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MPHAGES AND THE BLOOD-BRAIN BARRIER: A REVIEW
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ABSTRACT

The blood-brain barrier (BBB) is a protective bar-
rier that prevents most substances from entering the
brain from the bloodstream, including bacteria and
viruses. Unfortunately, this restriction also applies to
99.9 % of therapeutics, posing significant challenges in
the treatment of brain diseases. Overcoming this barri-
er is critical for effective treatment of neurological dis-
orders. Several drug delivery systems are being devel-
oped to improve transport of therapeutic agent across
the BBB. For example, nanoparticles (liposomes, pol-
ymeric nanoparticles, dendrimers), nanocarriers (mi-
celles, nanogels), protein-based delivery (penetrating
peptides, exosomes), focused ultrasound, and most re-
cently, a filamentous phage based nanocarriers. Fila-
mentous bacteriophages are viruses that infect bacteria
and are not designed to infect eukaryotic cells. Recent
evidence suggests that filamentous bacteriophages,
such as M13, can cross BBB and enter the central nerv-
ous system (CNS). Researchers have been investigating
the potential use of M13 as drug carriers, including the
delivery of therapeutic agents to the brain. This entails
modifying the bacteriophages to carry payloads such as
drugs and using them as a delivery system. The BBB’s

complexity and the potential risks associated with
changing it necessitate careful consideration in the de-
velopment of such strategies. M13 nanocarrier devel-
opment is ongoing, and advancements may lead to new
therapeutic options for treating infections in the CNS.
However, it is important to note that this field is still in
its infancy, and more research is needed to assess the
feasibility and safety of using modified bacteriophages
to cross the BBB. This brief review attempts to compile
current research on the potential use of bacteriophages
for drug transport across the BBB.
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THE BLOOD BRAIN BARRIER AND THERA-
PEUTICS

The BBB is formed by human brain microvascular en-
dothelial cells (hBMECs) that line the cerebral microvessel
from the luminal side. The endothelial cells are covered by
pericytes and supported by glial cells (astrocytes) and neu-

rons, all of which work together to maintain normal brain
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function and play an important role in barrier function and
immune responses. Semipermeable BBB is distinguished
by the presence of highly specialized interendothelial tight
junctions. Some of the characteristics that distinguish
BBB from other barriers are as follows: 1) the presence of
cell-cell tight junctions; (ii) the absence of fenestrae and a
lower level of fluid-phase endocytosis; (iii) asymmetry in
enzyme localization [41]. In the brain, homeostasis is more
important than anywhere else in the body. The BBB pro-
tects the brain from the frequent ion fluctuations that occur
in plasma. Small lipid-soluble molecules like carbon diox-
ide or ethanol can easily pass through the barrier thanks to
the lipid membranes. The harmful molecules are swiftly
expelled from the BBB via efflux transport proteins (like
P-glycoprotein-1). In the absence of a specialized carri-
er-mediated transport system, water soluble molecules and
macromolecules are unable to cross the BBB [33].

Treatment for brain diseases is notoriously difficult.
The blood-brain barrier, which surrounds the brain paren-
chyma and is nearly impenetrable, is the underlying cause
of the difficulty in brain treatment [22]. The BBB is the
most intact of all cell barriers due to the compact layout
of endothelial cells and intercellular tight junctions, while
efflux mechanisms prevent unwanted molecules from
entering the brain [39]. Furthermore, as illustrated in the
cartoon, each extremely narrow interendothelial space is
practically lined with pericytes and supported by astrocyte
end feet (Figure 1). The presence of BBB was discovered
in the nineteenth century by Paul Ehrlich, who observed
the inability of “intravital tracer dye” to pass through the
brains of mice [12].
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Fig. 1. A cartoon illustrating the blood brain barrier. The BBB is a
specialized system that protects the brain from toxic substances in
the blood while also filtering harmful compounds from the brain
back into the bloodstream.
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Despite the fact that there are over 600 therapeutics
on the market today, the vast majority of brain diseases
remain incurable [44]. For more than two decades, scien-
tists have been researching various biomaterials, synthet-
ic transport systems, nanocarriers, and viruses in order to
transport a drug payload from blood to the CNS. Bacteri-
ophages are one of the tools being explored as a carrier.
Bacteriophages are the most numerous biological entities
and have been demonstrated to be effective against antibi-
otic-resistant bacteria. They are highly host specific, typi-
cally infecting only one type of bacteria. A phage particle
is composed of a single nucleic acid, either DNA or RNA
and a protein capsid that protects the genetic material [32].
Bacteriophages cannot infect eukaryotic cells, but they can
pass through epithelial cell layers and spread throughout
the body, including the blood, lymph, kidney, spleen and
even the brain [34]. Because they enter the body through
food, their concentration in the gut remains high [34]. Var-

ious types of the bacteriophages are illustrated in Figure 2.
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Fig. 2. Classification of bacteriophages based on morphology and
properties of DNA

Filamentous bacteriophages

Filamentous bacteriophages (genus [novirus) resem-
ble a flexible rod and contain circular single-stranded
DNA that codes for approximately ten genes. They attack
Gram-negative bacteria specifically, and infection is dis-
tinguished by the unique strategy of virion morphogenesis.

F-specific filamentous phages (Ff) are the most well-stud-



ied of the various filamentous phages. Filamentous phag-
es M13, fd, and f1 are members of the /noviridae family,
which includes several subfamilies with distinct structures
and lifecycles [9, 16]. Their “body” is comprised of multi-
ple proteins. The backbone is formed by a major coat pro-
tein (or pVIII protein), while minor coat proteins are found
on both ends, created by plII and pVI proteins on one end
and pVII and pIX on the other [21]. Minor coat proteins
are required for interaction with the F pilus of the target
bacteria [25]. A structure of filamentous phage is illustrat-

ed in Figure 3.
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Fig. 3. A filamentous bacteriophage

Filamentous phages can be used as a drug carrier into
the BBB when administered intranasally or via convec-
tion-enhanced delivery (CED) [42]. The use of filamen-
tous phage as a carrier appears to be a more acceptable
non-invasive approach among the many strategies being
tested to transport drugs across the BBB. While invasive
techniques rely on harsh methods such as chemical open-
ing of the BBB, ultrasound disruption of the BBB, or even
intracerebral infusions [3], non-invasive methods primari-
ly rely on nanotechnology-based carrier systems (nanocar-
riers). Several effective nanocarriers are being developed,
including carbon dots, carbon nanotubes, dendrimers,

polymeric nanoparticles, and viral vectors (including fil-

amentous phages), liposomes, and micelles [1, 45]. Ther-
modynamic stability, biocompatibility, homogeneity, high
carrying capacity, self-assembly, scalability, and low tox-
icity are all advantages of phage-based carriers over oth-
er nanoparticles [43]. In addition to many other peptides,
they can be used to transport nucleic acids [23]. BBB hom-
ing peptides (peptides that aid in the transportation of large
molecules across BBB), organ/cell-specific peptides or
pathogen-specific peptides can be selected using a phage
display technology using filamentous phages [21]. The
display technology was discovered by Nobel prize winner
George P. Smith in 1985, which has enabled the discovery
of plethora of proteins, peptides and antibodies for diag-

nostic and therapeutic purposes [37].

BBB homing: Transportation from blood to brain
Several BBB homing peptides have been discovered
to treat various brain tumours and CNS infections. Choi-
Fong and colleagues identified BTP-7, a targeting peptide
for the treatment of high-grade gliomas [8]. The majority
of the studies used phage display to identify BBB hom-
ing peptides. Commercially available combinatorial phage
libraries (Ph.D.-12, Ph.D.-7, and Ph.D.-C7C) from New
England Biolabs are being used frequently in display ex-
periments [28]. For example, the C7C peptide with the se-
quence ACTTPHAWLCG was developed using the com-
binatorial phage display technique and was able to cross
the BBB within 45 minutes of administration [42]. The
majority of homing peptides discovered to date are tak-
en up by brain microvascular endothelial cells via active
transport, such as receptor-mediated endocytosis [30].
There is some evidence that filamentous phages can
cross the BBB [30, 34, 43, 46]. Thus, the phage body
can be used as a vehicle to transport therapeutics into the
brain. There are several proposed mechanisms for phage
entry across the epithelial cell layer. They include leaky
gut syndrome, in which phages can pass through the epi-
thelial cell layer due to cellular damage, and the “Trojan
horse” mechanism, in which bacteriophages can enter by
being engulfed by bacteria [2, 20]. Another mechanism
under consideration is the free uptake of phage particles
by eukaryotic cells via endocytosis [2, 6, 18]. Several ex-
periments were carried out to assess phage transcytosis
through epithelial cell layers. T4 bacteriophage transcy-
tosis was tested in various cell types representing differ-

ent organs for this purpose. They were: the gut (T84 and
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CaCo2), the lung (A549), the liver (Huh7), and the brain
(hBMECc). T4 bacteriophages showed transcytosis in both
directions, but preferentially from apical to basal [34]. It
was hypothesized that phages transit through the Golgi ap-
paratus before being exocytosed [34].

One of the first discoveries of the phage passage
through the BBB, was in 1943 when Dubos etal. [11]
[demonstrated that anti-Shiga bacteriophages were accu-
mulated and replicated within the brains of mice infect-
ed with Shigella dysenteriae. Keller and Engley
[24] conducted another experiment in 1958 using bacte-
riophages selected against Bacillus megatherium. They
found similar accumulation and persistence in the brains
of mice after intraperitoneal injections for up to 6 hours.
The question is whether naturally occurring bacteriophag-
es in the brain aid in some function. They are thought to
protect against meningitis caused by commensal bacteria
[2]. Filamentous M13 bacteriophages were examined for
presence in the brain, and one of the first studies on pri-
mate brains revealed that bacteriophages spread through-
out the primate brain via axonal transport [27]. Many stud-
ies are currently underway to investigate the transport of
phages or phage-displayed peptides through the brain in
order to cure or prevent a variety of brain-related diseases.
In addition, designing M13 filamentous bacteriophages ca-
pable of penetrating the BBB and targeting glioblastoma,
a neuroectodermal tumour, was a significant step forward.
M13 were created by reducing their genome size, which
correlates with phage particle length. By using two dis-
tinct phages, one containing packaging components and
the other containing only ssDNA with tunable length and
a packaging signal, their length was reduced [40]. Phage
therapy for brain diseases such as Alzheimer’s and Par-
kinson’s disease, as well as brain infections such as Bor-
relia burgdorferi, Flaviviruses, Listeria, and others, has
received attention in the last decade [7, 14]. The M13
phage was discovered to be capable of disintegrating al-
pha-synuclein inside the brain of a mouse model [10]. The
alpha-synuclein is considered one of the main factors that
causes and accompanies Alzheimer’s and Parkinson’s dis-
ease. Ff phages can also cross the BBB and may be used in
future therapeutic approaches [43]. Fd filamentous bacteri-
ophages with cocaine-binding properties were also shown
to block cocaine’s psychoactive effects in the brain [5].
Phage based therapy was also developed against Borre-

lia infection. In order to treat borreliosis, induced native
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phage therapy was developed, which relies on phages that
naturally coexist in the human body. Using this treatment,
77 percent of 26 Lyme disease syndrome patients were
cured [19]. Phage display technology is also used to dis-
play specific peptides against viruses such as West Nile
virus, SARS-Cov-2, Dengue virus, and Hepatitis C virus
[4, 17, 38, 47]. Specific single-domain antibodies were de-
signed to block domain III (DIII-2V¥71R388) of the envelope
protein of the West Nile virus [17].

The mechanisms of the bacteriophage traversal through
BBB is not yet fully known. One study suggests the cross-
ing of phages through both routes, through vesicular and
cytosolic compartments of the eukaryotic cell. During the
transcytosis, they traffic through the Golgi apparatus via
the endomembrane system [34]. There is evidence that
filamentous bacteriophages have the ability to penetrate
the central nervous system while retaining vector proper-
ties and the ability to carry foreign molecules [13]. It was
discovered that the proline at position 213 of the surface
protein plll is critical for forming a hinge between two
amino-terminal domains during interaction with the bac-
terial pili. The GIn212-Pro213 peptide bond undergoes
subsequent isomerization from trans to cis conformation
[31]. As a result, only a G3P or pllI peptide essential for
interacting with host cells should be used as a homing pep-
tide, rather than the entire phage. It was discovered that the
pllI peptide alone was nearly as effective as the entire M13
phage in interacting with amyloid fibres in the brain [26].
G3P has three domains (N1, N2, and C), each of which
performs a different mechanism of action [29]. The C do-
main is responsible for releasing a viral particle from the
infected cell [36]. As a result, only domains responsible
for penetrating cells and not passing out should be used as
homing peptides.

Bacteriophages have several advantages as therapeutic
agents against pathogens or as BBB homing agents. Spe-
cifically, 1) their high host specificity prevents them from
having negative side effects on commensal microbiota, 2)
their self-replication within chosen bacterial targets main-
tains their population at the specific site of infection, 3)
they cease to replicate when the infection is eradicated,
and 4 they are effective even against multi-resistant bacte-
rial strains [15, 35].



CONCLUSIONS

The BBB is the most difficult barrier to overcome in the
treatment of brain diseases because drug penetration is ex-
tremely limited. Bacteriophages are emerging as a promis-
ing tool in the search for an efficient carrier to transport ther-
apeutic molecules from the blood to the brain, owing to their
high scalability, flexibility, and ability to cross various phys-
iological barriers. A truncated model of phage or phage pro-
teins (like pIII) alone could be investigated further as carrier
systems. For example, an antimicrobial peptide fused with
pII may be able to cross the BBB while retaining antibac-
terial activity in the brain parenchyma. Bacteriophages and
their proteins open up new avenues for the development of
CNS drug delivery systems. It is important to note that the
use of bacteriophages in medical treatments is an evolving
field, and further studies are needed to fully understand their
safety and efficacy, especially in the context of CNS.

ACKNOWLEDGEMENT

The research work of authors was supported by
the projects: EURONANOMED2021-105 (Antineuro-
patho), APVV-22-0084, VEGA 1/0348/22, 2/0128/21 and
1/0381/23.

REFERENCES

1. Ahlawat, J., Guilama Barroso, G., Masoudi Asil, S., Alva-
rado, M., Armendariz, 1., Bernal, J., et al., 2020: Nanocar-
riers as potential drug delivery candidates for overcoming the
blood-brain barrier: Challenges and possibilities. ACS Ome-
ga, 5,22,12583-12595. DOI: 10.1021/acsomega.0c01592.

2. Barr, J. J., 2017: A bacteriophages journey through the hu-
man body. Immunol. Rev., 279, 1, 106-122. DOI: 10.1111/
imr.12565.

3. Bellettato, C. M., Scarpa, M., 2018: Possible strategies to
cross the blood-brain barrier. Ital. J. Ped., 44, 2, 131. DOI:
10.1186/s13052-018-0563-0.

4. Cabezas, S., Rojas, G., Pavon, A., Alvarez, M., Pupo, M., Guil-
len, G., et al., 2008: Selection of phage-displayed human anti-
body fragments on Dengue virus particles captured by a monoclo-
nal antibody: application to the four serotypes. J. Virol. Methodss,
147, 2,235-243. DOIL: 10.1016/j.jviromet.2007.09.001.

10.

11.

12.

13.

14.

15.

16.

17.

. Carrera, M. R., Kaufmann, G. F., Mee, J. M., Meijler,

M. M., Koob, G. F., Janda K. D., 2004: Treating cocaine
addiction with viruses. Proc. Natl. Acad. Sci. USA. 101, 28,
10416-10421. DOI: 10.1073/pnas.0403795101.

. Carroll-Portillo, A., Lin, H. C., 2019: Bacteriophage and

the innate immune system: Access and signaling. Microor-

ganisms, 7, 12. DOI: 10.3390/microorganisms7120625.

. Chambers, T. J., Diamond, M. S., 2003: Pathogenesis of

flavivirus encephalitis. Adv. Virus Res., 60, 273-342. DOI:
10.1016/50065-3527(03)60008-4.

. Cho, C. F., Ghotmi, Y., Fadzan, C., Wolfe, J., Bergmann,

S., Qu, Y., et al., 2018: DDIS-26. BTP-7, a novel peptide
for, therapeutic targeting of malignanat brain tumours. Neu-
ro-Oncology, 20, 6, 74. DOI: 10.1093/neuonc/noy148.305.

. Chopin, M. C., Rouault, A., Ehrlich, S. D., Gautier, M.,

2002: Filamentous phage active on the gram-positive bacte-
rium Propionibacterium freudenreichii. J. Bacteriol., 184, 7,
2030-2033. DOI: 10.1128/jb.184.7.2030-2033.2002.
Dimant, H., Solomon, B., 2010: Filamentous phages reduce
alpha-synuclein oligomerization in the membrane fraction of
SH-SYSY cells. Neurodegener. Dis., 7, 1-3, 203-205. DOI:
10.1159/000295664.

Dubos, R. J., Straus, J. H., Pierce, C., 1943: The multipli-
cation of bacteriphage in vivo and its protective effect against
an experimental infection with Shigella dysenteriae. J. Exp.
Med., 78, 3, 161-168. DOI: 10.1084/jem.78.3.161.

Dyrna, F., Hanske S., Krueger, M., Bechmann, I., 2013:
The blood-brain barrier. J. Neuroimmune Pharmacol., 8, 4,
763-773. DOI: 10.1007/s11481-013-9473-5.

Frenkel, D., Solomon, B., 2002: Filamentous phage as vec-
tor-mediated antibody delivery to the brain. Proc. Nat. Acad.
Sci., 99, 8, 5675-5679. DOI: 10.1073/pnas.072027199.
Grab, D. J., Perides, G., Dumler, J. S., Kim, K. J., Park,
J., Kim, Y. V., et al., 2005: Borrelia burgdorferi, host-de-
rived proteases, and the blood-brain barrier. Infect. Immun.,
73,2,1014-1022. DOI: 10.1128/iai.73.2.1014-1022.2005.
Hanlon, G. W., 2007: Bacteriophages: An appraisal of
their role in the treatment of bacterial infections. Int. J. An-
timicrob. Agents, 30, 2, 118-128. DOI: 10.1016/j.ijjantimi-
cag.2007.04.006.

Hay, 1. D., Lithgow, T., 2019: Filamentous phages: Masters
of a microbial sharing economy. EMBO Rep., 20, 6. DOI:
10.15252/embr.201847427.

Hruskovicova, J., Bhide, K., Petrouskova, P., Tkacova,
Z., Mochnacova, E., Bhide, M., et al., 2022: Engineering

the single domain antibodies targeting receptor binding mo-

19



18.

19.

20.

21.

22.

23.

24.

2S.

26.

27.

20

tifs within the domain III of West Nile virus envelope gly-
coprotein. Front. Microbiol., 13, 801466. DOI: 10.3389/
fmicb.2022.801466.

Ivanenkov, V., Felici, F., Menon, A. G., 1999: Uptake and
intracellular fate of phage display vectors in mammalian
cells. Biochim. Biophysic. Acta (BBA) — Mol. Cell Res., 1448,
3,450-462. DOI: 10.1016/S0167-4889(98)00162-1.
Jernigan, D. A., Hart, M. C., Dodd, K. K., Jameson, S.,
Farney, T., et al., 2021: Induced native phage therapy for the
treatment of Lyme disease and relapsing fever: A retrospec-
tive review of first 14 months in One clinic. Cureus. 13, 11,
€20014. DOI: 10.7759/cureus.20014.

Johnston, N., 2002: Viral Trojan horse for combating tuber-
culosis. Drug Discovery Today, 7, 6,333-335. DOI: 10.1016/
S1359-6446(02)02222-5.

Ju, Z., Sun, W., 2017: Drug delivery vectors based

on filamentous bacteriophages and
ic nanoparticles. Drug Deliv., 24, 1, 1898-1908. DOI:
10.1080/10717544.2017.1410259.

Kadry, H., Noorani, B., Cucullo, L. A., 2020: A blood—

phage-mimet-

brain barrier overview on structure, function, impairment,
and biomarkers of integrity. Fluids and Barriers of the CNS,
17,1, 69. DOI: 10.1186/s12987-020-00230-3.

Karimi, M., Mirshekari, H., Moosavi Basri, S. M., Bahra-
mi, S. Moghofei, M., Hamblin, M. R., et al., 2016: Bacte-
riophages and phage-inspired nanocarriers for targeted deliv-
ery of therapeutic cargos. Adv. Drug Deliv. Rev., 106, 45-62.
DOI: 10.1016/j.addr.2016.03.003.

Keller, R., Engley, F. B., Jr., 1958: Fate of bacteriophage
particles introduced into mice by various routes. Proc. Soc.
Exper. Biol. Med., 98, 3, 577-580. DOI: 10.3181/00379727-
98-24112.

Kleinbeck, F., Kuhn, A., 2021: Membrane insertion of
the M13 minor coat protein G3p is dependent on YidC and
the SecAYEG translocase. Viruses, 13, 7. DOI: 10.3390/
v13071414.

Krishnan, R., Tsubery, H., Proschitsky, M. Y., Asp, E.,
Lulu, M., Gilead, S., et al., 2014: A bacteriophage capsid
protein provides a general amyloid interaction motif (GAIM)
that binds and remodels misfolded protein assemblies. J. Mol.
Biol., 426, 13, 2500-2519. DOI: 10.1016/j.jmb.2014.04.015.
Ksendzovsky, A., Walbridge, S., R. C,,
Asthagiri, A. R., Heiss, J. D., Lonser, R. R., et al.,

Saunders,

2012: Convection-enhanced delivery of MI13 bacterio-
phage to the brain. J. Neurosurg., 117, 2, 197-203. DOI:
10.3171/2012.4.Jns111528.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Li, J., Feng, L., Jiang, X., 2015: In vivo phage display
screen for peptide sequences that cross the blood—cerebro-
spinal-fluid barrier. Amino Acids, 47, 2, 401-405. DOIL:
10.1007/500726-014-1874-0.

Lubkowski, J., Hennecke, F., Pliickthun, A., Wlodawer,
A., 1999: Filamentous phage infection: Crystal structure of
23p in complex with its coreceptor, the C-terminal domain
of TolA. Structure, 7, 6, 711-722. DOI: 10.1016/s0969-
2126(99)80092-6.

Majerova, P., Hanes, J., Olesova, D., Sisnky, J., Pilipci-
nec, E., Kovac, A., 2020: Novel blood-brain barrier shuttle
peptides discovered through the phage display method. Mol-
ecules, 25, 4. DOI: 10.3390/molecules25040874.

Messing, J., 2016: Phage M 13 for the treatment of Alzheimer
and Parkinson disease. Gene. 583, 2, 85-89. DOI: 10.1016/j.
gene.2016.02.005.

Moineau, S., 2013: Bacteriophage. In Maloy, S., Hughes,
K. (Ed.): Brenner's Encyclopedia of Genetics, 2nd edn., Ac-
ademic Press, San Diego, 280-283.

Mollgard, K., Dziegielewska, K. M., Holst, C. B., Hab-
good, M. D., Saunders, N. R., et al., 2017: Brain barriers
and functional interfaces with sequential appearance of ABC
efflux transporters during human development. Sci. Rep., 7,
1, 11603. DOT: 10.1038/541598-017-11596-0.

Nguyen, S., Baker, K., Padman, B. S., Patwa, R., Dunstan,
R. A., Weston, T. W., et al., 2017: Bacteriophage transcy-
tosis provides a mechanism to cross epithelial cell layers.
mBio, 8, 6. DOI: 10.1128/mbio.01874-17.

QOjala, V., Laitalainen, J., Jalasvouri, M., 2013: Fight evo-
lution with evolution: Plasmid-dependent phages with a wide
host range prevent the spread of antibiotic resistance. Evol.
Appl., 6, 6,925-932. DOI: 10.1111/eva.12076.

Riechmann, L., Holliger, P., 1997: The C-terminal do-
main of TolA is the coreceptor for filamentous phage infec-
tion of E. coli. Cell, 90, 2, 351-360. DOI: 10.1016/s0092-
8674(00)80342-6.

Smith, G. P., Petrevenko, V. A., 1997: Phage display. Chem.
Rev, 97,2, 391-410. DOI: 10.1021/cr960065d.
Songsivilai, S., Dharakul, T., 1998: Genetically engineered
single-chain Fvs of human immunoglobulin against hepatitis
C virus nucleocapsid protein derived from universal phage
display library. Asian Pac. J. Allergy Immunol., 16, 1, 31.
Terstappen, G. C., Meyer, A. H., Bell, R. D., Zhang, W.,
et al., 2021: Strategies for delivering therapeutics across the
blood-brain barrier. Nat. Rev. Drug Discov., 20, 5, 362-383.
DOI: 10.1038/s41573-021-00139-y.



40.

41.

42.

43.

Tsedev, U., Lin, C. W,, Hess, G. T., Sarkaria, J. N., Lam,
F. C., Belcher, A. M., 2022: Phage particles of controlled
length and genome for in vivo targeted glioblastoma imaging
and therapeutic delivery. ACS Nano, 16, 8, 11676—-11691.
DOI: 10.1021/acsnano.1c08720.

Ueno, M., 2009: Mechanisms of the penetration of blood-
borne substances into the brain. Curr. Neuropharmacol.,7, 2,
142-149. DOI: 10.2174/157015909788848901.

Wan, X. M., Chen, Y. P., Xu, W. R., Yang, W. J., Wen,
L. P,
tide through phage display. Peptides, 30, 2, 343-350. DOI:
10.1016/j.peptides.2008.09.026.

Wang, Y., Sheng, J., Chai, J., Zhu, C., Li, X., Yang, W.,

2009: Identification of nose-to-brain homing pep-

Cui, R., et al., 2021: Filamentous bacteriophage — a power-
ful carrier for glioma therapy. Front. Immunol., 12, 729336.
DOI: 10.3389/fimmu.2021.729336.

44,

45.

46.

47.

Wood, T., Nance, E., 2019: Disease-directed engineer-
ing for physiology-driven treatment interventions in neu-
rological disorders. APL Bioeng., 3, 4, 040901. DOI:
10.1063/1.5117299.

Wu, D., Chen, Q. Chen X., Han, F., Chen, Z., Wang, Y.,
2023: The blood-brain barrier: Structure, regulation, and
drug delivery. Signal Transd. Target. Ther., 8, 1, 217. DOIL:
10.1038/s41392-023-01481-w.

Wu, L. P.,, Ahmadvand, D., Su, J., Hall, A., Tan, X., Far-
hangrazi, Z. S., et al., 2019: Crossing the blood-brain-barri-
er with nanoligand drug carriers self-assembled from a phage
display peptide. Nat. Commun., 10, 1, 4635. DOI: 10.1038/
s41467-019-12554-2.

Yang, F., Liu, L., Neuenschwander, P. F., Idell, S., Vankay-
alapati, R., Jain, K. G., et al., 2022: Phage display-derived
peptide for the specific binding of SARS-CoV-2. ACS Ome-
ga, 7,4,3203-3211. DOIL: 10.1021/acsomega.1c04873.

Received January 2, 2024
Accepted February 6, 2024

21



