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Introduction

Cancer is the second leading cause of human death worldwide, with approximately
7.5 million deaths reported till date in 2020 (Cancer Statistics — Worldometer, n.d..
Globally, about one in six deaths is due to cancer (https://www.who.int/westernpa-
cific/health-topics/cancer). As per the WHO, there might be approximately around
13 million deaths from cancer in 2030 (WHO | Key statistics, 2020). Cancer is one
of the fatal diseases for which scientists have been battling for decades (Anand
et al., 2020). The traditional therapy of cancer involves chemotherapy, radiotherapy,
and surgery (Shukla et al., 2019). Chemotherapy kills both the normal and the
healthy cells, also attributing to multidrug resistance (Brannon-peppas & Blanchette,
2004). Radiotherapy is appropriate for localized cancer, but it also lacks specificity,
leading to toxicity and damage to neighboring cells (Lungu et al., 2019).

Cancer theranostics have combined action of diagnosis as well as a therapeutic
effect (Gobbo et al., 2015). Nanotheranostics is a rapidly evolving area for tracking
the delivery and release of drugs and therapeutic evaluation at the same time and
efficacy by a single nanoscale carrier. Nanoparticles are modified to integrate differ-
ent bioconjugated moieties for accurate detection and therapy (Gobbo et al., 2015;
Indoria et al., 2020). The use of nanobiomaterials overcomes the drawback associ-
ated with the traditional methods. These materials are nontoxic, biocompatible, and
biodegradable and allow controlled and sustained release of anticancer drugs. The
major attractions include ease of size and charge manipulation, decrease in adverse
effects, site specificity, and flexibility of route of administration (Pandurangan et al.,
2016). Nanobiomaterials should interact with cancer cells without disturbing
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normal biological functions. In cancer therapy, they are useful in molecular imag-
ing, early detection of cancer, bioinformatics, and targeting of cancer cells (Mody
et al., 2016). These materials exhibit different properties in bulk form compared to
when they are nanosized. The safety of the nanobiomaterials lies in the difference in
this property (Tekade et al., 2018). This chapter addresses the thin line that exists
between safety and toxicity of nanobiomaterials and will cover various nanobioma-
terials used in cancer theranostics, their safety, evaluation parameters, and regula-
tory perspectives.

Nanobiomaterials Used in Cancer Theranostics

There are various nanobiomaterials used for cancer theranostics. For better under-
standing, they have been categorized into metal-based nanobiomaterials, polymeric
nanobiomaterials, carbon-based nanobiomaterials, nanomaterials derived from nat-
ural origin, and protein-based nanomaterials. The metal-based nanomaterials
include gold nanoparticles, silver nanoparticles, iron oxide nanoparticles, silica,
selenium, titanium dioxide, and zinc oxide-based nanobiomaterials (Mody et al.,
2016). Applications like bioimaging, phototherapy, gene delivery, drug delivery,
and use as a biosensor are possible using the optical, surface, chemical, and electri-
cal properties of gold nanoparticles. Gold nanoparticles can absorb near- infrared
light and transfer light energy to localized surface plasmon resonance for bioimag-
ing or as a photothermal agent in cancer theranostics (Jiang et al., 2012). The whole-
body scan is possible using this optical property. Since epidermal growth factors
express themselves in several cancers, one can conjugate gold nanoparticles with
endothelial growth factor receptor

antibodies. Using these conjugates for imaging is possible with the help of a
scanning confocal microscope (Guo et al., 2017). The oxidative stress induction and
cytotoxic effects of gold nanoparticles make it a potential candidate for cancer ther-
apy (Saravanan et al., 2019). Gold nanoparticles can serve as a suitable marker for
increasing intratumor localization of anticancer drugs (Rejinold et al., 2015). The
inherent optical property of silver nanoparticles makes silver interact with the wave-
length of light (400nm) (Seeta et al., 2019). Compared to other nanobiomaterials,
silver nanoparticles show better light absorption and resolution (Mihail et al., 2016).
Silver alone or its amalgam with other metals can be used for medical imaging
(Seeta et al., 2019). The nanosized silver nanoparticles can enter the tumor effi-
ciently by passive or active targeting. They affect the mitochondria-producing reac-
tive oxygen species, leading to oxidative stress and apoptosis of cancer cells. At 435
nm, it shows maximum cytotoxicity and anticancer activity due to activation of the
apoptotic gene (Aydin et al., 2019). The capacity of iron oxide nanoparticles to bind
with antibodies, chemotherapeutic agents, and nucleic acid also makes it a suitable
candidate for cancer theranostics (Santhosh & Ulrih, 2013). Iron oxide nanoparti-
cles (IONPs) are suitable as MRI contrast agents. These nanoparticles can bind
covalently or noncovalently with the overexpressed cancer biomarker (Zhu et al.,
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2016). They can also navigate through tumor margin, metastasis, and inflammatory
areas and can find the location of angiogenesis, making it possible to visualize and
predict the stage of cancer. IONP labeling of cells can help to determine the spread
of immune-competent cells in the tumor (Singh & Sahoo, 2013) and for biosensing.
The study by Liu et al. depicted that they are sensitive and precise in detecting bio-
markers at higher spatial and temporal resolution. Using the phenomenon of mag-
netic fluid hyperthermia, one can apply external heat to IONPs to target the cancer
cells. It will convert magnetic energy to heat energy and will selectively kill the
cancer cells (Liu et al., 2013). Research has increased in the development of meso-
porous silica nanoparticles (MSNs) due to their unique properties like high surface
area, flexibility in size, and ability to modify functional groups. Imaging and drug
delivery are feasible using these properties. A study by Bobo et al. showed a syner-
gistic effect of using a photosensitizer, porphyrin, and a drug, camptothecin, in
lecithin-targeted mesoporous silica nanoparticles (Gary-Bobo et al., 2011). Cheng
et al. developed polydopamine poly(ethylene)glycol-folic acid-modified MSNs for
delivering doxorubicin for the treatment of cervical cancer. This novel system has
higher antitumor activity in vivo and is a promising carrier (Cheng et al., 2017).
Selenium is one of the extensively used chemotherapeutic agents. It is due to the
ability to regulate cell cycle, inhibit migration of tumorcells, stimulate apoptosis,
and invade them in vitro. Selenium can enhance anticancer effect of photodynamic
therapy, modulate growth-stimulating hormone systems, and decrease selenium-
binding protein expression for personalized therapy for people suffering from hepa-
tocellular carcinoma (Sanmartin et al., 2012). The investigation of difference in
disulfide, thioether, diselenide, carbon, and selenoether bonds depicts that seleno-
ether and diselenide bonds produce more reactive oxygen species (ROS) and
enhance cytotoxicity of paclitaxel-citronella prodrug conjugate (Sun et al., 2019).
Titanium dioxide can stop the growth of tumors and bring improvement in cancer
therapy. Nanoformulations developed from titanium oxide affect the proliferation of
cells by blocking cell cycle. It exhibits an increased cytotoxicity effect and potential
dose-dependent effect on cell proliferation and leads to cell death. It also leads to
decrease in ATP level, inhibition of apoptosis, and necrotic cell death (Raja et al.,
2020). Sonodynamic therapy involves the use of titanium dioxide and zinc oxide.
Using a conjugation of antibodies with titanium oxide and zinc oxide helps in tar-
geting specific receptors. It also decreases the adverse effects associated with dau-
norubicin and doxorubicin (Cesmeli & BirayAvci, 2019). A study by Bai et al.
depicted that the use of 20 nm-sized zinc oxide nanoparticles induced considerable
cytotoxicity in human ovarian cancer cells by induction of ROS, which affects cells
by apoptosis, autophagy, and mitochondrial malfunction. Photodynamic therapy
using zinc oxide produces ROS, leading to significant cytotoxicity in cancer cells,
thereby increasing the selectivity and decreasing the adverse effects. It gets local-
ized in tumor cells, and by focusing light on that region, selective and specific thera-
peutic action is achievable (Ancona et al., 2018).

Polymeric nanobiomaterials include poly(lactide-co-glycolic acid), polycapro-
lactone, chitosan, polylactide acid, polyethylene glycol-poly(lactic acid-co-glycolic
acid) (PEG-PLGA), etc. PEGylated form of PLGA nanoparticles (NPs) increases
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the therapeutic index of paclitaxel (Prabhu et al., 2015). The hyaluronic acid-based
paclitaxel nano-lipid carrier gives a high therapeutic index and site specificity
(Shukla et al., 2019). Chemotherapeutic drugs like paclitaxel, doxorubicin,
docetaxel, camptothecin, and 5- fluorouracil are delivered using chitosan as a car-
rier. Conjugating chitosan with quantum dots, gadolinium, supermagnetic iron
oxides, etc. is useful for imaging (Fernandez-Fernandez et al., 2011). PLGA has
been used to encapsulate vincristine sulfate, dexamethasone, paclitaxel, doxorubi-
cin, and cisplatin. It has completed its journey from benchside to bedside (Fernandez-
Fernandez etal., 2011). Doxorubicin chitosan-polyalkyl cyanoacrylate nanoparticles
show an increased therapeutic effect on cancer cells expressing folate receptors
(Kumar et al., 2019). Polycaprolactone (PCL) can enhance the oral efficacy of the
cytotoxic drugs — doxorubicin and paclitaxel. A PEGylated derivative of PCL was
used as a nanoparticulate implant to be administered postsurgery. Polycaprolactone-
hydrazine linkage releases the drug in acidic media with significant toxicity on can-
cer cells (Kumar et al., 2019). The cisplatin PEGylated polyglutamic acid micelles
exhibited longer circulation time and accumulation in Lewis lung carcinoma cells.
The treatment gave promising tumor regression, 20 times higher accumulation, and
no weight loss in animal models (Prabhu et al., 2015).

Carbon nanomaterials consist of carbon nanotubes, carbon nanohorns, and
fullerenes. Its graphene and carbon cage-like structure allows functional modifica-
tion, imparts stability, and increases its drug-carrying capacity. Its unique property
makes it flexible for incorporating both hydrophilic and hydrophobic drugs.
Fullerenes being smaller in size can easily penetrate intracellularly (Yamashita
et al., 2012). Drugs like paclitaxel and doxorubicin conjugated with fullerenes are
efficient cancer theranostic. It is used as self-labeled probes designed for imaging,
tracking drug delivery, mitigating adverse effects associated with chemotherapeutic
drugs, and increasing selectivity toward cancer cells. The functional derivatives are
capable of downregulating various angiogenic factors and suppress metastasis
(Chen et al., 2012). Carbon nanotubes have the potential to penetrate the cell mem-
brane and diffuse through lipid bilayer without killing normal cells. As per reports,
it can selectively kill cancer cells using NIR light heating effect (Veerapandian
et al., 2009), showing its utility in the field of thermal ablation and imaging.
Gadolinium atoms are inserted inside carbon nanotubes for MRI and modified drug
delivery (Mody et al., 2016). Carbon nanotubes take advantage of folic acid overex-
pression in cancer cells and get selectively bound to the surface of folic acid
(Eskandari et al., 2014).

The natural origin-based nanobiomaterials include starch nanoparticles, alginate
nanoparticles, pullulan nanoparticles, heparin-based nanoparticles, and silk fibroin
(Mody et al., 2016). In the past decade, scientists have been attracted to natural
polysaccharide like starch as a carrier. Due to the virtue of several hydroxyl groups,
it can easily attach hydrophobic side chains and facilitate substitution, which enables
the dissolution of the final product. It is biocompatible, biodegradable, nontoxic,
non-immunogenic, renewable, economic, and biocompatible with drugs. Docetaxel
is a potent chemotherapeutic drug. To tackle the low aqueous solubility, researchers
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have encapsulated this drug in starch nanoparticles (Dandekar et al., 2012). In the
experiment conducted by Li H ez al., the group

observed synergism in suppressing human lung cancer cells by simultaneously
delivering doxorubicin and siRNA via folate-biotin-quaternized starch nanoparti-
cles. The nanoparticles exhibited high cytotoxicity and inhibited proliferation in
A549 cells and had specificity and potential in treating lung cancer (Li et al., 2019).
Alginate is sensitive to acidic environment of the tumor vasculature. The polymer is
being envisaged for its application in the design of smart cancer theranostics.
Alginate-based magnetic nanogel by Peng N et al. caused rapid endocytosis and
release of doxorubicin in the presence of a magnetic field. Also, it exhibited a desir-
able effect as an MRI and contrast agent (Peng et al., 2018). Pei M et al. discovered
that in the acidic microenvironment of cancer, real-time noninvasive locating of
cancer cells was possible (Pei et al., 2017). Pullulan nanoparticles have shown to
prolong blood circulation time along with better stability and active tumor targeting.
Pullulan-based doxorubicin nanoparticles developed by Li H et al. showed low car-
diotoxicity. The group concluded that the developed pullulan-based doxorubicin
nanoparticles not only improved the therapeutic efficacy but also eradicated chemo-
resistance and exhibited synergism effect compared to single-drug therapy (Li et al.,
2015). Hua et al. loaded adriamycin-O-urocanyl pullulan nanoparticles to over-
come drug resistance in cancer cells. There was higher cellular uptake of adriamy-
cin due to avoidance of export by P-glycoprotein. This helped in reversing drug
resistance in cancer cells (Guo et al., 2014). According to studies, heparin is a good
anti-metastatic agent. It is due to heparinase, which inhibits metastasis or binding to
growth factors or binding to platelets to expose circulating tumor cells to natural
killer cells. The study performed by Sun H et al. displayed that doxorubicin-heparin
had anti-metastatic activity and synergism (Sun et al., 2018). Yang and coworkers
observed that heparin could overcome problems like low solubility, low selectivity,
and improper release of drugs (Yang et al., 2017). Silk fibroin is obtained from silk-
worm. The biocompatibility, biodegradability, mechanical strength, and flexibility
make it a suitable candidate for sustained release of drug. In a study performed by
Montalban et al., curcumin silk fibroin nanoparticles showed cytotoxicity in two
different cell lines (Hep3B cells and Kelly cells) without decreasing viability in
normal cells (Montalban et al., 2018). Since most of the anticancer drugs have poor
aqueous solubility, a carrier like silk fibroin can increase bioavailability. Application
of doxorubicin-silk fibroin film in residual tumor bed, after removal of tumor, has
shown to prevent regrowth of tumor (Jastrzebska et al., 2015). Cisplatin-loaded silk
fibroin nanoparticles could internalize in the A549 cell line and could exhibit sig-
nificant inhibition (Qu et al., 2014).

Albumin is protein-based commonly used as nanobiomaterial. Abraxane is the
marketed formulation of albumin-based paclitaxel formulation used in the treatment
of breast cancer. It has high penetration and selective anticancer activity with mini-
mum harm to normal cells. Being flexible, it exhibits the EPR effect (Shukla et al.,
2019). In a study performed on albumin nanoparticles, it was observed that there
was an increase in cytotoxicity when tested in MCF-7 and A549 cells along with
prolonged distribution in tumor, leading to slower tumor growth and increase in
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mice survival (Pandurangan et al., 2016). Concentration-dependent cytotoxicity is
seen in MCF-7 cells by paclitaxel albumin nanoparticles. It gives optimal therapeu-
tic efficacy with minimal side effects (Lomis et al., 2016). The combination of
nano-albumin-bound paclitaxel along with gemcitabine for treating pancreatic can-
cer showed good antitumor activity and doubled the rate of survival. Nanoparticles
also exhibited synergistic effect due to modulation of cytidine deaminase
(Fanciullino et al., 2013).

Safety Aspects

Safety of Nanobiomaterials

It is of utmost importance for a formulation to be safe when administered to a
patient. It is necessary to understand a thin line between safety and toxicity of these
nanobiomaterials. Safety aspects of these nanobiomaterials are described in the fol-
lowing text.

The bulk form of gold is inert, biocompatible, and nontoxic; however, with size
reduction to prepare nanoparticles, safety is compromised (Fratoddi et al., 2015).
The cytotoxicity of gold nanoparticles depends on the shape and concentration. A
study by Steckiewicz et al. illustrated that star-shaped gold nanoparticles were the
most cytotoxic, whereas spherical forms were the least cytotoxic. The larger the
size, the lesser is the cytotoxicity (Steckiewicz et al., 2019). There is no significant
toxicity of tumor necrosis factor observed with colloidal gold delivery (Powell
et al., 2010). The toxicity also depends on the surface charge. Serious and five times
severe toxicity is observed in cationic compared to anionic nanoparticles. It is due
to the interaction between negatively charged cell membranes and positively
charged cationic, which leads to internalization and disruption of membranes (Jiang
et al., 2012). Silver nanoparticles are safe and effective for cancer treatment. There
is a thin line between the safety and adverse effects of silver nanoparticles, which
can be governed by monitoring the physicochemical properties (Mihail et al., 2016).
The size of the silver nanoparticles influences the cell viability, reactive oxygen spe-
cies generation, and lactate dehydrogenase action. Akter et al. demonstrated that the
generation of reactive oxygen species in the macrophage cell lines was more by
nanoparticles of size 15 nm and less by nanoparticles of size 55 nm (Akter et al.,
2018). As per findings, toxicity was due to the changes in biological media. It dis-
rupted the mitochondrial respiratory chain, thereby increasing the ROS level. It also
interfered with the production of ATP, causing DNA damage. It had also inhibited
cell proliferation by activating signaling pathways (Singh et al., 2017). Safety is
maintained if we ensure the controlled release of silver ions. An in vivo study using
zebrafish described size-dependent toxicity, with 100% mortality by the end of 120
hours. Toxicity can be decreased by sulfidation of silver nanoparticles, thereby
reducing the release of silver ions. Another approach was to coat the nanoparticles
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with organic (citrates, proteins, polymers, etc.) or inorganic (carbonate, chloride,
sulfide, etc.) capping agents. This coating stabilizes the nanoparticles, manages the
surface chemistry, gives a proper shape, and reduces the amount of silver ions
(Akter et al., 2018). In our body, iron oxide nanoparticles convert into elemental
iron species for hemoglobin production. IONPs are safe up to a concentration of
200 pg/ml. A high dose of IONPs leads to ROS generation, affecting the normal
functioning of the cell and cell apoptosis (Thomas et al., 2013). ROS generated in
higher amounts leads to cell damage, DNA disruption, alteration in gene transcrip-
tion, and protein alteration. The surface charge should be neutral. The cationic sur-
face charge may lead to hemolysis and aggregation of platelets (Liu et al., 2013).
Coating the surface will mask the oxidative sites, rendering the nanoparticles less
reactive. For coating, various organic polymers like chitosan, poly(ethylene)glycol
(PEG), dextran, and organic surfactants like sodium oleate, dodecyl amine, and
inorganic metals can be used (Singh & Sahoo, 2013; Zhu et al., 2016). IONPs of
10-100 nm have promising pharmacokinetics (Zhu et al., 2016). Santhosh and
Ulrich’s study concluded that PEG-coated IONPs showed no cytotoxicity, and cyto-
toxicity was due to uncoated IONPs (Santhosh & Ulrih, 2013).While evaluating
dextran-coated IONPs, there was a decrease in proliferation; and cell death was
observed. It was due to the breaking of the dextran coat that exposes cells to iron
oxide aggregates (Singh et al., 2010). These nanoparticles may get detached from
the surface of tumor due to cell division or leakage, so it is advisable to study the
clearance pathway in the initial phase to develop efficient targeted systems (Liu
et al., 2013). The fluorescent mesoporous nanoparticles were compatible at thera-
peutic doses, and it reduces the associated toxicity of chemotherapeutic agents
along with excellent tumor suppression (Lu et al., 2010). Selenium in large quantity
leads to toxicity. Some chemical forms have reported genotoxicity, but there is
insufficient reported data to claim it a carcinogen. At times, selenosis occurs; hence,
long-term use is not recommended. The toxic level leads to hair loss, damage, or
removal of nails and skin lesions and affects the nervous system (Brozmanova
et al., 2010).

Titanium dioxide exhibits noticeable toxicity like genotoxicity and cytotoxicity
in humans. The large surface area and redox activity also contribute to the toxicity.
The intraperitoneal injection of titanium dioxide in mice results in acute toxicity
like tremor, lethargy, loss of appetite, and passive behavior. It showed more toxic
effect on the kidney compared to the liver (Chen et al., 2009; Jinyuan et al., 2009).
Zinc oxide can dissolve in the extracellular region, which increases the intracellular
level of zinc oxide, leading to toxicity. Toxicity can also be due to uptake of zinc
oxide by cells, followed by its dissolution. The systemic exposure of zinc oxide
leads to neurological effects (Pandurangan & Kim, 2015).

In a study on polymeric nanobiomaterials by Jesus S. et al., the group concluded
that oral toxicity associated with chitosan nanoparticles is ruled out, confirming
compatibility of nanoparticles with the blood components. Dose-dependent toxicity
is seen on intravenous (iv) injection. In various studies, there is a proportionate
increase in ROS associated with chitosan nanoparticles. The generation of ROS is
less in the nonlethal concentration (1%) of chitosan. Further, it is reported that
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PLGA NPs did not exhibit toxicity on oral or intravenous (iv) administration. Only
one study reports the toxicity of daunorubicin-PEG-PLL-PLGA nanoparticles
(Jesus et al., 2019). The toxicity evaluation of cationic and anionic polyamidoamine
in zebrafish demonstrated that cationic form caused cardiovascular dysfunction and
decreased survival rate, whereas anionic form did not show such toxicity (Jia et al.,
2019). As per findings, bovine serum albumin decreased cytotoxicity associated
with PLGA (Razavi & Khandan, 2017). Literature also reports that there is toxicity
associated with polycaprolactone (PCL) on intravenous (iv) and intraperitoneal (ip)
administration (Garcia et al., 2014). Administering paclitaxel-tamoxifen in polyeth-
ylene oxide-polycaprolactone via the iv route had a significant anticancer activity
with minimal toxicity (Prabhu et al., 2015).

The macrophage cells are inefficient in completely engulfing the long fibers of
carbon nanotubes. It leads to the production of ROS and inflammatory response.
Contents of metal impurity in carbon nanotubes (CNTs) also determine the carcino-
genicity. Apart from this, particle length and width also have an impact on safety.
CNTs having a large diameter or tangled ones are comparatively less toxic. The
fabrication should be such that it is biocompatible, biodegradable, and water-
soluble; otherwise, it will lead to chronic toxicity (Yamashita et al., 2012). If CNTs
are present as aggregates, it becomes difficult for macrophages to recognize them,
leading to potential systemic toxicity. Doping the surface can increase or decrease
toxicity. The acid-oxidized CNTs induce more toxicity, whereas nitrogen doping
decreases toxicity (Narei et al., 2018). Injecting multi-walled CNTs in zebrafish
leads to long-term reproductive toxicity and a higher death rate. It may be due to
metal catalyst residues that is not removed during purification (Jia et al., 2019).
Using purification techniques like sonication in different media, treatment with
hydrochloric acid, ion-exchange chromatography, etc. can tackle this problem
(Eatemadi et al., 2014).

The blank starch nanoparticles are safe, and there is no significant effect on cell
viability, even at a dose of 2 mg/ml (Dandekar et al., 2012). Yu et al. performed
chemo-photothermal therapy to eradicate tumors using hydroxyethyl starch-based
nanoparticle systems. It was biodegradable and biocompatible and had efficient and
safe in vivo performance (Yu et al., 2019). Zhao K et al. also found hydroxyethyl
starch nanoparticles safe compared to the free doxorubicin. The conjugate had
lower organ toxicity; hence, long-term administration is possible (Zhao et al., 2017).
Saralkar P and Dash A prepared curcumin-resveratrol alginate nanoparticles for
evaluating the effect on prostate cancer cell line DU145. The blank nanoparticles
were found to be safe as they did not cause hemolysis and showed cytotoxic effect
on cancer cells (Saralkar & Dash, 2017). Alginate is biocompatible, biodegradable,
nontoxic, and hemocompatible (Bhunchu & Rojsitthisak, 2014). On investigating
pullulan, it did not show any alteration in liver and kidney tissues. Even the orally
administered dose did not show significant signs of toxicity. There was no change in
clinical findings even after 14 days of repeat toxicity study (Raychudhuri et al.,
2020). The folate-conjugated pullulan acetate nanoparticles for cervical cancer did
not exhibit mortality in the control as well as the experimental group. There is a
minor change in vital organs, along with inflammation in experimental groups
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(Tang et al., 2015). The long-term use of heparin leads to thrombocytopenia, osteo-
porosis, and bleeding in women. Also, it triggers the immune system, forms abnor-
mal clots, and leads to myocardial infarction, stroke, and ischemia. Therefore,
monitoring of patients is required (Hwang & Lee, 2016).The doxorubicin-silk
fibroin hydrogel is safe and efficacious compared to iv doxorubicin in the treatment
of breast cancer. It is efficient in reducing tumor growth and metastasis (Jastrzebska
et al., 2015).

Albumin selectively accumulates in the tumor as the tumor cells require it to
meet their increasing need of amino acids and energy (Li et al., 2020). Albumin is
biodegradable, biocompatible, and non-immunogenic and has specificity for glyco-
protein 60 receptor present in cancer cells. It allows the delivery of various antican-
cer drugs without inducing an immune response (Lomis et al., 2016). Drugs bound
to albumin are likely taken up by cancer cells compared to normal cells rendering it
safe. Usually, cationic polymer-based nanoparticles exhibit incompatibility and
cause hemolysis and cytotoxicity. But, the bovine serum albumin nanoparticles do
not damage RBC, cell line, or endothelial cells in vitro (Taguchi et al., 2013).

Importance of Dose of Nanobiomaterials

It is the dose that decides whether the outcome will exhibit a therapeutic effect or
toxicity. It is necessary to determine a practically feasible dose from pharmacoki-
netic and pharmacodynamic studies. It is important to observe the effects of a high
dose of nanobiomaterial as well as the toxicity due to long-term exposure. Also,
determine appropriate dosage form, route of administration, dosing frequency, and
exposure time, and establish safety protocols. There is a rare possibility of develop-
ing a neurodegenerative disorder, asthma, etc. due to exposure to high dose of nano-
material. It necessitates the dose calculation of nanomaterial along with active
pharmaceutical ingredients (Tekade et al., 2018). To explain the importance, we
would like to quote certain examples. Using 10/20/50 nm-ranged gold nanoparticles
can lead to liver damage. However, a single dose of gold nanoparticles did not lead
to liver toxicity. Based on the observations of the same study, it was proposed that
administering gold nanoparticles dose of 2.5 mg/kg after every 48 hours for 21 days
did not cause any liver or brain toxicity (Pastoris Muller et al., 2017). In another
example, the biotin-modified pullulan nanoparticle did not show apparent acute tox-
icity up to 200 mg/kg (Tang et al., 2015). The intraperitoneal injection of 1.5 g/kg
of mesoporous silica nanoparticles leads to distress or death in mouse. It is attrib-
uted to high doses and size of nanoparticle (Lu et al., 2010). The use of selenium in
low dose helps in cancer prevention, reduces inflammation, and regulates blood
pressure, but intake of 300700 pg/day leads to toxicity (Sanmartin et al., 2012).



342 S. Bhanushali et al.
Safe-by-Design Strategy for Developing Safer Nanotherapeutics

On seeing the adverse effects associated with nanomaterials, there is a need for
efforts to minimize the risk during the development stage. Scientists have proposed
a safe-by-design (SbD) strategy for developing safer nanotherapeutics (Yan et al.,
2019). It is an innovative approach that stands on the pillars of safe materials, safe
production, and safe use for maximizing safety while maintaining the efficacy of the
final product (Schmutz et al., 2020).

The word “design” in safety-by-design does focus not only on the properties of
nanomaterials that we modify but also on the entire process, the materials, as well
as the final product. The implementation starts with defining the workflow of the
project along with a schedule of evaluating the collected data of nanomaterial prop-
erty, defining prerequisites, characterizing process, and product safety profile
(Kraegeloh et al., 2018).

The product developed should be safe and meet all the regulatory requirements.
Being a new concept, it is not a part of the ICH, FDA, or EMA guidelines (Schmutz
et al.,, 2020). It follows REACH and OECD guidelines. REACH stands for
Registration, Evaluation, Authorization, and Restriction of chemical substances. It
emphasizes risk management by following three principles: evaluating the effect,
assessing the exposure, and characterizing the risk. Effect evaluation involves the
collection of data that affect toxicity like size, distribution of size, shape, surface
area, aggregation, stability, surface property, and reactivity. As per reports, smaller
particle size showed more toxicity due to greater uptake by cells. The positive
charge exhibited more toxicity due to an increase in interaction with negative charge
present on the biological membrane. Also, high ionic dissolution and rod-shaped
nanomaterials caused damage to the cells. Exposure assessment identifies all the
likely sources of exposure in the manufacturing process. Finally, risk characteriza-
tion involves adapting a strategy for testing and managing the risk (Zielinska et al.,
2020). The Organisation for Economic Co-operation and Development (OECD) has
published a guideline on the quantitative structure-activity relationship for the envi-
ronment, health, and safety (Schmutz et al., 2020). The OECD is used to develop
nano-QSAR for developing a relationship between physicochemical properties of
nanobiomaterials and observed desirable and undesirable effects. However, this
technique requires more quantitative data of structure and chemical properties to
develop a robust technique to co-relate the structure with the response (Yan
et al., 2019).

Various strategies under safe-by-design can establish safety in products. It
involves coating, doping, grafting, loading, optimizing size/shape, managing sur-
face charge, reducing persistence, reducing interaction, and passivating defect site
(Torres Andén & Fadeel, 2014; Yahaya & Zain, 2017; Yan et al., 2019; Reijnders,
2020). Coating involves encapsulating toxic material inside a biocompatible carrier
to decrease the potential side effects (Yan et al., 2019). Coating the inorganic nano-
material with polymers or silica decreases undesirable contact with biologics, while
coating the rare-earth oxide with phosphate reduces the impact of damage caused



13 Safety of Nanobiomaterials for Cancer Nanotheranostics 343

by phosphonates due to phosphate stripping. The coating of carbon nanotubes with
poloxamer reduced lung fibrosis (Reijnders, 2020). The coated gold nanoboxes
were capable of developing personalized nanosystems for treating lung cancer
(Movia et al., 2014). Doping involves the addition of a small amount of foreign
atoms to modify the electrical, optical, or magnetic properties. It leads to change in
energy near the surface, causing charge separation which will interfere ROS genera-
tion and oxidative stress (Yan et al., 2019). As per literature, doping the copper
oxide nanoparticles with 1-10% iron reduced cytotoxicity, rendering it safe to the
environment (Naatz et al., 2017). Doping nano-silica with iron and titanium mini-
mizes inhalation hazards (Reijnders, 2020). Grafting is the covalent attachment of
targeting ligands to nanomaterials. There are two modes of grafting — “grafting-to”
and “grafting-from.” Grafting-to approach attaches reactive species to functional-
ized surface of nanomaterial, whereas grafting-from involves embedding nanomate-
rial inside a matrix (Yan et al., 2019). Grafting the carbon with small organic
molecules reduced cytotoxicity. Loading is like grafting, but here it involves non-
covalent bond formation. It helped in improving drug delivery and imaging
(Reijnders, 2020). Next comes the optimization of properties. The cellular uptake
and its distribution in the tissues depend upon the size of nanomaterial. The higher
the uptake by the cells, the higher is the toxicity observed (Torres Andén & Fadeel,
2014). Studies have reported that the size of nanomaterials used in cancer should be
in the range of 2—200 nm for having suitable half-life and accumulation in tumor via
EPR effect (Yan et al., 2019). The small particle size in the range of 1-100 nm had
a hazardous profile compared to bulk or large particle size formulation (Dekkers
et al., 2020). The shape of nanomaterial will also determine the toxicity. The mac-
rophages can efficiently engulf ellipsoidal-shaped particles compared to spherical
nanoparticles. Nanoformulations that are in the form of needle or multi-walled
nanotubes resist uptake of macrophages and cause damage to cellular membranes
(Torres Andén & Fadeel, 2014). The shape of nanomaterial influences the stability,
surface adsorption, transport, and absorption in the body (Zielifiska et al., 2020).
The surface charge of the nanocarrier is also responsible for the interaction with
biological membranes. If the nanocarriers have net positive charge, it interacts with
the negative charge of the cell surface. It increases the rate of internalization and
associated toxicity of positively charged nanocarriers compared to negatively
charged nanocarriers (Torres Andon & Fadeel, 2014). All the above discussed points
were strategies to promote safety; in the following sections, we will discuss what
parameters can be controlled or reduced to enhance safety of nanobiomaterials.
Avoiding or reducing the use of toxic elements eventually decreases toxicity
(Yahaya & Zain, 2017). Attempts to modify the oxidative state to alleviate reactivity
of nanocarriers are required. One can reduce the release of toxic material from the
matrix by optimizing Van-der Waals, coordination and ionic and covalent bonding
present between matrix and nanoparticle with the aid of stabilizer or compatibiliz-
ers. There is a need to reduce the persistence of such materials or develop strategies
to control their end life (Yahaya & Zain, 2017). Sometimes, the presence of defects
like steps, kinks, corners, and edges have atoms possessing weak bonds that can
lead to change in electronic structure and reactivity. Passivation of such defects
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during the development stage inhibits such toxic reactions without hampering
desired activity of nanomaterials. It is possible by simple coating, for example, zinc
oxide, and iron oxide nanoparticles can be coated with silica shells to shield the
reactive site on the surface. Such coatings impart stability and biocompatibility,
thereby maintaining functionality (Yan et al., 2019).

Safe-by-design (SbD) also helps in risk assessment, addressing the uncertainty,
indeterminacy, and responsibility toward the design. This uncertainty is managed by
identifying the risk and defining the consequences if the risk occurs without ignor-
ing the facts. Sometimes, the risk is due to scenario uncertainty; to resolve this,
apply a safety factor that makes it several times safer than expectations. Another
approach is substituting all the dangerous parameters with less dangerous ones.
However, one must understand that it is not possible to control all the hazards, but
addressing only known parameters develops more uncertainty. Ruling out the inde-
terminacy will make the design more adaptable. The operators should have adequate
expertise and skills to improve safety. There should be constant self-improvement
within workers to remove indeterminacy and exposure to unknown hazards. Lastly,
there should be a sense of responsibility, to not only safeguard themselves but also
protect the end user (Van De Poel & Robaey, 2017).

“NaNoREG” and “Prosafe” are European projects for guiding the industry for
SbD of manufactured nanomaterial. It is a combination of the innovative manage-
ment process, risk assessment, environment, health, and safety assessment with
regulatory affairs and data management. It consists of four elements: innovative
projects, safety dossier, safety profile, and SbD protocols. The objective is to trans-
fer precautionary measures to practical actions. It involves the use of all the precau-
tionary measures to eradicate uncertainty and associated risks that may hinder the
product’s entry to the market (Kraegeloh et al., 2018). NaNoREG has introduced an
innovative approach for effective communication between regulators, researchers,
decision-makers, and industry. It has developed SbD, on the stage-gate model,
where the entire project is divided into various stages from the proposal of idea to
its entry in the market and contains a gate between every stage and where decisions
regarding cancellation, modification, or its entry into the next stage are taken
(Micheletti et al., 2017). Another project named GoNanoBioMatSbD was devel-
oped from the SbD approach to deal with polymeric nanocarriers. It involves design
of the material, evaluation, human health and environment risk, manufacturing and
control, storage, and transport. The initial stage includes all the set of questions such
as type of drug, its application, dose, and design of nanocarrier, which is an exten-
sive literature search. It is followed by screening the model for toxicity with the aid
of QSAR modelling. It is necessary to evaluate human risk at the initial stage with
the help of literature search and toxicity modeling. The material design stage com-
pares all the nanobiomaterials and attempts to maintain a proper balance between
safety, efficacy, and budget. Then, it characterizes the polymer properties for opti-
mizing the batch. It is tested for all types of toxicity, like immunotoxicity, carcino-
genicity, and mutagenicity, and the endpoints are noted. All the environment risks
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are listed, and after comparing all the nanobiomaterials, at least one nanobiomate-
rial is selected by the end of this stage. It is followed by manufacturing and control
steps. It is also necessary to apply the good manufacturing practices (GMPs) and
define critical quality attributes (CQAs) and critical process parameters (CPPs),
scale-up, storage, and transportation measures (Schmutz et al., 2020).

Gold Standard for Safety Assessment

The use of zebrafish is considered a gold standard for safety assessment (Jia et al.,
2019). The evaluation is done on zebrafish from the environment, health, and safety
perspective of nanomaterial, which helps in risk assessment and framing guidelines
on safety, precautionary measures, control, and strategy development to improve
characteristics of nanobiomaterial and decrease the associated toxicity (Chakraborty
et al., 2016). Zebrafish is gaining importance due to similarities with humans.
Compared to rodents’ models, it has more sensitivity toward toxins, and it develops
a toxicity mechanism quickly. It is preferred due to small size, ease of handling, and
less requirement of chemicals to determine toxicity (Kim et al., 2019). It is widely
used in bioimaging to characterize the toxicity profile of nanomaterials. An experi-
ment depicted that silver nanoparticles in the size range of 30-72 nm were able to
diffuse in zebrafish embryos, leading to potential toxicity. To evaluate the cytotoxic-
ity of gold nanoparticles, use the zebrafish model. The 20-day exposure of 16 and
55 pg/g dry weight of gold nanoparticles caused change in oxidative stress, neuro-
transmission, and mitochondrial metabolism. The evaluation of cytotoxicity of car-
bon nanotube was assessed using this model, which showed bioaccumulation of 16
L/kg wet weight of fish and biochemical alterations (Chakraborty et al., 2016).
There was a disturbance in the behavior and development of zebrafish exposed to
cadmium tellurium quantum dots. Titanium dioxide leads to neurotoxicity when it
is in the form of nanoparticles compared to bulk titanium dioxide. The metal oxides
interfered with hatching of zebrafish. Thus, to assess the safety of nanobiomaterials,
the zebrafish response is evaluated (Haque & Ward, 2018).

Toxicology Study

The most common toxicological studies of nanomaterials involve analysis of physi-
cal and chemical parameters and in vitro, in silico, and in vivo evaluations. In vivo
and in vitro toxicological studies are mostly carried out in animal models or cell
models (Pandey & Mishra, 2019).
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In Vitro and in Vivo Toxicology Study in Vitro Assessment
of Nanomaterial Toxicity

The in vitro toxicology studies of nanobiomaterial involve the test for cytotoxicity,
genotoxicity, apoptosis, and markers of oxidative stress. The benefits of in vitro
study include reduced animal testing, faster analysis, and lower costs, and it is cur-
rently required to produce and confirm in vitro assays to determine nanomaterial
toxicity. For evaluating the cytotoxicity of biomaterials, use multiple assays like cell
membrane integrity, functionalization assay, and cell proliferation assay (Pandey &
Mishra, 2019; Stone et al., 2009).
Table 13.1 gives a brief description of all assays for in vitro toxicology study.

In Vivo Toxicology

In vitro characterization used to estimate the nanotoxicity of nanomaterials is not
sufficient to ensure complete human safety (Tekade et al., 2018). In vivo toxicology
study is also commonly conducted on animal models like mice and rats. Zebrafish
(Danio rerio) is also a popular model and has several distinct benefits in toxicologi-
cal testing over its mammalian counterparts (Jia et al., 2019). The biodistribution,
clearance, hematology, serum chemistry, and histopathology are among the evalua-
tion techniques for in vitro toxicity. Biodistribution studies investigate the path of
localization nanoparticles to the tissue or organ. Nanoparticles are detected in the
killed or live animals through radiolabels. One can perform the clearance studies of
nanoparticles to analyze the excretion and metabolism of nanoparticles at different
intervals after exposure (Kumar & Sharma, 2017). The examination of alteration in
serum chemistry and cell type following exposure of nanoparticles is another tech-
nique for in vivo toxicity evaluation. Studies have been conducted to evaluate the
histopathology of the cell, tissue, or organ after exposure to determine the toxicity
effect induced by nanoparticles (Lei et al., 2008). Histopathology examination
determines nanoparticle accumulation in tissues such as the lungs, eyes, brain, liver,
kidneys, heart, and spleen (Baker et al., 2008).

Biocompatibility Study

Biocompatibility is related to the capacity of a biomaterial to carry out its specific
medical therapy role without having any unintended effect on the patient or effect of
the patient on the therapy (WEBSTER et al., 2013). It determines the incompatibil-
ity with the biological system. The compatibility with blood is an important attri-
bute to claim safety. Nanomaterial incompatibility with blood can result in protein
complexes and complement activation of the system by forming a clot. Different
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Table 13.1 In vitro toxicology studies to determine toxicity of nanomaterials and evaluate them
for cytotoxicity, genotoxicity, apoptosis, and cell viability

Assay Details Merits Demerits Reference
Trypan blue dye It helps in This method is | This method (Strober &
exclusion assay determining the | easy to apply, |cannot Diseases,
cell viability. It | economical, distinguish 2019; Adan &
involves and widely between Baran, 2016)
assessment used apoptosis and
based on cell necrosis. It has
membrane low sensitivity

integrity. The
dead cells uptake
the dye, whereas
living cells do
not uptake the
dye

Lactate dehydrogenase
(LDH) assay

It is used to
assay the
cellular
cytotoxicity. It is
a colorimetric
technique which
measures LDH
enzymes
released from
dead cells. The
released LDH is
determined by a

This method is
simple and
reliable
facilitates faster
evaluation

It determines
only the last
apoptosis/
necrosis stage.
It interferes
with the culture
media. The use
of this method
is limited to the
compounds
with low-serum
or serum-free

(Katriina
Lappalainen
etal., 1994),
(Adan &
Baran, 2016;
Aslantiirk &
Aslantiirk,
2018)

coupled compounds

enzymatic action

which gives

red-color

formazan
MTT (3-(4,5- It determines It is easy and There is (Stone et al.,
dimethylthiazol-2-yl)- cytotoxicity and | safe to use. It | significant 2009)
2,5-diphenyltetrazolium | cell variability | has high well- to-well (Langdon,
bromide) assay by estimating reproducibility. | error is 2003;

activity of It is widely observed in this | Aslantiirk &

mitochondrial used and is method. Aslantiirk,

enzymes. The superior to Formazan is 2018)

principle exclusion dye | insoluble in

involves methods water. It is

reduction of difficult to

MTT to remove cell

water-soluble culture media

insoluble purple

formazan by

mitochondrial

NADH enzymes

(continued)
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Assay Details Merits Demerits Reference
XTT (sodium 3,3" — This method This method is | The outcome of | (Aslantiirk &
[1(phenylamino)- helps in more sensitive | this method Aslantiirk,
carbonyl]-3,4- determining and easier depends upon | 2018; Kuhn
tetrazolinium]-3(4- cellular viability | compared to the reductive et al., 2003)
mdthoxy-6-nitro) by estimating MTT capacity of
benzene sulfonic acid the activity of viable cells
hydrate) assay mitochondrial with

enzymes. These mitochondrial

enzymes reduce dehydrogenase

XTT to activity

water-soluble

orange formazan
MTS (3-(4,5-dimethyl | This method This method The absorbance | (Malich et al.,
thiazol-2-yl)-5- (3- determines has high is influenced by | 1997),
carboxymethoxyphenyl)- | cytotoxicity and | precision. The | incubation (Aslantiirk &
2-(4-sulphonphenyl)-2H- | cell viability. identification | time, cell Aslantiirk,
tetrazolium, inner salt) Here, the of outcome is | number, and 2018)
assay mitochondrial faster. This cell type

enzymes reduce | method is also

the tetrazolium | cheap

salt

MTS to

water-soluble

formazan

compound
WST (water-soluble This method This technique | The reflection | (Aslantiirk &
tetrazolium) assay identifies the has high of effect of Aslantiirk,

number of viable | reproducibility. | addition of 2018), (Adan

cells. The Tt is safe and WTS-1, on & Baran,

principle easy to use testing at 2016)

involves the different

reduction of endpoints is

tetrazolium salt unclear

WST to
water-soluble
formazan by
mitochondrial
enzymes in
presences of

electron acceptor

like mPMS

(1- methoxy-5-
methyl-
phenazinium
methyl sulfate)

(continued)
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Table 13.1 (continued)
Assay Details Merits Demerits Reference
H3 This method There are no This method (Madhavan,
Thymidine Uptake helps in significant has harmful 2007), (Adan
determining advantages effects. It is & Baran,
DNA synthesis | associated with | time- 2016)
and cell this method consuming and
proliferation difficult to
handle
BrdU This method This method BrdU is a (Leif et al.,
(bromodeoxyuridine) helps in requires less potential 2004; Adan &
assay determining time and carcinogen Baran, 2016)
DNA synthesis | equipment. It is
and cell suitable for
proliferation. simultaneous
The DNA technique
synthesis can be
determined by
measuring the
incorporation of
BrdU in S-phase
using a
monoclonal
antibody or
BrdU ELISA
Ki-67 antigen This method This method This method is | (Scholzen &
helps in can determine | not suitable for | Gerdes,
determining the | all the phases | formalin-fixed |2000),(Singhal
DNA synthesis | of cell cycle paraffin etal., 2001),
and cell and mitosis sections (Romar et al.,
proliferation. It 2016; Adan &
gives Baran, 2016)
information

about the growth
of tumor cell and
the effect of
drug on it

(continued)
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Assay Details Merits Demerits Reference
ATP (adenosine It determines This method This method (Crouch et al.,
triphosphate) assay cell viability and | has very good | cannot 1993; Mueller

cytotoxic effects | sensitivity and | differentiate et al., 2004;

by estimating is widely between Adan & Baran,

the ATP levels. | applicable. It cytotoxic and | 2016)

The enzymes has a short cytostatic cells

luciferase and protocol to be

luciferin react followed.

with cellular
ATP

producing light
that can be
measured using
luminometer.
The
luminescence
light is directly
proportional to
viability of cells
Ames test This method This method is | This method is | (Dusinska
determines approved by less suitable for | et al., 2012)
genotoxicity. It | regulatory bacterial (Arne
uses Salmonella | bodies. It is agents. Biesiekierski
Typhimurium simple and Sometimes, the | et al., 2018)
which has gives faster prokaryotic
mutation in gene | results models might
encoding reflect
histidine eukaryotic
enzyme. model
Therefore,

subjecting to
toxic insult leads
to reverse
mutation This
reverse mutation
helps in
identification of
mutagen/
carcinogen

(continued)
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Table 13.1 (continued)
Assay Details Merits Demerits Reference
Annexin-V assay The method This method In this method, | (Kumar &
helps in the can identify the | the intensity Sharma, 2017)
identification type of cell andthe (Michiko et al.,
and undergoing patterndiffer 2002)
quantification of | apoptosis. It depending on
apoptotic cells. | can also efficacy of
Annexin-V determine the | injection
binds to early phase of | protocol. This
phosphatidyl apoptosis method is
serine on the expensive
surface of sometimes
apoptotic cells.
The flow
cytometer allows
identification of
both apoptotic
and necrotic
cells
TUNEL (terminal The method This method The method (Shmuel,
transferase dUTP helps in the can detect the | sometimes 1992)
labelling) assay identification concentrated gives false (Arne
and DNA positive results. | Biesiekierski
quantification of | fragments. The | Therefore, etal., 2018)
apoptotic cells. | commercial there is aneed | (Michiko et al.,
The assessment | kits of this test | of additional 2002)
is possible due | are available assay to
to the selective confirm the
binding to the results. It is
fragmented end time
of DNA strand consuming and
expensive
Comet assay It helps in the This technique | This method (Sligo et al.,
detection of has high does not detect | 2018)
DNA damage sensitivity. It aneugenic (Costa & Paulo
and repair requires small | effect and Teixeira, 2014)
The principle is | number of cells | epigenetic
based on per cycle effect of DNA.
separation of It cannot detect
DNA fragment DNA fragments
using gel from apoptosis
electrophoresis. and necrosis

The relative
intensity of tail
of comet to its
head accounts
for the DNA
damage
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nanomaterials have been documented to induce a hemolytic impact through differ-
ent mechanisms, such as oxidative damage to the membrane, changes in osmotic
stability, enzymatic modifications, and alterations in the physical properties of
blood (Pandey & Mishra, 2019). Different assays, such as bleeding time, clotting
time, prothrombin time, thrombin time, and activated partial thromboplastin time,
are useful for analyzing the influence of nanomaterial on extrinsic and intrinsic
pathways of blood (Tekade et al., 2018).

Risk Assessment of Nanomaterials

Risk assessment involves identifying the potential of risk, usually by giving a score
or ranking. The main aim of risk assessment is to provide details that will be useful
in evaluating substitutes (Hegde et al., 2015). To choose any nanomaterial, the
human health risk assessment must be correlated with exposure to hazard assess-
ment (Jesus et al., 2019). Exposure assessment is an estimation of the concentra-
tions or doses that the human population experiences through the environment or
environmental compartments (Hegde et al., 2015). Human exposure to nanomateri-
als is possible via numerous routes at various phases of nanomaterial synthesis
(Sligo et al., 2018).The different exposure routes include respiratory, oral, ocular,
dermal, and parenteral route (injectable and implantable). We will further discuss
the most prominent exposure routes and characteristics of NMs (Sharma et al.,
2016). The respiratory system is the most popular route of exposure for ENM in the
occupational environment. The particle size in the respiratory system has a signifi-
cant effect on their distribution and lung aggregation (Kreyling et al., 2009;
Pietroiusti et al., 2018). In the alveolar area, particulate size around 20 nm has the
largest percentage of rate of deposition, and a size less than 55 nm will reach the
alveoli more successfully compared to particle size 200 nm or larger. Nanomaterials
with a positive charge show higher interaction with the negative charge of mucus,
thus avoiding fast mucociliary clearance (Jesus et al., 2019). The skin is the largest
organ in the human body and hence has a potential role in dermal exposure to
ENMs. Estimates of potential dermal exposure to generate ENMs have been
recorded in the workplace. However, there is no convincing evidence for the entry
of ENM into systemic circulation by intact or even injured or inflamed skin.
However, dermal penetration may lead to nanoparticles penetrating the skin’s super-
ficial layers, the dermis, causing a local inflammatory reaction (Gulson et al., 2010).
For customers, the gastrointestinal path is theoretically important. However, at least
in contrast to the pulmonary path, oral exposure was lower in staff. It is notable that
a large proportion of nanoparticles inhaled are cleared into the oral cavity by the
mucociliary escalator cells and then ingested into the gastrointestinal tract
(Pietroiusti et al., 2018). The absorption depends on several variables, such as the
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form of nanoparticles, and essential physicochemical characteristics: particle size,
dispersibility, and charge (Patricia, 2015). The particles having a diameter of about
<50 nm and <500 nm cross epithelial barriers through paracellular and endocytosis.
The nanomaterial having a positive charge has more affinity toward the intestinal
mucus; hence, retention is more, and absorption is less. Neutrally charged nanoma-
terials diffuse more efficiently through the mucus layers s(Jesus et al., 2019). Hazard
assessment is an evaluation of the nature and severity of biological effects (typically
in toxicology studies). The hazard assessment concept is the same for nanomaterials
as for other substances (Kuempel et al., 2012). Hazard evaluation of nanomaterial is
done by using various toxicology tests and assays. Determination of hazard by
using experimental testing helps to identify the properties of a chemical or sub-
stance and its potential that leads to harmful health effects of human, terrestrial, or
aquatic organisms (Hegde et al., 2015).

Risk Management of Nanomaterials

Risk management for nanomaterials is assumed as naturalistic (Murashov, 2015).
Risk management pays attention mostly to choosing and implementing the most
appropriate risk monitoring step. It is widely seen that conventional structure and
devices for risk management systems do not cover all problems related to develop-
ing, handling, and use of engineering nanomaterial. Hence, it is required to develop
a new approach to become more responsive to the nano-specific problem (Marchant
et al., 2008). There are a variety of technical documents and recommendations
released by international organizations and standard-setting bodies that advise on
risk management problems and control measures associated with ENMs. According
to the risk management strategy, all possible hazards and exposures are determined,
tested, and evaluated (Oksel, 2017). The most effective hazard control strategy is
based on (1) limiting, substituting, and modifying the nanomaterials, (2) the engi-
neering process to minimize or eliminate exposure to the nanomaterials, (3) imple-
menting administrative controls that limit the quantity or duration of exposure to the
nanomaterials, and (4) providing for use of PPE (NIOSH, 2012). The Control of
Substances Hazardous to Health (COSHH) regulation, which requires employers to
properly control the occupational exposure to all chemicals used in the workplace
concentrates on preventing or reducing exposure to hazardous substances by con-
trolling equipment, procedures, and worker behavior, demonstrating the clear
importance given to management controls (e.g., supervision and training to reduce
exposure; Oksel, 2017).
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Regulatory Aspects

Legal Requirements

Cancer theranostics is one of the emerging field of cancer treatment and has multi-
ple functions, such as diagnostic and therapeutic functions, targeted and regulated
release of medicinal agents, and effectiveness of therapy (Svenson, 2013).
Regulatory approval of pharmaceutical drug products for human use, particularly
those that are biological products in which a nanomaterial in the finished products
is present, needs extensive toxicology and safety studies. The same is applicable for
any newly developed cancer theranostics. This can be a challenging job, as size,
shape, composition, surface properties, loading of drug, dosage, route of adminis-
tration, biodistribution, and pharmacokinetics are all variables that can influence the
toxicity profiles (Cole et al., 2011).

Nanotechnology is used in a wide variety of products governed by the FDA, such
as human drugs and biologics. Products containing nanobiomaterials have quality
characteristics which differ from those products that do not contain nanobiomateri-
als and therefore require analysis. The guidance document and review processes
provided by the FDA addresses issues such as public health impact, safety, effec-
tiveness, or the regulatory status of pharmaceutical products containing nanomateri-
als on case-by-case basis; and the guidance provided should be used as supplementary
with other documents (‘Guidance for Industry Considering Whether an FDA-
Regulated Product Involves the Application of Nanotechnology’, 2011; FDA/
CDER/"Yeaton, 2017).

It includes characterization of the nanomaterial, understanding of the expected
use and application of the nanomaterial, and how nanomaterial attributes contribute
to product quality, safety, and efficacy; it is also an effective structure for assessing
potential risks associated with nanomaterial-containing drug products. All drugs
including finished drug products and drugs that are subject to OTC monograph reg-
ulations should be manufactured under current good manufacturing practice
(cGMPs) as mentioned in the following sections: 501(a)(2)(B) of the Food, Drug,
and Cosmetic Act (FD&C Act); 21 CFR parts 210, 211, and 212; and the regulations
in 21 CFR parts 600-680. Building a knowledge base to better understand potential
threats to product safety, identification, strength, consistency, and purity character-
istics during the manufacture of nanomaterial-containing drug products is important
for robust control strategies and successful process validation protocols to be put in
place (FDA/CDER/"Yeaton, 2017; Guidance for Industry Considering Whether an
FDA- Regulated Product Involves the Application of Nanotechnology, 2011).

The current FDA guidance on determining new excipient safety is applicable
when a standard excipient is intentionally transformed into a nanoscale material. An
appropriate safety assessment is required when existing safety data does not com-
pletely demonstrate the safety of nanomaterials with regard to exposure period,
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exposure level, and route of administration. In case, a typical excipient has been
deliberately modified to be a nanomaterial or inserted into a nanomaterial; it is
important to research the effect on safety and exposure of the materials (Guidance
for Industry Considering Whether an FDA-Regulated Product Involves the
Application of Nanotechnology, 2011).

For Nonclinical Studies

All current guidelines from the International Council for Harmonisation (ICH) on
nonclinical safety studies of the drug product as well as the components are gener-
ally applicable to nanomaterial-containing drug products. In terms of safety, newly
developed drug products containing nanomaterials should be carefully analyzed:

(a) absorption, distribution, metabolism, and excretion (ADME) — Nanomaterial
drug products including excipients as drug carriers’ biological fate and possible
safety impacts in addition to active ingredient are required to be studied.
Radiolabelled or fluorescence of nanomaterial will help in biodistribution stud-
ies of materials.

(b) Risk assessment for routes of administration — While evaluating safety of a drug
product containing nanomaterials, the following route-specific issues should be
addressed and may require special evaluation in addition to the nonclinical
studies usually performed in support of drug product production.

(c) Testing of representative nanomaterial — Before conducting toxicity studies, the
nanomaterial to which the human is exposed should be known; and different
factors, media, and in vitro and in vivo solvents that affect the aggregation and
surface properties of the drug should be understood. Adequate validated method
of analysis should be employed to examine the test articles used in nonclinical
studies. In general, such nonclinical evaluations, normally carried out to sup-
port the manufacture of any drug product, will be sufficient to evaluate
nanomaterial-containing drug products when the clinical content is tested in
nonclinical studies.

(d) Bridging toxicology (a drug product not containing nanomaterials to a drug
product containing nanomaterials) — When an existing approved drug product is
changed to nanomaterial ADME and a bridging toxicology analysis may be
adequate and necessary to allow reliance on prior nonclinical expertise, pro-
vided that other regulatory requirements are met. Consideration should be given
to the effect of the transition on the drug ADME and the possible effects of the
transition on toxicity (FDA/CDER/"Yeaton, 2017; Guidance for Industry
Considering Whether an FDA- Regulated Product Involves the Application of
Nanotechnology, 2011).
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For Clinical Studies

Nanomaterial-containing drug products should be manufactured according to all
policies and guidelines that apply to the NDA, ANDA, IND, BLA, clinical efficacy,
and safety studies (Narang et al., 2018).

505(b)(2) Submissions — For the NDA (New Drug Application) submitted under
section 505(b)(1) and approved by 505(c) section (Guidance for Industry
Considering Whether an FDA- Regulated Product Involves the Application of
Nanotechnology, 2011)

505(j) Submissions — Approval for generic product referencing a nanomaterial
drug product can be applied by submitting an ANDA under section 505(j)of FD&C
Act (Guidance for Industry Considering Whether an FDA- Regulated Product
Involves the Application of Nanotechnology, 2011).

351(k) Submissions — For the development of a biological reference product
containing nanomaterials, existing guidelines on biosimilars should be followed. As
part of product development, the contribution of the nanomaterial to product
potency, safety, and purity should be assessed. Sponsors are encouraged to approach
the FDA early on to develop nanomaterial-containing biosimilars (Guidance for
Industry Considering Whether an FDA- Regulated Product Involves the Application
of Nanotechnology, 2011).

Bioanalytical Methods — After the administration of products containing nano-
materials, the clinically important elements, i.e., the parent drug and major active
metabolites, should be calculated in the required biological matrices. It is recom-
mended to use verified, relevant, and highly sensitive methods for examination of
free and nanomaterial-associated drugs (Guidance for Industry Considering
Whether an FDA- Regulated Product Involves the Application of
Nanotechnology, 2011).

In vitro Tests — The following parameters such as biocompatibility, plasma pro-
tein binding, stability, in vitro clearance, and metabolism should be carried out with
human biomaterials (Guidance for Industry Considering Whether an FDA-
Regulated Product Involves the Application of Nanotechnology, 2011).

Immunogenicity — Applications for general guidelines for risk reduction associ-
ated with adverse immune responses shall address the FDA Guidance on the
Evaluation of Industry Immunogenicity for Therapeutic Protein Products and the
ICH Guideline S8 Immunotoxicity Research for Human Pharmaceuticals on sample
approaches. Assessments of the probability of immunogenicity of biological prod-
ucts having a nanomaterial nonbiological component should consider the adjuvant
properties of the component. Accordingly, the biological products that contain a
nanomaterial component may have different immunogenic properties, which are
important to be assessed (Guidance for Industry Considering Whether an FDA-
Regulated Product Involves the Application of Nanotechnology, 2011).
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Environmental Impact Considerations

The National Environmental Policy Act (NEPA) requires federal agencies to deter-
mine the environmental effects and to ensure that environmental analysis is made
known to the concerned and affected public. Applicants must submit an environ-
mental assessment (EA) or claim categorical exclusion [21 CFR 25.15(a)]. The
information registered in EA will be reviewed by the CDER (Center for Drug
Evaluation and Research) or CBER(Center for Biologics Evaluation and Research)
to decide if it is reliable, or the proposed action may have a substantial effect on the
quality of the human environment. They encourage industries to notify them in
early development phase of their plan to either demand a categorical exclusion or
apply for an EA in order to assist them in decision-making and late-cycle informa-
tion requests (Guidance for Industry Considering Whether an FDA- Regulated
Product Involves the Application of Nanotechnology, 2011; Narang et al., 2018).

Global Regulatory Strategy
Organisation for Economic Cooperation and Development (OECD)

Within its chemical safety framework, the Organisation for Economic Cooperation
and Development (OECD) initiated a strategic initiative in 2006 which provides a
global forum to discuss and support responsible development of nanomaterials pro-
cessed, in particular their safety assessment and risk assessment. They established
Working Party on Manufactured Nanomaterials (WPMN). It facilitates global col-
laboration on aspects of the human health and environmental protection of manu-
factured nanomaterials and focuses on the production of suitable methodologies and
techniques to ensure the safe use of nanotechnology (Rauscher et al., 2017).

They are divided into six groups, namely, environment, health, and safety
research strategy on manufactured nanomaterials, development of research database
nanomaterials, safety testing of a set or representative manufactured, cooperation on
voluntary schemes and prevention, manufactured nanomaterial test guidelines, and
cooperation on risk assessments and exposure measurement (Park & Yeo, 2016).

Data obtained in accordance with the guidelines are covered by the Mutual
Acceptance of Data (MAD) agreement of the OECD for the assessment of chemi-
cals. MAD is a critical component for international harmonization of chemical
safety approaches by regulatory acceptance of these test guidelines. Therefore,
MAD also includes data on nanomaterials collected following OECD test guide-
lines that are specific to nanomaterials (Rauscher et al., 2017).
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International Organization for Standardization (ISO)

ISO was established in June 2005 and is composed of 33 member countries and 15
observing countries. The ISO/TC 229 conducted ISO standardization of nanotech-
nologies based on four working groups (WGs): terminology and nomenclature (WG
1), measurement and characterization (WG 2), health safety and environmental
aspects of nanotechnologies (WG 3), and material specifications (WG 4). It plays a
significant role in developing basic framework for global nanotechnologies for risk
assessment, risk control, and standardization (Park & Yeo, 2016).

Emerging Green Nanomaterial Approach
for Cancer Theranostics

Researchers are moving toward safer and environment friendly approaches, which
are not only safe for the environment but also for health. Many advances had been
made in research toward a greener approach, where natural plant extracts, sources,
and microorganisms are used for the synthesis of biogenic nanoparticles. The manu-
facturing of nanoparticles can be carried out using three methods: physical, chemi-
cal, and biological (green) methods. The conventional methods, physical and
chemical methods, have certain limitations such as high energy consumption, low
production rate, use of toxic and hazardous chemicals, instability, huge production
cost, and environmental and health hazards (Si et al., 2020). The alternative meth-
ods are biological methods based on green nanotechnology (Saravanan et al., 2019).
The advantages of green nanotechnology over conventional are low cost production,
less energy consumption, use of renewable sources, resolving sustainability prob-
lems of climate change, reduction in use of toxic chemicals, simplicity of handling,
and biodegradable yet recyclable products (Barry, 2019; Si et al., 2020). In the last
few years, metal nanoparticles such as gold, silver, platinum, palladium, selenium,
zinc, and copper have proven to be of great interest in the field of cancer
theranostics.

Plants Used as a Natural Source for Green Approach

The phytochemicals extracted from the plant source are useful in combating cancer.
Phytochemicals present in the medicinal plants had shown cytotoxic effects against
cancer cells. Though phytonanotechnology has high potential in synthesizing bio-
genic nanoparticles, the exact mechanism of the phytosynthesis is yet to be under-
stood (Saravanan et al., 2019). Plant parts such as roots, leaves, and barks are
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collected, washed, and cut into small pieces for extraction under sterile conditions.
The extract is purified by filtration and centrifugation. Extract, metal salt, and water
are incubated for the growth of nanoparticles. The natural compounds used are
starch, glucose, chitosan, sucrose, and calcium alginate as reducing and/or capping
agents. Nontoxic, biodegradable polymers such as polyethylene glycol(PEG) and
carboxymethyl cellulose(CMC). Nanoparticles synthesized are generally spherical
in shape (Noruzi, 2015). Reduction and agitation methods, choice of suitable types
of protecting agents, and concentration; synthesizing conditions such as pH, con-
centration of reductive biomass, temperature, and time; and use of alternative energy
sources such as ultrasound and UV light are some of the factors responsible for the
sizes and shapes of nanoparticles (Barry, 2019).

Microorganisms Used as a Natural Source for Green Approach

Various microorganisms such as yeast, fungi, bacteria, and algae are studied and
used for synthesis of biogenic nanoparticles. One of the drawbacks of using micro-
organisms is that they require long incubation period for reduction, whereas the
plant-based synthesis is quick. The use of microorganisms also has biosafety issues,
where they are resolved in green synthesis using plant extracts (Ovais et al., 2016).

There are two approaches of synthesis, i.e., intracellular and extracellular. The
advantage of extracellular process over intracellular process is that it is devoid of
downstream processing steps. Downstream processing steps in an intracellular pro-
cess are the recovery steps. It includes sonication, centrifugation, and washing steps
for purification of nanoparticles. There are some important factors that play a cru-
cial role in synthesis. Some important factors play a crucial role in synthesis, includ-
ing metal-resistant agents, proteins, peptides, enzymes, reducing cofactors, and
organic materials that play a role of a reducing agent (Soni et al., 2019).

For nanoparticles synthesis, the widely used bacterial species include
Actinobacteria sp., Escherichia coli, Klebsiella pneumonia, Lactobacillus spp.,
Bacillus cereus, Corynebacterium sp., and Pseudomonas sp. (Soni et al., 2019).

In recent years, the studies have confirmed the biocompatibility and effective-
ness of green nanoparticles and can be used as theranostic agent for cancer. The
anticancer potential of phytosynthesized metallic NPs has grown over the past
decade, with relatively little research on their genotoxicity, pharmacokinetics, phar-
macodynamics, and safety profiles alone or in combination with others. The studies
conducted on in vivo models elicit potential value of green nanoparticles, and future
research would allow us to conclude more on the anticancer activity of green
nanoparticles (Saravanan et al., 2019).
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Conclusion and Future Aspects

The use of nanobiomaterial in cancer theranostic is an innovative approach toward
cancer diagnosis and therapeutics. This dual-purpose technique aims at interacting
with the cells such that there is no interaction with the normal cells, thereby promot-
ing selectivity and sensitivity toward cancer cells and reducing the duration of can-
cer treatment. There are various nanobiomaterials used in cancer cells, briefly
divided as metal-based, polymer-based, derived from natural origin, carbon-based,
and protein-based nanobiomaterials. These nanobiomaterials show promising
results in cancer therapy if used properly. Scientists need to optimize the physico-
chemical properties and the dose of these nanomaterials to achieve maximum safety
and minimal toxicity. Though toxicity cannot be eradicated, efforts can be made to
make the formulation safe for end users. Researchers have adopted the use of the
“safe-by-design” strategy that not only focuses on the physicochemical properties
of these materials but also considers the entire process, material, and final product.
The REACH guideline emphasizes evaluating the effect, assessing the exposure,
and characterizing the risk, whereas the OECD guidelines suggest using QSAR
modelling to establish a relationship between physicochemical properties and
observed effects. Various techniques under SbD include coating, grafting, loading,
doping, optimizing size/shape/charge, reducing persistence, and passivating defects.
NaNoREG has developed SbD on the stage-gate model, whereas GoNanoBioMatSbD
was developed for dealing with polymeric NBM. Both were concerned about the
product right from the initial stage to its entry into the market.

The in vitro evaluation of toxicology involves cell membrane integrity assay,
trypan blue dye exclusion assay, lactate dehydrogenase assay, metabolic activity
assay, MTS assay, MTT assay, XTT assay, cell proliferation assay, and assay for
genotoxicity. In vivo evaluation involves various animal models, but zebrafish is
preferable due to its peculiar characteristics. Biocompatibility studies are performed
to evaluate if any incompatibility exists with the biological system. The various
routes by which exposure to nanobiomaterials occurs involve pulmonary, dermal,
oral, ocular, and parenteral root. Optimizing the size, shape, and surface charge
minimizes the exposure and associated exposure. As per the Control of Substances
Hazardous to Health (COSHH) regulation, the employers should properly control
the occupational exposure to all chemicals used in the workplace. They should con-
centrate on the prevention and/or reduction of exposure to hazardous substances by
controlling worker behavior, equipment, and procedures.

As per the FDA, characterization of the nanomaterial, understanding of the
expected use and application of the nanomaterial, and how nanomaterial character-
istics contribute to product safety, efficacy, and quality are an effective structure for
assessing potential risks associated with nanomaterial-containing drug products.
The current FDA guidance on determining new excipient safety applies where a
typical excipient is intentionally transformed into a nanomaterial. An appropriate
safety assessment should be ensured when existing safety data regarding exposure
level, duration of exposure, and route of administration do not completely
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demonstrate the safety of the nanomaterials. New products containing nanobioma-
terials should be tested for ADME and risk considerations for the route of adminis-
tration, testing nanobiomaterial for in vivo, in vitro, vehicle, media, and surface
properties, thereby bridging regulations of conventional dosage forms and nanofor-
mulations. They should follow clinical trials similar to the recommendations for the
IND, NDA, ANDA, and BLA. The FDA also requires applicants to submit an envi-
ronmental assessment or some similar document. The OECD facilitates interna-
tional collaboration on aspects of the human health and environmental protection of
processed nanomaterials and focuses on the production of suitable methods and
techniques to ensure the safe use of nanotechnology. ISO also plays a significant
role in developing a basic framework for global nanotechnologies for risk assess-
ment, risk control, and standardization.

Advances in research are being achieved by moving toward the use of green
technology. The advantages of green nanotechnology over conventional are low
cost production, less energy consumption, use of renewable sources, resolving sus-
tainability problems of climate change, reduction in the use of toxic chemicals,
simplicity of handling, and biodegradable yet recyclable products. The in vivo stud-
ies of green nanoparticles elicit its potential for developing safe nanotherapeutics in
the future.
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