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Abstract

Despite the rapid development of nanoparticle (NP)-based drug delivery systems, intravenous delivery of drugs to the brain
remains a major challenge due to various biological barriers. To achieve therapeutic effects, NP-encapsulated drugs must
avoid accumulation in off-target organs and selectively deliver to the brain, successfully cross the blood—brain barrier (BBB),
and reach the target cells in the brain. Conjugating receptor-specific ligands to the surface of NPs is a promising technique for
engineering NPs to overcome these barriers. Specifically, peptides as brain-targeting ligands have been of increasing inter-
est given their ease of synthesis, low cytotoxicity, and strong affinity to target proteins. The success of peptides as targeting
ligands is largely due to the diverse strategies of designing and modifying peptides with favorable properties, including mem-
brane permeability and multi-receptor targeting. Here, we review the design and implementation of peptide-functionalized
NP systems for neurological disease applications. We also explore advances in rational peptide design strategies for brain

targeting, including using generative deep-learning models to computationally design new peptides.
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Introduction

The development of non-invasive therapeutics that can
be administered intravenously remains a challenge for the
treatment of neurological disorders, including glioma,
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Alzheimer’s disease (AD), and Parkinson’s disease (PD),
among others [1]. Nanoparticles (NPs) are a powerful vehi-
cle for drug delivery, specifically for large macromolecules
including RNA therapeutics and CRISPR/Cas9 gene-editing
proteins [2]. The advantages of NP encapsulation of thera-
peutics include prolonged circulation times, efficient trans-
port through cell membranes via endocytosis, controlled
release in target tissue, efficient drug loading, and reduced
side effects [3—5]. Despite the significant advantages of
NPs, there remain limitations in delivery and biodistribu-
tion to target tissues due to natural clearance to the liver and
spleen and the presence of biological barriers [2]. One of
the most restrictive biological barriers in the human body
is the blood-brain barrier (BBB), a semi-permeable barrier
that prevents ~98% of small molecule drugs and ~ 100% of
macromolecule drugs from entering the brain parenchyma
from the bloodstream [6]. The BBB consists of a layer of
brain capillary endothelial cells (BCECs) connected by tight
junctions, astrocytes, pericytes, and neurons, allowing only
selected molecules to cross [1, 7].

Due to their relatively large size, NPs primarily enter
the brain via transcytosis across the brain endothelium.
One method of increasing transcytosis is with active target-
ing, in which ligands with high affinity for specific recep-
tors are conjugated to NPs to facilitate receptor-mediated
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transcytosis (RMT). In RMT, the targeting ligands mediate
the binding of NPs to receptors on the surface of BCECs,
inducing the formation of endosomes that engulf the NPs
and traffic them through the cell for subsequent release into
the brain parenchyma via exocytosis [1]. However, several
challenges, including unpredictable uptake routes, removal
by efflux transporters, and failure to exocytose at the ablu-
minal side of the brain endothelium, can inhibit the efficacy
of RMT via active targeting [8, 9]. Furthermore, NPs may
encounter acidic degradation and lysosomal recycling during
transcytosis, which poses additional challenges for NPs con-
taining therapeutic cargoes with intracellular mechanisms
such as gene editing and nucleic acid therapies [9-12].
Several classes of ligands have been explored for BBB-
targeting and crossing, including antibodies, proteins, pep-
tides, and aptamers that specifically bind to receptors abun-
dant on the BBB. Peptides have several properties that make
them optimal ligands for surface-functionalization. These
include small molecular weights, easy synthesis, and low
cytotoxicity and immunogenicity [13]. In addition, peptides
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Fig. 1 Peptide-functionalized nanoparticles (NPs) for targeted thera-
peutic delivery across the blood—brain barrier (BBB). Overview sche-
matic depicting different types of NPs carrying diverse therapeutic
cargos that are functionalized with peptides. These peptides target
receptors overexpressed on brain capillary endothelial cells that com-
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are a robust platform for rational engineering, enabling
diverse backbone and sidechain modifications, cyclizations,
and conjugation with other chemical groups (Fig. 1).

This review covers the space of well-established brain-
targeting peptides that have been conjugated to a diverse
array of NPs for intravenous delivery of drugs for neurologi-
cal diseases, highlighting results that demonstrate the prom-
ise of peptides for BBB-specific targeting and crossing. Fur-
ther, we discuss the class of cell-penetrating peptides used to
enhance drug delivery into cells. We review rational design
strategies for integrating peptides into NP-delivery systems
and enhancing the peptides' properties — from introduc-
ing chemical modifications to fusing multiple peptides.
Finally, given that the majority of receptors expressed on
diverse cell types and disease phenotypes in the brain have
no existing peptide binders, we highlight the emerging field
of de novo peptide design through generative deep-learning
models. This review aims to advance the development of
NP-based precision therapeutics for neurological disorders
through the rational design of delivery vehicles that can be

/_\
% @ ‘—\Drugloading

)

. Therapeutic Cargo
Conjugate to

nanoparticles 5 SIRNA ® o
[ { W pise ° N
W \— gy M

b ) ?

/ == %

CRISPR-Cas9 mRNA SiRNA Small Molecule

Receptor-Mediated

¥ Endocytosis

Alzheimer's Disease

prise the BBB, facilitating receptor-mediated endocytosis and subse-
quent trafficking into the brain parenchyma. These targeted NPs can
then bind to receptors overexpressed on disease cell types of interest
such as glioma cells
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repurposed for efficient delivery of any therapeutic cargo
across the BBB.

Brain-targeting peptides

Peptides such as RVG29, T7, Angiopep-2 (Ang), and mApoE
have emerged as critical tools for facilitating the delivery of
NP-encapsulated therapeutics across the BBB. These peptides,
which bind to recpetors highly expressed on BCECs or neu-
ronal cell surfaces, have been extensively studied for their abil-
ity to enhance BBB crossing (Table 1). Functionalization of
NPs with these peptides has demonstrated substantial improve-
ments in drug delivery efficacy, enabling transport across the
BBB and enhanced cellular uptake. In particular, peptide-con-
jugated NPs have shown promise in achieving effective cyto-
plasmic delivery for applications such as gene knockdown and
nucleic acid-based gene editing. These peptides not only serve
as a foundation for optimizing surface-conjugation strategies
and developing dual-targeting formulations but also drive the
rational design of next-generation delivery peptides.

RVG29 peptides

RVG29 is a 29-amino acid peptide derived from rabies
virus glycoprotein that binds specifically to the nicotinic
acetylcholine receptor (nAchR), expressed on BCECs and
neurons, and gamma-aminobutyric acid (GABA) recep-
tors also expressed on neurons [13]. Inspired by the abil-
ity of neurotropic viruses like the rabies virus to overcome
the BBB in vivo, Kumar et al. first showed that RVG29
could specifically bind to Neuro2a neuronal cells express-
ing nAchR in vitro and enter the mouse brain in vivo [42].
After conjugation with free small interfering RNA (siRNA),
RVG29 also facilitated specific gene silencing in the brain
after intravenous injection into GFP transgenic mice, indi-
cating that RVG29 not only facilitates BBB crossing but also
brain cell transfection in vivo [42]. Given these promising
results, RVG29 has since been conjugated onto various NP-
based systems to enhance bioavailability and serum half-life,
including poly amidoamine dendrimers [13], liposomes [14,
15], solid lipid nanoparticles [18], and ionizable lipid nano-
particles [20] for delivery of various cargoes. Notably, Han
et al. [20] showed that RVG29-conjugated ionizable lipid
nanoparticles (LNPs) increased BBB-crossing and trans-
fection of luciferase mRNA in the brain by ~ 70-fold after
intravenous injection to healthy adult mice [20]. Further-
more, flow cytometry analysis showed that RVG29 LNPs
encapsulating mCherry mRNA resulted in an increase in
neuron transfection from~1.2% to ~2.4% and no increase
in endothelial cell transfection, indicating that RVG29 can
facilitate the crossing of mRNA across the BBB into the
brain parenchyma [20].

Compared to healthy cells, there is a twofold increase of
nAchR expression on glioma cells, allowing RVG29-conju-
gated NPs to cross the BBB and specifically deliver to the
glioma region [17]. Hua et al. demonstrated that RVG29-
conjugated PEG-PLGA NPs increased in vivo brain concen-
tration of docetaxel by 2.1-fold and prolonged survival time
by 7 days compared to unmodified NPs in a rat model [17].

Neurons are targets for treating AD due to the expression
of beta-site amyloid precursor protein cleaving enzyme-1
(BACE1) that promotes neuronal death and cognitive
decline [43]. Since RVG29 targets nAchRs and GABA
receptors abundant on the surface of neurons, several studies
have investigated RVG29-functionalized NPs for AD treat-
ment [14, 18, 19]. Alvarez-Erviti et al. found that RVG29-
conjugated exosomes enhanced BACE]1 siRNA delivery to
neurons, microglia, oligodendrocytes, and their precursors
and resulted in 62% protein knockdown in brain tissue after
intravenous injection in C57BL/6 mice [19]. Another thera-
peutic strategy for AD involves delivering antioxidants to the
mitochondria of neurons to reduce oxidative stress, which is
related to the production of Af. Han et al. developed dual-
functionalized solid-lipid nanoparticles (SLNs) with RVG29
for BBB- and neuron-targeting and positively-charged tri-
phenylphosphine cation (TPP) for specific delivery to nega-
tively-charged neuronal mitochondria after internalization.
This approach facilitated a higher reduction in reactive oxy-
gen species (ROS) and apoptosis rate in neuronal HT22 cells
in vitro compared to monofunctionalized SLNSs, aligning
with in vivo results in a AD mouse model [18].

Since Parkinson’s disease (PD) is a result of the loss of
dopaminergic neurons in the substantia nigra [44], RVG29
has also been conjugated to liposomes, polymeric nanopar-
ticles, and exosomes to target neurons for the treatment of
PD [15, 16, 45]. Notably, Qu et al. conjugated RVG29 to
liposomes that effectively delivered a dopamine derivative
BPD across the BBB to the striatum and substantia nigra for
the treatment of PD, leading to a greater increase in dopa-
mine levels compared to the free drug in a PD mouse model
[15].

T7 peptides

T7 is a 7-amino acid peptide that binds specifically to the
transferrin (Tf) receptor (TfR) expressed on BCECs and
glioma cells, binding with an affinity similar to endogenous
Tf [46]. In addition, the binding site of T7 is distinct from
endogenous Tf; therefore, high concentrations of endog-
enous Tf do not inhibit binding and can promote enhanced
binding of T7 [47, 48]. T7 was first discovered by Lee et al.
through phage display and was found to facilitate the inter-
nalization of green fluorescent protein (GFP) into cells
expressing TfR [46].
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TfR is overexpressed in glioma cells and glioma stem
cells due to their role in cell metabolism and proliferation;
therefore, T7 has been widely explored for the delivery
of glioma and glioblastoma therapies, including siRNA,
antisense microRNA (miRNA), and small molecule drugs
[21-23, 27]. Notably, T7 enables enhanced brain penetra-
tion by 7.89-fold when conjugated onto PEGylated bilirubin
NPs (BRNPs) and facilitated 74.1% apoptosis of C6 glioma
cells after incubation in vitro, which aligned with the over-
expression of TfR during C6 cell proliferation [22]. In addi-
tion, T7-conjugated BRNPs loaded with cediranib (CD) and
paclitaxel (PTX) for glioma therapy prolonged survival time
in a glioma mouse model by 10 days over untargeted NPs,
signifying the crucial role of T7 in brain delivery of the
drugs [22]. Furthermore, T7-functionalized NPs have been
explored for the delivery and transfection of RNA thera-
pies. Specifically, T7-decorated exosomes 30 to 100 nm in
diameter were loaded with antisense miRNA oligonucleo-
tides against miR-21 (AMO-21) for glioblastoma therapy,
reducing tumour sizes by more than 50% in an intracranial
glioblastoma rat model [23]. Since AMO-21 requires bind-
ing to the miRNA in the cell cytosol to inhibit activity, this
suggests that T7 is effective in facilitating its transport across
the BBB and transfection of target cells.

T7 has also been explored for the targeted delivery of
the neuroprotectant drug ZL006 for stroke therapy. T7-con-
jugated PEGylated liposomes were able to significantly
decrease ischemia-induced infarct volume and neurological
deficit in a middle cerebral artery occlusion (MCAO) rat
model [49]. To enhance targeting effects, Zhao et al. func-
tionalized liposomes with T7 and stroke homing peptide
(SHp) (CLEVSRKNC) that selectively accumulates in the
ischemic region of mice due to excessive release of gluta-
mate acid during the ischemic phase of the stroke [26]. The
dual-targeted liposomes were able to significantly decrease
ischemia-induced neural cell death, as indicated by an 11.3%
reduction in TUNEL-positive cells [26].

Among the widely explored brain-targeted peptides, T7
has the shortest amino acid sequence length, preventing sig-
nificant increases in NP size and enabling higher density
conjugation onto the NP surface to strengthen binding affin-
ity. In addition, TfR is overexpressed over 100-fold in cancer
cells, making it an effective ligand for glioma-targeting ther-
apies [46]. However, given the expression of TfR in almost
all tissues, including the liver and lung, future work should
focus on dual-functionalization of NPs systems with T7 in
addition to other brain-specific targeting ligands or enhanc-
ing the brain-specificity of T7 with rational design [50].

[37,38]
[39-41]

Citation
[34]
[35]
[36]

Solid lipid nanoparticles (SLNs)

Nanocarrier
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Angiopep-2 peptides

Angiopep-2 (Ang) is a 19-amino acid peptide that targets
low-density lipoprotein receptor-related protein-1 (LRP1)

+EGFP-EGF1 protein targeting
neuroglial cells

mApoE
+CITx
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Table 1 (continued)
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highly expressed on the BBB and glioma cells [30]. Given
the tenfold increase in transport of the protein aprotinin
across the BBB compared to BBB-permeable proteins,
including Tf, Demeule et al. derived a library of peptides
from the region responsible for transport, which was identi-
fied using multiple sequence alignment to discover homolo-
gous regions in the protein which are likely affect protein
function [51]. From the derived peptides, Ang showed a sev-
enfold increase in transcytosis compared to aprotinin in an
in vitro BBB model. This prompted the conjugation of Ang
to various NP-delivery systems for BBB and brain-targeted
therapies.

In addition to BBB penetration, Ang can facilitate
enhanced localization within neuroglial cells involved in
various central nervous system (CNS) disorders including
AD, PD, stroke, pain, and epilepsy. Huile et al. designed
PEG-PCL NPs functionalized with Ang for BBB target-
ing and EGFP-EGF1 protein for the targeting of neuroglial
cells [24]. This approach significantly increased NP uptake
in neuroglial cells by 1.41-fold and bEnd.3 BCECs by 2.08-
fold compared to unmodified NPs and displayed enhanced
colocalization with neuroglial cells in an ex vivo rat model
compared to Ang singly functionalized NPs.

With LRP1 highly expressed on the BBB and glioma
cells, several studies have conjugated Ang to various NPs,
including polyamidoamine dendrimers (PAMAM) [30],
PEG-PCL NPs [33, 35], liposomes [29], tandem nano
micelles [31], and small extracellular vesicles (SEVs) [32]
for glioma targeting. Straehla et al. designed a novel BBB-
glioblastoma (GBM) microfluidic model consisting of a
tumour spheroid embedded into a self-assembled vascular
endothelial layer modelling the BBB [28]. Ang-conjugated
NPs showed significantly higher permeability in the BBB-
GBM model compared to the non-tumor BBB model, indi-
cating a higher abundance of LRP1 in tumor-surrounding
microvessels [28]. Dual functionalization of sEVs with Ang
and cell-penetrating peptide TAT has been shown to facili-
tate BBB transport, followed by glioma targeting and pen-
etration in mice [29]. Due to synergistic BBB targeting and
cell penetration, the dual-functionalized sEVs showed two-
fold and threefold stronger signals in the brain and tumour
region in vivo compared to singly-modified Ang and TAT
sEVs respectively, which translated into the suppression of
glioma growth and increase in survival time [29].

Although Ang has BBB and glioma cell-targeting proper-
ties, deeper penetration into the tumour structure remains a
barrier to therapeutic efficacy. To circumvent this, Gao et al.
proposed a dual-stage glioma targeting NP functionalized
with Ang and an activatable cell-penetrating peptide (ACP)
to deliver docetaxel (DTX) to the glioma site [33]. The ACP
used in this study is composed of an anionic E8 sequence
with a cationic R8 sequence linked by sequence (PLGLAG)
that is a substrate of matrix metalloproteinase-2 (MMP-2)
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highly expressed on C6 glioma cells. Due to electrostatic
interactions between E8 and RS, the cell-penetrating proper-
ties of R8 are inhibited. First, Ang facilitates the transport of
the NPs across the BBB to glioma cells via LRP1-mediated
endocytosis. MMP-2 detaches the E8 sequence from the NP
at the glioma site, leaving the cationic R8 peptides to facili-
tate penetration into glioma cells. The bifunctionalized NPs
showed superior localization at the glioma region in Balb/c
mice compared to monofunctionalized NPs [33]. In total,
Ang serves as a versatile ligand that significantly enhances
BBB-targeting in both single-ligand and dual-ligand NPs.

mApoE peptides

mApoE is a 12-amino acid peptide and a fragment of
human Apolipoprotein E (ApoE) with a high binding affin-
ity towards all three low-density lipoprotein (LDL) recep-
tors, including LDLR and LDLR-related proteins 1 and 2
(LRP1 and LRP2) overexpressed on BCECs compared to
other tissue and glioma cells [52]. ApoE is a serum protein
that facilitates the transport of lipids from the bloodstream
into the CNS via LDL receptors [53, 54]. From ApoE, a tan-
dem dimer repeat of amino acids 141-155 of ApoE, called
dApoE, was shown to retain the binding affinity to LDLR
[55]. Following the discovery of dApoE, Re et al. compared
the uptake of dApoE and its constituent monomer sequence
mApoE conjugated liposomes in BCECs and found that
mApoE exhibited higher uptake at both low and high surface
densities [54]. This study prompted the functionalization of
various NPs with mApoE for BBB-targeting and crossing.

Several studies have co-decorated liposomes with mApoE
and phosphatidic acid (PA) for binding to p-amyloid pep-
tides (Ap) abundant in AD [39-41]. Aimed to destabilize
insoluble Af aggregates, Bana et al. demonstrated that
liposomes co-decorated with mApoE and PA were capable
of disaggregating AP plaques in a time- and dose-dependent
manner [41]. In contrast, single-functionalized liposomes
showed no effect due to the synergistic electrostatic interac-
tions between the positively charged mApoE peptide and
negatively-charged PA with differently charged residues in
AP peptide [41]. This approach yielded a 34% reduction
in the size of AP plaques in the hippocampus and cortex,
a 33% reduction in total brain insoluble Ap1-42, and a
70.5% reduction in brain Af oligomers in transgenic mice,
which strongly correlates to synaptic dysfunction and dis-
ease severity [39]. At the same time, mono-functionalized
liposomes showed no significant effect [39].

Although mApoE-functionalized liposomes showed a
tenfold increase in endothelial permeability in a hCDMEC/
D3 transwell model, Formicola et al. demonstrated that
dual functionalization with mApoE and CITx peptide could
further enhance endothelial permeability by 30-fold com-
pared to unmodified liposomes [37]. CITx has been shown
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to interact with Annexin A2 involved in the exocytosis of
pathogens across the BBB, suggesting that bifunctionalized
liposomes undergo LDL-receptor mediated endocytosis
via mApoE and enhanced exocytosis via CITx binding to
Annexin A2.

Despite the success of mApoE, dApoE has also been con-
jugated to liposomes and chimeric polymersomes for target-
ing LDLR, LRP1, and LRP2 [52, 56]. Compared to mApoE,
dApoE showed lower cellular uptake into endothelial cells
(RBEA4 cells) but higher endothelial permeability across the
cell monolayer, suggesting that dApoE reduces accumula-
tion in the endothelial layer and facilitates transport across
the BBB [54]. In comparison to five previously reported
BBB-penetrating peptides (Angiopep-2, CDX, HAIL SynB1,
and Tat), dApoE-functionalized liposomes showed superior
brain accumulation in mice, with 3.9-fold higher accumula-
tion than unmodified liposomes [56].

Given that LDLRs are upregulated in glioblastoma devel-
opment, ApoE can act as a dual-function ligand for targeting
the BBB and delivery to GBM cells [52]. Functionaliza-
tion of chimeric polymersomes (CPs) with ApoE peptides
enhanced BBB transport in vitro by 4.8-fold compared to
unmodified CPs and 2.2-fold compared to Ang-functional-
ized CPs, likely due to interaction with multiple receptors
in the LDLR family. ApoE-CPs loaded with saporin also
showed deep penetration into tumours in GBM-bearing mice
and completely inhibited disease-related weight loss [52].

Cell-penetrating peptides

Since a large portion of therapeutics — including nucleic
acid and gene editing therapeutics — need to enter the cell
cytosol to achieve therapeutic effects, targeting the BBB is
often insufficient. Therefore, various studies have explored
the functionalization of NPs with a class of peptides that can
penetrate the cell membrane called cell-penetrating peptides
(CPPs) (Fig. 2). CPPs are short 5-30 amino acid peptides
derived from proteins carrying protein transduction domains
that can penetrate the cell membrane. Most CPPs are posi-
tively charged at physiological pH due to arginine (R) and
lysine (K) residues [57, 58]. CPPs can cross lipid bilayers
through receptor-mediated transcytosis, adsorptive-mediated
transcytosis, or direct diffusion [59].

Cell-penetrating peptide-functionalized
nanoparticles

Given their ability to overcome receptor saturation and
maintain stable cellular uptake over time, various studies
have co-functionalized NPs with CPPs alongside brain-spe-
cific targeting ligands [31, 32]. TAT (GRKKRRQRRRPPQ)
is a widely investigated CPP derived from the HIV-1 virus

that can efficiently permeate through the cell membrane in
various tissues [60]. Gold NPs decorated with TAT CPPs
have been shown to increase in vivo brain accumulation by
4.8-fold in GBM-bearing mice [61]. Sharma et al. compared
the BBB transport ability of three different CPPs, including
TAT, penetratin, and mastoparan, by conjugating them onto
Tf-functionalized liposomes and found that all three CPPs
facilitated significant improvement in transport in a 3D brain
tumour model compared to singly functionalized Tf or CPP
liposomes [62]. Among the three CPPs, Tf-penetratin and
Tf-TAT liposomes significantly enhanced brain penetration
with 3.67% and 2.89% injected dose per gram of tissue in an
in vitro brain tumor model, respectively [62]. Furthermore,
TAT-conjugated mesoporous silica NPs (MSNs) delivering
methotrexate (MTX) for glioblastoma treatment showed
a significant 31.1-fold increase in brain accumulation in
mice compared to free drugs, while unmodified MSNs only
showed a 2.8-fold increase [63].

CPPs are uniquely positioned to facilitate the delivery of
nucleic acid drugs like messenger RNA (mRNA), siRNA,
and miRNA given their ability to cross the cell membrane
into the cell cytosol, where these therapeutics can activate or
inhibit gene expression of various proteins. Specifically, Sri-
maneea et al. developed a delivery system for siRNA to glio-
blastoma cells by modifying the LRP1-targeting peptide Ang
to a hexaglutamate (E6) sequence at the N-terminus with a
6-aminohexanoic acid linker to yield a positive peptide TG1
that can non-covalently interact with the negatively-charged
CPP PepFectl4 (PF14) [64]. The resulting PF14:siRNA/
TG1 NP complexes facilitated an 80% knockdown of lucif-
erase expression in U87 glioma cells, a twofold increase
from the CPP alone, suggesting the effectiveness of com-
bining the cell-penetrating and brain and glioma targeting
abilities of various peptides to form the optimal ligand [64].

Limitations to CPP-functionalization

Despite promising results, various limitations related to
CPP-functionalized NPs for brain delivery exist, includ-
ing non-specific cell penetration and increased cytotoxic-
ity. Since CPPs enhance penetration in all tissues and cell
types via non-specific mechanisms, including adsorptive-
mediated endocytosis, conjugating CPPs to NPs can increase
the off-target effects in other organs or non-diseased cells.
Strategies that have been proposed to overcome these limi-
tations include CPP shielding with a targeting peptide [31],
conjugating a targeting sequence to the CPP [65, 66], and
incorporating a pH-activable CPP [33, 65].

To prevent non-specific cell penetration induced by the
CPPs, Zhu et al. conjugated the RMT targeting peptide Ang
to NPs via a long PEG linker (PEG6000) and the TAT CPP
via a short PEG linker (PEG2000). Ang shields the TAT
peptide during blood circulation, but when Ang binds to
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Fig.2 Rational design strategies to enhance peptide targeting effi-
cacy. Schematic depicting various strategies to enhance peptide tar-
geting for nanoparticle delivery to the brain, including designing
fusion peptides with specialized linkers, utilizing cell-penetrating

LRP-1 on the BBB and glioma cells, TAT is close enough
to the cell membrane to induce penetration. This approach
increased in vitro BBB transport by 1.8-fold and 4.2-fold and
prolonged the median survival time of glioma-bearing mice
by 9 days and 20 days compared to Ang-singly modified NPs
and unmodified NPs, respectively [31].

Liu et al. designed a fusion peptide composed of a CPP
octa-arginine (R8) conjugated to the retro-inverso isomer of
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targeting efficacy

RGD, called dGR, that retains the ability to target integrin
avp3 receptors expressed on BCECs and glioma cells [66].
This sequence, called R8-dGR, also consists of an RXXR
C-terminal motif that can specifically bind to neuropilin-1
(NRP-1) receptors expressed on BCECs and glioma cells,
facilitating increased cellular uptake by the C-end rule [67].
When conjugated onto liposomes, the R8-dGR peptide
showed superior transport across the BBB monolayer and
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cellular uptake in glioma cells in vitro and accumulation in
the brain and glioma region in mice compared to R§-RGD
(no NRP-1 targeting), R8-EGR (no integrin targeting), and
R8 [66, 68].

To overcome poor penetration to deeper regions within
the tumour parenchyma, Shi et al. designed a fusion pep-
tide composed of cyclic RGD, a peptide that targets inte-
grin avfp3 overexpressed on BCECs and glioma cells, and
TH, a pH-activable CPP that is slightly negative at normal
physiological condition but becomes protonated into posi-
tive charge at pH ~ 6.5 near tumour cells [65]. Liposomes
conjugated with this fusion peptide displayed deeper pen-
etration into C6 spheroids and, when loaded with paclitaxel
(PTX), significantly prolonged the median survival time of
glioma-bearing mice to 45 days compared to 38.5 days and
27 days with cyclic RGD and TH functionalized liposomes,
respectively.

Designing peptides for brain-targeted
nanoparticles

Although existing peptides are promising BBB-target-
ing agents, there remain limitations to that can be solved
through rational engineering. These include the lack of
known peptide binders for various disease-homing and
cell-type specific receptors, the susceptibility for protease-
mediated degradation in the bloodstream, and the need for
a robust targeting strategy for BBB-targeting and guid-
ance to diseased cells. This section provides an overview
of the key approaches to designing brain-targeted peptide-
functionalized NPs. It begins with discussing phage dis-
play, a technique for identifying novel BBB-targeting and
disease-homing peptides. We discuss the unique properties
of fusion peptides that target multiple receptors, enabling a
cascading BBB-crossing and disease-specific targeting strat-
egy. The discussion then highlights the potential of cyclic
peptides, which offer increased stability and binding speci-
ficity. Finally, additional considerations for peptide design
are reviewed, including modifications to improve stability,
targeting efficiency, and compatibility with NP platforms.
These strategies exemplify the progress and promise of pep-
tide engineering for overcoming the barriers of brain drug
delivery (Fig. 3).

Phage display

Phage display is a tool that enables screening libraries of
up to 10° peptide sequences to identify novel peptides that
bind specifically to BCECs or disease-specific regions of
the brain. A library of peptides is fused to the coat pro-
teins on the surface of a bacteriophage, with each peptide
displayed on the surface of a unique phage and introduced

into the brain in situ. Then, after perfusion, only the phages
with strong binding to the target tissue are recovered and
sequenced to determine enriched peptides for further inves-
tigation [69].

To identify brain-targeting peptides, Rooy et al. leveraged
a two-stage approach where a random library of 15-mer pep-
tides was screened for enrichment in a perfused mouse brain,
and the peptides with the highest enrichment were validated
in vitro for binding affinity to human BCECs. Enrichment in
the perfused lung and binding affinity to non-brain endothe-
lial cells were investigated to evaluate binding specificity.
This technique identified two peptides, GLA and GYR,
with six- and fivefold enhanced brain targeting and 8.5- and
48-fold preference for the brain over the lung after intra-
venous injection in mice, respectively [70]. Furthermore,
Wau et al. showed that GYR can be chemically modified to
self-assemble into nanocarriers to deliver BACE1 siRNA
across the BBB and transfect neurons and microglial cells,
resulting in 50% downregulation after a single intravenous
injection in mice [71].

To identify peptides that accumulate in sites of brain
injury, Mann et al. injected a library of cyclic peptides of the
form CX7K on a T7 phage following an inflicted brain injury
in mice [72]. They found that a specific sequence CAQK was
highly enriched in the region of the injury, comprising 22%
of the recovered phage [72]. Conjugating the novel four-
amino acid peptide CAQK to porous silicon NPs loaded with
siRNA (PSiNPs) resulted in a 35-fold higher accumulation
at the brain injury site compared to control peptide-NPs and
70% silencing after IV injection into GFP transgenic mice.

Since phages can cross a transcellular membrane via
macropinocytosis, they are an effective tool for identifying
peptides that exploit macropinocytosis to permeate the tran-
scellular BBB membrane [73]. Given the enhanced target-
binding affinity and stability of cyclic peptides, Yamaguchi
et al. used phage screening to identify novel cyclic peptides
from a library of 10° peptides by inserting the peptide-cov-
ered phages into a BBB-transwell model and sequencing
the phages to identify the peptides with the highest concen-
tration in the abluminal side of the membrane [74]. After
further experiments, a novel cyclic peptide (SLS) identified
during phage display was shown to facilitate enhanced BBB-
permeability in vitro and after intravenous injection in mice
when conjugated to liposomes [74].

Fusion peptides

To efficiently deliver therapeutics for neurological disor-
ders, various studies have focused on a dual-stage targeting
approach, functionalizing NPs with ligands that first facili-
tate crossing of the BBB before guiding the NPs to specific
cell types and neuronal tissue involved in disease. This strat-
egy prompted the design of fusion peptides that combine
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two peptides with distinct target proteins, demonstrating
enhanced targeting properties over functionalizing the NP
surface with multiple distinct peptides (Fig. 2) [75, 76].

Guo et al. combined the established BBB-penetrating
peptide TGN and a neuron-binding peptide Tetl with a four-
glycine linker to form a novel fusion peptide TPL, which
showed superior BBB- and neuronal-targeting ability than
either single peptide modification or dual peptide modification
on PEG-PLA NPs, suggesting that fusion peptides enhance
the synergistic mechanisms of its constituent peptide com-
ponents [75]. Furthermore, TPL degraded much slower than
either mono-ligand peptides (17% compared to 50% after 2 h),
which can likely be attributed to its higher isoelectric point
causing stronger repulsion between the NP and the physiolog-
ical environment, demonstrating the potential to modulate the
properties of peptides via fusion. In an AD mouse model, the
TPL-NPs loaded with fluorescent dye DiR led to the largest
increase in delivery to the brain following intravenous injec-
tion, demonstrating 5.68-fold higher fluorescence compared
to untargeted NPs, 3.46-fold higher compared to NPs singly
targeted with CGN peptide, and 1.73-fold higher compared to
dual-targeted NPs with CGN and Tetl. Given that CGN has a
higher BBB-targeting ability than TGN present in the fusion
peptide, this suggests that the enhanced BBB-targeting capa-
bility of TPL is a result of the unique properties introduced
during the fusion process. Furthermore, TPL demonstrated
decreased off-target accumulation in the liver and a significant
increase in neuron-specificity, with 92.2% accumulation near
neurons and an 8.73-fold and 2.41-fold higher accumulation
compared to CGN-functionalized and CGN and Tetl dual-
functionalized NPs respectively.

Furthermore, fusion peptides have been developed specif-
ically for dual targeting of the blood-tumour barrier (BTB)
and glioma cells. Zhang et al. combined a 7-amino acid
peptide GICP (glioma-initiating cell peptide) discovered via
phage display to target the VAV3 protein overexpressed on
glioma cells with the D-form A7R peptide that targets both
vascular endothelial growth factor receptor 2 (VEGFR2) and
neuropilin-1 (NRP-1) abundant on blood vessels on the BTB
to form a novel Y-shaped fusion peptide that is capable of
cross the BTB and target glioma cells [76]. The fusion pep-
tide showed enhanced resistance to degradation, increasing
circulation time from 4 h for single GIPC peptides to 12 h for
the fusion D-A7R-GIPC peptides. Furthermore, they exhib-
ited increased uptake in U§7MG and HUVEC cells in vitro
and increased accumulation in the tumour region in mice
bearing a subcutaneous U87MG tumour compared to A7R
or GIPC alone, likely owing to the affinity to complementary
binding receptors on both the BTB and glioma cells [76].

Fusion peptides also provide various levers for rational
design that improve therapeutic properties, including linker
design and desirable conformational changes. As long linker
lengths can result in increased protease degradation and
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short linker lengths can inhibit necessary conformational
changes of either peptide component following receptor
binding, it is crucial to determine the optimal linker length
for fusion. By comparing fusion peptides with no linkage,
two-, four- and six-glycine linkers, Guo et al. demonstrated
that the four-glycine linker fusion peptide showed superior
affinity toward BCECs and the GT1b receptor than other
linker lengths and single-ligand peptide components [75].
The linker design can also enhance the hydrophobicity of
the fusion peptide, resulting in increased cellular uptake
[76]. In addition, the degree of conformation change upon
interacting with a target receptor is a determinant of binding
affinity [77]. The fusion peptide TPL showed greater con-
formational change upon interacting with the GT1b receptor
compared to the single peptides, transforming from random
coils to a-helices, indicating that fusion can enable struc-
tural conformations needed to bind to the target receptor.
Future studies should systematically investigate the effects
of varying the linker length and composition on the targeting
properties. These studies could involve generating librar-
ies of different linkers using programs like LINKER [78]
or generative computational models that are conditioned to
generate linkers that retain target-binding affinity [79].

Cyclic peptides

Cyclic peptides are of increasing therapeutic interest due to
their favourable properties, including high binding affinity
and specificity, stable structure, membrane permeability and
low degradation (Fig. 2) [80]. Due to the cyclic connec-
tion, cyclic peptides have higher structural stability, which
restricts the number of possible conformations, increasing
the probability of the peptide occurring in the target-bind-
ing conformation and decreasing the likelihood of off-target
binding conformations as seen in X-ray structures of pro-
tein-peptide complexes [81]. The stable conformations also
prevent cyclic peptides from binding to proteases, reducing
their susceptibility to degradation in the bloodstream [80].
Cyclization also allows peptides to form intramolecular
hydrogen bonds, desolvating the peptide and enabling it to
pass the hydrophobic lipid bilayer [82]. Given their favoura-
ble properties, several studies have conjugated brain-targeted
cyclic peptides to the surface of NPs [65, 68, 72, 83-85].
One of the most extensively explored cyclic peptides for
neurotherapeutic delivery is cRGD (cyclic Arg-Gly-Asp),
which targets o, f; and a5 integrins that are abundant on the
endothelial cells of tumour blood vessels and glioblastoma
(GBM) cells [65, 83, 85, 86]. After intravenous injection into
an orthotopic mouse model of U§7MG human GBM, Miura
et al. found that cRGD-conjugated polymeric micelles can
enhance penetration into the tumour vasculature via inte-
grin-mediated active transport pathways [85]. In addition,
conjugating cRGD onto PEG-PLA micelles and liposomes
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loaded with PTX increased survival time by over 10 days
in tumour-bearing mice compared to the free drug and over
7 days compared to untargeted NPs, which increased further
when co-functionalized with the TR cell-penetrating peptide
[65, 83]. To overcome the BBB and the blood-brain tumour
barrier (BBTB) for glioma therapy, Chen et al. co-function-
alized liposomes with cRGD and Peptide-22, another BBB-
targeting peptide, demonstrating the greatest uptake in the
glioma in mice and extending survival times by over 3 days
compared to either single-functionalized liposomes [86].
This suggests a synergistic effect of targeting both LDLR
and o, f35 integrins on the BBB/BBTB surface.

Other brain-targeting cyclic peptides have also been dis-
covered for the treatment of neurological disorders. After
screening a library of 42 peptides for binding affinity to
LRP1, Sakamoto et al. discovered a novel cyclic peptide
KS-487 containing a cyclic disulphide linkage that selec-
tively binds to the cluster IV domain of LRP1 abundant
on the BBB, with higher BBB-permeability than the lin-
ear peptide Angiopep-2 [87, 88]. By conjugating KS-487
to micelles or liposomes loaded with the KS-133 pep-
tide, a therapeutic peptide that inhibits VIPR2 involved in
schizophrenia, they showed that the KS-487-targeted NPs
improved cognitive dysfunction in a schizophrenia mice
model [87, 89].

Cyclizations can be introduced into linear peptides via
various chemical reactions, including side-chain cyclization
commonly involving disulphide reactions between cysteine
residues and head-to-tail cyclization, which forms an amide
bond between the amino and carboxylic acid groups of two
non-adjacent residues [90]. Given the success of cyclic
peptides in facilitating targeted NP-delivery, future studies
should focus on introducing cyclizations to a wider range of
existing brain-targeting peptides and comparing the brain-
targeting properties to their linear counterparts in addition
to designing novel cyclic peptides through phage display or
computational design methods that specifically target diverse
receptors involved in neurological disorders.

Additional design considerations

The ability to fine-tune peptide structures through chemical
modifications, such as cyclization, backbone alterations, and
sidechain functionalization, has revolutionized their applica-
tion in drug delivery systems. Even minor structural modi-
fications can impact a peptide’s stability, target specificity,
and functional properties. Among these strategies, the ste-
reoisomeric configuration of peptides, the incorporation of
acid-cleavable linkers, and the rational design of peptide con-
jugates have emerged as transformative approaches to over-
coming the challenges of delivering therapeutics to the brain.

D- and L-form peptides consist of stereoisomeric amino
acids that differ only in the location of the amino group on

the alpha carbon (Fig. 2). Studies have shown that retro-
inverso (RI) D-form peptides have higher stability and are
less susceptible to proteolysis by enzymes in the blood-
stream than their L-form counterparts while retaining their
target-binding affinity [91]. Wei et al. compared the stabil-
ity and BBB targeting of Ang, an l-peptide, with its retro-
inverso (RI) d-peptide isomer conjugated with micelles.
Although the RI peptide showed lower cellular uptake in
BCEC:s in vitro, it showed nearly no degradation in blood
after 8 h, whereas 85% of the L-form peptide degraded
within 2 h, resulting in an overall higher micelle distribution
in the brains of mice in vivo [34]. Another study showed that
the RI analog of a 16-amino acid peptide from antennapedia
has a 3.4-fold greater concentration after incubation with
cultured neurons by replacing L-form RR and KK motifs
with high affinity to neuronal proteases with their D-form
counterparts resistant to degradation [92]. In addition to
improving stability, reversing the chirality of targeting pep-
tides has also been used as a strategy when designing fusion
peptides to ensure that the critical residues involved in target
binding are exposed at the terminus after fusion [76].

Peptides can also be easily conjugated to acid-cleavable
moieties to facilitate deep penetration into the brain paren-
chyma and reduce shielding between peptides. Cai et al.
designed a dual-functionalized NP with acid-cleavable T7
peptides and neuron-targeting Tetl peptides to co-deliver
BACEI siRNA and D-peptide for AD treatment [25]. After
T7 facilitates TfR-mediated endocytosis into BBB endothe-
lial cells, the change in the acidic environment detaches the
NP from the T7 peptides via the acid-cleavable PEG linker,
releasing the NPs from the receptors and allowing them to
escape from the endo/lysosomes. Upon entering the brain
parenchyma, the NPs accumulate on target neurons via the
Tetl peptide targeting. This delivery platform significantly
reduced amyloid plaques in the brains of AD mice and
BACEI gene expression in target cells in vivo compared
to mono-functionalized NPs. The acid-cleavable group also
prevents shielding of the Tetl peptide by T7 after crossing
the BBB, ensuring that Tetl can easily bind to their recep-
tor targets on neuronal cells. Prior works have also used
acid-cleavable linkers for targeting other ligands, such as
proteins. Gold NPs decorated with endogenous Tf protein
with an acid-cleavable diamino ketal (DAK) linker showed
a 2.7-fold increase in brain penetration in mice compared to
non-cleavable Tf-AuNPs by enabling the release of bound
AuNPs into the brain parenchyma upon transcytosis into
lower pH [93]. Although DAK is highly stable at pH 7.4
and can easily be introduced as a linkage to NPs, they suf-
fer from slow cleavability. Therefore, future work should
focus on designing linkers with high compatibility with NP-
peptide conjugation in addition to rapid cleavability during
transcytosis.
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When designing peptide-targeted NPs, it is crucial to con-
sider how the protein corona (PC) affects targeting efficacy.
After intravenous injection, proteins in the bloodstream can
adsorb onto the surface of NPs, forming a PC [94]. Although
studies have found that the formation of a PC has attenuated
the binding affinity of targeted NPs, other studies have lever-
aged peptides to control the specific protein populations in
the PC to enable brain-targeting capabilities [94]. Specifi-
cally, Zhang et al. conjugated amyloid B-protein (Ap)-CN
peptide to nano micelles, which enables specific binding to
the lipid-binding domain of ApoE in the bloodstream and
facilitates ApoE-mediated targeting of LDLR and LRP1 on
the BBB and glioma cells via the receptor-binding domain
[95]. This approach significantly prolonged median sur-
vival times in glioma-bearing mice from 28 days for non-
functionalized nano micelles to 45 days for functionalized
nano micelles [95]. Without encouraging the formation of
a specific PC, its formation can also be mitigated by tun-
ing the charge, hydrophobicity, and linker length of targeted
NPs. The formation of the PC on NPs in fetal bovine serum
showed that anionic NPs and hydrophobic NPs adsorbed less
diversity and mass of proteins compared to cationic NPs,
suggesting that the conjugation of peptides with anionic or
hydrophobic properties could reduce the formation of the PC
[96]. In addition, it was shown that conjugating cyclic RGD
peptide with longer PEG linkers increased the adsorption
of proteins on gold NPs [97]. In total, future studies should
investigate the design of novel PC-modulating peptides that
encourage the formation of a favourable brain-targeting PC
or cyclic peptides with a highly stable conformation to pre-
vent binding with off-target and endogenous proteins.

Phage Display

Peptide Library Phage Library

Computationally designed peptides
for brain targeting

The emergence of generative models for de novo protein and
peptide design holds the potential to accelerate the design of
novel brain-targeting peptides with enhanced properties. For
peptides containing only the 20 canonical amino acids, the
space of all possible peptides is 20, where L is the length
of the peptide sequence. If chemically modified and non-
canonical amino acids are considered, the space of possible
sequences is even larger. Current rational design strategies
rely on taking fragments of existing naturally binding pro-
teins, editing existing peptide binders to enhance specific
properties, or combining multiple peptides with known
mechanisms, limiting the potential protein receptor targets
to only those with known or peptide binders. This leaves
out the vast set of surface receptors without known peptide
binders.

Traditional methods of peptide discovery remain a bot-
tleneck, as they often involve screening billions of libraries
of random peptide sequences for high target affinity [98,
99]. Furthermore, generating libraries for protein receptor
targets with no known binders or with no experimentally
determined structure is an arbitrary process which fails to
narrow down peptides with promising properties for further
experimental validation. Generative deep-learning models
overcome these challenges by learning key motifs across
large databases of experimentally validated peptides to
efficiently sample diverse sequences within the subspace
of peptides that resemble chemically feasible peptides
(Fig. 3).
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Fig. 3 Pipeline for de novo discovery and validation of novel brain-
targeting peptides for nanoparticle (NP) functionalization. First,
phage display or generative deep-learning models are used to dis-
cover peptides with high affinity to the target receptor on the blood—
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brain barrier. Candidate peptides are synthesized and conjugated to
NPs. Finally, peptide-functionalized NPs are validated in vitro and
in vivo for delivery past the blood—brain barrier



Drug Delivery and Translational Research

Generative models for de novo peptide discovery

Generative protein and peptide design can be broadly cat-
egorized into sequence-based and structure-based models
depending on the type of representation that the model is
trained to generate [100]. Sequence-based models are trained
solely on sequence representations of peptides like amino
acids or Simplified Molecular Input Line Entry System
(SMILES) strings [101] from large databases, where each
sequence is split into tokens that act as a vocabulary for all
peptide sequences. Since the structural conformation and
chemical properties of peptides are largely determined by
their distinct sequence of amino acids, sequence-based mod-
els are trained to effectively capture these diverse properties
in numerical feature embeddings, where the embedding is
a vector that captures the unique properties of each token.
These embeddings capture local and global features of the
peptide — including hydrophobicity, charge, bonding inter-
actions, and pH — as well as the context in which each
token appears across the database. Then, these embeddings
are leveraged for de novo peptide design by training a gen-
erative model that produces new combinations of peptide
token embeddings from the learned distribution of feasi-
ble combinations and decoding them into the correspond-
ing amino acid or SMILES sequence. Although various
architectures have been explored for modelling sequences,
the most promising are Transformer-based models which
take a weighted sum of the feature embeddings from the
global peptide context from each token in the sequence to
capture the long-range relationships between residues [102].
ESM (Evolutionary-Scale Modelling) [103] is a family of
Transformer-based models trained on 65 million amino-
acid sequences from the UniProt [104] protein database.
ESM is trained by masking a subset of tokens in the train-
ing sequences and minimizing the error associated with
reconstructing the original sequence from the parameterized
feature embeddings, such that the final model can gener-
ate embeddings from unseen protein sequences that capture
protein structure and properties. The pre-trained ESM back-
bone has been used in various generative models for peptide
design and discovery, specifically masked diffusion models
that learn to reconstruct a peptide sequence from a sequence
of unknown mask tokens [105-108].

Structure-based models are trained on the secondary
structure of peptides or peptide-protein conformations to
generate novel peptide structures, which can be further
decoded into a sequence for synthesis. These models are
explicitly trained on peptide structure, allowing them to gen-
erate peptides given specific structural constraints, such as
a target protein binding site [109]. However, a major limi-
tation of structure-based models is an efficient conversion
from the structural representation to a sequence representa-
tion accurately forms the generated structure. To overcome

this problem, a class of deep learning models called inverse
folding models have been developed that learn to predict
a protein or peptide sequence from its three-dimensional
representation [110, 111]. Since peptides have a shorter
sequence length than the proteins used to train inverse fold-
ing models and typically form only secondary structures
rather than tertiary structures like proteins [112], the struc-
tural data for peptides is sparse, and conversion from struc-
ture to sequence can result in sequences that do not exhibit
the desired properties. Therefore, sequence-based models
are better suited for generative peptide design as opposed
to structure-based models given their ability to capture the
inherent properties within the peptide sequence from larger
datasets while bypassing the inaccuracies introduced in the
conversion from sequence to structure.

Objectives for BBB-targeted peptide discovery

A most common objective for generative peptide discovery
is target-aware generation, where the generation process is
conditioned on the structure or sequence of a binding motif
or full sequence of a target protein. Target-aware models are
trained on peptide-protein pairs with known binding affinity
or structure to learn different features that determine binding,
like hydrophobicity, covalent and non-covalent interactions,
structural complementarity, among others. This enables the
model to generate novel peptide binders that encapsulate
the interaction features involved with high binding affinities
given the amino acid in the protein target, even if the spe-
cific protein has not been trained on. Target-aware models
can also be classified as sequence-based or structure-based,
depending on the input representation of the target protein.
Target-sequence-based models take an amino acid sequence
of the protein target or binding motif from databases such as
UniProt [104], convert the sequence into a sequence of fea-
ture-rich embeddings, and generate a complementary pep-
tide binder sequence that has high affinity given the chemical
properties and structural features represented in the protein
embeddings [108, 113]. Target-structure-based models take
the three-dimensional structure of the target protein or a spe-
cific binding pocket to generate a novel peptide sequence
or structure that complements the target structure [114,
115]. Protein structures can be obtained from resources
like the Protein Data Bank (PDB) for receptors with known
structures. In cases where the receptor structure is unavail-
able, alternative approaches include leveraging sequence-
based generative models or employing structure-prediction
tools to infer the receptor’s conformation [116—118]. While
both methods enable conditioning on target binding affinity,
sequence-based approaches expand the space of potential
targets to proteins without experimentally validated or stable
tertiary structures by relying solely on the intrinsic features
and context encoded in the amino acid embeddings.
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Property-conditioned design is an alternative objective
that can enable the design of BBB-targeting peptides. Instead
of conditioning on a specific target protein or receptor, the
model is conditioned to generate peptides with a specified
property, like BBB permeability. These models leverage
classification models that, given a peptide sequence, can pre-
dict a score that determines how well the sequence performs
in the given objective. The classification models are trained
on labelled, experimental data to learn the features that dif-
ferentiate a sequence with a given property from those with-
out. Several machine learning models have been developed
to predict the permeability of molecules to cross the BBB
[119-122]. Integrating these classifiers with score-based
generative models can reward peptides with high scores and
guide the model to generate peptides with enhanced proper-
ties. This framework has been explored for the discovery of
BBB-permeable small-molecule drugs using reinforcement
learning [123] and multi-property conditioned BBB-targeted
peptide generation, where the peptides are conditioned on
not only target binding affinity but also membrane perme-
ability to enable cellular transfection of therapies with intra-
cellular mechanisms of action, solubility for increased drug

[107]
[125]
[114]

Citation

protein targets with no known structure and low confidence

predicted structures
Useful for protein targets with no known structure and low

Designing peptides that bind to a target receptor. Useful for

Designing peptides that bind to any site of a target receptor.
confidence predicted structures

Cyclic peptide design with enhanced properties over linear
peptides including high binding affinity, stable structure,
membrane permeability, and low enzymatic degradation

Potential Application for BBB Targeting

loading, and hemolysis and non-fouling to minimize off- ol E" .5 £ g
target effects using a set of trained property classifiers on 2 g £ E s sk
labelled peptide datasets [124]. 27 £ § £ § §
In vitro validated tools for computational peptide 5£ g =8 g3
design E< E T2 28
s PEGEZ TS
S= 902 o 0 L 5=
This section reviews in vitro validated generative deep- § = % 3 = %0 ?'; 5 i %
learning models for generating libraries of brain-targeting .'é % % .‘;5} -%D %D g §o é %
peptide candidates tailored for drug delivery applications. E g3 7? g g % E & 'E_
These strategies provide a foundation for designing peptides ‘E’ Eb g" 2 § é 2 3 gﬁ Qg-
with high specificity and therapeutic potential, addressing E % g '7;_;) g5 & ° g% =
critical challenges in targeted drug delivery (Table 2). L‘; § E § < £ 3“:; E' % E E %
For sequence-only generation, Peptide Prioritization via g|® 5 £z é _%D g P & —§ % 3
CLIP (PepPrCLIP) [126] introduced a generative peptide § é £ § ; g 3 é ‘E)D 2 %2
design framework that applies Gaussian noise to the feature- 2 B % SSEZEE 8? = 8
rich embedding representations of natural peptides gener- % =l = .
ated by ESM-2 [103], sample embeddings from the latent % E E -
space near the natural peptides, and decodes them into novel é % % 3 g
peptide sequences. Since ESM-2 is trained on millions of 3 & 958 &
naturally occurring proteins and peptides, it can capture the % g g g‘ go
biological properties of peptides such that two peptides with 5 8 8 <€ “
similar properties are mapped to vector embeddings with R § § 5 2
high similarity. After sampling and decoding, the de novo é . 3 §§ 2
sequences are fed into a contrastive language-image pretrain- =|E|Z E 3 §
ing (CLIP) [127] classifier that generates a score estimat- § @ g g E‘ﬂg 2
ing the binding affinity to a target protein. After generating % % 5 5 g5 g
only 20 peptide sequences targeted to the enzyme UltralD g "
not present in the training set, four candidates success- © -5‘ 5 .é)
fully inhibited the enzyme’s activity by over 75% in human % % % % Q
embryonic kidney (HEK) 293 T cells, demonstrating the 0 =0 - & o

@ Springer



Drug Delivery and Translational Research

model’s capability of narrowing down the search space of
high-affinity binders to unseen targets. Furthermore, from a
pool of six generated peptides with high predicted affinity to
[-catenin, two of the candidates successfully guided ubiqui-
bodies (uAbs) —genetically encodable protein-degrading E3
ubiquitin ligases—to p-catenin in colorectal adenocarcinoma
DLDI1 cells, resulting in 50% greater degradation compared
to the non-guided control. In addition to structurally stable
target proteins, PepPrCLIP-generated peptides could bind to
the highly disordered oncogenic fusion protein SS18-SSX,
reducing expression levels by >40% in vitro.

PepMLM [125] is another sequence-based model that
learns to generate target-specific peptide binders by mask-
ing the full peptide sequence and concatenating the masked
sequence to the end of its target protein sequence from
known protein-peptide pairs. The model is trained to itera-
tively reconstruct the peptide given the embedding represen-
tations of the target protein and previous amino acids. After
training, the model can generate de novo peptide sequences
given a protein sequence by following a similar unmasking
strategy. Three of five selected peptides generated for the
aggregation-prone mutant huntingtin protein (mHTT) were
able to guide protein degraders to the target, resulting in
significant and complete degradation of mHTT. Altogether,
sequence-based generative peptide design is capable of gen-
erating de novo peptide sequences for virtually any protein
target, including both structurally stable and disordered pro-
teins, which not only significantly cuts the cost and time
associated with traditional screening methods but can bias
the search process towards diverse peptides with optimal
binding properties. The promising in vitro results from these
studies can be extended towards accelerating the design of
peptides that target surface receptors on the BBB and diverse
brain cell types, facilitating active targeting of cells with no
known binding ligands.

Several protein-structure prediction models exist to incor-
porate the target-protein structure into the peptide design
process for receptors without experimentally validated struc-
tures, including AlphaFold [128], RoseTTAFold [116], and
ColabFold [117]. These models predict unseen protein struc-
tures from the multiple-sequence alignment (MSA) contain-
ing protein homologs with known structure. The output of
these models include a PDB file containing the structural
coordinates of the target protein and several confidence met-
rics, including the pLDDT score that measures per-residue
prediction confidence between 0 to 100, where scores > 70
indicating accurate backbone prediction and scores > 90
accurate backbone and sidechain predictions. Target protein
with no experimentally validated structure but high confi-
dence structure predictions can be used as input to structure-
based or hybrid generative peptide models that incorporate
both structure and sequence.

Given the high binding affinity and specificity, stable
structure, membrane permeability, and low degradation of
cyclic peptides [80], there have been major advancements
in deep learning models tailored for cyclic peptide repre-
sentation and design. RFpeptides [114] is a target-structure
based diffusion model built on the highly successful RFdif-
fusion protein-generation model [109] specifically finetuned
to generate cyclic peptides where the first and last amino
acids can form a chemical bond. RFpeptide has been shown
to generate high-affinity binders to protein targets with no
known binders and no experimentally determined struc-
ture, a feat that is infeasible for library-based approaches.
To design peptide binders to Rhombotarget A (RbtA), a
protein with no known structure, Rettie et al. predicted the
3D structure of the RbtA using RoseTTAFold2 [116], gen-
erated 20,000 peptide structural backbones using RFdiffu-
sion [109], and finally extracted four amino acid sequences
given each peptide backbone using ProteinMPNN [110]. The
strongest binder among 26 tested in vitro showed a high
dissociation constant of 9.4 nM. RFpeptides also generated
various binders to structurally diverse binding sites, includ-
ing myeloid cell leukemia-1 (MCL1), MDM2 involved in
tumour growth and survival, and Gamma-aminobutyric acid
type A receptor-associated protein (GABARAP). Given
these results, RFpeptides can be a powerful tool to gener-
ate cyclic peptides with enhanced properties compared to
linear peptides [80] that selectively target a diverse array of
receptors without known structure or binders on the BBB.

Directions for computationally designed peptides

Although nAchR, TfR, and LDLR are highly expressed in
the brain and have enhanced the delivery of various peptide-
conjugated NPs across the BBB, they are also expressed
on off-target organs [50]. Specifically, TfR is also highly
expressed in the spleen and LDLR in the liver, spleen, and
lungs. This may result in off-target effects and higher effec-
tive dosages. In addition, many cell types in the brain that
are involved in neurological diseases, including astrocytes,
microglia, and cells in diseased states, have no known pep-
tide binders. Therefore, computational peptide design strat-
egies have great potential in generating de novo peptide
binders to receptors specifically expressed in the brain or
specific subpopulations of brain cells. The family of super-
conserved receptors on the brain (SREB), including G pro-
tein-coupled receptors GPR27 (SREB1), GPR8S5 (SREB2),
and GPR173 (SREB3), are potential targets with increased
brain specificity as they are almost exclusively expressed in
the CNS [118]. This family of receptors have been shown
to modulate various neurological and psychiatric diseases,
including schizophrenia [129, 130] and autism spectrum
disorder [131]. Chen et al. found that SREB2 has a strong
inhibitory effect on the differentiation and survival of new
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neurons, leading to adult neurogenesis in the hippocam-
pus in a schizophrenia mouse model [129]. However, no
endogenous ligands for SREB1 and SREB2 are known and
only two less characterized ligands are known for SREB3
[129, 132—-134]. The SREB family are only a few examples
of receptors with no known ligands expressed in the brain,
which could act as targeting proteins for the treatment of
many untreatable neurological disorders, such as schizophre-
nia and other psychiatric disorders. This motivates future
studies that employ computational techniques to generate
candidate peptide binders with high affinity towards these
receptors for further in vitro and in vivo investigations.

Conclusions

Peptides have emerged as a class of targeting ligands to
enhance therapeutic delivery, presenting several advantages
including ease of synthesis, small size, reduced cost, and
lower immunogenicity over other classes of ligands like
proteins and antibodies. In parallel, the rational design of
NP-based delivery vehicles for intravenous delivery of vari-
ous drugs has shown significant promise. Next-generation
nucleic acid therapeutics in particular require NP encap-
sulation, as seen with the recent FDA-approval of Onpat-
tro, a siRNA therapy for polyneuropathy, and the mRNA
COVID-19 vaccines, both of which are encapsulated by lipid
nanoparticles (LNPs) [135]. Despite the biological barriers
that exist for intravenous delivery of drugs to the brain, the
combination of target-specific peptides conjugated on opti-
mized NP systems has been shown to synergistically facili-
tate low cytotoxicity, low degradation, BBB-targeting, and
cellular uptake of various drug payloads for a wide range of
neurological disorders, including glioma, AD, PD, stroke,
among others. Specifically, RVG29, T7, Angiopep-2, and
mApoE peptides, which target receptors nAchR, TfR, and
LDL receptors widely expressed on the BBB and brain cell
types, have shown promise in neurological disease models.
These peptides also serve multiple targeting functions due to
the upregulation of TfR and LDL receptors on glioma cells
and nAchR on neurons. Rational design strategies involv-
ing these well-established peptides have been developed to
enhance the brain-targeting properties — including fusion
of multi-target binding peptides, cyclization, and co-func-
tionalizing with cell-penetrating peptides.

Since rational design strategies limit the potential targets
of peptide-functionalized NPs to only those with known pep-
tide binders, there is a demand for de novo peptide discovery.
To this end, traditional techniques like phage display and
emerging advancements like generative deep learning must
be leveraged to widen the range of therapeutic pathways,

@ Springer

with a specific focus on achieving brain-specificity and hom-
ing to cells involved in neurological disease.

Despite the significant advancements of brain-targeted
NPs, there remain challenges to bringing these platforms
to the clinic [136]. In particular, ensuring that the targeting
peptides satisfy the range of properties necessary for thera-
peutic viability, including half-life, non-fouling, and non-
hemolysis, is imperative for success in later clinical stages.
This requires rigorous experiments validating the properties
of candidate peptides in vitro and in vivo, a process which
can be accelerated by narrowing down candidates with the
help of computational property predictors. Furthermore,
scaling the development pipelines of brain-targeted NPs will
require further optimization of high-throughput peptide syn-
thesis [137], conjugation, and purification methods.

Through the work described in this review, we demon-
strate that by bridging the gap between advances in com-
putational design strategies and experimental research, we
can design and discover potent peptide binders to overcome
the greatest barriers to effective drug delivery to the brain,
ultimately facilitating the next generation of CNS-targeted
precision therapeutics.
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