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The Dawning Era of Anticancer Nanomedicines: From First
Principles to Application of Silk Nanoparticles

Saphia A. L. Matthew* and F. Philipp Seib*

This review introduces nanomedicines and medical silks by addressing
seminal and recent research within these fields. First, the successes of
nanoparticles in improving the safety profiles and
pharmacokinetic–pharmacodynamic properties are explored but also the
concepts of threshold dosing and targeting of tumor-associated macrophages.
Current barriers to systemic delivery of nanomedicines are detailed and
methods to overcome these barriers and increase tumor targeting are
evaluated, namely: tuning the nanomedicine size and surface charge for
enhanced tumor accumulation and penetration; non-spherical nanomedicine
morphologies for macrophage evasion and targeted delivery to endothelial
cells; and, surface functionalization for stealth coatings and targeting
receptor-mediated endocytosis. The advantages of using silk as a
nanomedicine with reference to its structure, composition, biological
performance, and formulation are discussed. While batch methods for silk
processing enable the formation of nano to microparticles, continuous
technology can overcome bottlenecks of the deployed engineering methods
such as low throughput and poor reproducibility. Finally, the chemical
modification of silk using homogeneous and heterogenous chemistries is
assessed within the nanomedicine context. Overall, this review covers silk
nanomedicines from first principles to carrier design and on to areas of future
development.
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1. Introduction

Employing silk in nanomedicines marks a
recent advancement, despite the longstand-
ing utilization of other biopolymers, some
predating the inception of contemporary
nanomedicine terminology in 1991.[1] With
an increasing number of nanomedicines
successfully transitioning from the bench
to the bedside, our appreciation of key
milestones on this journey becomes ap-
parent, providing an opportunity to ce-
ment them.However, the translational jour-
ney of nanomedicines is often convoluted,
lengthy, and, in most cases, treacherous.
First-in-class designs are particularly vul-
nerable to falling by the wayside despite
their promise. Therefore, there is a need to
implement lessons learned to support fu-
ture developments and devise treatment op-
tions to ultimately benefit patients. This re-
view takes us on this journey and connects
these milestones with silk nanomedicines.

1.1. Nanomedicine

Nanotechnology encompasses the analysis
or manipulation of matter at the nanoscale

(1–1000 nm) and can result in the production of nanomateri-
als with at least one nanoscale dimension.[2] At this scale, the
nanostructure size and shape influence the material’s physico-
chemical properties, with a widening of the scope of new mate-
rial functionality. The application of nanotechnology to medicine
has produced the interdisciplinary field of “nanomedicine”,[1]

which has the overall goal of improving patient quality of life.[3]

Nanomedicines, when administered to a stratified patient pop-
ulation, can improve toxicological profiles, control and aid vi-
sualization of biodistribution, and increase therapeutic effica-
cies of lipophilic, immunogenic, or unstable payloads.[4] Due to
their unique properties, nanomedicines can stabilize and deliver
a broad range of small molecules, proteins, nucleic acids, and
imaging agents to target organs, tissues, cells, or subcellular com-
partments. Nanomedicines can also be designed for intracellular
activation, but thesemust be taken up and trafficked through sub-
cellular compartments to the desired organelle (detailed below).
The creation of nanoparticle tools has already aided medical

diagnostics via nanoimaging agents and medical treatments via
nanomedicines.[3a,5] To date, approximately 90 nanomedicines
and nanoimaging agents are clinically approved,[6] with more
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than 60% of the commercially available products consisting of
lipid-based and nanocrystal formulations[6] by virtue of their
greater drug-loading capacities compared to polymeric, protein-
based, inorganic, and composite nanocarriers.[4a,6] Drug delivery
remains the major application of clinical nanomedicine and re-
search and now provides treatment options for diseases rang-
ing from cancer (e.g., liposomal doxorubicin Doxil, liposomal
cytarabine plus daunorubicin in a synergistic 5:1 molar ratio
Vyxeos, and recombinant fusion protein d’enileukin diftitox On-
tak) to anemia (e.g., polymer-protein conjugate Mircera).[7] Inor-
ganic metallic and metal oxide nanoparticles are potential imag-
ing and therapeutic platforms, although Food and Drug Ad-
ministration (FDA) approval has so far been limited to iron
and superparamagnetic iron oxide nanoparticles (e.g., Feraheme,
NanoTherm).[4a,6] Nevertheless, the early research and develop-
ment pipeline for inorganic nanoparticles remains active; for ex-
ample, silica quantum dots and gold nanoparticles for imaging
have reached clinical trials (phase I/II) to validate safety and effi-
cacy before commercialization.[4a,6,8]

Further advancement of nanomedicine coalesces in situ di-
agnosis and treatment via “nanotheranostics.” This concept re-
quires multi-functional therapeutic nanocarriers that can accu-
mulate in the organ of interest and exhibit responsiveness to
the disease-state by emitting a monitorable signal alongside pay-
load release.[3a,9] In cancer therapy, this offers a method for pa-
tient stratification as it enables screening of tumor uptake of the
nanocarrier, thereby ensuring that each patient receives an ap-
propriate treatment plan.[3a,7d] Yet, with no clinical approvals to
date, nanotheranostic agents remain in their infancy. At present,
only a dozen or so products in various stages of clinical trials are
listed in the World Health Organization’s International Clinical
Trials Registry Platform.
For both diagnosis and treatment, clinical nanomedicine has

provided advantages over traditional small-molecule therapies
and conventional diagnostic modalities. The pharmacokinetic
and pharmacodynamic properties of nanomedicine are dictated
by the carrier at the moment the drug becomes bound to or
is encapsulated by the carrier. The physicochemical, geometri-
cal, and mechanical properties of the carrier can then be tuned
to reduce the adverse systemic effects of small-molecule ther-
apies and increase the sensitivity of diagnostic modalities.[8,10]

Further improvements, particularly within the realms of multi-
functionality and large-scale GMP manufacture, highlight the
promise this field harbors. Regardless, multiple hurdles remain,
including multi-drug cancer resistance, targeted delivery, quality
control of lab-scale nanomedicine production, and reproducible
scale-up to GMP manufacture.[7d,8a,11] Consequently, this review
will summarize the rationale for and advantages of therapeutic
silk nanomedicines, specifically in the treatment of cancer.

1.1.1. Therapeutic Delivery to Tumor Environments

The original promise of cancer nanomedicines was to provide
a “magic bullet” that would target tumors passively through the
circulatory system following systemic administration while re-
ducing off-target side effects from classic chemotherapy.[12] This
idea now utilizes the paradigm of the enhanced permeability
and retention (EPR) effect discovered in 1986.[13] The EPR ef-

fect proposed that nanoparticles extravasate through large inter-
endothelial gaps into solid tumors and are retained there due to
the tumor’s poor lymphatic drainage.[14]Cancer nanomedicines
that use passive targeting have shown some success,[7a,c,15] with
fourteen systemically administered anticancer nanomedicine
agents now approved for clinical use. The majority of these are
liposomal nanoformulations of off-patent, small-molecule cyto-
toxic agents that display improved pharmacokinetics and reduced
toxicity compared to the free forms of the same drugs.[7d,14a,16]

For example, patients treated with PEGylated liposomal doxoru-
bicin (Doxil) experience less cardiotoxicity, less hair loss, a five-
fold greater tumor exposure half-life of the drug, and three orders
of magnitude prolonged clearance compared to patients treated
with free doxorubicin.[16,17] The improved tolerance to liposomal
doxorubicin and longer drug dosing compared to free doxoru-
bicin also make Doxil suitable for incorporation into combina-
tion therapy regimens.[16] However, the clinical efficacy of many
cancer nanomedicines and survival rates compared to the free-
form drugs have not lived up to initial expectations.[14a] The poor
improvement in efficacy is due in part to the reformulation of
clinically approved cytotoxic agents, which means that the mech-
anism of action and vulnerability to drug resistance may remain
the same as the free drugs already on themarket.[17] However, re-
formulated drugs can also change their uptake routes into cells,
thereby providing a new opportunity for overcoming multidrug-
resistant mechanisms[18] as well as for changing their pharmaco-
logical responses. Therefore, each and every system needs indi-
vidual assessment for its clinical merit.
A now recognized barrier to improved efficacy is that the EPR

effect is not omnipresent in humans, unlike the situation in typi-
cal rodent tumormodels that have been carefully selected to show
a robust EPR effect.[14a] Advances in imaging technologies have
confirmed that active endothelial transcytosis is an important
route that perhaps also plays a more prominent role in nanopar-
ticle extravasation in human tumors than had previously been
anticipated.[14a]

The capacity of passively targeted nanomedicines to accumu-
late in human tumors is still not fully established.[19] For exam-
ple, Wilhelm et al. reported in 2016 that only ≈0.7% of the in-
jected doses of various nanomedicines accumulate in the tumor
following systemic administration.[20] However, this result con-
flicts with the outcome of a 2001 clinical trial in which more
than 0.7% of the injected dose of radiolabeled liposomes accu-
mulated in the solid tumors of 83% of the recruited patients.[7b,21]

Indeed, Lammers et al.[16] argue that the proportion of an in-
jected dose that accumulates in the tumor versus off-target sites
has a larger influence on the drug’s benefit to patients, sug-
gesting that normalizing the tumor-accumulated dose by unit
weight of tissue would provide a more useful measure of tu-
mor accumulation.[16] Lammers[19] also reasons that the abso-
lute number of nanoparticles administered also influences the
tumor delivery and treatment efficacy, based on in vivo results
reported by Ouyang and colleagues,[22] who demonstrated that
a threshold dose of 1012 nanoparticles per injection per mouse
was required to overwhelm the uptake by phagocytic Kupffer cells
in the liver. Supplying a drug above this threshold dose results
in lower hepatic clearance rates, longer circulation times, and
greater tumor accumulation.[22] Indeed, applying an extrapolated
dosing threshold of 1.5 × 1015 nanoparticles per injection per hu-
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man patient is supported by the success of nanomedicines ad-
ministered above this threshold compared to those administered
at lower doses.[19] These studies demonstrate that a holistic ap-
proach is needed, with a fresh look taken at each and every step
from nanomedicine design to therapeutic use.
Other hurdles that hinder nanoparticle tumor accumulation

and penetration arise due to the physiological features of the
tumor microenvironment, including its low interstitial pH and
hypoxia,[23] dense interstitial matrix, higher interstitial fluid pres-
sure, and irregular tumor vascularization due to cancer cell
hyperplasia.[18] The leaky tumor blood vessels may reduce the
opportunities for nanomedicines to enter the tumor, whereas
the higher interstitial fluid pressure may lower the diffusion
rate between the interstitium and intravascular space by lower-
ing the fluid pressure gradient.[20b] In addition, the concentra-
tion of tumor-associated macrophages can be highest near the
tumor blood vessel, as reported for SKOV-3 xenograft CD1 nude
mouse models bearing solid tumors.[20a] The 2D immunofluo-
rescent histopathology analysis conducted in that study demon-
strated that 70% of tumor blood vessels were associated with
perivascular tumor–associated macrophages, and this localiza-
tion of tumor-associated macrophages near the tumor vascula-
ture meant a high likelihood of premature nanoparticle phagocy-
tosis upon extravasation.[20a] For example, Miller et al.[24] used
intravital imaging, flow cytometry, and histology studies in an
HT-1080 xenograft mouse model to follow drug distributions
24 h after intravenous administration of a 100 nm poly(lactic-
co-glycolic acid)-polyethylene glycol-BODIPY carrier encapsulat-
ing a platinum(IV)-BODIPY payload. Their analysis[24] revealed
that even though tumor-associated macrophages only comprised
≈4% of the tumor cell population, they internalized more than
30% of the systemically administered nanoparticle dose.[24] Rela-
tive to tumor cells, this equated to tumor-associatedmacrophages
internalizing 40% of the total nanoparticle dose. The authors also
reported that, on a per cell basis of the bulk tumor, the tumor-
associatedmacrophages took up the greatest number of nanopar-
ticles and accumulated the greatest payload. Increased uptake
into leukocytes near the tumor vasculature was corroborated
by imaging uptake of the carrier in tumor-bearing fractalkine
Cx3cr1GFP/ þ reporter mice.[24]

Nanoparticle uptake by tumor-associated macrophages may
also play a role in tumor shrinkage, due to the role of these cells
in significantly increasing nanoparticle delivery to the tumor, re-
leasing their payload to neighboring cancer cells,[24] and migrat-
ing to metastatic tumor sites.[25] These are important considera-
tions and the first in vitro studies have shown silk nanomedicine
effects on macrophages.[26] However, more work is needed, in-
cluding dedicated in vivo studies. Using intravital imaging and
flow cytometry, Miller et al.[24] reported that administration of a
platinum(IV)-BODIPY payload to the HT-1080 xenograft mouse
model resulted in better drug distribution throughout the tu-
mor tissue compared to the 100 nm poly(lactic-co-glycolic acid)-
polyethylene glycol-BODIPY carrier. Their flow cytometry data
also indicated that the payload was transferred from tumor-
associated macrophages to tumor cells, as more than double
the payload compared to the carrier accumulated in the tu-
mor cells. Histology and intravital imaging also pointed to al-
most threefold higher payload concentrations, within roughly
one cell-length of tumor-associated macrophages despite the ve-

hicle concentration remaining unelevated. Consequently, DNA
damage in the tumor cells was greatest within the phagocyte-
neighboring region.[24] Another study that used fluorescence mi-
croscopy and flow cytometry in an orthotopic murine glioma
model showed that macrophages took up ≈60–80% of the to-
tal cyclodextrin-based nanoparticles delivered by intracranial and
intravenous administration.[25] Strikingly, the macrophages that
took up nanoparticles migrated into circulation and settled in
metastatic tumors.[25]

The nanomedicine accumulation sites are therefore key fac-
tors that determine their therapeutic efficacy, including their abil-
ity to overcome tumor multidrug resistance. The physiological
features of the tumor microenvironment, in tandem with cel-
lular features like plasma membrane pumps, can cause mul-
tidrug resistance by causing the nanomedicine to accumulate
at the periphery of the tumor and fail to penetrate deeper into
the tumor.[20b] These physiological barriers to payload delivery
are further exacerbated by the chemical features of the tumor
microenvironment, which can be characterized by faulty apop-
totic mechanisms and the over-expression of efflux transporters,
which can lower the drug efficacy following its delivery to the
target tumor cells.[20b,27] Hence, understanding the endocytotic
pathways by which nanomedicines are trafficked in both cancer
and healthy cells is a precondition for improving nanomedicine
uptake by cancer cells and ensuring the delivery of a drug payload
to the cancer cell’s target intracellular organelle or receptor.

1.1.2. Endocytosis: A Gateway for Nanomedicines

Endocytosis is one of the cellular pathways used for the uptake of
extracellular material and the maintenance of cell homeostasis
by macropinocytosis, phagocytosis, and receptor-mediated endo-
cytosis (Figure 1).[3b,4b,28] This is accomplished through the in-
ternalization of extracellular fluid, the cellular membrane, and
incorporated components, including surface signaling recep-
tors and antigens.[29] The process begins with absorption of
matter bound to the plasma membrane in endocytic vesicles,
which form by the “pinching off” of membrane invaginations
(Figure 1).[4b] The membrane-enclosed cargo is then trafficked
to the early endosome, which acts as the cell “sorting station.”
From there, intracellular transport becomes dependent on the
nature of the endosome cargo, with recycling routes available via
exosome biogenesis. From the late endosome, escape routes are
accessible through the retrieval of cargo into the cytoplasm.[4b]

Transport to the lysosomes can offer a further breakdown route
through lysosomal enzyme degradation,[30] as these membrane-
bound organelles have an acidic pH and contain degradative hy-
drolase enzymes.[29,31] In polarized cells, cargo transport across
the poles can also occur in a process termed “transcytosis”.[4b]

Nanoparticle internalization may occur via membrane fusion
with fusogenic carriers or through multiple trafficking path-
ways, notably macropinocytic, clathrin-independent/dynamin-
independent-mediated, caveolin-mediated, fast endophilin-
mediated, clathrin-mediated, and phagocytic endocytosis.
Macropinocytosis involves the endocytosis of fluids and particles
of up to ≈1 μm in diameter in the bulk phase by actin polymer-
ization, which mediates membrane-ruffling macropinosome
fission.[28,32] Due to the similarity of macropinocytosis
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Figure 1. Nanomedicine endocytic and membrane recycling pathways in mammalian cells. The typical organelle pH,[28,30,31b,32] main organelle marker
proteins,[28,32] and residence times[28] of nanoparticles within each organelle are shown at the bottom of the diagram. a)Macropinocytosis is upregulated
in cancer cell lines expressing oncogenic Ras,[32,33] macrophages, endothelial cells, and epithelial cells in the presence of growth factors or pathogens
and has been implicated in neuronal axon growth and the immune protection mechanisms of microglia. b) Non-professional phagocytic cells may be
unable to utilize their phagocytic machinery as they do not express the phagocytic receptors required to bind extracellular cargo.[32] Phagocytic receptor
gene knock-in human epithelial cells were capable of phagocytosis.[34] c) Some studies have shown that these pathways can be utilized for particles
with diameters as small as 50 nm.[28,32] d) The vesicle diameters formed by the clathrin-independent/dynamin-independent pathway utilizing clathrin-
independent carriers for early endosomal compartments enriched in glycosylphosphatidylinositol-anchored proteins are generally similar to the vesicle
diameters of the clathrin-mediated and fast endophilin-mediated endocytosis pathways.[28,33,35] The depicted pathways typically derived from in vitro
studies. Image adapted from refs. [28, 32, 33].

to phagocytosis[28] and clathrin-independent/dynamin-
independent-mediated endocytosis, the potential for in vivo in-
ternalization of nanoparticles by macropinocytosis is unclear.[32]

The process is constitutively present in macrophages and den-
dritic cells to enable them to readily identify pathogens[35] and

it is upregulated in some cancer cell lines[32,33] to facilitate
the transport of nutrients, growth factors, and inorganic salts
required for cell metabolism.[36] This pathway provides a drug
delivery target for cells expressing oncogenic Ras and is upregu-
lated compared to its activity in the healthy counterparts.[33]
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In mammalian cultured cells, clathrin-independent/dynamin-
independent-mediated endocytosis is constitutive and is associ-
ated with nanoparticles less than 200 nm in diameter due to
the small tubule opening.[28,32] The mechanism begins with the
adsorption of extracellular Galectin 3 to membrane glycopro-
teins and glycolipids, followed by polymerization of Galectin 3
and finally actin and other proteins to control tubule fission.[32]

Caveolin-mediated endocytosis has been proposed for fatty acid
transport in adipocytes, endothelial cells, muscle cells, and some
cancer cells that bear the required cytosolic caveolin, extracellular
cavin proteins, and the Eps15-homology domain-containing pro-
tein 2 to form the flask-like caveolae.[28,32,37] However, the small
50 nm opening of the caveolae and the poor specificity of in-
hibitors for this pathway create questions regarding the extent
to which nanoparticles can be internalized by caveolae.[28,32] Fast
endophilin-mediated endocytosis has been proposed for cargoes
below 200 nm in diameter in some healthy and cancer cells.[32,33]

The dynamin-dependent process is driven by a number of ligand-
receptor interactions, such as endophilin A2 with membrane re-
ceptors. Actin polymerization enables the formation of tubules
several hundred nanometers long, while membrane scission is
dependent on dynamin.[32]

Clathrin-mediated endocytosis is also a dynamin and energy-
dependent process that contributes to fluid phase endocytosis
for all cells,[32,38] and has been implicated in multiparticle en-
docytosis of nanoparticles ranging in size from 30–550 nm.[28]

The clathrin-coated pits can stretch to diameters of ≈600 nm
around particle aggregates and are formed by binding of cy-
tosolic adaptins, cytosolic clathrin, and extracellular transferrin
to transferrin membrane receptors. Phagocytosis is similarly a
receptor-driven process, but it is limited to specialized phagocytes
that express the phagocytic membrane receptors that tightly bind
opsonized extracellular substances and are not typically found
in cancer cells.[28,32,33] In micropinocytosis, actin polymerization
and membrane ruffling mediates phagosome fission. Internal-
ization of a range of nanoparticle sizes, from ≈3 μm to 50 nm
in diameter, has been suggested for phagocytosis. Ultimately, hy-
brid pathways may also be present, operating by hijacking parts
of the classical pathways. Consequently, the endocytic pathway
observed for one cell type in vitro may differ from what is later
observed by in vivo analysis.[28,32]

The selective trafficking of nanocarriers and their low-
molecular-weight, weakly basic payloads to the lysosome was
first reported in 1972 by Trouet et al. for a DNA-daunorubicin
complex.[39] Trafficking to the lysosome was subsequently coined
“lysosomotropic delivery” by De Duve et al. and this has become
a characteristic of successful drug delivery systems as this route
evades drug efflux.[40] The discovery led De Duve to propose pig-
gyback endocytosis in 1974 as a rationale for targeting specific
intracellular trafficking pathways by exploiting the property of a
specific nanomedicine rather than the payload (Figure 2).[40,41]

Piggyback endocytosis has remained a focus of drug delivery
for more than 50 years and has ultimately resulted in clini-
cally approved lysosomotropic anticancer nanomedicines, such
as Doxil[7a,42] and Abraxane,[7c,42] which are used as second-line
therapies for chemotherapy-resistant breast tumors.[38a]

An understanding of the relationship between each
nanomedicine and the endocytic route observed in vitro and
in vivo in relevant cell models is vital for increasing clinical

applicability.[38a] For instance, the success of lysosome-targeted
delivery of a nanomedicine hinges on its many physicochemical
and biological properties, including carrier biocompatibility, pref-
erential internalization by the target cells, stability of the payload
to acidic pH and lysosomal enzyme action, and pH-responsive
release of the payload from the carrier.[3b,40] Poor nanomedicine
properties can limit efficacy and increase systemic toxicity due
to biological effects, such as low cytoplasmic release of the cargo
from the endosome and cargo efflux to the extracellular medium
by membrane-bound pumps, respectively.[40,43]

For example, live cell microscopy of murine B16BL6
melanoma cells and human BLM melanoma cells demon-
strated uptake and lysosomal sequestration of Doxil, which was
linked to lower in vitro cytotoxicity and intracellular bioavailabil-
ity compared to free doxorubicin.[44] Lysosomotropic delivery of
Doxil was also observed in vivo using high resolution intravital
imaging of mice bearing B16BL6 or BLM dorsal skinfold cham-
ber tumors. In the absence of the liposomal carrier, doxorubicin
diffused rapidly through the cytoplasm to the nucleus, whereas
entrapment within the stable liposomal carrier prevented ex-
tracellular doxorubicin release and predominantly resulted in
drug trafficking to the lysosomes. The authors hypothesized
that the membrane permeability of doxorubicin is reduced
by protonation within the lysosomes. The consequent slow
intracellular release into the cytoplasm contributes to the lower
therapeutic value of Doxil compared to free doxorubicin.[44]

However, comparable in vivo studies have not been reported
with silk nanomedicines.
The careful molecular design of nanomedicines can increase

the cargo half-life and cytosol accumulation by the incorpo-
ration of endosomal escape units that weaken the endosomal
membrane, thereby protecting payloads from degradation by hy-
drolytic enzymes or acidic pH and allowing the payload to travel
through the cytoplasm to the target cell compartment.[40,45] Mul-
tiple endosomal escape mechanisms have been identified, in-
cluding the ‘proton sponge effect’ in which the carrier molecules
become protonated in the endosome. This causes an influx of
chloride ions, osmotic swelling, and membrane rupture, fol-
lowed by membrane fusion of liposomal carriers with the en-
dosome, mediated by ion pairing between cationic carrier lipids
with anionic endosomal lipids, pore formation in the endoso-
mal membrane by self-assembling peptides, and membrane dis-
ruption by polymers or peptides that interact with the endoso-
mal membrane.[45b] Lipid nanoparticle endosomal escape units
used with liposomal and lipid carriers have included lipid di-
oleoylphosphatidylethanolamine for membrane fusion-based es-
cape and pH-responsive or cationic lipids for proton sponge-
based escape. The nanoparticle endosomal escape units fabri-
cated from polymers and peptides have also been used to in-
corporate pH-responsiveness and multiple cationic charged se-
quences, such as poly-histidine peptides.[45a]

Although targeting receptor-mediated endocytosis can result
in enhanced uptake, the physicochemical properties of the pro-
tein corona and nanoparticle can interfere with ligand-receptor
binding. For example, due to the size limit of 50 to 60 nm
for caveolae-based vesicles, this route is inherently favored by
smaller nanoparticles, as reported for the uptake of gold nanopar-
ticles in HepG2 cells and for polystyrene nanoparticle uptake
in HUVEC cells.[37] In addition, understanding of the endocytic

Adv. Therap. 2025, 8, 2400130 2400130 (5 of 26) © 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400130 by U

niversity O
f Strathclyde, W

iley O
nline L

ibrary on [14/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Figure 2. Lysosomotropic delivery via endocytosis, piggyback endocytosis, and permeation cell entry routes. Adapted from De Duve et al.[40]

uptake for both native and therapeutically loaded nanoparticles
is crucial to ensure payload delivery to the desired organelle,
as transport mechanisms and rates can differ upon therapeutic
loading. This was exemplified by variants of in recombinant spi-
der silk nanoparticles, including polyanionic eADF4(C16). Fol-
lowing the loading of polycationic species by electrostatic adsorp-
tion, cellular uptake increased almost twofold compared to the
native nanoparticles in response to changes in the physicochem-
ical properties, such as surface charge and hydrophilicity.[46]

2. Cancer-Targeted Nanomedicine

Two of the primary obstacles that hinder the clinical translation
of current cancer nanomedicines arise from the heterogeneous
biology of tumors among patients and the complexity of the phys-
iological response to nanomedicines.[10b] Consequently, patient
stratification has been proposed as a method for matching nano-
formulationswith tumor heterogeneity.[14b] For example, the EPR

effect and tumor microenvironment vary significantly between
patients and tumor types; therefore, several preliminary clinical
studies have proposed using non-invasive imaging to stratify the
subpopulations of cancer patients for which nanoparticle accu-
mulation via the EPR effect is likely.[11a,47] This type of workwould
provide predictive markers for patients who would benefit from
passively targeted nanoparticles and expedite targeted treatment
to the patients who require it.[10b,11a]

Further objectives include the identification ofmechanisms by
which tumor size can be reduced so that cellular or acellular tar-
gets can be identified and targeted. Pertinent examples include
tumor-associated macrophage depletion and extracellular matrix
degradation as co-injection or sequential injection schemes to
increase nanoparticle targeting to cancer cells.[20a] The chemoat-
traction of macrophages and other immune cells to tumor sites
is useful for targeted delivery of nanoparticles, especially to hy-
poxic regions distant from blood vessels, as this does not rely
on passive accumulation. This strategy has been used in nu-
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Table 1. The impact of nanoparticle surface charge, described by the zeta potential, on biodistribution, toxicity, tumor penetration, and internalization
by cancer cells.

Biological impact Refs.

Biodistribution Toxicity Tumor penetration Cancer cell internalization

←10 mV and >+10 mV: rapid hepatic
and mononuclear phagocytic
system clearance

±10 mV: lower hepatic clearance,
longest circulation times

>0 mV: early lung accumulation

>+10 mV: hemolysis,
cytotoxic

Pore size ≈ Debye length: electrostatic
interaction with tumor vessel, poor
extravasation

Lower zeta potential: faster matrix
diffusion

←10 mV: lower uptake than cations
>0 mV: adsorption-mediated
endocytosis and lysosomal escape

[20b,50–53]

merous studies; for example, in the use of macrophages loaded
with gold nanoshells to infiltrate tumor spheroids in vitro[48] and
in murine metastatic breast cancer in vivo.[49] Alternative pre-
treatment strategies to increase the efficiency of nanoparticle de-
livery to cancer cells include the use of external stimuli, such as
hyperthermia and radiation, vascular normalization, extracellu-
lar matrix modification, photodynamic therapy, and chemother-
apy priming.[47b]

Overchuk and Zheng suggest that nanoparticle delivery and
intra-tumoral behavior should also be thoroughly investigated
in the pre-clinical stages.[47b] Quantifying targeting efficiency
and correlating it with therapeutic efficacy would enable a stan-
dardization between modalities for comparison.[20a] Currently,
most preclinical studies analyze the gross accumulation and sub-
tumoral localization of the active pharmaceutical ingredient us-
ing available analytical techniques, such as mass spectrometry,
high-performance liquid chromatography, gamma counting, and
fluorescentmicroscopywith histology. Intracellular uptake analy-
sis with optical tissue clearing techniques is more beneficial than
flow cytometry for parsing nanoparticle spatial distribution with
respect to cancer cells and vascular structures at single-cell reso-
lution. Intravital microscopy can also enable in situ evaluation
of tumor microenvironmental changes with time in the same
animal.[47b]

3. Physicochemical Properties of Nanoparticles

The size and surface charge of nanomedicines can modulate
their stealth properties in the circulatory system and alter their
cellular interactions at the tumor site.[20b] The surface charge
of nanomedicines mainly dictates the rate of clearance by the
immune system and liver (Table 1).[50] For example, cationic
nanomedicines with zeta potentials above +10 mV are cyto-
toxic, induce hemolysis, interact with serum constituents, un-
dergo rapid clearance by the mononuclear phagocytic system in
the bloodstream, and undergo rapid hepatic clearance, result-
ing in systemic cytotoxicity and a short circulation half-life.[20b,51]

By contrast, anionic nanomedicines with zeta potentials below
−10mV show lower cellular uptake than cationic nanomedicines
but also cause rapid mononuclear phagocytic system clearance
and rapid hepatic clearance.[20b,50,51] The biodistribution of liposo-
mal nanomedicines to the lungs has shown charge-dependency
following intravenous administration to male BALB/c mice.[52]

Only cationic formulations showed greater accumulation in the
lungs at 3 min post-injection compared to the blood plasma,
spleen, kidney, and liver, possibly due to the aggregation of

liposomes with blood cells which then lodge in the lung
capillaries.[52]

Cationic nanomedicines can exhibit non-specific cytotoxicity
in the systemic circulation, and Weiss et al. suggest that sur-
face charge density, which can be described by electrokinetic
charge, may be a more accurate measure of toxicity than zeta
potential.[53a] The authors conducted in vitro 24 h treatments
of THP-1-derived macrophages and airway epithelial cells (A549
and Calu-3) with cationic carbon nanoparticles of similar zeta po-
tential (+20.6 to +26.9 mV) but increasing electrokinetic charges
(0.23 to 4.39 μmol g−1).[53a] The in vitro cell viability of all cell
types decreased as the electrokinetic charge increased, and only
the nanoparticles with the two highest electrokinetic charges sig-
nificantly caused oxidative stress, elevated IL-8 levels, mitochon-
drial perturbation, and lysosome damage in THP-1 cells. This
finding was reinforced in vivo whereby intranasal administration
of the two nanoparticle species with the two highest electrokinetic
charges caused inflammation of the airways 24 h post-installation
in healthy mice.[53a]

Neutral nanomedicines with zeta potentials ≈±10 mV have
the longest circulation but the lowest colloidal stability in the ab-
sence of adsorption of an electrostatic or steric stabilizer.[20b,51]

For example, in CD-1 male mice, the liver uptake of radiola-
beled liposomes containing negatively charged phospholipids
(180–186 nm, zeta potentials below −39 mV) was ≈40–50% of
the injected dose g−1 at 0.25 h post-injection, compared to ≈20–
30% uptake of the injected dose g−1 of plain and slightly posi-
tively charged liposomes (188–226 nm, zeta potentials −9.64 and
+8.48 mV, respectively).[53c] The greater hepatic uptake of nega-
tively charged liposomes at 0.25 h contributed to the observed in-
crease in clearance from the circulatory system for the negatively
charged liposomes (>90% of the injected dose g−1) compared to
the neutral liposomes (<70% of the injected dose g−1).[50,53c]

The nanoparticle surface charge impacts extravasation from
tumor blood vessels into the tumor microenvironment through
the pores of the endothelium membrane.[50] Electrostatic inter-
action with the negatively charged surface of the tumor vessel
walls is significant when the diameter of the pores in the endothe-
lia and the nanoparticle Debye length are similar.[53b] When pore
sizes are smaller than the Debye length, hydrodynamic and steric
repulsion mainly contribute to poor extravasation. Conversely,
when pore sizes are larger than the Debye length all repulsive
forces decrease. As vessel pore size can vary between organs, the
ability of a nanoparticle species to extravasate into the tumor is
also dependent on the cancer sub-type.[53b] Within the tumor, dif-
fusion through the interstitial fluid is easier for nanomedicines
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Table 2. The impact of nanoparticle size on biodistribution, toxicity, tumor penetration, and internalization by cancer cells.

Biological impact Refs.

Biodistribution Toxicity Tumor penetration Cancer cell internalization

<200 nm: reduced clearance by
reticuloendothelial system

<20 nm: increased renal clearance
Average accumulation order of
different-sized nanoparticles, from
high to low:

liver, spleen, tumor, other tissues

<100 nm: increased
hemolysis in vitro

<20 nm: greater transvascular transport and
longer matrix diffusion length

20–100 nm: intermediate matrix diffusion length
100–150 nm: hydrodynamic and steric repulsion
with tumor vessel, slower transvascular
transport, low matrix diffusion length

<20 nm: poor internalization as
aggregation needs to occur

All sizes: matrix and
tumor-associated macrophages
sequester >88% of extravasated
nanoparticles

[20a, 50, 54, 55]

with a low zeta potential than with high zeta potentials because
the former avoids being trapped by the electrostatic bandpass
formed by the extracellularmatrix.[20b,50] Cationic nanomedicines
are advantageous after extravasation into the tumor because they
can act as adjuvants and trigger adsorption-mediated endocyto-
sis by negatively-charged tumor cells and lysosomal escape at the
target cell.[20b,45a,50,51]

The size of nanomedicine also significantly impacts biodis-
tribution, circulation time, and tumor accumulation (Table 2).
Nanoparticles with diameters below 200 nm are less likely to be
cleared by the phagocytic cells of the reticuloendothelial system
in the liver and spleen, although nanoparticles with diameters
less than 20 nmcan bemore quickly cleared by renal excretion.[50]

For example, the in vivo biodistribution of different nanoparti-
cle species including lipid and polymeric nanoparticles across
small (15–100 nm), medium (100–200 nm), and large (>200 nm)
sizes over 2018 published datasets was analyzed by Kumar et
al.[54] Despite different physicochemical properties, between 6
to 72 h post-injection, nanoparticles predominantly accumulated
in the liver (18% of the injected dose g−1), and spleen (12% of
the injected dose g−1) while nanoparticles accumulated signifi-
cantly less in tumors (3% of the injected dose g−1) and other tis-
sues (<2% of the injected dose g−1). For lipid nanoparticles, the
small and medium nanoparticles had slower clearance and ac-
cumulated more in the liver, spleen, heart, intestine, and blood
than large nanoparticles which undergo greater opsonization and
phagocytosis. All polymeric nanoparticles had similar distribu-
tions in the liver, spleen, and bone at early time-points, while at
≈24 h the clearance of larger nanoparticles from the organs of the
reticuloendothelial system was greater than small and medium
nanoparticles. Additionally, small polymeric nanoparticles were
distributed to the heart, intestine, kidney, and lung more than
medium-sized nanoparticles.[54]

The hydrodynamic size of nanoparticles and their degree of
aggregation have also been implicated in the degree of toxicity
and hemolysis.[55] For example, the hemolysis of human whole
blood in vitro was determined for silk- (zeta potential −14 mV),
alginate- (zeta potential −27 mV) and gelatin-capped (zeta po-
tential −10 mV) silver nanoparticles with hydrodynamic diam-
eters of 79, 75, and 57 nm in blood plasma and compared to
citrate-capped nanoparticles (82 nm, −26 mV). As the protein
corona was similar for the biopolymer-capped nanoparticles by
LC-MS/MS, hemolysis was determined to be size-dependent at
doses above 100 μg mL−1, with the smaller biopolymer-capped
aggregates resulting in at least 1.5-fold increases to hemolysis
compared to citrate-capped aggregates.[55] In contrast, prelimi-

nary biodistribution studies in BALB/c mice showed minimal
hemolysis for the biopolymer-capped nanoparticles 8 days post-
injection, while all nanoparticles accumulated mainly in the liver
24 h post-injection.[55]

Tumor penetration can be increased by reducing the
nanomedicine’s size to overcome the barriers to diffusion
in the interstitial matrix. For example, the EPR effect is size-
dependent due to the tumor vessel pore size (typically 40 to
200 nm).[50] Nanomedicines with diameters below 20 nm can
undergo transvascular transport across normal vessels (pore
sizes 6–12 nm), while nanomedicines ≈100–150 nm can be
too large for complete tumor penetration due to hydrodynamic
and steric repulsion with the pores of tumor vessels and poor
diffusion through tumor tissue. Although smaller nanopar-
ticles (<20 nm) more readily extravasate and penetrate the
tumor,[50] they also have reduced drug-carrying capacity by either
entrapment or surface adsorption. The nanoparticle surface
area increases as the diameter decreases, thereby lowering the
controlled-release properties of smaller nanoparticles. Further
optimization of nanoparticle properties for tumor penetration
may be accelerated by visualization of the nano-bio interactions
occurring in the tumor microenvironment through real-time
intravital microscopy and 3D in vitro tumor models.[10b]

The impact of the extracellular matrix on the diffusion
characteristics of nanoparticles with different sizes, mechan-
ical properties, and protein coronas was assessed by Dai
et al.[20a] The authors used in vitro co-cultures of human ovar-
ian SKOV-3 cancer cells and Raw264.7 murine macrophages in
a 3D Matrigel-microchannel system to mimic the intra-tumoral
microenvironment.[20a] At 24 h post-administration, 3% of the
total cells were accessed by the 55 nm trastuzumab-coated gold
nanoparticles. Uptake was more favorable by macrophages than
cancer cells as 47% of themacrophage population interacted with
the nanoparticles compared to 11% of nanoparticle-associated
cancer cells. A smaller-sized nanoparticle of 15 nm was able
to diffuse to a greater depth and interact with 8% of the total
cells. Conversely, increasing the nanoparticle size to 100 nm re-
sulted in no diffusion through the matrix or interaction with
cells. The effect of nanoparticle hardness was investigated us-
ing 100 nm nanoparticles composed of different carrier ma-
terials (e.g., gold, silver, liposomes, and poly(lactic-co-glycolic
acid)).[20a] Additionally, 55 nm gold nanoparticles were incubated
with mouse serum to investigate the impact of the matrix on the
diffusion of nanoparticles with and without a protein corona.[20a]

Importantly, across a range of nanoparticles that differed in hard-
ness and protein coronas, thematrix reduced the diffusion rate of
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Table 3. The impact of nanoparticle morphology on biodistribution, tumor penetration, and internalization by cancer cells.

Biological impact Refs.

Biodistribution Tumor penetration Cancer cell internalization

Higher aspect ratio: lower reticuloendothelial system and
mononuclear phagocyte system clearance, longer circulation
times

Discs: greater adhesion to endothelial cell walls than rods,
ellipsoids, and hemispheres

Prolate ellipsoid: greater cell attachment and lower phagocytosis
rates than oblate ellipsoid and spheroid

Higher specific surface area: faster degradation

Higher aspect ratio: greater
margination to endothelial
cells and target tumor

Spherical: contact angle-independent
internalization

Higher aspect ratio: optimal orientation
for internalization when the major
axis perpendicular to the cell
membrane

[50, 57, 58]

all nanoparticles and resulted in less than 8% of the cancer cells
being accessed. Next, the impact of the matrix density on the dif-
fusion of 55 nm trastuzumab-coated gold nanoparticles was an-
alyzed by increasing the Matrigel concentration, which resulted
in a concentration-dependent reduction in diffusion distance and
cell accessed. In this way, extracellular matrix degradation was re-
inforced as a treatment strategy.[20a]

The in vitro Matrigel experiments were reinforced in vivo
by measuring the cell interaction with 15, 55, and 100 nm
trastuzumab-coated gold nanoparticles at 24 h post injection
to SKOV-3 xenograft tumor-bearing CD1 nude mice. Induc-
tively coupled plasma-mass spectrometry revealed an average
nanoparticle-to-tumor delivery efficiency for 55 nm particles of
0.59%, whereby flow cytometry indicated that only 0.001% of the
injected dose interacted with SKOV-3 cancer cells. This meant
that 9 per 1 million of the 55 nm nanoparticles were estimated to
have reached the cancer cells due to the presence of intratumoral
cellular (tumor-associated macrophages) and acellular (extracel-
lular matrix) barriers. For example, the nanoparticles were 38
times more likely to interact and be phagocytosed by the perivas-
cular tumor-associated macrophages than to interact with cancer
cells. In total, the nanoparticles interacted with 2.4% of the cells
in the tumor, as the remainder of the nanoparticles were trapped
in the extracellular matrix. The smaller-sized nanoparticle of
15 nm resulted in a higher average delivery efficiency of 0.85% to
the tumor, although only 0.0002% of the injected dose interacted
with cancer cells as these smaller particlesmay need to be present
at a high enough concentration to aggregate before uptake can oc-
cur. The authors suggested that the lower average nanoparticle-
to-tumor delivery efficiency of the injected dose for 100 nm parti-
cles of 0.22% and the 0.001% nanoparticle-to-cancer delivery ef-
ficiency may be explained by their large size blocking diffusion
through the extracellularmatrix.[20a] For nanoparticles of all sizes,
the extracellular matrix and tumor-associated macrophages se-
questered more than 88% of extravasated nanoparticles.

4. Hierarchical Structure of Nanoparticles

The impacts of hierarchical structure and morphology on tumor
uptake are poorly understood, as the effects are highly depen-
dent on the tumor model and cell line.[10b] Morphology can af-
fect the nanomedicine circulation time due to altered immune re-
sponses, endothelial cell adhesion, and flow behavior (Table 3).[56]

The morphology dictates the curvature of the particles and
whether phagocytosis will occur or whether cells will spread

on the particle surface.[50] The internalization rate of spherical
nanoparticles by macrophages does not depend on the contact
angle with the cell, whereas nanoparticles with high-aspect ra-
tios (e.g., rod-shaped) are optimally phagocytosed when the ma-
jor axis lies perpendicular to the cell membrane, as wrapping
of the nanoparticle requires less membrane reorganization.[50]

High cell attachment rates can lead to spreading on the cell mem-
brane and do not always translate into fast internalization. This
was the case for prolate ellipsoid polystyrene nanoparticles (ma-
jor axis 0.35–2.5 μm,minor axis 0.2–2.0 μm), whichwere found to
have greater attachment but lower phagocytosis rates by murine
RAW264.7 cells in vitro compared to spheroid (diameter 0.52–
3.6 μm) and oblate ellipsoid particles (major axis 0.35–2.5 μm,
minor axis 0.2–2.0 μm).[57]

Illustrating these concepts in vivo, the circulation time was
longer for polymeric worm-like nanoparticles with aspect ratios
greater than 20 than for spherical polymeric nanoparticles due
to the decreased macrophage internalization of the worm-like
nanoparticles.[56] Similarly, circulation times in rodent models
were longer for cylindrical polymer micelles with lengths be-
tween 2 to 8 μm than for spherical micelles with diameters be-
tween 22 to 60 nm.[59] In vivo biodistribution studies in male
Kunming mice with an orally administered spherical, long rod
(aspect ratio 4) and short rod (aspect ratio 2) silica nanoparticles
(diameters 150 nm) also confirmed that clearance by the reticu-
loendothelial system was lowest for nanoparticles with high as-
pect ratios.[58a] Combined with the greatest renal clearance for
spherical nanoparticles, and short rods degrading the quickest in
vitro due to their higher specific surface area (the ratio of surface
area to volume), the longest circulation times were attained by
long rods.[58a]

Other studies have suggested that longer circulation times
of non-spherical nanoparticles can result from greater adhesion
to the endothelial walls of blood vessels compared to spherical
nanoparticles.[58b] Compared to the sequestered flow of spheri-
cal particles between red blood cells and vessel walls, the more
complicated flow patterns in blood vessels for non-spherical
nanoparticles can lead to their margination to the blood vessel
walls.[56] The increased proximity to the endothelial walls can
result in a greater affinity for endothelial cells by non-spherical
nanomedicines than by spherical nanomedicines, with discs
demonstrating greater margination and adhesion than rods, el-
lipsoids, and hemispheres.[58b]

Consequently, non-spherical nanoparticles can have a greater
capacity for targeted delivery to endothelial cells[10b,58b] and a
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higher capacity for margination to the target tumor.[56] For ex-
ample, the rate of tumor penetration was higher for polyethylene
glycol–coated inorganic nanorods (15 × 54 nm) than for their
nanosphere counterparts (35 nm), although both had similar hy-
drodynamic diameters between 30 to 40 nm and similar aqueous
diffusion rates.[10b] However, the impact of morphology on the
rate of internalization by cancer cells varies between studies and
is dependent not only on the nanoparticle aspect ratios, but also
on the target cell type, orientation of nanoparticles when binding
to cell-membrane receptors, and nanoparticle flexibility.[50,60] The
flexibility of the nanomedicine is dictated by the internal crys-
tal structure, which has also been implicated in particle stability,
payload release rate,[61] formation of the protein corona,[37,62] and
clearance by the immune system.[56,63]

4.1. Surface Functionalization

Some improvements in cancer nanomedicines can arise by sur-
face functionalization of the nanomedicines to engineer ligands
for active targeting to tumor-expressed receptors or to apply
stimulus-responsive stealth coatings that prevent undesired bi-
ological responses while the nanomedicine is in circulation.[14a]

In recent decades, several nanoimaging agents and
nanomedicines have been engineered with active targeting
or stimulus-responsiveness and are now clinically approved or
entered into clinical trials and have shown improved tumor
accumulation and reduced side effects.[64] Examples of actively
targeted nanomedicines that have received clinical approval
are antibody-drug conjugates, which consist of a monoclonal
antibody designed to target a specific receptor overexpressed on
the cancer cell surface and an antineoplastic agent conjugated
through a non-cleavable (e.g., trastuzumab emtansine, brand
name Kadcyla, which targets ErbB2 receptors) or a stimulus-
responsive linker (e.g., sacituzumab govitecan, brand name
Trodelvy, which targets human trophoblast cell-surface antigen
Trop-2, Trastuzumab deruxtecan, brand name Enhertu, which
targets ErbB2 receptors).[64b] Actively targeted nanoimaging
agents are also available that incorporate mannose to target the
CD-206 receptor on the surface of macrophages and these are
used in the clinic for sentinel lymph node identification (e.g.,
technetium-99m-labelled, mannose-dextran conjugate branded
as Lymphoseek).[64c,65]

However, at present, simple liposomal and micellar nanofor-
mulations still predominate over actively targeting or stimulus-
responsive nanoformulations in the group of >50 anticancer
nanomedicines in current clinical trials.[14a,64b,66] The high fail-
ure rate associated with the translation of surface-functionalized
nanomedicines from preclinical research to clinical approval is
a consequence of many unsolved biological and technological is-
sues, particularly the considerable work required to understand
the nano-bio interactions that interfere with nanomedicine sta-
bility and biodistribution.[64b]

4.1.1. Active Targeting

Tumor cell uptake can be improved by active targeting through
the decoration of nanomedicine surfaces with targeting ligands

that bind specific endocytosis-prone receptors that are overex-
pressed on the surfaces of tumor cells. Active targeting is impor-
tant for tissue accumulation in patients and for tumors in which
the EPR effect is not the predominant mechanism of substance
accumulation by the tumor. Improved drug delivery and efficacy
over passively targeted controls has been achieved by targeting
several cellmembrane receptors, including the epidermal growth
factor receptor (e.g., in mice bearing murine mammary carcino-
mas and mice bearing human cervical cancer and human col-
orectal cancer xenografts),[47a,67] the transferrin receptor (e.g., in
mice bearing human prostate cancer and human colon adeno-
carcinoma xenografts),[68] integrins (e.g., in human mesenchy-
mal stem cell lines),[10b,46,69] the folate receptor (e.g., in human
breast adenocarcinoma cell lines),[70] and the asialoglycoprotein
receptor (e.g., in human hepatoma patients).[71]

Dai et al. suggested that the reduction in tumor size and
increased survival rate observed using actively targeted cancer
nanomedicines in mouse models may reflect indiscriminate
macrophage cytotoxicity and cell death.[20a] The authors used pre-
clinical in vivo and in vitro mouse tumor models to quantify the
active targeting efficiency, compared to passively targeted con-
trols, of actively targeted trastuzumab-coated gold nanoparticles
that target ErbB2 receptors and folate-coated gold nanoparticles
which target folate receptors. The surface of the actively targeted
gold nanoparticles was saturated with either PEG-conjugated
trastuzumab or PEG-conjugated folate, and retrospectively func-
tionalized with a mixture of Alexa Fluor 750-labeled 5 kDa PEG
andmethoxy-terminated 2 kDa PEG to reduce the protein corona.
The passively targeted nanoparticles were functionalized with
PEG but not with trastuzumab or folate, and the average hydro-
dynamic size of the passive control was ≈14 nm smaller than
the trastuzumab-coated nanoparticles. The trastuzumab and pas-
sively targeted 55 nm gold nanoparticles were administered
intravenously to preclinical human ovarian SKOV-3 xenograft
mouse models with solid tumors, which are ErbB2 positive. At
24 h post injection, inductively coupled plasma-mass spectrom-
etry revealed that the average nanoparticle-to-tumor delivery ef-
ficiency for actively targeted particles was 2.36 times greater
than the 0.25% of the injected nanoparticle dose measured for
passively targeted particles. However, flow cytometry with in-
ductively coupled plasma-mass spectrometry also indicated that
the average nanoparticle-to-cancer cell delivery efficiency of ac-
tively targeted nanoparticles (0.001%) was not significantly dif-
ferent to the passive control (0.003%). Conversely, the tumor-
associated macrophages had accumulated 0.038% and 0.02% of
the injected dose of actively and passively targeting nanoparti-
cles respectively, which is≈7–38 times the nanoparticle-to-cancer
cell delivery efficiency. The remainder of the extravasated parti-
cles were in acellular regions. Likewise, the interactions of 100
and 140 nm trastuzumab-coated silica nanoparticles and their
passively targeted controls with tumor-associated macrophages
were found to be 2.7–31.9 times more likely than with can-
cer cells. Folate-coated nanoparticles and passively targeted con-
trols were also produced with three different sizes of 15, 55,
and 100 nm and were administered to a 4T1 orthotopic tumor
model in BALB/cmice. Similarly to trastuzumab-coated nanopar-
ticles, all sizes of folate-coated and control particles interacted
preferentially with tumor-associated macrophages. Decoration
with folate also did not significantly increase the nanoparticle-to-
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cancer cell delivery efficiency. Finally, the authors used in vitro
co-culture SKOV-3 and Raw264.7 cell death experiments with
55 nm trastuzumab-doxorubicin-coated gold nanoparticles serv-
ing as an actively targeted nanomedicinemodel and doxorubicin-
coated gold nanoparticles as the passively targeted control. Flow
cytometry revealed that there was no significant difference in
total cell death between active and passively targeted nanopar-
ticle treatments, but only active targeting resulted in a signifi-
cant, ninefold increase in cell death of macrophages than can-
cer cells. For active targeting, only macrophage cell death showed
dose-dependence, whereas cancer cell death did not increase with
nanoparticle dose. Nevertheless, active targeting was beneficial
in vivo by reducing nanoparticle accumulation in the reticuloen-
dothelial system organs.[20a]

The most common surface functionalization method involves
targeting the tumor vasculature using the arginylglycylaspar-
tic acid peptide. The peptide can bind to 𝛼v𝛽3 integrin re-
ceptors that are not expressed in resting endothelial cells and
some normal organ cells but are highly expressed on the sur-
face of activated tumor endothelial cells, new vasculature, and
some tumor cells.[10b,72] Targeting the tumor vasculature can
enable the delivery of therapeutics that inhibit angiogenesis,
thereby reducing tumor growth, promoting regression, and sup-
pressing metastasis in mice in vivo. Surface modification with
cyclic arginylglycylaspartic acid peptide has also significantly in-
creased the tumor parenchyma-penetrating depth.[10b] Unfortu-
nately, although the idea of active targeting was conceived many
decades ago, only a few examples, such as Her2 targeted lipo-
some (MM302), a targeted polymeric nanoparticle (BIND014),
and targeted siRNA nanoparticle (CALAA-01), have reached the
clinical trial stage.[10b] However, the growing pipeline of clinically
approved antibody-drug conjugates is a clear testament that tar-
geting is feasible in principle.
Most of the present understanding of nanomedicine–cell in-

teractions has come from in vitro studies, which may not be ac-
curate models for heterogeneous tumors in vivo. The relation-
ship between the uptake mechanism and intracellular traffick-
ing is also not linear, as many biochemical checkpoints deter-
mine the final nanoparticle destination.[37] Poor understanding
of the in vivo uptake and trafficking mechanisms, along with
patient-to-patient receptor expression heterogeneity, has con-
tributed to the poor clinical performance of active versus passive
anti-cancer nanomedicines.[73] High-resolution in vivo imaging
may increase our understanding of the interactions occurring
within the heterogeneous tumor microenvironment.[10b]

4.1.2. Stealth Coatings

Surface functionalization can also be used to engineer stealth
nanoparticles by coating nanomedicines with hydrophilic, anti-
fouling polymers, such as polyethylene glycol, and protein poly-
mers, such as XTEN, or proline/alanine-rich sequences, which
have the added benefit of greater biodegradability[74] (reviewed
in ref. [75]). These stealth coatings limit immune clearance by re-
ducing opsonization, although the coating also can lower cellu-
lar uptake by the target cells and subsequent endosomal escape
compared to native nanomedicines, notably those with positive
charges.[14a] Cleavable linkers have been tethered to the surface

to theoretically ensure that the stealth coating remains intact dur-
ing systemic circulation but will be selectively removed in the tu-
mor microenvironment due to the low pH or enzyme activity.
However, no self-adaptive nanomedicines have yet reached clin-
ical trial status.[14a] Hence, the next sections of the review will
cover current progress in anticancer silk nanomedicine method-
ology, including rational silk nanomedicine design that takes into
account the physiological features of the tumor environment.

5. Silk Structure

Numerous insect species and arachnids produce silk proteins
that have species-dependent amino acid primary sequences,[76]

but all silk fibroins and spidroins are characterized by the pres-
ence of a block copolymer-like heavy chain,[77] which dictates
many of the protein’s properties (e.g., 𝛽-sheet crystallinity, high
tensile strength, amphiphilicity, thermal stability). The territo-
rial and cannibalistic nature of spiders prohibits their farming
for silk production; therefore, spider silks (which are more cor-
rectly termed “spider silk-inspired proteins”), are typically man-
ufactured using recombinant technologies. Supported by ad-
vances in protein expression systems, these exciting silks are
now increasingly explored for biomedical applications, includ-
ing nanomedicines and anticancer drug delivery (reviewed in ref.
[78]). The first approval of this novel material class for human
medical use is eagerly awaited. By contrast, the everyday silk-
worm (Bombyxmori, B. mori) silk, is already an approved silk (and
the only one) for use in humans. Silk fibroin isolated fromB.mori
cocoons is particularly beneficial for nanomedicine applications,
as the species can be farmed at scale and the silk has long since
navigated the regulatory process.[79]

Mulberry silk from commonB.mori is a well-characterized silk
type that consists of a heavy (≈391 kDa) and a light (≈26 kDa)
chain, linked by one disulfide bond at the heavy chain C-terminus
(Figure 3).[80] In B. mori silk, the heavy chain has a block co-
polymer with a repeating amino acid sequence of 11 short hy-
drophilic regions and 12 hydrophobic blocks and nonrepetitive
C- and N-termini. By contrast, the light chain has a nonrepeating
amino acid sequence. The hydrophobic blocks make up 94% of
the heavy chain and contain mostly glycine-X repeats, where X is
alanine (A) (65%), serine (S) (23%), or tyrosine (Y) (9%).[80,81] The
repetitive blocks can fold into anti-parallel 𝛽-sheet crystallites by
forming hydrogen bonds, Van der Waals bonds, and hydropho-
bic interactions. The strength of the intermolecular bonds and
the high density and degree of order within the 𝛽-sheet crystal-
lites impart high mechanical strength.[82]

In the natural world, as the bave leaves the spinneret of the silk-
worm, the hydrophobic silk fibroin thread is coatedwith sericin, a
protein that acts as a binding agent during cocoon spinning.[82,83]

However, the silk fibroin and sericin mixture has been observed
to induce an inflammatory response in humans;[84] therefore, the
sericin must be removed by “degumming” the silk cocoons.[85]

Isolating the silk fibroin protein from the spun cocoon has be-
come the preferred method, as it offers a simpler extraction pro-
cess compared to dissecting the silk gland.[86] Degummingmeth-
ods include chemical, enzymatic, and physical processes that
break down the sericin and cleave the intermolecular bonds that
hold the fibroin and sericin together. Themost well-usedmethod
involves boiling chopped silk cocoon pieces in an aqueous alka-
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Figure 3. Overview of the structure of Bombyx mori silk: From the amino
acid composition to the cocoon. The scale bar is 0.5 cm in length. Image
from.[81]

line solution.[86,87] These processes invariably cause chain scis-
sion of the fibroin protein backbone, resulting in a polydisperse
mixture of silk fibroin polypetides.[88]

The silk fibroin extracted by degumming is termed silk II and
has a hydrophobic structure enriched with 𝛽-sheets.[82] The 𝛽-
sheet crystallites and hierarchical structure of the silk fibers re-
sult in insolubility inwater andmost organic solvents,[81,86] which
makes the silk obtained from degumming difficult to process
into formats other than silk fabrics.[84] To dissolve the 𝛽-sheet
crystals, hexafluoroisopropanol or saturated solutions of aqueous
chaotropic agents (e.g., lithium bromide) at 60 °C are typically
used in a process called regeneration.[86] The inputs of chemi-
cal and thermal energy act to break hydrogen and Van der Waals
bonds in the silk II secondary structure to form a metastable,
water-soluble s ilk I with a partially ordered structure and a
higher percentage of 𝛼-helix and random coils (although the av-
erage molecular weight can also be reduced).[86,88b] The resulting
aqueous liquid silk is typically dialyzed against water to remove
chaotropic salts before further processing.

6. Silk as a Biomedical Material

For thousands of years, silk fibers have been processed into
textiles and clothing. The silk spun by B. mori silkworms dur-
ing their fifth instar is the market leader for silk goods due to
its good mechanical properties and the ease with which silk-
worm breeding and silk cocoon collection can be scaled up and
industrialized.[84]

B. mori silk has also been used clinically for several millen-
nia in traditional healthcare.[79b,84] Since the discovery of the
aseptic technique in the 1860s, sterile silk products have been
used as a suture material[89] wound dressings, and reconstruc-
tive surgery support structures,[79b] due to their favorable biologi-
cal properties, including biocompatibility, biodegradability, and
handling.[79b,90] The complete removal of sericin from the silk
fiber is important to ensure the non-immunogenicity of silk bio-
materials, as residual sericin contamination is a reported po-
tential cause of immune rejection responses.[79] Nevertheless,
degummed B. mori silk has been approved as a biomaterial by
the US Food and Drug Administration since 1993. In 2019, the
first regenerated silk product, Silk Voice, a composite hyaluronic
acid–silk microparticle hydrogel was clinically approved as a sup-
port structure to expedite vocal cord repair.[91]

Degummed and regenerated silk has many favorable proper-
ties, including the capacity to be processed into a variety of multi-
scale, hierarchical structures, such as films, scaffolds, hydrogels,
microparticles, and nanoparticles.[79b,83] A variety of silk bioma-
terials have shown comparable in vitro cytocompatibility and in
vivo biocompatibility with other biopolymers, such as collagen
and polylactic acid.[79b] In addition, silk biomaterials processed
into nanoparticles have shown biodegradability,[92] pH[93] and
temperature[94] responsiveness, and stabilization of therapeutic
payloads.[95]

Due to the presence of reactive amino acids (e.g., tyrosine
and serine),[80,96] silk surfaces can also be decorated to im-
prove their physiological responses. For example, silk nanopar-
ticles can evade the mononuclear phagocyte system by biocon-
jugation to stealth polymers such as polyethylene glycol.[26b,97]

Totten et al. demonstrated that in vitro TNF-𝛼 production by
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murine macrophages was significantly lower after incubation
with polyethylene glycol-bound silk nanoparticles than with na-
tive silk nanoparticles.[26b]

The limitations of silk biomaterials arise due to the het-
erogeneity of the silk molecular structure within and be-
tween degummed and regenerated silk batches. This molec-
ular structure heterogeneity occurs in part due to material
aging.[98] However, a polydisperse mixture of silk molecules oc-
curs due to the kinetically controlled amide backbone scission
during processing,[88] which in turn can impact drug release
performance.[99] With respect to the greenness of silk processing,
silk sericulture, and cocoon acquisition are carbon sinks,[100] al-
though standardization and scale-up of newer regeneration pro-
cesses are still required to reduce the use of energy, water, and
chemicals.[87,101] For example, a recent improvement to reduce
the volume of water required for silk regeneration in the absence
of additional pH-sensitive compounds has been to eliminate the
dialysis of the chaotropic salt-liquid silk mixture before process-
ing the liquid silk into silk nanoparticles.[102]

6.1. Silk and Silk-Inspired Proteins as Nanomedicines

Silk fibroin has generated considerable research interest as
an alternative carrier material for nanomedicines due to its
desirable properties,[78b,83] including the controllable physico-
chemical properties of the resultant silk nanoparticles.[103] For
example, silk nanomedicines can be optimized for different
modes of administration (e.g., intravitreal,[104] intravenous,[105]

topical,[106] inhalation[107]) by changing the silk nanoparticle
manufacturing process to tune the nanoparticle size, which can
be varied between 40 nm to microns in diameter for spheri-
cal carriers.[106,108]To illustrate, using in vivo tumor models, silk
nanoparticles between 100 and 20 nm were distributed to the
tumor sites via intravenous administration.[105,109] Conversely,
low-polydispersity silk nanoparticles with an average diameter
of 42 nm were capable of in vivo transdermal delivery in rabbits
by paracellular uptake through the stratum corneum to the der-
mis, a route not available to larger particles, which sequester in
the stratum corneum.[106] Hence, drug adsorption to silk fibroin
nanoparticle carriers with optimized critical quality attributes can
improve the pharmacokinetic and pharmacodynamic properties
of the payload.
The silk nanoparticle size can be tuned to alter drug adsorp-

tion, drug release, and cellular internalization. For example, re-
ducing the nanoparticle size of silk nanoparticles manufactured
by batch desolvation in acetone with in situ or post-synthetic
drug loading improved the drug loading of doxorubicin from
≈1.0% for 130 nm particles to ≈0.9% for 65 nm.[110] In vitro
drug release from smaller nanoparticles was also greater than
for larger nanoparticles. Yet, in vitro intracellular uptake of the
65 nm nanoparticles by glioblastoma cells after a 4 h treatment
was lower than the uptake of 130 nm nanoparticles in live and
fixed cell imaging. Both nanoparticle sizes were trafficked to
the lysosomes and cytosol, providing potential tools for cytosolic
delivery.[110] The study reinforces the important balance between
optimizing drug loading and understanding the trafficking path-
ways used for each nanoparticle to ensure payload delivery to the
target organelles.

The morphology of silk nanomaterials can also be controlled
by varying the manufacturing process, with examples rang-
ing from spherical nanoparticles to rod-shaped microparticles
and microcapsules,[95b,111] and nano- and microfibers.[112] Shi-
manovich et al. used emulsification in a microfluidic T-mixer
and varied the silk feedstock viscosity and shear rate experienced
within the channel to control microcapsule morphology.[95b] As
the hierarchical structure of silk particles dictates their morphol-
ogy, the increasing aspect ratio of silk microcapsules from spher-
ical to thin and thick fibers was linked to the increasing in-
termolecular 𝛽-sheet crystallinity of the capsules’ interior. No-
tably, themorphology did not impact the encapsulation efficiency
of a fluorescent-labeled antibody (>95%) or small-molecules
(>88%) but dictated the in vitro release kinetics. Thin contin-
uous silk microfibers (0.5–2.5 μm) showed faster and greater
overall release (>80%) of the fluorescent-labeled antibody in
phosphate-buffered saline after 160 h compared to silk cylinders
(5–35 μm× 4.5–65 μm), short (5–25 μm× 4.5–65 μm)microfibers
and thick continuous (5–65 μm)microfibers (≈20%), while spher-
ical (6–80 μm) silkmicroparticles had the poorest release (≈15%).
The thin fibers also resulted in the fastest release of encapsulated
glucose, tetracycline, andRemazol Brilliant Blue R, whereas thick
fibers resulted in the slowest release kinetics. The release kinet-
ics of cylinders, short fibers, and spheres were intermediate and
varied with each small-molecule.[95b]

Surface potential is another key physicochemical property of
silk nanoparticle carriers as it dictates the surface adsorption ca-
pability toward acids and bases. Silk fibroin nanoparticles have
a net negative surface charge at physiological pH[93a,113] due to
the silk pI of 4 to 5.[114] Molecular modeling experiments have
indicated that the negative charge carried by silk fibroin at phys-
iological pH is caused by the presence of ionizable groups, such
as glutamic and aspartic acids,[115] which also make the silk
nanoparticles pH-responsive.[93a] The surface electronegativity
at physiological pH has been implicated in the lysosomotropic
drug delivery[41] of silk nanoparticles verified by live cell con-
focal microscopy of MCF-7 cells[116] and monocytes.[117] Upon
trafficking to the acidic lysosomes (≈pH 4.5), and to a lesser
extent in the acidic tumor microenvironment (pH 6.5 to 6.9),
the pH-responsiveness of the ionizable groups can trigger the
release of surface-adsorbed drugs, an observation corroborated
by in vitro drug release experiments with the weakly basic drug
doxorubicin.[93,97,116] Doxorubicin release was further increased
during carrier degradation, with a significantly increased re-
lease of doxorubicin observed at pH 4.5 in the presence of pa-
pain, a protease, which served as a model for lysosomal protein-
degrading enzymes.[92] However, the surface electronegativity
limits the loading of negatively charged small molecules and bi-
ologics (i.e., nucleic acids) and is expected to cause repulsion be-
tween the silk nanoparticle and the target cell membrane. How-
ever, uptake by the target tissue can be improved by functionaliza-
tion of the silk nanoparticles using targeting and stealth ligands.
The conjugation of biologically active ligands improves silk

nanomedicine efficacy by enabling receptor-mediated endocyto-
sis and reducing reticuloendothelial system clearance.[78b,82] The
chemically reactive amino acid groups in the silk fibroin protein
sequence facilitate the chemical modification of amino acid side
chains, enabling active targeting and stealth coating (Table 4).
For example, bioconjugation of the arginylglycylaspartic acid se-
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quence, folate, and the H2.1 Her2-binding peptide to silk fi-
broin particles improves their adhesion to cancer cells that over-
express integrins, folate receptors, and Her2 receptors, respec-
tively (reviewed in refs. [78b, 82]). Folate conjugation can also aid
the cellular uptake by folate-responsive cancer cells.[82] Alterna-
tively, stealth coating nanoparticles by post-synthetic conjugation
of polyethylene glycol can stabilize colloidal silk drug carriers in
physiological model solutions,[97] improve the in vitro drug re-
lease of doxorubicin at pH 4.5,[97] reduce in vitro coagulation
and platelet activation in human whole blood,[117] and alter the
macrophage response.[26b] Consequently, the progression of silk
nanomedicines to the clinic will require leverage of these conju-
gation techniques.

6.2. Silk Nanoparticle Manufacture

Processing liquid silk feeds for clinical development requires
the development of manufacturing methodologies that are scal-
able, safe, low cost, sustainable, and reproducible between
batches.[79b,81] In conjunction, the chemistry, manufacturing,
controls, and good manufacturing practice requirements for
nanomedicines increase in complexity as the technology moves
from preclinical development to clinical development and then to
commercialization, where standardized quality is essential.[129]

The manufacture of simple nanoparticle systems, such as li-
posomes and polymeric nanoparticles, have been successfully
scaled up using batch and continuous manufacturing unit op-
erations, which are readily available or custom-designed in the
pharmaceutical industry. However, complex nanoparticle sys-
tems that contain biological targeting ligands or biological com-
ponents, carry a combination of therapeutics, use layer-by-layer
assembly, or consist of composite materials can pose challenges
to reproducible scale-up as they require multiple steps or sen-
sitive components, and can require the modification of exist-
ing technology and the development of novel manufacturing
processes.[10b] These limitations are particularly pertinent to silk
fibroin, which is highly sensitive to processing conditions, such
as pH, temperature, and chemical impurities, during degum-
ming, dissolution, formulation, and purification.[130]

Moving from the lab scale to the clinical scale also typically re-
quires rigorous screening of formulation factors or methods to
ensure reproducible results. Consequently, designing nanopar-
ticle manufacture methods at the lab scale that are amenable
to scale-up is important. Although many lab-scale studies use
bulk phase synthesis in semi-batch or batch formats, examples of
methods that are amenable to scale-up to clinical development in-
clude non-wetting template technology,[131] coaxial turbulent jet
mixer technology,[132] photolithography,[133] and microfluidic[134]

technologies, which have the advantages of homogeneity, repro-
ducibility, tunability, and high throughput (multiple kg day−1 can
be produced). Optimizing formulation conditions at the lab scale
and conducting early scale-up studies using these technologies
can accelerate clinical translation.[10b]

The progression of some nanomedicines to the clinic have
been complicated by a lack of standardized physicochemical and
biological characterization, unreproducible formulation meth-
ods, insufficient characterization techniques, and insufficient
comparisons between nanoparticle systems.[10b] The Minimum

Information Reporting in Bio-Nano Experimental Literature
guidelines have been proposed to increase the reproducibility
of nanoformulation manufacturing details and characterization
methodology.[135] Arguments against these one-size-fits-all rules
are that they make characterization pipelines especially difficult
for poorly funded research fields, early-stage researchers, and
complex nanoparticle systems; therefore, they have not been uni-
versally accepted in the academic scientific literature.[136] Never-
theless, better standardization and clearer reporting of methods
at the lab-scale would clearly be of long-term benefit to improve
consistency across studies.

6.3. Silk Nanoparticle Formation in Batch Format

Considerable research interest has sparked in the use of silk
nanoparticles as carriers of biologics and small molecule drugs,
such as doxorubicin, which can be loaded during or after formu-
lation (Table 4). For larger particles (0.2–10 μm), top–downmeth-
ods such as jet milling,[137] bead milling,[138] and ball milling[139]

provide simple approaches that are easy to scale up and do not
require the use of (toxic) organic solvents.[140] However, the large
sizes andwide polydispersity indexes of batch-produced particles,
combined with the reduction in silk II content during grinding,
means that these particles aremore likely to be cytotoxic and have
short circulation times.[140] Consequently, different bottom–up
methods, namely instrumental-induced and chemical-induced
methods, have been used to make silk nanoparticles in the bulk
phase.
Instrumental-induced silk nanoparticle formation involves

exposing a silk solution to physical forces, such as heat
changes, pressure changes, electric fields, UV light, and shear-
ing (Table 5).[130] Solution-enhanced dispersion by supercritical
fluids processing exposes silk and a supercritical CO2 solution
to high pressure and temperature, which atomizes the solution
into small droplets. With enhanced mixing, the droplets form
nanoparticles after the CO2 evaporates.

[141] Silk particlesmay also
be prepared by utilizing electric fields to ionize an aqueous silk
solution. Here, the physicochemical properties of the resulting
nanoparticles can be tuned by silk feed concentration and elec-
tric field voltage.[142] Electric fields formed by immersing conduc-
tive electrodes into a silk solution for a few minutes result in silk
electric-gel formation at the positive electrode due to the local re-
duction in pH, which yields the constituent nanoparticles after
freeze-drying.[143] Another method for fabricating nanoparticles
uses shearing forces created by forcing silk through specially de-
signed nozzles to tune particle properties with flow rate.[142,144]

Electrospraying uses high voltage electric fields across a capil-
lary nozzle to force the silk solution out as droplets, and the
evaporation of water causes nanoprecipitation.[144] Spray-freeze-
drying involves spraying a silk solution through an ultrasonic
nozzle into liquid nitrogen, and the nanoparticles are then recov-
ered by freeze-drying.[145] Laminar jet break-up involves break-
ing up the sprayed silk solution with a laminar jet and form-
ing the silk II structure with methanol or water vapor.[145] The
capillary-microdot method uses amicrocapillary to distribute silk
solution onto glass slides and subsequent freeze-drying to form
the nanoparticles.[146] Finally, photolithography uses UV-induced
protein crosslinking through a photomask of a specific pattern to
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Table 5. Bottom–up production methods to fabricate silk nanoparticles. Adapted from references.[140,153]

Method Advantages Disadvantages Sizes/Payloads (Refs.)

Chemical Salting out Tunable physicochemical properties
Tunable secondary structure
Simple process
No organic solvent
Simple scale-up
Mild conditions

Challenging to load hydrophobic and
pH-sensitive payloads

High polydispersity index
Complex purification from salt-out agents

0.486–2.0 μm
Alcian blue
Rhodamine B
Crystal Violet
Doxorubicin[103,153,154]

Desolvation Tunable physicochemical properties
Simple process
Simple scale-up
Mild conditions

Difficult to produce nanoparticles >200 nm
Complex purification from organic solvents
Challenging to load hydrophobic payloads
Low drug loading capacity

35–300 nm
Alpha mangostin
Doxorubicin[93a,147,155]

Polymer blending Tunable physicochemical properties
Tunable secondary structure
Simple process
Simple scale-up
Mild conditions
No organic solvent

Challenging to load hydrophobic payloads
Complex purification from polymer
residues

Silk I secondary structure mainly produced

0.3–100 μm
Bovine serum albumin
Dextran Rhodamine B[111,149b]

Self-assembly Tunable physicochemical properties
Tunable morphology
Tunable secondary structure
Mild conditions

Complex process
Low throughput

0.02–6 μm
Linalyl acetate
Plasmid DNA[148]

Reverse
microemulsion

Simple process
Tunable physicochemical properties

Complex purification from organic solvents
and surfactants

167–169 nm
Rhodamine B[151]

Emulsion solvent
evaporation

Simple process
Mild conditions

Microparticles produced
Complex purification from organic solvents

80–150 μm
Bovine serum albumin[156]

Emulsification
diffusion

Simple scale-up
Simple process
Mild conditions

Microparticles produced
Complex purification from organic solvents
Silk I secondary structure mainly produced

60–150 μm
Metformin[152]

Cross-linking reaction Simple process
Tunable physicochemical properties

Complex purification from crosslinker
reagents

0.3–1 μm
Alpha mangostin[147]

Instrumental Supercritical fluid
solution

No organic solvent
Simple scale-up
High drug loading capacity

Expensive
Complex process
Silk I secondary structure mainly produced

28–194 nm
Curcumin
Indocyanine green[141a,157]

Electrospraying No organic solvent
Tunable physicochemical properties
High drug loading capacity

Expensive
Silk I secondary structure mainly produced

59–75 nm
Cisplatin[144]

Electric field No organic solvent
Tunable physicochemical properties

Silk I secondary structure mainly produced 0.2–3.0 μm
Bovine serum albumin[143]

Spray-freeze-drying No organic solvent
Tunable physicochemical properties
High drug loading capacity
Cost effective

Microparticles produced
Complex process
Silk I secondary structure mainly produced
Challenging to load hydrophobic and
pH-sensitive payloads

3–20 μm
Cisplatin[107]

Laminar jet break-up No organic solvent
Mild conditions
High drug loading capacity

Silk I secondary structure mainly produced
Microparticles produced

100–440 μm
Salicylic acid
Propranolol
Insulin-like growth
Factor[145]

Capillary-microdot
printing

Tunable physicochemical properties Complex purification from organic solvent
Complex scale-up
Low yield
Silk I secondary structure mainly produced

20–140 nm
Curcumin[146]

Photolithography No organic solvent
Monodisperse size and morphology
High throughput

Microparticles produced
Not applicable for payloads sensitive to UV
exposure

5–100 μm[133]
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obtain microparticles, which are then recovered by washing with
water.[133]

Chemical-induced silk nanoparticle formation requires the
addition of other chemicals to a silk solution to induce cova-
lent chemical or intermolecular bonding to expedite the silk
I to silk II secondary structure transition, which occurs dur-
ing nanoparticle formation (Table 5).[130] Cross-linking reactions
introduce strong covalent bonds to initiate silk II formation
by mixing silk with chemical crosslinkers, such as 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide.[147] Self-assembly methods
initiate protein–protein interactions by complex layer-by-layer
silk deposition steps in the presence or absence of a particle
template.[148] Polymer blending comprises four steps: air-drying
of composite polymer-silk films or hydrogels for controlled
silk self-assembly, dissolution of silk in water, sonication, and
centrifugation to clean and concentrate the suspension.[127,149]

The polymer blending technique has been used to optimize
silk nanoparticle properties forming air-dried films from silk-
poly vinyl alcohol blends and altering the processing parame-
ters, such as the initial silk feed concentration, weight ratio of
silk and polyvinyl alcohol, and sonication.[111,150] However, this
method results in nanoparticles that are toxic and are predicted
to possess an undesirable circulation time in clinical applica-
tions due to their high polydispersity index (0.40–0.68) and large
nanoparticle size (ranging from 0.3–20 μm), as measured by
dynamic light scattering (DLS).[111,150] Other fabrication meth-
ods proceed via a water-in-oil emulsion intermediate. For ex-
ample, the reverse microemulsion technique involves mixing a
silk solution into a surfactant-organic solvent mixture, such as
Triton-X 100 and cyclohexane, which is then broken using an
alcohol antisolvent, such as ethanol and methanol, to recover
the nanoparticles.[151] Alternatively, emulsion solvent evapora-
tion uses paraffin to generate a water-in-oil emulsion, which is
then evaporated off by heating, leaving the aqueous nanopar-
ticle suspension.[149a] Finally, emulsification diffusion homoge-
nizes the silk solution with a water-immiscible organic solvent to
form a water-in-oil emulsion, and the nanoparticles are purified
by centrifugation.[152]

Simple coacervation is one of the most widely reported bulk
phase methods in the literature and can be conducted by salt-
ing out or by desolvation with organic anti-solvents. Salting out
involves increasing the ionic strength of an aqueous silk solu-
tionwith a strong ionic solution, such as potassiumphosphate, to
pull out water from the silk hydration shell and facilitate protein–
protein interactions.[127,153] Additionally, as the silk I to silk II
transition occurs at around pH 5, acidic conditions result in
the formation of silk II crystalline nanoparticles, whereas basic
conditions result in nanoparticles rich in silk I.[103,153] The abil-
ity to tune secondary structure by varying pH, ionic strength,
and silk feed concentration is useful for loading weakly basic
drugs.[103,153] However, the nanoparticle sizes of 0.5–2.0 μm ob-
tained by salting out, the <10% drug loading saturation, and
the large batch-to-batch variability are not advantageous for an-
ticancer applications.[103]

Organic anti-solvent desolvation is a popular formulation
method as it is a simple one-step addition of aqueous liquid silk
feed to a water-miscible organic anti-solvent, followed by purifica-
tion of the silk nanoparticles from the cytotoxic anti-solvent (e.g.,
refs. [93a, 155]). The method utilizes the Marangoni effect[158] to

govern the silk I to silk II transition and nanoparticle formation.
Silk desolvation was first reported by Zhang et al. in 2007,[155b]

whereby using at least 70% (v/v) of acetone resulted in low poly-
dispersity index nanoparticles with sizes ranging between 35–
125 nm as measured by transmission electron microscopy with
a 𝛽-sheet crystalline silk II secondary structure measured by X-
ray diffraction, FTIR and DSC. Zhang et al. tested polar protic
solvents, including the first three monohydric alcohols, as well
as polar aprotic solvents, including tetrahydrofuran and acetoni-
trile, but they reported that acetone gave the most favorable par-
ticle properties. This may be due to its intermediate polarity and
shape, which enabled rapid transition of the 𝛼-helix to 𝛽-sheet
secondary structure, as reducing the polarity of monohydric alco-
hols can increase the transition when added to silk films.[159] The
reported silk nanoparticle production routes often use manual
operations (e.g., refs. [93a, 155b]) that are susceptible to special-
cause variations assignable to human error. For example, the
dropping height and dropping rate are factors that are difficult
to standardize using manual operations and can lead to unpre-
dictable outcomes if not controlled as they affect mixing during
desolvation. Thus to minimize special-cause variation and en-
hance mixing efficiency an effective and straightforward semi-
batch approach at the laboratory scale was devised employing
drop-by-drop nanoprecipitationy.[113a] Here, the impacts of vary-
ing the stirring rate and standing time on nanoparticle critical
quality attributes, such as the particle size, surface charge, mor-
phology, secondary structure, and yield, were analyzed. Both the
initial dropping height (5.5 cm vs 7.5 cm) and stirring rate af-
fected nanoparticle yield. However, the stirring rate was also a
key factor influencing nanoparticle size (400 rpm < 200 rpm < 0
rpm). Charge and steric stabilizations created high energy barri-
ers for nanoparticle growth because changes to the standing time
of nanoparticles in the mother liquor for up to 24 h did not sig-
nificantly impact their physicochemical properties.[113a] Next, silk
nanoparticle morphology was tuned by controlling supersatura-
tion and shear rate during nanoprecipitation using both semi-
batch bulk mixing and micro-mixing (described below).[108] At
flow rates below the critical shear rate for silk, increasing the
silk concentration resulted in nanoparticles with smaller size,
greater sphericity, and lower polydispersity index. Conversely, at
flow rates exceedin the critical shear rate, increased supersatu-
ration was counterbalanced by enhanced rates of shear-induced
assembly.[108] Next, the scale-up of this semi-batch systemwas as-
sessed. Silk precursor feeds processed in an unstirred semi-batch
system (mixing time >120 s) significantly changed nanoparti-
cle crystalline and physicochemical properties at the volumetric
scale from 1.8 to 21.9 mL (i.e. 12-fold). However, the physico-
chemical properties remained stable after a further sixfold in-
crease in scale to 138 mL. Greater reproducibility in nanoparti-
cles properties was observed following a sixfold volumetric scale-
up when combined with active stirring at 400 rpm that resulted
in lower mixing times of similar duration. This indicated that
both the average shear rate and bulk mixing time must be main-
tained during volumetric scale-up.[160] This 138 mL volumetric
semi-batch system operating at a 29% yield supports a nanopar-
ticle production rate of 0.53 g h−1 and 13 g per day.[160] This
makes this system suitable for pre-clinical in vitro and in vivo
studies.[132] Besides processing, the type of silk used during de-
solvation governs the resulting particle properties due to the dif-
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ferent molecular structures. To illustrate, desolvation of silk ex-
tracted fromAntherea mylitta cocoons with dimethyl sulfoxide re-
sulted in nanoparticles ≈160 nm in size, compared to nanopar-
ticle sizes of ≈180 nm obtained with silk extracted from B. mori
cocoons.[161]

Recently, particles were generated in acetone by varying silk
feed concentration between 5–10% w/v and varying the silk
molecular weight. The silk molecular weight was varied by per-
forming the degumming procedure for 1, 0.5, and 0.17 h to gen-
eratemolecular weights of<71, 31–268, and 171–460 kDa.[110] Al-
though the polydispersity index did not vary significantly, ranging
between ≈0.20–0.32, increasing the silk feed molecular weight
and silk feed concentration increased the nanoparticle size from
58 to 254 nm as measured by dynamic light scattering. Reducing
the temperature to −20 °C generally resulted in the formation of
smaller nanoparticles. Principal component analysis revealed a
greater influence of the silk feed concentration than of themolec-
ular weight of the silk feed on the particle diameter. Drawbacks to
the desolvationmethod include the difficulty in tuning a nanopar-
ticle size above 200 nm without knock-on increases to the poly-
dispersity index and the need to purify the nanoparticle product
from toxic antisolvents.[110]

The variety of bulk methods investigated is partly a conse-
quence of the challenges that the silk feed polydispersity and
self-assembly properties pose to reproducible manufacture. The
inherent difficulty in achieving reproducible manufacture is ex-
acerbated in batch format due to its time-dependent nature. This
can lead to product property deviation throughout the formula-
tion and can require long cleaning cycles to remove silk biofoul-
ing, which then lowers throughput. Consequently, optimizing
silk formulation using continuous methodology has been pro-
posed as a solution to increase the reproducibility and sustain-
ability of silk nanoparticle manufacture.

6.4. Silk Nanoparticle Formation in Continuous Format

A need remains for the development and optimization of nano-
formulation technology with increased scalability, reproducibil-
ity, and throughput to reduce production costs, safety concerns,
and negative environmental impacts. Continuous production
provides advantages over batch formats in terms of safety, cost,
and environmental impact, as the production line is a one-step
process that does not require interruptions by long emptying and
cleaning cycles. Additionally, the reproducibility of product prop-
erties can be ensured as in-line monitoring systems can be de-
signed to assure that the critical quality attributes of the products
in the output stream are within the designated safe ranges, and
production can be stopped should deviations occur. Chemical-
induced silk nanoparticle formulation methods that can be
translated into continuous format include desolvation,[113b,162]

emulsification,[95b,163] and polymer blending.[164]

Microfluidic mixing is another pertinent production technol-
ogy for continuous silk nanoparticle formulation as precise ma-
nipulation of process factors, including total flow rate and flow
rate ratios, enables the control of particle properties.[165] Earlymi-
crofluidic channel designsweremade frompolydimethylsiloxane
using soft lithographic techniques. However, polydimethylsilox-
ane is incompatible with organic solvents, acids, and bases,[165,166]

which can result in channel deformation and swelling during
formulation and cleaning steps. Alternative materials, including
glass, stainless steel, and polypropylene, improve the range of
solvent compatibility but can be more expensive and difficult to
produce.[165,166] Indeed, silk microfluidic devices have also been
utilized for bio-microelectrical mechanical systems and chemical
analysis applications and can be fabricated by micromolding on
polydimethylsiloxane reverse molds[167] and by lithium bromide
etching.[168] To address the challenge of biofouling and channel
failure during formulation, channel surfaces can be treated with
proteins and polymers to reduce surface adsorption.
The use of microfluidic devices may increase the rate of trans-

lation of nanoparticles from bench to clinic by improving pro-
duction reproducibility and rate. For example, compared to bulk
mixing with a mixing time on the order of seconds, the laminar
flow fluid dynamics in the specialized mixing chambers are con-
trollable and can be tuned to givemixing times on the order ofmi-
croseconds to milliseconds.[169] When the mixing time is greater
than the time required for nucleation and growth of the am-
phiphile chains, self-assembly occurs in a heterogeneous solvent
mixture, leading to large aggregates and polydisperse nanoparti-
cles. Conversely, when the mixing time is lower than the time re-
quired for nucleation and growth of the amphiphile chains, self-
assembly occurs in a homogeneous mixed solvent resulting in
smaller, monodisperse nanoparticles. Consequently, careful mix-
ing chamber design can improve the consistency of nanoparti-
cle critical quality attributes within and between batches.[169] The
high total flow rates that can be achieved withmicrofluidics, com-
bined with reduced cleaning cycles compared to bulkmixing, can
also lead to greater, commercially relevant throughput.
Themixing chamber design should take into consideration the

formation mechanism to ensure that fluid dynamics and mix-
ing times produce a narrow distribution of nanoparticle prop-
erties without aggregation.[170] The control over silk nanoparti-
cle formation has been improved by commonly used microflu-
idic designs, including staggered herringbone,[113b,162a] swirl,[162b]

hydrodynamic flow-focusing,[164,171] double-junction,[172] and T-
mixers.[95b] For example, the microfluidic T-mixer proved ad-
vantageous over batch emulsification for improving control
over nano-microparticle size (51–2500 nm)[163] and microcap-
sule morphology (6–80 μm spheres to 5–35 μm × 4.5–65 μm
rods).[95b] The use of a co-focusing mixer for polymer blending
silk and polyvinyl alcohol (2.8–6.8 μm) resulted in a monodis-
perse microparticle size distribution (6.6 μm, polydispersity in-
dex 0.13) compared to batch format (5.8 μm, polydispersity in-
dex 0.65).[164] However, the double-junction, flow-focusing, and
T-mixer require a low flow rate (μL h−1) which make them un-
suitable for high throughput (kg day−1) commercial production.
The commercially relevant NanoAssemblr system uses a stag-

gered herringbone mixer to provide advantages over batch for-
mat including low millisecond mixing times, high total flow
rates of 12 mLmin−1, and full scalability to commercial formula-
tion systems operating under current good manufacturing prac-
tice conditions.[173] Silk desolvation performed byWongpinyochit
et al.[113b] in the NanoAssemblr using B. mori silk degummed us-
ing the sodium carbonate method for 1 h with isopropanol and
acetone antisolvents achieved physiologically relevant nanoparti-
cles (110 to 310 nm) with low polydispersity (0.1 to 0.25), negative
surface potential (−20 to −30 mV), and a silk II structure (48–
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51% 𝛽-sheet content). The authors found that increasing the an-
tisolvent: silk flow rate ratio from 1:1 to 5:1 increased the magni-
tude of the negative surface charge, decreased the size, decreased
the size distribution, increased the colloidal stability over 42 days
at 4 °C, and increased the yield. Scanning electron microscopy
showed that increasing the total flow rate from 1 to 12 mL min−1

generally increased the presence of aggregates. The nanoparti-
cles were not cytotoxic to a murine macrophage RAW 264.7 cell
line with an IC50 above 100 mg mL−1 and were trafficked to the
lysosomes after 3 h.[113b]

Solomun et al.[162a] expanded upon this work by comparing
the desolvation of sodium carbonate degummed B. mori silk with
isopropanol in manual semi-batch format with the microfluidic
NanoAssemblr system. The optimal microfluidic process factors
of a 5:1 flow rate ratio and a 1mLmin−1 flow rate were set to opti-
mize the silk degumming time.[162a] As in previous work,[113b] the
nanoparticles showed good biocompatibility in RAW 264.7 cells
with an IC50 over 250 μg mL−1.[162a] The authors found that 1 and
1.5 h degummed silk in microfluidic and semi-batch formats re-
sulted in similar nanoparticle sizes (101–114 nm) and size dis-
tributions (0.088–0.107). The surface potential was significantly
reduced in microfluidic manufacture (−28–(−29) mV) compared
to semi-batch format (−39–(−43) mV). In both manual and mi-
crofluidic formats, increasing degumming time from 10 min to
1 and 1.5 h decreased the nanoparticle size and size distribution
while the yield increased from8% to≈20%.[162a] Although the low
volumetric throughput of optimal formulation (1 mLmin−1) and
low yields[113b,162a] are key disadvantages of desolvation using the
staggered herringbonemixer, operatingmicrofluidic channels in
parallel provides a solution to increase throughput for larger scale
production. This approach is viable because microfluidic manu-
facturing demonstrated high repeatability between batches and
reproducibility between microfluidic chips and participants.[160]

Using this microfluidic format with 10 parallelized chips would
generate silk nanoparticles at a rate of 0.43 g h−1 and 10 g per
day, assuming a 14% yield. These amounts are adequate for pre-
clinical in vitro and in vivo studies. However, this production rate
is considerably lower than the kilograms per day required for
clinical and industrial manufacture.[160] Therefore, more work is
needed to scale these systems further.
To address low volumetric throughput, microfluidic swirl

mixers have recently (2022) been used to manufacture silk
nanoparticles by desolvation with ethanol at high flow rates
(10–50 mL min−1) with good reproducibility and low distribu-
tion of nanoparticle size. Nanoparticle purification was achieved
with tangential flow filtration,[150] which provides a scalable tech-
nique to remove organic solvent and unbound payloads.[174] The
nanoparticle properties were varied with total flow rate, silk feed
concentration, and the number of mixing elements.[150] The au-
thors used nanoparticle tracking analysis to measure the average
nanoparticle size. The nanoparticle tracking results are similar
to measurements obtained by DLS, but the single particle anal-
ysis gives a greater accuracy size distribution, as small nanopar-
ticles in a polydisperse sample are not underestimated.[175] The
authors used B. mori silk degummed using the sodium carbon-
ate method for 30 min and found that the nanoparticle size and
size distribution decreased as the total flow rate increased from
10 to 50 mL min−1, with spherical morphologies for nanoparti-
cles of sizes below 200 nm produced at 20 mL min−1 observed

by transmission electron microscopy.[150] Increasing the number
of mixing elements from one to four resulted in larger nanopar-
ticles at each flow rate. Increasing the silk feed concentration
from 0.5 to 3% w/v increased the nanoparticle size across all
flow rates and from ≈100 to 300 nm at 10 mL min−1. The maxi-
mumnegative surface potential of the nanoparticles was−28mV
and the negative surface potential increased in magnitude with
mixing elements. The negative surface charge, in conjunction
with all nanoparticles bearing a silk II structure by FTIR anal-
ysis, resulted in colloidal stability when stored in water at 4 °C
for 30 days. Although the authors did not report the nanoparticle
yield, the swirl mixer proved advantageous over the standard T-
mixer as smaller nanoparticles with narrower size distribution
were produced when compared to using the same processing
parameters.[150]

6.5. Synthetic Modification of Silk Nanomedicines

Silk fibroin has several chemically reactive amino acid groups
that can be leveraged for homogeneous or heterogeneous bio-
conjugation (Figure 3). Functionalized silk nanoparticles for im-
proved drug delivery by active targeting are listed (Table 4).[82,176]

Chemical modification can be performed using the reactivity of
natural amino acids in the silk protein chain, although these
routes are typically associated with low chemoselectivity, multi-
ple reaction steps, and low yields due to complicated purification.
Carbodiimide, NHS-ester, and diazonium coupling have been
popular methods for the functionalization of silk fibroin through
silk primary amines or carboxylic acid side chains (Figure 4).
Homogeneous reactions, which are conducted in the solution-

phase, are advantageous for the functionalization of silk sub-
strates as they enable the downstream processing of liquid silk
into different morphologies and material formats. For example,
to improve anticancer efficacy by folate-mediated targeting, Horo
et al.[118] functionalized silk using homogeneous carbodiimide
coupling to first increase the amine content with ethylenedi-
amine before performing coupling reactions with NHS ester-
activated folate. The functionalized silk was purified of small
molecule side products and unreacted reagents by dialysis and
then processed using layer-by-layer deposition to form a coating
for chitosan-gold microparticles.[118] The functionalized silk was
analyzed by FTIR to determine a 14% conjugation efficiency of
ethylenediamine and by UV–vis spectroscopy to determine an
18% conjugation efficiency of folate. Compared to the uncoated
particles, the silk-folate coating resulted in decreased burst drug
release, as it served as a diffusion barrier to encapsulated doxoru-
bicin and increased the in vitro cytotoxicity in HeLa cell lines.[118]

However, homogeneous reactions can suffer limitations due to
the amphipathic nature of silk fibroin. For example, due to the
low solubility of silk fibroin in organic solvents, many reactions
are conducted in aqueousmedia. Consequently, the non-polar re-
gions of the silk molecule form non-covalent interactions and
undergo folding, which can protect reactive amino acids from
incoming reactants, resulting in low reaction yields and compli-
cated purifications to separate the product from unreacted sub-
strates.
Heterogeneous chemical modification can involve the func-

tionalization of silk fibroin nanoparticles, fibers, or films with

Adv. Therap. 2025, 8, 2400130 2400130 (20 of 26) © 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

 23663987, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400130 by U

niversity O
f Strathclyde, W

iley O
nline L

ibrary on [14/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Figure 4. Strategies, which have a range of chemoselectivities, to functionalize the natural amino acids of silk fibroin. Image from.[81]

stealth ligands such as polyethylene glycol[26b,97] or biologi-
cally active molecules like RGD[73,125] folate,[70b,127] and target-
ing peptides[119] for active targeting. Compared to homogeneous
modification, direct chemical modification of the material sur-
face can make purification simpler, increase surface decoration,
improve performance characteristics, and provide new function-
alities to well-studied materials.[80,81,96] Indeed, Subia et al.[70b]

reported the first chemically functionalized silk nanoparticles
for active targeting using heterogeneous synthesis with acetone-
desolvated A. mylitta silk nanoparticles (≈200 nm). The authors
used carbodiimide coupling chemistry to produce A. mylitta silk-
folate nanoparticles. Carbodiimide coupling can result in a low
extent of modification due to the low carboxylic acid and pri-
mary amine content of silk in conjunction with the heteroge-
neous distribution of these residues along the protein sequence.
Notably, the authors did not quantify the conjugation efficiency,
although the functionalized nanoparticles were stable, spherical,
and showed significantly greater endocytosis by human MDA-
MB-231 triple-negative breast cancer cells compared to native silk
nanoparticles. Folic acid competition studies indicated that the
nanoparticles were recognized by the folate receptor, as endocy-
tosis was blocked in the presence of excess folic acid.[70b] The au-
thors loaded the folate-silk nanoparticles post-synthetically with

doxorubicin,[70b] but drug loading could also be conducted in
situ.[67a] For example, in situ paclitaxel loading during ethanol
desolvation of 0.5% w/v silk fibroin was reported to give 10%
w/w drug loading. The resulting silk-paclitaxel nanoparticles
could undergo heterogeneous carbodiimide coupling with an
anti-EGFR-iRGD dual-functional peptide and exceeded 75% con-
jugation efficiency, asmeasured using fluorescence spectroscopy.
The peptide association with epidermal growth factor receptors
and 𝛼v𝛽3/𝛼v𝛽5 integrins increased the in vitro and in vivo anti-
cancer efficacy compared to native silk controls. Additionally, the
in vivo tumor targeting was greater compared to the silk controls,
as determined by near infrared fluorescence imaging at 12 to 72 h
after injection into HeLa-bearing mice. However, receptor en-
gagement in vivo was not confirmed with soluble paclitaxel nega-
tive controls or soluble targeting residue competition studies.[67a]

Important limitations to heterogeneous synthesis post-drug load-
ing include the heightened complexity of purification, the possi-
bility of side-reactivity with the payload, and the reduction to drug
loads during purification.
In situ, drug loading during nanoparticle formation may in-

crease drug encapsulation and stabilization compared to post-
synthetic loading, which may ameliorate the side reactivity and
desorption of drugs associated with the functionalization of
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loaded nanoparticles. Indeed, Shaidani et al. discovered that
carbodiimide coupling of anti-EGFR with in situ doxorubicin-
loaded silk-ethylenediamine nanoparticles resulted in no signifi-
cant difference between nanoparticle-associated doxorubicin flu-
orescence before or after conjugation.[110] However, an indirect
fluorescent antibody assay demonstrated that conjugation effi-
ciencywas greater for unloaded than loaded silk-ethylenediamine
nanoparticles,[110] suggesting that post-loading strategies should
first take into account the altered protein folding and surface
amino acid distribution that can occur by drug encapsulation.
Diazonium coupling chemistry with silk fibroin produces an

azobenzene derivative through an electrophilic aromatic substi-
tution between a diazonium salt with silk tyrosine side chains
(Figure 4). Diazonium coupling reactions have been used to al-
ter the polarity of the silk molecule by functionalization with a
range of moieties such as sulfonic acids, carboxylic acids, ke-
tones, and alkanes.[80,81] The reaction is advantageous over other
tyrosine functionalization methods for numerous reasons: it is
conducted in mild, basic borate buffer (pH 9.0) in which silk fi-
broin is stable, readily available aniline derivatives can be used,
electron-withdrawing and electron-donating anilines are toler-
ated, the reaction proceeds rapidly and can be quenched in 5–
30 min, homogeneous and heterogeneous functionalization are
possible, the installation of the azobenzene group can be mon-
itored by 1H-NMR or UV–vis spectroscopy at 325 nm, and the
functionalized silk can be recovered by size exclusion chromatog-
raphy or centrifugation. The reaction has tunable levels of mod-
ification by changing the ratio of diazonium salt to tyrosine or
by changing the silk concentration. For example, the conversion
efficiency can be maximized to ≈70% tyrosine conversion with
dilute silk solutions and 0.9 equivalents of aniline derivatives con-
taining electron-withdrawing substituents.[80,81] However, the re-
action conjugation efficiency can be impeded to ≈20% by using
aniline derivatives with electron-donating substituents or by low
aqueous solubility of the diazonium salts. The drawbacks of the
reaction include side reactions with histidine residues and silk
gelation when conducted at high silk concentrations or when us-
ing an aniline derivative with hydrophobic substituents.[80,81]

One method to increase conjugation efficiency is to use re-
actions with low chemoselectivity, such as glutaraldehyde cross-
linking. Silk nanoparticles (40–120 nm) assembled using acetone
desolvation have been used as a carrier for long-acting insulin for-
mulations by surface functionalization with insulin. Silk-insulin
crosslinks were established using 0.7% glutaraldehyde for 8 h,
the particles purified using repeated centrifugation, and ELISA
used to demonstrate 90 to 115% recovery of insulin.[177] Conju-
gation of insulin to the silk nanoparticles resulted in greater sta-
bility of insulin in human serum and trypsin solution in vitro.
The disadvantages of glutaraldehyde cross-linking include the
denaturant properties of glutaraldehyde on proteins,[177] the low
chemoselectivity resulting in undesired properties of the conju-
gate, and the high energy required to break strong covalent bonds
for payload release.
Chemoselective silk bioconjugation can be achieved using en-

zymatic catalysts, such as horse-radish peroxidase[178] and N-
acetylgalactosamine transferase,[179] which act on natural amino
acids. Enzymatic catalysis presents a biorthogonal synthesis
route, as the reactions are performed under physiological condi-
tions, are highly site-selective, and can increase reaction yields

while avoiding the need for co-factors or toxic metal catalysts.
However, purification from residual enzymes can be a challenge,
especially during reactions that induce gelation, as the enzymes
can become incorporated into the hydrogel network.[178]

Bioorthogonal click chemistry has the advantage of being ef-
ficient in aqueous media and highly specific, enabling greater
control over reaction outcomes, product purification, and prod-
uct analysis. However, click chemistry can only be conducted
with silk proteins following the chemical installation of a click
handle.[180] For example, Scheibel and colleagues manufac-
tured first-generation spider silk-inspired proteins using car-
bodiimide coupling with azidopropylamine. However, a limita-
tion of the azide-alkyne cycloaddition for biomedical applica-
tions is the requirement for a toxic copper catalyst.[181] Hence,
second-generation silks were developed by Scheibel and col-
leagues for thiol-ene click chemistry. The N-terminal end of a
spider silk-inspired protein was genetically modified by the in-
sertion of a short amino acid tag containing one cysteine and
E. coli was used for heterologous production of the recombi-
nant protein. The coupling efficiency of the recombinant protein
with fluorescein-maleimide was assessed as 70–90%.[182] The ex-
posed cysteines can then undergo thiol-maleimide Michael addi-
tion with maleimide-functionalized reactants. The limitations of
these second-generation silks include the low degree of function-
alization arising from the installation of one reactive cysteine per
molecule and the lability of cysteine-maleimide conjugates to ex-
change reactions, which raises concerns regarding conjugate sta-
bility in vivo. Consequently, third-generation silks were designed
to ensure protein expression with a biorthogonal non-canonical
amino acid tag. Site-specific functionalization can be conducted
using these recombinant[183] or in vivo spun silks in one-step us-
ing biorthogonal click chemistry without the requirement for en-
zymatic catalysts.[184] These systems use heterogeneous strain-
promoted azide-alkyne cycloaddition which are copper-free click
reactions. By reducing the number of reaction steps required for
the installation of the desired functionality, third-generation silks
can provide important advantages over their earlier counterparts,
including reduced purification cost and increased product yield
of functionalized silks. Overall, using click-capable recombinant
silks as a substrate shortens synthetic routes and can simplify the
purification of novel silk-based materials with improved proper-
ties.

7. Outlook and Summary

Silk continues to amaze as this biological material conquers
novel healthcare applications. The emergence of silk-based
nanomedicines is exciting but also demands a balanced approach
to implement lessons learned while nurturing an orthogonal ap-
proach to tackle hard and unresolved challenges within cancer
therapies and beyond. The adoption of continuous technology
such as microfluidic mixing, tangential flow filtration technol-
ogy, and in-line monitoring systems which can operate at com-
mercially relevant throughputs, maintain sterile conditions, and
can be appropriately scaled according to GMP manufacture will
likely expedite the clinical journey of silk nanomedicines. To im-
prove the scalability of manufacture and increase the yield of
current production methods, the mechanism of silk nanoparti-
cle formation should be considered while exploring the param-
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eter space. Such exploration of the production parameter space
has generated non-sphericalmorphologies and elucidated the de-
pendence of model drug release kinetics with microcapsule mor-
phology. In situ drug loading and formation of silk nanoparticles
has proved advantageous over post-synthetic loading by shorten-
ing the formulation route: increasing throughput and decreasing
the opportunity for contamination of sterile conditions. Promis-
ing improvements to the encapsulation and stabilization of drugs
during post-loading functionalization have also already been re-
ported for in situ doxorubicin loading. Functionalization of the
natural amino acids in the silk protein using homogeneous and
heterogeneous modification has led to the installation of stealth
coatings and active targeting ligands and improved nanoparti-
cle interactions with the target cells in vitro and in vivo. As dis-
cussed here, the adoption of recombinant silks and biocompati-
ble click chemistry lowers the complexity of functionalization by
enabling site-specificmodification. Further exploration of recom-
binant silks will require increasing the number of click handles
throughout the silk molecule for greater degrees of functional-
ization, and the introduction of multiple functionalities for im-
proved biocompatibility and drug loading. Finally, future opti-
mization of silk particle systems will require an increased under-
standing of their interaction with the tumor microenvironment
using 3D in vitro tumormodels and high-resolution in vivo imag-
ing. The rise of nanomedicines and the realization of both oppor-
tunities and pitfalls must come to the fore to ensure that these
silk nanomedicines have a bright future.
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