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Abstract: Anti-cancer conventional chemotherapeutic drugs novel formula progress, nowadays, uses nano technology for targeted
drug delivery, specifically tailored to overcome therapeutic agents’ delivery challenges. Polymer drug delivery systems (DDS) play
a crucial role in minimizing off-target side effects arising when using standard cytotoxic drugs. Using nano-formula for targeted
localized action, permits using larger effective cytotoxic doses on a single special spot, that can seriously cause harm if it was
administered systemically. Therefore, various nanoparticles (NPs) specifically have attached groups for targeting capabilities, not seen
in bulk materials, which then need activation. In this review, we will present a simple innovative, illustrative, in a cartoon-way,
enumeration of NP anti-cancer drug targeting delivery system activation-types. Area(s) covered in this review are the mechanisms of
various NP activation techniques.
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Introduction

Cancer is one of the major health problems that leads to death, worldwide.! Many conventional therapeutic approaches
have been conducted in order to treat different types of tumors, including surgery, radiation therapy, immunotherapy,
chemotherapy, targeted therapy, and hormone therapy.® Chemotherapy possesses an efficient cytotoxic effect,® as
reported 100 years ago by Paul Ehrlich the first scientist who discovered chemotherapy as the “magic bullet” for treating
cancer patients.* However, chemotherapy is often paired with terrible side effects ranging from skin disorders and
suppression of bone marrow to fatigue.” These side effects are all attributed to the lack of cytotoxic drugs targeting
cancer cells.

Therefore, inventing or finding a drug delivery system (DDS) that has the ability to carry the chemotherapeutic drug
directly to the target site with minimal leakage to normal cells is of great concern in the oncology field. This is achieved
via nano-bio-medicine research to improve cancer treatment efficiency and decrease mortality rates as well.®

Nanocarriers (NCs) provide a golden solution for off-target side effects, through targeting mechanisms involving
either passive targeting, where the nanoparticles (NPs) accumulate at the tumor site by the enhanced permeability and
retention (EPR) effect that arises due to the leaky vasculature around the cancer cells from angiogenesis over-activation,
with lack of lymphatic drainage that facilities anti-cancer drugs diffusion.” Or, nanocarriers (NCs) may provide an active
receptor-mediated tumor-targeted drug delivery vehicle,® where the anti-cancer drug is surfing to the target receptor,
carried over a NC, being functionalized by a ligand that might be an antibody, aptamer or peptide. As illustrated in
Figure 1A, where a boy (drug) is carried over the floating board (NC) surfing the sea to reach the beach/island (tumor
target destination) using a rope (ligand).
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Many activation techniques are practically conducted to release most of the cytotoxic drug(s) carried on NC, to the
tumor target site. These activation techniques are grouped into two categories, intrinsic-activation, that takes advantage of
differences in some properties between healthy and cancerous cells, including pH, enzymatic, and concentration-
dependent activation’ or extrinsic-activation where an external factor outside the tumor cell is encountered for activation,

such as ultrasound, magnetic, light, and X-ray activation.'®

Intrinsic-Activation
Being rich in some substances or different in certain features from healthy cells, cancerous cells are presented in
Figure 1B, where healthy cells have normal levels of these features, being presented, here, as a poor man with no money.

Y Target site

|

Figure | Anti-cancer drug NPs delivery to the tumor target site (A) localization/targeting, (B) intrinsic-activation where healthy cell (poor man) lacks certain feature(s)
(money) and tumor cell (rich man) has plenty of these feature(s), (C) extrinsic-activation where the tumor (house) is vulnerable to external factors (humor) effect). Where
the anti-cancer drug (boy) is surfing to the target receptor site destination (island), carried over a nanocarrier (NC) (floating board) and functionalized by a ligand (rope) that
might be an antibody, aptamer or peptide (A). Taking in mind that cancerous cells are more acidic, higher certain enzymes levels and concentration of certain substances or
different in certain features due to an altered tumor cell metabolism and/or different gene expression level, arising from an uncontrolled cell division (money with the rich),
from healthy cells (poor man) (B). Extrinsic activation factors (like a hammer) from outside the tumor cell (wooden house), where this(ese) external effect(s) as ultrasound,
X-ray and light, is/are applied to kill cancerous cells (wooden house) (C).
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In contrast, the tumor cells are rich and have a lot of money due to an altered tumor cell metabolism and/or different gene
expression level, arising from an uncontrolled cell division.'"

Intrinsic-activation differs from extrinsic-activation, where in the latter the tumor is subjected to damage using
external factor(s) as sketched in Figure 1C, where the tumor (house) is vulnerable to external factors (humor).

pH-Dependent Intrinsic-Activation

Nano-systems can be constructed where changes in acidity triggers drug release from its nano-formula, so pH differences
between healthy and malignant cells can result in organ-specific release, tissue-specific release or cell-specific release, as
clarified in Figure 2.

Organ-Specific Release
The gastrointestinal tract pH environment is rapidly changing, to assist maintaining its regular function, from the stomach
acidic pH (1.5-3.5) to the intestinal alkaline pH (5.1-7.8)."2 Using nano-bio-medicine is considered an advanced
technique in which orally delivered medications can be targeted to specific parts of the gastrointestinal tract (GIT), for
example it can be used for localized treatment of stomach cancer and colorectal malignancies.'® Generally, oral drug
absorption occurs at the intestine, especially the ileum, owing to the large surface area provided by epithelial folding and
the villous structures. Unfortunately, the acidic pH of the stomach hindered this process, by causing drug denaturation,
with decreased effective drug concentration reaching the ileum, and consequently, drug resistance occurs.'*'> In contrast,
using pH activated NPs protects the cargo, controlling its release, mainly, at the target site (ileum).'® Indeed, it seems like
hiding the drug to escape from the stomach acidic pH, like a policeman and thief (Figure 2A). So, the drug release from
the NPs commences only in the intestinal alkaline pH. This facilitates oral delivery of anti-tumor substances with
efficient concentration using pH-sensitive polymers such as poly lactic-co-glycolic-acid (PLGA)'” and poly acrylic acid
(PAA)."® As reported by Tian et al oral administration of doxorubicin (DOX) by PAA coated mesoporous silica NPs
(MSNPs) occurs when the nano-system reaches the colon's high pH, then PAA degrades, releasing the drug.'®

A self-micro-emulsifying DDS was used to increase the solubility and adsorption rate of natural anti-cancer drugs
suffering from low bioavailability, such as curcumin. Through pH responsive release in the gastrointestinal tract,
curcumin carried on this NC, its bioavailability increased. This system carrying curcumin showed a 21 nm average
particle size when diluted in water with an increased rate of adsorption of >90% within 12 h as compared with only 20%

of the free curcumin.'’
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Figure 2 pH-dependent activation (A) organ-specific release, (B) tissue-specific release, (C) cell-specific release. Nano-systems can be constructed where changes in acidity

triggers drug release from its nano-formula, from pH differences between healthy and malignant cells that can result in organ-specific release, tissue-specific release or cell-

specific release. Using pH activated NPs (thief) protects the cargo (drug in bag), controlling its release, mainly, at the target ileum site. Indeed, it seems like hiding the drug

(bag) to escape the stomach acidic pH (policeman) (A). Nano micelle encapsulating anti-cancer drugs and containing two peptides on its surface with AIE moiety, (B), to

monitor and induce apoptosis. This system only collapses and releases the cytotoxic drug to the tumor site at low pH. Acidic pH level difference will provide a good

environment for localizing drug release from pH-sensitive nanomaterials that act as a body guard (Spike the dog) to protect their cargo (Jerry the mouse) from lysosomal

enzymes (Tom the cat) as RNA interference (RNAI) which is a lysosome-sensitive cargo. An a-cyclodextrin nano-valves complexed with an aniline-based stalk on the surface

within MSNs (C) left, after entering the tumor cell, the lysosomal acidic pH activates these nanovesicles by weakening the link between the stalk and the cyclodextrin,
allowing the anti-cancer drug release (C) right.
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Tissue-Specific Release

Tumor tissue exhibits lower microenvironmental pH than normal cells. This is attributed to the “Warburg” effect or
“aerobic glycolysis” taking place in the tumor tissue, where the glycolytic product pyruvate is reduced by lactate
dehydrogenase (LDH) enzyme into lactic acid, instead of undergoing oxidation in the Krebs cycle, to give ATP.2** This
could be used to render smart nano-sized pH-activated systems to release cargo, only after accessing tumor tissue in
a slightly acidic environment (pH ~ 6.0-6.5). Qian et al designed a nano micelle encapsulating anti-cancer drug system
containing two peptides on its surface together with an aggregation-induced emission moiety, where those peptides are
pH-responsive peptides and the system remains intact till reaching the tumor acidic pH, where it releases the cytotoxic
drug to commence apoptosis. Now, the aggregation-induced emission moiety is released to give fluorescence upon
apoptosis induction, as a monitor for the therapeutic effect.”> Moreover, Ko et al designed a pH-responsive block
copolymer encapsulating DOX and under aqueous conditions this copolymer forms nano-sized self-assembled micelles.
On reaching the tumor acidic microenvironment, a pH-dependent micellization-demicellization behavior takes place,
with controlled drug release at the tumor site. This formula was found to suppress tumor growth in B16F10 tumor-
bearing mice and prolonged survival vs using free DOX.** Similarly, Lee et al used a pH-sensitive micelle copolymer
containing DOX and using biotin as a ligand which is hidden, normally, by the micelle formula at normal pH conditions
(normal cells). At the acidic tumor conditions, biotin enters cancer cells via biotin receptor-mediated endocytosis in
a short time period, to allow specific drug release at the tumor tissue. It is noteworthy to mention that this formula gives
a chance to make use of endosomal membrane disruption by the micelle components.?

Cell-Specific Release

Knowing that on the cellular level there is a great difference between cancerous and normal cells' pH, attributed to the
lysosomal machinery that give the cancerous cells the feature of responsive release.”® Normal cells pH is maintained by
the lysosomes in the acidic range (4.5-6.5), whereas, lysosomes keep acidic pH in cancerous cells below 45272 This
variation in the acidic pH level provides a good environment for localizing drug release from pH-sensitive nanomaterials
that act as a body guard to protect their cargo from lysosomal enzymes as RNA interference (RNA1) for example which is
a lysosome-sensitive cargo®® as illustrated in Figure 2B where Spike, the dog, protects Jerry, the mouse, from being
attacked by Tom, the cat, till reaching his destination. a-Cyclodextrin nano-valves complexed with an aniline-based stalk
on the surface within MSNPs, when, after entering the tumor cell, the lysosomal acidic pH activates these nanovesicles
by weakening the link between the stalk and the cyclodextrin, allowing the anti-cancer drug release®' as shown in
Figure 2C a-cyclodextrin nano-valves complexed with an aniline-based stalk is represented as a cap of a bottle that is
being decomposed only by the action of tumor cell acidic pH releasing the cytotoxic drug. Muniswamy et al reported
a drug delivery vehicle consisting of PLGA NPs with an outer layer of dendrimer-cationized albumin and encapsulated
with DOX. In malignant cells, PLGA is degraded at a pH from 4.5 to 5.5 and releases the drug. This system, fortunately,
can cross the blood brain barrier being beneficial for glioblastoma treatment.>> A pH-responsive polymeric micelle was
formed by hydrophilic methyl ether poly (ethylene glycol) self-assembly and pH-responsive/biodegradable poly(beta-
amino ester) copolymers carrying a fluorescence dye (tetra methyl rhodamine isothiocyanate) which is used for cancer
imaging or carrying camptothecin for cancer therapy. Once the formula reaches the tumor site, the drug or the dye is

released after copolymer degradation at the tumoral acidic pH (6.4).>

Gas-Generating pH-Sensitive Nano-System

It is noteworthy that using this system has a great effect in improving nano system efficiency, where CO, gas generated
from bicarbonate HCO;3; in an acidic medium can aid in rupturing the pH-sensitive NP polymer, releasing the
chemotherapeutic drug. Kim et al encapsulated sodium bicarbonate in PLGA NPs which decomposed to produce CO,
under acidic condition, releasing an imidazoquinoline-based synthetic toll-like receptor 7/8 agonist into tumor cells

giving a great cytotoxic effect.’
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pH-Responsive Metallic Nano-Materials

Titanium peroxide (TiOx) and Titanium dioxide (TiO,) have been widely used in nano-bio-medicine due to their
biocompatibility and optical functionalities at neutral pH.*®> This is due to the same idea as “secret ink” where the
cytotoxic drug is nearly invisible at neutral pH, but becomes visible and produces an effect only under acidic pH as the
releasing condition.

Calcium-based materials, such as calcium phosphate and calcium carbonate (CaCOs), can be used in treatment and
diagnosis in conjugation with an anti-cancer drug due to their pH sensitivity and biodegradability with the ability to be
functionalized by a ligand for targeting. Dong et al used DOX and Mn®'chelated chlorin e6 (Ce6(Mn)) as
a photosensitizer both carried on CaCO; NPs coated by poly-ethylene glycol (PEG). Once it arrives at the malignant
acidic pH, it releases the drug. The NP photosensitizer has two advantages, first to enhance the magnetic resonance
imaging (MRI) signal, which provides continuous monitoring for drug release. Second, NP photosensitizer provides
a photodynamic therapy. Thus, this system presents a combinatorial chemo and photodynamic therapy.*® Likewise, iron
oxide NPs have been very promising pH-trigger release anti-cancer drug carriers, as proposed by Yue et al. Iron oxide
nano-tubes were used in an acidic pH-activated release of paclitaxel, solving its low solubility at 4.5 pH.?’

Enzyme-Dependent Intrinsic-Activation

Enzymes dysregulation plays an important role in cancer pathogenesis, since they are responsible for many biological
and metabolic activities.®® By synthesizing ligand-conjugated nano systems having high affinity to attach tumor-
overexpressed enzymes (endogenous enzymatic-dependent activation) or using exogenous enzymes to contribute specific
targeted nano system activation in tumor cells (exogenous enzyme dependent activation); enzymes have a great role in
cancer treatment.

Endogenous Enzymatic-Dependent Intrinsic-Activation
Enzyme expression levels in tumor cells is higher than in normal cells.*® These enzymes include cathepsins, matrix
metallo-proteinases (MMPs), hyaluronidase (HAase), glycosyl hydrolases, NAD(P)H-quinone oxidoreductase-1
(NQOV1), protein tyrosine kinase-7 (PTK-7), and telomerase, as summarized in Table 1.

Table 1 enumerates enzyme-dependent intrinsic-activation of anti-cancer drugs in NP form.

Each of these enzymes have the ability to attach to a certain substrate, thus, by conjugating a chemotherapeutic drug
to the enzyme substrate, activation occurs massively at the tumor site, where the enzyme is located there, with minimal
side effects to normal cells.'’ This is sketched in Figure 3A, where the substrate attached to the anti-cancer drug (the rat

Table | Enzyme-Dependent Intrinsic-Activation of Anti-Cancer Drug's NPs

Enzyme-Dependent Drug (Substrate) Coated by Enzyme Action in Tumor Ref.
Intrinsic-Activation Via

Cathepsins Poly-L-lysine hydrobromide Invasiveness and metastasis [40,41]

MMPs Collagenes, gelatin/PVP & ECM or MMPs Tumor growth by degrading matrix barriers, [43—-46]
inhibitors enhancing angiogenesis and metastasis

HAase Hyaluronic acid Metastasis and malignancy [47,48]

Glycosyl hydrolases Glycosidic bonds in dextrin Invasion and metastasis, thrombosis [50]

PTK-7 Aptamer-lipid-PLGA hybrid NPs Cancer progression, signal transduction, [51]

metastasis and motility

NQOI Prodrug | containing hydroquinone Power redox defense and sustain rapid growth [52]

Telomerase Hairpin DNA shell with 3’ telomerase primer, Increases proliferation rate [54,55]

elongated by telomerase releasing drug

Abbreviations: MMPs, matrix metalloproteinases; ECM, extracellular matrix; HAase, hyaluronidase; PVP, polyvinyl pyrrolidone; PLGA, poly lactic-co-glycolic acid; NPs,
nanoparticles; PTK, protein tyrosine kinase; NQOI, NAD(P)H quinone oxidoreductase-|.
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Figure 3 Endogenous enzyme-dependent-activation of anti-cancer NPs, leading to anti-cancer drug (cheese) release at the tumor target site when the substrate (rat) is cling
to trap (enzyme) (A), activation by telomerase (hand) (B) to release anti-cancer drug (Dox) like peeling a banana released after extending 3’ aptamer end (banana peel)
which is overexpressed in tumor cells. When conjugating a chemotherapeutic drug to the enzyme substrate, then activation occurs massively at the tumor site, where the
enzyme is located there, with minimal side effects to normal cells. This is like the rat holding cheese (substrate attached to the anti-cancer drug) is directed toward the
overexpressed enzymes (trap) and release the free drug, thus specific targeting is achieved (A).

holding cheese) is directed toward the overexpressed enzymes (trap) to get more cheese and once the rat is captured the
free drug is released (cheese) at the tumor site, thus specific targeting is achieved.

Cathepsins

DOX was incorporated into gold nano-rods and coated by poly-L-lysine hydrobromide (PLL), when this nano-system
reaches the tumor site, PLL is digested by cathepsins and subsequently, the drug is released. Villar-Alvarez et al reported
that less than 50% of cancer cells were killed by the same concentration of DOX compared to the invented nano-system
aided by cathepsin enzyme.* Similarly, two protease degradable amphiphilic copolymers were proposed by Yildiz et al
consisting of PLGA-PLL copolymers attached to PLA-PEG copolymers and were conjugated to NIR fluorophore used
for tumor imaging without tissue invasion, in addition to carrying a cytotoxic drug. This system was degraded by
cathepsin's high concentration at the tumor site releasing the anti-cancer drug.*'

Matrix Metallo-Proteinases (MMPs)

There are 23 types of MMPs, some of them are used as potential biomarkers for cancer treatment as MMP-2 and MMP-
14.*> While MMP-9 has the ability to dissolve gelatin/polyvinylpyrrolidone (PVP) giving the chance for responsive
release. As a proof of concept, MMPs were incorporated in the presence of PVP enclosing mesoporous NPs containing
dying molecules. After PVP was enzymatically degraded by MMPs, the colored molecules were released 10 times more
than the other test group.*’ Cyclic peptide inhibitor CTTHWGFTLC was used as a targeting peptide inhibiting MMP-2
and MMP-9. This peptide facilitates anti-cancer drug localization. It was observed that this peptide enhances liposomes
and protein nanocages delivery in vivo in murine cancer models.**** Celina et al proposed a drug delivery vehicle
composed of superparamagnetic iron oxide NPs ferumoxytol encapsulating azademethylcolchicine to suppress tumor
angiogenesis. This vehicle is linked to an MMP-activatable peptide that, upon reaching the tumor site, the peptide is
broken releasing free drug selectively in the tumor cells with much higher concentration than normal cells.*¢

Hyaluronidase (HAase)

Zhang et al designed a DDS that has a promising effect in treating cancer in which an MSNP enclosing DOX from the
inside and with hyaluronic acid and desthiobiotin—SA complex on the outside blocking the pores. When reaching cancer
cells, the MSNP-HA/DOX system enters tumor cells by receptor mediated endocytosis, then hyaluronic acid is degraded
by overexpressed HAase releasing DOX.*” Similarly, in gene therapy Choi et al reported that RNAi can be delivered in
a pH-responsive nano formula that protects the cargo. Concerning targeted delivery, the formula is functionalized by
hyaluronic acid to enter cancer cells by receptor mediated endocytosis. The genetic delivery system is modified by
engineered RNA receptor Zn(I)-dipicolylamine as it binds RNA via phosphate binding, in addition to an enhanced
targeting, where a calcium phosphate coating was added to protect the phosphate binding from decomposition by ions in
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the blood stream or cell culture (in vivo or in vitro, respectively). At the tumor site the NPs undergo further decom-
position by HAase to release the drug.*®

Glycosyl Hydrolases

These enzymes have a role in catalyzing the hydrolysis of glycosidic bonds in complex sugars.** Dzamukova et al
proposed nano-tubes encapsulating a cytotoxic drug while using dextrin as the tube stopper, with glycosyl hydrolases
overexpressed in cancer cells; dextrin will be degraded, so the cytotoxic drug was found at higher levels in tumor cells
than normal cells, which proved targeting.>”

Protein Tyrosine Kinase (PTK)

Huang et al reported a nano-particulated aptamer-lipid-PLGA hybrid that can administer paclitaxel and DOX, simulta-
neously. The aptamers used in this method can bind to PTK-7, expressed on the tumor cell membrane, then its structure
changes and DOX is released.”’

Nicotinamide Adenine Dinucleotide Phosphate Dehydrogenase (NAD(P)H: Quinone Oxidoreductase-|

Shin et al have conducted a novel nanoprobe named prodrug 1 which is a theragnostic system (therapeutic and
diagnostic) which consists of 7-ethyl-10-hydroxycamptothecin (SN-38) as the anti-cancer drug, hydroquinone which
helps in enzyme activation, with biotin being a targeting moiety, when the system is decomposed by NQO1 at the tumor

site released (SN-38) which act by inhibiting topoisomerase I in the cell nucleus resulting in cell apoptosis.®*>>

Telomerase

A novel DNA shell, called a hairpin, is attached to gold nanoparticles and has been developed with 3’ telomere primers
that could be stretched by tumor cell's telomerase enzyme. Elongation of 3’ regions cause aptamer deconstruction,
resulting in the release of the anti-cancer medication DOX and fluorescent carboxy fluorescein label within the aptamer,>*
this stretching appears like peeling a banana as simplified in Figure 3B. In another study, gold NPs
encapsulate oligonucleotide inhibitors for telomerase to stop its action, this system was decorated by a peptide to
enhance penetration. Enhanced drug uptake and high drug concentration was seen in telomerase-positive cells, but not
telomerase-negative cells, thus an anti-proliferative effect was maximized.>

Dual Enzyme-Intrinsic-Activation. It is possible to make use of the synergistic effects that can be applied by targeting
two enzymes, by the dual enzyme activation method. This increases efficiency, accuracy, and circulation time.
A gemcitabine-PEG coated CdSe/ZnS quantum dots nano-system interacts with both MMP-9 and cathepsin B to treat
pancreatic cancer.”® DOX loaded nano-capsules were functionalized by folic acid to mediate active targeting by receptor
mediated endocytosis, upon reaching the tumor site; the system disintegrates only in the presence of trypsin enzyme or
hyaluronidase enzyme, or both, which is overexpressed in tumor cells.’’

Exogenous Enzyme-Loaded NPs Intrinsic-Activation

A new approach was proposed to introduce an exogenous enzyme, other than those normally found in the human body.
An organic silica-based nano-system was constructed to carry the hypoxia-sensitive prodrug (AQ4N) and glucose
oxidase enzyme (exogenous enzyme). A high glutathione concentration in cancer cells degrades a silica nano-system
releasing the AQ4N prodrug. Hypoxic tumor condition, induced by glucose oxidase through consuming oxygen for
oxidizing glucose, will now activate this chemotherapeutic prodrug®® as shown in Figure 4A. Simply, the glucose oxidase
enzyme, introduced in the silica-NPs, acts like the hand which removes the oxygen mask (oxygen environment
surrounding drug) generating a hypoxic condition which activates the chemotherapeutic prodrug (the boy) as illustrated
in Figure 4B. Similarly, silica NPs encapsulate the peroxidase enzyme (exogenous enzyme) and indole-3-acetic
acid prodrug forming a pH-responsive system upon reaching tumor cells, the cargo released with the peroxidase activates

the prodrug to active cytotoxic peroxyl radicals causing tumor cell death.>
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Figure 4 Hypoxia-activation of anti-cancer prodrug by glucose oxidase enzyme-loaded NPs. Hypoxic tumor condition induced by glucose oxidase will activate the chemother-
apeutic AQ4N prodrug (A). Now, the glucose oxidase (hand) removes the oxygen mask (oxygen environment surrounding drug) generating a hypoxic condition which activates the
chemotherapeutic prodrug (the stable not swimming diver boy) after mask removal the diver try to swim and moves quickly (active drug) as illustrated in (B).

Concentration-Dependent Intrinsic-Activation
The abnormal behavior of cancerous cells arising from either gene expression or altered cell metabolism, leads to
differences in the concentration of some released bio-molecules either membrane proteins or soluble molecules, as listed
in Table 2, which both will cause intrinsic activation of the nano-system treatment applied.

Table 2 addresses the differences in the concentration of bio-molecules released by cancerous cells, in relation to anti-
cancer drugs activation from its NPs package.

Membrane Proteins

Transferrin (Tf)

Transferrin is an iron-binding glycoprotein. With an increased tumor cell proliferation rate, there has been an increased
demand for iron.** Tf acts like a (taxi) which transports iron ions to Tf receptors (TfRs) placed on the tumor cell surface
(garage) as depicted in Figure 5A. Thus, targeting TfRs using Tf as the ligand, is a good way to direct most anti-cancer
drugs to the tumor site. Targeting efficiency is highly dependent on NPs concentration, ligand density, dosing time, and
cell surface receptor expression level.** Zhang et al used this mechanism in targeting nano sonosensitizers in tumor cells,
this system is composed of protoporphyrin IX (PpIX) NPs which is a sonosensitizer (activated by ultrasound to give
a cytotoxic effect) and conjugated to human holo-Tf as a ligand. Active targeting was achieved by entering the system

Table 2 Differences in the Concentration of Bio-Molecules Released by Cancerous Cells in Relation to
Anti-Cancer Drugs Activation from NPs

Bio-Molecules in Cancerous Cells
Criteria Membrane Proteins Soluble Molecules
Results from Abnormal genes overexpression Altered cell

metabolism
Adv. Improve nano-systems cellular uptake by enhanced Used in nano-system

functionalities activation directly
Example(s) Tf, TR, %€ EGFR,*%¢3 PSMA %5 FR %678 HER2,%%7° ER,”! GSHE-82
CD-44,7273 Integrin”*”* Biotin receptor,’® LHRH receptor,””
lectin’®”®

Abbreviations: Tf, transferrin; TfR, transferrin receptor; EGFR, epidermal growth factor receptor; PSMA, prostate-specific membrane
antigen; FR, folate receptor; HER2, human epidermal growth factor receptor2; ER, estrogen receptor; CD, cluster of differentiation;
LHRH, Luteinizing hormone releasing hormone; GSH, Glutathione.
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Figure 5 Concentration-dependent intrinsic-activation of anti-cancer drugs NPs (A) overexpression of the membrane protein TfR (taxi) on tumor cells surface (garage
target destination) carrying anti-cancer drug and iron (B) high conc. soluble molecule as GSH results in silica-based NPs disintegration. High GSH concentration cause
degradable dendritic mesoporous organo-silica NP (DDMON) disintegration via reducing the disulphide bond, together with the therapeutic drug release, with high
selectivity to cancerous cells. High GSH concentration is like the fire that causes the bomb explosion (DDMON) and release what is inside (the anti-cancer drug money
bags) (B).

using receptor mediated endocytosis into tumor cells. Once applying ultrasound on the tumor cells PpIX is activated
releasing ROS and inducing apoptosis. Active targeting and improved penetration were detected by PpIX fluorescence in
the tested groups that exceeded control groups.®® Similarly, using Tf as a ligand conjugated to chitosan-PEG NPs
achieved active targeting for paclitaxel delivery, providing a high cytotoxic effect with almost no harm to normal cells.®!
Interestingly, it has been reported that Tf-conjugated NPs have the ability to cross the blood brain barrier, giving a great

chance to treat brain tumors.3>%¢

Epidermal Growth Factor Receptor (EGFR)

Epidermal growth factor receptor (EGFR) overexpression on tumor cell membranes is related to multi-drug resistance
(MDR)*"**® and a poor cancer prognosis.*® To treat such resistance, an antibody drug conjugate (ADC) is used, such as
cetuximab which is an EGFR-monoclonal antibody.”® Unfortunately, ADC was accompanied by limited carrying capacity for
anti-cancer drugs.”’ Roncato et al successfully solved this issue by conjugating cetuximab with avidin-nucleic-acid-nano-
assemblies (ANANAS) that actually carried a higher concentration of DOX as ANANAS consists of around 50 avidin and
1200 biotin-binding sites that enhance targeting. Therefore, this system had a more powerful lethal effect in treating breast
cancer than ADC alone or pure DOX; where it shows 70% killing of cancer cells compared to only 40% killing achieved by
ADC using the same DOX concentration. Moreover, this system was tested in non-obese diabetic/severe combined
immunodeficiency mice, where the tumor growth suppression was significantly higher than the control group, ADC group
and pure DOX.%* Zhou et al proposed a combination therapy using EGFR inhibitor as gefitinib and DOX as an anti-cancer
drug, both incorporated in the same NC. For sequential delivery of gefitinib followed by DOX, gefitinib was physically
encapsulated via ion pairing in a nano system made of DOX conjugated poly(L-lactide)-block-PEG.®*

Prostate-Specific Membrane Antigen (PSMA)

Prostate-specific embrane ntigen (PSMA) is a membrane antigen which is overexpressed in prostate, lung, breast, and
colon cancer.”” PSMA takes both advantage of achieving targeting and enhancing therapeutic agent(s) internalization
through its internalization motif.”**** Mangadlao et al described a system in which the PSMA receptor binding ligand
(PSMA-1) and the fluorescent photodynamic treatment medication PC4 were combined to a nanoparticle. Accumulation
of the nano-system was achieved by binding of the PSMA-1 ligand to the cancer cell membrane, then upon applying
a laser, activation of the Pc4 molecule occurred, and this system killed most of the cancer cells.®> A10 is an RNA aptamer
reported ligand with a high affinity to bind PSMA, facilitating active targeting. Aiming to prostatic cancer treatment in
tumor bearing mice, a unimolecular micelle encapsulated DOX was synthesized and functionalized by the A10 aptamer
for targeting tumor cells overexpressing PSMA. Targeted unimolecular micelles exhibited a much higher DOX accu-
mulation and cellular uptake in PSMA positive than non-targeted unimolecular micelles in both in vitro and in vivo
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studies. Moreover, this nano system activated PARP and caspase 3 protein cleavage to induce apoptosis via upregulated
Bax expression and down regulated Bcl2. These micelles increased cell cycle regulators p2l1 and p27
protein's expression.®*

Folate Receptor (FR)

Folate receptors (FRs) are overexpressed in about 40% of human cancers, thus, using folate as a ligand conjugated to
a NC-anti-cancer drug will aid in cancer treatment targeting strategies.”> Breast tumors are known to overexpress FRs,
folate conjugated to DOX-loaded polymeric gold NPs (GNPs) in combination with supplemental laser photothermal
therapy was used. The combined FR with laser photothermal therapy demonstrated superior therapeutic efficacy than
simple DOX treatment.®® Targeting FR was seen in a study conducted by Singh et al using quantum dots conjugated to
folic acid ligand and anti-HER2 antibody, where higher drug internalization was observed by confocal laser scanning
microscopic studies and subsequently enhanced targeting and cytotoxic effect.®® Similarly, systemic administration of
biodegradable polymeric micelles PEG-PLGA encapsulating DOX and conjugated to folate were prepared by Yoo and
Park.%’

Human Epidermal Growth Factor Receptor2 (HER2)

Human epidermal growth factor receptor2 (HER2) studies showed that it is overexpressed in cancer patients, especially
breast cancer, where it plays an important role in MDR, tumor recurrence, and is related to a poor prognosis.”®’’ Kumar
Singh et al used liposome loaded capecitabine (CAP) and to reduce the off-target effects of traditional CAP, the surface
of the CAP-loaded liposome was modified with chitosan and a tumor homing peptide (THP) for specific targeting of the
HER2-positive cancer cells. The targeted chitosan-THP-modified CAP-loaded liposome (CTHP-CAP-LPs) showed
approximately 71% greater cellular internalization efficiency than the non-targeted formulation. Additionally, CTHP-
CAP-LPs caused notable cytotoxicity in comparison to the non-targeted formulation because of the former’s higher
specificity and cellular absorption in cancer cells overexpressing the HER2 gene.®” Ghassami et al proposed a nano
formulation consisting of polymeric NPs loading docetaxel and functionalized by aptamer to target HER2 to treat ovarian
cancer. This formula minimized the off-target side effects and provided a higher drug concentration in tumor cells.”

Estrogen Receptors (ER)

There is a significant overexpression in estrogen receptors (ER) in breast cancer patients,”® %!

where the estrogen binds
to ER and plays a vital role in cancer development. Mamnoon et al proposed a drug delivery system involving targeted
administration of DOX by hypoxia-responsive polymeric NPs functionalized with 17-estradiol (E2) in ER-positive breast
cancer cells. This system was well taken up by ER-positive cancer cells and showed higher cytotoxicity than non-targeted

formula.”!

Cluster of Differentiation-44 (CD-44)

Cluster of ifferentiation-44 (CD-44) is a transmembrane glycoprotein, which has a role in cell-cell and cell-matrix
interactions, and controls hyaluronic acid metabolism, lymphocyte activation, and cytokine release in healthy
tissue.'%%'% Numerous cancer types have greater CD-44 expression. The enhanced serum level of CD-44 is employed
as a diagnostic marker for estimating the tumor burden in colon and stomach cancers.'® Moreover, CD-44 expression
level rises in correlation with the grade and stages of an invasive breast tumor.' Li et al attempted to target the CD-44-
over expressed cancer cells using carbon dots loaded with DOX functionalized by hyaluronic acid. By using the acid
sensitive linker 4-carboxybenzaldehyde to facilitate DOX release from the vehicle in an acidic environment, tumor
volume reduction of 77-88% occurred in mice treated groups.’” In human colon carcinoma cell lines, diiodostyryl bodipy
NPs photosensitizer was conjugated to hyaluronic acid as a ligand to specifically target overexpressed CD-44 on tumor
cells. Hyaluronic acid increased hydrophilicity and biocompatibility of the photosensitizer. Upon light irradiation, ROS is
generated which induce apoptosis and cancer cell death, in addition to fluorescence restoration which was not applicable
with diiodostyryl bodipy alone, due to its aggregation. Results showed that this formula succeeded in achieving targeting

and photodynamically label and treatment of colon cancer.”®

6140 s International Journal of Nanomedicine 2022:17
Dove!


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

Dove Hamdy et al

avpB3 Integrin

avp3 Integrin is a member of the family of cell adhesion molecules involved in contacts between cells and the
extracellular matrix (ECM). Integrin is essential for cell shape, motility, mitosis, cytokinesis, migration, and
phagocytosis.'*®'% MMP-2 and plasmin activation by integrin in tumor cells contribute to the destruction of the
interstitial matrix and the basement membrane, which could hasten tumor invasion and metastasis.'®” Yadav et al
developed a DDS consisting of chitosan incorporating raloxifene and ligand for targeting. Increased cellular internaliza-
tion and excellent encapsulation efficiency for raloxifene and high stability at acidic pH was utilized by this delivery
system and increased the drug's lethal effect on cancer cells.”* The iRGD moiety can be used as a ligand as it binds
preferentially to the integrin receptor, so, it has high penetration and targetability action. A protein NPs conjugated to the
iRGD ligand was used and loaded with paclitaxel. Results demonstrated an enhanced drug uptake by cancer cells due to
integrin-mediated endocytosis and a better antiproliferation effect.”

Biotin Receptor

Biotin is one member of vitamin B complex, that can bind and help in a cell's growth and development. The rapid
proliferating cancer cells need to increase biotin uptake via overexpressing biotin receptors. Human serum albumin NPs
(HSNs) functionalized with biotin molecules were disclosed by Taheri et al for the selective delivery of methotrexate
(MTX) to breast cancer cells. More biotin molecules may have enabled more precise recognition of biotin-specific
receptors on breast cancer cells, allowing for greater cellular internalization of MTX and an improved therapeutic
response. MTX-HSNs with more biotin demonstrated remarkable tumor growth inhibition (about ten times lower in
tumor volume than the non-targeted formulation).”®

Luteinizing Hormone Releasing Hormone (LHRH) Receptor

Luteinizing hormone releasing hormone (LHRH) receptor is overexpressed in many tumors including breast, ovarian,
endometrial, and prostate tumors.''*'!" In an animal model of breast cancer Li et al used the LHRH peptide as a targeting
moiety and investigated its targeting effectiveness and biodistribution using modified cisplatin-loaded micellar NPs. An
improved internalization, cytotoxicity, and decrease of the tumor volume with minimum systemic toxicity were
observed.”’

Lectin

Lectin is a protein which binds to carbohydrates attached to protein molecules (glycan) which is overexpressed in cancer
cells and is correlated with the neoplastic transformation and metastasis. Lectin has been used in treating colon cancer by
targeting colon cancer cells.''> NPs can be conjugated to lectin to target cancer cells via lectin receptors. This is known
as the “lectin-targeting pathway”. In contrast, carbohydrate moieties attached to NPs can be used to target cancer cell
lectins in what is called a “reverse-lectin targeting pathway”.”® To confirm the drug's conjugate ability for enhancing
targeting, either in primary or metastatic liver cancers, Phase I/II clinical trials have been completed using reverse-lectin
targeting in which the targeting moiety “galactosamine” was attached to the polymer backbone encapsulating DOX,
therefore, specific targeting and liver specific release was achieved.”

Soluble Molecules

Glutathione (GSH) concentration in cancerous cells is 1.7—7 fold higher than in normal cells.''* Nano-system's selectivity
was enhanced using the difference in GSH concentration between cells. High GSH concentration causes degradable
dendritic mesoporous organo-silica NPs (DDMON) disintegration via reducing the disulphide bond, together with the
therapeutic drug release, with high selectivity to cancerous cells.®® In other words, as shown in Figure 5B high GSH
concentration is like the fire that causes the bomb explosion (DDMON) and releases what is inside (the anti-cancer drug).
Furthermore, a glutathione (GSH)-responsive NP was synthesized using a GSH-cleavable disulfide bond containing
polyurethane to disintegrate upon being subjected to high GSH concentration at the tumor site, providing controlled and
targeted release of cisplatin.®' To achieve a controlled release of paclitaxel used for treating lung cancer, a GSH-triggered
NPs was synthesized showing 35% or 95% drugs release in response to high GSH concentration at the tumor site
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compared to 10% cumulative drug release (in 3 days) in normal cells (with normal GSH concentration), this formula
gives a double recognition and targeted technique for both cancerous cells and tumor associated macrophages; providing
a better chemotherapeutic effect.®

Dual stimuli responsive systems were used to treat prostate cancer cells, by incorporating the naturally-derived anti-
cancer drug's Strigolactones analogues MEB55 and ST362, in GSH/pH-responsive nano sponges. At the tumor site, the
nano sponge disintegrates releasing the drug in response to the acidic pH and further enhanced by high GSH
concentration.''* Chiang et al used micelle encapsulating camptothecin that remains intact at normal redox (H,O,)
and under normal GSH levels. At high redox or high GSH levels or both in the tumor milieu, micelles disintegrate

releasing the anti-cancer drug.'"”

Extrinsic-Activation

Again, activation factors (like a hammer) from outside the tumor cell (wooden house), where this(ese) external effect(s)
is/are applied to kill cancerous cells (house) (Figure 1c). Extrinsic-activation includes ultrasound, magnetic, as well as
light-activation and X-ray activation.'®

Ultrasound Extrinsic-Activation
Ultrasound is a favorable imaging tool for diagnosis and also a safe and efficient therapeutic tool.''®

Sonoporation

As the cell membrane acts as a barrier to prevent chemotherapeutic drug entry, microbubbles are used to solve this.
The bubbles travel through the body fluids and once they reach tumor cells, ultrasound is applied, then the microbubbles
cause fluid streaming resulting in cell membrane poration that facilitates cytotoxic drug(s) entry leaving the microbubbles

intact. This mechanism is known as “stable cavitation”'!”

as illustrated in Figure 6A. The cell membrane is like a boat
and the microbubbles are balls underneath the boat. On applying ultrasound on these balls, they oscillate and hit the boat
causing pore formation and therefore, drug entry. Alternatively, “inertial cavitation” in which bubbles collapse at the
tumor site releasing ROS to aid in cell death. Furthermore, forming microjets and shockwaves that lead to pore
formation, enhancing further uptake.''®

Gas-Filled Microbubbles

A micron-sized bubble filled with perfluoro carbon gas and surrounded by a biocompatible polymer or protein was used, where the
NPs can be delivered more efficiently by chemical attachment or encapsulation on or within the microbubble. NPs will be released

at the tumor tissue and achieve specific targeting after applying ultrasound. NPs uptake was increased between 5—57 and 60—600

Anticancer

drug
Cellmembrane =« Microbubbles

Cell death

Streaming of

fluids due to Potassium and calcium
applied levels disturbance
ultrasound
A B

Figure 6 Ultrasound extrinsic-activation of anti-cancer NPs by (A) microbubbles stable cavitation, (B) Piezoelectric nanomaterials mechanism on altering electrical potential
of cancer cells. Delivery of Dox or paclitaxel released directly after applying ultrasound and shell rupture. Ultrasound applied on microbubbles (iron balls) causes streaming
of fluids in tumor tissue that perforate the cell membrane (boat) so facilitate drug entry (fountain) (A). (B), where disturbance in the traffic lights leads to car accidents,
presenting electrical energy generated via changing potassium and calcium levels and hence, potential difference to disrupt cell division causing cancer cell death.
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19:120 toether with an effective NPs penetration.'*! This method

fold when administering the NPs using microbubble attachment
was proposed to be used with potent anti-cancer drugs such as paclitaxel that is released directly after applying ultrasound and
shell rupture.'** In cancer immunotherapy mRNA-lipoplexes bound to microbubbles were used to transfect dendritic cells.
mRNA encoding tumor antigens trigger a tumor immune response. Results showed mRNA-lipoplexes to have efficient dendritic
cell transfection using ultrasound activation where about 50% of the dendritic cells were successfully transfected. Cellular
internalization and localization was detected by flow cytometry using fluorescently labeled lipoplexes.'*> However, the major
drawback is reduction of circulation time in addition to rapid microbubble destruction after applying ultrasound irradiation. In
order to overcome these problems, nanobubbles composed of NPs enclosing gas is stabilized within a single cavity of nano-cups
or nano-cones designed to increase the cavitation time 4-folds, till they reach the tumor site, where ultrasound is applied and
subsequently the particles are detached from the nano-cups or nano-cones and continue to grow then collapse and are distributed in

124 Moreover,

the surrounding tumor tissue. For example, using gold nanoparticles to deliver IgG mice antibodies in vivo.
activated imaging was enhanced using a “phase change contrast agent” which consists of perfluorocarbon gas particles coated
with lipid shell containing fluorescent dye, forming nanosized lipid droplets. These droplets are vaporized into gaseous
microbubble after ultrasound activation showing excellent imaging capabilities as well as providing a better therapeutic effect.
Using folate as a ligand to target FR for treating MDA-MB-231 and MCF7 breast cancer cell lines, enhanced uptake 45-fold for

MDA-MB-231 cells and 7-fold for MCE-7 cells in addition to improving microscope imaging and tracking the phase change.'*

Piezoelectric Nanomaterials
The cell membrane is stabilized by a group of influx and efflux ions, once a disturbance happens in these ions, an altered
cell growth and altered cell division occurs.'® Recently, “piezoelectric nanomaterials” have been used to change the
fluctuation of cell membrane influx or efflux ions. These particles convert mechanical energy from the applied ultrasound
into electrical energy which changes potassium and calcium levels and hence, s potential difference occurs to disrupt cell
division causing cancer cell death.'?”-'*® This is sketched in Figure 6B where the disturbance in ions is represented as
traffic lights disturbance that may lead to car accidents (cell death).

Barium titanate is a piezoelectric NP conjugated to anti-HER2 antibody as a ligand for targeted therapy. After
activation of this system with ultrasound, the barium titanate changes mechanical energy to electrical energy affecting
potassium level and calcium homeostasis leading to cell arrest and suppression of breast cancer proliferation.'>’

Magnetic-Field Extrinsic-Activation
Magnetite (Fe;04) and maghemite (-Fe,O;) are the most frequently used magnetic NPs as they are powerful tools in
cancer treatment;'*® as well as used as a contrast agents in MRI."*! In cancer therapy magnetic NPs can be heated up by

an alternating magnetic field to exert a cytotoxic effect by inducing hyperthermia as well as providing a localized drug

delivery,'*?

[
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3 Block drug entry
—S Liposome drug q [ ?,
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as summarized in Figure 7.
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Figure 7 Magnetic field activation: (A) magnetically-induced hyperthermia where IONPs extrinsic-activation convert alternating magnetic energy to heat energy that acts as
a fire to melt tumor cells (like an ice cream left outside the fridge), (B) IONPs squeeze the cationic liposomes (egg rupture) under the action of permanent magnetic field
(force) leading to drug release (chick), (C) following smart stimulus nano systems IONPs allow or prevent drug entry according to the magnetic field direction. IONPs
movement as a pore blocking system where it moves in certain direction to allow drug release and moves in the other direction to prevent drug release according to the
direction of alternating magnetic field, as a window opened or closed to allow sunlight entry according to the direction of the wind. “Super paramagnetism” using alternating
magnetic field leads to an increase in local temperature up to 42°C causing cell death.
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Magnetically-Induced Hyperthermia
The non-ionizing magnetic NPs are able to convert alternating magnetic energy into heat energy due to Brownian and
Néel relaxation processes, the efficiency of the generated heat depends on many factors, such as the NP size,

concentration, solution viscosity, magnetic field strength, and frequency.'*?

134135 are particles

Ferro/ferric magnetic iron oxide nanoparticles (IONPs) or super paramagnetism IONPs (SPIONs)
having excellent biocompatibility.'*® Moreover, they can act alone as a cancer therapy behaving as a single spin system
achieving “super paramagnetism” using alternating magnetic fields with an increased local temperature up to 42 °C

137138 and inhibit the tumor proliferation and induces

causing rapid tumor cell apoptosis with little effect on normal cells
apoptosis.'>” This is like “cancerous cells melt” (an ice cream subjected to heat) in Figure 7A. Furthermore, magnetic
NPs produce mechanical stress and membrane deformation with the release of a large amount of Fe?' ions, causing
oxidative stress via the “Fenton reaction” to induce cancer cell death."*® A large pore-sized and biodegradable dendritic
silica NP was used, encapsulating glucose oxidase and Fe;O4 NPs, simply glucose oxidase acts as an enzyme catalyst
that depletes most of the tumor glucose and results in H,O, production. Fe;O, NPs catalyze H,O, by Fenton-like

reactions to form a toxic hydroxyl radical, causing apoptosis and cell death.'*!

Magnetically-Induced Localized Drug Release
SPIONSs have the ability to enhance a tumor-directed effect due to their nano-size range giving either active or passive
targeting as mentioned before. Various anti-cancer drugs, including paclitaxel, methotrexate, mitoxantrone, and DOX,

have been conjugated with magnetic NPs to increase their target specificity.'*>'**

Tumor-Targeting with Nano Immunoliposome Platform Technology

Coating SPIONs with polymers as amino-PVA increases the interaction of those NPs with cancer cells and diminishes its
interaction with normal cells.'** However, this coating may affect the super paramagnetic property of SPIONS, so,
encapsulating the drug-loaded SPIONs within a cationic liposome has a great benefit as reported by Yang et al. In
addition to facilitating active targeting towards cancer cells by functionalizing the formula with the TfR-antibody to
improve the cytotoxic action.'*’

Generally, nano systems composed of chemotherapeutic drugs trapped into IONPs and carried by liposomes or
micelles whose shell is made of a thermos-sensitive polymer such as poly-N (isopropylacrylamide) or poly (vinylcapro-
lactame) can be activated by one of these two methods either being exposed to an alternating magnetic field resulting in
heating of IONPs, changing the polymer structure with the final release of the trapped chemotherapy making them an
excellent choice for controlled release drug delivery agents or exposed to a permanent magnetic field causing IONPs to
drag and squeeze the liposomes at a point resulting in its rupture and drug release.'*®'*’ This is presented in Figure 7B
in which IONPs (chick) force the liposomes (egg) to release what is inside (IONPs-containing anti-cancer drug).

Smart Stimulus System/Innovative Nanodevice
Magnetite particles used as a pore blocking instrument in an innovative nanodevice to selectively release vitamin B, and
DNA from polymeric biodegradable multi-reservoir device according to the desired concentration and duration in
a pulsed or burst manner depending on the magnetic field direction. In Figure 7C the magnetite particles (a window)
that open or close to allow sunlight entry (drug) according to wind direction (alternating magnetic field direction).'°
Magnito-fection is a process of cellular transfection of genetic material like RNAi or DNA using a magnetic field for
higher transfection efficiency and rapid sedimentation of the gene-therapeutic agent onto the target area.'"'>? Hu et al
used a cationic lipopeptides and anionic magnetic NPs (MNPs) system. By applying the magnetic field, it aids in
transfection of miR-125b, that not only regulates the tumor-associated macrophage polarization (upregulate genes
responsible for M1 phase and down regulate genes responsible for M2 phase) and tumor cell inhibition, by targeting
ETS proto-oncogene 1 and cyclin-J. Results showed tumor weight reduction of 60% and tumor metastasis suppression of
50%."'>* Similarly, magnetic NPs were used for efficient transfection of microRNA-374a in glioma stem cells.'>*
A combination of cationic lipid N,N-di-n-hexadecyl-N,N-dihydroxyethyl ammonium chloride formulated with co-lipid

cholesterol together with magnetic NPs was used to enhance DNA uptake by human glioblastoma-astrocytoma,
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epithelial-like cell line, hepatocellular carcinoma, cervical cancer, and breast cancer cells, where enhanced transfection
was observed after applying the magnetic field.'*

Extrinsic Light-Activation / Photodynamic Therapy (PDT)

PDT has been used in cancer treatment for many years, using a non-toxic, light sensitive photosensitizer dye, applied by
systemic or topical administration. Once the photosensitizer is excited by using the appropriate wavelength in the
presence of molecular oxygen, ROS is generated leading to a cytotoxic effect on cancer cells. Despite the great success
made by PDT in cancer treatment, its usage became limited due to light's weak-penetration effect.'*® In addition to lack
of specificity of phototherapeutic agents that decrease efficacy and bioavailability with serious side effects. Using
photosensitizer together with a NC or photon-up-conversion NPs holds the potential to act as a NC for photosensitizers
with the adv. of localized action and higher efficiency as well as higher penetration depth than that of the conventional
PDT"*" ' as simplified in Figure 8. The above mechanism is like a billiard game where the billiard stick (light energy)
hits the ball (nanocarrier) to transfer energy to the following ball (photosensitizers) that acquire a high energy to reach the
pocket and achieve the ultimate goal (kill cancer cells).

Alternative excitation sources include near infrared light or X-ray are presented in the next section.'®®

Table 3 addresses photodynamic extrinsic-light-activation of anti-cancer drugs in NPs advantages and disadvantages,

applications, and factors affecting action of different types of extrinsic-light-activation either near infrared (NIR),'¢"162

163,164 165

visible light or X-ray.

Combinatorial Intrinsic-Extrinsic-Activation
The addition of targeting moieties or the integration of other capabilities, such as focused radiation or ultrasound, can help
improve targeting. Encapsulating calcium carbonate (CaCO3) which is a pH-sensitive metallic (intrinsic activation) NP within

a PLGA coating, simultaneously used in conjugation with ultrasound (extrinsic activation) to enhance release and action.'”

Moreover, the surface would be functionalized using rabies virus glycoprotein to enhance targeting to neuroblastoma cells.'”*
Encapsulating DOX in a drug delivery vehicle composed of TiO, particles doped with Gd as a sonosensitizer and pH-sensitive
NC for DOX. Once the NPs accumulated in the tumor tissue, amines in the coating are protonated which results in an influx of

ions and subsequently lowers the osmotic potential. Consequently, the coating bursts (intrinsic activation) and releases the

Up conversion
nanoparticles (UCN)
Cytotoxic effect

Light activation

Figure 8 Photodynamic therapy extrinsic light-activation using up-conversion NPs. Light energy (playing stick) activates up-conversion NPs (white ball) that activates the
photosensitiser (orange/white ball) giving ROS to kill cancer cells (going into the goal pocket).
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Table 3 Photodynamic Extrinsic-Light-Activation of Anti-Cancer Drugs in NPs Formula

164

Type of Extrinsic-Light-Activation

Criteria

Near Infrared (NIR)

Visible Light

X-Ray

Therapeutic
wavelength

range

700-1200 nm'®®

In the red region of the visible spectrum
(lambda> 600 nm)'¢’

Advantages

Minimal damage on healthy cells™

Leads to release of singlet oxygen that

kill cancer cells specifically'®

Treatment with X-ray can be achieved
by existing hospital equipment in
addition to it gives nearly no off-target
damageI69 being safe

Penetration
depth

High'”®

Very low < lem'®’

Deep into tissues'®°

Disadvantages

Prolonged exposure causes skin burns

and lesions'®?

Weak ability of x-ray in activation of

photosensitizer'”'

phthalocyanine photosensitizer,
amphiphilic chitosan modified by folate
as ligand, linked to the UCN. Tumor
inhibition % up to 50% in comparison to
18% when using traditional visible light-
activated PDT.'®'

- Using photosensitizer TiO, linked to
NaYF4:Tm upconverting NPs & all
coated by PEG to increase hydrophilicity
and biocompatibility >70% cell death of
oral squamous cell carcinoma cells after

NIR exposure'¢?

chemotherapeutic agent together with
siRNA as a gene therapy to silence the
TWIST gene which promotes epithelial-
mesenchymal transition and metastasis.
Chlorin e6- photosensitizer all are
carried in polymeric NPs, inhibit
primary tumors growth and their lung
metastasis (both >80%) compared to
control groups.'¢?

- Camptothecin as anticancer drug and
Zinc phthalocyanine as photosensitizer,
incorporated into polymer NPs with

a mitochondrial targeting moiety
showed 80% reduction in tumor size

after activation with light'®*

Factors Depending on light intensity and Depth of tumor affects light intensity -
affecting exposure time'’? affects the cytotoxic effect,
action In deep tissue tumors, PDT possess
lower intensity from limited penetration
depth'®
Application - UCN attached to a zinc (Il) - Encapsulating docetaxel as - U-87 MG (glioblastoma) tumor

bearing mice treated by NPs consisting
of Sr,ALOEu? upconverting core and
a mesoporous silica membrane
containing the photosensitizer MC540.
X-ray activation causes tumor cell

shrinkage and death.'®®

Abbreviations: NIR, Near Infrared; UCN, Up Conversion Nanoparticles; PDT, Photodynamic Therapy; NPs, Nanoparticles; PEG, Polyethylene Glycol; siRNA, small
Interfering RNA.

polymer-DOX nano-complex into the cancer cells. Then irradiation by ultrasound source (extrinsic activation) is carried out at
the tumor site with ROS production to induce cell death at the tumor site.'”

A nano formulation was designed consisting of DOX-loaded on reduced albumin-based NPs. Once the formulation
reaches the tumor site, releasing DOX was achieved in response to the acidic-tumor microenvironment (intrinsic
activation). Using ultrasound improves the targeted drug delivery by disrupting the endothelial linings by microbubble-

assisted cavitation (extrinsic activation) that opens the road in front of the chemotherapeutic drug.'”®

Smart Nano-Reactor

Smart nano-reactor was designed to enhance the therapeutic outcome of PDT using a hollow silica NP encapsulating system, in
its inner cavities catalase which is water-soluble H,O,-decomposing enzyme. Doping chlorine 6 (Ce6) as a photosensitizer into
the silica lattice structure, was functionalized with (3-carboxypropyl)triphenyl phosphonium bromide which is a mitochondrial
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targeting moiety, further modified by acidic pH-responsive charge-convertible polymer (intrinsic activation). After reaching the
tumor site, the pH-responsive polymer was degraded, releasing the catalase enzyme to produce O, from H,0O, to overcome tumor
hypoxia and further enhance in vivo PDT efficacy. Therefore, by applying light (extrinsic activation) the photosensitizer has the
ability to use O, in the tumor tissue and release ROS that kills cancer cells. Moreover, to overcome metastasis, scientists added an
immune check-point inhibitor as programmed death-ligand 1 (PD-L1) antibody to promote cytotoxic T-lymphocytes infiltration
into distant tumors.'”” A pH-sensitive nano system was fabricated composed of dendrimer premixed with PAA through ionic
interaction carrying DOX as a chemotherapeutic drug and indocyanine green which is a photothermal agent. This system was
functionalized by PEG and herceptin to allow active targeting to HER2 in tumor cells. Furthermore, NIR irradiation (extrinsic
activation) produces a considerable heat that induces apoptosis and promotes cell death.'’® Thsanullah et al proposed a nano
system in which NPs made of amphiphilic polymers were synthesized incorporating two drugs (photosensitizer chlorine e6 (Ce6)
and hypoxia activatable prodrug tirapazamine) and this NC is attached to a peptide. By applying external laser irradiation
(extrinsic activation), the proximal cells from the vessel having sufficient oxygen content undergo PDT in which photosensitizer
releases a singlet oxygen promoting cell death.'”® Zhao et al used magnetic NPs Fe;0, to synthesize a pH-responsive nano
system, this was done by using acid-labile imine bonds to conjugate RGD (targeting moiety) and DOX to the magnetic NPs.
Upon reaching the tumor acidic pH (intrinsic activation), the drug is released. Moreover, by the application of external magnetic
field (extrinsic activation), the anti-cancer activity of the magnetic NPs is more enhanced than free DOX due to localized action

and enhanced drug uptake by cancerous cells.'

State-of-The Art Nano-Robots for Cancer Therapy

Nano-robots are gadgets, between 0.1 and 10 micrometers in size.'®' A nano-robot is a clever robot which can patrol the
bloodstream, identify a specific target being diagnostic and deliver little lethal NP cargoes to destroy cancer cells,'®? as
used for brain tumors. Nano-robots seem like a fire alarm system that detects fire (diagnosis) and rapidly releases water
(drug) to put the fire out (therapy). A full option nanobot was designed to contain all the desired facilities to achieve
targeted, fast, and localized action at the tumor site. One nanobot is a multi-walled carbon nanotube (CNT) used as
a carrier for DOX targeting, enhanced by first, addition of an anti-epithelial cell adhesion molecule monoclonal antibody
(anti-EpCAM mADb) targeting ligand and second, by chemical co-ordination with Fe;O4 NPs for autonomous propulsion
ability as well as superparamagnetic property providing localized action.'®®

Evaluating Intrinsic and Extrinsic-Activation Techniques

It is noteworthy to mention that every activation method, either intrinsic or extrinsic, has its advantage and/or
disadvantage. Both of them definitely aim to achieve the highest concentration of chemotherapeutic drug at the target
site together with decreasing off-target effects.

Concerning intrinsic activation, pH-dependent activation makes use of the difference in pH among cancer and healthy
cells that can improve selective activation. Moreover, combination with other functionalities such as directed radio-
therapy or ultrasound can improve activation and action. In a similar manner, although enzymes are found in both cancer
and normal cells, but the difference in their expression level gives us an opportunity to use it as a way for targeted release
and localized action. This is achieved by using a substrate being linked to the chemotherapeutic drug, where drug release
is achieved only after attaching the substrate to the over-expressed enzyme at the tumor site mainly. Similarly, in
concentration-dependent activation most of these molecules are found in both normal and cancerous cells, however, the
difference in concentration of either membrane proteins or soluble molecules with the aid of functionalized ligands, the
system is directed to the target site and selective activation is achieved. On the other hand, during extrinsic activation,
ultrasound low penetration through bone and air, results in problems in activation in lungs or ribcage. More importantly,
due to the risk of inertial cavitation causing petechial hemorrhage, some ultrasound frequencies cannot be used to treat
cerebral tumors.'®* Increased poration causes therapeutic molecules to accumulate in unwanted tissues/organs, especially
when conducted adjacent to the vascular tissue, which limits sonoporation.'™

Activation with NIR light has offered a stimulus that is inexpensive, safe, and has few side effects to healthy tissues. However,
skin penetration depths are below 4 mm'* limiting the technique's utility. X-ray activation technique can be used as it penetrates
deeply, reaching deep tumors,'® can be applied easily using hospital equipment and gives minimal side effects, but only has
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a weak ability of X-ray for photosensitizer activation.'”' A more effective technique can be applied which is magnetic field
activation due to its high penetration depth, non-ionizing property, and localized action to ensure normal cell's safety.'®’
Table 4 summarizes the advantages vs disadvantages of anti-cancer drug NPs various intrinsic and extrinsic-activation

methods.

Summary and Conclusion
One of the drawbacks of chemotherapy is the lack of specificity and MDR. Nano-bio-medicine fabricated a NC to carry
anti-cancer drug(s) directly to the tumor site, where activation either intrinsic or extrinsic or a combination is selected, in
order to release the NP-entrapped drug to perform its cytotoxic action precisely and selectively.

Therefore, activatable therapies have the capacity to deliver toxic medications, precisely, where they are only needed at
the tumor site, with decreased off-target events and side effects as well as achieving less mortality among cancer patients.

Strength

“No-harm, no-toxicity-to-the normal” is the insignia of nano-bio-medicine, therefore, targeted-drug delivery is a dynamic
innovative field, trying to provide the best chemotherapeutic effect with minimal off-target effect(s) while ensuring
overcoming cancer cell escape. These ideas were presented in the current review in simple, innovative, illustrative

cartoon-simulation figures.

Table 4 Advantages Vs Disadvantages of Anti-Cancer Drugs NPs Various Intrinsic and Extrinsic-Activation Methods

Activation Type
Criteria Intrinsic Extrinsic
Types pH, enzymatic and concentration-dependent Ultrasound, magnetic and light activation
Examples | pH-dependent activation Ultrasound activation
-pH-sensitive PLGA'” & PAA'® polymers -mRNA-lipoplexes bound to microbubbles'??
-Nano valves complexed with aniline on mesoporous silica -Nanobubbles composed of NPs enclosing gas is stabilized
nanoparticles surface®' within a single cavity of nano-cups or nano-cone'?*
-A pH-responsive polymeric micelles®? - Nanosized lipid droplets'*
-Calcium-based materials as calcium carbonate (CaCO;)*® - Barium titanate as a piezoelectric NP'?
- Iron oxide NPs%’ Magnetic field activation
Enzyme-dependent activation -Biodegradable dendritic silica NPs encapsulating glucose
Endogenous enzyme oxidase and Fe;O4 NPs'*!
Nanocarriers complexed to substrates; with high affinity to target | -Anticancer drugs conjugated with magnetic NPs'4% 43145
overexpressed enzymes in cancer cells; cathepsins***', MMPs**™¢, | _ Magnetite particles used as a pore blocking'*®
hyaluronidase*”*8, glycosyl hydrolases®, protein tyrosine kinase®', | - Cationic lipopeptides and anionic magnetic NPs system in
NAD(P)H quinone oxidoreductase-1]°2, telomerase.>*** magnetofection'>'>
Exogenous enzyme Light activation/Photodynamic therapy
- Hypoxia-sensitive prodrug (AQ4N) and glucose oxidase -Near infrared'®"'¢?
enzyme® - Visible light'¢>'¢4
- Silica NPs encapsulate peroxidase enzyme and indole-3-acetic -X-ray'®®
acid prodrug59
Concentration dependent activation
-NPs conjugated to ligands that is targeted to bind molecules
found in tumor cells in higher concentration than in normal cells
TF, TR 626! EGFR 6243 PSMA 465 FR 47 HER2,%7° ER7' CD-
44,72‘73 Integrin,”’75 Biotin receptor,76 LHRH receptor,77
lectin’®”%, GSH®"#2
(Continued)
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Table 4 (Continued).

Activation Type

Criteria Intrinsic Extrinsic

Adv. Exploit intrinsic changes in cancer cell physiology’ Remote activation'®

Negligible cytotoxicity’

Achievable using hospital equipment as X-ray'¢’

Deep tissue penetration as X-ray'®’

Problem/ | Non-specific release’ Not applicable with some body organs/tissues,
disadv. some ultrasound frequencies cannot be used to treat cerebral
tumors'8®

Ultrasound has poor penetration in bone/air and in-ribs/lungs

activation is difficult'®®

Risk of hemorrhage'®

Sonoporation increased poration allows therapeutic molecules

to accumulate in unwanted tissues, when close to vascular

tissue''?

NIR penetration depths through skin is very small'*

Abbreviations: PLGA, Poly Lactic-co-glycolic-acid; PAA, Poly acrylic acid; NPs, Nanoparticles; MMPs, Matrix Metalloproteinases; SIRNA, Small Interfering RNA; NIR, Near Infrared;
Tf, transferrin; TfR, transferrin receptor; EGFR, epidermal growth factor receptor; PSMA, prostate-specific membrane antigen; FR, folate receptor; HER2, human epidermal growth
factor receptor2; ER, estrogen receptor; CD, cluster of differentiation; LHRH, Luteinizing hormone releasing hormone; GSH, Glutathione; mMRNA, messenger RNA.

Recommendation

Either intrinsic-activation or extrinsic-activation of NPs cargos, free or not, or a combination of them, were all exploited
experimentally, and need to go more into the clinical phase. MDR, remains one more obstacle that hinders the proper
action of NPs carrying anti-cancer drugs (an issue that is addressed, currently, by our research group in an ongoing

review).

Abbreviations

ADC, antibody drug conjugates; ANANAS, avidin-nucleic-acid nano-assemblies; CaCos, calcium carbonate; CNTs,
carbon nanotubes; CAP, capecitabine; CD-44, cluster of differentiation 44; Ce6, chlorin E6 photosensitizer; CTHP-CAP
LPs, chitosan tumor homing peptide capecitabine liposome; DDMON, degradable dendritic mesoporous organosilica
nanoparticle; DDS, drug delivery system; DOX, doxorubicin; ECM, extracellular matrix; EGFR, epidermal growth factor
receptor; EPR, enhanced permeability and retention effect; ER, estrogen receptor; E2, estradiol; FR, folate receptor; GIT,
gastrointestinal tract; GOX, glucose oxidase enzyme; GSH, glutathione; HAaSe, hyaluronidase; HER2, human epidermal
growth factor receptor 2; HSNs, human serum albumin nanoparticles; IONPs, iron oxide nanoparticles; LDH, lactate
dehydrogenase; LHRH, luteinizing hormone releasing hormone; MDR, multidrug resistance; MMPs, matrix metallopro-
teinases; MRI, magnetic resonance imaging; miR-145 MNPF, Mir-145-based magnetic nanoparticle formulation;
MSNPs, mesoporous silica nanoparticles; MTX, methotrexate; miRNA, micro-RNA; NAD(P)H, nicotinamide dinucleo-
tide phosphate; NADH, nicotinamide dinucleotide; NQO1, NAD(P)H quinone oxidoreductase-1; NCs, nanocarriers;
ncRNA, non-coding RNA; NF-Kb, nuclear factor kappa B cell; NIR, near infrared; NPs, nanoparticles; NT, nanotech-
nology; PAA, poly acrylic acid; PD-L1, programmed death-ligand 1; PTX, paclitaxel; PDT, photodynamic therapy; PEG,
polyethylene glycol; PpIX, protoporphyrin IX; PLA, poly lactic-acid; PLGA, poly lactic-co-glycolyic acid; PLL, poly-
L-lysine hydrobromide; PSMA, prostate specific membrane antigen; PTK-7, protein tyrosine kinase-7; PVP, poly-vinyl
pyrrolidone; RNA I, RNA interference; ROS, reactive oxygen species; SIRNA, small interfering RNA; SPIONs, super
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paramagnetic iron oxide nanoparticles; TfRs, transferrin receptors; TF, transferrin; THP, tumor homing peptide; TiOx,

titanium peroxide; TiO2, titanium dioxide; UCN, up conversion nanoparticles.
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