature, anodization
voltage, current, and time. NAA of different geometric properties can be designed
including pore diameter of 10—400 nm, interpol distance of 50-900 nm, porosity of
5-50%, pore density of 10°~10"" pores/cm?, and pore length of 10 nm to several
hundreds of pm. The pretreatment of alumina is done by electropolishing, which
makes a smooth surface to be used in the formation of long-range pore order (Rajeev
et al. 2018).

The surface functionalization of the NAA is done to impart stability in acidic
environment and to immobilize bioreceptor molecules specific to the target analyte
for biosensing applications. Different modification strategies are explored for this
purpose, including chemical and gas phase techniques. Among this, a self-
assembling organosilane molecule with desired functional groups is most frequently
used for biosensor development (Hasan et al. 2018; Pandey et al. 2013). The NAA is
first treated with H,O, to activate the hydroxyl groups, which allows the attachment
of silane on the surface. The bioreceptor is then immobilized either directly to the
self-assembled silane or through cross-linker such as glutaraldehyde. The second
approach involves the functionalization of gold-coated NAA using alkane thiols,
which form spontaneous SAMs. Another method for modification is a simple,
inexpensive layer-by-layer assembly of polyelectrolyte multilayers on the surface
(Krismastuti et al. 2015). Also, deposition of different metals such as gold, silver,
platinum, nickel, palladium, cobalt, and titanium by thermal deposition and sputter
coating are used to improve conductivity, as well as its optical, magnetic, and
electrochemical properties.

NAA has several unique and interesting optical (reflectance, transmittance,
chemiluminescence, and photoluminescence) and electrochemical (EIS,
amperometry, voltammetry, and capacitance) properties for biosensor development.
The material is stable under environmental conditions and chemically inert, which
helps in detecting biomolecules in complex fluids without surface degradation and
ensures long shelf life. Further, NAA can be fine-tuned to make specific pore size
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that filter out large biomolecules, which reduces interference effect and biofouling.
Also, the biocompatibility of this platform makes it attractive for biosensor
development.

DNA detection was performed on NAA biosensor using the electrochemical
method. The sensing was based on DNA hybridization of target sequences with
immobilized complementary ssDNA in pores of the sensor (Vlassiouk et al. 2005).
The detection involved measurement techniques like CV, EIS, and direct current
conductance. The DNA hybridization caused the partial blockage of the pores that
resulted in limiting the diffusion of electroactive species toward the electrode. The
pore size has a significant effect on sensing. Significant sensing was observed with
20 nm pores and it was completely vanished for 200 nm pores. A further, similar
label-free electrochemical biosensor based on the NAA membrane having a 5-
’-aminated DNA probe was fabricated for the detection of 21mer DNA. The LOD
of 3.1 x 10~'? M was reported with high selectivity demonstrated using sequences
of single base mismatch and triple bases mismatch of a different strain of Legionella
species (Rai et al. 2012).

NAA membrane-based impedance sensing was reported for rapid and sensitive
DNA detection using additional amplification by GNP tags (Ye et al. 2014). The
ssDNA was immobilized on the nanopores through linkers and the pore blockage
caused by the DNA hybridization event was measured by EIS. The LOD of 50 pM
was achieved after the amplification of detection signal by GNPs. A similar imped-
ance biosensor for DNA detection was developed; however, the NAA membrane
was fabricated at wafer-scale of well-controlled thickness, pore diameter, and overall
pore density (Wu et al. 2015). The coating of silica nanoparticles (~20 nm) on the
membrane was performed to increase the total surface area. Then ssDNA was
immobilized to the (3-glycidoxypropyl) trimethoxysilane functionalized surface.
The selectivity was demonstrated using non-complementary ssSDNA and LOD of
12.5 nM was shown in phosphate-buffered saline solution.

The detection of single nucleotide polymorphisms (SNPs) is highly important for
disease diagnosis and prevention. The NAA-based electrochemical biosensor was
designed for the easy, label-free, and highly selective detection of SNPs. The
nanochannels of the sensor were functionalized with a probe DNA/morpholino
duplex and the diffusion flux of ferricyanide probe was monitored electrochemically.
The sensing mechanism was based on the competitive binding of matched DNA and
morpholino to the probe DNA, which causes a change of the surface charges. This
approach helped in the detection of not only a single base or two base mismatched
sequences but also the specific location of the mismatched base. Also, the detection
of SNPs was demonstrated in the acute promyelocytic leukemia biomarker
PML/RAR« fusion gene (Gao et al. 2015).

The NAA biosensor has been prepared for different virus detection, including
West Nile Virus (WNV) and dengue. The detection of whole WNV particles was
performed on the NAA membrane over a platinum disk electrode (Nguyen et al.
2009). The nanochannels of sensor were immobilized with an anti-WNV protein
domain III (DIIT) IgM antibody capture probe via physical adsorption. The detection
signal was monitored based on the electrode’s Faradaic current response toward
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ferrocenemethanol during the formation of immunocomplex in the nanopores. The
sensor was studied for detection of both WNV-DIII and the inactivated West Nile
viral particle. The biosensor displayed sensitivities comparable to the polymerase
chain reaction (PCR) techniques with low detection limit of 4 pg/mL and detection
time of 30 min. The detection of WNV particles from whole blood was also
demonstrated with relative standard deviation (RSD) of 6.9 %.

Several studies were performed for the detection of dengue virus on the NAA
biosensor. The detection of dengue type 2 virus (DENV-2) was performed on the
NAA-modified platinum electrode (Cheng et al. 2012). A sensing mechanism of
monitoring of electrode’s Faradaic current response toward redox probe was
incorporated in this study as well. The immunocomplex formation between
immobilized anti-DENV-2 monoclonal antibody and DENV-2 was characterized
by DPV. The NAA biosensor showed detection in the range of 1-10* pfu/mL and
LOD of 1 pfu/mL with insignificant binding to the nonspecific viruses including
Chikungunya virus, WNV, and dengue type 3 virus (DENV-3). In a different
approach, detection of dengue-specific DNA sequence was performed by
immobilizing the DNA probe sequence on the NAA (Deng and Toh 2013). The
membrane was sputter-coated on both the sides by platinum electrode. The DNA
hybridization in the nanochannels caused the partial blockage of ferrocyanide redox
species to the platinum electrode, which was measured by EIS. A linear increase in
pore resistance was observed with increase in target DNA concentration in the range
of 1 x 1072 to 1 x 107° M. Also, the biosensor showed excellent selectivity being
able to differentiate the complementary sequence from single base mismatched and
non-complementary sequence with LOD of 2.7 x 10~ '? M. EIS method was also
used in another study for the detection of dengue on NAA membrane of 60 pm thick
and 13 mm in diameter. The membrane was coated with a submicron layer of
platinum to use as both the working and the counter electrode. The pore resistance
was changed according to the concentration of the DENV-2 and DENV-3. The
detection time of 40 min and LOD of 0.23 and 0.71 pfu/mL was observed for
DENV-2 and DENV-3, respectively (Peh and Li 2013).

The detection of bacteria E. coli, S. aureus, and Legionella pneumophila has been
done on NAA biosensor. The impedimetric immunosensor was fabricated for the
label-free detection of harmful food-borne pathogenic bacteria E. coli O157:H7 from
whole milk (Joung et al. 2013). The hyaluronic acid was used to reduce the
nonspecific binding of biomolecules and other cells on the sensor. The detection
was observed in the range of 10-10° cfu/mL with LOD of 10 cfu/mL based on the
antibody-bacteria interactions. Further study on detection of bacteria from whole
milk showed LOD of 83.7 cfu/mL. The nontarget bacteria such as S. aureus,
B. cereus, and nonpathogenic E. coli DH5a were used to display high specificity
of the sensor.

The ultrasensitive detection of E. coli O157:H7 was also investigated on the NAA
membrane by using specific antibody-modified magnetic beads to enhance sensitiv-
ity. The membrane was immobilized with antibody via assembled polyethylene
glycol (PEG)-silane linker and then the beads attached with bacterial cells were
captured on the membrane. The binding of pure cells and magnetic bead-attached
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cells to the antibody-immobilized membrane with or without the magnetic field was
monitored by EIS. The magnetic bead-based cell concentration approach displayed
ultrasensitive detection of 10 cfu/mL (Chan et al. 2013). The simultaneous detection
of E. coli O157:H7 and S. aureus was reported based on the NAA membranes
integrated with a microfluidic device. The non-biofouling PEG was used to make
microfluidic chip. The biosensor showed a linear detection range of 10°~10° cfu/mL
with LOD around 10 cfu/mL and low cross-binding of nontarget bacteria (Tian
et al. 2016). NAA biosensors with varied pore size and thickness were prepared
depending on the size of the target species such as virus or bacteria.

The NAA biosensor was developed for the detection of cancer biomarker CA15-3
(De la Escosura-Muiiiz and Merkogi 2011). The nanochannel allowed the filtering of
the interfering molecules and detection of proteins in buffer as well as in whole
blood. For this, conductivity of antibodies attached membrane toward redox indica-
tor was tuned by primary and secondary immunoreactions with proteins and GNPs.
Further, silver deposition was used to enhance the nanopore blockage by GNPs,
which decreased the diffusion of the signaling indicator through the nanochannel.
The detection of CA15-3 up to 52 U/mL was obtained using this immunoassay.

8.3.2 Porous Silicon (PSi)

PSi has been widely accepted material with demonstrated potential in diverse
biomedical applications such as biosensing, bioimaging, biomolecular screening,
tissue engineering, and drug delivery (Maniya et al. 2015). This is due to the several
unique physicochemical and optical properties of the PSi. The key properties of PSi
for electrochemical biosensing applications are simple and easy fabrication, high
surface area, various surface modifications opportunities, tunability of pore size,
porosity and thickness, and biocompatibility. The PSi material can be fabricated by
electrochemical etching of silicon wafer in hydrofluoric acid-based solution. The
surface of PSi can be easily modified by well-established modification methods
including the oxidation, hydrosilylation, silanization, and thermal carbonization
(Maniya et al. 2016). The bioreceptor molecules such as antibody, aptamer, enzyme,
peptide, DNA, or RNA can be attached to this modified surface. The excellent
biocompatibility, biodegradability, and non-toxicity of PSi has been used for the
real-time, in vivo biosensing and as implantable device applications. The electro-
chemical biosensing using PSi is less studied in comparison to the optical sensing.
The mechanism for PSi electrochemical biosensing is the change in current and
resistance that occurs due to the pore blockage when analyte binds to the receptor.

The label-free electrochemical detection of MS2 bacteriophage has been
performed on PSi membrane-based biosensor (Reta et al. 2016). The sensing
mechanism for biosensor was based on the nanochannel blockage that occurs
when the bacteriophage binds to the immobilized capture antibodies which causes
the decrease in oxidation current of the electroactive species. PSi membranes of
different pore sizes (85, 57, and 40 nm) were fabricated by varying current density
during etching process. The detached membrane was then transferred to the gold
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slide and further modified with thermal hydrosilylation and EDC/NHS chemistry to
immobilize anti-MS2 antibody. DPV-based measurements showed LOD of 6 pfu/
mL in buffer and 17 pfu/mL in MS2 spiked in reservoir water samples for largest
pore size PSi sensor.

The detection of bacterial enzyme hyaluronidase is also performed on hyaluronic
acid-modified PSi electrochemical biosensor (Tucking et al. 2018). For this,
hyaluronic acid methacrylate and PEG diacrylate polymers were coated on the
thermally hydrocarbonized PSi surface. The presence of enzyme caused the degra-
dation of hyaluronic acid methacrylate. The PSi biosensor showed concentration-
dependent decrease in oxidation current as measured with DPV in both buffer and
complex media such as bacterial supernatant and artificial wound fluid. A nonenzy-
matic glucose sensing using PSi electrochemical biosensor is also reported (Ensafi
et al. 2017). PSi and nickel nanoparticle-based composite was prepared by in situ
electroless assembly method. A sensor was fabricated based on carbon paste elec-
trode having different amounts of PSi-Ni nanocomposite. The glucose detection in
linear range of 2-5000 pmol/L and a low LOD of 0.2 pmol/L was observed with
high stability, selectivity, and fast response time.

8.3.3 Mesoporous Silica (MPS)

MPS is another important porous material that has been studied for biosensor
development due to its important characteristics. The MPS can be fabricated with
very high surface area (up to 1500 m?/g) and controllable channel diameter of
2-50 nm and shape. The fabrication of porous structure is done by using either
nanoparticles or surfactant self-assembly as templates and then removal of these
templates. The fabricated porous structure allows easy functionalization based on its
hydroxyl-terminated surface.

A label-free MPS-based biosensor was fabricated for the simultaneous
multiplexed detection of two tumor markers, including CEA and AFP (Lin et al.
2011). The MPS channels were co-immobilized with anti-CEA monoclonal anti-
body and ferrocenecarboxylic acid for label-free CEA detection. While anti-AFP
monoclonal antibody and HRP were immobilized as a capture probe for AFP. The
immunoassay reaction confined the antigens and substrates into the internal pore
walls as the external surface of MPS were blocked. The nonconductive
immunocomplex blocked the electron transfer, which was measured by the electro-
chemical method. This biosensor allowed the simultaneous detection of CEA and
AFP with the detection limits of 0.2 and 0.5 ng/mL, respectively.

The fabrication of single-wall CNTs inside the channels of MPS was reported for
the sensitive detection of AFP (Lin et al. 2013). The internal pore walls of MPS were
attached with amino groups via its silanol groups, whereas external surface groups
were blocked by trimethylchlorosilane (TMCS). These surface modifications
allowed the covalent binding of the CNTs and anti-AFP antibodies inside the
mesopores of MPS. The sensing electrode was fabricated using a layer-by-layer
assembly of graphene sheets and antibody-immobilized MPS on the GCE. The
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sensing based on the decrease in peak current due to the immunocomplex formation
gave AFP detection in a linear range of 0.1 to 100 ng/mL with a LOD of 0.06 ng/mL.
A similar strategy for AFP detection was used based on the MPS and GNPs (Lin
et al. 2012). Aminopropyltriethoxysilane was used for the surface modification of
the silanol groups on the internal pore walls while TMCS was used for the blocking
of the silanol groups on the external surface of MPS. Then GCE was modified with
MPS having anti-AFP antibody and GNPs confined inside the mesopores. This
approach allowed the AFP detection in a range of 1 to 90 ng/mL with a detection
limit of 0.2 ng/mL.

The MPS SBA-15 based immunoassay channeling sensor was designed for the
sensitive detection of the AFP by immobilizing the ALP-labeled antibody as a
biosensing element inside the mesopores. In order to increase the film adherence
and prevent the leakage of antibody, ionic liquid-chitosan hybrid was used. The
attachment of AFP to the anti-AFP antibody caused immunocomplex formation and
the ALP-based catalysis of the substrate of 1-naphthyl phosphate. The peak current
was decreased due to nanochannel blockage caused by nonconductive
immunoconjugates. The detection of AFP in a range of 1-150 ng/mL and detection
limit of 0.8 ng/mL was reported using this biosensor (Lin et al. 2009).

The electrochemical detection of streptomycin was performed on the MPS film
coated on the gold electrode (Roushani and Ghanbari 2019). The coating of the
silver nanoparticles on the MPS was used to increase the surface area, improve the
electrical conductivity, and to bind a high degree of bioreceptor aptamer. The
diffusion of hexacyanoferrate redox probe was hindered due to the binding of the
streptomycin to the aptamer in the nanochannels of mesoporous film. The sensor
showed a response in the 1 fg/mL to 6.2 ng/mL streptomycin concentration range
and LOD of 0.33 fg/mL. The biosensing platform was also validated in milk and
blood serum samples spiked with streptomycin.

Similar MPS thin film-based label-free aptasensor was designed for the detection
of cancer marker PSA (Argoubi et al. 2018). The film was coated on the gold
electrode and anti-PSA-specific DNA aptamer was covalently attached onto the
outer surface of the silica nanopores. The detection of PSA in the range of
1-300 ng/mL and a detection limit of 280 pg/mL was demonstrated with high
specificity, reproducibility, and storage stability. PSA detection from spiked artificial
urine samples and in blood serum from a prostate cancer-free male patient was also
validated. Also, depending on the surface chemistry and nanoconjugates used, the
MPS can be recycled and reused by varying environment conditions such as high
temperature and strong acid conditions (Hasan and Pandey 2016).

8.3.4 Porous Polymers

Porous polymers have been studied for the development of electrochemical
biosensors. The electrochemical sensing was performed on nanochannel arrays of
polystyrene nanospheres that were formed by the self-assembly method (De La
Escosura-Muiiiz et al. 2015). Porous polystyrene-based biosensor was designed



190 N. H. Maniya and D. N. Srivastava

for the detection of IgG by immobilizing the anti-IgG antibody on the carboxyl-
terminated nanospheres by EDC/NHS chemistry. The sensor development involved
the fabrication of the polystyrene on the indium tin oxide (ITO) electrode and then
screen printing onto a polyethylene terephthalate substrate. The well-ordered inter-
particle space or nanochannels were generated due to the assembly of nanospheres.
The nanosphere sizes of 200 and 500 nm having a nanochannel diameter of 24 and
65 nm, respectively, were used in the study. The blocking of the diffusion of the
redox probe in nanochannels was caused due to the immunocomplex formation by
the binding of the IgG to the immobilized anti-IgG antibody, which resulted in
decrease in DPV signal. A high specificity and LOD of 580 ng/mL were obtained
using 200 nm nanospheres. Further, the IgG detection from human urine samples
was also better compared to the previous reports using a nanochannel blockage
approach based on NAA substrates.

The selective and sensitive detection of AFP was performed on the macroporous
polyaniline doped with poly(sodium 4-styrene sulfonate) (Liu et al. 2018). The
electrochemical biosensor showed high conductivity and large surface area and
allowed the attachment of anti-AFP antibodies. The biosensor showed a reagent-
less AFP detection in a wide linear range of 0.01-1000 pg/mL and a detection limit
of 3.7 fg/mL. The sensitivity of biosensor was two times higher in comparison to the
planar polyaniline-modified electrode.

The biosensors based on the enzymes are studied tremendously. To develop
enzymatic biosensors, the electrodes are required to immobilize the enzyme and
fast electron transfer between the active sites of enzyme and electrode surface should
occur. Specifically, porous electrodes can be highly beneficial due to their high
surface area and fast electron transfer. Block copolymers allow the design of
different hierarchically porous structures and tuning of the pore shapes and sizes
by selectively etching the domains forming by a specific block(s). The prepared
porous block copolymer showed both micropores and nanopores by macro- and
meso-phase separation that was induced by spinodal decomposition. Then, the
glucose oxidase enzyme was immobilized on the porous film. The detection of
glucose in a range of 104500 pM was demonstrated with LOD of 0.05 pM and a
response time of 2 s. Thus, it was reported that the block copolymer film could be
used for immobilization of the enzyme and to develop novel high performance
biosensor (Guo et al. 2018).
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Abstract

Nano-biotechnology has paved a way towards the design and development of
new diagnostic strategies and nano-medicine. The scope of recent nano-sensors
for profound and selective sensing of numerous biomarkers is significant in
different areas comprising health, environment, and food industries. To develop
such systems often requires several functionalization steps for numerous nano-
bio-conjugates, which are eventually applied for these biomedical applications.
Moreover, to utilize the applications of nanomaterials present in the nano-bio-
conjugates, there is a need to study the interactions happening at the nano-bio-
interface. In view of such fresh growths in nanotechnology, the present book
chapter has been framed underlining the part of nanomaterials in surface designing,
biomolecular conjugations, and interactions happening at nan-bio-interface. In the
chapter, the challenges towards working at the nano dimension and requirement of
functionalization for biosensor development are addressed. Stress has been given
on deciphering the classical strategies occurring at the nano-bio-interface, which

K. Mahato - A. Kumar - B. Purohit
Laboratory of Bio-Physio Sensors and Nano-bioengineering, Department of Biosciences and
Bioengineering, Indian Institute of Technology Guwahati, Guwahati, Assam, India

S. Mahapatra
School of Biochemical Engineering, Indian Institute of Technology (BHU) Varanasi, Varanasi,
Uttar Pradesh, India

A. Srivastava
Department of Pharmacology and Toxicology, NIPER Guwahati, Guwahati, Assam, India

P. Chandra (>X)
Laboratory of Bio-Physio Sensors and Nano-bioengineering, Department of Biosciences and
Bioengineering, Indian Institute of Technology Guwahati, Guwahati, Assam, India

School of Biochemical Engineering, Indian Institute of Technology (BHU) Varanasi, Varanasi,
Uttar Pradesh, India
e-mail: pranjal.bce @iitbhu.ac.in

© Springer Nature Singapore Pte Ltd. 2020 195
P. Chandra, L.M. Pandey (eds.), Biointerface Engineering: Prospects in Medical
Diagnostics and Drug Delivery, https://doi.org/10.1007/978-981-15-4790-4_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4790-4_9&domain=pdf
mailto:pranjal.bce@iitbhu.ac.in

196 K. Mahato et al.

are usually utilized for surface engineering and material functionalization. To put a
better insight for the readers of interdisciplinary areas, an extended table has been
incorporated, indicating the functionalization strategies and their uses.

Keywords

Nanomaterials - Nanoparticles - Surface functionalization - Nano-bio-interface -
Nano-bio-conjugates

9.1 Introduction

Nano-biotechnology has been decisively recognized as a subdivision of nanotech-
nology, including all aspects of researches comprising applications of nanomaterials
(NMs) in biological sciences (Mahato et al. 2018d). The description of what
precisely constitutes a NM is not straightforwardly explained. The primarily
established definition of the NMs was any material, consisting either organic or
inorganic or both, having at least one dimension in <100 nm. Moreover, the
materials are purposely fabricated at the nanoscale to obtain specific physical,
chemical, mechanical, and optoelectronic properties (Vaddiraju et al. 2010).
Classifications of materials, as described by international institutions, still define
an upper size boundary of ~100 nm in at least one of the dimensions. Nevertheless,
there are imperfect systematic pieces of evidence that firmly endorse this upper size
limit for all kinds of NMs (Cao and Wang 2004; Labhasetwar and Leslie-Pelecky
2007; Mabhato et al. 2018c; Savaliya et al. 2015). We described NMs as any material
in the sub-micron dimension, produced from any means either biotic or abiotic that
can be interfaced with biomolecules in an expedition of generating a new “value-
added” unit. Moreover, the material must be deliberately shaped in the nano dimen-
sion to have distinct functional or structural entities arranged on its exterior or
interior and exhibits distinctive characteristics or configuration that cannot be
obtainable from the similar material in the bulk dimension.

The primary objective of nano-biotechnology emphasizes exploiting the intrinsic
physical, mechanical, and catalytic properties of NMs to develop a novel assembly
encompassing biomolecules with unique or novel properties (Chen et al. 2014; Fei
etal. 2013; Gao et al. 2009). For instance, using NMs to facilitate drug delivery at the
target destination, in vivo imaging, and biosensor development with the determina-
tion of clearing difficulties related with modern healthcare applications (Baker 2010;
Baranwal et al. 2018a; Kumar et al. 2019¢e; Purohit et al. 2019¢, 2020a). The
following objective emphasizes applying the specific properties of biomolecules,
which arise due to their biomolecular interactions, on designing the organized nano-
devices of distinctive or new properties (Kim et al. 2009; Lin and Avouris 2008;
Wang 2003). A striking illustration of this is applying nucleic acid assemblies to
regulate the location and arrangement of nanoparticles (NPs) in the chase of making
single molecular electronic devices at the sub-lithographic scale (Purohit et al.
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2020b). We describe biomolecules including nucleic acids (i.e., DNA/RNA/PNA/
LNA as genes, oligomers, aptamers, and ribozymes/DNAzymes), triglycerides, fatty
acids, carbohydrates, proteins, peptides, etc., whether they are monomeric or poly-
meric (Simmel and Dittmer 2005). In a nano-bio-conjugate (NBC), the role of
biomolecules can be of a functionally active entity that offers site for immobilization,
catalysis, or therapeutic activity (Baranwal et al. 2016, 2018b) (e.g., antibodies or
enzymes) or, otherwise, can be applied as a passive cover or support material
(Subbiah et al. 2010; Veerapandian and Yun 2011; Willner and Willner 2010). To
achieve the applications mentioned above, the development of several NBCs is
needed, which can be utilized in the design and development of several healthcare
technologies. The importance of applying NMs, and particularly NPs, as part of
NBC:s synthesis, ascends from the distinctive size-dependent physical, chemical, and
optoelectronic characteristics, which they can provide to the resulting NBCs
(Jariwala et al. 2013). The size-dependent features can comprise quantum-confined
properties like photoluminescence of nano-crystals, surface plasmon resonances
(SPR) of gold (Au) NPs, the electrical conductivity of carbon-based NMs, and the
magnetic properties as well as catalytic properties of some metal nano-alloys and
metal oxide NPs (Gao et al. 2009; Kumar et al. 2019¢). Moreover, the NPs are also
known to have high surface-to-volume (S/V) ratios and active interaction areas
(Kumar et al. 2018, 2019a, c). This extraordinary S/V ratio not only delivers more
spaces for interaction but also paves the way towards multi-functionalities onto the
NMs. By the virtue of small size, the NMs offer ability of different reactive sites or
chemical moieties onto the same particles, viz., dendrimer NPs, where several
reaction and chemical sites can be presented for interfacial interactions (Purohit
et al. 2019b; Wadhwa et al. 2019).

Intend of the book chapter stresses explaining various strategies involved for
NBCs formation for improved biomedical applications. The bio-physico-chemical
interactions of biomolecules applied during NBCs formation are also explained to
make it appropriate for readers of interdisciplinary areas. Hopefully, this book
chapter will inspire additional attention in the way of impressions related to NMs
applications to sort out the difficulties in the design of NBCs and their applications in
biomedical research. Attention has been paid to NMs introduction, bio-conjugation,
and nano-bio-interface to deliver a new insight of interdisciplinary researches in the
area of material engineering and applied biology. Emphasis has been given to justify
the importance of nano-bio-conjugate interfacing not only for the development of
nano-medicine but also for modern healthcare devices, including diagnostic devices
such as the development of nano-bio-sensors. Herein, we emphasize on linkage
chemistry applied for biomolecules interfacing onto the NMs, which eventually
decide the achievement of nearly all the NBCs in their proposed applications. To
provide a better understanding among readers of interdisciplinary researches, a table
has been elucidated, indicating the strategies (targeted functional group, reactive
group, product, and related mechanism) usually involved in NBCs formation.
Irrespective of the precise value or research objective, interfacing biomolecules
with NMs to make a novel functional unit is at the core of the interdisciplinary
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research effort. Therefore, there is a need for understanding the challenges associated
while working with NMs, which need to be measured during NBCs fabrication.

9.2 Challenges in Working with NMs

There are numerous challenges related to NBCs preparation that is significant
enough to be considered for their optimum application. Primarily, NPs have exten-
sive morphological variability not only in the form of shape and size but also in the
form of constituent elements (Kumar et al. 2019b, 2020; Purohit et al. 2019a). Some
NPs are uniform as they are made up of only one type of elements, such as Au NPs,
Ag NPs, Pt NPs, and similar monometallic NPs, including Fe NPs, Pd NPs, etc. In
other cases, NPs can be made up of mono or multi-metallic oxides, which not only
affect the physical and chemical activities of NMs but also plays a crucial role in
defining their shape and size (Mandal et al. 2018). The NMs are designed in such a
way so that they can offer specific properties associated with their applications.
Core-shell nanostructures are intentionally designed for their utilization (Ghosh
Chaudhuri and Paria 2012; Levin et al. 2009; Wang et al. 2011). The core-shell
nanostructures are designed in view of their intended applications, where the exter-
nal shells guard and protect the internal structures that are occasionally essential for
biological uses. Several NMs, including metallic, semiconductor, and carbon-based
NMs, are hydrophobic that are required to be designed hydrophilic as well as
compatible for biological interaction through surface modifications (Sapsford et al.
2011, 2013; Subbiah et al. 2010; Veerapandian and Yun 2011). This typically
includes attachment or swapping of the hydrophobic structures with hydrophilic
ligands or other layers that eventually make it capable of facilitating aqueous
distribution. The process of developing hydrophilic ligands onto the hydrophobic
surfaces is both complexes as well as challenging that includes alteration of NMs at
the level of changes of the small charged molecules to the formation of dendrimers,
which are capable of complete encapsulation of the NPs (Sapsford et al. 2013). The
covering ligands used for the fabrication of NBCs also deliver new chemical entities
that can not only perform as active spots for consequent bio-conjugation but also act
as a stabilizing agent of NMs. In the synthesis of NBCs, the agenda is to apply
desirable biological molecules and conjugate them straight to the NPs surface with
the help of surface-attached coating ligands, either directly or by applying small
cross-linkers or other mediators (Agrawal et al. 2013; Chandra 2016; Chandra et al.
2012; Won et al. 2013; Yadav et al. 2013). Generally, bio-conjugation helps in
precisely directing NPs in a sophisticated biological setting by bio-receptor elements
(e.g., antibodies, aptamers) or permeates the NBCs to execute its biologically
derived interactions like catalysis (e.g., enzymes, DNAzymes) (Chandra et al.
2013, 2015; Koh et al. 2011; Zhu et al. 2012a, b). Nano-bio-conjugate assembly
can rapidly become multifaceted as many arrangements and iterations of the coating
and ligand or biomolecules structure can occur (Thanh and Green 2010). In the
unsophisticated design, the biomolecules interact straight to the core of NM. In the
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Fig. 9.1 Schematic depiction of the six “ideal” criteria that would aid in precise adherence of any
biomolecules to the surface of NMs. The criteria comprise (1) controlling the ratio of biological
molecules adhering onto the NMs; (2) monitoring the orientation onto the NMs; (3) controlling the
comparative separation space from the NP; (4) monitoring the attachment affinity during NBCs
formation; (5) conserving the best utility and activity of both NMs and bio-conjugates; and
(6) reproducibility of NBCs with a range of biomolecules. Adapted from ref. Sapsford et al.
(2013). Copyright 2013 ACS Publication Ltd

multifarious design, the NMs covers the biomolecules or, otherwise, biomolecules
encapsulate the NM.

The ligand conjugation chemistry, as well as post conjugation ligand-NMs
interactions, have significant inferences for the colloidal stability, particularly inside
cellular surroundings. Moreover, it is worth to mention that ligand-NMs interactions
will typically be exceedingly heterogeneous and cannot be uniform for the entire
surface area (I. Medintz 2006a). Hence, it is evident to develop such NBCs, which
can offer not only better bio-conjugation but also better interfacing.

Six comprehensive standards could define the “ideal” properties anticipated from
nearly all NBCs fabrication chemistry, explained in Fig. 9.1 (I. Medintz 2006a;
Sapsford et al. 2013). While considering a broad and non-descriptive
bio-conjugation, one can adhere to biological molecules onto the NMs by
controlling the following properties:

1. Controlling the ratio of biological molecules adhering to the NMs. Diverse
applications of NBCs almost always need dissimilar ratios during fabrication;
one ratio cannot be applied to several bio-conjugation strategies. The amount of
biomolecules vastly regulates conjugation interactions and avidity. Equally, over-
bio-conjugation can possibly damage conjugation interactions, though the surface
of NMs and their curve can assist in mitigating this fairly (Medintz 2009).

2. Monitoring the orientation onto the NMs. The activity and binding capacity of
aptamer, enzyme, protein, and antibody are reliant upon the exposure of their
binding spots that can facilitate the interactions from surrounding. Nonspecific
binding or electrostatic interactions during NBCs formation may result in hetero-
geneous adherence and eventually affect the activity of the final application.
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3. Controlling the comparative separation space from the NP. Some applications
demand controlled detachment at a specific distance, such as targeted drug
delivery and sensing using Forster resonance energy transfer (I. L. Medintz
2006b, 2009).

4. Monitoring the attachment affinity during NBCs formation. Based on the appli-
cation of NBCs, there is requirement for permanent or labile conjugation in
between NMs and biomolecules, such as where drug delivery application is
required the labile conjugation can provide a better performance, whereas in the
case of immunoassays development the permanent attachment is needed for
adherence of bio-receptors.

5. Conserving the best utility and activity of both NMs and bio-conjugates. During
fabrication of NBCs, it is desirable that the function and activity of each
constituting element should not be affected or altered. The loss of structural
stability of NMs or loss of catalytic/capturing capacity of bio-receptors may
ultimately affect the designed application of NBCs.

6. Reproducibility of NBCs with a range of biomolecules. Utmost application of a
NBC fabrication strategy can only be achieved if the same strategy has the
capacity to produce various types of NBCs using a different type of biomolecules.

The criteria, as mentioned above, are undisputable, though the challenge is in
deciphering and designing the new fabrication strategy for NBCs.

In the research domain of nano-bio-conjugations, the word “nano-bio interface,”
also known as “nanoscale interfaces to biology” and “corona of NMs,” has initiated
to take on an explicit sense of their own (Hajipour et al. 2014; Nel et al. 2009). NMs,
when presented to biotic settings such as blood, serum, and saliva, contribute in
multipart bio-physico-chemical interactions with the natural molecules, and this is
reflected in the least understood factor of NM activity in biotic settings (Gagner et al.
2012). The interchanges among NMs and the biotic molecules resulted in the
subsequent properties they have on the NBCs, and its planned application has
directed to the foundation of this research. For the NBCs formation, the adsorption
of biomolecules to NMs is administrated by the hydrogen bonding interactions,
London dispersion, pH of the environment, columbic forces, as well as by the lone-
pair electrons available onto the ligands and NMs (Alkilany et al. 2013; Tang et al.
2015).

While designing and developing nano-medicine, this specific research domain
has even more inferences (Baranwal and Chandra 2018; Noh et al. 2012). Moreover,
the nano-dimensional architecture of NMs considerably affects the reaction kinetics
on NM surfaces, so bio-conjugation chemistries must be improved for each type of
NMs (Gagner et al. 2012; Sapsford et al. 2013; Willner and Willner 2010). More-
over, recent researches have shown the effects of NP dimension as well as involved
surface chemistry adsorption of proteins that were justified by subsequent uptake of
NBCs in macrophages (Behzadi et al. 2014). The subject can be intensified as each
NM and NBCs can be anticipated to undergo very diverse exchanges based upon
their own exclusive physical as well as chemical properties (Chandra 2015, 2016).
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Moreover, it is worth to mention here, while the fabrication of NBCs, there could be
a chance that the biological molecules may lose their activity because of confisca-
tion, unfolding, denaturation, or blockage of active sites (Hajipour et al. 2014).
Therefore, it is very much required to design and decipher new strategies that can be
applied for designing and developing a novel NBC, which can withstand these
limitations.

9.3 Bio-Conjugation Strategies for NBCs

NPs showing material properties like exterior color, SPR, conductivity, and affinity
towards binding are significantly upgraded while functionalization with biological
molecules (Cai et al. 2018; Hassan and Singh 2014; Xu et al. 2012). It is a crucial
step, which not only decides the functional activity of NBCs but also offers the
opportunity to design novel nano-sensors with improved sensing abilities (Akhtar
et al. 2018; Chandra et al. 2011, 2014; Gagner et al. 2012; Tang et al. 2015).
Designing a NM-based sensing system or development of any nano-bio-interface
can be directed towards an analyte, which needs the coupling of bio-receptors to its
active surface. The kind of bio-conjugation often demands specific linkers, which
assist in addition to the NM surface. A mixture of aspects comprising shape,
dimensions, morphologies, surface interaction, and the intrinsic elements of the
NMs itself primarily decides selection of the conjugation strategy. Moreover, the
surface ligands nature and their accessible, functional groups onto the NMs regulates
the kind of biomolecules selected for NBCs formation. The choice of biomolecules
is also decided by their size, chemical structures, as well as the ultimate function
anticipated in the final use. In simple words, bio-conjugation can be covalent
(comprising covalent bonding to the surface of NM or with the surface ligand) or
noncovalent, comprising electrostatic interactions, other forms of adsorption, and
encapsulation. To appropriately acclimatize and amend the outer surface of NMs,
researchers have framed different methods to integrate the anticipated functional
ability in the NBCs (Aubin-Tam and Hamad-Schifferli 2008). The common
measures that are regularly applied for NMs functionalization are highlighted in
Fig. 9.2. Figure 9.2 (i) shows the NPs functionalization method using electrostatic
interactions to attach a peptide. In this method, electrostatic charges that are opposite
to each other are exploited to facilitate electrostatic NP-peptide assemblage. Fig-
ure 9.2 (ii) shows the direct interaction technique that is extensively applied for
AuNP functionalization. In this method, some specific protein peptides can attach to
NMs surface due to high affinity towards NMs surface, such as the interactions of
free thiols to the surface of AuNPs. Figure 9.2 (iii) shows the secondary interactions
used for bio-functionalization; this method uses definite ligand—receptor interactions
such as biotin—streptavidin coupling. Figure 9.2 (iv) shows covalent attachment
technique; it uses the classical bio-functionalization chemistry like EDC-based
coupling to carboxyl or NHS- and maleimide-mediated coupling to amines and
thiols. Figure 9.2 (v) shows the encapsulation technique that is widely applied for
peptides entrapment inside the final NBCs, which can be materialized during the
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Fig. 9.2 Classical bio-functionalization approaches: (i) electrostatic binding; (ii) direct adherence;
(iii) secondary interactions; (iv) covalent coupling; and (v) encapsulation. Reprinted with the
permission from reference (Kumar et al. 2019¢)

initial stage of synthesis of NBCs. Currently, NMs have been widely functionalized
with several materials such as artificial polymers, bio-polymers, dendrimers, and
small molecules by means of above-stated functionalization approaches. Attaining a
specific functional group, for example, amine, carboxyl, thiol, and hydroxyl, is
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greatly vital for attaching enzymes and antibodies onto the active surface of NMs,
which is eventually determined by the functionalizing technique and reagents used
for NBCs formations (Cai et al. 2018).

To provide amine group onto the NBCs, chemicals having free amine groups are
applied like 3-Aminotriethoxy propyl silane (APTES), chitosan, serine, etc. (Conde
et al. 2014; Hsiao et al. 2007; Markwalter et al. 2019; Subbiah et al. 2010; Thanh and
Green 2010; Veerapandian and Yun 2011). Likewise, to provide carboxyl group
onto the final NBCs, reagents having free carboxyl groups are used. The immobili-
zation of bio-receptors, viz., antibodies/enzymes is a crucial step in biosensor
development and it is very much significant to regulate the functionalizing agent
during this attachment as its assembly may control the electron transfer through the
sensor surface that eventually may alter the response generation in the biosensor. In
the case of sensor development, the attachment of a bio-receptor onto a sensor matrix
can be regulated by monitoring the overall movement of bio-recognition elements
while keeping it in a comparatively distinct area utilizing bio-functionalization may
result into enhanced stability and reusability of the sensor probe (Hassan and Singh
2014; Medintz 2009; Xu et al. 2012).

In other words, to exploit the properties of NMs in medicinal arenas, the external
surface of the NMs needs to be altered suitably to deliver steadfastness,
compatibilities, and functional activity. In the next section, we have briefly
elucidated some key bio-functionalization strategies towards NBCs formation.

9.3.1 Covalent Coupling Strategies

The interactions applied for the coupling of bio-receptors to NM surface for analyti-
cal uses usually depend on a few critical bio-conjugation chemistries. Some very
significant covalent coupling strategies are explained in upcoming sections, which
are widely used to design NBCs for nano-biosensors and nano-medicines.

9.3.1.1 EDC/NHS Covalent Coupling

Most of the classic NMs synthesis strategies use compounds having carboxylates
and primary amines, not only to provide surface stability but also to get uniform size
distribution among NMs. Because of this, the wide presence of carboxylates and
primary amines on NM surfaces provides an opportunity to interconnect the similar
ligands present onto the bio-receptors. One of the most common covalent chemistry
to generate functionalized NMs for diagnostics and biosensor development is the
development of amide bonds. The standard chemical used for making amide bonds
on NMs surfaces is 1- ethyl-3-(3-(dimethyl amino) propyl) carbodiimide (EDC),
which is a zero-length cross-linking agent that generates an activated ester, which
can successively interact to primary amines. Though, only EDC-activated esters
react gently with primary amines, that often activate hydrolysis by-products, which
constrain amide bonding. Accordingly, EDC is generally combined by NHS
(N-hydroxysuccinimide) esters to increase the firmness of the initiated ester inter-
mediary. The NHS-activated ester intermediary strongly reacts with nucleophiles of
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Fig. 9.3 EDC/NHS coupling method: In the presence of Sulfo-NHS, EDC can be utilized to
convert carboxyl groups of NMs/biomolecules to amine-reactive Sulfo-NHS esters. Reprinted with
permission from ref. Conde et al. (2014) with permission from ACS

primary amines to generate a stable amide bond. In simple words, the incorporation
of NHS stabilizes the amine-reactive intermediary by altering this to an amine-
reactive Sulfo-NHS ester, therefore enhancing the competence of EDC-mediated
binding reactions. Water is gently used to remove the excess reagents and to interfere
by-products. When EDC becomes soluble in water, the cross-linking can be
achieved in normal physiological settings without adding additional organic
solvents. EDC/NHS coupling is beneficial in creating both antibody-based as well
as nucleic acid-based NBCs for biosensing probes. Since there is an inherent
adequate presence of primary amines in antibodies, they are freely bonded to
carboxylated NMs without any early pretreatment. Besides, the EDC bonding with
imidazole allows bonding of ethylenediamine to the nucleic acids using 5’ phosphate
groups, creating 5'-amine-functionalized oligonucleotides, which can be attached to
carboxylated surfaces of NMs (Conde et al. 2014) (Fig. 9.3).

Semiconductor NPs, magnetic NMs, and polymeric NMs have found uses in POC
sensor development as well as are usually prepared with carboxylate groups or
amine groups on the interface so that they can be applied for bio-conjugations via
EDC/NHS coupling (Choudhary et al. 2016; Koh et al. 2011; Mahato et al. 2016,
2018d; Zhu et al. 2013). Generally, di-hydro-lipoic acid derivatives or various
copolymers are utilized to stabilize the quantum dots, which install carboxylate
groups on an interface. Furthermore, there are applications of magnetic NPs in
biomedical diagnostics, which are also coated with carboxylated polymers to assist
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additional functionalization using biomolecules/drugs having primary amine in their
structure (Bhatnagar et al. 2018; Mahato et al. 2017, 2018a, b, 2019; Prasad et al.
2016). Alternatively, NPs or sensor surfaces can be layered with silica shells
derivatives having carboxylate/amine functional groups. Nano-shells of silica are
synthesized via the condensation of monomers of silica oxide, like tetraethyl-ortho-
silicate (TEOS) or APTES, creating aminopropyl-silanols surfaces. A modified
sensor, surfaces having aminopropyl-silanols, can consequently be coupled with
bio-receptors via. EDC/NHS coupling. Along with providing functional groups for
additional bio-conjugation, the encapsulation of NPs by silanols offers better bio-
compatibility as well as guards the nuclear material from deprivation, making it an
appropriate approach for the fabrication of diagnostic sensor systems.

9.3.1.2 Thiol Covalent Coupling

Another substantial coupling reaction to functionalize NMs and sensor surfaces is
the bio-conjugation of thiols present either on bio-receptors or on the surface of
NMs. Nucleic acids can be thiolated by using the same technique as explained in
nucleic acids amine-functionalization technique (Markwalter et al. 2019; Sapsford
et al. 2011, 2013). For thiol coupling, usually, cystamine is applied in place of
ethylenediamine to add a disulfide bond, which can eventually be reduced with
dithiothreitol (DTT) and give a 5'-thiolated oligonucleotide probe. Conversely,
antibodies usually do not have free thiols and, hence, either have to be thiolated
(by using Traut’s chemical) or sliced at the inter-chain disulfides bond (via DTT or
papain) to produce thiols for consequent bio-conjugation of NMs or sensor surfaces.
The thiol coupling of biological molecules to noble metal NMs (stating about AuNPs
or AgNPs) is usually done via coordinate dative bonds in which the sulfur lone pair
electrons form strong bonding directly to the NMs surface itself (Fig. 9.4 (a))
(Markwalter et al. 2019). Otherwise, chemical reagents having thiol groups or
NMs can be attached to each other by applying a hetero-bi-functional cross-linking
agent derived from maleimide, wusually sulfo-SMCC (succinimidyl-4-
(N-maleimidomethyl) cyclohexane-1-carboxylate). A stable thiol-ether bond is
formed in this reaction where the thiol group interacts with the maleimide functional
group. Moreover, the NHS-ester module of sulfo-SMCC provides interaction sites
for reaction with primary amines present in bio-receptors (Fig. 9.4 (b))(Markwalter
et al. 2019).

9.3.1.3 Click Chemistry and Photochemical Cross-Linking

Several NM-based diagnostic sensors have been designed using photochemical cross-
linking reactions and ‘“click chemistry.” Chemical compounds such as phenyl
diazirines and phenyl azides produce reactive carbenes and nitrenes, respectively,
upon the introduction of UV light and ultimately aids in novel bond formation in
between carbon, nitrogen, and hydrogen. Such photochemical reactants can be
incorporated into hetero-bi-functional cross-linkers, like sulfo-NHS-LC-diazirine,
for bio-coupling of NMs and bio-receptors. “Click” chemistry denotes to
bio-orthogonal chemical reactions having high production, minimal by-products,
and require mild settings. The most shared “click” chemistry-based chemical
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Fig. 9.4 (a) Thiol covalent coupling using antibody/oligonucleotide to a NP; (b) thiol conjugation
of primary amine via hetero-bi-functional cross-linker using Sulfo-SMCC; and (c¢) “Click” chemis-
try attachment in between an azide and an alkyne in the existence of a copper catalyst. Reprinted
with permission from ref. Markwalter et al. (2019) with permission from ACS

interaction is the attachment of an alkyne to an azide in the existence of a Cu(I), which
is used for catalysis (Fig. 9.4 (c)) (Markwalter et al. 2019). There are many other
chemical interactions related to “click” chemistry that attach NMs and bio-receptors.

9.3.1.4 Biotin-Streptavidin Coupling

Biotin—streptavidin coupling is the leading affinity-based conjugation strategy
utilized for NMs functionalization, which is eventually applied for the development
of modern diagnostic devices. A small protein molecule having molecular weight
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Fig. 9.5 Biotin—avidin coupling. (a) Biotin chemical structure; (b) tetrameric avidin ribbon model.
Reprinted with permission from ref. Wilchek et al. (2006). (¢) Schematic representation of the three
frequently used biotin—avidin coupling for adherence biomolecules to NMs. (i) NP labeled with
biotin bonded to biomolecule having avidin label; (ii) NP labeled with biotin bonded to biomolecule
having avidin label, by using an intermediate avidin linker; and (iii) NP labeled with avidin bonded
to biotin-containing biomolecule. Reprinted with permission from ref. Sapsford et al. (2013)

nearly 1.3 x 107'5 KD, known as biotin, has an extraordinary affinity towards
tetrameric bacterial protein streptavidin having molecular weight, nearly 60 KD
(Markwalter et al. 2019; Sapsford et al. 2011, 2013). The established stoichiometry
of biotin to streptavidin is 4:1 to make a highly stable bonding. The streptavidin—
biotin complex formation strategies are a very common way of adhering
biomolecules, like antibodies/DNA, etc. The coupling strategies are made apparent
in Fig. 9.5, where two main approaches of bio-conjugation by means of biotin—
streptavidin coupling has been ascribed (Thanh and Green 2010). The first, and
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undoubtedly most practiced, method includes a streptavidin-functionalized NM
being joined with a biotinylated biomolecule. It is essential to contemplate that the
adherence of streptavidin to the NM in early alteration will possibly unclear one or
more accessible biotin coupling places and, in combination with total heterogeneity
rising from this strategy, the ultimate streptavidin-functionalized NM will undoubt-
edly show countless diverse alignments. Generally, streptavidin is coated to the
surface of NMs by passive adsorption or by using a hetero-bi-functional cross-linker
like sulfo-SMCC. The most common technique for biotinylating a bioreceptor is the
attaching of sulfo-NHS biotin or NHS-(PEG) n-biotin to a primary amine. Though
the streptavidin-biotin coupling is a comparatively stress-free job, a (PEG) n inser-
tion can be incorporated to enhance the solubility of biotin (Conde et al. 2014;
Sapsford et al. 2011).

Currently, there have been several numbers of strategies for NBCs formation,
which has been emphasized in Table 9.1, where an apparent inventory of some
common NBCs and their projected usefulness adequately imitates the extent of
projected applications and the vitality underlying at the core of this research
(Sapsford et al. 2013).

9.4 Conclusions

It can be concluded that diverse shapes and morphologies of the NMs and their
composite alter the physical, chemical, and optical properties of the developed
NBCs. To design a desired device for various applications and while working onto
the interface at nano dimensions, there is a need of controlling the parameters, which
governs the fabrication of NBCs like ratio of biomolecules, rate of conjugation,
orientation of biomolecules and NMs at nano-bio-interface, attachment affinity, and
reproducibility of the fabrication process. The well-planned functionalization
approach not only provides desired NBCs, but also comprises profits of unsophisti-
cated fabrication procedures and reasonable production cost. In this chapter, we
attempted to deliver a brief image of existing techniques in the fabrication
approaches of diverse NBCs. We conclude that NM of diverse shapes and sizes
and their bio-conjugates functionalized with linker entities can provide an innovative
aspect in research and expansion of recent biomedical policies that have auspicious
prospects in analytical and therapeutic uses. It has the prospective to escalate the
activity of new analytical devices and can transform biomedical engineering.

9.5 Future Prospects

To develop further revolutions in the region of biomedical researches, the collective
energies from nanotechnologist and biotechnologist are highly anticipated. Though
it is hard to establish novel strategies and regulate the properties of NMs at this
dimension, it is essential to have desirable properties in the developed NBCs to
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increase the specific interactions at the interfaces. With the determinations devoted
to the explorations, we have respectable inspirations to trust on NM and their
bio-conjugates for the development of modern healthcare instruments. The biocom-
patibility study of numerous NBCs is tremendously significant in several in vitro and
ex vivo studies, including cells, serum, blood, tissue slices, etc. that will establish the
application of NBCs in in vivo settings.

Acknowledgments Dr. Pranjal Chandra thanks Prof. Pramod Kumar Jain, Director IIT(BHU) for
providing necessary infrastructure for completion of this work. The work is supported by DST-
Ramanujan grant SB/S2/RIN-042/2015 and IIT(BHU) start-up grant.

References

Agrawal B, Chandra P, Goyal RN, Shim YB (2013) Detection of norfloxacin and monitoring its
effect on caffeine catabolism in urine samples. Biosens Bioelectron 47:307-312

Akhtar MH, Hussain KK, Gurudatt NG, Chandra P, Shim YB (2018) Ultrasensitive dual probe
immunosensor for the monitoring of nicotine induced-brain derived neurotrophic factor released
from cancer cells. Biosens Bioelectron 116:108-115

Alkilany AM, Lohse SE, Murphy CJ (2013) The gold standard: gold nanoparticle libraries to
understand the nano — bio interface. Acc Chem Res 46:650-661

Aubin-Tam M-E, Hamad-Schifferli K (2008) Structure and function of nanoparticle — protein
conjugates. Biomed Mater 3:34001

Baker M (2010) Nanotechnology imaging probes: smaller and more stable. Nat Methods 7:957-962

Baranwal A, Chandra P (2018) Clinical implications and electrochemical biosensing of monoamine
neurotransmitters in body fluids, in vitro, in vivo, and ex vivo models. Biosens Bioelectron
121:137-152

Baranwal A, Mahato K, Srivastava A, Maurya PK, Chandra P (2016) Phytofabricated metallic
nanoparticles and their clinical applications. RSC Adv 6:105996-106010

Baranwal A, Chiranjivi AK, Kumar A, Dubey VK, Chandra P (2018a) Design of commercially
comparable nanotherapeutic agent against human disease-causing parasite. Leishmania Sci Rep
8:8814

Baranwal A, Srivastava A, Kumar P, Bajpai VK, Maurya PK, Chandra P (2018b) Prospects of
nanostructure materials and their composites as antimicrobial agents. Front Microbiol 9:422

Behzadi S, Serpooshan V, Sakhtianchi R, Miiller B, Landfester K, Crespy D, Mahmoudi M (2014)
Protein corona change the drug release profile of nanocarriers: the “overlooked” factor at the
nanobio interface. Colloid Surface B 123:143-149

Bhatnagar I, Mahato K, Ealla KKR, Asthana A, Chandra P (2018) Chitosan stabilized gold
nanoparticle mediated self-assembled gliP nanobiosensor for diagnosis of invasive Aspergillo-
sis. Int J Biol Macromol 110:449-456

Cai P, Zhang X, Wang M, Wu Y-L, Chen X (2018) Combinatorial nano — bio interfaces. ACS Nano
12:5078-5084

Cao G, Wang Y (2004) Nanostructures and nanomaterials: synthesis. Prop. Appl. World Scientific,
London

Chandra P (2015) Electrochemical nanobiosensors for cancer diagnosis. J Anal Bioanal Tech 6:
ell9

Chandra P (2016) Nanobiosensors for personalized and onsite biomedical diagnosis. The Institution
of Engineering and Technology, London

Chandra P, Noh H-B, Won MS, Shim YB (2011) Detection of daunomycin using
phosphatidylserine and aptamer co-immobilized on Au nanoparticles deposited conducting
polymer. Biosens Bioelectron 26:4442-4449



212 K. Mahato et al.

Chandra P, Koh WCA, Noh H-B, Shim YB (2012) In vitro monitoring of i-NOS concentrations
with an immunosensor: the inhibitory effect of endocrine disruptors on i-NOS release. Biosens
Bioelectron 32:278-282

Chandra P, Noh H-B, Shim Y-B (2013) Cancer cell detection based on the interaction between an
anticancer drug and cell membrane components. Chem Commun 49:1900-1902

Chandra P, Suman P, Airon H, Mukherjee M, Kumar P (2014) Prospects and advancements in
C-reactive protein detection. World J Methodol 4:1-5

Chandra P, Noh HB, Pallela R, Shim YB (2015) Ultrasensitive detection of drug resistant cancer
cells in biological matrixes using an amperometric nanobiosensor. Biosens Bioelectron
70:418-425

Chen X, Ramstrom O, Yan M (2014) Glyconanomaterials: emerging applications in biomedical
research. Nano Res 7:1381-1403

Choudhary M, Yadav P, Singh A, Kaur S, Ramirez-Vick J, Chandra P, Arora K, Singh SP (2016)
CD 509 targeted ultrasensitive electrochemical immunosensor for fast and noninvasive diagnosis
of oral cancer. Electroanalysis 28:2565-2574

Conde J, Dias JT, Grazd V, Moros M, Baptista PV, de la Fuente JM (2014) Revisiting 30 years of
biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine. Front
Chem 2:1-27

Fei L, Jing-Han Z, Yang-Long H, Song G (2013) Chemical synthesis of magnetic nanocrystals:
recent progress. Chinese Phys B 22:107503

Gagner JE, Shrivastava S, Qian X, Dordick JS, Siegel RW (2012) Engineering nanomaterials for
biomedical applications requires understanding the nano-bio interface: a perspective. J Phys
Chem Lett 3:3149-3158

Gao J, Gu H, Xu B (2009) Multifunctional magnetic nanoparticles: design, synthesis, and biomedi-
cal applications. Acc Chem Res 42:1097-1107

Ghosh Chaudhuri R, Paria S (2012) Core/shell nanoparticles: classes, properties, synthesis
mechanisms, characterization, and applications. Chem Rev 112:2373-2433

Hajipour MJ, Laurent S, Aghaie A, Rezaee F, Mahmoudi M (2014) Personalized protein coronas: a
“key” factor at the nanobiointerface. Biomater Sci 2:1210-1221

Hassan S, Singh AV (2014) Biophysicochemical perspective of nanoparticle compatibility: a
critically ignored parameter in nanomedicine. J Nanosci Nanotechnol 14:402—414

Hsiao VKS, Waldeisen JR, Zheng Y, Lloyd PF, Bunning TJ, Huang TJ (2007)
Aminopropyltriethoxysilane (APTES)-functionalized nanoporous polymeric gratings: fabrica-
tion and application in biosensing. J] Mater Chem 17:4896—4901

Jariwala D, Sangwan VK, Lauhon LJ, Marks TJ, Hersam MC (2013) Carbon nanomaterials for
electronics, optoelectronics, photovoltaics, and sensing. Chem Soc Rev 42:2824-2860

Kim H, Maeng W-J et al (2009) Applications of atomic layer deposition to nanofabrication and
emerging nanodevices. Thin Solid Films 517:2563-2580

Koh WCA, Chandra P, Kim D-M, Shim Y-B (2011) Electropolymerized self-assembled layer on
gold nanoparticles: detection of inducible nitric oxide synthase in neuronal cell culture. Anal
Chem 83:6177-6183

Kumar A, Sharma S, Pandey LM, Chandra P (2018) Nanoengineered material based biosensing
electrodes for enzymatic biofuel cells applications. Mater Sci Energy Technol 1:38-48

Kumar A, Purohit B, Mahato K, Chandra P. (2019a) CHAPTER 11. Advance engineered
nanomaterials in point-of-care Immunosensing for biomedical diagnostics. Immunosensors
RSC 238-266

Kumar A, Purohit B, Mahato K, Mandal R, Srivastava A, Chandra P (2019b) Gold-iron bimetallic
nanoparticles impregnated reduced graphene oxide based nanosensor for label-free detection of
biomarker related to non-alcoholic fatty liver disease. Electroanalysis 31:2417-2428

Kumar A, Purohit B, Maurya PK, Pandey LM, Chandra P (2019c) Engineered nanomaterial
assisted signal-amplification strategies for enhancing analytical performance of electrochemical
biosensors. Electroanalysis 31:1615-1629



9 Nanomaterial Functionalization Strategies in Bio-Interface Development for. . . 213

Kumar A, Roy S, Srivastava A, Naikwade MM, Purohit B, Mahato K, Naidu VGM, Chandra P
(2019¢) Chapter 10. Nanotherapeutics: a novel and powerful approach in modern healthcare
system. In: Nanotechnology in modern animal biotechnology. Elsevier, pp 149-161

Kumar A, Purohit B, Mahato K, Roy S, Srivastava A, Chandra P (2020) Design and development of
ultrafast Sinapic acid sensor based on electrochemically nanotuned gold nanoparticles and
Solvothermally reduced graphene oxide. Electroanalysis 32(1):59-69

Labhasetwar V, Leslie-Pelecky DL (2007) Biomedical applications of nanotechnology. John Wiley
& Sons, Hoboken, NJ

Levin CS, Hofmann C, Ali TA, Kelly AT, Morosan E, Nordlander P, Whitmire KH, Halas NJ
(2009) Magnetic-plasmonic core-shell nanoparticles. ACS Nano 3:1379-1388

Lin Y-M, Avouris P (2008) Strong suppression of electrical noise in bilayer graphene nanodevices.
Nano Lett 8:2119-2125

Mabhato K, Prasad A, Maurya P, Chandra P (2016) Nanobiosensors: next generation point-of-care
biomedical devices for personalized diagnosis. J Anal Bioanal Tech 7:e125

Mabhato K, Srivastava A, Chandra P (2017) Paper based diagnostics for personalized health care:
emerging technologies and commercial aspects. Biosens Bioelectron 96:246-259

Mahato K, Baranwal A, Srivastava A, Maurya PK, Chandra P (2018a) Smart materials for
biosensing applications. In: Pawar PM, Ronge BP, Balasubramaniam R, Seshabhattar S (eds)
Techno-societal 2016. Springer International Publishing, Cham, pp 421-431

Mahato K, Kumar A, Maurya PK, Chandra P (2018b) Shifting paradigm of cancer diagnoses in
clinically relevant samples based on miniaturized electrochemical nanobiosensors and
microfluidic devices. Biosens Bioelectron 100:411-428

Mabhato K, Kumar S, Srivastava A, Maurya PK, Singh R, Chandra P (2018c) Chapter 14. Electro-
chemical Immunosensors: fundamentals and applications in clinical diagnostics. In: Vashist SK,
Luong JHT (eds) Handbook of immunoassay technologies. Academic Press, pp 359-414

Mahato K, Maurya PK, Chandra P (2018d) Fundamentals and commercial aspects of
nanobiosensors in point-of-care clinical diagnostics. 3 Biotech 8:149

Mabhato K, Nagpal S, Shah MA, Srivastava A, Maurya PK, Roy S, Jaiswal A, Singh R, Chandra P
(2019) Gold nanoparticle surface engineering strategies and their applications in biomedicine
and diagnostics. 3 Biotech 9:57

Mandal R, Baranwal A, Srivastava A, Chandra P (2018) Evolving trends in bio/chemical sensor
fabrication incorporating bimetallic nanoparticles. Biosens Bioelectron 117:546-561

Markwalter CF, Kantor AG, Moore CP, Richardson KA, Wright DW (2019) Inorganic complexes
and metal-based nanomaterials for infectious disease diagnostics. Chem Rev 119:1456-1518

Medintz I (2006a) Universal tools for biomolecular attachment to surfaces. Nat Mater 5:842

Medintz IL (2006b) Recent progress in developing FRET-based intracellular sensors for the
detection of small molecule nutrients and ligands. Trends Biotechnol 24:539-542

Medintz IL (2009) Interfacing biology with nanomaterials. Mater Today 12:6-7

Nel AE, Midler L, Velegol D, Xia T, Hoek EMV, Somasundaran P, Klaessig F, Castranova V,
Thompson M (2009) Understanding biophysicochemical interactions at the nano — bio interface.
Nat Mater 8:543-557

Noh HB, Lee KS, Chandra P, Won MS, Shim YB (2012) Application of a Cu-Co alloy dendrite on
glucose and hydrogen peroxide sensors. Electrochim Acta 61:36-43

Prasad A, Mahato K, Chandra P, Srivastava A, Joshi SN, Maurya PK (2016) Bioinspired composite
materials: applications in diagnostics and therapeutics. J Mol Eng Mater 04:1640004

Purohit B, Kumar A, Mahato K, Chandra P (2019a) Novel sensing assembly comprising engineered
gold dendrites and MWCNT-AuNPs nanohybrid for acetaminophen detection in human urine.
Electroanalysis 8. https://doi.org/10.1002/elan.201900551

Purohit B, Kumar A, Mahato K, Roy S, Chandra P (2019b) Cancer cytosensing approaches in
miniaturized settings based on advanced nanomaterials and biosensors. In: Nanotechnology in
modern animal biotechnology, pp 133-147


https://doi.org/10.1002/elan.201900551

214 K. Mahato et al.

Purohit B, Mahato K, Kumar A, Chandra P (2019c) Sputtering enhanced peroxidase like activity of
a dendritic nanochip for amperometric determination of hydrogen peroxide in blood samples.
Microchim Acta 186:658

Purohit B, Kumar A, Mahato K, Chandra P (2020a) Smartphone-assisted personalized diagnostic
devices and wearable sensors. Curr Opin Biomed Eng 13:42-50

Purohit B, Kumar A, Mahato K, Chandra P (2020b) Electrodeposition of metallic nanostructures for
biosensing applications in health care. J Sci Res 64:68-73

Sapsford KE, Tyner KM, Dair BJ, Deschamps JR, Medintz IL (2011) Analyzing nanomaterial
bioconjugates: a review of current and emerging purification and characterization techniques.
Anal Chem 83:4453-4488

Sapsford KE, Algar WR, Berti L, Gemmill KB, Casey BJ, Oh E, Stewart MH, Medintz IL (2013)
Functionalizing nanoparticles with biological molecules: developing chemistries that facilitate
nanotechnology. Chem Rev 113:1904-2074

Savaliya R, Shah D, Singh R, Kumar A, Shanker R, Dhawan A, Singh S (2015) Nanotechnology in
disease diagnostic techniques. Curr Drug Metab 16:645-661

Simmel FC, Dittmer WU (2005) DNA nanodevices. Small 1:284-299

Subbiah R, Veerapandian M, Yun KS (2010) Nanoparticles: functionalization and multifunctional
applications in biomedical sciences. Curr Med Chem 17:4559-4577

Tang L, Wang Y, Li J (2015) The graphene/nucleic acid nanobiointerface. Chem Soc Rev
44:6954-6980

Thanh NTK, Green LAW (2010) Functionalisation of nanoparticles for biomedical applications.
Nano Today 5:213-230

Vaddiraju S, Tomazos I, Burgess DJ, Jain FC, Papadimitrakopoulos F (2010) Emerging synergy
between nanotechnology and implantable biosensors: a review. Biosens Bioelectron
25:1553-1565

Veerapandian M, Yun K (2011) Functionalization of biomolecules on nanoparticles: specialized for
antibacterial applications. Appl Microbiol Biotechnol 90:1655-1667

Wadhwa R, Aggarwal T, Thapliyal N, Kumar A, Priya Y, Kumari V, Reddy BSC, Chandra P,
Maurya PK (2019) Red blood cells as an efficient in vitro model for evaluating the efficacy of
metallic nanoparticles. 3 Biotech 9:279

Wang ZL (2003) Nanobelts, nanowires, and nanodiskettes of semiconducting oxides — from
materials to nanodevices. Adv Mater 15:432-436

Wang F, Deng R, Wang J, Wang Q, Han Y, Zhu H, Chen X, Liu X (2011) Tuning upconversion
through energy migration in core — shell nanoparticles. Nat Mater 10:968-973

Wilchek M, Bayer EA, Livnah O (2006) Essentials of biorecognition: the (strept)avidin—biotin
system as a model for protein—protein and protein—ligand interaction. Immunol Lett 103:27-32

Willner I, Willner B (2010) Biomolecule-based nanomaterials and nanostructures. Nano Lett
10:3805-3815

Won S-Y, Chandra P, Hee TS, Shim Y-B (2013) Simultaneous detection of antibacterial
sulfonamides in a microfluidic device with amperometry. Biosens Bioelectron 39:204-209

Xu M, Li J, Iwai H, Mei Q, Fujita D, Su H, Chen H, Hanagata N (2012) Formation of nano-bio-
complex as nanomaterials dispersed in a biological solution for understanding nanobiological
interactions. Sci Rep 2:406

Yadav SK, Chandra P, Goyal RN, Shim Y-B (2013) A review on determination of steroids in
biological samples exploiting nanobio-electroanalytical methods. Anal Chim Acta 762:14-24

Zhu Y, Chandra P, Shim Y-B (2012a) Ultrasensitive and selective electrochemical diagnosis of
breast cancer based on a hydrazine — Au nanoparticle — aptamer bioconjugate. Anal Chem
85:1058-1064

Zhu Y, Chandra P, Song K-M, Ban C, Shim Y-B (2012b) Label-free detection of kanamycin based
on the aptamer-functionalized conducting polymer/gold nanocomposite. Biosens Bioelectron
36:29-34

Zhu'Y, Chandra P, Shim YB (2013) Ultrasensitive and selective electrochemical diagnosis of breast
cancer based on a hydrazine-Au nanoparticle-aptamer bioconjugate. Anal Chem 85:1058-1064



®

Check for
updates

Ashutosh Kumar, Buddhadev Purohit, Kuldeep Mahato,
Supratim Mahapatra, Ananya Srivastava, and Pranjal Chandra

Abstract

Gold nanoparticles (AuNPs) have widely been used in various biomedical/clini-
cal applications due to their enhanced physicochemical behavior and excellent
optoelectronic properties. The AuNPs, due to its easy synthesis process, tunabil-
ity, biocompatibility, and cost-effectiveness, found enormous attention in bio-
medical applications. However, the bare-surfaced AuNPs have long been
debated, especially in the biomedical/clinical application. Thus, to make use of
the synthesized AuNPs, it is passivated with various bio-based substances for the
development of the bio-nano-interface or biocompatible interface to minimize the
side effects of the bare metallic surface. This chapter inclines to discuss the
contribution of such AuNPs having bio-nano-interface in state-of-the-art
speculated various biomedical applications. Therefore, a short discussion on the
AuNPs has been incorporated. In the next section, the need for its passivation is
described. Herein, we have discussed various ways of AuNPs surface modifica-
tion using several molecules with thiol, amine, amino acids, and biopolymers. In
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the last section, various biomedical applications that are being employed by using
the passivated AuNPs having bio-nano-interface have been discussed, followed
by the concluding remarks and future directions of this chapter.

Keywords

Gold nanoparticles - Bio-nano-interface - Surface passivation - Biomedical
applications

10.1 Introduction

In contemporary scenarios, the clinical and biomedical technologies have found
special attention towards their miniaturization (Chandra 2016; Chandra et al. 2017,
Mahato et al. 2018b; Mahato et al. 2016b). This not only facilitates the smooth and
intensive care to the patients but also offers to overcome various technical challenges
associated with the clinical and biomedical practices for delivering the personalized
onsite early-stage identification of the causative diseases (Purohit et al. 2020; Purohit
et al. 2019). In order to achieve these goals, extraordinary capabilities of the
nanomaterials have been exploited in recent past, where various noble metallic
nanomaterials have been used (Kumar et al. 2019a; Kumar et al. 2019¢; Kumar
et al. 2019d; Mahato et al. 2019). Among these, gold-based nanoparticles have been
widely used for the development of diagnostics and the therapeutics agents, due to
their excellent optoelectronic properties, benign nature, and exceptional biocompat-
ibility (Baranwal et al. 2018b; Jain et al. 2014; Reznikov et al. 2015; Zhao et al.
2016). The AuNPs synthesis process has been reported by the electrochemist
Michael Faraday for the very first time in the early nineteenth century (Faraday
1857). Followed by this report, various attempts have been taken in synthesizing the
AuNPs using the chemical, phytochemical, and physical-based synthetic processes
(Chandra et al. 2013b). In chemical-based methods, the synthetic processes majorly
involve the complete reduction of the positively charged oxidation states (+1 or + 3),
which have been attained by using various chemical, electrochemical, phytochemi-
cal medicated processes. In physical processes, attrition and pyrolysis have been
used for obtaining AuNPs, which includes mechanical milling and vapor deposition
processes (Mandal et al. 2018). Among all methods, the AuNPs synthesized from the
chemical processes have been used for the clinical and biomedical applications due
to the monodisperse nature of synthesized nanoparticles, which is mediated by the
self-assembly (Baranwal et al. 2016; Boisselier and Astruc 2009; Daniel and Astruc
2004). To make the AuNPs suitable for biomedical and clinical applications, these
nanoparticles are tuned by passivating with various moieties of chemical and
biochemical origin, viz. amino acids, peptides, proteins, lipids, carbohydrates, fatty
acids, and different other monomeric, polymeric, as well as biopolymeric substances
(Kumar et al. 2019b; Mabhato et al. 2019). Such tuning processes are essential not
only to reduce the side effects of the metallic counterparts but also to achieve a
higher degree of biological compatibility and tunability (Blanco et al. 2015; Sahoo
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bio-nano-interface and its widely used domains in biomedical disciplines

et al. 2017). Figure 10.1 summarizes various molecules that have been used for
passivating AuNPs and the biomedical domains where the passivated AuNPs have
been used.

10.2 Need of AuNPs Having Bio-Nano-Interface

The bare metallic parts are firstly passivated for employing the AuNPs in clinical or
biomedical applications to obtain greater adaptability and efficacy in biological
models. In various studies, it has been reported that the nanoparticles coated with
molecules are more potently interacted with the biological models, viz. in vivo,
in vivo, and ex vivo models, than bare nanoparticles (Chandra et al. 2013b; Park and
Hamad-Schifferli 2010). Notably, in case of ex vivo and in vivo, non-engineered
AuNPs are not preferred to be employed due to their toxic effects shown by the
exposed bare metallic surface, which not only alters reaction properties of interacting
molecules/metabolites but also alters the cellular/tissue functions by inducing the
toxicity of various levels (Mahato et al. 2019; Villiers et al. 2010). In order to address
these limitations, the bare AuNPs surface has been engineered to make a bio-nano-
compatible interface. These AuNPs with bio-nano-interface have been reported to
have excellent biocompatibility with negligible toxicity. So far various passivating
molecules have been used to obtain AuNPs with bio-nano-interfaces, viz. thiols,
amines, biocompatible polymers, and carboxy-terminated groups (Alex and Tiwari
2015; Chandra et al. 2012; Chandra et al. 2011; Koh et al. 2011; Zhu et al. 2012b,
2013; Zhu et al. 2012c). In addition, the outer bio-nano interfacial layer of the
nanoparticle greatly influences a number of the chemical and physical properties
like stability, solubility, and electronic states (Mandal et al. 2018a). Another problem
associated with the loosely passivated layer of the biocompatible materials is that
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these are prone to be mechanically destroyed or enzymatically degraded in a real-
time application; thus, to ensure a high degree of adhesion, strong passivating
components are used. For example, the Au-S covalent linking strategies have been
exploited for anchoring the passivating molecules, viz. organo-thiols, disulfides, and
cysteine rich macromolecules (Alex and Tiwari 2015). Similarly, various covalent
linking strategies have been employed for achieving the nano-bio-interfaces at the
AuNPs, including carbodiimide coupling, silane coupling, etc. (Craig et al. 2010).

10.3 The AuNPs: An Overview of Synthetic Procedures
and Their Passivation for Obtaining Bio-Nano-Interface

The synthetic methods of AuNPs have been categorized under the “top-down” and
“bottom-up” approaches, wherein the former technique the physical manipulations
and in the later the chemical transformations are employed to obtain a range of
surface engineered AuNPs (Fig. 10.2) (Mahato et al. 2019; Mandal et al. 2018). For
applying them in biomedical and clinical applications, the chemically synthesized
AuNPs were preferred due to their dispersal and the easy modification (Baranwal
et al. 2016; Boisselier and Astruc 2009; Daniel and Astruc 2004). For these, the most
common method for chemical-mediated synthesis of AuNPs is derived from the
Turkevich model, where the gold salts are reduced using the passivating agent. The
selection of these reducing agents/passivating agents are decided by the application
depending on the perspective of AuNPs (Mahato et al. 2016a; Mandal et al. 2018;
Prasad et al. 2016). For example, if the AuNPs have to use for in vivo applications, it
should be passivated with a biocompatible layer consisting of biomaterials or
proteins (Baranwal et al. 2018a).

In addition, if the application is oriented to the in vitro, there will have no
particular requirement, and thus the non-proteinaceous/non-biomaterials agents
could be used. Here, in this section, we describe various methods to obtain the
AuNPs with nano-bio-interfaces, which eventually could be used for the in vivo,
ex vivo applications.

10.3.1 Strategies for the Nano-Bio-Interface of AuNPs Using
Thiol-Containing Moieties

Thiol-based bio-nano-interface modification of AuNPs: To obtain the bio-nano-
interface to the AuNPs, these have been passivated using linker molecules in the
recent past. Among all, the thiol groups have widely been used and are obtained by
dissolving the chloroauric salts and the thiol-containing agents. In these strategies,
the synthesis and the bio-nano-surface development are achieved by the simulta-
neous process, where the gold salt has been dissolved in the water and the
passivating agent is dissolved in the organic medium and the synthesis is performed
by the phase transfer process. For instance, in an example, AuCl*~ ions are first
obtained by dissolving gold salts in an aqueous medium and the phase transfer
medium has been prepared by using the tetra-octyl ammonium bromide in toluene.
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Fig. 10.2 Illustration showing the strategies for the AuNPs synthesis; (a) top-down approach, (b)
bottom-up approach (Reprinted with the permission of Mahato et al. 2019, copyright Springer)

After that, the gold ions are extracted using the prepared toluene solution into the
organic medium and reduced by sodium borohydride, and the passivation to obtain
the nano-bio-interface is obtained by 1-dodecanethiol capping molecules (Chen and
Kimura 1999; Hostetler et al. 1996; Templeton et al. 2000). In another example, the
thiol-mediated bio-nano-interface onto the AuNPs has been obtained using the
two-phase liquid-liquid system for simultaneous reduction of the gold salt in the
presence of 4-mercaptoethanol (Brust et al. 1995). In addition to these, several
attempts have been made to obtain thiol-mediated AuNPs with such nano-bio-
interfaces, including thymine (Zhou et al. 2007), hexadecyl aniline (Ascencio et al.
2000), glutathione (Negishi et al. 2004), etc.
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Secondary modification to the AuNPs following mixed-monolayer approach:
Apart from the co-reduction processes with sulfur-containing thiol moieties, the
AuNPs with bio-nano-interface have been developed by using the mixed monolayer
approach where the AuNPs are passivated after their synthesis. The first attempts to
this were made by Giersig and Mulvaney in 1993 using the alkanethiols moieties
(Giersig and Mulvaney 1993). Due to their firm passivation, the particles were found
extraordinarily stable and thus offered a better shelf life. Therefore, this strategy has
been widely used for the synthesis of AuNPs having stable bio-nano-interface, were
the most commonly adopted strategy is the thiol substitution of the passivating
smaller thiol groups. Adopting this, several approaches have been reported. For
example, Templeton et al. and Hostetler et al. have reported the substitution of
anchored thiol ligands by the free thiol ligands (Hostetler et al. 1999; Templeton
et al. 1998; Templeton et al. 2000). The other advantage of this strategy is using
these the loading capacity to the AuNPs can be controlled. Apart from the classic
model, the hybrid passivation has been incorporated in the recent past for obtaining
application-oriented AuNPs with bio-nano-interface which includes thiol-terminated
ligand and organic/inorganic dyes (Walter et al. 2002), biomolecules (Braun et al.
2009; Chen et al. 2005; Giljohann et al. 2010)), drug molecules (Ghosh et al. 2008;
Gibson et al. 2007), etc.

10.3.2 Strategies for the Bio-Nano-Interface of AUNPs Using Amine
Moieties

Apart from the thiols, amine-based ligands are used for engineering the AuNPs
surfaces to make the nanoparticles biocompatible. The synthesis of the AuNPs with
the bio-nano-interface burst method has been widely employed following the thiol
substitution with the thiol and amine groups at the surface. The significant
advantages associated with these AuNPs are that these can be probed in several
spectroscopic studies. So far, various attempts have been taken to synthesize the
AuNPs. For instance, hydroxylamine has been for synthesizing such AuNPs (Graf
and van Blaaderen 2002), which has been considered as a pioneering work for
obtaining the AuNPs having amine-based bio-nano-interface. This groundbreaking
work has paved the path for the synthesis of AuNPs with the bio-nano-interfaces
using the organic amines. Here, the amine group serves as reducing as well as
capping agents due to its effective redox potential. In addition to this,
n-alkylamines have also been used for obtaining the bio-nano-interface at the
AuNPs (Leff et al. 1996). Similar to this, several works have been reported for
procuring such AuNPs in the past, including aminomethyl pyrene (Thomas and
Kamat 2000), benzylamine (Thomas et al. 2002), 3-trimethoxysilylpropyl-
diethylenetriamine (Zhu et al. 2005), oleylamine (Aslam et al. 2004), diamines
(Selvakannan et al. 2004), porphyrins (Kotiaho et al. 2010), aromatic amines
(Newman and Blanchard 2006), laurylamine (Kumar et al. 2003),
tetraoctylammonium (Isaacs et al. 2005), and hyperbranched polyethylenimine
(Duan and Nie 2007).
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10.3.3 Strategies for the Nano-Bio-Interface of AuNPs Using Amino
Acids

Since the amino acids are the biological building block of the proteins and having the
amine groups available for passivating the AuNPs surface, it has also been used for
obtaining the AuNPs with bio-nano-interface. Their unique functional group’s
abundance, viz. -SH and —NH,, offers them to get layered over AuNPs surface,
which eventually forms stable nanoparticles (Choudhary et al. 2016). Using amino
acids, several approaches have been reported for obtaining the bio-nano-interface.
For instance, lysine has been used for the synthesis of water-soluble AuNPs
(Selvakannan et al. 2004), which shows the excellent water dispersibility when
electrostatically stabilized. Another major advantage of these types of water-soluble
AuNPs is that they can be lyophilized to make the powder form and can be kept for
the longest time, and can be redispersed in the water when required. This makes it
suitable for various applications in the intravenous and nanotherapeutics more
easily. Similarly, tryptophan, aspartic acid (Shao et al. 2004), cysteine (Ma and
Han 2008), and glutamic acid (Wangoo et al. 2008) have been employed for the
passivation to obtain such AuNPs. The production of the water-dispersible
nanoparticles has been readily employed in the fields of bioimaging, bio-labeling,
and biosensing (Cumberland and Strouse 2002; Gittins and Caruso 2002).

10.3.4 Strategies for the Bio-Nano-Interface of AuNPs Using
Biocompatible Polymers

Polymers are the macromolecules that offer excellent passivation to the metallic
nanoparticle and thus provide them greater stability. The pioneering work was
demonstrated by Helcher in 1718, using poly-saccharide as a passivating agent
(Rac et al. 2014). The significant advantages of polymer-based passivation are
these offers more extended stability, adjustable solubility, and high surface density
(Chandra 2016; Chandra et al. 2012; Zhu et al. 2012a). Due to these advantages, the
polymer-based passivation has been widely explored in the past using the biocom-
patible polymers, for example, poly (ethylene glycol), poly (vinyl alcohol),
polyethyleneimine, poly (diallyl dimethyl ammonium chloride), poly- (vinyl methyl
ether), and chitosan. The common strategies that have been used for obtaining the
polymers assisted AuNPs having bio-nano-surfaces are broadly categorized under
“grafting from” and “grafting to” based approaches.

Grafting-from technique: In this approach, the polymeric capping has been
synthesized over the AuNPs surface. The growth of the chain is from the scaffold
attached to the surface of it (Higuchi et al. 2007; Huo and Worden 2007; Kaholek
et al. 2004; Shan and Tenhu 2007; Zhao et al. 2006). For this purpose, commonly,
the alkyl thiol capping onto the AuNPs is employed as the precursor molecules,
which have further been increased using polymerizations. This technique offers
various advantages to controlling the thickness of the polymeric counterpart.
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There have been several polymers used for obtaining such AuNPs in the recent
past. For instance, Mandal et al. have reported a method for poly (methyl methacry-
late) passivation onto the AuNPs surface by confined radical polymerization
(Mandal et al. 2002). Similarly, poly(N-butyl acrylate) has been employed by
using the atom transfer radical polymerization (Nuf et al. 2001). Apart from these,
biopolymers have also been used to obtain the AuNPs having bio-nano-interface,
including single-stranded oligonucleotide (Zhao et al. 2006), peptide (Higuchi et al.
2007), etc.

Grafting-to technique: In the “Grafting to” method, the AuNPs were synthesized
in polymer aggregates, and the passivation has been employed after that. The prime
advantage of this technique is the multiple availabilities of the functional groups,
which offer the covalent passivation sites. In this strategy, the commonly used
polymers are thioesters, thioether, thiol, and disulfides, which provide a chemical-
bonded shell over the AuNPs surface (Aqil et al. 2008; Liu et al. 2007). Once the
formation of AuNPs is completed, the chain propagation of the polymers is obtained
by radical polymerization (Wang et al. 2007). The passivating cage has also been
achieved by the cross-linking of the polymers for better stability. So far using this
method various processes have been reported to obtain AuNPs having biocompatible
nano-interface, viz. polyvinyl alcohol (Kwiatkowska et al. 2018),
polyvinylpyrrolidone (Mohamed et al. 2017), polyethylene glycol (Ocal et al.
2018), polyvinyl pyridine (Zhang et al. 2018), polymethyl methacrylate (Zepon
et al. 2015), Polyethylenimine (Lazarus and Singh 2016), polydiallyldimethyl
ammonium chloride (Liu et al. 2016), and various biopolymers, viz.
polysaccharides, proteins, peptides, etc. (Chowdhury et al. 2018).

10.4 Trending and Emerging Applications of Passivated AuNPs
Having Bio-Nano-Interface

The bio-interface engineered AuNPs have been employed for various applications,
which include personalized medicine, nanotherapeutics, nano-sensors, diagnostics,
etc. (Chandra et al. 2010; Chandra et al. 2013b; Kumar et al. 2015). So far, the
AuNPs containing bio-nano-interface have been exploited for numerous
applications in various biomedical and clinical domains; this includes biosensing
(Chandra et al. 2013a; Koh et al. 2011; Mahato et al. 2018a; Noh et al. 2012), drug
delivery (Baranwal et al. 2018b), bioimaging (Wu et al. 2015), therapeutic (Rengan
et al. 2015), etc.

10.4.1 Biosensing

AuNPs unique characteristics have extensively been employed for developing a
number of a biosensor in various formats, including the optical and electrochemical
forms (Chandra 2015; Kumar et al. 2015; Won et al. 2013; Zhu et al. 2012a). The
exceptional optoelectronic properties of AuNPs, viz. surface plasmon, Raman
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scattering, and fluorescence quenching, allow them to fabricate a wide range of
biosensing strategies. A number of methods have been employed in the recent past
for developing biosensors using AuNPs, where the fluctuation of surface plasmon
resonance and optical properties have been measured to determine the bio-analytes
in the range of clinical samples. For instance, a method developed by Taton et al.
monitors the shifts in surface plasmon resonance bands of AuNPs have been
measured on the fluctuation of the nucleic acid concentration (Taton et al. 2000).
Similarly, the surface plasmon resonance technique has also been used for develop-
ing oral cancer diagnosis in in vivo and in vitro epithelial cancer cells (El-Sayed et al.
2005). Furthermore, when the AuNPs are aggregated, there is a substantial shift that
occurs in the plasmon band causing the change in color appearances on exposure to
the light; this eventually helps in the development of optical biosensors (Stockman
2011; Tanaka et al. 2006). Most of the naked eye biomedical/clinical diagnostics
have been developed employing this property of the AuNPs. In these methods, the
assessment of the target bio-analyte has been assessed by their direct/indirect action
of triggering the aggregation or re-dispersion of AuNPs. For instance, the well-
known kit for pregnancy test, the nano-bio-passivated AuNPs have been employed
for the color appearance, which is mediated by the antibody, antigen coupling of the
portentous biomarker (human chorionic-gonadotropin) (Tanaka et al. 2006). Similar
to the colorimetric biosensor, fluorescence-based methods have also been used for
diagnosing various analytes of clinical/biomedical importance. Among different
fluorescence-based techniques, fluorescence resonance energy transfer-based
methods have been used, where acceptor chromophore receives the energy from
the donating chromophore pair. For instance, Zhang et al. have reported an AuNPs
assisted fluorescence technique for the determination of the p-cyclodextrin (Zhang
et al. 2008). In this format, the accuracy is a primary concern, which has been
enhanced by introducing multicolored oligonucleotide-coupled dye to the AuNPs
fluorophore-based nanoprobes (Ray et al. 2007). In electrochemical-based biosensor
AuNPs have been employed for its conducting nature and available extensively large
surface area for the conduction of the electrons (Mahato et al. 2016b). In a report
from Zhu et al., a bifunctional probe-based biosensor has been demonstrated for the
detection of the HER2 protein using the hydrazine-AuNPs-aptamer complex (Zhu
et al. 2012b). In another report by Spampinato et al., a biosensor has been developed
using the AuNPs assisted electrochemical for the determination of blood glucose
levels in the clinical samples (Spampinato et al. 2016). Similarly, various other
biosensors have been developed using the AuNPs by adding the improvised analyti-
cal performances of the biosensors for targeting the range of biomarkers/
biomolecules, viz. drugs, neurotransmitters, heavy metal ions, bacterial/cancer
cells, and different metabolites (Chandra 2016; Chandra et al. 2011; Zhu et al.
2012c).
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10.4.2 Bioimaging

The excellent radiative properties of the AuNPs have led them to be used in clinical
and biomedical imaging, where these facilitate the visualization contrast in the dark
field microscopy. For instance, AuNPs having bio-nano-interface anchored with
protein receptor (epidermal growth factor receptor) have been reported for the
bioimaging of the cancer growth in vitro medium (El-Sayed et al. 2005). Moreover,
the different geometries of the AuNPs were used for bioimaging, where the rods and
cubes have been employed in the past by exploiting their photo-luminescence
properties. In a report from Dreaden et al., such AuNPs have been employed for
enhancing the contrast by femtosecond near-infrared region laser excitation
(Dreaden et al. 2012), which have been reported to facilitate the better image by
reducing the background noises and increasing the spatial resolution. Also, the
optical signature of the AuNPs offers better in in vitro and in vivo imaging methods
for detecting the cancerous mass and other specialized cells. For example, Durr et al.
have reported a molecular imaging method using rod-shaped anti-EGFR antibodies
anchored AuNPs, which has shown excellent spatial contrast in cancer bioimaging
(Durr et al. 2007). Chandra et al. have also taken similar attempts for label-free
bioimaging of cancer cells, where the interaction of the anticancer drug with the cell
surface have been targeted to visualize the cancerous cells in vitro settings (Chandra
et al. 2013a).

10.4.3 Therapeutics

The passivated AuNPs having biocompatible nano-interface also offers therapeutic
compatibility due to their intrinsic photothermal properties; this has been exploited
in the personalized diagnostics. Among all, photothermal therapy has been used
widely for treating a number for the cancerous case. In photothermal therapy, the
thermo-ablative properties of AuNPs are exploited to generate heat, which has been
used for killing the targeted cancer cells using the near infrared or radio-frequency
radiations (Huang et al. 2009; Jain et al. 2008). For instance, polyethylene glycol-
coated rod-shaped AuNPs were employed for tumor inhibition in an animal model
using near-infrared-based photothermal therapy (Dreaden et al. 2012). Similarly, the
oligomeric aptamer-based AuNPs have been used for the therapeutics for cancer and
viral-borne diseases (Wang et al. 2016). In a similar work, a nanocomposite com-
prising the aptamer-AuNP-graphene oxide-based photothermal activity has been
used for killing the overexpressed MUC1 cancer cells MCF-7 with negligible
damage of the healthy cells (Wang et al. 2016). The incorporation of the aptamer
for passivation of the AuNPs offers amplified therapeutic efficiency by improving
the specificity, stability, and uptake efficiency of biomolecules to obtain biocompat-
ible selective nano-interface.
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10.4.4 Drug Delivery

The AuNPs having bio-nano-interface have also been used in drug delivery
applications in personalized medicine practices. Since these require the internaliza-
tion of the drug load AuNPs in the targeted cells/tissues, it has to be coated with the
biocompatible nano-interface for escaping the toxic effects mostly caused by the
bare metallic part. The drug molecules are anchored by using the covalent modifica-
tion or the non-covalent modification (Khandelia et al. 2014) depending on the
species. For example, the prodrugs have been loaded using the covalent attachment,
while the active drugs are generally attached to the non-covalent means for achieving
the better release (Morgan et al. 2006). The payload can be controlled and tuned by
internal and external stimuli such as pH (Polizzi et al. 2007), light (Han et al. 2006),
and specific molecules (Hong et al. 2006). So far, various other molecules have also
been attempted to deliver using the AuNPs having biocompatible passivation,
including peptides, proteins, antibodies, and small molecules, viz. folic acid, pacli-
taxel, etc. For instance, Khandala et al. have reported polymer-coated AuNPs-
protein conjugate that has been used for delivering the drug in the human cell line,
and thereby achieved the target apoptosis (Khandelia et al. 2014).

10.5 Conclusions and Future Prospects

AuNPs are being the right candidate for the next generation of biomedical and
clinical usage; however, the biocompatibility has been a debatable concern, espe-
cially in the bare surface. Thus, to minimize the side effects it has to be passivated
with the biocompatible materials to achieve bio-nano-interface. The passivation of
AuNPs is a crucial step for employing them in in vivo/ex vivo applications. This
chapter describes various strategies adopted to obtain such passivated AuNPs having
the bio-nano-interface coating. This chapter also describes various attempts taken
using the AuNPs in the biomedical field, including biosensing, therapeutic, drug
delivery, etc. Despite their tremendous application of the passivated AuNPs for next-
generation biomedical applications, there are various concerns with AuNPs passiv-
ation including the appropriate thickness of the passivating layer, the anchoring
component composition in the pro-drug anchoring. Hence, future work should be
directed towards a better understanding of AuNPs behavior in biological systems.
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Abstract

Identification of the physiological state of bacterial cells and stages of cell
metabolism online is the most important area of research in laboratory practice,
in the validation, optimization, and scale-up of biotechnological processes.
Unfortunately, currently there are no methods, which would allow solving these
problems by direct measurements. However, a number of these problems can be
successfully solved by indirect methods of the measuring of the cell structures
parameters.

The chapter outlines the essentials of electrophysical analysis in a concise and
intelligible way, as well as demonstrates the fields of electro-optical (EO) analysis
application for solving multiple challenges in applied microbiology based on
experimental data. EO technique for studying suspended cells offers a fairly
simple means for measurement of electric and morphometric properties of certain
cell structures. The technique is rather fast as the analysis takes about 10 min;
besides the measurement process can be fully automated. EO analysis technique
does not involve fixation of specific reagents in the measuring cell, and can be
applied for evaluation of both live and lyophilized bacteria transferred into a
suspended state.

A unique detailed data on the development and/or certain exposure process is
potentially available for each microorganism species. The method can also offer
useful information regarding biophysical aspects of bacteria under exposure to
specific agents. The described EO analysis method is quite promising for devel-
opment of sensor systems and their use in the field of microbiology, healthcare,
veterinary medicine, as well as in biotechnological processes.
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11.1 Introduction

Modern scientific age is notable for rapidly progressing biotech and medical
research, including development and refinement of novel analysis methods of
microbial cells and cellular structures to improve production processes as well as
bacterial control and diagnostics.

Full information on the condition of prokaryotic cells can be obtained by defining
the entire range of their physiological, biochemical, and physical parameters. These
parameters are closely interrelated and can change in the course of cell vital activities
and during its interaction with the environment. Along with that the changes in one
group of parameters will be manifested to a greater or lesser extent through alteration
of parameters in a different group.

From microbiological and biotechnological standpoint of practical interest are
intravital biochemical and physiological cell characteristics. Yet instrumental ana-
lytical methods can mostly achieve time-lagged measurement of physical
characteristics of a cell medium but rarely can measure the characteristics of cells
themselves. The level of precision in describing physiological condition of cells
based on indirect parameters is low and insufficient for the majority of modern tasks.
Therefore, special attention is being given to direct methods of defining physiologi-
cal condition of cells that would support real-time monitoring and validation of
biotechnological processes.

Electrophysical analytical methods offer novel approach to evaluation of intravi-
tal physiological cell parameters and their heterogeneity. They are based on cell
probing with oscillating electrical field and ensure measurement of electrical
parameters in cellular structures related to electric polarizability changes. The initial
parameters of cellular structures are their specific conductivity and dielectric
permittivity.

The methods used for measuring electric polarizability are based on the effects of
exposing cells suspended in aqueous medium to electric field force. Physical
manifestations of this exposure can include the effects of cell electro-orientation or
electrorotation. Electro-orientation is manifested in cell transition to oriented state
(Bunin and Voloshin 1996), whereas electrorotation consists in their continuous
spinning (Gimsa et al. 1991, 1995).

This chapter will focus on the principles of electro-optical (EO) analysis method.
An integral parameter in EO method of analyzing cell suspensions is electric
polarizability of a layered object under various electric field frequencies, evaluated
via registering the changes in optical properties of the studied suspension. In
addition, there is a possibility to separately define the parameters of different cellular
structures through electric field frequency variation. For detailed description of this
measurement procedure the reader can refer to several articles (Bunin and Voloshin
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1996; Ignatov et al. 2008; Guliy et al. 2017), and a brief summary is provided further
below.

Application of EO method for analysis of electrical parameters in cellular
structures offers multiple undeniable advantages. The influence of maintenance
medium on the precision of measuring polarization parameters is negligible and
predictable. The impact of measurement process on the cells is quite mild, which
supports retention of their viability. Besides, this is an operational method, and the
measurement process can be fully automated. It can be applied both for real-time
process analysis and for steady-state cell studies. This field of analysis allows
studying specific and nonspecific cell interactions with various markers, and offers
cell detection and identification solutions.

Looking at the place of electro-optics in the taxonomy of physical analysis
methods it is noteworthy that this method supplements and expands functionality
of optical cell structure analysis method, which is based on the differences in
refraction index of cell structures. As follows from the theory of polarization of
substances, the value of substance refraction index within the optical range
corresponds to dielectric permittivity asymptotics of cell structure material. Yet
EO analysis additionally allows assessing specific conductivity of cell structure
material as well as using functional dependence of changes in these parameters on
electric field frequency.

The aim of this work is to outline the essentials of electrophysical analysis in a
concise and intelligible way, as well as to demonstrate the fields of electro-optical
analysis application for solving multiple challenges in applied microbiology based
on experimental data.

11.2 Cell Behavior in Electric Field

The majority of analytical techniques are based on using electric characteristics of
cellular structures and cells as a whole. It is commonly known that two parameters
describe the electrical properties of a substance, namely specific conductivity ¢ and
dielectric permittivity € (Bottcher 1982).

The integral parameter that incorporates them is complex dielectric permittivity:

c=oc/jo+e¢ (11.1)

where w—is electric field frequency.

The relationship between these parameters and cell metabolism will be reviewed
further below, and here we will focus on the fundamentals of evaluating these
parameters in cells.

A microbial cell features a complex structure and comprises several structures
possessing different electrical properties. Therefore, an analytical measuring tech-
nique for electrical parameters of cellular structures should be capable of analyzing
them separately, either directly or indirectly. In the simplest case the technique can
be limited to a cell model with two cellular structures—membrane and cytoplasm,
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and their complex electrophysical parameters €., and £y, respectively. Since the
cells are in a suspended state, third complex parameter of a suspension medium £,
is always added. Inclusion of additional layers in the model, e.g., cell wall, will not
substantially enhance capabilities of the method and therefore is not covered here.

If a microbial cell is exposed to alternative electrical field, electric charges are
formed at the boundaries between cellular structures. In the above case these will be
cytoplasm and membrane interface, as well as membrane and maintenance medium
contact area. This phenomenon is known as Maxwell-Wagner polarization effect
(Miroshnikov et al. 1986). Distribution and the absolute value of the induced charges
are defined by the relation between electrophysical parameters of adjacent cellular
structures and their relative thickness. Interaction between the induced charges and
the field leads to transition of cells into a more energetically stable state, which is
manifested in their orientation change. In the limiting case of high electric field
intensity the exposed cells can line up along electric field vector or across it
depending on the ratio of electrophysical parameters of contiguous structures.

Electrophysical cell parameters cannot be determined in case of complete cell
orientation. Of major interest are weak cell orientation cases, when the degree of cell
orientation is proportional to the cumulative value of charges induced at cell
structure interfaces and can change.

In this case it only remains to relate the degree of cell orientation with the changes
in one of the registered optical suspension parameters: light scattering, optical
density, or birefringence. Historically the preference has been given to measurement
of optical density OD increase in a non-polarized monochromatic light.

Combined application of field-induced cell polarization leading to cell orientation
change with optical registering of these changes is called electro-optic effect. The
combination of these phenomena is shown in Fig. 11.1A, and for a more detailed
theory the reader can refer to Dukhin (1977), Stoylov (1991), and Bunin (2002).

Noteworthy, one steady-state parameter AOD is registered on each electric field
frequency w, and there are four electrophysical parameters of a cell with cytoplasm
and membrane, namely: 6mem, Emems Ocyts aNd &cy. TWO electrophysical parameters
of suspension medium—o,,, and &,,—are added to the above. What can help
simplify this situation? Dielectric permittivity of the medium ¢, is a constant.
The changes in dielectric permittivity of cytoplasm (e.y;) and membrane (&yem) are
minor.

Specific conductivity of the medium o,,, should anyway be reduced to negligible
values. This should be done on the grounds of several assumptions. The differences
q1—q> and gz—q4 are increased, which forces the cell to change its orientation and
balance the electric force and the thermal effect of the medium. This is accompanied
by the increase in electro-optical signal amplitude. With the decrease in ¢; and g, the
influence of ambient electrical conductivity on the measured electro-optical signal is
avoided. Double electric layer around the cell becomes stretched and will not shield
the electric field.

To isolate the two remaining specific conductivity parameters oy and 6 e, from
electro-optical signal with almost constant dielectric permittivity parameters,
parametric change of electric field frequency is applied in the course of
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Fig. 11.1 (A) Single-layer cell model in electric field E x Cos(w?): (a) induced charges g;—q4, (b)
light scattering change following cell orientation, (c) optical density change following cell orienta-
tion. (B) Microbial suspension optical density change in the course of EO experiment

measurement. As a result, AOD data array is obtained on various electric field
frequencies. This data array is called frequency dispersion or electro-optical signal
spectrum.

Thus, logarithmic frequency dependence of the difference between optical den-
sity of 80D suspension measured with non-polarized light beam propagation along
and across the orientating field direction was expressed in the form of orientation
spectra. This difference is limited by optical density value in a chaotic cell orienta-
tion state (Bunin 2002).

Electro-optical signal can be characterized by two parameters—steady-state value
of electro-optical signal after completion of orientation processes AOD, and the
relaxation curve pattern. The design of microbial suspension optical density mea-
surement in the course of EO experiment is shown in Fig. 11.1B. Steady-state value
of electro-optical signal is used for calculation of electric cell properties, and
relaxation curve shape—for calculation of cell size distribution or in a simplistic
case—to determine the average cell size in a suspension (De la Torre and Blumfield
1981).

When using electric field frequencies within the range of 400-600 kHz, the
steady-state value of AOD signal becomes proportional to cytoplasm-specific con-
ductivity within the accuracy of the constant o, = ~AOD(w). Membrane
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conductivity evaluation oy, is performed using steady-state signals on the three
points of the spectrum AOD(w) within the frequency range of 0.8-2.2 mHz. To
study surface interactions steady-state signals AOD(w) of full spectrum are used
within the frequency range of 1 kHz to 5 mHz.

In the ideal case of homogenous cell size the relaxation curve shape can be
described by one exponential function. For cell suspension with morphometric
heterogeneity of the cells this will be a sum of exponential functions. Each exponent
represents one cell fraction with certain size, and the weight factor defines contribu-
tion of this fraction in total signal. It was revealed in multiple experiments that the
pattern of cell size distribution remains almost the same for the majority of pro-
cesses. Yet the distribution scale can vary considerably. Cell size distribution and,
correspondingly, the relaxation curve representing this process is elongated with
general size increase in each fraction or is compressed in case of its decrease. To
describe the timescale changes of the relaxation curve only one morphometric
parameter is used—the average size—which will be used further on in the examples
of how can electro-optic results be used. For a cell fraction homogeneous in size, the
relaxation curve is described as an exponential curve. The exponent is defined by a
product of cell size analytical function multiplied by kinematic viscosity of the
medium. Cell size function in the theory of orientation-disorientation of particles
is called a particle rotational diffusion coefficient (Shchyogolev et al. 1994).

An important factor is the optical density of the studied cell sample. To avoid any
influence of optical density on electro-optical signal value, the measurements should
be taken within the low range of this parameter, when no multiple scattering of light
takes place in the suspension. Normalization of electro-optical signal by optical
density value allows eliminating the influence of this parameter on the end result
only within a relatively narrow range of its variation.

11.3 Relationship Between Electrophysical Parameters, Cell
Metabolism, and Surface Interactions

As mentioned above, electro-optical analysis allows determining cytoplasm-specific
conductivity 6. It is worth providing more insight on how this parameter is related
to cell vital activities. Cell metabolism processes are defined by ion flows present in
any biochemical transformations to a greater or lesser extent. Contribution of each
ion type to the integral parameter of cytoplasm-specific conductivity is proportional
to their concentration K; and mobility x; (Williams and Williams 1972):

Seyt = Sy X K; (11.2)

where K; is the concentration of i-type ions in a cell structure
—i-type ion mobility
At the stage of o, value calculation, the method excludes ions with low
concentration and/or low mobility. After such filtration of ion pool by mobility
and concentration values, the pool only contains a portion of H' ions, which
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participate in redox reactions, K* ions as protein protectors, as well as ions of weak
organic acids—by-products of cell metabolism.

Ion concentration in cytoplasm is influenced by the dissociation rate of the
compounds the ions have been a part of. For example, dissociation constants for
the majority of organic frequencies are within the pH range of 4.5-5.0. At each stage
of cell development intracellular pH and dissociation constant determine the number
of bound ions possessing neutral charge and capable of approaching the inner wall of
electrically charged membrane. Only non-charged molecules can get through the
membrane and reach the environment via active transport.

Another key factor determining specific conductivity values is cell and solution
temperature. It influences specific conductivity of cytoplasm o, as well as the
absolute viscosity value, which in its turn affects the timescale of relaxation curve,
and consequently the average cell size value.

11.4 Cell Preparation for Electro-optical Measurement

If performed correctly, electro-optical method of measuring specific conductivity
and average cell size ensures a relative measurement error not more than 2.0%. Not
many nondestructive cell analysis methods can offer such high precision and data
reproducibility. However to reach such precision several requirements must be met:

1. Accurate measurement of initial optical density of the suspension. Calibrated
suspension dilution and application of multiple scattering compensation
algorithms, if required.

2. Multifold decrease in suspension conductivity. Specific conductivity of a main-
tenance medium should not exceed 5—10 pSm/cm. Therefore, filtering the initial
suspension, sediment washing, and resuspension in deionized water are essential
sample preparation stages. In case of wide cell concentration range in the studied
sample, for example, during cultivation process monitoring, suspension dilution
always precedes its filtration. This protects the filter from overload. Deviation of
suspension-specific conductivity from certain constant, e.g., 10 pSm/cm, should
be accounted for and compensated with a corrective function.

3. The prepared sample temperature should remain the same throughout the whole
measurement cycle. This can be achieved by setting and adjusting deionized
water temperature as the main heat carrier.

4. Optical density of the prepared sample should remain the same for all samples
within the measurement cycle.

A distinctive feature of electro-optical method is the possibility to automatically
test the results. If there is a suspicion that cell size increase takes place due to osmotic
pressure between cytoplasm and ambient medium, this uncertainty can be solved by
performing a series of measurements on one sample. Cell size retention within the
average cell size measurement error during the period of sample preparation and
throughout the measurement procedure is the most cogent argument of hypoosmosis
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absence. In extreme cases of exceptionally labile cells there is always an option to
use a compensating additive, such as inositol sugar, which is not utilized by
microorganisms.

Auto-testing of one cell sample in serial measurements allows evaluating mem-
brane integrity for resting cells. If cell membranes are damaged, specific conductiv-
ity of cytoplasm o will start decreasing after a period of time. In case of cells in
active growth phase, repeated measurements taken on a single sample allow
controlling active transport efficiency as well as the efficiency of toxic metabolites
elimination from these cells.

11.5 Sample Preparation and Electro-optical Method
Procedures

After sample preparation, the microbial cell sample should have optical density
within 0.05-0.15 OD units in a 10 mm cuvette at the wavelength of 660-680 nm
throughout the whole measurement cycle. This is the zone of single light scattering
by the cells with no attenuation. The lower OD threshold is determined by a
sufficient magnitude of electro-optical signal. The upper threshold ensures working
with the starter culture with typical OD values of 0.2-0.4. The method supports
working with ultra-low concentrations, such as cell identification even with
500 cells/ml. This involves a more complex measurement procedure, data accumu-
lation, and filtering. All this will increase analysis time. When using initial samples
with optical density within the range of 0.1-25.0 OD units, the measurement
system’s own capabilities are sufficient with max suspension pre-filtration dilution
coefficient of 10. When upper OD threshold is exceeded, additional calibrated
dilution of initial sample is required with the dilution factor G = 1-10.

Specific conductivity of a sample 6,4 should not exceed 10 pS/cm. To obtain
such a low value initial sample desalting should be performed. To reduce filtering
time, the procedures of cell sedimentation on the filter, their washing, and resuspen-
sion in a low-conducting medium are required. Only this method supports solution
desalting within a short period of time.

Therefore, sample preparation should include the following procedures:

e Measurement of initial suspension optical density.

» Sample dilution to obtain an amount of cells in the sample that would be safe for
the filter.

e Three-stage process of cell transfer into a low conductivity medium, which
includes their precipitation, washing, and resuspension.

» Setting calibrated optical density value in the sample for electro-optical analysis.

Electro-optical measurement procedure includes:

* Generating electric field of certain frequency (@), strength (£), and duration (7) in
the measuring cell.
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* Measuring the optical signal with the cells oriented and disoriented.

* Performing measurements with variation of one electric field parameter to obtain
spectral (w change), field (E change), or orientation dependencies. Nevertheless,
each of these dependencies with a chosen classification represents a single
measurement. Field and orientation dependencies are used for selecting appropri-
ate measurement conditions and are usually performed only once when starting
the works with a new cell culture. If such measurements with fixed E and T values
are taken repeatedly, a time dependence of electrophysical/morphometric
parameters or electrophysical/morphometric process profile will be obtained.

11.6 Single Measurements of Electrophysical Cell Parameters

Isolated measurements of electrophysical cell parameters are typical for cells in a
stationary phase. Just like certain body temperature level is characteristic for
humans, specific conductivity 6., is a consistent indicator of a cell’s condition.
This parameter has different values depending on the type of intracellular metabo-
lism. For rapidly growing cells with small generation time of 10 min to several
hours, it can reach 1000 pS/cm or more. For cells with generation time of several
days, it can be several tens of pS/cm. Yet for each cell type after conventional
development this parameter demonstrates amazing reproducibility in a stationary
phase. Spectral characteristics of various bacterial cell types and spores in a station-
ary growth phase are shown in Fig. 11.2.

As mentioned above, to determine specific conductivity o.y, only the electric
field frequency range marked with two rectangles in Fig. 11.2 is used. The difference
in spectral shapes for different strains is conditioned by their morphometric
parameters—size and offset (=lateral axis/ transversal axis), and the absolute
value—by intracellular metabolism intensity.

For routine measurements, both the absolute value of specific conductivity oy
and its relative value can be used. In the first case, to convert the measured electro-
optical AOD signal into the absolute value of specific conductivity 6., parametric
dependence of electro-optical signal on specific electrical conductivity of the
medium is used. Yet in practice relative measurements are usually enough since
the conversion factor is a constant and does not change throughout the measurement
process for any cell strain.

11.6.1 Determination of Cell Survivability

Determination of cell viability is the most typical example of single electro-optical
measurements. The following parameters are used for such assessment: electric field
frequency w within 400-600 kHz, field intensity E below 50 V/cm, and field
exposure duration assuring cell orientation above 95%. With a single-staged con-
struction of dependence between relative cell viability and o, level, electro-optical
method offers a replacement for labor-intensive manual cell viability evaluation
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Fig. 11.3 Relationship between relative survivability (%) and specific conductivity of cytoplasm
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technique. Furthermore, it does not matter which reference viability assessment
technique was used for calibration measurements. Relative measurement error in
this case does not exceed 2-3%. If data reliability is questioned, this parameter can
be checked using a direct method. Statistic reliability of the result is determined by
the number of cells “N”” in a measuring cell and is equal to “N”* value of about 10°.

Figure 11.3 shows the technique of converting specific electric conductivity value
Oy into relative cell viability (%).
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The reason behind viability decrease for o, values above optimal level is the
excessive concentration of toxic metabolites. The cause of viability decrease if oy,
value is below optimal level could be low cellular energy status.

When determining the absolute value of the concentration of viable cells, inde-
pendent evaluation of total absolute cell concentration C is required. To measure this
parameter, Lambert—Beer law is applied, linking concentration C with optical
density OD of a suspension at single light scattering by particles.

C=1/AxGxOD (11.3)

where A—average particle scattering cross-section value

G—coefficient of sample dilution prior to measurement

OD—sample optical density after dilution.

There is a known analytical relationship, which links a scattering cross-section
with cell size. As mentioned above, cell size is determined using a relaxation curve
of cell disorientation after exposure to electric field. Addition of relative viable cell
concentration to the calculated cross-section value allows obtaining an absolute
value of viable cell concentration with a relative error below 5%. The measurements
can be taken both on liquid samples acquired from biotechnological processes and
on dry lyophilized samples upon suspending them.

11.6.2 The Effect of Antibiotics on Cells

The given assay type is based on low-frequency electro-optical measurements at
50-60 kHz and is performed on cells in a stationary state. The action of antibiotic on
bacteria is closely linked to changes in their biochemistry metabolic pathways, as
well as in their morphology (cell lengthening, swelling, bending, chain or ball
formation, lysis) (Brian 1984; Antibiotic Resistance Protocols 2010).

Some antibiotic classes were used: ampicillin, kanamycin, and cloramphenicol
(Guliy et al. 2016). E. coli was used in the study as a model, and the general study
design consisted in comparison of cell suspension electro-optical analysis results
obtained for two E. coli strains. One of the strains was sensitive to the antibiotic and
the other was resistant to it.

As an example, Fig 11.4 demonstrates the spectral measurement results and the
profile of the electro-optical signal during interaction of microbial cells with ampi-
cillin. The biological activity of beta-lactam is mainly linked to its ability to interact
with the microbial cell surface, thereby changing the barrier properties of the
cytoplasmic membrane. Ampicillin also was active against several gram-negative
organisms, including coliforms; therefore E. coli cells were used in the study. Before
electro-optical measurement, E. coli suspensions were incubated with ampicillin.
From the results in Fig. 11.4, it is obvious that the change in the electro-optical signal
occurred within 5 min after treatment of the cells with ampicillin. To examine the
surface electrophysical properties of the cells under ampicillin exposure,
experiments were also conducted with the antibiotic-resistant strain E. coli K-12
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Fig. 11.4 The series of the spectra measurements (a) and profile of interaction process on the
frequency @ = 52 kHz (b) for E. coli K-12 cells after incubation with ampicillin (50 pg ml™") at
time (min): (1)—without antibiotic (control); (2)—5; (3)—15; (4)—30; (5)—45; (6)—60 min

(pUC-18), which harbors plasmid pUC-18, carrying ampicillin resistance. The
experimental conditions were similar to those involving the ampicillin-sensitive
E. coli K-12. After incubation of the cells (pUC-18) with ampicillin, no significant
changes in the operating system of the cell suspension were observed, which shows
the strain’s resistance to ampicillin. This means that the sensitive and resistant E. coli
K-12 strains demonstrate different EO effect dependences on the ampicillin amount
added to the cell suspension.

Antibiotics influence the physiology of bacterial cells on many levels. Instead of
simply compensating for the direct cellular defects caused by drugs, bacteria respond
to antibiotic treatment with alterations in morphology, molecular composition,
metabolism, etc. (Mitosch and Bollenbach 2014). The interplay of these processes
results in a complex reaction with cell surface damage accompanied by ion and
charge redistribution recorded by the EO sensor.

Therefore, incubation of the antibiotic-sensitive strain with an antibiotic (e.g.,
ampicillin, chloramphenicol, kanamycin) leads to a significant change in the electro-
optical signal value, yet no such changes were recorded in the suspension of the
antibiotic-resistant strain. Consequently, the sensitive and resistant E. coli strains
demonstrate different surface electrophysical properties, so the EO signal changes
induced by these antibiotics can be used as a test to examine resistance to this
antibiotic in bacteria (Guliy et al. 2005, 2016).

Routine biological methods for the determination of antibacterial resistance of
microbial cells based on cultivation of microorganisms with subsequent
microbiological and biochemical analysis are labor-intensive and time consuming
and use relatively expensive equipment. Alternatively, electro-optical analysis can
offer rapid assessment of microbial cell antibiotic resistance.
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11.6.3 Analysis of Phage-Cell Interaction Process

Phage-based therapy holds much promise for healthcare development. The use of
specific phages for the detection and elimination of infectious bacteria is an ideal
solution to the treatment of relevant diseases. The absence of chemotherapy side
effects and the low cost of formulations are among the undisputed advantages of
phage-based therapy. The weakness of this method consists in the need for rapid
discovery of an optimal solution when screening a large number of bacteriophage-
microbial cell combinations. The electro-optical method of screening, based on
studying the kinetics of change in the bulk and surface electrophysical cell
properties, offers a simple, rapid, and efficient solution to this problem.

Infection of bacteria by a bacteriophage starts with the recognition of the host
through binding to an outer membrane receptor. Bacteriophage inject their genetic
material into bacteria, replicate by the hundreds per cell, and then burst out before
moving on to the next host cell. In the case of a tailed phage, this binding triggers
conformational changes that are transmitted along the tail to the capsid, allowing its
opening and the release of the viral genome, which causes a change in the
electrophysical parameters of the cell structures. Bacteriophage specificity has
been shown at both species and strain levels. Specific bacteriophages are very
good indicators for determining the species and type of bacteria. Therefore, bacteria
could be detected on the basis of the measurement of their electro-optical spectra in
the absence and presence of phages.

The phage-cell interaction is fairly complex and depends on the structure of the
phage itself (Stengele et al. 1990; Jakes et al. 1988) on the presence of F-pili in
bacteria (Russel et al. 1988). In our work, Escherichia coli XL.-1 and the bacterio-
phage M13KO07 served as a model system. The bacteriophage M13 is an E. coli-
specific filamentous phage family Inoviridae. It is a long and thin virus that infects
E. coli without cell lysis (Overman et al. 1996; Endemann and Model 1995). The
infection of E. coli male cells by the bacteriophages M13, fd, or f1 begins with the
interaction of the minor phage capsid protein g3p (gene 3 protein) with bacterial
F-pili and subsequently with the integral membrane protein TolA (Endemann and
Model 1995; Click and Webster 1997). For controlling phage transfection to the
E. coli, the bacteria in an LB nutrient medium containing kanamycin were used,
because phage M13K07 is resistant to this antibiotic (Hoogenboom et al. 1991). The
cells grew well with kanamycin, indicative of phage transfection.

Research has shown that the combination of the EO-approach with a phage as a
recognition element has excellent potential for the mediator-less detection of the
formation of a phage-bacteria complex. The interaction of E. coli with phage
M13KO07 induces a strong and specific electro-optical signal as a result of substantial
changes of the EO properties of the E. coli XL-1 suspension infected by M13K07.
The electro-optical data for the whole interaction is given in Fig. 11.5. The signal
was specific even in the presence of a foreign microflora (E. coli K-12 and
Azospirillum brasilense Sp7) (Bunin et al. 2004a).

Isolating the changes in oy, only is challenging with such a low frequency. The
electro-optical signal reflects the mixture of this parameter and surface electric
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Fig. 11.5 The series of the spectra measurements (a) and profile of interaction process on the
frequency w = 52 kHz (b) for E. coli XL-1 cells after incubation with bacteriophages at time (min):
(1)—without phages (control); (2)—1; (3)—10; (4)—30; (5)—60; (6)—90 min

parameters such as the specific electric conductivity of the surface and its dielectric
permittivity.

Combining of the electro-optical approach with phage use has the following
advantages: (1) bacteria from biological samples need not be purified, (2) the
phage infection is specific, (3) exogenous substrates and mediators are not required
for detection, and (4) it is suitable for any phage-bacterium system when bacteria-
specific bacteriophages are available.

Combination of the EO approach with phage technology comprises a generic
technology that enables rapid and specific detection of viable bacteria and might
serve as a basis for the development of portable biosensor systems for the detection
of pathogens in medical research, food processing, and environmental analysis.

11.6.4 Studying of Surface Cellular Interactions by
the Electro-optical Method

Combination of an EO technique with immonochemistry was proposed to investi-
gate the binding of antibodies to microorganisms. Studies demonstrate high potential
of wusing the electro-orientation technique for monitoring the Listeria
monocytogenes-antibody (Bunin et al. 2004b) and Azospirillum brasilense-antibody
reactions (Guliy et al. 2007). Live vaccine strains of Listeria monocytogenes,
Azospirillum  brasilense  Sp245, and monoclonal antibodies against
L. monocytogenes and polyclonal antibodies against A. brasilense Sp245 were
used as model systems.

During the formation of biospecific complexes of L. monocytogenes-monoclonal
antibodies, a change in the electro-optical signal was observed. This process required
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20-25 min, which is enough for full process description. Typically, the interaction
led to a decrease in the electro-optical signal within the frequency range 10-100
kHz. The frequency @ = 50-60 kHz was found to be more efficient for performing
the measurements.

For testing of the cross interaction, various combinations of cells and markers
were investigated. It was found that only the specific interaction changed the electro-
optical signal. The presence of nonspecific markers mixed with one bacterial species
is not reflected by the electro-optical signal. Conversely, electro-optical analysis
selects only a complex-specific marker plus bacteria in the mixture of different kinds
of nonselected bacteria.

This interaction feature can be used to detect small numbers of specific bacteria.
The selected marker is fixed on the surfaces of magnetic particles and interacts with
specific bacteria. Magnetic particles are separated from the suspension and the
selected bacteria are separated from the magnetic particle fraction by using some
physical action. This allows one to make an inexpensive and highly sensitive rapid
detection instrument.

Thus, determination of the presence of certain bacteria in a mixed sample is
achievable through the application of antibodies specific to certain bacterial species
and comparison of the spectra of the bacterium in the presence and absence of
antibodies.

For rapid bacterial detection, certain genetic engineering technologies for cloning
recognized fragments, so-called “hypervariable immunoglobulin domains,” can also
be used. They offer selectivity comparable to that of hybrid technologies but at a
lower price. One of them is the antibody phage display technique, based on the
formation of a combinatorial library of antibodies, in which the variable regions of
light and heavy chains are coupled and represented at the surface of filaments.

Studying the possibility of using the electro-optical method for the detection of
cells of A. brasilense model strain Sp245 with mini-antibodies, the affinity selection
(biopanning) of them was usually repeated several times in order to select clones
possessing higher sensitivity and productive activity. Evaluation of the sensitivity of
the obtained phage antibodies by dot analysis showed that it had increased after the
third round of selection, and the titer of the obtained mini-antibodies to whole cells
of A. brasilense Sp245 was 1:8000, as determined in the enzyme immunoassay. At
the same time, the results of selection of phage-displayed mini-antibodies showed
that the mini-antibodies to lipopolysaccharide were more sensitive than anti-flagellin
mini-antibodies.

The magnitude of the electro-optical parameters during interaction of an
A. brasilense Sp245 suspension with anti-lipopolysaccharide phage-displayed
mini-antibodies is of particular interest owing to the role of O-specific antigen
(lipopolysaccharide) in the intraspecies classification of Azospirillum. The results
of electro-optical analysis with different concentrations of such mini-antibodies
confirmed the high level of interaction between anti-lipopolysaccharide mini-
antibodies and A. brasilense Sp245 cells (Dykman et al. 2012).

Using electro-optical analysis and electron microscopy, we observed a biospecific
interaction of cell surface antigenic determinants with phage antibodies raised
against the lipopolysaccharide of H. seropedicae Z78 (Guliy et al. 2019).
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Therefore, in view of the fact that the results of the dot-assay and the electro-
optical method agree nicely with the data obtained by electron microscopy, it can be
stated that the suggested method offers efficient assessment of the extent of epitope
exposure on the bacterial cell surface and it can thus be used for the development of a
rapid test for the interspecies differentiation of bacteria with the help of antibodies or
phage-mini-antibodies.

11.7 Continuous Monitoring of Periodic Cultivation Processes

Monitoring of cultivation processes using the above classification refers to process
profile measurement. For periodic cultivation process it encompasses the time period
from inoculation of initial culture into a fermenter to stationary process phase. A
sufficient time interval between electro-optical measurements is less than half of
culture generation time. No changes take place in a suspension within shorter time
intervals. A typical profile of periodic cultivation process of E. coli K-12 cells is
shown in Fig. 11.6.

Such profiles are typical for cell metabolism accompanied by synthesis of weak
organic acids. In aerobic cultivation, acetic acid plays this role. The reason behind
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Fig. 11.6 The profiles of cytoplasm-specific conductivity, average cell size, and cultural liquid
optical density during periodic cultivation of aerobic E. coli K-12 cells
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formation of these profile types is excessive energy substrate contents in the cultural
liquid. Unfortunately, the intracellular mechanism of energy substrate glycolysis
inhibition with an intermediate product excess turned out to be inefficient in these
cells (Warnecke and Gill 2005; Kumary et al. 2000; Roe et al. 1998; Emmerling
2002).

Due to the difference in pyruvate generation intensity in the course of glycolysis
and its utilization by Krebs cycle, pyruvate is accumulated in the cells. Its excess is a
negative factor and the cell tries to find alternative ways to decrease its concentra-
tion. Several ways of such utilization have been identified and are known as aplerotic
ways. The end product of biochemical transformations is formation of acetate ions
and reduction of high-energy compounds. Sadly, this negative process of toxic
metabolite synthesis brings more problems for the cell, than the positive process of
increasing its energy potential. Figure 11.7 shows that the flowchart interlinking
glycolysis process, Krebs cycle, and typical aplerotic ways of pyruvate utilization.

A cell has several options to decrease concentration of toxic acetate ions. Due to
the negative charge on the inner membrane surface, acetate ions have almost no
chance to use the way of passive diffusion over concentration gradient. The option of
active transport of acetic acid molecules emerges only after considerable intracellu-
lar pH decrease and the increase in the number of non-dissociated molecules in
cytoplasm. Yet there is one more way to decrease concentration of these ions. It
consists in accumulation of additional water in the cell, which can pass through the
membrane freely. Cell size is increasing, and specific concentration of toxic sub-
stance in cytoplasm decreases. This process is clearly visible in the average cell size
dynamics profile.

Upon reaching a somewhat low pH value (in Fig. 11.6. profile this took place
80 min after the process start), active transport of acetic acid molecules into ambient
medium begins and its concentration in cytoplasm starts decreasing. Meanwhile,
energy substrate concentration in cultural liquid usually drops to a low level.
Pyruvate accumulation stops at the junction point between glycolysis and Krebs
cycle. With some time delay the cell starts excreting water and shrinking.

In the specific cytoplasm conductivity o, diagram along with the bell-shaped
signal a weak auto-wave process of the cell’s biochemical activity can be seen. This
process is driven by the elements of the same biochemical activity of cells as the one
leading to the main bell-shaped signal formation.

The discussed profiles of 6.y, alteration and average cell size change include a lot
of detail, supporting identification of various properties and stages of cell
metabolism:

Absolute value of cytoplasm electric conductivity at the beginning and at the end of
the process as well as max value of the parameter during exponential growth
phase (EP).

Presence of inflection points with local maxima, called metabolic switch.

The rate of cytoplasm conductivity change during EP and before the end of the
process.
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Fig. 11.7 Flowchart interlinking glycolysis process, Krebs cycle, and aplerotic ways of pyruvate
utilization

Absolute value of average size at the beginning and at the end of the process as well
as max average size value during exponential growth phase (EP).

The rate of average size change during EP and before the end of the process.

Maximum or minimum of alteration profile for the parameter related to specific
conductivity of the membrane.

There are multiple data sets available prepared based on these criteria. Some of
them are particularly noteworthy. The initial specific cytoplasm conductivity value
and average cell size in the inoculum determine their readiness for the next cultiva-
tion cycle. The value of these parameters is directly linked with the values observed
in the previous cultivation cycle of these cells. There are several profile patterns for
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these parameters at the final stage of the previous cultivation cycle, including
specific conductivity o, decrease and the increase in average size. This is the
most critical and negative case of cell metabolism condition, which rules out the
possibility to use the cells as inoculum. Concentration of various non-dissociated
toxic substances remained high, and the cells use their last chance to decrease it via
water accumulation.

11.7.1 Identification of Metabolic Switch Points

Of special interest are the studies of metabolic switch points. At least two simple
metabolic switches linked with activation of active transport mechanisms can be
distinguished in Fig. 11.7. For other bacterial cultures the number of these simple
metabolic switch points can be considerably higher. At the same time, other meta-
bolic switch types can also be encountered in cultivation processes. During the
process of periodic cultivation metabolic activity of Clostridium acetobutylicum
cells has a metabolic switch indicative of their transition from butanol synthesis to
acetone and ethanol synthesis (Junne et al. 2008). It is accompanied by a rapid drop
in o,y followed by a slight increase and subsequent decrease during the sporulation
process. It is quite challenging to determine the onset of sporulation process with
conventional methods, and this process is irreversible after formation of the first
spores. Analysis of changes in o, parameter allows to identify the cell development
stage preceding sporulation and prevent it by removing the suspension and adding a
new portion of nutrient medium.

In the process of recombinant strain cultivation two more metabolic keys occur—
induction of target product biosynthesis, and the point when target product utiliza-
tion as an energy source is initiated. Figure 11.8 shows a part of o, alteration profile
during the process of cultivation of recombinant insulin-producing E. coli strain.

The peak concentration of intracellular insulin corresponds to the local minimum
of specific electric conductivity of the cytoplasm. From cellular metabolism stand-
point this moment can be described as the time when the main cycle of recombinant
product biosynthesis is over and preparations for its utilization commence.

The process of target product biosynthesis in recombinant cells is extremely
complicated, since it includes a battery of biochemical transformations. Electro-
optical monitoring ensures identification of several key points of this process and
supports shaping an optimal biosynthesis management strategy.

If the values of the given parameters are identical both in the ongoing process and
in the reference one, complete validation of the ongoing process can be stated. Such
strategy is used for scaling the cultivation processes at all stages.

There are multiple means for correcting the ongoing process and adjusting it to
suit the reference one. This includes fractional supply of energy substrate, alteration
of nutrient medium composition, and/or changing physical parameters of the culti-
vation process: mass exchange, mixing, temperature, and cultural liquid pH shift
characteristics. In any case the response to different actions can be easily measured
and the process management strategy can be adjusted on the go.
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Fig. 11.8 The profile of cytoplasm-specific conductivity oy alteration and insulin concentration
change

11.8 Conclusion

The examples given above capture only a fraction of tasks for electro-optical
monitoring of cell metabolism processes and identification of various processes
involving bacterial cells. Electro-optical technique for studying suspended cells
offers a fairly simple means for measurement of electric and morphometric
properties of certain cell structures. With adequate equipment sample preparation
and evaluation process would require minimal effort by the personnel. The technique
is rather fast as the analysis takes about 10 min; besides the measurement process can
be fully automated. EO analysis technique does not involve fixation of specific
reagents in the measuring cell, and can be applied for evaluation of both live and
lyophilized bacteria transferred into a suspended state. Moreover, the effect of
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measurement procedure on bacterial cells is negligible and the procedure itself
requires no additional markers or chemical components.

The results obtained using electro-optical analysis can be easily interpreted by
personnel with various skill levels. A unique detailed data on the development
and/or certain exposure process is potentially available for each microorganism
species. The method can also offer useful information regarding biophysical aspects
of bacteria under exposure to specific agents.

Therefore, the described EO analysis method is quite promising for development
of sensor systems and their use in the field of microbiology, healthcare, veterinary
medicine, as well as in biotechnological processes (Chandra 2016; Guliy et al. 2016,
2017, 2019; Ignatov et al. 2008).
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