Nanomedicine



Nanomedicine is a multidisciplinary field that applies the knowledge and tools of
nanotechnology to the prevention, diagnosis, and treatment of diseases. It involves the
use of nanoparticles, nanostructures, and nanoscale materials to develop innovative
medical therapies and diagnostic techniques.

Nanomedicine seeks to improve the effectiveness of treatments by enabling targeted
drug delivery, reducing side effects, and enhancing the bioavailability of therapeutic
agents. It also has the potential to revolutionize diagnostics by developing highly
sensitive and accurate devices for detecting diseases at an early stage, which can
significantly improve patient outcomes.

Targeted drug delivery: Nanoparticles can be engineered to carry drugs specifically to
the site of a disease, improving the efficiency of the treatment and minimizing side
effects.

Imaging and diagnostics: Nanoscale materials can be used as contrast agents or
imaging probes, enhancing the detection of diseases and providing real-time monitoring
of therapeutic responses.

Regenerative medicine: Nanotechnology can be employed to develop scaffolds or
nanomaterials that promote tissue regeneration and repair.

Gene therapy: Nanocarriers can be designed to transport genetic material into cells,
allowing for the correction of genetic defects or the manipulation of gene expression.
Immunotherapy: Nanoparticles can be used to modulate the immune system, either by
enhancing immune responses or suppressing overactive immune reactions.
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Sustained proliferative signaling: Cancer cells can stimulate their own growth by
producing growth factors or by overactivating growth factor receptors.

Evasion of growth suppressors: Cancer cells can bypass cellular mechanisms that
normally inhibit cell growth and division, such as tumor suppressor genes like p53 and
Rb.

Resistance to cell death: Cancer cells can avoid apoptosis, the programmed cell
death that occurs when cells are damaged or dysfunctional, allowing them to survive
and multiply.

Replicative immortality: Cancer cells can maintain the length of their telomeres, the
protective caps on the ends of chromosomes, which enables them to divide indefinitely.

Induction of angiogenesis: Cancer cells can stimulate the formation of new blood
vessels (angiogenesis) to supply the growing tumor with oxygen and nutrients.

Activation of invasion and metastasis: Cancer cells can break away from the
primary tumor, invade surrounding tissues, and form secondary tumors in distant sites.

Hanahan, D., & Weinberg, R. A. (2000). The
hallmarks of cancer. Cell, 100(1), 57-70.
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An increasing body of research suggests that two additional hallmarks of cancer are involved in the
pathogenesis of some and perhaps all cancers. One involves the capability to modify, or reprogram, cellular
metabolism in order to most effectively support neoplastic proliferation. The second allows cancer cells to
evade immunological destruction, in particular by T and B lymphocytes, macrophages, and natural killer cells.
Because neither capability is yet generalized and fully validated, they are labeled as emerging hallmarks.
Additionally, two consequential characteristics of neoplasia facilitate acquisition of both core and emerging
hallmarks. Genomic instability and thus mutability endow cancer cells with genetic alterations that drive tumor
progression. Inflammation by innate immune cells designed to fight infections and heal wounds can instead
result in their inadvertent support of multiple hallmark capabilities, thereby manifesting the now widely
appreciated tumor-promoting consequences of inflammatory responses.



Deregulation of cellular energetics: Cancer cells often exhibit altered metabolism,
such as increased glucose uptake and glycolysis, even in the presence of oxygen (a
phenomenon known as the Warburg effect).

Avoiding immune destruction: Cancer cells can evade detection and destruction
by the immune system through various mechanisms, such as the expression of
immune checkpoint proteins.

(Enabling characteristic) Genome instability and mutation: Cancer cells often
have increased genomic instability, leading to a higher rate of mutations that can
drive the acquisition of the other cancer hallmarks.

(Enabling characteristic) Tumor-promoting inflammation: Inflammation can create
a tumor-promoting environment that fosters the growth, survival, and spread of
cancer cells.

Hanahan, D., & Weinberg, R. A. (2011).
Hallmarks of cancer: the next generation.
Cell, 144(5), 646-674.
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Cancer nanomedicine: progress,
challenges and opportunities

Jinjun Shi’, Philip W. Kantoff?, Richard Wooster® and Omid C. Farokhzad'*

Box 1| Distinctive features of nanotechnology in oncological applications

* Improvement of the drug therapeutic index by increasing efficacy and/or
reducing toxicities

* Targeted delivery of drugs in a tissue-, cell- or organelle-specific manner

* Enhancement of the pharmaceutical properties (for example, stability, solubility,
circulating half-life and tumour accumulation) of therapeutic molecules

* Enabling of sustained or stimulus-triggered drug release

* Facilitation of the delivery of biomacromolecular drugs (for example, DNA, small
interfering RNA (siRNA), mRNA and protein) to intracellular sites of action

* Co-delivery of multiple drugs to improve therapeutic efficacy and overcome drug
resistance, by providing more precise control of the spatiotemporal exposure of each
drug and the delivery of appropriate drug ratio to the target of interest

* Transcytosis of drugs across tight epithelial and endothelial barriers (for example,
gastrointestinal tract and the blood-brain barrier)

* More sensitive cancer diagnosis and imaging

* Visualization of sites of drug delivery by combining therapeutic agents with imaging
modalities, and/or real-time feedback on the in vivo efficacy of a therapeutic agent

* Provision of new approaches for the development of synthetic vaccines
* Miniaturized medical devices for cancer diagnosis, drug screening and delivery

¢ Inherent therapeutic properties of some nanomaterials (for example, gold nanoshells
and nanorods, and iron oxide nanoparticles) upon stimulation

20| JANUARY 2017 | VOLUME 17 www.nature.com/nrc
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Figure 1| Historical timeline of major developments in the field of cancer nanomedicine. EPR, enhanced

permeability and retention; FDA, US Food and Drug Administration; nab, nanoparticle albumin-bound; MP, nanoparticle;
PLGA-PEG, poly(D,L-lactic-co-glycolic acid)-b-poly{ethylene glycol); PRINT, particle replication in non-wetting template;
siRNA, small interfering RNA.
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The Enhanced Permeability and Retention (EPR) effect is a phenomenon that is
commonly exploited in nanomedicine for the passive targeting of nanoparticles to solid
tumors. The EPR effect is based on the unique characteristics of the tumor
microenvironment, which include leaky blood vessels and impaired lymphatic drainage.

In solid tumors, the rapid growth of cancer cells leads to the formation of new blood
vessels through a process called angiogenesis. However, these newly formed blood
vessels are often disorganized and have large gaps between endothelial cells,
resulting in increased permeability. This enhanced permeability allows nanoparticles,
which are typically in the size range of 10-200 nm, to passively accumulate in the
tumor tissue more efficiently than in healthy tissues.

The second key factor contributing to the EPR effect is the impaired lymphatic
drainage in the tumor microenvironment. The lymphatic system is responsible for
removing excess fluids, proteins, and waste products from tissues. However, in tumors,
the lymphatic vessels are often compressed or dysfunctional, which hinders their
ability to efficiently drain the accumulated substances. This results in the retention of
nanoparticles within the tumor tissue for extended periods, allowing them to exert their
therapeutic effects.

The EPR effect provides a passive targeting mechanism for nanomedicines,
enhancing their accumulation and retention within solid tumors, while reducing their
distribution to healthy tissues. t.
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Figure 4 | Nanoparticle targeting of the tumour microenvironment and the
prametastatic niche. Targeting of the tumour vasculature or stromal cells in the tumour
microenvironment (part a) and the premetastatic microenvironments such as the bone
marrow niche, where induction of the osteogenic differentiation of mesenchymal stem
cells enhances bone strength and volume (part b). Cell-specific targeting can be
achieved via the modification of nanoparticles (NPs) with ligands that bind to specific
receptors (for example, a p, integrin and mannose receptor) on the surface of tumour
endothelial cells, stromal cells or other target cells. It should be noted that even without
targeting ligands, NPs can be engineered for preferential cellular uptake. The payloads
released from NPs localized in tumours or premetastatic tissues can also be
nonspecifically taken up by these cells.
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Potential EPR Markers

Vascular endothelial growth factor (VEGF): VEGF is a key factor that stimulates
angiogenesis in tumors, promoting the formation of disorganized and leaky blood
vessels. High levels of VEGF in a tumor may suggest an increased likelihood of the
EPR effect.

Angiopoietin-2 (Ang-2): Ang-2 is another angiogenic factor that contributes to the
formation of leaky blood vessels in tumors. Like VEGF, elevated levels of Ang-2 may
indicate a tumor microenvironment conducive to the EPR effect.

Hypoxia-inducible factors (HIFs): HIFs are transcription factors that are activated
under low oxygen conditions (hypoxia), which are common in solid tumors. HIFs
regulate the expression of various genes involved in angiogenesis, including VEGF,
and can, therefore, serve as indirect indicators of the EPR effect.

Endoglin (CD105): Endoglin is a protein that is highly expressed on the surface of
endothelial cells involved in angiogenesis. It can be used as a marker to identify newly
formed blood vessels in tumors and may provide some indication of the EPR effect.

Platelet-derived growth factor (PDGF): PDGF is another factor involved in
angiogenesis and blood vessel maturation. Elevated levels of PDGF may be
associated with the formation of leaky blood vessels in the tumor microenvironment,
which can contribute to the EPR effect.
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Table 1. Examples of Nanomaterials in Clinical Use.*

Manomaterial
Metallic

Iron cxide

Gold

Manoshells

Semiconductor
Quantum dot

Crganic
Protein

Liposome

Palymer

Dendrimer

Micelle

Trade Mame

Feride;

Resovist

Combidex

MNanoTherm
Verigene
Aurimmune
Auroshell
Qdots, EviTags,

semiconductor
nanocrystals

Abraxane

DoxilfCaelyx
Oncaspar
CALAA-OL
VivaGel

Genexol-PM

Application

MRI contrast

MRI contrast
MRI contrast

Cancer therapy
In vitro diag-
nostics
Cancer therapy
Cancer therapy
Fluorescent con-

trast, in vitro
diagnostics

Cancer therapy

Cancer therapy
Cancer therapy
Cancer therapy

Microbicide

Cancer therapy

Liver
Lymph nodes

Warious forms
Genetic
Warious forms

Head and neck

Tumors, cells,
tissues, and
molecular
sensing
structures

Breast

Warious forms

Acute lymphoblas-
tic leukemia

Warious forms

Cervicovaginal

Warious forms

Adverse Effects

Back pain, vaso-
dilatation

Mone

Mone

Acute urinary
retention

Mot applicable
Fever

Under investigation

Mot applicable

Cytopenia

Hand—foot syndrome,
stomatitis

Urticaria, rash
Mild renal toxicity

Abdominal pain,
dysuria
Peripheral sensory

neuropathy,
neutropenia

Manufacturer

Bayer Schering

Bayer Schering
Advanced Magnetics

MagForce
Manosphere

Cytlmmune Sciences

Manospectra

Biosciences

Life Technologies,
eBioscience,
MNanoco,
CrystalPlesx,
Cytodiagnostics

Abraxis Bioscience

Ortho Biotech
Rhéne-Poulenc Rorer
Calando

Starpharma

Samyang

Current Status

FDA approved

FDA approved

In phase 3 clin-
ical trials

In phase 3 clin-
ical trials

FDA approved

In phase 2 clin-
ical trials

In phase 1 clin-
ical trials

Research
use only

FDA approved
FDA approved

FDA approved

In phase 2 clin-
ical trials

In phase 2 clin-
ical trials

For phase 4
clinical
trials

* MRI denotes magnetic resonance imaging.




Doxil/Caelyx (liposomal doxorubicin): Doxil (known as Caelyx outside of the US) is a
liposomal formulation of the chemotherapy drug doxorubicin. The liposomal
encapsulation improves the pharmacokinetics of the drug, reduces side effects such
as cardiotoxicity, and enhances its accumulation in tumors.
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Prolonged Circulation Time and Enhanced Accumulation in Malignant Exudates of
Doxorubicin Encapsulated in Polyethylene-glycol Coated Liposomes'

Alberto Gabizon,” Raphael Catane, Beatrice Uziely, Bela Kaufman, Tamar Safra, Rivka Cohen, Francis Martin,
Anthony Huang, and Yechezkel Barenholz
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Abraxane (albumin-bound paclitaxel)
Abraxane is a nanoparticle-based formulation of the chemotherapy drug paclitaxel,
bound to albumin protein. It is used for the treatment of breast cancer, non-small
cell lung cancer, and pancreatic cancer. The albumin-bound formulation enhances
the solubility of paclitaxel and allows for better drug delivery to tumors.
Journal of Clinical Oncology, 23(31), 7794-7803.
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Results
ABI-00/ demonstrated significantly higher response rates compared with standard paclitaxel
(33% v 19%, respectively, P = .001) and significantly longer time to tumor progression (23.0 v
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Fig 2. (A) Patient survival over time. (B) Patient survival over time in patients who received second-line or greater therapy. Pvalues from log-rank test. Survival
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Onivyde (liposomal irinotecan): Onivyde is a liposomal formulation of the
chemotherapy drug irinotecan, approved for use in combination with other drugs
for the treatment of metastatic pancreatic cancer. The liposomal encapsulation
improves the pharmacokinetics and biodistribution of irinotecan, increasing its
therapeutic effect.
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Nanoliposomal irinotecan with fluorouracil and folinic
acid in metastatic pancreatic cancer after previous
gemcitabine-based therapy (NAPOLI-1): a global,
randomised, open-label, phase 3 trial
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Figure 2: Kaplan-Meier survival analyses
HR=hazard ratio. (A) Overall survival with nanoliposomal irinotecan plus fluorouracil and folinic acid versus fluorouracil and folinic acid. (B) Overall survival with
nanoliposomal irinotecan monotherapy versus fluorouracil and folinic acid. (C) Progression-free survival with nanoliposomal irinotecan plus fluorouracil and folinic
acid versus fluorouracil and folinic acid. (D) Progression-free survival with nanoliposomal irinotecan monotherapy versus fluorouracil and folinic acid.

The Lancet, 387(10018), 545-557.



Targeted Delivery

Active targeting: Active targeting involves the functionalization of nanocarriers with
ligands that specifically recognize and bind to receptors or other molecular targets
overexpressed on cancer cells or tumor-associated blood vessels. This approach can
enhance the selectivity and efficacy of nanomedicines.

Liposomes functionalized with antibodies: Doxil® is a PEGylated liposomal formulation
of doxorubicin, an anticancer drug, that passively targets tumors through the EPR effect .
Researchers have developed immunoliposomes, which are liposomes conjugated with
antibodies specific to cancer cell surface antigens, such as HERZ2, to actively target
cancer cells.

Polymeric nanoparticles: Polymeric nanoparticles have been developed to deliver
chemotherapeutic agents, such as paclitaxel, to tumors. For example, Genexol-PM is a
formulation of paclitaxel-loaded polymeric micelles that passively target tumors through
the EPR effect. Active targeting can be achieved by conjugating ligands, such as folic
acid, to polymeric nanoparticles to target cancer cells that overexpress folate receptors

Gold nanoparticles: Gold nanoparticles have been used for the targeted delivery of
anticancer drugs and photothermal therapy. For example, researchers have
functionalized gold nanoparticles with aptamers, which are short nucleic acid sequences
that specifically bind to target molecules, to actively target cancer cells that overexpress
the EpCAM antigen
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Folate decorated polymeric micelles for targeted delivery
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Immune System

Innate immunity: This is the first line of defense and provides a rapid,
nonspecific response to harmful substances or pathogens. Innate immunity
consists of various physical and chemical barriers (e.g., skin, mucous
membranes, stomach acid), immune cells (e.g., neutrophils, macrophages,
dendritic cells, natural killer cells), and proteins (e.g., complement system,
cytokines). The innate immune system can recognize common molecular
patterns associated with pathogens, such as lipopolysaccharides on the surface
of bacteria, through pattern recognition receptors (PRRs).

Adaptive immunity: This component of the immune system provides a highly
specific, targeted response to specific pathogens or antigens. It is slower to
develop than innate immunity but has the advantage of immunological memory,
which allows for a faster and more robust response upon subsequent
encounters with the same pathogen. Adaptive immunity is mainly mediated by
two types of white blood cells: B lymphocytes (B cells) and T lymphocytes (T
cells).



Innate Immune cells

Neutrophils: These are the most abundant type of white blood cells and are the first
to arrive at the site of infection. They are phagocytic cells, meaning they engulf and
destroy pathogens. They also release enzymes and antimicrobial peptides to Kill
microbes and recruit other immune cells to the site of infection.

Macrophages: These large phagocytic cells play a critical role in both innate and
adaptive immunity. They engulf and destroy pathogens, remove dead cells, and
secrete cytokines that regulate inflammation and recruit other immune cells.
Macrophages also function as antigen-presenting cells, displaying fragments of
foreign substances to T cells and initiating an adaptive immune response.

Dendritic cells: These cells act as sentinels in tissues exposed to the external
environment, such as the skin and mucosal surfaces. They capture and process
foreign substances and present them to T cells, thus bridging the gap between innate
and adaptive immunity.

Natural killer (NK) cells: NK cells are lymphocytes that can recognize and kill virus-
infected cells and cancer cells without prior sensitization. They play a crucial role in
the early defense against infections and tumors.



Adaptive immune cells

B lymphocytes (B cells): B cells are responsible for producing antibodies, which are proteins
that can recognize and neutralize specific pathogens or infected cells. When a B cell
encounters its specific antigen, it differentiates into plasma cells that produce and secrete
large amounts of antibodies, and memory B cells that provide long-lasting immunity against
the same antigen.

T lymphocytes (T cells): T cells play a central role in the adaptive immune response. They can
be divided into several types, including:

a. Helper T cells (CD4+ T cells): These cells coordinate the immune response by secreting
cytokines that activate and regulate other immune cells, such as B cells, cytotoxic T cells, and
macrophages.

b. Cytotoxic T cells (CD8+ T cells): These cells can directly kill infected or abnormal cells by
releasing cytotoxic molecules, such as perforin and granzymes, that induce apoptosis (cell
death).

c. Regulatory T cells (Tregs): These cells help maintain immune tolerance by suppressing
overactive immune responses and preventing autoimmune reactions.

Memory T cells: These long-lived T cells are generated following an immune response and
provide long-lasting immunity against the same antigen. They can rapidly differentiate into
effector T cells upon re-exposure to the antigen, resulting in a faster and more robust immune
response.
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An antigen-presenting cell (APC) is a type of immune cell that plays a critical role in
initiating and shaping the adaptive immune response. APCs capture, process, and
present antigens—foreign substances or protein fragments derived from pathogens—
on their surface in association with major histocompatibility complex (MHC)
molecules. T cells can recognize these antigen-MHC complexes, allowing them to
mount a specific immune response against the foreign substance.

Dendritic cells: These cells are often considered the most potent APCs due to their
ability to initiate naive T cell responses. Dendritic cells are located in various tissues,
especially those exposed to the external environment, such as the skin and mucosal
surfaces. They capture and process antigens and then migrate to lymphoid organs,
where they present the antigens to T cells.

Macrophages: Macrophages are phagocytic cells involved in both innate and adaptive
immunity. They can engulf and destroy pathogens, as well as present antigens to T
cells. Macrophages are widely distributed throughout the body and play a crucial role
in the immune response against intracellular pathogens, such as bacteria and fungi.

B lymphocytes (B cells): B cells can also act as APCs, primarily in the context of the
humoral immune response. When B cells encounter their specific antigen, they
internalize, process, and present it to helper T cells, which in turn provide signals for B
cell activation, differentiation, and antibody production.
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Cancer Immunotherapies

Cancer immunotherapy refers to a group of therapeutic approaches that aim
to harness the power of the immune system to recognize and eliminate
cancer cells. By stimulating or restoring the immune response against
cancer, immunotherapies can offer a targeted and potentially long-lasting
treatment for various types of cancer.

There are several types of cancer immunotherapy, including:

Immune checkpoint inhibitors:
Cancer vaccines

Adoptive cell transfer (ACT):
Oncolytic viruses:.

Cytokines:

Bispecific antibodies
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Immune checkpoint blockade involves using monoclonal antibodies that bind to and
block the interaction between checkpoint proteins and their ligands, thereby "releasing
the brakes" on the immune system and allowing T cells to target and kill cancer cells
more effectively.

CTLA-4 (Cytotoxic T-lymphocyte-associated protein 4): CTLA-4 is an inhibitory
molecule expressed on the surface of T cells. It competes with the stimulatory molecule
CD28 for binding to the B7 molecules (CD80 and CD86) on antigen-presenting cells.
When CTLA-4 binds to B7 molecules, it inhibits T cell activation, preventing an
overactive immune response.

PD-1 (Programmed cell death protein 1): PD-1 is another inhibitory receptor found on
the surface of T cells, as well as some other immune cells. It binds to its ligands, PD-L1
and PD-L2, which can be expressed on cancer cells and some immune cells in the
tumor microenvironment. The interaction between PD-1 and its ligands leads to T cell
exhaustion, a state of dysfunction that impairs the T cells' ability to effectively eliminate
cancer cells.

PD-L1 (Programmed cell death ligand 1): PD-L1 is the primary ligand for PD-1 and is
often expressed on cancer cells and some immune cells within the tumor
microenvironment. Blocking PD-L1 can disrupt the inhibitory signaling pathway mediated
by PD-1, leading to enhanced T cell function and anti-tumor immune response.



Partners in Immune System Signaling
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TIGIT is among the T-cell receptors that interact with proteins expressed by antigen presenting cells to send inhibitory

signals to the immune system. Dysregulated interaction between TIGIT and its ligands serves to suppress immunity when
under attack from cancer cells, similar to the activity of the PD-1 and CTLA-4 pathways.



Immune checkpoint inhibitors: These are drugs that target immune checkpoint
proteins, such as CTLA-4, PD-1, and PD-L1, which normally act as "brakes" on the
immune system to prevent overactivity and damage to healthy tissues. Cancer cells
can exploit these checkpoints to evade immune recognition and destruction. By
blocking these checkpoint proteins, immune checkpoint inhibitors can unleash the
immune system's full potential to attack cancer cells. Examples include
ipilimumab (anti-CTLA-4), pembrolizumab (anti-PD-1), and atezolizumab (anti-
PD-L1).
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Long Term Survival
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Cancer Vaccine

Cancer immune therapeutics
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Cancer Vaccine

A cancer vaccine is a type of immunotherapy that aims to stimulate the immune
system to recognize and destroy cancer cells. Cancer vaccines can be divided into
two main categories: preventive vaccines and therapeutic vaccines.

Preventive vaccines: These vaccines are designed to protect against cancer-
causing viruses, such as human papillomavirus (HPV) and hepatitis B virus (HBV).
By preventing viral infections, these vaccines indirectly reduce the risk of
developing cancers associated with these viruses, such as cervical cancer (HPV)
and liver cancer (HBV). Examples of preventive cancer vaccines include Gardasil
and Cervarix for HPV, and the hepatitis B vaccine.

Therapeutic vaccines: These vaccines are designed to treat existing cancers by
stimulating the immune system to recognize and attack cancer cells. Therapeutic
cancer vaccines usually target specific tumor-associated antigens (TAAs), which
are proteins expressed by cancer cells but not (or rarely) by normal cells. By
targeting these antigens, the vaccine aims to train the immune system to recognize
and eliminate cancer cells without harming healthy cells.



Cancer Vaccine

There are several types of therapeutic cancer vaccines, including:

a. Peptide-based vaccines: These vaccines contain short fragments of proteins
(peptides) derived from TAAs to stimulate an immune response against cancer cells.
b. Tumor cell-based vaccines: These vaccines use whole cancer cells or parts of
cancer cells to provoke an immune response. The cells can be taken from the
patient's own tumor (autologous) or from another individual (allogeneic).

c. Dendritic cell-based vaccines: These vaccines use dendritic cells, which are
potent antigen-presenting cells that can activate the immune system. Dendritic cells
are loaded with TAAs and then reintroduced into the patient to stimulate a targeted
immune response against cancer cells.

d. DNA/RNA-based vaccines: These vaccines use genetic material (DNA or RNA)
encoding TAAs to stimulate the production of the target antigens in the patient's own
cells, leading to an immune response against the cancer cells.

One example of an FDA-approved therapeutic cancer vaccine is sipuleucel-T
(Provenge), a dendritic cell-based vaccine used to treat metastatic castration-
resistant prostate cancer.



How vaccines work
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How do different Covid-19 vaccines work? W
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Adjuvants

Adjuvants play a crucial role in the development and effectiveness of cancer vaccines.
They are substances added to vaccines to enhance the immune response against tumor-
associated antigens (TAAs). Adjuvants work by activating and modulating the immune
system in various ways, which can ultimately lead to a more robust and long-lasting anti-
tumor response. Some of the roles of adjuvants in cancer vaccines include:

Activation of antigen-presenting cells (APCs).
Recruitment and activation of immune cells:
Enhanced cytokine and chemokine production:
Induction of long-lasting immunity

Modulation of the immune response

Various adjuvants are used in cancer vaccines, including aluminum salts, oil-in-water
emulsions, liposomes, and TLR agonists. The choice of adjuvant depends on the specific
vaccine formulation and the desired immune response. Ongoing research is focused on
developing novel adjuvants and optimizing their use in cancer vaccines to improve their
safety and effectiveness in stimulating anti-tumor immune responses.
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Neoantigen

Neoantigens are novel protein fragments or peptides that arise from somatic
mutations within tumor cells. These mutations can result in the production of
abnormal proteins that are not present in normal cells. Since neoantigens are
specific to cancer cells and not found in healthy cells, they represent attractive
targets for cancer immunotherapy.

The immune system can recognize neoantigens as foreign substances, which can
trigger an immune response against the cancer cells expressing these neoantigens.
T cells, a type of immune cell, can identify and target these neoantigens presented
on the surface of cancer cells by major histocompatibility complex (MHC) molecules.
This immune recognition can lead to the activation and expansion of T cells that are
capable of selectively killing cancer cells while sparing healthy cells.

Neoantigens play a critical role in several cancer immunotherapy strategies,
including:

Personalized cancer vaccines:
Adoptive T cell therapy:
T cell receptor (TCR)-engineered T cells.
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Chimeric Antigen Receptor (CAR) T-cell therapy is a type of adoptive cell therapy that
harnesses the power of a patient's immune system to fight cancer. It involves the genetic
engineering of a patient's T cells to express a chimeric antigen receptor (CAR) on their surface,
which is designed to recognize and bind to a specific antigen expressed by cancer cells.

The principle behind CAR T-cell therapy can be broken down into several key steps:

T-cell collection:

Genetic engineering: The isolated T cells are then genetically modified, typically using viral
vectors, to express a chimeric antigen receptor (CAR) on their surface. The CAR is a synthetic
protein that combines an extracellular antigen-binding domain, usually derived from an
antibody, with intracellular signaling domains responsible for activating the T cell upon antigen
recognition.

T-cell expansion:
Patient preparation
CAR T-cell infusion

The first FDA-approved CAR T-cell therapies, Kymriah (tisagenlecleucel) and Yescarta
(axicabtagene ciloleucel), target the CD19 antigen, which is commonly expressed on the
surface of B-cell malignancies.



Hot Tumors and Cold Tumors

Hot Tumors:

Hot tumors are characterized by their inflamed nature, which means they contain a
high number of infiltrating immune cells, such as T-cells. These tumors often express
higher levels of immune checkpoint proteins and are generally more visible to the
immune system due to the presence of these immune cells and the expression of
neoantigens (new antigens produced by tumor mutations). Because of this immune
activity, hot tumors are typically more responsive to immunotherapies such as
checkpoint inhibitors. These therapies help to further activate the immune system
against the tumor.

Cold Tumors:

Cold tumors, in contrast, are non-inflamed and contain few or no infiltrating immune
cells. They have a lower expression of neoantigens and immune checkpoint
molecules, making them less visible or even invisible to the immune system. This lack
of immune activity makes cold tumors less responsive to immunotherapy, as there is
minimal existing immune response to enhance. Cold tumors often require different
strategies to become treatable with immunotherapy, such as combining
immunotherapy with other treatments that can help to turn a cold tumor into a hot one,
making it more susceptible to immune attacks.
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Converting Cold Tumors into Hot Tumors

Delivery of Immunomodulatory Agents:

Nanoparticles can be engineered to deliver immunostimulatory agents directly to the tumor
microenvironment. These agents can include cytokines (like interleukin-2 or interleukin-12), toll-like
receptor (TLR) agonists, or STING (Stimulator of Interferon Genes) agonists, which can activate
immune cells and promote inflammation within the tumor.

Combination Therapy:

Combining nanomedicine with other treatments, such as chemotherapy or radiotherapy, can induce
immunogenic cell death, releasing tumor antigens that attract immune cells to the tumor site.
Nanoparticles can be designed to deliver chemotherapy drugs and immunotherapy agents
simultaneously, allowing localized combination therapy that minimizes systemic side effects.
Checkpoint Inhibitors:

Nanoparticles can be used to deliver checkpoint inhibitors, such as PD-1 or CTLA-4 inhibitors,
directly to the tumor site. This localized delivery can enhance the immune response against the
tumor while reducing the immune-related adverse effects often associated with systemic
administration of these drugs.

Targeting the Tumor Microenvironment:

Nanoparticles can be designed to modulate the suppressive tumor microenvironment. This can
involve the delivery of agents that deplete immmunosuppressive cells (like regulatory T cells or
myeloid-derived suppressor cells) or reprogram the fibroblasts and other stromal cells that often
support tumor growth and immune evasion.
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Improving cancer immunotherapy
using nanomedicines: progress,
opportunities and challenges
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Fig. 2 | Nanomedicines improve tumour retention and lymph node trafficking. When nanomedicines are administered
locally, the tumour’s dense extracellular matrix, composed of a collagen-rich hydrogel with a pore size of 20-130 nm,
preferentially retains nanomedicines and promotes their trafficking to the lymph node, whereas small-molecule drugs are
rapidly cleared into the systemic circulation due to their small size and the high interstitial fluid pressure in tumours.
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Fig. 1| Trained immunity targeting levels. a | The spleen and bone
marrow are important target organs, because they produce and contain
large numbers of innate immune cells. b | Mature innate immune cells
(innate lymphocytes, dendritic cells, monocytes, neutrophils and
macrophages) and haematopoietic stem and progenitor cells can be
targeted to prevent or enhance trained immunity. ¢ | Pattern recognition
receptors play an important part in trained immunity. Examples
include dectin 1, Toll-like receptor 4 (TLR4) and nucleotide-binding
oligomerization domain-containing protein 2 (NOD?2). These receptors
recognize pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs). CD131 is the common
B-subunit of granulocyte—-macrophage colony-stimulating factor
(GM-CSF) and interleukin-3 (IL-3) receptors. The IL-1 receptor (IL-1R)

binds to IL-1P. Insulin-like growth factor 1 receptor (IGF1R) recognizes
extracellular mevalonate. d | Intracellular metabolic pathways that can be
targeted include glycolysis® (through interference with glycolytic
enzymes or indirect through mechanistic target of rapamycin (mTOR)
inhibition), cholesterol metabolism™ (by targeting HMG CoA reductase),
glutaminolysis® (through glutaminase inhibitors) and the tricarboxylic
acid cycle (TCA) cycle (for example, by restricting succinate oxidation).
e | H3K4me3 and K3K27ac are hallmark epigenetic signatures of trained
immunity, which can be modified by targeting lysine demethylase (KDM),
lysine methyltransferase (KMT), histone deacetylase (HDAC) and histone
acetyltransferase (HAT) activity. Immune gene-priming long non-coding
RNAs (IPLs) facilitate trimethylation of cytokine promotors®. PI3K,
phosphatidylinositol 3-kinase.
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d. Nanomaterials with optimized features could greatly benefit future T-cell cancer immunotherapies invivo.
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Fig. 3 | Nanomaterials for invivo T-cell expansion. Nanomaterials can be designed for targeted delivery to T cells and induce T-cell activation and
expansion invivo (i). Backpacking nanoparticles are attached to the T-cell surface and release their cargo of stimulatory cues in response to environmental
or applied stimuli, leading to precise control over the expansion of T cells in vivo (ii). Vaccine nanoparticles that target antigen-presenting cells, such as
DCs, can activate these cells and induce T-cell expansion in vivo (iii).
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the ECM and degrade the physical barriers inhibiting T-cell penetration and tumour cell targeting. b, Nanomaterials targeting the tumour microenvironment
can deliver stimulatory cues to the tumour tissue and reverse the suppressive tumour microenvirenment (immunclogical barrier), thus activating T-cell
activity. ¢, Nanomaterials can locally deliver T cells directly to the tumour tissue with sustained release, which enhances tumour cell killing.



Table 2 | Preclinical and clinical studies of nanomaterials-based T-cell cancer immunotherapies

Nanomaterials Cargo molecules Model/indication Stage
Nanomaterials for T-cell-targeted delivery
:I'--::a-ell éxpansion Poly(beta-amino ester)-based Plasmids encoding a 194- TBD Phase 1
il nanomaterial 1BBz CAR and a piggyBac projected
fransposase 2020-2021
Liposome IL-2-Fc fusion protein Mouse melanoma Preclinical
Liposome TGF-p inhibitor (SB525334) Mouse melanoma Preclinical
PLGA-PEG nanomaterial TGF-p receptor inhibitor Mouse colon cancer Preclinical
(SD-208)
T-cell (Treg)-targeted hybrid STAT3/STATS pathway inhibitor Mouse melanoma Preclinical
nanomaterial (imatinib)
Iron nanomaterial Anti-CD137 and anti-PD-L1 Mouse melanoma Preclinical
Liposome-coated polymeric gel Mouse IL-2 and a TGF-j Mouse melanoma Preclinical
inhibitor (5B505124)
Backpacking nanomaterials
IL-15 superagonist complex nanogel  IL-15 superagonist complex Various solid tumours Phase 1
and lymphomas
Multilamellar liposomal vesicles A2a adenosine receptor Mouse model of human Preclinical
inhibitor (SCH-58261) ovarian cancer
Nanomaterials-based vaccines
Amphiphile ligands (EGFRvIII NA Mouse glioma expressing Preclinical
peptide-conjugated DSPE-PEG) EGFRvIII+
Lipid nanomaterial mRNA encoding the tight Mouse melanoma Preclinical

junction protein claudin 6
(CLDN6)

expressing CLDNé



Nanomaterials
overcome physical
barriers and

hostile tumour
microenvironments

Nanomaterials that target physical
barriers

PLGA nanomaterial

Calcium phosphate nanomaterials
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Nanomaterials that reverse the
immune-suppressive environment

Lipid nanomaterial
Multilamellar liposomal vesicles
Nanomaterials for local T-cell
delivery

Macroporous alginate scaffolds

Nickel-titanium alloys

Nanomaterials as
NBIiTEs

Liposome

Polystyrene nanomaterial

Exosome

junction protein_claudi;‘l 6
(CLDN&)

Photothermal agent indocyanine

green

An antifibrotic compound

a-mangostin and a plasmid

encoding the stimulatory
cytokine LIGHT

A PI3K inhibitor (PI-3065) and
a T-cell stimulator (7DW8-5)

AZa adenosine receptor
inhibitor (SCH-58261)

IL-15 superagonists, antibodies
for CD3, CD28 and CD137

Antibodies for CD3, CD28,

CD137

Human epidermal growth factor
receptor 2 (HER2) and CD20

antibodies

Antibodies for HER2 and
calreticulin protein

Exosome expressing antibodies
for CD3 and epidermal growth

factor receptor (EGFR)

expressing CLDN&

Mouse melanoma

Mouse pancreatic cancer

Mouse breast cancer

Mouse model of human
ovarian cancer

Mouse breast cancer,
mouse ovarian cancer

Mouse model of human
pancreatic cancer
expressing receptor
tyrosine kinase-like
orphan receptor (RORT1)

Mouse breast cancer

Mouse breast cancer

Mouse breast cancer

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

Preclinical

104

59

61

93

60

m

131

132

58

TBD, to be determined; NA, not applicable; LIGHT, tumour necrosis factor superfamily 14.
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Fig. 5 | NBiTEs for cancer immunotherapy. A typical NBiTE is developed
by adding two scFvs on the nanoparticle surface, with one scFv targeting
a T-cell-specific antigen while the other targets a tumour-specific antigen.
The multivalent contact at the nanomaterial/cell interfaces makes NBIiTEs
bridge T cells and tumour cells more effectively than traditiocnal BiTEs and
induces potent tumour cell killing.



Gene Delivery

« Transfection- the delivery of foreign molecules
such as DNA and RNA into eukaryotic cells

 Naked DNA is not suitable for in-vivo transport of
genetic materials-> degradation by serum

nucleases

* |deal gene delivery system
— Biocompatible
— Non-immunogenic
— Stable in blood stream
— Protect DNA during transport
— Small enough to extravagate
— Cell and tissue specific
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Endocytic pathway in mammalian cells

Pinocytosis
Phagocytosis Macropinocytosis
(particle-dependent) (>1um)
®@ O Clathrin- Cavealin- Clathrin- and
] mediated mediated caveolin-independent
endocytosis endocytosis endocytosis
(~120 nm) (~60 nm) (~90 nm)

e O O

Figure 1 Multiple portals of entry into the mammalian cell. The endocytic pathways differ with regard to the size of the endocytic vesicle, the nature of the cargo (ligands, receptors
and lipids) and the mechanism of vesicle formation.
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Barrier to non-viral gene delivery
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Figure 1 Barriers to non-viral gene delivery

Representation of the route travelled by a non-viral gene-delivery vector carrying therapeutic DNA to the nucleus. A non-viral vector, formed by interaction of the DNA with a carrier compound, must
cross the plasma membrane to enter the cell. This can be via several routes, including endocytosis-based entry (1a), direct physical enfry routes, such as electroporation or ballistic delivery (1b),
or direct entry via protein transduction (1c). Depending on the mode of cellular entry, the vector may become encapsulated in an endosome (2), fram which it must escape (3a) or it will become
degraded when the endosome fuses with a lysosome (3b). The DMA will at some point be subjected to degradation by cytosolic nucleases (4), as it traverses through the cytoplasm to reach the
nucleus. Finally, the vector must undergo nuclear transport (5) through NPCs embedded in the NE in order to gain access to the nucleoplasm. Once in the nucleus, the DNA may (6a) or may not (6b)
need to be uncoated, depending upon the vector used, before it can ultimately be transcribed (7).

Biochem. J. (2007) 406, 185202 { Printed in Great Britain)

doi:10.1042/BJ20070505



NLS-mediated nuclear import

CYTOPLASM NUCLEUS

Figure 2 NLS-mediated nuclear import pathways

In classical nuclear import, the NLS found in cargo bound for the nucleus is recognized by the Imp ¢ subunit of the Imp /8 heterodimer (1). However, there are also many examples where Imp 5 or
ane of its many homologues can mediate nuclear import or cargo proteins independently of Imp e (2). In both cases, transient interactions between the Imp 2 and the nucleoporin proteins that line the
ME-embedded NPCs mediate translocation into the nucleus. Once inside, RanGTP binds to lmp g (3), releasing Imp o and the cargo into the nucleoplasm (4a and 4b). RanGTP itself is then recycled
back to the cytoplasm (5), where it is converted into its RanGDP state (not shown). An animated version of this Figure can be found at http://www.Biochemd.org/bj/406/0185/bj40601 85add.him



Barriers to DNA Delivery

BOX1

A number of challenges and barriers face the
successful delivery of therapeutic DNA to target

cells in the body. Physicochemical, economic and
sterilization challenges complicate formulation; the
complex environment of the human body hinders

its successful transport to the target cell population;
and endocytic pathway barriers hinder its successtul
transport to the nucleus of the cell (the site of
action). Each known and major barrier is listed in
Fig. B1, using nanoscale DINA-delivery systems

as representative examples. Each barrier exists
independent of length scale. L = lysosome. A number
of clever systems have been devised to overcome
these barriers, the general design criteria of which are
given in Tables Bl and B2.

nature materials | VOLS | TUNE 2006 |
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Cellular level

- =

L7 cell
“  membrane

. _ P B % ~J
Synthetic 4 FPlasmid ‘ / \8 NJ
vector DNA f @
1N v . f Ill
~ ", 23 nJ 8‘18
Nanoscale & O — 97
DNA-delivery | {~100 nm) l

\5‘ |
b 4,’_& Nucleus
b

b * Numbers refer
e to the specific barriers
Te- in Table B2
~50cm ' ~10 pm '
Barriers / challenges / needs
Formulation Organism Cellular

Economically viable
FOA-approvable
Acceptable shelf-life

Prolonged circulation time
Stability in blood circulation
Access o target tissuefcells
Elimination from body
Mininal toxicity

Transport to cell surface
Cellular intemalization
Intracellular transport
Enzymatic degradation
Muclear entry

Figure B1 Barriers to DNA delivery.




Organism Level

Barrier/challenge/need

Rationale

Example approaches

Materials design criteria

Prolonged circulation time

Stability within blood circulation

Access to target fissue/cells

Elimination from body

Minimal toxicity and immunogenicity

Maximize total flux past target cell type

Maintenance of designed functionality

Transport from capillary lumen to
extracellular space to reachtarget cell
surface

Minimal build-up of delivery vector over
time

Safety over treatment duration and beyond
that required for FDA-approval

PEG conjugates to minimize interaction
with serum proteins

Crosslinking to maximize overall stability

Vaso-active protein conjugates (for
example, vascular endothelial growth
factor)

Targeting restricted fo ‘leaky’ vessel

tissues (for example, tumour, liver, spleen).

Control over molecular weight
Engineered biodegradation sites
Minimize cation density

Avoid protein-based materials/conjugates

Hydrophilic
Uncharged
Stable crosslinks within bloodstream, but

reversible upon entry into target cell

Retention of protein activity post
conjugation

Small diameter delivery system (for
example, <100 nm)

Filterable through kidneys
Biodegradable

Non-cytotoxic

Non-immunogenic




Cellular Level

Barrier number (from Fig. B1)

Barrier/challenge/need

Example approaches

Materials design criteria

1,2and 3

4and5

Transport to cell surface,
association with cell membrane,
internalization

Escape endosomal vesicle and
avoid transport to lysosome

Transport through cytosol to
perinuclear space with minimal
degradation

Separation of complex to allow
nuclear translocation

Nuclear entry

Receptor/ligand interaction (for
example, antibody/polymer
conjugates, recombinant protein—
polymer fusions, carbohydrate
conjugates)

Non-specific interaction with cell
surface (for example, positive
zeta potential, lipid conjugates)

Buffering capacity between
pH~7.2and ~5.0

Fusogenic peptide conjugate
‘Higher’ molecular weight to

maintain complex stability within
cytosol

Hydrolytically or reductively
degradable polymers to reduce
molecular weight

Nuclear localization sequence
conjugates

Mitosis

Cell-type specificity, low cross
reactivity, if desired

Promiscuous attachment, high
cross reactivity, if desired (for
example, positive zeta potential,
lipid conjugation)

Endocytic pathway trigger (for
example, clathrin-dependent,
clathrin-independent, caveolin-
dependent)

Ability o disrupt endosomal
membrane and/or fusion of
endosome with lysosome

Thermodynamic and kinetic
stability of complex within cytosol

Minimize DNA degradation within
cytosol

“Triggered’ degradation

of polymer to reduce
thermodynamic and kinetic
stability of complex. Release of
intact DNA at or near nuclear
envelope

Facilitate nuclear uptake of DNA
using virus-derived signals

Facilitate nuclear uptake during
mitosis when the nuclear
envelope is dissolved.




CANCER NANOTECHNOLOGY:
OPPORTUNITIES AND CHALLENGES

NATURE REVIEWS | CANCER VOLUME 5 | MARCH 2005 | 161
Summary

+ Nanotechnology concerns the study of devices that are themselves or have essential
components in the 1-1,000 nm dimensional range (that is, from a few atoms to
subcellular size).

+ Two main subfields of nanotechnology are nanovectors — for the administration of
targeted therapeutic and imaging moieties — and the precise patterning of surfaces.

+ Nanotechnology is no stranger to oncology: liposomes are early examples of cancer
nanotherapeutics, and nanoscale-targeted magnetic resonance imaging contrast agents
illustrate the application of nanotechnology to diagnostics.

* Photolithography is a light-directed surface-patterning method, which is the
technological foundation of microarrays and the surface-enhanced laser
desorption/ionization time-of-flight approach to proteomics. Nanoscale resolution is
now possible with photolithography, and will give rise to instruments that can pack a
much greater density of information than current biochips.

* The ability of nanotechnology to yield advances in early detection, diagnostics,
prognostics and the selection of therapeutic strategies is predicated based on its ability
to ‘multiplex’ — that is, to detect a broad multiplicity of molecular signals and
biomarkers in real time. Prime examples of multiplexing detection nanotechnologies
are arrays of nanocantilevers, nanowires and nanotubes.

* Multifunctionality is the fundamental advantage of nanovectors for the cancer-specific
delivery of therapeutic and imaging agents. Primary functionalities include the
avoidance of biobarriers and biomarker-based targeting, and the reporting of
therapeutic efficacy.

* Thousands of nanovectors are currently under study. By systematically combining
them with preferred therapeutic and biological targeting moieties it might be possible
to obtain a very large number of novel, personalized therapeutic agents.

* Novel mathematical models are needed, in order to secure the full import of
nanotechnology into oncology.



Protein Corona

Figure 1. A nanoparticle gains a new biological identity upon its
dynamic interactions with biological fluids, giving rise to a protein
corona (shown as adsorbed green, blue, and cyan globules), which
consequently influences drug delivery and targeting of the function-
alized nanoparticle (illustrated as aqua blue fibrils).

DOI:10.1021/acsnano.7b08008
ACS Nano 2017, 11, 1177311776



The protein corona effect refers to the phenomenon that occurs when nanoparticles are
introduced into a biological environment, such as blood or tissue fluids. Upon exposure
to these environments, proteins and other biomolecules in the fluid can adsorb onto the
surface of the nanoparticles, forming a layer or "corona" around them. This protein
corona can significantly impact the physicochemical properties, biological interactions,
and the overall fate of the nanoparticles in the body.

Altered physicochemical properties: The protein corona can change the size, shape, and
surface charge of the nanoparticles, which may affect their stability, aggregation, and
circulation half-life in the body.

Impact on cellular uptake and targeting: The protein corona can influence how
nanoparticles interact with cells, as it may mask the surface ligands or functional groups
on the nanoparticles that are intended for targeted delivery. This can lead to a reduced
targeting efficiency and unintended uptake by other cells, including immune cells.

Immunogenicity and toxicity: The presence of a protein corona can potentially trigger an
immune response, leading to the clearance of the nanoparticles from the body or
causing adverse side effects. The composition of the protein corona may also influence
the potential toxicity of the nanoparticles.

Biodistribution and clearance: The protein corona can affect the biodistribution of
nanoparticles in the body and their subsequent clearance by altering the recognition and
interaction of nanobarticles with various oraans and tissues.
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The Vroman effect, also known as the Vroman's adsorption-desorption principle, is a
phenomenon named after Dr. Leo Vroman, who first described the process in the
context of blood-material interactions in the 1960s. The Vroman effect refers to the
dynamic exchange of proteins adsorbing onto and desorbing from a surface over time,
with higher affinity proteins displacing those with lower affinities. In the context of
nanoparticles, the Vroman effect has important implications for understanding the
protein corona that forms around nanoparticles in biological fluids.

When nanoparticles are introduced into biological fluids, they rapidly interact with
proteins and other biomolecules present in the fluid. Initially, high-abundance proteins
with relatively low affinity for the nanoparticle surface may adsorb quickly due to their
higher concentration. However, over time, these proteins can be replaced by lower-
abundance proteins that have higher affinity for the nanoparticle surface. This dynamic
exchange of proteins can lead to changes in the composition of the protein corona over
time.

Cellular uptake and targeting: Changes in the protein corona composition can affect
the targeting efficiency and cellular uptake of nanoparticles, potentially leading to off-
target effects and unintended interactions with immune cells.

Immunogenicity and toxicity: The Vroman effect can influence the immunogenicity
and potential toxicity of nanoparticles, as different proteins in the corona can trigger
immune responses or cause adverse side effects.

Biodistribution and clearance: The dynamic nature of the protein corona can affect
the biodistribution of nanoparticles in the body and their subsequent clearance by
altering the recognition and interaction of nanoparticles with various organs and tissues.
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Figure 1. (a) Cartoon representation of the possible exchange/interaction scenarios at the bionanointerface at the cellular level. (b) Schematic drawing of
the structure of NP—protein complexes in plasma: the “core” nanoparticle is surrounded by the protein corona composed of an outer weakly interacting layer
of protein (left, full red arrows) rapidly exchanging with a collection of free proteins and a “hard” slowly exchanging corona of proteins (right). Diagram
is not to scale in representing the proportions of the different objects.

J. AM. CHEM. SOC. 2010, 132, 5761-5768 m 5761
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Fig. 3 Illustration of the old and new models referring to the description
and determinants of the protein corona. (A) Hard and soft coronas, as well
as protein clouds. (B) Coronas as analytically accessible NP-protein
complexes. (C) Determinants of corona formation include not only the
synthetic identity of the nanomaterial, but also the nature of the physio-
logical environment.

Chem. Soc. Rev.,, 2015, 44, 6094-6121
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Fig. 6 Complexity and evolution of the biomolecule corona - the old
versus the new model. (A) The early phase: a highly complex corona is
established already in 30 sec, which may be composed of multiple core—
shell structures (‘new’). A corona of low complexity evolves slowly (‘old’).
(B) The late phase: corona composition ex situ remains stable and changes
predominantly quantitatively rather than qualitatively over time with Vroman-
effect dependent and independent binding kinetics (‘new’). A highly dynamic
protein corona, changes significantly over time, controlled by the ‘Vroman-
effect’ (‘old’). Note that the objects are not drawn to scale.
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Fig. 7 Impact of NP charge on cellular uptake in the absence or presence of the protein corona. (A) Improved cellular uptake of positively charged NPs
may be mediated by enhanced interaction with the negatively charged cell membrane only for pristine NPs (upper panel). In contrast, plasma corona
covered NPs are overall negatively charged in situ, probably preventing NP-charge driven cell membrane interaction. (B) Plasma corona covered NPs are
overall negatively charged, irrespective of the NPs' negative or positive surface functionalization.
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Fig. 8 |Illustration of how rapid corona formation kinetically impacts early nanopathology in the human blood system. Upon entry or parenteral
application, pristine NPs only exist for a short period of time, but are still capable of immediately affecting the vitality of endothelial cells, triggering
thrombocyte activation and aggregation, and may also induce hemolysis. Formation of the biomolecule corona rapidly modulates the NPs’ decoration
with bioactive proteins protecting the cells of the blood system against nanoparticle-induced (patho)biological processes, and can also promote cellular
uptake. Note, the elements are not drawn to scale.
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Figure 4 | Mechanisms for nanoparticle elimination from the bloodstream. a | The liver is the
primary organ of the mononuclear phagocytic system that entraps a vast majority of the administered
nanoparticle dose. Phagocytic cells, such as Kupffer cells, line the liver sinusoid. b | If the hydrodynamic
diameter of a nanoparticle is smaller than 5.5 nm, it may be filtered from the blood via the kidneys and
excreted in urine. Other major organs that are involved in the removal of nanoparticles from the blood-
stream include the spleen, lymph nodes and the skin.
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Fig. 1 Drug delivery by NPs are subjected to various factors that limit the
overall dose of drugs reaching the target site. (A) These factors can be
classified into three separate phases, namely, systemic biodistribution,
tumor penetration and intra-tumoral biodistribution. Reproduced with
permission from Ernsting et al.** Copyright 2013 Elsevier. (B) Nanomaterial-
induced endothelial leakiness (NanoEL) may be viewed as an emerging
strategy to improve the biodistribution of nanomedicine to target sites.
Adapted from Setyawati et al*> with permission from the Royal Society of
Chemistry 2015. IFP, interstitial fluid pressure.
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time. Reproduced with permission from Matsumoto et al.*%” Copyright 2016 Springer Nature.
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Figure 1. Cross-linked iron oxide (CLIO) nanopatrticles for T,-weighted images of rodent
pancreatic cancer: (a) preinjection of CLIO, (b) postinjection of CLIO, and (c) higher
maghnification of postinjection image with the arrow indicating tumor. L, liver; P, pancreas;
K, kidney; B, bowel.'®
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Figure 2. In vivo magnetic resonance detection of cancer after administration of magnetic
nanoparticles Herceptin conjugates. MnFe,O, nanoparticles (MnMEIO) (a—c) show higher
signal enhancement than cross-linked iron oxide (CLIO) (d—f).24 R2, inverse of transverse
relaxation time.
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Table 1] Critical questions for designing nanoparticle delivery systems

Question

Rationale for the question

(1) Where is the delivery target?

(2) What is the cargo or active agent that needs to be
delivered to the target location?

{3) Where is the site of administration?

(4) What are the specific organs, tissues and cells
encountered along the delivery pathway?

(5) What are the interactions between the nanoparticle
carrier and the body in each of these biclogical
environments along the delivery pathway?

(6) What strategies are available to overcome the
barriers at each step in the delivery pathway?

(7) How will any administered components leave the
disease site and be excreted from the body?

The specific biological target (organ or tissue, cell type and subcellular location) defines
design of the nanoparticle strategy.
This defines the chemistry for incorporating the agents into the nanoparticle for delivery.

The location of administration and the delivery target location define the delivery pathway.

This defines the barriers that the nanoparticle will encounter.

These interactions will determine if the formulation is degraded or sequestered before
it can reach its intended target location.

This allows the development of specific strategies to overcome the barriers.

This helps to define locations of toxicity and elimination routes.
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