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Access to the brain is restricted by the low permeability of the blood—brain barrier (BBB), greatly hamper-
ing modern drug delivery efforts. A promising approach to overcome this boundary is to utilize biomacro-
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molecules (peptides, nucleic acids, carbohydrates) as targeting ligands on nanoscale delivery vehicles to
shuttle cargo across the BBB. In this mini-review, we highlight the most recent approaches for crossing
the BBB using synthetic nanoscale constructs decorated with members of these general classes of bio-
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Introduction

The blood-brain barrier (BBB) is a notoriously impermeable
boundary that separates the brain from systemic circulation,
making drug delivery to this organ a substantial challenge.'™
The BBB is a complex network of capillaries and endothelial
cells that are connected by a series of tight junctions.*” The
primary role of the BBB is to maintain homeostasis of the
central nervous system (CNS) and prevent entry of neurotoxic
substances.® While this is a critical physiological function, it is
this same exclusivity that prevents therapeutics from efficiently
entering the brain.” Many approaches to circumvent this
barrier rely on invasive and/or destructive exogenous tech-
niques (e.g., intracranial injection, ultrasound, and osmotic
shock).>"® As an alternative to these aggressive techniques,
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macromolecules to safely and selectively deliver therapeutic materials to the brain.

substantial research has focused on less invasive, endogenous
delivery mechanisms.'>® A particularly promising strategy
that has gained momentum in recent years is to leverage natu-
rally-occurring active transport mechanisms on the BBB to
shuttle therapeutic cargo.'™*'* Targeting ligands derived
from the three classes of natural biomacromolecules (pep-
tides, nucleic acids, and carbohydrates) are particularly prom-
ising tools in this regard, as they are inherently biocompatible,
degradable, and readily conjugated to synthetic materials
(Fig. 1).”7" In general, a ligand is first identified for a corres-
ponding receptor that is specific to, or overexpressed on, the
BBB. These ligands are then presented on the surface of nano-
scale constructs, which are subsequently shuttled across the
BBB via transcytosis mechanisms.'®° This has been demon-
strated with a variety of nanoscale systems, including exo-
somes, viral vectors, nanoparticulate systems, and drug-ligand
conjugates.”*® In this mini-review, we highlight the most
recent advances in the design and application of synthetic
nanoscale constructs that utilize biomacromolecule-based
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Fig. 1 Overview of biomacromolecular targeting strategies for pene-
trating the blood—brain barrier (BBB).

ligands to target and cross the BBB. We define these targeting
ligands as being derived from one of the main classes of bio-
macromolecule (peptides, nucleic acids, or carbohydrates) and
as having a molecular weight of less than 15 kDa. We also
provide a brief summary and perspective on the future direc-
tions of the field.
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Peptides

Peptides are the most established biomacromolecule used to
target the brain (Fig. 2a).”*® Peptide-based brain delivery
systems were first reported in the mid 1980s.””*® Early work
focused on the basic discovery of peptide sequences that could
efficiently and selectively penetrate the BBB for use in simple
constructs (e.g., peptide-drug conjugates).>®**° However, these
systems suffer from rapid enzymatic degradation, short circula-
tion lifetime, and off-target delivery.’®*" To address these
issues, modern research has focused on conjugating targeting
peptides to nanoscale materials, including liposomes, poly-
meric nanoparticles, and inorganic nanoparticles.’*>* These
materials extend circulation lifetimes and can encapsulate
therapeutic cargo. To date, a multitude of peptide-based BBB
delivery systems have been developed using a wide range of
platforms. The historically utilized peptide-drug conjugates
will not be discussed herein (for an expansive list of peptide
sequences used for brain delivery, there are several reviews we
recommend?®*?"); instead, we focus on the newest nanoscale
approaches.

The peptides most often utilized for brain delivery cross the
BBB through receptor-mediated transcytosis.>®> Most proteins
are impermeable to the BBB, but there are several that take
part in receptor-mediated transport across this barrier. The
most notable of these is transferrin, which is overexpressed on
the BBB and is responsible for delivering iron into the brain
through receptor-mediated transcytosis with the transferrin
receptor (TfR).*® This receptor is also overexpressed in meta-
static brain cancers, including glioma,*” due to the high meta-
bolic activity of these tissues, increasing the attractiveness of
this target receptor. Both the native transferrin protein and
TfR antibodies have been shown to be promising routes for
selective brain delivery but are inaccessible through chemical
synthesis,®® restricting their application scope. As such,
researchers have focused on identifying short, synthetically
accessible peptide fragments which have been historically
challenging to systematically screen. However, advances in
phage-displayed peptide libraries, wherein libraries of millions
of unique peptides are generated via combinatorial expression
on macrophage surfaces,” have enabled high throughput
screening of peptide targeting ligands. Indeed, this technique
has allowed for the discovery of several synthetically accessible
TfR-binding peptides.*® Conjugation of TfR-targeting peptides
to polymeric micelles loaded with anti-cancer cargo, including
paclitaxel and siRNA, has been shown to induce cancer cell
death and reduce overall tumor size in animal models of glio-
blastoma (Fig. 2b).***° Beyond cancer therapy, TfR-targeting
peptides on the surface of polymer and lipid-based nano-
carriers have been developed to treat tuberculosis, microtubule
accumulation in Alzheimer’s disease models, and neuroin-
flammation in animal models.*'"*?

While TfR is the most well-represented receptor for brain
targeting in modern literature, multiple other peptide classes
have been utilized for brain delivery of nanoscale materials.
Apolipoproteins are a class of proteins responsible for traffick-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Peptides as biomacroolecular targeting ligands. (a) Illustration of peptide-based nanomaterials crossing the BBB through receptor- or
absorptive-mediated transcytosis. (b) A decrease in glioblastoma tumor weight (left) and volume (right) is observed in animals administered transfer-
rin-tagged micelles containing paclitaxel. Originally published by and used with permission from Dove Medical Press Ltd, International Journal of
Nanomedicine 2020 15 6673-6687 (ref. 32). (c) Transport efficacy of silica-based nanoparticles across the BBB is improved with Angiopep-2.
Reproduced with permission from ref. 46. (d) Biodistribution (left) and percent survival (right) of animals administered DOX-loaded nanoparticles

tagged with TfR and R8. Reproduced with permission from ref. 50.

ing lipids and cholesterol derivatives into the brain and have
been identified as promising BBB targets.** Angiopep-2, a
19-residue peptide, is a synthetic peptide that is designed to
interact with low-density lipoprotein receptor-related protein 1
(LRP-1) on the BBB.*’ This sequence was found through deri-
vatization of native proteins and currently represents the most
successful bio-inspired brain delivery peptide.*® Nanoparticles
decorated with Angiopep-2 are capable of crossing the BBB
and delivering chemotherapeutics to glioblastoma tumors
(Fig. 2¢).*® As with the transferrin peptide, the utility of
Angiopep-2 is broad in scope. Nanomaterials decorated with
Angiopep-2 have also been utilized for treatment of ischemic
stroke and epilepsy, among other ailments.*>*7*

As an alternative to peptides that permeate the BBB
through receptor-mediated transcytosis, cell-penetrating pep-
tides (CPPs) penetrate the BBB through adsorptive-mediated
transcytosis.*® CPPs are typically highly positively charged and
interact strongly with negatively charged cell surfaces, indu-
cing transcytosis even at the highly restrictive BBB.*® While
effective, CPPs are unable to selectively target the brain and
suffer from nonspecific distribution when used in delivery
systems, limiting their applicability.*® However, one of the
major benefits to using a nanoscale platform is the ability to
conjugate multiple functional moieties to the nanoparticle
surface. Recently, it has been shown that doxorubicin-loaded
liposomes tagged with both transferrin and the CPP octa-argi-
nine (R8) improved brain delivery efficiency and exhibited a

This journal is © The Royal Society of Chemistry 2024

synergistic transport effect, efficiently treating glioblastoma in
mice (Fig. 2d).”° Similar results were seen with the dual conju-
gation of Angiopep-2 and the TAT peptide (a CPP) to the
surface of small extracellular vesicles. In mouse models of glio-
blastoma, a net improvement in transport was observed.>"

Nucleic acids

While peptide-based nanoassemblies are a well-established
method of penetrating the BBB, the utilization of polynucleo-
tides (both DNA and RNA) as a targeting motif is a recently
growing area of research (Fig. 3a).>>*® This interest is due pri-
marily to advances in DNA and RNA aptamer libraries,* an
expansive screening technique for novel nucleotide sequences
with high binding affinities for specific targets. These libraries
enable the exploration of previously undiscovered chemical
space and can facilitate the discovery of complex three-dimen-
sional structures that selectively bind proteins of interest. This
methodology is conceptually analogous to the aforementioned
phage-displayed peptide libraries and has been proven to be a
similarly powerful tool in permeating the highly selective
BBB.”>*%3% Here, we summarize the research that utilizes DNA
aptamers as targeting ligands on nanoscale delivery systems
for brain delivery.

Screening of DNA/RNA aptamer libraries uses Systematic
Evolution of Ligands by Exponential Enrichment (SELEX),

Nanoscale, 2024, 16, 3969-3976 | 3971
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Fig. 3 Nucleic acids (DNA/RNA) as biomacromolecular targeting ligands. (a) Illustration of peptide-based nanomaterials crossing the BBB through
receptor-mediated transcytosis. (b) Assessment of aptamer enrichment in the brain following in vivo SELEX of RNA library to identify brain-penetrat-
ing sequences. Reproduced with permission from ref. 62. (c) Proteins conjugated with TfR aptamers (Tfr-ProSNA) show preferential uptake in the
brain relative to scrambled controls. Reproduced with permission from ref. 17. (d) Nanoparticles conjugated with TfR and EpCAM-binding moieties
colocalize in tumor tissue in the brain. Arrow indicates colocalization of aptamer with tumor cell. Reproduced with permission from ref. 55. (e)
Conjugating the TfR aptamer to a Tau aptamer increased the transcytosis across in vitro endothelial monolayers (left) and increased brain accumu-

lation in vivo (right). Reproduced with permission from ref. 56.

where DNA or RNA sequences with high binding affinities are
isolated and amplified using polymerase chain reaction
(PCR).>” This process is repeated over several iterations,
serving to separate weakly binding sequences from ones that
demonstrate a high binding affinity and specificity. SELEX
allowed for the initial discovery of several aptamers that target
TfR.**°® Initial candidate sequences for TfR aptamers were
identified in 2008 and were structurally improved and opti-
mized, yielding several highly efficient TfR aptamers, includ-
ing TfRA4 and TfRA15T.”°"®' This approach was further gener-
alized in 2013. Researchers performed in vivo SELEX, where an
aptamer library was systemically injected in mice. All
sequences capable of penetrating the BBB were isolated from
brain tissue, then amplified using PCR and reinjected into
mice (Fig. 3b).®> Through 22 rounds of selection, three top
sequences emerged that were able to effectively bind endogen-
ous cortical proteins and permeate the BBB.®*> Recent progress
in lab-on-a-chip technology has accelerated this identification
process even further, with researchers using chip-based BBB
models to quickly screen for useful aptamer sequences while
avoiding the lengthy and laborious process of in vivo studies.®®
This work, alongside others, has built a small library of acces-
sible BBB penetrating aptamers, several of which have been
utilized in nanoscale delivery systems.

An inherent problem with DNA and RNA aptamers is that
they undergo rapid enzymatic degradation and have short cir-
culation times due to rapid renal clearance. To address this
issue, multiple copies of the aptamer can be conjugated to a

3972 | Nanoscale, 2024, 16, 3969-3976

nanoscale platform. These higher molecular weight materials
serve to greatly extend circulation time, as well as mitigate the
rate of degradation. In the case of nucleic acid-based nano-
materials, the high density of negative charges in the exterior
corona creates a robust shell of water and positively-charged
counterions, inhibiting enzymatic access.**

Conjugation of a transferrin aptamer to a liposomal carrier
has shown significant permeability when transporting obidox-
ime cargo across the BBB to neutralize toxic organopho-
sphorus compounds.®® However, this approach is not limited
to synthetic nanoparticles. It was recently shown that the trans-
port of a typically BBB-impermeable protein ($-galactosidase)
could be achieved through the conjugation the protein’s
cysteine residues with a TfR DNA aptamer (Fig. 3c)."” This
study supports the possibility of delivering entire therapeutic
proteins to the central nervous system (CNS).

As mentioned above, nanoscale delivery systems are not
necessarily limited to a single functional ligand. Many nano-
systems can incorporate highly specific aptamers alongside
other unique binding moieties in tandem. This idea has been
applied to brain cancer, where the chemotherapeutic drug
doxorubicin (DOX) was conjugated to a bifunctional aptamer
containing both TfR and EpCAM binding moieties (Fig. 3d).>®
Researchers showed that the multipurpose nanocomplexes can
successfully cross the BBB in vivo and selectively target
EpCAM-positive cancerous tissue. Thus, they were able to
reinforce the success and therapeutic potential of multifunc-
tional aptamer systems. This has also been recently demon-

This journal is © The Royal Society of Chemistry 2024
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strated with a dimerized TfR-Tau aptamer as a bifunctional
therapeutic material (Fig. 3e).>® The TfR aptamer facilitated
transport across the BBB, and the Tau aptamer inhibited the
Tau 441 protein which has been implicated in the accumu-
lation of microtubules associated with neurodegenerative dis-
eases, such as Alzheimer’s.”®

Carbohydrates

Similar to nucleic acids, carbohydrates have classically been
underutilized as BBB targeting motifs relative to their peptide
counterparts. This is because oligosaccharides are very chal-
lenging and laborious to synthesize, polysaccharide libraries
have higher complexity than their peptide and nucleic acid
counterparts, and, until recently, there has not been a clear
BBB receptor to target.°®®” Together, this has historically
meant that even if an efficient BBB receptor was discovered
whose ligand is a complex polysaccharide, synthetic access
may be impossible or only accessible by a few highly special-
ized research groups. While these challenges have hindered
progress in the field, researchers have begun to use the ubiqui-
tous metabolite glucose as a BBB transport ligand. This
approach runs counterintuitively to the previously discussed
peptide and oligonucleotide delivery systems that rely on high
affinity interactions with proteins that are expressed almost
exclusively on the BBB.®®* In contrast, glucose transporters

S —
aLumy ’::;:- — (b)

Receptor- medraled
(.

-
S

Concentration (ng/g)
>

GLU200

(d)

IJII

W Nuvm

W : 10%Gluc(6)/m
M : 25%Giluc(6)/m
W : 50%Gluc(6)/m

50

40

30

20

Accumulation ratio
(glycaemic-controlled/free-feeding)

Skeletal
muscle

Plasma Brain Kidney Spleen Heart Lung Liver

View Article Online

Minireview

are present on virtually every cell in the body, and typically
have a dissociation constant in the mM range.®®®® The core
observation that spurred interest in glucose as a targeting
ligand is that even though the brain is only 2% of total body
mass, it is responsible for 20% of physiological glucose utiliz-
ation.”® This lends a significant statistical edge to glucose-con-
taining delivery platforms and allows for BBB permeation.

Glucose enters the brain through glucose transporter 1
(GLUT1) on the BBB (Fig. 4a).*® Binding affinity to GLUT1 is
increased by the presence of multiple copies of individual
glucose molecules in close proximity, a well-established
phenomenon termed the multivalent effect.”"”* By utilizing a
nanoscale architecture, it is possible to recapitulate this effect,
where glucose molecules are artificially clustered by supramole-
cular assembly, improving multivalency.®”””>”* Herein, we high-
light the major recent advances in this area of BBB delivery.

In an early report, it was shown conjugating glucose to
cholesterol via a polyethylene glycol (PEG) linker, then anchor-
ing it into a lipid micelle, afforded a construct capable of pene-
trating the BBB.”* In addition, it was found longer chain
lengths of PEG led to higher rates of nanoparticle internaliz-
ation, suggesting that increased conformational flexibility of
glucose and distance from the liposomal surface can improve
binding and BBB permeation (Fig. 4b). In a subsequent study,
the role of multivalency was more deeply investigated by modi-
fying each cholesterol-PEG unit with one to five individual
copies of glucose in a pendant fashion. The surface density of
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Fig. 4 Carbohydrates as biomacromolecular targeting ligands. (a) Illustration of peptide-based nanomaterials crossing the BBB through receptor-
mediated transcytosis. (b) Increasing the distance of glucose units from the nanoparticle core using PEG increases brain accumulation in vivo.
Reproduced from ref. 74. (c) Increased glucose multivalency, as shown in the depicted dendrimer, increases brain uptake in mice models.
Reproduced from ref. 72. (d) Glucose-tagged micelles administered to mice under glycaemic control selectively internalize into mice brain.
Reproduced from ref. 67. (e) Brain internalization is optimal when glucose residues are dispersed on micelle surfaces (left). MALAT1 expression is
decreased in the brain of upon delivery of complexed antisense RNA (right). Reproduced from ref. 75.
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glucose, previously obtained through supramolecular cluster-
ing of individual chains, becomes supplemented by the
covalent attachment of multiple glucose units to an adjacent
center, serving to greatly increase overall density.”> As pre-
viously hypothesized, GLUT1 binding is positively correlated to
increased multivalent presentation, with the liposomes con-
taining ligands of five glucose molecules accumulating in the
brain most efficiently (Fig. 4c).”> However, while this work pro-
vided a convenient route for BBB delivery using a carbohydrate
ligand, significant off-target delivery was still observed.

To improve the selectivity of glucose targeting, it was
recently reported that systemically injected zwitterionic copoly-
mer micelles tagged with glucose into mice under glycemic
control (e.g., a state of starvation) significantly increased brain
targeting efficiency. The vulnerable metabolic state drastically
increased the fraction of nanoparticles entering the brain com-
pared to previous work, demonstrating for the first time that
selectivity can be achieved while using a relatively promiscuous
carbohydrate ligand such as a glucose (Fig. 4d).®” With this
newfound methodology and flexible nanoparticle template
identified, the potential of this system has been increasingly
realized in recent years. A modified version of the original
micelle model was used to perform gene knockdown in the
brain.”> In this system, positively-charged polymers tagged
with glucose were complexed with antisense oligonucleotides
to form polyion complex micelles (PICs), which significantly
reduced the expression of lung adenocarcinoma transcript 1, a
brain-resident protein associated with cancer metastasis.
Furthermore, to control micellar dissociation and nucleotide

Table 1 Advantages and limitations of biomacromolecular BBB-target-
ing ligands

Entry Advantages Limitations Ref.
Peptides Synthesis well- Susceptible to 32,
established enzymatic 40-48,
cleavage 50, 51
Large library Receptor
screening available saturation
(phage display) possible
Moderate to high Potentially
binding affinity to immunogenic
receptors
Cell penetrating
variants can improves
efficiency
Nucleic acids  Synthesis well- Susceptible to 17,55,
established enzymatic 56, 62,
cleavage 65
Large library High negative
screening available charge density
(SELEX)
High binding affinity
to receptors
Carbohydrates High biocompatibility =~ Synthesis is 67,72,
arduous 74-77
Efficiency can be Based on low-
improved through affinity
glycemic control low interactions with
susceptibility to receptors

enzymatic cleavage
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release, PICs were internally crosslinked with disulfide bonds
which are degraded upon exposure to the reducing conditions
of the brain (Fig. 4e).”> The same concept has also been uti-
lized to deliver antibodies and antibody fragments to the brain
to inhibit proteins involved in cancerous metastasis and
Parkinson’s disease, respectively, furthering the range of
applications.”®””

Conclusions and outlook

Peptides continue to be the dominating biomacromolecular
targeting ligand used in modern nanoscale BBB penetration
and brain delivery. However, there has been a recent entry of
two new players in this space: nucleic acids and carbohydrates
as biomacromolecular targeting motifs (Table 1). From the
basic discovery of BBB-relevant aptamers using SELEX to the
advanced multifunctional systems discussed, the field of DNA/
RNA-based systems as BBB delivery agents has gained momen-
tum within the last decade.’>®* With the first examples of
advanced applications only being published in the last few
years, we anticipate that this field has potential for rapid
expansion and will pave the way for entirely new therapeutic
approaches, both as fundamental research as well as down-
stream clinical applications. Likewise, we have seen the emer-
gence of a new subfield in the BBB transport space in recent
years based on carbohydrates, with glucose-tagged materials
being demonstrated efficient at brain permeation and capable
of broad applications. However, this potential has not yet been
fully realized, with only a few publications on the subject and
only a small number of groups playing a role in research pro-
gression. As knowledge of carbohydrate-binding proteins and
synthetic access to complex carbohydrate sequences
increases,”® it is highly probable the field will experience con-
tinued growth and be expanded to include new targeting
motifs available in the broad chemical space of sugars.

While the discovery and utilization of BBB penetrating bio-
macromolecular species has developed rapidly, there is still sig-
nificant territory that is unexplored and many areas of ongoing
research. The most cutting-edge research concerns the develop-
ment of multifunctional biomacromolecular materials, e.g., uti-
lizing several independent and orthogonal functionalities on
the same nanoplatform.*”***"35%7% Ljikely there will continue
to be advances in these multipurpose materials with increas-
ingly improved systems serving to increase delivery selectivity
and expand the therapeutic window.*°
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