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Abstract

Micro and nanoscale drug carriers must navigate through a plethora of dynamic biological
systems prior to reaching their tissue or disease targets. The biological obstacles to drug delivery
come in many forms and include tissue barriers, mucus and bacterial biofilm hydrogels, the
immune system, and cellular uptake and intracellular trafficking. The biointerface of drug

carriers influences how these carriers navigate and overcome biological barriers for successful
drug delivery. In this review, we examine how key material design parameters lead to dynamic
biointerfaces and improved drug delivery across biological barriers. We provide a brief overview
of approaches used to engineer key physicochemical properties of drug carriers, such as
morphology, surface chemistry, and topography, as well as the development of dynamic responsive
materials for barrier navigation. We then discuss essential biological barriers and how biointerface
engineering can enable drug carriers to better navigate and overcome these barriers to drug
delivery.
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1. Introduction

Micro and nanoscale drug delivery strategies have been used to increase drug biodistribution
and half-lives, control the release rates of drugs, and enable the precise targeting of drugs to
biological sites of interest [1]. Drug carriers can range in size from nanoparticles to wearable
or implantable macroscale drug reservoirs. However, drug carriers with micro or nanoscale
features are particularly attractive, as these carriers can interact with biological systems

on the same length scale as cells and cellular processes [2,3]. While such drug carriers
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show promise in improving pharmacokinetics and therapeutic outcomes, achieving effective
delivery to target sites remains a challenge. In the field of tumor targeting, recent studies
have estimated that less than 1% of intravenously injected nanoparticles reach their tumor
target [4]. Significant effort has been made to improve targeting efficiencies of drug carriers
via the attachment of cell receptor-targeting ligands on the particle surface [5]. While this is
an important step in achieving targeted drug delivery, there are a series of biological barriers
present throughout the body that the drug carrier must first overcome in order to reach

its target of interest. These biological barriers are numerous and include the bloodstream,
epithelial cell barriers, biological hydrogels such as mucus, and the immune system [6,7].
And even upon reaching its cellular target, the drug carrier must effectively navigate
intracellular trafficking networks to reach its subcellular target prior to drug degradation
and clearance [8].

An important method to overcome these barriers to delivery is through engineering the drug
carrier biointerface. The biointerface of the carrier determines how the material interacts
with its biological surroundings and how the biological environment reacts to the material
[9,10]. The biointerface of a material is primarily determined through its physicochemical
properties. These properties include morphological characteristics such as size, shape, and
rigidity, as well as surface chemistry and structural topography. Each of these properties
plays a unique role in determining how living biological systems will respond to a material,
as well as how a drug carrier will navigate through biological barriers [11].

Most approaches to material biointerface engineering have focused on designing the
physicochemical properties of a drug carrier to enhance biodistribution and carrier half-life
following intravenous administration [12,13]. In addition to carrier biodistribution, there

are numerous other biological barriers that require effective navigation, and will be the
focus of this review. These barriers include: (1) tissue barriers to drug penetration and
access to the bloodstream (depending on administration route), (2) biological hydrogel
barriers including mucus and bacterial biofilms, (3) immunological barriers such as
immune activation responses and immunogenicity, and (4) cellular barriers that determine
uptake and intracellular trafficking of drug carriers. While these barriers are present in

all patients, certain diseases can alter the physiological makeup of these barriers [7,14].
Notable examples include the permeation of the blood-brain barrier (BBB) in glioblastoma
multiforme patients, increased lung mucus stiffness in cystic fibrosis patients, and changes
in the immune system in immunocompromised patients. Thus, it is important to finetune the
biointerface of a drug carrier not only for standard biological barriers, but also for the altered
physiological barriers of the disease target.

Importantly, all these biological barriers are dynamic systems that change not only in
response to disease states, but also to small perturbations in their local microenvironments
[15,16]. This can pose challenges to effective navigation of these barriers, as dynamic
barrier properties can be difficult to predict. However, it also presents immense opportunities
in materials-based manipulation and navigation of biological barriers, as appropriately
designing materials and drug carriers to dynamically engage with biological barriers could
facilitate improved drug delivery. While designing drug carriers, it is important to note that
the irreversible manipulation or permeabilization of biological systems can cause severe side
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effects [16]. Materials-based approaches are therefore particularly attractive, as the barrier
only engages with the material with which it is in direct physical or chemical contact, and
thus can return to its resting state after engaging with the drug carrier biointerface. In this
review, we will provide a brief overview of the engineering approaches used to modify key
physicochemical properties of drug carriers. We will then discuss critical biological barriers
to targeted therapies and how biointerface engineering can enable drug carriers to better
navigate and overcome these barriers to drug delivery (Fig. 1).

2. Design parameters to influence the drug carrier biointerface

Drug carriers have been developed from a wide variety of material components using
numerous fabrication techniques. For each of these carrier classes, the biointerface with
the biological barrier of interest can be modified through physicochemical engineering

of the material. The three most important engineering parameters to consider are the

drug carrier morphology, surface chemistry, and surface topography. Additionally, dynamic
materials that undergo changes in physicochemical properties in response to biological
stimuli could hold promise in navigating multiple biological barriers. In this section, we
will briefly describe each of the key material design parameters, how they influence carrier
biointerfaces, and some of the fabrication and chemical methods used to engineer these
features.

2.1. Morphology

The morphology of drug carriers consists of the size, shape, and rigidity of the material.
These parameters are especially important for particle-based approaches to drug delivery but
are also important in the fabrication of micro or nanostructured elements onto macroscale
drug reservoirs or delivery devices. The morphology of the drug carrier particle influences
every aspect of its biointerface regardless of the material that the drug carrier is composed
of, including inorganic particles [17,18], self-assembling peptide and protein biomaterials
[19-21], and synthetic polymeric particles [22—24]. Morphology, in addition to surface
chemistry, plays an important role in determining how particles traverse through the
bloodstream and develop a protein corona [25], as well as how particles penetrate through
size-limited biological barriers such as mucus hydrogels with finite pore sizes [26]. While
the size of a particle is the most studied morphological consideration for drug delivery,
both particle shape and rigidity also play key roles in determining how a material traverses
barriers and interacts with biological systems. For instance, shape will determine tumbling
mechanics of particles through the bloodstream and biological barriers, as well as the
surface contact area between a drug carrier and a biological surface [11]. Particle rigidity
is a less studied but oftentimes important parameter for drug delivery, as particle rigidity
can influence overall biodistribution and ease of permeation through biological hydrogels
[23,27]. Additionally, the stiffness of a material surface will have significant consequences
for how that material is perceived by immune cells such as macrophages [28].

Controlling the size of particles is possible with every major fabrication technique
and material component. For inorganic systems, this is in part controlled by adjusting
concentrations of chemical components that make up the particle core and capping ligands
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such as citrate ions in the case of gold or silver nanoparticles [29]. Polymeric particles can
be fabricated using a variety of techniques, including emulsions, microfluidics, 3D printing,
ion spray, and others. For each of these methods, there are stages of the fabrication process
that enable finetuning the size of the particle, both by adjusting chemical components and
concentrations, as well as through engineering optimization such as sonication strengths,
flow rates, and temperature [30,31]. Microfluidics techniques perhaps offer the most control
over particle size, with near homogeneity in particle morphologies and almost no batch-to-
batch variability [31-34]. In self-assembling materials, size is typically limited to an upper
regime of hundreds of nanometers for spherical particles, although size can be controlled
within the nanometer length scale by adjusting the monomeric components, as well as

the noncovalent forces that drive self-assembly such as hydrophabicity, electrostatics, and
hydrogen bonding [35].

Particle shape is another important aspect for the carrier biointerface. While the vast
majority of particle drug carriers are spherical, other asymmetric shaped particles have
been reported [27]. The diversity in shape of inorganic particles is more significant,

while polymeric particle shape is primarily limited to spheres, rods, ellipsoids, and

disks. Nonspherical particles can be designed using self-assembling systems, as well

as through microfluidics and lithographic techniques for polymeric particles [36]. Other
specialized techniques can be used, such as nanotemplating of thermoplastic polymers to
fabricate high aspect ratio materials [37,38], the PRINT method to generate micro and
nanoparticles of controlled shape and size [39], or film-stretching techniques used to convert
polymeric spherical particles into rods and ellipsoids of varying aspect ratio [40]. Some

of these advanced techniques offer control over the rigidity of the particle, although this
characteristic can also be tuned by adjusting polymer composition and concentration within
the particle core [11].

2.2. Surface chemistry

The chemistry on the surface of drug carriers is perhaps the most important component to
engineer in order to control the material biointerface, as the material surface is in direct
contact with biological systems. To control interactions between the drug carrier surface
and the biological barrier of interest, it is essential to consider the surface chemistry

not just of the drug carrier, but also of the biological barrier. If adhesive forces are

desired, then complementary electrostatic interactions can be installed onto a material
surface, as is the case with positively charged chitosan-coated drug carriers designed to
adhere onto negatively charged mucosal surfaces [41,42]. Alternatively, negatively charged
surfaces can be fabricated to enable fast mucus penetration [43,44]. In addition to surface
charge, hydrophobicity is an important parameter to consider when designing a material
surface. This will influence permeation through biological hydrogels, interactions with cell
membranes, and formation of protein corona on the carriers in the bloodstream [11,25].
Lastly, engineering the material surface chemistry can be extended to include the attachment
of binding ligands onto particles for enhanced cellular targeting and uptake, and that topic
has been covered elsewhere [5].
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Surface chemistry can be altered through changing the core material component of the

drug carrier, or through post-fabrication modification of the material surface. For polymeric
drug carriers, the use of block copolymers offers the ability to display diverse chemical
handles on material surfaces [44,45]. This is particularly beneficial with the use of
hydrophobic-hydrophilic co-polymers such as those composed of poly (lactic co-glycolic
acid) (PLGA) and poly(ethylene glycol) (PEG). PLGA-PEG components can be mixed
with filler PLGA polymers to create PLGA particles with PEG decorated on the surface
through the phase separation of hydrophilic PEG from hydrophobic PLGA [44-47]. This
strategy have been used to improve systemic circulation time of carriers owing to decreased
immunogenicity due to the protection offered by PEGylation. This method also works

well with self-assembling systems, whereby different monomers can be mixed together in
varying concentrations to decorate the surface of drug carriers with functional chemical
handles, or to change the material surface properties such as charge or hydrophobicity
[35,48].

Post-fabrication functionalization of particles offers a more robust method of surface
functionalization, as the reaction conditions available for surface functionalization are less
harsh than during particle fabrication. However, post-fabrication functionalization can be
less efficient in reaction conversion and can limit control over surface ligand density, as
reaction conditions and kinetics can be difficult to control on particle surfaces. Using this
approach, particles are first fabricated to display a chemical handle, either with a single
material system, or by using copolymers [45,47]. Conjugation chemistry is then employed
to modify the surface of a particle with the chemical group of interest. As most particle
systems are colloidal suspensions in water, bioconjugation chemistries such as azide-alkyne
click chemistry, as well as host-guest supramolecular interactions are particularly amenable
to material modification in aqueous solutions [49-51]. For inorganic particles, direct
chemical modification of the surface can be achieved through silanization of silica particles
or through thiol-mediated conjugation [52]. An alternative approach to post-fabrication
surface functionalization is through the use of layer-by-layer (LbL) assembly. LbL takes
advantage of noncovalent forces such as electrostatics or hydrogen bonding to deposit
polymers of complementary interactions onto the surface of materials [53]. LbL has been
used extensively to modify the surface of drug carriers, although the binding strengths and
lifetimes of layer depositions remain unclear.

2.3. Surface topography

While micro and nanotopography has been researched extensively within the fields of
biofouling and tissue engineering, surface topography can also play a key role in the
interactions between materials surfaces and biological barriers to drug delivery, including
epithelial tight junction permeabilization, cellular membrane penetration, and immune
system interactions [28,54,55].

There are several fabrication techniques to install topography on material surfaces including
top-down and bottom-up techniques that are reviewed elsewhere [56]. Lithographic
techniques are commonly employed and include photolithography, colloidal lithography, and
nanoimprint lithography [33]. Chemical vapor deposition and reactive ion etching, as well
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as micromachining, deposition of electrospun nanofibers, and 3D printing have also been
employed in the fabrication of topographically functionalized materials [56]. Each method
offers distinct advantages and challenges, including size limitations to achieve nano versus
microstructures, as well as reproducibility and throughput of the technique. All of these
topographical techniques were originally designed for macroscale materials, although the
nanotopographical functionalization of microparticles has also been reported [57-61].

2.4. Dynamic responsive materials

Engineering the morphology, surface charge, and/or surface topography of drug carriers can
allow for the effective navigation through a chosen biological barrier. However, oftentimes
drug carriers must overcome multiple barriers to enable effective tissue targeting and drug
delivery. These barriers are unlikely to require the same physicochemical parameters for
effective biointerfacing, and therefore the design of innovative dynamic drug carriers that
can switch physicochemical properties based on physiological context would be highly
desirable. Dynamic materials have been developed to respond to numerous biological stimuli
including pH, redox, enzymes, and temperature [62]. Within the context of drug delivery,
these responsive materials have been primarily developed to improve the drug localization

to the target site. While this approach is important to the field of drug delivery, we instead
focus in this review on materials that alter their physicochemical properties such as surface
charge or morphology in response to a stimulus of interest in order to overcome a biological
barrier to drug delivery. We also highlight stimulus-responsive nano and micromotors, which
can alter particle movement dynamics depending on the presence of biological or chemical
stimuli [63].

The design of dynamic materials requires advanced fabrication and chemical modification
to enable responsive behavior with sufficient kinetics and physicochemical changes. Of the
dynamic properties explored in drug carrier systems, charge-switching behavior may be
the most studied. This can be achieved through a variety of means, including pH-induced
charge changes or through the stimulus-responsive cleavage of negatively charged moieties
to expose positive charges [62,64]. Hydrophobic switching has also been explored for drug
delivery. The Gianneschi group used matrix metalloproteinase (MMP) -induced cleavage
of a peptide sequence to expose a hydrophobic regime on a nanoparticle surface. Not

only did this facilitate hydrophobic switching of the particle, but also caused nanoparticle
aggregation and clustering in the region of MMP expression, which was used to target
tumors and sites of myocardial infarction [65,66]. Stimulus-responsive morphological
changes of materials is more challenging, but has also been reported for applications in
drug delivery [62,67,68]. This can be achieved through the stimulus-responsive swelling of
hydrogel nano and microparticles, or through the responsive shedding of nanolayers on top
of a particle core. Size-switching behaviors can also be accomplished through the cleavage
of interparticle connections. This approach was recently taken by Loynachan et al. to induce
MMP-responsive particle size-changes of gold nanoclusters to facilitate renal clearance of
catalytic gold for the colorimetric urine detection of colon cancer in mice [69]. Thus, there
are a variety of chemical and engineering tools available to create dynamic responsive
materials that change physicochemical properties in response to a unique biological barrier.
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3. Biological barrier navigation with engineered drug carriers

Following administration, drug carriers must traverse a series of barriers and obstacles prior
to reaching their disease targets. The body erects active barriers to drug delivery, which
include tissue barriers, biological hydrogels, the immune system, and cellular trafficking
pathways. These biological barriers are necessary physiological components that protect the
body from invading pathogens and maintain homeostasis, however they also pose unique
challenges to drug carrier entry and navigation to their tissue target. In this section, we will
provide examples of innovative material designs that allow dynamic biointerfacing between
drug carriers and biological barriers to improve drug delivery outcomes. For each barrier we
highlight, we will briefly describe the barrier biology, the challenges it poses, and provide
examples of material biointerface design parameters (morphology, surface chemistry, surface
topography, and dynamic materials) to overcome these biological barriers to drug delivery.

3.1. Tissue barriers

Tissue barriers are the most widespread biological barriers for drug delivery. These barriers
are composed of closely packed cells that can limit drug penetration into the bloodstream by
inhibiting both transcytosis through and across the cell, and paracellular transport between
cells [70]. Between closely packed epithelial cells are multiprotein complexes called tight
junctions (TJs), which act as gatekeepers to paracellular transport. TJs are found just below
the apical surface of cells and are composed of a series of claudin and occludin proteins, as
well as the membrane protein zonular occludens 1 (ZO-1), which functions as a key player
in regulating TJ activity [71]. Epithelial barriers and TJs pose challenges for numerous
drug delivery targets and administration routes, including ocular, transdermal, oral, and
lung delivery [70]. In addition to epithelial barriers, endothelial barriers can also inhibit
drug transport, as is the case with the blood-barrier (BBB), which limits the delivery of
therapeutics to the brain following intravenous administration [70,72]. Tight junctions are
dynamic systems that can be remodeled in response to biological or chemical cues. Small
molecules have been studied for decades to remodel TJs and induce paracellular drug
transport [16]. However, intact tissue barriers are necessary to maintain proper health and
homeostasis of biological systems, and it is therefore essential that TJs not be permanently
damaged. This is especially true in the field gastrointestinal (GI) drug delivery, where
permeabilized tissue barriers could lead to the transport of microbiota out of the Gl tract,
causing infectious microbial colonization elsewhere in the body. Thus, materials-based
strategies that reversibly remodel TJs and deliver cargo at the cell barrier are particularly
promising for drug delivery. An alternative strategy is to design drug carriers that can
directly penetrate though tissue barriers as intact particles and then deliver their cargo to the
drug target [73].

3.1.1. Tight junction remodeling with drug carriers—The surface chemistry of
drug carriers is a key parameter in the modulation of TJ behavior. One application

of TJ remodeling is in the delivery of insulin via oral administration. Epithelial TJs

and gastrointestinal (GI) mucus barriers that lie atop the epithelial lining impair insulin
penetration across the Gl tract into the bloodstream, thereby limiting its bioavailability
[74]. To develop a nanoparticle-based approach to improve oral insulin delivery, Lamson
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et al. studied the effects of surface charge and particle size on TJ remodeling [75]. The
researchers found that small (<200 nm) anionic particles induced the most dramatic barrier
permeabilization, as observed in Caco-2 cell monolayers (Fig. 2a). TJ remodeling via silica
particles was shown to be integrin-mediated and reversible. Based on these /n vitro findings,
50 nm silica particles were chosen for in vivo therapeutic studies, as they maintained a
balance between sufficient mucus permeation and TJ remodeling. The researchers were able
to achieve blood glucose correction in diabetic mice following oral co-delivery of insulin
and silica particles within pH-responsive capsules. They further observed an estimated dose-
adjusted bioactivity of 23% that of subcutaneous insulin injection, demonstrating improved
bioactivity over other reported nano and microtechnology based approaches to insulin
delivery. This phenomenon of TJ-remodeling through materials biointerface engineering
has also been demonstrated with other systems, including gold nanoparticles [76], carbon
nanomaterials [77], polymeric nanoparticles [78], and protein-based nanofibers [79]. This
diverse portfolio of TJ-remodeling materials highlights the immense potential of this drug
delivery strategy to improve the bioactivity of orally administered therapeutics.

In addition to surface electrostatics, certain biofunctional chemical motifs displayed on the
surface of a material can facilitate TJ remodeling and permeabilize epithelial barriers. Of the
chemical handles studied, chitosan polymers have shown the most promise in the reversible
modulation of TJs [81]. Chitosan is a polysaccharide that is generated from the deacylation
of chitin amides into amines to create a positively charged biomaterial. Chitosan and its
derivative trimethyl chitosan have been used for decades in diverse biomaterial applications
including wound healing, antimicrobial applications, mucoadhesion, and oral drug delivery
[81]. It is hypothesized that the positive charge of chitosan binds to glycosylated portions of
key TJ proteins such as integrins and claudin-4 to facilitate remodeling and permeabilization
of barriers [81,82]. Since this discovery nearly 30 years ago, chitosan has been explored as
a soluble polymer for TJ remodeling. Importantly, when attached to the surface of materials
either through covalent chemistry or through electrostatic adsorption, chitosan retains its TJ
remodeling properties [42,80,83,84].

While chitosan has been shown to remodel TJs and facilitate paracellular transport, it is
also a mucoadhesive, which could limit the penetration of TJ-remodeling materials through
mucus layers to reach the epithelial barriers that need to be remodeled. To overcome this
issue, Liu et al. developed a dynamic polymeric drug carrier that contained insulin in

its trimethyl chitosan core to facilitate TJ remodeling, followed by an external layer of
N-(2-hydroxypropyl) methacrylamide copolymer (pHPMA), which is a mucoinert polymer
(Fig. 2b) [80]. With the pHPMA coating, nanoparticle size was approximately 160 nm and
had a slightly negative surface charge to increase mucus penetration. As the nanoparticle
permeated through mucus barriers, the pHPMA coating was shed off to expose trimethyl
chitosan for tight junction remodeling and paracellular transport of insulin. Using this
approach, the researchers were able to maintain serum insulin levels for 10 hours following
oral delivery. A hypoglycemic response was observed with a blood glucose decrease of
36% after 4 hours and maintenance of blood glucose levels for an additional 6 hours. This
study highlights the power of combined materials engineering to design a particle with the
morphology, surface chemistry, and dynamic properties necessary to navigate and overcome
multiple biological barriers to drug delivery.
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Another important strategy to induce TJ remodeling is through the application of micro

or nanotopographical structures onto a material surface. Many cell types are sensitive to
topographical cues and change behavior in response to physical contact with materials [3].
Several studies from the Desai lab have demonstrated that physical engagements between
a nanotopographical surface and cellular monolayers initiate TJ remodeling and increase
penetration of biologic cargo such as antibodies across epithelial barriers [54]. This TJ
remodeling was characterized by a morphological ruffling of Caco-2 cellular membranes
and ZO-1 expression when in contact with nanostructured films (Fig. 3a) [85]. This
phenomenon is also hypothesized to be mediated through integrin-ligand engagement, as
well as dynamic claudin and ZO-1 rearrangements [54,86]. This approach was studied not
just for oral delivery, but also for transdermal penetration of drugs. Using a nanostructured
microneedle dermal patch with a drug reservoir, Walsh et al. demonstrated increased serum
concentrations of the drug Etanercept in a rabbit model (Fig. 3b), attributed to the integrin-
mediated remodeling of dermal tight junctions [87]. In another study, Uskokovic et al. used
silicon nanowire-coated particles to induce similar tight junction remodeling and increased
epithelial barrier permeabilization for oral drug delivery [57]. The authors also investigated
the effects of particle morphology on tight junction remodeling and demonstrated that flat
particles increased remodeling and permeabilization, likely owing to increased surface area
contact [88]. In a recent study published by the Mullertz group, microcontainers were used
for the oral delivery of insulin [89]. The authors demonstrated the importance of maintaining
microcontainer proximity to the cell surface, further strengthening the hypothesis that
maximizing the biointerface between the material and the biological surface is key for
epithelial permeabilization. Taken together, these studies demonstrate that a combination
of surface chemistry, morphology, surface topography, and dynamic materials can be used
to enhance the biointerface between a drug carrier and epithelial barriers to increase drug
transport.

3.1.2. Drug carriers to penetrate tissue barriers—One of the most important
parameters for efficient drug delivery using engineered drug carriers is their
pharmacokinetics and pharmacodynamics [90]. Depending on the administration route, for
effective drug absorption and distribution, penetration across tissue barriers is the first
hurdle to overcome. The skin is the most attractive route for drug administration due to

its accessibility, however it is also one of the most difficult tissue barriers to overcome.
Successful transdermal delivery is dependent on the penetration and disruption of the
outermost layer of the skin, the stratum corneum [91]. Engineered drug carriers have been
successfully used as an alternative to unpleasant and painful injections for drug delivery
applications and vaccination.

Microneedles (MNSs) have been widely used for transdermal drug delivery through

the penetration of stratum corneum but without penetrating deep enough to stimulate

nerves [91,92]. MNs are formulated to deliver small molecules, macromolecules or

carriers allowing a highly localized and effective delivery [90,93,94]. McAllister et al.
demonstrated an increase in /n vitro skin permeability for macromolecules and nanoparticles
up to 50 nm in radius by using solid MNs made of silicon, metal or biodegradable

polymers [95]. Another interesting application of MNs is fluid flow of small molecules,
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macromolecules, polymer microparticles and cells through hollow glass MNs, allowing a
precise microinjection into skin [96]. Hollow glass MNs have been used to allow a flow
of microliter quantities of insulin into skin to modulate successfully blood glucose levels
in diabetic rats [95]. In addition to the MNs, nanoneedles (NNs) have been developed to
provide an efficient intracellular delivery of small molecules and biopharmaceutics as well
as an intracellular sensing. Due to its barrier penetrating properties and high transfection
efficacy, NNs, made by silicon, metal or biodegradable polymers, are one of the most
promising tools for efficient intracellular delivery of nucleic acids [97-100].

The BBB is an impermeable structure that limits the delivery of therapeutic small molecules
or biopharmaceutics into the healthy brain. Local brain delivery of therapeutic molecules is
difficult to achieve, so engineered drug carriers have been used to overcome the low brain
drug bioavailability. Polymeric nanoparticles, liposomes, lipid nanoparticles, dendrimers and
inorganic nanoparticles have been formulated to overcome the BBB and achieve increased
brain pharmacokinetics [101]. Aiming a targeted therapy to the brain, engineered drug
carriers can be modified at the surface with a ligand. Many different receptors found in the
brain can be targeted for drug delivery, including the transferrin receptor, insulin receptor,
low-density lipoprotein receptor, and others [102]. Active targeting to those receptors with

a peptide, peptide fragment, antibody or antibody fragment could allow higher uptake into
the brain, resulting in a higher drug concentration. Anraku et al. formulated a self-assembled
supramolecular nanocarrier functionalized with glucose to target glucose transporter-1 in
brain capillary endothelial cells [103]. This strategy allowed a higher brain accumulation of
this engineered drug carrier correlated with a rapid glycemic increase after a fasting state.

In addition to receptor targeting, the morphology and surface charge of drug carriers play

an important role in enhancing BBB penetration. Several studies have shown increased
penetration of rod-shaped particles over spherical particles in /7 vitro BBB models, as well
as in mouse models of GBM [11,104-107]. Particle size is another important morphological
characteristic that influences BBB penetration, with smaller particles oftentimes penetrating
faster than larger particles, although there are conflicting reports, with some studies
demonstrating a peak particle accumulation at a middle size regime [104]. These conflicting
results are likely due to differences in particle composition, surface charge, and in the animal
models used in the studies. Lastly, surface charge interactions with the BBB influence
barrier penetration. Some studies have demonstrated that positively charged particles
increase penetration through the BBB, although other studies reported the penetration of
neutrally charged PEGylated particles across blood-brain barriers [106,108,109]. Using

a bio-inspired approach, Lee et al. fabricated gold nanorods that mimicked the size,

shape, and surface properties of rabies virus capsids [110]. These rabies-inspired nanorods
demonstrated significant tumor uptake in orthotopic glioma mouse models following IV
injection. The authors also used the nanorods for photothermal therapy to shrink tumors in a
xenograft model. Despite these innovative approaches to increase BBB penetration and treat
brain tumors, further studies are needed to elucidate the permeability of the BBB in GBM
patients and mouse models, and how the physicochemical properties of drug carriers can be
engineered to enhance BBB penetration and therapeutic outcomes.
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3.2. Biological hydrogels

Biological hydrogels are present throughout the body and pose significant barriers to
effective drug delivery, as drugs and drug carriers must navigate through hydrogels prior

to reaching their disease target. Similar to other hydrogel systems, biological hydrogels have
inherent porosities and material properties that limit the penetration of particles through
steric filtering and chemical interactions such as electrostatics [26]. In contrast to synthetic
hydrogel systems, biological hydrogels are dynamic biomaterials that undergo perturbations
and alterations to their chemical and mechanical properties in order to maintain homeostasis,
or in response to disease or stress [15].

One of the most studied biological hydrogels is mucus. Mucus is a dynamic hydrogel
barrier that prevents the penetration of toxins and pathogens from one organ to another,

but also poses significant challenges for oral, retinal, lung, and vaginal delivery, as the

same mucus hydrogels that prevent pathogen penetration also inhibit the movement of
particle drug carriers [7,26,111]. Mucus is composed of a plethora of biomaterials including
mucin protein filaments, which contain hydrophobic regions as well as heavily glycosylated
anionic regions. In addition to mucin, nucleic acids, lipids, oligo and polysaccharides, and
other proteins are found in mucus hydrogels. The mechanical properties of mucus vary
depending on the tissue location as well as the disease state of the patient. For instance, the
mucus in the lungs of cystic fibrosis (CF) patients is significantly stiffer than those found

in healthy patients, in part due to a combination of factors including increased nucleic acid
content from bacterial infections and increased neutrophil-mediated oxidation and disulfide
formation between mucin proteins [112]. While mucus barriers restrict the penetration of
drug carriers to their targets, mucus also provides opportunities for particle adhesion and
increased retention times, which can have beneficial impacts in specific applications, most
notably oral drug delivery. One of the main strategies to facilitate drug adsorption into

the bloodstream after oral administration is through increased carrier retention within the
large intestine and colon [55]. By designing material biointerfaces to increase mucoadhesive
properties, prolonged colonic retention and drug release is possible.

Bacterial biofilms are another important class of biological hydrogels. Rather than living in
free floating planktonic states, many pathogenic bacteria surround themselves in biological
hydrogels that promote bacterial attachment and growth on surfaces and impede the
penetration of antibiotics into the biofilm [113]. Through a combination of resistance
mechanisms, bacterial biofilms can cause infections that are over 1000-fold resistant

to antibiotics compared to their planktonic counterparts [113,114]. Biofilms have been
estimated to occur in a majority of human infections and are particularly pervasive in
chronic wounds, CF lungs, medical implants, and C. difficile infections in the colon [113].
The bacterial biofilm matrix, or “extracellular polymeric substance” (EPS), is composed

of negatively charged polysaccharides, nucleic acids, and proteins [115]. Biofilm hydrogels
have different porosities and mechanical properties depending on the bacteria species within
the biofilm, as well as the location of the infection. In contrast to mucus hydrogels, biofilms
are not only biological barriers for drug delivery, but also drug targets. Therefore, a balance
must be struck between drug carrier attachment to biofilms and permeation throughout the
biofilm hydrogel to achieve maximal antimicrobial activity and biofilm disruption.
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3.2.1. Mucoadhesive drug carriers—Mucoadhesive materials can improve tissue
retention of drug carriers and delivery efficacies. This is highly desirable for applications
such as oral drug delivery, where increased retention in the GI tract can improve
penetration of the drug cargo into the bloodstream [55]. Surface chemistry is one of the
primary methods of biointerface engineering that has been employed in the design of
mucoadhesive drug carriers [116]. As mucin fibers contain regions of dense glycosylation,
electrostatic interactions are often employed to increase mucoadhesive properties. Positively
charged chitosan biopolymers have been used as mucoadhesive biomaterials and are either
covalently attached or electrostatically assembled onto drug carriers. By using chitosan

as a mucoadhesive, researchers have demonstrated increased drug carrier tissue retention
and drug delivery efficacies for numerous applications and delivery routes, including oral
drug delivery of biologics and pulmonary delivery of antimicrobials to treat lung infections
[41,116-120]. In addition to electrostatics, hydrophobic material coatings can play a role
in increasing mucoadhesive properties, owing to the hydrophobic regions found on mucins
[26,116]. To demonstrate this, Sonia et al. acylated, to varying degrees, chitosan polymers
with hydrophobic aliphatic chains and found that microparticles bearing hydrophobic
chitosan moieties had increased mucoadhesive properties [42]. Lastly, modification of
chitosan with thiol-containing groups has been shown to increase mucoadhesive properties
through the formation of disulfides with mucin strands [121]. Thus, a combination of
electrostatics, hydrophobicity, and reactive chemical display can be used to increase
mucoadhesion and tissue retention of chitosan-functionalized drug carriers.

In addition to chitosan-based strategies, other polymer-coated particles have been used

to increase mucoadhesion. These strategies rely on physical entanglement between the
protruding polymers of the drug carrier and the mucus hydrogel network. Such strategies
have been employed using diverse polymers, including poly(acrylic acid), alginate, pectin,
and cellulose and have seen success in oral, lung, and vaginal drug delivery [26,116].
Nanotopography can be used in a similar vein to promote mucoadhesion through increased
entanglement of a drug carrier within mucus hydrogels. Fischer et al. fabricated silicon
nanowire-coated microparticles and demonstrated increased gastrointestinal mucoadhesion
compared to noncoated particles in canine models (Fig. 4a) [122]. The authors further
characterized their systems /n vitro by analyzing the retention of particles on mucus-coated
cellular monolayers under flow. They found that not only do nanowire coatings increase
particle retention, but that installing positively charged amine residues onto the nanowire
surfaces using silane chemistry can further increase mucoadhesive properties. Subsequent
studies investigated how material aspect ratio influenced nanostructured microparticle
adhesive properties, with higher aspect ratio particles demonstrating increased adhesion
[55]. Taken together, these studies highlight how surface properties of a material such

as electrostatics, hydrophobicity, and surface topography can be engineered to increase
mucoadhesion and subsequent tissue retention for improved drug delivery.

Nano and micromotors are a new class of drug carriers that have seen recent interest

for mucoadhesion and oral drug delivery. Micromotors are dynamic materials that contain
gas-producing catalysts, which drive the movement of the drug carrier through fluids and
biological systems [63]. Micromotors therefore do not solely rely on traditional tumbling
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mechanics or Brownian motion to facilitate transit through mucus layers. This new material
property of active motion has been explored by the Zhang lab as a means to induce

mucus adhesion, as micromotors can actively embed themselves into mucus barriers [124—
126]. In a recent example, Wei et al. used these micromotors to deliver antigens via oral
administration [123]. The authors used a magnesium microparticle core asymmetrically
coated with TiO5 to induce unidirectional propulsion via Mg reaction with water to
generate hydrogen gas (Fig. 4b). These micromotors were then coated with bacterial toxins
immobilized into red blood cell membranes, which were previously found to act as antigens
and induce immunity to staphylococcus infections. In addition to these toxin coatings,
micromotors were coated with a layer of chitosan followed by a final layer of an enteric
coating that protected the micromotors from the acidic pH of the stomach. Using this
strategy, the authors demonstrated increased drug carrier retention within the Gl tract as well
as increased antibody titers against stapfiylococcaltoxins in the feces of mice 1-week after
administration.

3.2.2. Mucus-penetrating drug carriers—In contrast to mucoadhesive drug carriers,
mucus-penetrating materials have been fabricated to improve drug delivery by diffusing
through mucus hydrogels to underlying targets. This approach has been explored for

oral drug delivery to Gl epithelial barriers, as well as for pulmonary delivery of gene

editing and antimicrobial cargos [26,111,116]. In many ways, the design parameters for
mucus-penetrating materials are the exact opposite as those for mucoadhesive carriers. As
biological hydrogels such as mucus contain porosities with inherent size limits, engineering
the morphologies of drug carriers to allow for penetration through mucus pores is critical.
Mucus porosities vary depending on the tissue target, but are typically on the order of
hundreds of nanometers [26]. In addition to size limits, surface chemistries need to be
engineered to prevent attachment between the drug carrier and the mucus biomaterial. These
two limitations typically lead to the design of mucus-penetrating particles that are negatively
charged and in the 100-300 nm size range [111,116]. Such mucus-penetrating particles
have been fabricated from a variety of materials, including silica, synthetic polymers, and
liposomes [44,75,127,128].

In a recent study, Derbali et al. compared anionic polymeric PLGA-PEG nanoparticles

to both cationic and anionic liposomes for the delivery of the antibiotic levofloxacin

for treating bacterial infections of Pseudomonas aeruginosa (FA)[129]. PA infections

are prevalent in the lungs of cystic fibrosis patients and often exists as biofilm clusters
embedded within stiff CF mucus barriers [130]. Thus, CF lung infections pose particular
challenges, as drug carriers must penetrate through both the lung mucus and the bacterial
biofilm — as will be discussed in the next section. Derbali et al. analyzed both the stability
of particles within mucus hydrogels over 48 h as well as the penetration properties of

the drug carriers. Anionic liposomes displayed increased stability as well as penetration
through mucus barriers when compared to cationic liposomes. Interestingly, flow cytometry
revealed superior bacterial binding with cationic liposomes. These results highlight the
difficulties in achieving effective navigation through multiple biological barriers coupled
to specific functional outputs and could provide opportunities for dynamic drug carriers
to penetrate through mucus barriers followed by a morphological or chemical change to
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facilitate bacterial adhesion and uptake. In that vein, Akkus et al. recently reported on a
dynamic drug carrier that permeates mucus barriers followed by phosphatase-responsive
charge-switching, enabling cell uptake [131]. While the authors focused on oral delivery
applications, such an approach could find use in the delivery of antimicrobials to treat CF
lung infections.

In addition to surface charge, muco-inert polymeric coatings such as PEG have been widely
used to increase mucus penetration of drug carriers [111,116,132]. The Hanes lab has
researched multiple variations of PEGylated particles for mucus-penetrating drug delivery
[111,128,133]. While mucus-penetrating particles were initially studied to drive particle
transportation through mucus to the underlying epithelium, Schneider et al. demonstrated
for the first time that mucus-penetrating particles can in fact increase lung retention

when compared to mucoadhesive particles (Fig. 5) [134]. While this finding may seem
counterintuitive, the authors hypothesized that increased mucus penetration allows for
particles to embed themselves within the deeper static mucus layers and avoid mucociliary
clearance pathways that remove mucoadhesive particles embedded in the upper mucus
layers. As a proof-of-concept, the anti-inflammatory drug dexamethasone was loaded into
mucoadhesive particles (MAPS) and mucus-penetrating particles (MPPs) and delivered into
the lungs of mice. The authors observed reduced inflammation in the lungs of MPP-treated
vs MAP-treated mice, further validating the concept of mucus-penetration for increased lung
retention.

Topographical strategies have also been used to increase mucus penetration of drugs. In
several recent examples, the Traverso and Langer labs reported on microneedle-based
strategies to overcome mucus barriers and directly inject drugs onto the epithelial layer for
oral drug delivery [135-137]. Microneedle injections were initiated through the fabrication
of dynamic oral capsules which dissolve over time in the Gl tract and actuate the injection of
microneedles deep into the mucus layer for drug release along the epithelium. These devices
were used for insulin delivery and demonstrated increased insulin plasma concentrations and
glucose response compared to an oral bolus dose.

Diverse mucus-penetrating strategies thus show promise for increasing drug delivery across
biological barriers and for the delivery of cargo via pulmonary administration. While it
remains unclear as to which technologies will be successful in clinical applications, the
decision between mucoadhesion and mucus-penetration must be made in the context of
specific drug cargos, disease targets, and routes of administration. For drug targets that lie
near mucosal barriers, such as intestinal adenocarcinomas or bacterial infections within CF
lung mucosa, mucoadhesive materials may offer advantages for local retention and sustained
drug delivery. In contrast, drug delivery may be improved by increasing drug penetration
through mucus barriers, for instance to deliver insulin into the bloodstream following oral
administration. Lastly, the combination of mucus-penetrating and mucoadhesive materials
may offer benefits in the navigation of multiple biological barriers, or in the active
remodeling of mucus barriers to increase drug delivery efficacies [138,139].

3.2.3. Biofilm-interfacing materials—There are many examples of micro and
nanoscale materials developed for antibiotic drug delivery [140,141]. Most therapeutic
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strategies to treat bacterial infections focus on planktonic bacteria, while biofilm-targeted
drug delivery remains a challenge. Biofilm hydrogels prevent the penetration of antibiotics
as well as drug carriers through steric filtering and electrostatic adsorption [142].
Additionally, the bacteria within biofilms are oftentimes heterogeneous in terms of
metabolism and bacterial species, both of which affect the efficacy of antibiotics [113].
Advanced strategies have been developed that engineer drug carriers to interact with
bacterial biofilms in controllable ways. These strategies have been used to increase particle
adsorption onto bacteria, penetrate through outer biofilm layers to reach bacteria in the
biofilm core, or disrupt the biofilm matrix [142-145].

Similar to mucus-penetrating and mucoadhesive strategies, the morphology and surface
chemistry of drug carriers are key in driving the biointerface with biofilms. In their

seminal work, Peulen and Wilkinson investigated for the first time how physicochemical
properties of particles influence their diffusion within bacterial biofilms [146]. The authors
found that particles consistently diffused slower through Pseudomonas fluorescens biofilms
than through water, with smaller particles (<50 nm) diffusing faster than larger particles.
Additionally, negatively charged particles diffused faster than their positively charged
counterparts, likely owing to electrostatic interactions between the negatively charged
biofilm matrix and the particle surfaces. Importantly, the growth conditions of the biofilm
heavily influenced particle diffusion properties, highlighting the diversity and dynamic
nature of bacterial biofilms. For all biofilm studies, it is therefore essential to report in
detail the growth conditions and biofilm model used in each experiment, as there are many
biofilm models available for both /n vitro and in vivo experiments, each with their own set of
strengths and limitations [147].

In an example of biofilm-penetrating materials, Li et al. reported on the surface modification
of CdSe quantum dots (QDs) to increase their penetration into £. coli biofilms grown /n
vitro [148]. Interestingly, the authors found that by installing positively charged quaternary
amines onto their surfaces, QDs were able to more effectively penetrate into biofilm
hydrogels than negatively charged or neutral QDs (Fig. 6a). In addition to surface charge,
surface hydrophobicity also played a key role in biofilm penetration, as the installation of a
hexyl alkane chains on the quaternary amine further enhanced QD penetration into biofilms.
While these results may seem contradictory to previous reports of decreased penetration

of positively charged carriers, biofilm-disruptive forces may play a role in the observed
results. Subsequent work published by the same research groups reported that tertiary
methyl amine-coated gold nanoparticles displayed increased biofilm-disrupting properties
when compared to ethylene glycol coated particles [149]. Thus, the increased interaction and
disruption of biofilm matrices via positively charged particles may offer a new path forward
in the development of biofilm disrupting materials. Unfortunately, positively charged gold
nanoparticles displayed some cytotoxic effects, which could lead to negative side effects for
therapeutic applications. New surface engineering approaches will be needed to properly
balance biofilm penetration and disruption with biocompatibility.

Dynamic materials have also been used for the detection of biofilms and biofilm-targeted
delivery of antimicrobials [46,141]. Most approaches rely on charge-switching behaviors,
which induce negative to positive charge modulation and initiate bacterial adsorption
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and increased drug delivery to biofilm targets. This strategy has been used to enhance

the detection of bacterial biofilms, as well as increase delivery efficacies of diverse
antimicrobials, including small molecule antibiotics and silver nanoparticles [151-153]. In
addition to surface charge engineering, surface functionalization of particles with biofilm-
interacting cargo may offer an alternative path to increased penetration and disruption of
bacterial biofilms. Baelo et al. reported on the covalent attachment of DNase I, which

is capable of degrading the DNA components of bacterial biofilms, onto the surface

of PLGA nanoparticles loaded with the antibiotic ciprofloxacin (Fig. 6b) [150]. The
authors used these particles to treat Pseudomonas aeruginosa biofilms grown /n vitro and
observed increased biofilm disruption and antimicrobial activity with combination DNase-
ciprofloxacin particles when compared to antibiotic-loaded particles alone.

As the biofilm is not only a biological barrier but also a drug target, a balance must be
maintained between adhesion to biofilm surfaces and penetration into the core of the biofilm
network in order to effectively deliver antimicrobial agents or disrupt biofilm growth. While
most studies focus on increasing either particle adhesion or penetration, next generation
drug carriers offer opportunities in dynamically interacting with and remodeling bacterial
biofilm matrices to not only increase particle permeation within biofilm hydrogels, but

also to disrupt the matrix and increase antimicrobial activities. While morphological and
surface engineering strategies dominate the field of biofilm-targeted drug delivery, surface
topography may offer innovative avenues to advance the field, as surface topography has
been observed to prevent bacterial adhesion and biofilm formation [154,155]. It would
therefore be interesting to develop drug carriers with similar nanostructures to study the
influence of material topography on biofilm penetration for increased drug delivery efficacy.

3.3. The immune system and immunogenicity

When engineered drug carriers are administered into the body the immune system will
efficiently recognize them as a foreign particles and induce an immune response [156].
The first step is the formation of a particle protein corona composed by plasma proteins
and then, drug carriers might be rapidly internalized by phagocytes of the innate immune
system, displaying a strong immune system that might lead to the particle clearance [157].
Mononuclear phagocytic system (MPS) is responsible for particle opsonization, leading
to high particle clearance rates and low efficacy treatment responses [158]. To prevent
the biological function of MPS, engineered drug carriers can be designed with immune-
evasive properties to avoid the nanoparticle-macrophage interactions and improve drug
pharmacokinetics and pharmacodynamics. An alternative approach to immune evasion is
to engineer drug carriers for designed immune system engagement to either suppress or
activate the immune system for a given application.

3.3.1. Immune recognition of the drug carrier protein corona—After the
administration of the engineered drug carriers, their recognition by phagocytes, either
MPS or tissue-resident phagocytes, can occur via protein adsorption or via phagocyte
surface receptors. Immediate host biological response of /n vivo administration of bare
nanocarriers will produce protein adsorption onto the nanocarrier, referred to as the
“protein corona” [159]. The initial discovery of the term “protein adsorption” to the
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nanocarrier surface occurred in the 1960s by Nangham and VVroman, demonstrating the
real role of these proteins in the immunological and biological response [160,161]. Over
the years, the concept of “protein adsorption” changed to “protein corona” and more
recently, to “biomolecular corona” due to deeper analysis of the molecular components
onto nanoparticles which are comprised of lipids, sugars, nucleic acids, hormones and
metabolites. While many researchers have attempted to reduce the biomolecular corona to
inhibit immune clearance, a new strategy was presented to use the biomolecular corona to
target specific cells.

As a new strategy for nanomedicine field, engineered drug carriers might be intentionally
designed to interact with specific plasma proteins and allow for active targeting to a specific
cell type using a receptor-mediated endocytosis. Zhang et al. formulated retinol-conjugated
polyetherimine (RcP) nanoparticles to immediately bind to the retinol binding protein 4
(RBP) to form a specific protein corona [162]. After the interaction of retinol-conjugated
RcP particles and RBP, this complex was successfully directed to the hepatic stellate cells

to deliver antisense oligonucleotide (ASQO) without being eliminated by phagocytic cells.
Besides cell targeting applications, the biomolecular corona might be used to improve
nanocarrier biocompatibility and toxicity using a protein-mediator complex, improve drug
delivery using a protein-carrier complex and lastly, may be used for disease detection using a
protein-biomarker complex. In addition to the protein binding, the interaction of engineered
drug carriers with blood might cause changes in the coagulation factors’ functions leading to
platelet aggregation or changes in coagulation time and changing the integrity of red blood
cells leading to hemolysis [156].

3.3.2. Immune-evasive materials—While the material composition of a drug carrier
drives a significant portion of the immune response, the physicochemical properties

of a material such as morphology and surface chemistry can also influence immune
recognition. Researchers have taken advantage of these interactions to create immune-
evasive materials, which are not as easily recognized by the immune system and evade
MPS clearance pathways. The most common route to immune evasion is the PEGylation

of drug carriers. By attaching PEG polymers onto the surface of drug carriers through
noncovalent adsorption, incorporation of PEG co-polymers into material backbones, or via
conjugation, PEG can help reduce macrophage recognition and immune clearance pathways,
while increasing biodistribution profiles [163,164]. Yu et al. conducted a systematic
evaluation of the effects of PEGylated particle size and charge on macrophage uptake
[165]. Interestingly, the authors observed that highly electrostatic surfaces of both positive
and negative charge had increased macrophage uptake compared to more neutrally charged
materials. However, size was the dominant trait that controlled macrophage uptake, with
larger particles demonstrating increased uptake. To take advantage of this effect, the
authors fabricated MMP-responsive particles, which decreased in size after MMP-catalyzed
cleavage of surface-displayed polymers, thereby decreasing macrophage uptake in response
to the presence of MMP.

Other surface coatings have also been used to facilitate immune evasion, such as the
incorporation of “self-peptides” onto drug carriers. Self-peptides signal to the immune
system that a material is native to the host and thereby evades foreign-body responses
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such as macrophage-mediated phagocytosis and clearance. Rodriguez et al. reported on

a self-peptide that was computationally derived from human CD47 proteins [166]. When
attached to 160 nm polystyrene nanoparticles, the self-peptides delayed macrophage
clearance and increased biodistribution and half-lives of particles when compared to non-
coated particles. This strategy was later used by Zhang et al. for the dual therapeutic and
diagnostic delivery of paclitaxel and MRI contrast agents in tumor-bearing mouse models,
demonstrating enhanced imaging and tumor reduction for self-peptide coated nanomicelles,
when compared to PEGylated or zwitterionic coated groups [167]. In a recent study,

Tang et al. developed a dual particle delivery system to first block phagocytosis with
self-peptide coated liposomes and then inject therapeutic PLGA nanoparticles for increased
drug delivery and therapeutic half-life (Fig. 7a) [168]. The authors found that self-peptide
coated liposomes adhered to the surface of macrophages but did not undergo phagocytosis.
This biointerface inhibited those macrophages from recognizing and clearing any other
particles that may be in their surrounding environments. By using this strategy, subsequently
injected BBB-targeted PLGA nanoparticles resisted macrophage clearance and demonstrated
enhanced half-lives and BBB penetration for increased antifungal drug delivery to treat
cryptococcal meningitis in mice.

Other immune evasion strategies have relied on the coating of particles with biological
materials such as cell membranes [169]. In a recent example, Hu et al. isolated the plasma
membranes of human platelets and coated them onto PLGA nanoparticles [170]. The
authors demonstrated increased nanoparticle immunocompatibility and reduced uptake into
macrophages through a CD47-mediated mechanism. The platelet-mimetic nanoparticles had
increased tissue half-lives and enhanced biodistribution profiles. The authors functionalized
the platelet-coated nanoparticles with vancomycin antibiotics for the treatment of systemic
methicillin-resistant S. aureus (MRSA) infections in mouse models and showed improved
bacterial reduction with platelet-coated vancomycin nanoparticles compared to vancomycin
injection alone or red blood cell coated vancomycin nanoparticles. Together, these studies
demonstrate that the surface chemistry of drug carriers can be engineered to modulate
immunological biointerfaces and improve therapeutic outcomes for a range of biomedical
applications.

3.3.3. Immune-interfacing materials—By engineering drug carrier properties,
researchers can determine material interactions with the immune system by inducing either
an immunostimulatory or immunosuppressive response (Fig. 7b) [171]. Engineered drug
carriers have been used to improve immunotherapy by delivering cytokines, enzymes,
antigen, adjuvants, checkpoint inhibitor and DNA/RNA-based formulations or using
biomaterials with immunomodulatory functions. The aim of those platforms was to
reprogram the immune response, where the delivery of antigens and adjuvants to antigen
presenting cells (APC) can initiate a potent T cell activation and consequent antigen-specific
immune response [171,172].

Nanoparticles for immunostimulation have been used to treat cancer and infectious diseases,
while nanoparticles for immunosuppression have been used for inflammatory diseases like
atherosclerosis, rheumatoid arthritis, diabetes, obesity, and transplantation [171]. The most
common immunostimulation therapy using engineered drug carriers is achieved through

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 19

the checkpoint blockade of cytotoxic T-lymphocyte 4 (CTLA-4), programmed cell death

1 (PD-1) or programmed cell death ligand 1 (PD-L1) [173]. Despite promising expected
results of checkpoint blockade immunotherapy, several studies have demonstrated a low
response rate due to the immunosuppressive tumor microenvironment and low tumor
immunogenicity. Feng et al. developed a prodrug nanoparticle containing oxaliplatin (OXA)
and reduction-activatable homodimer of NLG919 to improve immunotherapy targeting
dual modulation of tumor immune microenvironment [174]. The authors have shown

both an intratumoral accumulation of cytotoxic T lymphocytes and immunosuppression by
triggering immunogenic cell death. Macrophages represent another common cellular target
for immunomodulatory materials. Drug carriers have been developed to release cytokines
in controlled manners to stimulate macrophage polarization for applications in regenerative
medicine [175,176]. In addition to the controlled release of cytokines near macrophages,
recent studies have demonstrated that particle adhesion onto or uptake into monocytes and
macrophages followed by cytokine release can improve immunomodulatory engineering
for a variety of applications such as regenerative medicine and cancer immunotherapy
[177,178].

In addition to the delivery of biotherapeutics to stimulate the immune system, several reports
have shown that the surface charge of materials can impact their immune biointerface,
with positively charged drug carriers inducing a higher inflammatory response compared
to the anionic or neutral polymers and lipids [179]. Wei et al. studied the role of cationic
nanocarriers (cationic liposomes, PEI and chitosan) to induce an inflammatory response
[180]. The authors demonstrated a high rate of acute cell necrosis correlated to the
interaction with Na*/K*-ATPase and mediated by a pathway involving TLR9 and MyD88
signaling. On the other hand, a high secretion of inflammatory cytokines like TNF, IL-12
and IFN-y, and increased expression of dendritic cells surface markers (CD80/CD86) have
been correlated with cationic liposomes, showing promise as an engineered drug carrier to
treat cancer due to the immunosuppressive tumor microenvironment [181,182].

For an immunosuppressive response, poly(amidoamine) (PAMAM) dendrimers have been
used to inhibit the secretion of inflammatory cytokines and chemokines from macrophages
and dendritic cells [183]. On the other hand, fullerene derivatives were shown to

suppress immune response by guenching nitric oxide and consequently decreasing free
radicals [184]. Lie et al. also showed an immunosuppressive response of specific fullerene-
steroid conjugate Cgo-dextametasone [185]. Immunosuppressive therapy thus has several
advantages for treatment of inflammatory diseases due to the overstimulation of immune
systems against their own healthy cells. However, special care in its use must be considered
due to the potential to cause immunodeficiency, cytotoxicity and genotoxicity, opening doors
for opportunistic infections.

In addition to surface chemistry, material stiffness and surface topography has also been
shown to influence local immune systems [28,186]. This has been predominantly studied

in the context of macrophage-material biointerfaces and macrophage polarization. The
morphology and polarity of macrophages influence their physiological behavior and induce
changes between pro-inflammatory and proreparative states [28,157]. Several studies have
shown that installing surface topography on implanted materials can induce macrophage
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morphological changes and influence subsequent cytokine production [187-190]. Various
factors in surface topography can drive macrophage behavior, including the porosity

of the surface, the alignment of topographical structures, as well as the dimensions

and morphologies of nanostructured surfaces [28]. While the rational design of surface
topography to influence macrophages has yet to be elucidated, most studies have found that
nonrandom nanostructured surfaces induce proreparative behavior in macrophages, likely
by stimulating the controlled polarization of macrophages adhered to a material surface
[119,188,189]. While further studies are needed to better understand these interactions,

it could also be interesting to determine if such topographical cues are maintained when
topography is fabricated on the surface of a particle, rather than on a bulk implantable
material. Additionally, most topography-immunological studies were conducted without
drug-delivering materials. Thus, the combination of nanotopography with drug carriers is a
new and emerging field of research, which could bring innovative approaches to enhance
drug delivery and immunomodulation.

3.4. Cell uptake and intracellular trafficking

The last biological barrier to deliver therapeutic agents is the intracellular barrier. Indeed,
the target site of many therapeutic agents is localized inside the cell and therefore,

cellular uptake and intracellular routing are critical to successful drug delivery. Large
macromolecules, small hydrophilic drugs and nucleic acids are the most challenging
therapeutic agents to deliver intracellularly due to the low pH in the endosomes/lysosomes,
enzymes in the lysosomes and the redox environment in the cytosol [191]. Engineered drug
carriers are used and formulated to overcome these intracellular barriers by providing a
higher efficacy of cellular uptake and intracellular delivery [192].

For efficient intracellular delivery, the first barrier to overcome is the plasma membrane
since it is a complex barrier composed of multiple lipid and membrane proteins, limiting

the entry of large macromolecules and hydrophilic molecules. Small and/or moderately polar
molecules may use passive diffusion across the cell membrane to enter the cell. However,
larger and/or highly polar molecules, such as, sugars, proteins, and peptides, might use the
membrane transporters expressed at the cell surface to enable entry inside the cell [193]. It is
well-known that drug carriers use multiple endocytic pathways to enter live cells in order to
release their cargo in an intracellular target site. Uptake of foreign engineered drug carriers
usually relies on endocytosis but depending on their physicochemical properties, different
endocytic pathways might be used (e.g. phagocytosis, pinocytosis, macropinocytosis)

[194]. Internalization of large molecules by cells such as monocytes/macrophages and
neutrophils occurs using intracellular phagosomes to proceed with phagocytosis process,
while macropinocytosis uses endocytic vesicles to deliver intracellularly small nanoparticles
(<1 pum) [195].

The uptake of most small organic and inorganic nanoparticles is done by clathrin-mediated
endocytosis, where nanoparticles interact with extracellular receptors to be internalized into
early endosomes [192,196]. Maturation of early endosomes (pH 6.5) into late endosomes
(pH 6) usually translates with a decrease in intravesicular pH due to the ATP-driven
transport of H*-ions [197]. The fusion of late endosomes with lysosomes naturally occurs,
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leading to the destruction of nanoparticle cargo due to the presence of lysosomal enzymes
and low pH (4.5-5) [198]. This endolysosomal sequestration process is the most challenging
barrier for effective intracellular delivery, therefore engineered drug carriers should be
formulated with biomaterials that allow for endolysosomal escape to the intracellular
environment in a timely manner.

3.4.1. Endosomal escape of drug carriers—To achieve efficient drug release, two
types of engineered drug carriers have been widely used: pH-responsive nanocarriers and
enzyme-responsive nanocarriers. Overall, pH-responsive drug carriers are formulated to
deform or disassemble exclusively at the acidic pH of the endolysosomal compartment,
resulting in an efficient intracellular delivery of loaded drug [199]. In an alternative
approach, enzyme-responsive nanocarriers have been formulated for endosomal escape due
to the presence of abundant digestive lysosomal enzymes including proteases, glycosidases
and sulfatases [200]. The presence of cathepsins B and D has been a target to deliver
peptides intracellularly. Lee et al. formulated enzyme-responsive polymersomes based on
block copolymers with a peptide linker (Gly-Phe-Leu-Gly-Phe) aiming a fast-enzymatic
destabilization at the lysosomal compartment for drug release. The authors showed both
fast-enzymatic destabilization of polymersomes at pH 5.5, and rapid release of the model
drug in the presence of cathepsin B at pH 5.5 [201].

High redox potential in the cytosol, endolysosomal compartments, and the cell nucleus
have been used as targets for active intracellular drug and gene therapy due to

the abundant presence of glutathione (GSH) and other reducing enzymes and agents

(e.9. gamma-interferon-inducible lysosomal thiol reductase, cysteine) [202,203]. Redox-
responsive nanosystems have been formulated with cleavable disulfide linkages into the
polymer main chain, side chain or in the cross-linker to release cargo into the cytosol

and cell nucleus more efficiently [201]. Liu et al. developed smart redox-responsive
micelles composed by amphiphilic homopolymer and alternative hydrophobic disulfide and
hydrophilic polyphosphates segments (HPHDP) [204]. Due to the redox environment of
cell nuclei and cytosols, these redox-responsive micelles were able to deliver doxorubicin
efficiently inside cell nuclei, enhancing antitumor efficacy.

In the last 30 years, the use of biologics in medicine has substantially increased and become
one of the most important drug types. Therapeutic peptides, proteins, monoclonal antibodies,
and RNA-based formulations for gene therapy have become a large part of the research
studies in the last years for the therapeutic modulation of intracellular targets [192]. To
enable efficient intracellular delivery, cationic lipids or polymers have been formulated

as engineered drug carriers to interact with negatively charged membrane and deliver
intracellularly biotherapeutic medicine. Cationic particles when interacting with negative
endosomal membranes will induce a “flip-flop” mechanism, leading to an endosomal
membrane destabilization caused by charged-neutralized ion pair [205]. A burst release

of the cationic particles into the cytosol might happen due to the pore formation caused

by membrane destabilization and osmotic pressure caused by constant influx of chloride
ions [206]. This mechanism of endosomal escape is well-described for cationic particles
composed of quaternary amine groups. In addition to the cationic liposomes, polymeric
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nanoparticles composed of poly(ethyleneimine) (PEI), poly(L-lysine) (PLL), chitosan, and
poly-amido amines have been used to facilitate endosome escape [207,208].

The development of RNA interference (RNAI) therapeutics for gene therapy has been
strongly studied over the last years and remains a key challenge due to the escape of RNAI
therapeutics from endosomes into the cytosol. Gilleron et al. developed small interfering
RNAs (siRNAs)-loaded lipid nanoparticles (LNPs) and monitored their uptake in different
types of cells in order to get a high transfection efficacy [209]. The presence of siRNA-
loaded LNPs in different endosomal compartments was studied, where the majority of the
nanosystem was found in the early endosomes after 1.5 h of uptake. The authors estimated
that just 1-2% of siRNAs could escape from endosomes into the cytosol in a limited window
of time. Indeed, understanding the low efficacy of engineered drug carriers to escape from
endosomal compartments into the cytosol highlights the need to develop more endosomal
escape strategies. Recently, Van de Vyver et al. found 56 cationic amphiphilic drugs (CADs)
that strongly promoted efficient siRNA delivery from endosomal compartments into the
cytosol [210]. This result might be an open door for a combinatory treatment composed

of RNAI therapeutics-loaded nanocarriers and CADs adjuvants. In addition to the CADs
adjuvants, Evans et al. studied the use of anionic polymer poly (propylacrylic acid) (PPAA)
as another alternative to potentiate the intracellular delivery of cationic biotherapeutics and
particles [211]. The pre-treatment with PPAA enhanced intracellular delivery of cationic
biotherapeutics and cationic particles and provided an increase in the editing efficiency at
approximately 50% in engineered Ai9 fibroblasts.

After nanocarriers are internalized, an important question to address is their intracellular
fate, namely their biodegradation and elimination. One of the biggest issues in achieving
efficient intracellular delivery is endosomal escape, as described above. Thus, the most
used and characterized degradation pathway of nanocarriers in an intracellular context is
the hydrolysis provided by acidic cellular environment and intracellular enzymes found

in the endolysosome [212]. This is particularly applicable to biodegradable polyesters
nanoparticles (e.g. PLGA and PLLA), where acidic pH and endosomal enzymes hydrolyze
ester bonds [213]. Once polyester nanocarriers are degraded, monomers might be
metabolized through the Krebs cycle or tricarboxylic acid cycle to be cleared from the body
[214]. In addition to biodegradable polyester nanoparticles, the degradation of poly(alkyl
cyanoacrylate) nanoparticles have been associated with enzymatic degradation via esterases
as well as increased degradation at the neutral pH of the cytoplasm as opposed to the

acidic endosomal environment [215]. Another parameter that influences the degradation of
nanocarriers is reactive oxygen species (ROS) generation [216]. Balfourier et al. observed
unexpected intracellular biodegradation of gold nanoparticles induced by ROS, where
oxidation of gold nanoparticles resulted in biomineralization that created well-defined
crystalline assemblies. While challenges remain in the efficient intracellular delivery of
therapeutic cargo, engineering drug carriers to controllably interface with cell membranes
and endosome compartments will enable substantial improvements in therapeutic drug
delivery.

3.4.2. Direct cytosolic uptake of drug carriers and drug cargo—While the
majority of drug delivery research focuses on inducing endosomal escape of drug carriers,
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the direct cytosolic uptake of drug carriers offers an alternative approach to cellular drug
delivery. Modifying the surface chemistry of drug carriers is the most studied approach to
inducing cytosolic uptake of nanoparticles. This can be achieved by densely coating particles
with positively charged moieties or lipophilic surfaces that interact with the cell membrane
and cause direct membrane permeabilization rather than inducing endocytosis [217-220].
Many studies have reported on the surface modification of drug carriers with cell-penetrating
peptides (CPPs). CPPs are typically composed of cationic peptide sequences such as
poly(arginine), which owing to their positive charge, can permeabilize cell membranes and
enable the transport of drug cargo or intact nanoparticle drug carriers into the cytosol
[221-223]. CPPs have been used with a wide range of drug carrier types, including
liposomes, inorganic particles, and biodegradable polymeric particles. One major caveat

to CPP-induced cell uptake is possible cytotoxic effects caused by increased membrane
permeability. It is therefore essential to carefully tune the surface charge and density of CPP
coatings to enable cytosolic uptake without causing toxicity. Lastly, CPPs are nonspecific
for cell type, and thus additional targeting strategies may benefit the use of CPPs and
circumvent some of the off-target cytotoxicity associated with their use.

Another method to overcome endosomal escape and gain direct access to the intracellular
space is through the use of nanoneedles (NNs). The use of NNs to intracellularly deliver
biotherapeutics such as nucleic acids, proteins, and engineered drug carriers with high
transfection rates has been studied (Fig. 8a) [224,225]. Overcoming the fate of endosomal
compartments, NNs have been proposed to provide a direct traffic of biotherapeutics into
the cytoplasm where NNs traverse the plasma membrane with minimal toxicity [226,227].
However, other reports have indicated that NNs rather than facilitating direct cytosolic
access, alter the standard endolysosomal uptake mechanisms to hasten endosomal uptake
and subsequent cytosolic cargo release [97,225,228]. Several in-depth analytical studies
described that NNs cause perforations and cell deformations, influencing mechanosensitive
cell behavior [229,230] and can lead to the formation of intracellular scaffolding structures
that are correlated to clathrin or caveolae-mediated endocytosis [224,231]. To better
understand the contribution of endocytosis with NNs, Gopal et al. studied endolysosomal
trafficking of porous silicon nanoneedle-injected siRNA and quantum dots to understand
the role of endocytosis on NN-mediated drug trafficking [225]. The authors demonstrated
improved intracellular delivery of siRNA using nanoinjected siRNA targeting GAPDH
(Fig. 8b). Regarding endolysosomal trafficking, nanoinjected-siRNA was colocalized into
the endolysosomal pathway with a frequency 62 + 16%, implying that the remaining

38% of siRNA was trafficked in an alternative pathway, likely via direct cytosolic

uptake. It therefore appears that surface topographical strategies such as nanoneedles

can bypass endocytosis to induce direct cytosolic uptake of drugs or modulate cellular
uptake mechanisms to hasten drug delivery into the cytosol. By using advanced imaging
and cellular analytical techniques, researchers can better elucidate the mechanisms of
topographical nanoinjection into cells and better apply these systems to advance therapeutic
drug delivery.[232]
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4. Conclusions

Drug delivery strategies offer a wealth of opportunities to improve drug efficacy and tissue
targeting to reduce side effects. However, biological barriers throughout the body prevent
effective drug delivery by erecting physical and chemical barriers to drug penetration,
clearing drug carriers via the immune system, and degrading drug cargo prior to reaching
its intracellular target. By rationally designing drug carrier properties to interface with
biological systems, researchers can overcome these barriers and improve drug delivery.
This can be achieved by engineering drug carrier morphologies, surface chemistries,
topographies, and installing dynamic responsive behaviors. These strategies can improve the
adherence or penetration of drug carriers through tissue and hydrogel barriers, remodel and
permeabilize barriers, escape or modulate the immune system, and increase cellular uptake
and intracellular trafficking. For all these applications, it is important to study the biological
barrier of interest not only as a biological system, but also as a dynamic biomaterial, as

the biointerface is a two-way relationship between how the drug carrier interacts with the
biological barrier and vice versa.

While we have highlighted many innovative examples of drug carrier biointerface
engineering to improve drug delivery, challenges still remain in the field. Biological
barriers are difficult to study, as they are dynamic systems that not only change in
response to local perturbations, but also can be damaged during analysis and lead to an
imperfect understanding of the barrier properties. As more advanced and nondestructive
analytical techniques are developed to study the micro and nanoscale architectures of
biological barriers, rational design approaches to biointerface engineering will improve.
Clinical translation of nano and microscale drug carriers is an overarching challenge

in the field of drug delivery [1,2,11]. Improvements in study reproducibility, material
scale-up, and preclinical models will all be necessary to advance the translation of micro
and nanotechnology into the clinic. Off-target effects and toxicity studies are especially
important for the translation of drug carriers that interact with and remodel biological
barriers, as any perturbation to homeostasis could have severe consequences. Thus, drug
carrier biodistributions and half-lives, immunogenicities, and in-depth analyses of the
material biointerface in relevant animal models must be thoroughly studied prior to clinical
translation.

Next generation drug carriers could offer significant improvements in overcoming multiple
biological barriers and dramatically improving therapeutic efficacies. As we have seen,
drug carriers must oftentimes navigate multiple barriers prior to reaching their biological
targets. As the field of dynamic and responsive materials advances, researchers should
incorporate new and innovative designs into drug carriers to allow for dynamic and
sequential interactions with multiple biological barriers. This approach could allow for a
single drug carrier to not only penetrate through mucus barriers, but also initiate tight
junction remodeling and evade immune system clearance and immunogenicity. Lastly,
researchers should look to biology for inspiration in how to overcome biological barriers.
Both bacteria and mammalian cells have evolved ways to dynamically remodel biological
hydrogels such as mucus in order to travel across and through these barriers. Bioinspired
materials that mimic these strategies through advanced synthetic chemistry and materials
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engineering could therefore improve drug transport and targeting for numerous biomedical
applications. Throughout these new approaches, the biointerface between a drug carrier
and a biological system must be treated as a dynamic and tunable relationship, one which
could facilitate improved therapeutic outcomes and enhance approaches to overcome key
biological barriers to drug delivery.

Acknowledgements

J.A.F. was supported by the UCSF HIVE postdoctoral fellowship. T.A.D. acknowledges funding by the National
Institutes of Health. M.M.S. acknowledges the grant from the UK Regenerative Medicine Platform “Acellular/
Smart Materials—3D Architecture” (MR/R015651/1). F.S. and M.M.S. acknowledge funding by the Department of
Health and Social Care using UK Aid funding and is managed by the Engineering and Physical Sciences Research
Council (EPSRC, grant number: EP/R013764/1). The views expressed in this publication are those of the author(s)
and not necessarily those of the Department of Health and Social Care.

References

[1]. LaVan DA, McGuire T, Langer R, Small-scale systems for in vivo drug delivery, Nat. Biotechnol.
21 (2003) 1184-1191, 10.1038/nbt876. [PubMed: 14520404]

[2]. De Jong WH, Borm PJA, Drug delivery and nanoparticles: Applications and hazards, Int. J.
Nanomedicine. 3 (2008) 133-149, 10.2147/ijn.s596. [PubMed: 18686775]

[3]. Goldberg M, Langer R, Jia X, Nanostructured materials for applications in drug delivery and tissue
engineering, J. Biomater. Sci. Polym. Ed. 18 (2007) 241-268, 10.1163/156856207779996931.
[PubMed: 17471764]

[4]. Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, Dvorak HF, Chan WCW, Analysis of nanoparticle
delivery to tumours, Nat. Rev. Mater. 1 (2016) 1-12, 10.1038/natrevmats.2016.14.

[5]. Bertrand N, Wu J, Xu X, Kamaly N, Farokhzad OC, Cancer nanotechnology: The impact of
passive and active targeting in the era of modern cancer biology, Adv. Drug Deliv. Rev. 66 (2014)
2-25, 10.1016/j.addr.2013.11.009. [PubMed: 24270007]

[6]. Simpson JD, Smith SA, Thurecht KJ, Such G, Engineered polymeric materials for biological
applications: Overcoming challenges of the bio-nano interface, Polymers (Basel). 11 (2019) 1-
33, 10.3390/polym11091441.

[7]. Meng H, Leong W, Leong KW, Chen C, Zhao Y, Walking the line: The fate of nanomaterials
at biological barriers, Biomaterials. 174 (2018) 41-53, 10.1016/j.biomaterials.2018.04.056.
[PubMed: 29778981]

[8]. Pei D, Buyanova M, Overcoming endosomal entrapment in drug delivery, Bioconjug. Chem. 30
(2019) 273-283, 10.1021/acs.bioconjchem.8b00778. [PubMed: 30525488]

[9]. Mager MD, Lapointe V, Stevens MM, Exploring and exploiting chemistry at the cell surface, Nat.
Chem. 3 (2011) 582-589, 10.1038/nchem.1090. [PubMed: 21778976]

[10]. Mitragotri S, Lahann J, Physical approaches to biomaterial design, Nat. Mater. 8 (2009) 15-23,
10.1038/nmat2344. [PubMed: 19096389]

[11]. Zhao Z, Ukidve A, Krishnan V, Mitragotri S, Effect of physicochemical and surface properties
on in vivo fate of drug nanocarriers, Adv. Drug Deliv. Rev. 143 (2019) 3-21, 10.1016/
j.addr.2019.01.002. [PubMed: 30639257]

[12]. Blanco E, Shen H, Ferrari M, Principles of nanoparticle design for overcoming biological barriers
to drug delivery, Nat. Biotechnol. 33 (2015) 941-951, 10.1038/nbt.3330. [PubMed: 26348965]

[13]. Ernsting MJ, Murakami M, Roy A, Li SD, Factors controlling the pharmacokinetics,
biodistribution and intratumoral penetration of nanoparticles, J. Control. Release. 172 (2013)
782-794, 10.1016/j.jconrel.2013.09.013. [PubMed: 24075927]

[14]. Elsabahy M, Wooley KL, Design of polymeric nanoparticles for biomedical delivery
applications, Chem. Soc. Rev. 41 (2012) 2545-2561, 10.1039/c2cs15327k. [PubMed: 22334259]

[15]. Witten J, Samad T, Ribbeck K, Selective permeability of mucus barriers, Curr. Opin. Biotechnol.
52 (2018) 124-133, 10.1016/j.copbio.2018.03.010. [PubMed: 29674157]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 26

[16]. Salama NN, Eddington ND, Fasano A, Tight junction modulation and its relationship to
drug delivery, Adv. Drug Deliv. Rev. 58 (2006) 15-28, 10.1016/j.addr.2006.01.003. [PubMed:
16517003]

[17]. Tang S, Zheng J, Antibacterial activity of silver nanoparticles: structural effects, Adv. Healthc.
Mater. 7 (2018) 1-10, 10.1002/adhm.201701503.

[18]. Chithrani BD, Arezou A Ghazani, W.C.W., Chan, determining the size and shape dependence
of gold nanoparticle uptake into mammalian cells, Nano Lett. 6 (2006) 662-668, 10.1021/
NL0523960. [PubMed: 16608261]

[19]. Moyer TJ, Finbloom JA, Chen F, Toft DJ, Cryns VL, Stupp SI, pH and amphiphilic structure
direct supramolecular behavior in biofunctional assemblies, J. Am. Chem. Soc. 136 (2014)
14746-14752, 10.1021/ja5042429. [PubMed: 25310840]

[20]. Finbloom J, Aanei I, Bernard J, Klass S, Elledge S, Han K, Ozawa T, Nicolaides T, Berger
M, Francis M, Evaluation of three morphologically distinct virus-like particles as nanocarriers
for convection-enhanced drug delivery to glioblastoma, Nanomaterials. 8 (2018) 1007, 10.3390/
nano8121007. [PubMed: 30563038]

[21]. Shukla S, Eber FJ, Nagarajan AS, DiFranco NA, Schmidt N, Wen AM, Eiben S, Twyman RM,
Wege C, Steinmetz NF, The impact of aspect ratio on the biodistribution and tumor homing of
rigid soft-matter nanorods, Adv. Healthc. Mater. 4 (2015) 874-882http://www.ncbi.nlm.nih.gov/
pubmed/25641794. [PubMed: 25641794]

[22]. Gratton SE, Ropp P, Pohlhaus PD, Luft JC, Madden VJ, Napier ME, DeSimone JM, The effect
of particle design on cellular internalization pathways, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
11613-11618, 10.1073/pnas.0801763105. [PubMed: 18697944]

[23]. Geng Y, Dalhaimer P, Cai S, Tsai R, Tewari M, Minko T, Discher DE, Shape effects of
filaments versus spherical particles in flow and drug delivery, Nat. Nanotechnol. 2 (2007) 249-
255, 10.1038/nnano.2007.70. [PubMed: 18654271]

[24]. Anselmo AC, Lynn Modery-Pawlowski C, Menegatti S, Kumar S, Vogus DR, Tian LL, Chen M,
Squires TM, Sen Gupta A, Mitragotri S, Platelet-like nanoparticles: Mimicking shape, flexibility,
and surface biology of platelets to target vascular injuries, ACS Nano. 8 (2014) 11243-11253,
10.1021/nn503732m. [PubMed: 25318048]

[25]. Mahon E, Salvati A, Baldelli Bombelli F, Lynch I, Dawson KA, Designing the nanoparticle-
biomolecule interface for “targeting and therapeutic delivery”, J. Control. Release. 161 (2012)
164-174, 10.1016/j.jconrel.2012.04.009. [PubMed: 22516097]

[26]. Witten J, Ribbeck K, The particle in the spider’s web: Transport through biological hydrogels,
Nanoscale. 9 (2017) 8080-8095, 10.1039/c6nr09736g. [PubMed: 28580973]

[27]. Kinnear C, Moore TL, Rodriguez-Lorenzo L, Rothen-Rutishauser B, Petri-Fink A, Form follows
function: nanoparticle shape and its implications for nanomedicine, Chem. Rev. 117 (2017)
11476-11521, 10.1021/acs.chemrev.7b00194. [PubMed: 28862437]

[28]. Davenport Huyer L, Pascual-Gil S, Wang Y, Mandla S, Yee B, Radisic M, Advanced strategies
for modulation of the material-macrophage interface, Adv. Funct. Mater. 1909331 (2020)
10.1002/adfm.201909331.

[29]. Wu Z, Yang S, Wu W, Shape control of inorganic nanoparticles from solution, Nanoscale. 8
(2016) 1237-1259, 10.1039/c5nr07681a. [PubMed: 26696235]

[30]. Varde NK, Pack DW, Microspheres for controlled release drug delivery, Expert Opin. Biol. Ther.
4 (2004) 35-51, 10.1517/14712598.4.1.35. [PubMed: 14680467]

[31]. Koch B, Rubino I, Quan FS, Yoo B, Choi HJ, Microfabrication for drug delivery, Materials
(Basel) 9 (2016) 10.3390/ma9080646.

[32]. Dendukuri D, Doyle PS, The synthesis and assembly of polymeric microparticles using
microfluidics, Adv. Mater. 21 (2009) 4071-4086, 10.1002/adma.200803386.

[33]. Sant S, Tao SL, Fisher OZ, Xu Q, Peppas NA, Khademhosseini A, Microfabrication technologies
for oral drug delivery, Adv. Drug Deliv. Rev. 64 (2012) 496-507, 10.1016/j.addr.2011.11.013.
[PubMed: 22166590]

[34]. Liu Z, Fontana F, Python A, Hirvonen JT, Santos HA, microfluidics for production of particles:
mechanism, methodology, and applications, Small 16 (2020) 10.1002/smll.201904673.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.


http://www.ncbi.nlm.nih.gov/pubmed/25641794
http://www.ncbi.nlm.nih.gov/pubmed/25641794

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

Page 27

Branco MC, Schneider JP, Self-assembling materials for therapeutic delivery, Acta Biomater. 5
(2009) 817-831, 10.1016/j.actbio.2008.09.018. [PubMed: 19010748]

Williford JM, Santos JL, Shyam R, Mao HQ, Shape control in engineering of polymeric
nanoparticles for therapeutic delivery, Biomater. Sci. 3 (2015) 894-907, 10.1039/c5bm00006h.
[PubMed: 26146550]

Zamecnik CR, Lowe MM, Patterson DM, Rosenblum MD, Desai TA, Injectable Polymeric
Cytokine-Binding Nanowires Are Effective Tissue-Specific Immunomodulators, ACS Nano. 11
(2017) 11433-11440, 10.1021/acsnano.7b06094. [PubMed: 29124929]

Fox CB, Kim J, Schlesinger EB, Chirra HD, Desai TA, Fabrication of micropatterned polymeric
nanowire arrays for high-resolution reagent localization and topographical cellular control, Nano
Lett. 15 (2015) 1540-1546, 10.1021/n1503872p. [PubMed: 25639724]

Perry JL, Herlihy KP, Napier ME, Desimone JM, PRINT: A novel platform toward shape and
size specific nanoparticle theranostics, Acc. Chem. Res. 44 (2011) 990-998, 10.1021/ar2000315.
[PubMed: 21809808]

Champion JA, Katare YK, Mitragotri S, Making polymeric micro- and nanoparticles of complex
shapes, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 11901-11904, 10.1073/pnas.0705326104.
[PubMed: 17620615]

Yamamoto H, Kuno Y, Sugimoto S, Takeuchi H, Kawashima Y, Surface-modified PLGA
nanosphere with chitosan improved pulmonary delivery of calcitonin by mucoadhesion and
opening of the intercellular tight junctions, J. Control. Release. 102 (2005) 373-381, 10.1016/
j.jeonrel.2004.10.010. [PubMed: 15653158]

Sonia TA, Rekha MR, Sharma CP, Bioadhesive hydrophobic chitosan microparticles for oral
delivery of insulin: In vitro characterization and in vivo uptake studies, J. Appl. Polym. Sci. 119
(2011) 2902-2910, 10.1002/app.32979.

Wu L, Shan W, Zhang Z, Huang Y, Engineering nanomaterials to overcome the mucosal

barrier by modulating surface properties, Adv. Drug Deliv. Rev. 124 (2018) 150-163, 10.1016/
j.addr.2017.10.001. [PubMed: 28989056]

Ernst J, Klinger-Strobel M, Arnold K, Thamm J, Hartung A, Pletz MW, Makarewicz O, Fischer
D, Polyester-based particles to overcome the obstacles of mucus and biofilms in the lung for
tobramycin application under static and dynamic fluidic conditions, Eur. J. Pharm. Biopharm.
131 (2018) 120-129, 10.1016/j.ejpb.2018.07.025. [PubMed: 30063969]

McClements DJ, Advances in fabrication of emulsions with enhanced functionality using
structural design principles, Curr. Opin. Colloid Interface Sci. 17 (2012) 235-245, 10.1016/
j.cocis.2012.06.002.

Radovic-Moreno AF, Lu TK, Puscasu VA, Yoon CJ, Langer R, Farokhzad OC, Surface charge-
switching polymeric nanoparticles for bacterial cell wall-targeted delivery of antibiotics, ACS
Nano. 6 (2012) 4279-4287, 10.1021/nn3008383. [PubMed: 22471841]

Kaldybekov DB, Filippov SK, Radulescu A, Khutoryanskiy V'V, Maleimide-functionalised
PLGA-PEG nanoparticles as mucoadhesive carriers for intravesical drug delivery, Eur. J. Pharm.
Biopharm. 143 (2019) 24-34, 10.1016/j.ejpb.2019.08.007. [PubMed: 31419584]

Webber MJ, Berns EJ, Stupp Sl, Supramolecular nanofibers of peptide amphiphiles for medicine,
Isr. J. Chem. 53 (2013) 530-554, 10.1002/ijch.201300046. [PubMed: 24532851]

Spicer CD, Pashuck ET, Stevens MM, Achieving controlled biomolecule-biomaterial
conjugation, Chem. Rev. 118 (2018) 7702-7743, 10.1021/acs.chemrev.8000253. [PubMed:
30040387]

Finbloom JA, Francis MB, Supramolecular strategies for protein immobilization and
modification, Curr. Opin. Chem. Biol. 46 (2018) 91-98, 10.1016/j.cbpa.2018.05.023. [PubMed:
30041103]

Webber MJ, Langer R, Drug delivery by supramolecular design, Chem. Soc. Rev. 46 (2017)
6600-6620, 10.1039/c7cs00391a. [PubMed: 28828455]

Sperling RA, Parak WJ, Surface modification, functionalization and bioconjugation of colloidal
Inorganic nanoparticles, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 368 (2010) 1333-1383,
10.1098/rsta.2009.0273.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].
[68].

[69].

[70].

[71].

Page 28

Correa S, Dreaden EC, Gu L, Hammond PT, Engineering nanolayered particles for modular

drug delivery, J. Control. Release. 240 (2016) 364-386, 10.1016/j.jconrel.2016.01.040. [PubMed:
26809005]

Walsh LA, Allen JL, Desai TA, Nanotopography applications in drug delivery, Expert Opin. Drug
Deliv. 12 (2015) 1823-1827, 10.1517/17425247.2015.1103734. [PubMed: 26512871]

Fox CB, Kim J, Le LV, Nemeth CL, Chirra HD, Desai TA, Micro/nanofabricated platforms

for oral drug delivery, J. Control. Release. 219 (2015) 431-444, 10.1016/j.jconrel.2015.07.033.
[PubMed: 26244713]

Norman JJ, Desai TA, Methods for fabrication of nanoscale topography for tissue engineering
scaffolds, Ann. Biomed. Eng. 34 (2006) 89-101, 10.1007/s10439-005-9005-4. [PubMed:
16525765]

Uskokovi¢ V, Lee PP, Walsh LA, Fischer KE, Desai TA, PEGylated silicon nanowire coated silica
microparticles for drug delivery across intestinal epithelium, Biomaterials. 33 (2012) 1663-1672,
10.1016/j.biomaterials.2011.11.010. [PubMed: 22116000]

Roh S, Williams AH, Bang RS, Stoyanov SD, Velev OD, Soft dendritic microparticles

with unusual adhesion and structuring properties, Nat. Mater. 18 (2019) 1315-1320, 10.1038/
541563-019-0508-z. [PubMed: 31611673]

Lépez-Marzo A, Pons J, Merkogi A, Controlled formation of nanostructured CaCO3-PEI
microparticles with high biofunctionalizing capacity, J. Mater. Chem. 22 (2012) 15326-15335,
10.1039/c2jm32240d.

Park CG, Kim MJ, Park M, Choi SY, Lee SH, Lee JE, Shin GS, Park KH, Bin Choy Y,
Nanostructured mucoadhesive microparticles for enhanced preocular retention, Acta Biomater.
10 (2014) 77-86, 10.1016/j.acthio.2013.08.026. [PubMed: 23978409]

Zhang L, Belova V, Wang H, Dong W, Mohwald H, Controlled cavitation at nano/microparticle
surfaces, Chem. Mater. 26 (2014) 2244-2248, 10.1021/cm404194n.

Blum AP, Kammeyer JK, Rush AM, Callmann CE, Hahn ME, Gianneschi NC, Stimuli-
responsive nanomaterials for biomedical applications, J. Am. Chem. Soc. 137 (2015) 2140-2154,
10.1021/ja510147n. [PubMed: 25474531]

Medina-Sanchez M, Xu H, Schmidt OG, Micro- and nano-motors: The new generation of drug
carriers, Ther. Deliv. 9 (2018) 303-316, 10.4155/tde-2017-0113. [PubMed: 29540126]

Olson ES, Jiang T, Aguilera TA, Nguyen QT, Ellies LG, Scadeng M, Tsien RY, Activatable

cell penetrating peptides linked to nanoparticles as dual probes for in vivo fluorescence and

MR imaging of proteases, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 4311-4316, 10.1073/
pnas.0910283107. [PubMed: 20160077]

Chien MP, Carlini AS, Hu D, Barback CV, Rush AM, Hall DJ, Orr G, Gianneschi NC, Enzyme-
directed assembly of nanoparticles in tumors monitored by in vivo whole animal imaging and
ex vivo super-resolution fluorescence imaging, J. Am. Chem. Soc. 135 (2013) 18710-18713,
10.1021/ja408182p. [PubMed: 24308273]

Nguyen MM, Carlini AS, Chien MP, Sonnenberg S, Luo C, Braden RL, Oshorn KG, Li Y,
Gianneschi NC, Christman KL, Enzyme-responsive nanoparticles for targeted accumulation and
prolonged retention in heart tissue after myocardial infarction, Adv. Mater. 27 (2015) 5547-5552,
10.1002/adma.201502003. [PubMed: 26305446]

Kozlovskaya V, Xue B, Kharlampieva E, Shape-adaptable polymeric particles for controlled
delivery, Macromolecules. 49 (2016) 8373-8386, 10.1021/acs.macromol.6b01740.

Li F, LuJ, Kong X, Hyeon T, Ling D, Dynamic nanoparticle assemblies for biomedical
applications, Adv. Mater. 29 (2017) 1605897, 10.1002/adma.201605897.

Loynachan CN, Soleimany AP, Dudani JS, Lin Y, Najer A, Bekdemir A, Chen Q, Bhatia SN,
Stevens MM, Renal clearable catalytic gold nanoclusters for in vivo disease monitoring, Nat.
Nanotechnol. 14 (2019) 883-890, 10.1038/s41565-019-0527-6. [PubMed: 31477801]
Gonzalez-Mariscal L, Nava P, Hernandez S, Critical role of tight junctions in drug delivery
across epithelial and endothelial cell layers, J. Membr. Biol. 207 (2005) 55-68, 10.1007/
500232-005-0807-y. [PubMed: 16477528]

Schlingmann B, Molina SA, Koval M, Claudins: Gatekeepers of lung epithelial function, Semin.
Cell Dev. Biol. 42 (2015) 47-57, 10.1016/j.semcdb.2015.04.009. [PubMed: 25951797]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

[80].

[81].

[82].

[83].

[84].

[85].

[36].

[87].

[88].

Page 29

Bisht R, Mandal A, Jaiswal JK, Rupenthal ID, Nanocarrier mediated retinal drug delivery:
overcoming ocular barriers to treat posterior eye diseases, Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 10 (2018), e1473. 10.1002/wnan.1473.

Pardridge WM, Drug transport across the blood-brain barrier, J. Cereb. Blood Flow Metab. 32
(2012) 1959-1972, 10.1038/jcbfm.2012.126. [PubMed: 22929442]

Wagner AM, Gran MP, Peppas NA, Designing the new generation of intelligent biocompatible
carriers for protein and peptide delivery, Acta Pharm. Sin. B. 8 (2018) 147-164, 10.1016/
j.apsh.2018.01.013. [PubMed: 29719776]

Lamson NG, Berger A, Fein KC, Whitehead KA, Anionic nanoparticles enable the oral delivery
of proteins by enhancing intestinal permeability, Nat. Biomed. Eng. 4 (2020) 84-96, 10.1038/
$41551-019-0465-5. [PubMed: 31686002]

Leve F, Bonfim DP, Fontes G, Morgado-Diaz JA, Gold nanoparticles regulate tight junctions and
improve cetuximab effect in colon cancer cells, Nanomedicine. 14 (2019) 1665-1678, 10.2217/
nnm-2019-0023.

Coyuco JC, Liu Y, Tan BJ, Chiu GNC, Functionalized carbon nanomaterials: Exploring the
interactions with Caco-2 cells for potential oral drug delivery, Int. J. Nanomedicine. 6 (2011)
2253-2263, 10.2147/1IN.S23962. [PubMed: 22125408]

Caldorera-Moore M, Vela Ramirez JE, Peppas NA, Transport and delivery of interferon-a
through epithelial tight junctions via pH-responsive poly (methacrylic acid-grafted-ethylene
glycol) nanoparticles, J. Drug Target. 27 (2019) 582-589, 10.1080/1061186X.2018.1547732.
[PubMed: 30457357]

Stephansen K, Garcia-Diaz M, Jessen F, Chronakis 1S, Nielsen HM, Bioactive protein-based
nanofibers interact with intestinal biological components resulting in transepithelial permeation
of a therapeutic protein, Int. J. Pharm. 495 (2015) 58-66, 10.1016/j.ijpharm.2015.08.076.
[PubMed: 26320547]

Liu M, Zhang J, Zhu X, Shan W, Li L, Zhong J, Zhang Z, Huang Y, Efficient mucus
permeation and tight junction opening by dissociable “mucus-inert” agent coated trimethyl
chitosan nanoparticles for oral insulin delivery, J. Control. Release. 222 (2016) 67-77, 10.1016/
j.jeonrel.2015.12.008. [PubMed: 26686663]

Thanou M, Verhoef JC, Junginger HE, Oral drug absorption enhancement by chitosan and

its derivatives, Adv. Drug Deliv. Rev. 52 (2001) 117-126, 10.1016/S0169-409X(01)00231-9.
[PubMed: 11718935]

Artursson P, Lindmark T, Davis SS, Illum L, Effect of chitosan on the permeability of
monolayers of intestinal epithelial cells (Caco-2), Pharm. Res. 11 (1994) 1358-1361, 10.1023/
A:1018967116988. [PubMed: 7816770]

Yu SH, Tang DW, Hsieh HY, Wu WS, Lin BX, Chuang EY, Sung HW, Mi FL,
Nanoparticle-induced tight-junction opening for the transport of an anti-angiogenic sulfated
polysaccharide across Caco-2 cell monolayers, Acta Biomater. 9 (2013) 7449-7459, 10.1016/
j.actbio.2013.04.009. [PubMed: 23583645]

Zhou S, Deng H, Zhang Y, Wu P, He B, Dai W, Zhang H, Zhang Q, Zhao R, Wang X, Thiolated
nanoparticles overcome the mucus barrier and epithelial barrier for oral delivery of insulin, Mol.
Pharm. 17 (2020) 239-250, 10.1021/acs.molpharmaceut.9b00971. [PubMed: 31800258]

Kam KR, Walsh LA, Bock SM, Koval M, Fischer KE, Ross RF, Desai TA, Nanostructure-
mediated transport of biologics across epithelial tissue: Enhancing permeability via
nanotopography, Nano Lett. 13 (2013) 164-171, 10.1021/n13037799. [PubMed: 23186530]
Huang X, Shi X, Hansen ME, Nemeth CL, Ceili A, Huang B, Mauro T, Koval M, Desali

TA, Nanotopography enhances dynamic remodeling of tight junction proteins through cytosolic
complexes, BioRxiv. (2019) 10.1101/858118858118.

Walsh L, Ryu J, Bock S, Koval M, Mauro T, Ross R, Desai T, Nanotopography facilitates in
vivo transdermal delivery of high molecular weight therapeutics through an integrin-dependent
mechanism, Nano Lett. 15 (2015) 2434-2441, 10.1021/n1504829f. [PubMed: 25790174]
Uskokovi¢ V, Lee K, Lee PP, Fischer KE, Desai TA, Shape effect in the design of nanowire-
coated microparticles as transepithelial drug delivery devices, ACS Nano. 6 (2012) 7832-7841,
10.1021/nn3019865. [PubMed: 22900471]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 30

[89]. Jargensen JR, Jepsen ML, Nielsen LH, Dufva M, Nielsen HM, Rades T, Boisen A, Milllertz A,

[90].

[o1].

[92].

[93].

[94].

[95].

[96].

[97].

[98].

[99].

Microcontainers for oral insulin delivery — In vitro studies of permeation enhancement, Eur. J.
Pharm. Biopharm. 143 (2019) 98-105, 10.1016/j.ejpb.2019.08.011. [PubMed: 31425857]
Prausnitz MR, Langer R, Transdermal drug delivery, Nat. Biotechnol. 26 (2008) 1261-1268,
10.1038/nbt.1504. [PubMed: 18997767]

Schoellhnammer CM, Blankschtein D, Langer R, Skin permeabilization for transdermal drug
delivery: Recent advances and future prospects, Expert Opin. Drug Deliv. 11 (2014) 393-407,
10.1517/17425247.2014.875528. [PubMed: 24392787]

Park JH, Choi SO, Seo S, Bin Choy Y, Prausnitz MR, A microneedle roller for transdermal drug
delivery, Eur. J. Pharm. Biopharm. 76 (2010) 282-289, 10.1016/j.ejpb.2010.07.001. [PubMed:
20624460]

He Y, Hong C, Li J, Howard MT, Li Y, Turvey ME, Uppu DSSM, Martin JR, Zhang K, Irvine
DJ, Hammond PT, Synthetic Charge-Invertible Polymer for Rapid and Complete Implantation
of Layer-by-Layer Microneedle Drug Films for Enhanced Transdermal Vaccination, ACS Nano,
2018 10.1021/acsnano.8b05373.

Boopathy AV, Mandal A, Kulp DW, Menis S, Bennett NR, Watkins HC, Wang W, Martin

JT, Thai NT, He Y, Schief WR, Hammond PT, Irvine DJ, Enhancing humoral immunity via
sustained-release implantable microneedle patch vaccination, Proc. Natl. Acad. Sci. U. S. A. 116
(2019) 16473-16478, 10.1073/pnas.1902179116. [PubMed: 31358641]

McAllister DV, Wang PM, Davis SP, Park JH, Canatella PJ, Allen MG, Prausnitz MR,
Microfabricated needles for transdermal delivery of macromolecules and nanoparticles:
Fabrication methods and transport studies, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 13755—
13760, 10.1073/pnas.2331316100. [PubMed: 14623977]

Wang PM, Cornwell M, Hill J, Prausnitz MR, Precise microinjection into skin using hollow
microneedles, J. Invest. Dermatol. 126 (2006) 1080-1087, 10.1038/sj.jid.5700150. [PubMed:
16484988]

Chiappini C, De Rosa E, Martinez JO, Liu X, Steele J, Stevens MM, Tasciotti E,

Biodegradable silicon nanoneedles delivering nucleic acids intracellularly induce localized

in vivo neovascularization, Nat. Mater. 14 (2015) 532-539, 10.1038/nmat4249. [PubMed:
25822693]

Kolhar P, Doshi N, Mitragotri S, Polymer nanoneedle-mediated intracellular drug delivery, Small.
7 (2011) 2094-2100, 10.1002/smll.201100497. [PubMed: 21695782]

Chiappini C, Campagnolo P, Almeida CS, Abbassi-Ghadi N, Chow LW, Hanna GB, Stevens
MM, Mapping local cytosolic enzymatic activity in human esophageal mucosa with porous
silicon nanoneedles, Adv. Mater. 27 (2015) 5147-5152, 10.1002/adma.201501304. [PubMed:
26197973]

[100]. Hanson L, Zhao W, Lou HY, Lin ZC, Lee SW, Chowdary P, Cui Y, Cui B, Vertical nanopillars

for in situ probing of nuclear mechanics in adherent cells, Nat. Nanotechnol. 10 (2015) 554-562,
10.1038/nnano.2015.88. [PubMed: 25984833]

[101]. Teleanu DM, Chircov C, Grumezescu AM, Volceanov A, Teleanu RI, Blood-brain delivery

methods using nanotechnology, Pharmaceutics 10 (2018) 10.3390/pharmaceutics100402609.

[102]. Moura RP, Martins C, Pinto S, Sousa F, Sarmento B, Blood-brain barrier receptors and

transporters: an insight on their function and how to exploit them through nanotechnology, Expert
Opin. Drug Deliv. 16 (2019) 271-285, 10.1080/17425247.2019.1583205. [PubMed: 30767695]

[103]. Anraku Y, Kuwahara H, Fukusato Y, Mizoguchi A, Ishii T, Nitta K, Matsumoto Y, Toh K,

Miyata K, Uchida S, Nishina K, Osada K, Itaka K, Nishiyama N, Mizusawa H, Yamasoba T,
Yokota T, Kataoka K, Glycaemic control boosts glucosylated nanocarrier crossing the BBB into
the brain, Nat. Commun. 8 (2017) 1001, 10.1038/s41467-017-00952-3. [PubMed: 29042554]

[104]. Nowak M, Brown TD, Graham A, Helgeson ME, Mitragotri S, Size, shape, and flexibility

influence nanoparticle transport across brain endothelium under flow, Bioeng. Transl. Med.
(2019) 1-11, 10.1002/btm2.10153.

[105]. Wohlfart S, Gelperina S, Kreuter J, Transport of drugs across the blood-brain barrier

by nanoparticles, J. Control. Release. 161 (2012) 264-273, 10.1016/j.jconrel.2011.08.017.
[PubMed: 21872624]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 31

[106]. Baghirov H, Karaman D, Viitala T, Duchanoy A, Lou YR, Mamaeva V, Pryazhnikov E, Khiroug
L, De Lange Davies C, Sahlgren C, Rosenholm JM, Feasibility study of the permeability and
uptake of mesoporous silica nanoparticles across the blood-brain barrier, PLoS One 11 (2016)
10.1371/journal.pone.0160705.

[107]. Sonavane G, Tomoda K, Makino K, Biodistribution of colloidal gold nanoparticles after
intravenous administration: Effect of particle size, Colloids Surfaces B Biointerfaces. 66 (2008)
274-280, 10.1016/j.colsurfb.2008.07.004. [PubMed: 18722754]

[108]. Gil ES, Li J, Xiao H, Lowe TL, Quaternary ammonium p-cyclodextrin nanoparticles for
enhancing doxorubicin permeability across the in vitro blood-brain barrier, Biomacromolecules.
10 (2009) 505-516, 10.1021/bm801026k. [PubMed: 19216528]

[109]. Hu Q, Gao X, Gu G, Kang T, Tu Y, Liu Z, Song Q, Yao L, Pang Z, Jiang X,

Chen H, Chen J, Glioma therapy using tumor homing and penetrating peptide-functionalized
PEG-PLA nanoparticles loaded with paclitaxel, Biomaterials. 34 (2013) 5640-5650, 10.1016/
j.biomaterials.2013.04.025. [PubMed: 23639530]

[110]. Lee C, Hwang HS, Lee S, Kim B, Kim JO, Oh KT, Lee ES, Choi H-G, Youn YS, Rabies
virus-inspired silica-coated gold nanorods as a photothermal therapeutic platform for treating
brain tumors, Adv. Mater. 29 (2017) 1605563, 10.1002/adma.201605563.

[111]. Lai SK, Wang Y'Y, Hanes J, Mucus-penetrating nanoparticles for drug and gene delivery
to mucosal tissues, Adv. Drug Deliv. Rev. 61 (2009) 158-171, 10.1016/j.addr.2008.11.002.
[PubMed: 19133304]

[112]. Yuan S, Hollinger M, Lachowicz-Scroggins ME, Kerr SC, Dunican EM, Daniel BM, Ghosh S,
Erzurum SC, Willard B, Hazen SL, Huang X, Carrington SD, Oscarson S, Fahy JV, Oxidation
increases mucin polymer cross-links to stiffen airway mucus gels, Sci. Transl. Med. 7 (2015)
276ra27, 10.1126/scitranslmed.3010525.

[113]. Flemming H-C, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg S, Biofilms:
an emergent form of bacterial life, Nat. Rev. Microbiol. 14 (2016) 563-575, 10.1038/
nrmicro.2016.94. [PubMed: 27510863]

[114]. Ramage G, Culshaw S, Jones B, Williams C, Are we any closer to beating the biofilm:

Novel methods of biofilm control, Curr. Opin. Infect. Dis. 23 (2010) 560-566, 10.1097/
QCO0.0b013e32833e5850. [PubMed: 20717027]

[115]. Flemming HC, Wingender J, The biofilm matrix, Nat. Rev. Microbiol. 8 (2010) 623-633,
10.1038/nrmicro2415. [PubMed: 20676145]

[116]. Netsomboon K, Bernkop-Schniirch A, Mucoadhesive vs. mucopenetrating particulate drug
delivery, Eur. J. Pharm. Biopharm. 98 (2016) 76-89, 10.1016/j.ejpb.2015.11.003. [PubMed:
26598207]

[117]. Alpar HO, Somavarapu S, Atuah KN, Bramwell VW, Biodegradable mucoadhesive particulates
for nasal and pulmonary antigen and DNA delivery, Adv. Drug Deliv. Rev. 57 (2005) 411-430,
10.1016/j.addr.2004.09.004. [PubMed: 15560949]

[118]. Bin Liu X, Ye JX, Quan LH, Liu CY, Deng XL, Yang M, Liao YH, Pulmonary delivery of
scutellarin solution and mucoadhesive particles in rats, Eur. J. Pharm. Biopharm. 70 (2008) 845—
852, 10.1016/j.ejpb.2008.07.004. [PubMed: 18675905]

[119]. Vieira ACC, Chaves LL, Pinheiro S, Pinto S, Pinheiro M, Lima SC, Ferreira D, Sarmento
B, Reis S, Mucoadhesive chitosan-coated solid lipid nanoparticles for better management of
tuberculosis, Int. J. Pharm. 536 (2018) 478-485, 10.1016/j.ijpharm.2017.11.071. [PubMed:
29203137]

[120]. Paul P, Sengupta S, Mukherjee B, Shaw TK, Gaonkar RH, Debnath MC, Chitosan-coated
nanoparticles enhanced lung pharmacokinetic profile of voriconazole upon pulmonary delivery in
mice, Nanomedicine. 13 (2018) 501-520, 10.2217/nnm-2017-0291. [PubMed: 29383985]

[121]. Diinnhaupt S, Barthelmes J, Hombach J, Sakloetsakun D, Arkhipova V, Bernkop-Schniirch A,
Distribution of thiolated mucoadhesive nanoparticles on intestinal mucosa, Int. J. Pharm. 408
(2011) 191-199, 10.1016/j.ijpharm.2011.01.060. [PubMed: 21295123]

[122]. Fischer KE, Nagaraj G, Hugh Daniels R, Li E, Cowles VE, Miller JL, Bunger MD, Desai TA,
Hierarchical nanoengineered surfaces for enhanced cytoadhesion and drug delivery, Biomaterials.
32 (2011) 3499-3506, 10.1016/j.biomaterials.2011.01.022. [PubMed: 21296409]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 32

[123]. Wei X, Beltran-Gastélum M, Karshalev E, Esteban-Fernandez De Avila B, Zhou J, Ran D,
Angsantikul P, Fang RH, Wang J, Zhang L, Biomimetic micromotor enables active delivery of
antigens for oral vaccination, Nano Lett. 19 (2019) 1914-1921, 10.1021/acs.nanolett.8b05051.
[PubMed: 30724085]

[124]. Esteban-Fernandez de Avila B, Angsantikul P, Li J, Gao W, Zhang L, Wang J, Micromotors
go in vivo: from test tubes to live animals, Adv. Funct. Mater. 28 (2018) 1705640, 10.1002/
adfm.201705640.

[125]. Li J, Thamphiwatana S, Liu W, Esteban-Fernandez De Avila B, Angsantikul P, Sandraz E,
Wang J, Xu T, Soto F, Ramez V, Wang X, Gao W, Zhang L, Wang J, Enteric micromotor can
selectively position and spontaneously propel in the gastrointestinal tract, ACS Nano. 10 (2016)
9536-9542, 10.1021/acsnano.6b04795. [PubMed: 27648483]

[126]. Gao W, Dong R, Thamphiwatana S, Li J, Gao W, Zhang L, Wang J, Artificial micromotors
in the mouse’s stomach: A step toward in vivo use of synthetic motors, ACS Nano. 9 (2015)
117-123, 10.1021/nn507097k. [PubMed: 25549040]

[127]. Lim YH, Tiemann KM, Hunstad DA, Elsabahy M, Wooley KL, Polymeric nanoparticles in
development for treatment of pulmonary infectious diseases, Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 8 (2016) 842-871, 10.1002/wnan.1401. [PubMed: 27016134]

[128]. Osman G, Rodriguez J, Chan SY, Chisholm J, Duncan G, Kim N, Tatler AL, Shakesheff KM,
Hanes J, Suk JS, Dixon JE, PEGylated enhanced cell penetrating peptide nanoparticles for lung
gene therapy, J. Control. Release. 285 (2018) 35-45, 10.1016/j.jconrel.2018.07.001. [PubMed:
30004000]

[129]. Derbali RM, Aoun V, Moussa G, Frei G, Tehrani SF, Del’Orto JC, Hildgen P, Roullin
VG, Chain JL, Tailored nanocarriers for the pulmonary delivery of levofloxacin against
pseudomonas aeruginosa: a comparative study, Mol. Pharm. 16 (2019) 1906-1916, 10.1021/
acs.molpharmaceut.8b01256. [PubMed: 30900903]

[130]. Senderholm M, Kragh KN, Koren K, Jakobsen TH, Darch SE, Alhede M, Jensen P&, Whiteley
M, Kuhl M, Bjarnsholt T, Pseudomonas aeruginosa aggregate formation in an alginate bead
model system exhibits in vivo-like characteristics, Appl. Environ. Microbiol. 83 (2017) 10.1128/
AEM.00113-17.

[131]. Akkus ZB, Nazir I, Jalil A, Tribus M, Bernkop-Schniirch A, Zeta potential changing
polyphosphate nanoparticles: a promising approach to overcome the mucus and epithelial barrier,
Mol. Pharm. 16 (2019) 2817-2825, 10.1021/acs.molpharmaceut.9b00355. [PubMed: 31070926]

[132]. Craparo EF, Porsio B, Sardo C, Giammona G, Cavallaro G, Pegylated polyaspartamide-
polylactide-based nanoparticles penetrating cystic fibrosis artificial mucus, Biomacromolecules.
17 (2016) 767-777, 10.1021/acs.biomac.5b01480. [PubMed: 26866983]

[133]. Ensign LM, Cone R, Hanes J, Nanoparticle-based drug delivery to the vagina: A review, J.
Control. Release. 190 (2014) 500-514, 10.1016/j.jconrel.2014.04.033. [PubMed: 24830303]

[134]. Schneider CS, Xu Q, Boylan NJ, Chisholm J, Tang BC, Schuster BS, Henning A, Ensign LM,
Lee E, Adstamongkonkul P, Simons BW, Wang SYS, Gong X, Yu T, Boyle MP, Suk JS, Hanes
J, Nanoparticles that do not adhere to mucus provide uniform and long-lasting drug delivery to
airways following inhalation, Sci. Adv. 3 (2017) 10.1126/sciadv.1601556.

[135]. Traverso G, Schoellhammer CM, Schroeder A, Maa R, Lauwers GY, Polat BE, Anderson DG,
Blankschtein D, Langer R, Microneedles for drug delivery via the gastrointestinal tract, J. Pharm.
Sci. 104 (2015) 362-367, 10.1002/jps.24182. [PubMed: 25250829]

[136]. Abramson A, Caffarel-Salvador E, Soares V, Minahan D, Tian RY, Lu X, Dellal D, Gao
Y, Kim S, Wainer J, Collins J, Tamang S, Hayward A, Yoshitake T, Lee HC, Fujimoto J,
Fels J, Frederiksen MR, Rahbek U, Roxhed N, Langer R, Traverso G, A luminal unfolding
microneedle injector for oral delivery of macromolecules, Nat. Med. 25 (2019) 1512-1518,
10.1038/s41591-019-0598-9. [PubMed: 31591601]

[137]. Abramson A, Caffarel-Salvador E, Khang M, Dellal D, Silverstein D, Gao Y, Frederiksen MR,
Vegge A, Hubalek F, Water JJ, Friderichsen AV, Fels J, Kirk RK, Cleveland C, Collins J, Tamang
S, Hayward A, Landh T, Buckley ST, Roxhed N, Rahbek U, Langer R, Traverso G, An ingestible
self-orienting system for oral delivery of macromolecules, Science (80-. ) 363 (2019) 611-615,
10.1126/science.aau2277.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 33

[138]. McGill SL, Smyth HDC, Disruption of the mucus barrier by topically applied exogenous
particles, Mol. Pharm. 7 (2010) 2280-2288, 10.1021/mp100242r. [PubMed: 20919744]

[139]. Wang Y-Y, Lai SK, So C, Schneider C, Cone R, Hanes J, Mucoadhesive nanoparticles may
disrupt the protective human mucus barrier by altering its microstructure, PLoS One. 6 (2011),
€21547. 10.1371/journal.pone.0021547. [PubMed: 21738703]

[140]. Huh AJ, Kwon YJ, “Nanoantibiotics”: A new paradigm for treating infectious diseases using
nanomaterials in the antibiotics resistant era, J. Control. Release. 156 (2011) 128-145, 10.1016/
j.jeonrel.2011.07.002. [PubMed: 21763369]

[141]. Gupta A, Mumtaz S, Li CH, Hussain I, Rotello VM, Combatting antibioticresistant bacteria
using nanomaterials, Chem. Soc. Rev. 48 (2019) 415-427, 10.1039/c7¢s00748e. [PubMed:
30462112]

[142]. Liu Y, Shi L, Su L, Van der Mei HC, Jutte PC, Ren Y, Busscher HJ, Nanotechnology-based
antimicrobials and delivery systems for biofilm-infection control, Chem. Soc. Rev. 48 (2019)
428-446, 10.1039/c7¢s00807d. [PubMed: 30601473]

[143]. Ikuma K, Madden AS, Decho AW, Lau BLT, Deposition of nanoparticles onto polysaccharide-
coated surfaces: Implications for nanoparticle-biofilm interactions, Environ. Sci. Nano. 1 (2014)
117-122, 10.1039/c3en00075c.

[144]. Porter SL, Coulter SM, Pentlavalli S, Thompson TP, Laverty G, Self-assembling
diphenylalanine peptide nanotubes selectively eradicate bacterial biofilm infection, Acta
Biomater. 77 (2018) 96-105, 10.1016/j.actbio.2018.07.033. [PubMed: 30031161]

[145]. Fang B, Gon S, Park M, Kumar KN, Rotello VM, Nusslein K, Santore MM, Bacterial
adhesion on hybrid cationic nanoparticle-polymer brush surfaces: lonic strength tunes capture
from monovalent to multivalent binding, Colloids Surfaces B Biointerfaces. 87 (2011) 109-115,
10.1016/j.colsurfh.2011.05.010. [PubMed: 21640564]

[146]. Peulen TO, Wilkinson KJ, Diffusion of nanoparticles in a biofilm, Environ. Sci. Technol. 45
(2011) 3367-3373, 10.1021/es103450g. [PubMed: 21434601]

[147]. Lebeaux D, Chauhan A, Rendueles O, Beloin C, From in vitro to in vivo models of bacterial
biofilm-related infections, Pathogens. 2 (2013) 288-356, 10.3390/pathogens2020288. [PubMed:
25437038]

[148]. Li X, Yeh YC, Giri K, Mout R, Landis RF, Prakash YS, Rotello VM, Control of nanoparticle
penetration into biofilms through surface design, Chem. Commun. 51 (2015) 282-285, 10.1039/
c4cc07737g.

[149]. Giri K, Rivas Yepes L, Duncan B, Kolumam Parameswaran P, Yan B, Jiang Y, Bilska M,
Moyano DF, Thompson MA, Rotello VM, Prakash YS, Targeting bacterial biofilms via surface
engineering of gold nanoparticles, RSC Adv. 5 (2015) 105551-105559, 10.1039/c5ra16305f.
[PubMed: 26877871]

[150]. Baelo A, Levato R, Julian E, Crespo A, Astola J, Gavalda J, Engel E, MateosTimoneda
MA, Torrents E, Disassembling bacterial extracellular matrix with DNasecoated nanoparticles
to enhance antibiotic delivery in biofilm infections, J. Control. Release. 209 (2015) 150-158,
10.1016/j.jconrel.2015.04.028. [PubMed: 25913364]

[151]. Horev B, Klein MI, Hwang G, Li Y, Kim D, Koo H, Benoit DSW, PH-Activated nanoparticles
for controlled topical delivery of farnesol to disrupt oral biofilm virulence, ACS Nano. 9 (2015)
2390-2404, 10.1021/nn507170s. [PubMed: 25661192]

[152]. Gupta A, Das R, Yesilbag Tonga G, Mizuhara T, Rotello VM, Charge-switchable nanozymes for
bioorthogonal imaging of biofilm-associated infections, ACS Nano. 12 (2018) 89-94, 10.1021/
acsnano.7b07496. [PubMed: 29244484]

[153]. Wu J, Li F, Hu X, Lu J, Sun X, Gao J, Ling D, Responsive assembly of silver nanoclusters with
a biofilm locally amplified bactericidal effect to enhance treatments against multi-drug-resistant
bacterial infections, ACS Cent. Sci. 5 (2019) 1366-1376, 10.1021/acscentsci.9b00359. [PubMed:
31482119]

[154]. Epstein AK, Wong TS, Belisle RA, Boggs EM, Aizenberg J, Liquid-infused structured surfaces
with exceptional anti-biofouling performance, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 13182—
13187, 10.1073/pnas.1201973109. [PubMed: 22847405]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 34

[155]. Chen J, Howell C, Haller CA, Patel MS, Ayala P, Moravec KA, Dai E, Liu L, Sotiri I, Aizenberg
M, Aizenberg J, Chaikof EL, An immobilized liquid interface prevents device associated
bacterial infection in vivo, Biomaterials. 113 (2017) 80-92, 10.1016/j.biomaterials.2016.09.028.
[PubMed: 27810644]

[156]. Dobrovolskaia MA, McNeil SE, Immunological properties of engineered nanomaterials, Nat.
Nanotechnol. 2 (2007) 469-478, 10.1038/nnano.2007.223. [PubMed: 18654343]

[157]. Sridharan R, Cameron AR, Kelly DJ, Kearney CJ, O’Brien FJ, Biomaterial based modulation
of macrophage polarization: A review and suggested design principles, Mater. Today. 18 (2015)
313-325, 10.1016/j.mattod.2015.01.019.

[158]. Gustafson HH, Holt-Casper D, Grainger DW, Ghandehari H, Nanoparticle uptake: The
phagocyte problem, Nano Today. 10 (2015) 487-510, 10.1016/j.nantod.2015.06.006. [PubMed:
26640510]

[159]. Hadjidemetriou M, Kostarelos K, Nanomedicine: Evolution of the nanoparticle corona, Nat.
Nanotechnol. 12 (2017) 288-290, 10.1038/nnano0.2017.61. [PubMed: 28383044]

[160]. Vroman L, Effect of adsorbed proteins on the wettability of hydrophilic and hydrophobic solids,
Nature. 196 (1962) 476-477, 10.1038/196476a0. [PubMed: 13998030]

[161]. BANGHAM AD, PETHICA BA, SEAMAN GV, The charged groups at the interface of some
blood cells, Biochem. J. 69 (1958) 12-19, 10.1042/bj0690012. [PubMed: 13535575]

[162]. Zhang Z, Wang C, Zha Y, Hu W, Gao Z, Zang Y, Chen J, Zhang J, Dong L, Corona-directed
nucleic acid delivery into hepatic stellate cells for liver fibrosis therapy, ACS Nano. 9 (2015)
2405-2419, 10.1021/nn505166x. [PubMed: 25587629]

[163]. Jokerst JV, Lobovkina T, Zare RN, Gambhir SS, Nanoparticle PEGylation for imaging and
therapy, Nanomedicine. 6 (2011) 715-728, 10.2217/nnm.11.19. [PubMed: 21718180]

[164]. Huynh NT, Roger E, Lautram N, Benoit JP, Passirani C, The rise and rise of stealth nanocarriers
for cancer therapy: Passive versus active targeting, Nanomedicine. 5 (2010) 1415-1433, 10.2217/
nnm.10.113. [PubMed: 21128723]

[165]. Yu SS, Lau CM, Thomas SN, Gray Jerome W, Maron DJ, Dickerson JH, Hubbell JA,

Giorgio TD, Size- and charge-dependent non-specific uptake of PEGylated nanoparticles
by macrophages, Int. J. Nanomedicine. 7 (2012) 799-813, 10.2147/1JN.S28531. [PubMed:
22359457]

[166]. Rodriguez PL, Harada T, Christian DA, Pantano DA, Tsai RK, Discher DE, Minimal “self”
peptides that inhibit phagocytic clearance and enhance delivery of nanoparticles, Science (80-.)
339 (2013) 971-975, 10.1126/science.1229568.

[167]. Zhang KL, Zhou J, Zhou H, Wu Y, Liu R, Wang LL, Lin WW, Huang G, Yang HH, Bioinspired
“active” stealth magneto-nanomicelles for theranostics combining efficient mri and enhanced
drug delivery, ACS Appl. Mater. Interfaces. 9 (2017) 30502-30509, 10.1021/acsami.7b10086.
[PubMed: 28812358]

[168]. Tang Y, Wang X, Li J, Nie Y, Liao G, Yu Y, Li C, Overcoming the Reticuloendothelial
System Barrier to Drug Delivery with a “don’t-Eat-Us” Strategy, ACS Nano, 201910.1021/
acsnano.9b05679.

[169]. Gao W, Zhang L, Coating nanoparticles with cell membranes for targeted drug delivery, J. Drug
Target. 23 (2015) 619-626, 10.3109/1061186X.2015.1052074. [PubMed: 26453159]

[170]. Hu CMJ, Fang RH, Wang KC, Luk BT, Thamphiwatana S, Dehaini D, Nguyen P, Angsantikul
P, Wen CH, Kroll AV, Carpenter C, Ramesh M, Qu V, Patel SH, Zhu J, Shi W, Hofman FM,
Chen TC, Gao W, Zhang K, Chien S, Zhang L, Nanoparticle biointerfacing by platelet membrane
cloaking, Nature. 526 (2015) 118-121, 10.1038/nature15373. [PubMed: 26374997]

[171]. Feng X, Xu W, Li Z, Song W, Ding J, Chen X, Immunomodulatory nanosystems, Adv. Sci. 6
(2019) 10.1002/advs.201900101.

[172]. Wang H, Mooney DJ, Biomaterial-assisted targeted modulation of immune cells in cancer
treatment, Nat. Mater. 17 (2018) 761-772, 10.1038/s41563-018-0147-9. [PubMed: 30104668]

[173]. Chen Q, Wang C, Chen G, Hu Q, Gu Z, Delivery strategies for immune checkpoint blockade,
Adv. Healthc. Mater. 7 (2018) 10.1002/adhm.201800424.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 35

[174]. Feng B, Zhou F, Hou B, Wang D, Wang T, Fu Y, Ma Y, Yu H, Li Y, Binary cooperative
prodrug nanoparticles improve immunotherapy by synergistically modulating immune tumor
microenvironment, Adv. Mater. 30 (2018) 10.1002/adma.201803001.

[175]. Spiller KL, Nassiri S, Witherel CE, Anfang RR, Ng J, Nakazawa KR, Yu T, Vunjak-Novakovic
G, Sequential delivery of immunomodulatory cytokines to facilitate the M1-to-M2 transition of
macrophages and enhance vascularization of bone scaffolds, Biomaterials. 37 (2015) 194-207,
10.1016/j.biomaterials.2014.10.017. [PubMed: 25453950]

[176]. Reeves ARD, Spiller KL, Freytes DO, Vunjak-Novakovic G, Kaplan DL, Controlled release of
cytokines using silk-biomaterials for macrophage polarization, Biomaterials. 73 (2015) 272-283,
10.1016/j.biomaterials.2015.09.027. [PubMed: 26421484]

[177]. Shields CW, Evans MA, Wang LL-W, Baugh N, lyer S, Wu D, Zhao Z, Pusuluri A, Ukidve A,
Pan DC, Mitragotri S, Cellular backpacks for macrophage immunotherapy, Sci. Adv. 6 (2020),
eaaz6579. 10.1126/sciadv.aaz6579. [PubMed: 32494680]

[178]. Wofford KL, Singh BS, Cullen DK, Spiller KL, Biomaterial-mediated reprogramming of
monocytes via microparticle phagocytosis for sustained modulation of macrophage phenotype,
Acta Biomater. 101 (2020) 237-248, 10.1016/j.actbio.2019.11.021. [PubMed: 31731024]

[179]. Moyano DF, Liu Y, Peer D, Rotello VM, Modulation of immune response using engineered
nanoparticle surfaces, Small. 12 (2016) 76-82, 10.1002/smll.201502273. [PubMed: 26618755]

[180]. Wei X, Shao B, He Z, Ye T, Luo M, Sang Y, Liang X, Wang W, Luo S, Yang S, Zhang S,

Gong C, Gou M, Deng H, Zhao Y, Yang H, Deng S, Zhao C, Yang L, Qian Z, Li J, Sun X,

Han J, Jiang C, Wu M, Zhang Z, Cationic nanocarriers induce cell necrosis through impairment
of Na+/K+-ATPase and cause subsequent inflammatory response, Cell Res. 25 (2015) 237-253,
10.1038/cr.2015.9. [PubMed: 25613571]

[181]. Yasuda S, Yoshida H, Nishikawa M, Takakura Y, Comparison of the type of liposome involving
cytokine production induced by non-cpG lipoplex in macrophages, Mol. Pharm. 7 (2010) 533-
542, 10.1021/mp900247d. [PubMed: 20047296]

[182]. Xue J, Zhao Z, Zhang L, Xue L, Shen S, Wen Y, Wei Z, Wang L, Kong L, Sun H, Ping Q,

Mo R, Zhang C, Neutrophil-mediated anticancer drug delivery for suppression of postoperative
malignant glioma recurrence, Nat. Nanotechnol. 12 (2017) 692-700, 10.1038/nnano.2017.54.
[PubMed: 28650441]

[183]. llinskaya AN, Dobrovolskaia MA, Immunosuppressive and anti-inflammatory properties
of engineered nanomaterials, Br. J. Pharmacol. 171 (2014) 3988-4000, 10.1111/bph.12722.
[PubMed: 24724793]

[184]. Chen YW, Hwang KC, Yen CC, Lai YL, Fullerene derivatives protect against oxidative stress in
RAW 264.7 cells and ischemia-reperfused lungs, Am. J. Physiol. - Regul. Integr. Comp. Physiol.
287 (2004) 10.1152/ajpregu.00310.2003.

[185]. Zhang Y, Wang L, Sun Y, Zhu Y, Zhong Z, Shi J, Fan C, Huang Q, Conjugation of
dexamethasone to C60 for the design of an anti-inflammatory nanomedicine with reduced
cellular apoptosis, ACS Appl. Mater. Interfaces. 5 (2013) 5291-5297, 10.1021/am401153k.
[PubMed: 23669026]

[186]. Vishwakarma A, Bhise NS, Evangelista MB, Rouwkema J, Dokmeci MR, Ghaemmaghami
AM, Vrana NE, Khademhosseini A, Engineering immunomodulatory biomaterials to tune the
inflammatory response, Trends Biotechnol. 34 (2016) 470-482, 10.1016/j.tibtech.2016.03.009.
[PubMed: 27138899]

[187]. Luu TU, Gott SC, Woo BWK, Rao MP, Liu WF, Micro- and nanopatterned topographical cues
for regulating macrophage cell shape and phenotype, ACS Appl. Mater. Interfaces. 7 (2015)
28665-28672, 10.1021/acsami.5bh10589. [PubMed: 26605491]

[188]. McWhorter FY, Wang T, Nguyen P, Chung T, Liu WF, Modulation of macrophage phenotype by
cell shape, Proc. Natl. Acad. Sci. U. S. A. 110 (2013) 17253-17258, 10.1073/pnas.1308887110.
[PubMed: 24101477]

[189]. Garg K, Pullen NA, Oskeritzian CA, Ryan JJ, Bowlin GL, Macrophage functional polarization
(M1/M2) in response to varying fiber and pore dimensions of electrospun scaffolds, Biomaterials.
34 (2013) 4439-4451, 10.1016/j.biomaterials.2013.02.065. [PubMed: 23515178]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 36

[190]. Ainslie KM, Tao SL, Popat KC, Daniels H, Hardev V, Grimes CA, Desai TA, In vitro
inflammatory response of nanostructured titania, silicon oxide, and polycaprolactone, J. Biomed.
Mater. Res. - Part A. 91 (2009) 647-655, 10.1002/jbm.a.32262.

[191]. Meng F, Cheng R, Deng C, Zhong Z, Intracellular drug release nanosystems, Mater. Today. 15
(2012) 436442, 10.1016/S1369-7021(12)70195-5.

[192]. Martens TF, Remaut K, Demeester J, De Smedt SC, Braeckmans K, Intracellular delivery
of nanomaterials: How to catch endosomal escape in the act, Nano Today. 9 (2014) 344-364,
10.1016/j.nantod.2014.04.011.

[193]. Yang NJ, Hinner MJ, Getting across the cell membrane: an overview for small molecules,
peptides, and proteins, Methods Mol. Biol. 1266 (2015) 29-53, 10.1007/978-1-4939-2272-7_3.
[PubMed: 25560066]

[194]. Salatin S, Yari Khosroushahi A, Overviews on the cellular uptake mechanism of polysaccharide
colloidal nanoparticles, J. Cell. Mol. Med. 21 (2017) 1668-1686, 10.1111/jcmm.13110.
[PubMed: 28244656]

[195]. Petros RA, Desimone JM, Strategies in the design of nanoparticles for therapeutic applications,
Nat. Rev. Drug Discov. 9 (2010) 615-627, 10.1038/nrd2591. [PubMed: 20616808]

[196]. Zaki NM, Tirelli N, Gateways for the intracellular access of nanocarriers: A review of receptor-
mediated endocytosis mechanisms and of strategies in receptor targeting, Expert Opin. Drug
Deliv. 7 (2010) 895-913, 10.1517/17425247.2010.501792. [PubMed: 20629604]

[197]. Mindell JA, Lysosomal acidification mechanisms, Annu. Rev. Physiol. 74 (2012) 69-86,
10.1146/annurev-physiol-012110-142317. [PubMed: 22335796]

[198]. Ray A, Mitra AK, Nanotechnology in intracellular trafficking, imaging, and delivery of
therapeutic agents, Emerg. Nanotechnologies Diagnostics, Drug Deliv. Med. Devices, Elsevier
Inc. 2017, pp. 169-188, 10.1016/B978-0-323-42978-8.00008-5.

[199]. Shen Y, Tang H, Radosz M, Van Kirk E, Murdoch WJ, PH-responsive nanoparticles for
cancer drug delivery, Methods Mol. Biol. 437 (2008) 183-216, 10.1007/978-1-59745-210-6_10.
[PubMed: 18369970]

[200]. Fehrenbacher N, Jaéttelda M, Lysosomes as targets for cancer therapy, Cancer Res. 65 (2005)
2993-2995, 10.1158/0008-5472.CAN-05-0476. [PubMed: 15833821]

[201]. Lee JS, Groothuis T, Cusan C, Mink D, Feijen J, Lysosomally cleavable peptide-
containing polymersomes modified with anti-EGFR antibody for systemic cancer chemotherapy,
Biomaterials. 32 (2011) 9144-9153, 10.1016/j.biomaterials.2011.08.036. [PubMed: 21872328]

[202]. Cheng R, Feng F, Meng F, Deng C, Feijen J, Zhong Z, Glutathione-responsive nano-vehicles as
a promising platform for targeted intracellular drug and gene delivery, J. Control. Release. 152
(2011) 2-12, 10.1016/j.jconrel.2011.01.030. [PubMed: 21295087]

[203]. Arunachalam B, Phan UT, Geuze HJ, Cresswell P, Enzymatic reduction of disulfide bonds in
lysosomes: Characterization of a gamma-interferon-inducible lysosomal thiol reductase (GILT),
Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 745-750, 10.1073/pnas.97.2.745. [PubMed: 10639150]

[204]. Liu J, Huang W, Pang Y, Huang P, Zhu X, Zhou Y, Yan D, Molecular self-assembly of a
homopolymer: An alternative to fabricate drug-delivery platforms for cancer therapy, Angew.
Chemie - Int. Ed. 50 (2011) 9162-9166, 10.1002/anie.201102280.

[205]. Wasungu L, Hoekstra D, Cationic lipids, lipoplexes and intracellular delivery of genes, J.
Control. Release. 116 (2006) 255-264, 10.1016/j.jconrel.2006.06.024. [PubMed: 16914222]

[206]. Panyam J, Zhou W, Prabha S, Sahoo SK, Labhasetwar V, Rapid endo-lysosomal escape of
poly(DL-lactide- co glycolide) nanoparticles: implications for drug and gene delivery, FASEB J.
16 (2002) 1217-1226, 10.1096/fj.02-0088com. [PubMed: 12153989]

[207]. Lin C, Zhong Z, Lok MC, Jiang X, Hennink WE, Feijen J, Engbersen JFJ, Novel bioreducible
poly(amido amine)s for highly efficient gene delivery, Bioconjug. Chem. 18 (2007) 138-145,
10.1021/bc060200I. [PubMed: 17226966]

[208]. Johnson RP, Uthaman S, John JV, Lee HR, Lee SJ, Park H, Park IK, Suh H, Kim I,
Poly(PEGA)-b-poly(l -lysine)-b-poly(l -histidine) Hybrid Vesicles for Tumoral pH-Triggered
Intracellular Delivery of Doxorubicin Hydrochloride, ACS Appl. Mater. Interfaces. 7 (2015)
21770-21779, 10.1021/acsami.5h05338. [PubMed: 26375278]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 37

[209]. Gilleron J, Querbes W, Zeigerer A, Borodovsky A, Marsico G, Schubert U, Manygoats K,

Seifert S, Andree C, Stéter M, Epstein-Barash H, Zhang L, Koteliansky V, Fitzgerald K,

Fava E, Bickle M, Kalaidzidis Y, Akinc A, Maier M, Zerial M, Image-based analysis of

lipid nanoparticle-mediated siRNA delivery, intracellular trafficking and endosomal escape, Nat.
Biotechnol. 31 (2013) 638—646, 10.1038/nbt.2612. [PubMed: 23792630]

[210]. Van de Vyver T, Bogaert B, De Backer L, Joris F, Guagliardo R, Van Hoeck J, Merckx P,

Van Calenbergh S, Ramishetti S, Peer D, Remaut K, De Smedt SC, Raemdonck K, Cationic
Amphiphilic Drugs Boost the Lysosomal Escape of Small Nucleic Acid Therapeutics in a
Nanocarrier-Dependent Manner, ACS Nano, 202010.1021/ACSNANO.0C00666.

[211]. Evans BC, Fletcher RB, Kilchrist KV, Dailing EA, Mukalel AJ, Colazo JM, Oliver M, Cheung-
Flynn J, Brophy CM, Tierney JW, Isenberg JS, Hankenson KD, Ghimire K, Lander C, Gershach
CA, Duvall CL, An anionic, endosome-escaping polymer to potentiate intracellular delivery
of cationic peptides, biomacromolecules, and nanoparticles, Nat. Commun. 10 (2019) 1-19,
10.1038/s41467-019-12906-y. [PubMed: 30602773]

[212]. Reifarth M, Hoeppener S, Schubert US, Uptake and intracellular fate of engineered
nanoparticles in mammalian cells: capabilities and limitations of transmission electron
microscopy-polymer-based nanoparticles, Adv. Mater. 30 (2018) 1703704, 10.1002/
adma.201703704.

[213]. Barthel AK, Dass M, Droge M, Cramer JM, Baumann D, Urban M, Landfester K, Mailédnder
V, Lieberwirth I, Imaging the intracellular degradation of biodegradable polymer nanoparticles,
Beilstein J. Nanotechnol. 5 (2014) 1905-1917, 10.3762/bjnano.5.201. [PubMed: 25383302]

[214]. Gentile P, Chiono V, Carmagnola I, Hatton PV, An overview of poly(lactic-coglycolic) Acid
(PLGA)-based biomaterials for bone tissue engineering, Int. J. Mol. Sci. 15 (2014) 3640-3659,
10.3390/ijms15033640. [PubMed: 24590126]

[215]. Sulheim E, Baghirov H, Haartman E, Bge A, Aslund AKO, March Y, de Davies L,

Cellular uptake and intracellular degradation of poly(alkyl cyanoacrylate) nanoparticles, J.
Nanobiotechnol. 14 (2016) 10.1186/s12951-015-0156-7.

[216]. Balfourier A, Luciani N, Wang G, Lelong G, Ersen O, Khelfa A, Alloyeau D, Gazeau F, Carn
F, Unexpected intracellular biodegradation and recrystallization of gold nanoparticles, Proc. Natl.
Acad. Sci. U. S. A. 117 (2020) 103-113, 10.1073/pnas.1911734116. [PubMed: 31852822]

[217]. Stanzl EG, Trantow BM, Vargas JR, Wender PA, Fifteen years of cell-penetrating, guanidinium-
rich molecular transporters: Basic science, research tools, and clinical applications, Acc. Chem.
Res. 46 (2013) 2944-2954, 10.1021/ar4000554. [PubMed: 23697862]

[218]. Wender PA, Huttner MA, Staveness D, Vargas JR, Xu AF, Guanidinium-rich, glycerol-derived
oligocarbonates: A new class of cell-penetrating molecular transporters that complex, deliver, and
release siRNA, Mol. Pharm. 12 (2015) 742—-750, 10.1021/mp500581r. [PubMed: 25588140]

[219]. Jiang Y, Tang R, Duncan B, Jiang Z, Yan B, Mout R, Rotello VM, Direct cytosolic delivery of
siRNA using nanoparticle-stabilized nanocapsules, Angew. Chemie - Int. Ed. 54 (2015) 506-510,
10.1002/anie.201409161.

[220]. Tang R, Kim CS, Solfiell DJ, Rana S, Mout R, Veladzquez-Delgado EM, Chompoosor A, Jeong
Y, Yan B, Zhu ZJ, Kim C, Hardy JA, Rotello VM, Direct delivery of functional proteins and
enzymes to the cytosol using nanoparticle-stabilized nanocapsules, ACS Nano. 7 (2013) 6667—
6673, 10.1021/nn402753y. [PubMed: 23815280]

[221]. Heitz F, Morris MC, Divita G, Twenty years of cell-penetrating peptides: From
molecular mechanisms to therapeutics, Br. J. Pharmacol. 157 (2009) 195-206, 10.1111/
J.1476-5381.2009.00057.x. [PubMed: 19309362]

[222]. Farkhani SM, Valizadeh A, Karami H, Mohammadi S, Sohrabi N, Badrzadeh F, Cell penetrating
peptides: Efficient vectors for delivery of nanoparticles, nanocarriers, therapeutic and diagnostic
molecules, Peptides. 57 (2014) 78-94, 10.1016/j.peptides.2014.04.015. [PubMed: 24795041]

[223]. He J, Kauffman WB, Fuselier T, Naveen SK, Voss TG, Hristova K, Wimley WC, Direct
cytosolic delivery of polar cargo to cells by spontaneous membrane-translocating peptides, J.
Biol. Chem. 288 (2013) 2997429986, 10.1074/jbc.M113.488312. [PubMed: 23983125]

[224]. Chiappini C, Martinez JO, De Rosa E, Almeida CS, Tasciotti E, Stevens MM, Biodegradable
nanoneedles for localized delivery of nanoparticles in vivo: Exploring the biointerface, ACS
Nano. 9 (2015) 5500-5509, 10.1021/acsnano.5b01490. [PubMed: 25858596]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finbloom et al.

Page 38

[225]. Gopal S, Chiappini C, Penders J, Leonardo V, Seong H, Rothery S, Korchev Y, Shevchuk A,
Stevens MM, Porous silicon nanoneedles modulate endocytosis to deliver biological payloads,
Adv. Mater. 31 (2019) 10.1002/adma.201806788.

[226]. Shalek AK, Robinson JT, Karp ES, Lee JS, Ahn DR, Yoon MH, Sutton A, Jorgolli M, Gertner
RS, Gujral TS, MacBeath G, Yang EG, Park H, Vertical silicon nanowires as a universal platform
for delivering biomolecules into living cells, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 1870-
1875, 10.1073/pnas.0909350107. [PubMed: 20080678]

[227]. Shalek AK, Gaublomme JT, Wang L, Yosef N, Chevrier N, Andersen MS, Robinson JT, Pochet
N, Neuberg D, Gertner RS, Amit |, Brown JR, Hacohen N, Regev A, Wu CJ, Park H, Nanowire-
mediated delivery enables functional interrogation of primary immune cells: Application to the
analysis of chronic lymphocytic leukemia, Nano Lett. 12 (2012) 6498-6504, 10.1021/n13042917.
[PubMed: 23190424]

[228]. Hanson L, Lin ZC, Xie C, Cui Y, Cui B, Characterization of the cell-nanopillar interface
by transmission electron microscopy, Nano Lett. 12 (2012) 5815-5820, 10.1021/n1303163y.
[PubMed: 23030066]

[229]. Seong H, Higgins SG, Penders J, Armstrong JPK, Crowder SW, Moore AC, Sero JE, Becce
M, Stevens MM, Size-Tunable Nanoneedle Arrays for Influencing Stem Cell Morphology, Gene
Expression and Nuclear Membrane Curvature, ACS Nano, 2020 10.1021/acsnano.9b08689.

[230]. Hansel CS, Crowder SW, Cooper S, Gopal S, Joaio M Cruz Pardelha Da, De Oliveira Martins
L, Keller D, Rothery S, Becce M, Cass AEG, Bakal C, Chiappini C, Stevens MM, Nanoneedle-
mediated stimulation of cell mechanotransduction machinery, ACS Nano 13 (2019) 2913-2926,
10.1021/acsnan0.8b06998. [PubMed: 30829469]

[231]. Higgins SG, Becce M, Belessiotis-Richards A, Seong H, Sero JE, Stevens MM, High-aspect-
ratio nanostructured surfaces as biological metamaterials, Adv. Mater. 32 (2020) 1903862,
10.1002/adma.201903862.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2024 January 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Finbloom et al. Page 39

Tissue Barriers

{

Topography,

Immune System

Fig. 1.

St?ategies to engineer drug carrier biointerfaces to overcome biological barriers to

drug delivery. Drug carrier morphologies, surface chemistries, topographies, and stimuli-
responsive behaviors can be adjusted to influence biointerfaces and overcome biological
barriers. Such strategies can 1) facilitate transport of carriers across tissue barriers and
improve their permeabilization, 2) navigate carriers through biological hydrogels such as
mucus and bacterial biofilms, 3) enable the evasion and engineering of the immune system,
and 4) promote cellular uptake and intracellular trafficking of drug carriers.
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Influence of drug carrier surface chemistry and particle morphology on tight junction
remodeling and drug penetration across epithelial barriers. (a) Nanoparticles displayed

size and charge dependence in promoting calcein permeability across epithelial barriers.
Anionic silica nanoparticles remodel TJs through integrin-mediated mechanisms and alter
Z01 morphology (stained red) in Caco-2 monolayers to increase drug permeability (actin
stained green; nuclei stained blue). Scale bar, 10 pm. Images adapted from [75] (b) Dynamic
chitosan and HPMA drug carriers increase mucus permeation until binding to epithelial
barriers and undergoing chitosan-mediated tight junction remodeling for increased insulin
permeation. Insulin (green) displayed increased permeability through mucus barriers (red)
and across epithelial barriers below the mucus layers. Images adapted from [80].
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Fig. 3.

Ngnotopographical surfaces for tight junction remodeling and increased drug transport. (a)
Nanostructured thin films reversibly remodel TJs and cause morphological ruffling of ZO1
proteins (green). Scale bars for top and bottom images, 10 um and 20 pm, respectively.
Images adapted from [85] (b) Transdermal drug reservoirs containing nanostructured
microneedles increase the serum concentration of Etanercept in rabbit models, when
compared to reservoirs with smooth microneedles. Scale bar, 3 um. Images adapted from
[87].
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Surface topography, surface chemistry, and dynamic materials in the design of
mucoadhesive drug carriers. (a) Nanowire-coated microparticles utilize nanotopography to
induce mucosal binding and increase tissue retention. Attachment of positively charged
moieties onto the nanowire surfaces increases particle retention on mucus hydrogels

under flow. Scale bars, 2 um (left) and 20 um (right). Images adapted from [122] (b)
Micromotors increase Gl tissue retention through actively embedding into mucosal barriers
via Mg-catalyzed microparticle propulsion. Using this strategy, bacterial toxin antigens were
delivered with higher efficacy to mouse mucosa compared to static microparticles. Images
adapted from [123].
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Fig. 5.

Dgsign of mucus-penetrating particles for enhanced lung retention and drug delivery. (a)
Multiple particle tracking (MPT) studies revealed the trajectories of mucoadhesive and
mucus-penetrating particles. PLGA nanoparticles displayed mucoadhesive properties, while
PEGylated PLGA nanoparticles facilitated movement through CF mucus. This was further
quantified via median mean square displacement (MSD) values over 1 s of movement. (b)
Mucus-penetrating PLGA-PEG particles had more even and prolonged lung distribution in
mice when compared to mucoadhesive PLGA particles. Images adapted from [134].
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Engineering the biofilm-material interface to drive biofilm permeation and disruption. (a)
Surface charge and hydrophobicity influence biofilm penetration of quantum dots (QDs).
Tertiary tetramethyl amine (TTMA) and hexyl tertiary amine coated QDs display increased
biofilm penetration over neutral and anionic particles. Images adapted from [148] (b)
DNasecoated PLGA nanoparticles increase biofilm disruption and antimicrobial activity of
antibiotic ciprofloxacin in Pseudomonal biofilm cultures. Each biofilm field was 455 x 455
um. Images adapted from [150].
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Fig. 7.
Immune-evasive and immune-interfacing materials for drug delivery. (a) Self-peptide coated

liposomes (DSLs) block phagocytosis and enable the immune evasion and subsequent BBB
penetration of drug-loaded BBB-targeted PLGA nanoparticles. Images adapted from [168]
(b) Biological response and applications of immunostimulatory and immunosuppressive
nanoparticles used in immunotherapy. Images adapted from [171].
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Fig. 8.

Ngnoneedles for enhanced cellular uptake and drug delivery. (a) Nanoneedles interface
with cell membranes, imaged via focused ion beam — scanning electron microscopy. Cell
membranes and nuclear envelopes were observed to undergo remodeling when in contact
with nanoneedle surfaces. Images adapted from [224] (b) Porous silicon nanoneedles
enhances siRNA delivery. The percentage of cells with siRNA uptake was significantly
increased using nanoneedle injection. The colocalization of nanoinjected Cy3-siRNA in
endocytic carrier protein (CLC, Cav-1), endosomes (EEAL) and late endosomes/lysosomes
(Lamp1) as well as their combination (All) were quantified to reveal a combination of
endolysosomal and direct cytosolic uptake. Scale bars, 20 um. Images adapted from [225].
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