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Editorial

Brain-Targeted Drug Delivery

Flávia Sousa

Adolphe Merkle Institute, University of Fribourg, Chemin des Verdiers 4, 1700 Fribourg, Switzerland;
flavia.sousa@unifr.ch

At present, brain diseases affect one in six people worldwide, and they include a
wide range of neurological diseases from Alzheimer’s and Parkinson’s diseases to epilepsy,
brain injuries, brain cancer, neuroinfections and strokes. The treatment of these diseases is
complex and limited due to the presence of the blood–brain barrier (BBB), which covers the
entirety of the brain. The BBB not only has the function of protecting the brain from harmful
substances but is also a metabolic barrier and a transport regulator of nutrients/serum
factors/neurotoxins. Knowing these characteristics when it comes to the treatment of brain
diseases makes it easy to understand the lack of efficacy of therapeutic drugs, resulting
from the innate resistance of the BBB to permeation. To overcome this limitation, drug
delivery systems based on nanotechnology/microtechnology have been wisely developed.
Brain-targeted drug delivery allows targeted therapy with a higher therapeutic efficacy
and low side effects because it targets moieties present in the drug delivery systems.

Brain-targeted drug delivery research is an active, rich and multidisciplinary research
area, and this Special Issue aims to present the current state of the art in the field. A series of
nine research articles and three review articles are presented, with authors from 10 different
countries, which demonstrates the multidisciplinarity of investigations that have been
carried out in this area. This Special Issue brings together the latest research from the
treatment of glioblastoma (GBM) to neurodegenerative diseases and epilepsy. Furthermore,
literature reviews are presented on the topics of (i) novel drug delivery systems for GBM
treatment, (ii) the potential of Alzheimer’s disease immunotherapy, and, lastly, (iii) current
methods to detect and monitor macromolecules in the brain.

The main obstacle to treating disorders of the central nervous system (CNS) is the
presence of the BBB, which hinders the delivery of therapeutics. It is well known that
few small-molecule drugs can cross the BBB, and most biologic drugs cannot. As an
alternative route to overcome the BBB, Kouzehgarani et al. evaluated the biodistribution
of an anti-EGFR antibody in the rat brain after intra-cisterna magma injection. They
show vastly greater and deeper penetration of the monoclonal antibody (mAb) into the
brain parenchyma after CSF administration compared to IV administration. The authors
demonstrate that circumventing the BBB via CSF microcirculation might be a strategy
to improve the delivery of mAbs into the brain, achieving deep penetration of IgG-size
biologics [1].

Another administration route that allows us to successfully reach the brain is the in-
tranasal route. Intranasal administration has recently been explored by researchers because
it reaches the brain, bypassing the BBB through the olfactory bulb. Petkova et al. used this
strategy to enhance gene delivery to the cerebral cortex using hyaluronidase-coated glycol
chitosan–DNA polyplexes (GCPH) [2]. The authors show high levels of protein expression
in the brain regions upon intranasal administration of hyaluronidase-coated polyplexes.
Following the same strategy of intranasal administration, Qizilbash et al. developed a
naringenin-encapsulated nanostructured lipid carrier (NGN-NLC) with thymoquinone
(TQ) oil to investigate the antidepressant potential of the nanosystem [3]. Their ex vivo
and in vivo results show higher penetration and greater antidepressant potential from
NGN-NLC compared to NGN suspension achieved by intranasal administration. Lastly,
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Nathshed et al. developed a pomegranate seed oil (PSO) phospholipid oil gel for nasal
administration to test its biological effect on memory and locomotor activity [4]. The results
show a significant improvement in the behavior of animals when they were treated with
intranasal gel compared to orally administrated oil.

Another common administration route for brain-targeted drug delivery is intracranial.
To improve intracranial viral vector delivery in non-human primates (NHPs), Griggs
et al. developed a new method based in bench-side convection-enhanced delivery (CED)
that provides users with a hands-on CED experience. This method aims to help and
guide researchers in the surgical preparations for intracranial viral delivery using CED
in NHPs [5]. Indeed, other authors have used CED for the intratumoral administration
of biologics. Rechberger et al. studied the effect of direct intratumoral administration of
GB-13 in an orthotopic xenograph model of high-grade glioma via CED [6]. This novel
peptide–toxin conjugate that binds to IL-13Rα2 was able to significantly decrease tumor
size and prolong survival in both diffuse midline and high-grade glioma with high levels
of IL-13Rα2, opening doors for IL-13Rα2-targeted therapy.

Focusing on intravenous administration for brain-targeted drug delivery, Nakano et al.
developed hollow-gold nanoparticles tethered to liposomes (HGN-liposomes) loaded with
muscimol to be released by laser or ultrasound stimulation and to inhibit neurons and
suppress epileptiform seizures [7]. The combination of ultrasound stimulation and intra-
venous administration of HGN-liposomes suppressed seizure activity in the hippocampus,
demonstrating the therapeutic potential of HGN-liposomes for controlling epileptiform
seizures without continuous exposure.

Drug delivery into the brain can also be done by intraperitoneal administration.
Casanova et al. developed PLGA microparticles and nanoparticles loaded with Tolcapone
to improve the treatment of Parkinson’s disease (PD) [8]. There is an urgent need to find
new and promising therapeutic strategies to treat PD that are able to overcome the BBB. The
authors demonstrate that Tolcapone-loaded PLGA nanoparticles were able to revert PD-like
symptoms of neurodegeneration in an in vivo model upon intraperitoneal administration.

Undoubtedly, the BBB is essential for protecting the organ from toxins, drugs, and
pathogens, serving as a highly selective semipermeable membrane of endothelial cells.
Damaging the BBB can lead to serious consequences for brain homeostasis and neuronal
degeneration. Yang et al. studied the impact of high-dose acetaminophen (APAP) on the
integrity of the BBB, demonstrating increased paracellular permeability of the BBB as well
as increased protein expression of claudin-5 in brain microvessels [9]. The authors also
observed that APAP-induced paracellular “leak” contributed to increased CNS uptake
of codeine, bringing awareness to the biological effects of concomitant administration of
APAP with opioids.

Lastly, this Special Issue presents three review articles to provide the reader with
a broad overview of brain-targeted drug delivery research. Kheir et al. reviews the
literature on the development of new drug delivery systems and novel strategies for GBM
treatment [10]. The authors discuss (i) current GBM traditional treatments, (ii) the role
of chemokine CXCL12 and its receptor CXCR4 in GBM invasion, (iii) interstitial fluid
flow in GBM, (iv) models to study GBM cell migration and (v) innovative treatments for
GBM. On the other side, Toshihiko Tashima discusses the potential of Alzheimer’s disease
immunotherapy using intravenously administered anti-tau and anti-receptor bispecific
antibodies [11]. These anti-tau and bispecific mAbs are able to induce receptor-mediated
transcytosis in capillary endothelial cells of the BBB and might represent a solution for Aβ-
targeting therapies. Lastly, Custers et al. reviews the literature on the current approaches
to detect and monitor macromolecules in the brain directly from the cerebral interstitial
fluid [12]. Direct sampling from the cerebral interstitial space can be done via a few
techniques such as microdialysis, cerebral open flow microperfusion and electrochemical
biosensors. The authors discuss the current limitations and advantages of each technique.

Overall, the articles in this Special Issue highlight a very active and interesting field for
society since, in recent years, brain diseases are affecting more people and starting earlier.
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Therefore, there is an urgent need to understanding the biological properties of the BBB
and to apply that knowledge to finding new therapeutic strategies for brain diseases. I
would like to thank all the authors of this Special Issue for contributing high-quality works,
as well as all the reviewers who critically evaluated the articles. In addition, I would like to
thank the Assistant Editor, Mr. Jaimin Tao, for his kind help.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Biodistribution Analysis of an Anti-EGFR Antibody in the Rat
Brain: Validation of CSF Microcirculation as a Viable Pathway
to Circumvent the Blood-Brain Barrier for Drug Delivery

Ghazal Naseri Kouzehgarani , Pankaj Kumar, Susan E. Bolin, Edward B. Reilly and Didier R. Lefebvre *

AbbVie Inc., 1 N Waukegan Road, North Chicago, IL 60064, USA;
ghazal.naserikouzehgarani@abbvie.com (G.N.K.); pankaj.kumar2@abbvie.com (P.K.);
susan.bolin@abbvie.com (S.E.B.); ed.reilly@abbvie.com (E.B.R.)
* Correspondence: didier.lefebvre@abbvie.com

Abstract: Cerebrospinal fluid (CSF) microcirculation refers to CSF flow through brain or spinal
parenchyma. CSF enters the tissue along the perivascular spaces of the penetrating arteries where it
mixes with the interstitial fluid circulating through the extracellular space. The potential of harnessing
CSF microcirculation for drug delivery to deep areas of the brain remains an area of controversy. This
paper sheds additional light on this debate by showing that ABT-806, an EGFR-specific humanized
IgG1 monoclonal antibody (mAb), reaches both the cortical and the deep subcortical layers of the
rat brain following intra-cisterna magna (ICM) injection. This is significant because the molecular
weight of this mAb (150 kDa) is highest among proteins reported to have penetrated deeply into
the brain via the CSF route. This finding further confirms the potential of CSF circulation as a drug
delivery system for a large subset of molecules offering promise for the treatment of various brain
diseases with poor distribution across the blood-brain barrier (BBB). ABT-806 is the parent antibody of
ABT-414, an antibody-drug conjugate (ADC) developed to engage EGFR-overexpressing glioblastoma
(GBM) tumor cells. To pave the way for future efficacy studies for the treatment of GBM with an
intra-CSF administered ADC consisting of a conjugate of ABT-806 (or of one of its close analogs),
we verified in vivo the binding of ABT-414 to GBM tumor cells implanted in the cisterna magna
and collected toxicity data from both the central nervous system (CNS) and peripheral tissues. The
current study supports further exploration of harnessing CSF microcirculation as an alternative to
systemic delivery to achieve higher brain tissue exposure, while reducing previously reported ocular
toxicity with ABT-414.

Keywords: blood-brain barrier; brain targeted therapy; drug delivery; cerebrospinal fluid microcirculation;
brain biodistribution

1. Introduction

Drug delivery via cerebrospinal fluid (CSF) circulation is a pathway allowing the
distribution of therapeutics, either small molecules or large biologics, in brain and spinal
tissue. This pathway has drawn renewed attention since the recent discovery of the brain-
wide perivascular pathway for CSF and interstitial fluid exchange system [1]. For decades,
CSF circulation was thought to be limited to flow through the brain ventricles and into
the subarachnoid space (SAS) around both the brain and spinal tissue, only exposing
contiguous tissues. Now, it is recognized that the CSF also flows through the parenchyma
via a mechanism referred to as the CSF microcirculation [2]. The recent literature reported
data indicating that this intraparenchymal flow can be harnessed to transport therapeutic
molecules to deep regions of the brain [2].

Many biologics with great promise for the treatment of neurodegenerative diseases
or tumors have poor brain uptake due to their low permeation across the blood-brain
barrier (BBB) following systemic delivery [3,4]. Furthermore, their size is thought to slow
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transport through brain tissues [5–7]. This includes antibody-drug conjugates (ADCs)
targeting epidermal growth factor receptors (EGFRs) expressed on glioblastoma (GBM)
tumors [8]. As part of an ongoing effort to overcome the biodistribution challenge of
tumor-treating ADCs, we report data verifying that CSF microcirculation indeed enables
the brain-wide distribution of an IgG-sized antibody. Our primarily tool compound,
ABT-806, is a humanized monoclonal parent antibody (mAb) of Depatuxizumab Mafodotin
(Depatux-M, also known as ABT-414). Depatux-M is an antibody-drug conjugate in which
the parent antibody is conjugated to a potent antimicrotubule agent, monomethyl auristatin
F (MMAF). The antibody selectively binds to a unique conformation of human EGFR that
is exposed due to EGFR overexpression, gene amplification, or a mutant form of EGFR
with deletions of exons 2 through 7 (EGFRvlll) [9,10].

Intellance-I, a previous phase 3 clinical trial using systemic delivery of ABT-414 in
GBM patients, did not provide increased survival benefits. This randomized, placebo-
controlled study was conducted with intravenous (IV) administration of the ADC in
newly diagnosed GBM patients [11]. According to several authors, the BBBs in these
patients were not compromised enough to allow for sufficient crossing of the large-sized
therapeutic [8,12]. This setback prompted us to explore whether bypassing the BBB via the
CSF microcirculation pathway could lead to improved brain exposure, thereby potentially
reviving interest in the use of ADCs for the treatment of EGFR+ GBM tumors.

Here, we report a time course study of ABT-806 biodistribution in the brain parenchyma
showing vastly greater and deeper penetration of the antibody when it was administered
via the CSF vs. via the IV route. Our toxicology study indicates no toxicity in the brain or
the eye, as opposed to the previously reported ocular toxicity of systemically administered
ABT-414 [13,14], further suggesting the potential of the CSF microcirculation as a drug
delivery pathway. Lastly, we verify that ABT-414 injected into the rat cisterna magna
binds to an EGFR+ GBM implant. Although the cisterna magna obviously differs from
the location of orthotopic GBM xenografts, it provides a convenient location to verify and
optimize the tumor penetration of ABT-414 for future efficacy studies in brain tissues.

2. Materials and Methods

2.1. Animals

Male Sprague Dawley rats were purchased from Charles River Laboratories (Wilm-
ington, MA, USA). A total of 57 rats, 8–12-weeks of age at 300–400 g body weight, were
used for intra-CSF administration (n = 18), IV dosing (n = 18), tumor inoculation (n = 12)
and toxicology study (n = 9). Rats were socially housed prior to the study in an enriched
environment under a 12:12 h light/dark cycle. Diet and sterile tap water were provided ad
libitum. All animal studies were reviewed and approved by AbbVie’s Institutional Animal
Care and Use Committee (IACUC). Animal studies were conducted by an Association
for Assessment and Accreditation of Laboratory Animal Care International (AAALAC)
accredited program and veterinary care was available to ensure appropriate animal care.

2.2. Intra-Cisterna Magna (ICM) Cannulation Surgery

Two types of cannulation procedures were performed: acute and chronic. Acute
cannulation was used in non-survival surgeries where the test articles were injected imme-
diately after catheter implantation and animals were not subsequently recovered. Chronic
cannulation was performed in survival surgeries where the cannula was fixed in place for
at least 4 h for a single injection and up to 1 month for weekly injections and the animals
were allowed to recover from anesthesia. The surgical technique was the same in both
acute and chronic cannulation, as described below, and was adapted from Xavier et al. [15].
All injections were performed under anesthesia. IACUC guidelines were followed for
both procedures.

Animals were anesthetized in a 3–4% isoflurane induction chamber. Once they
achieved a surgical level of anesthesia, as confirmed by the lack of toe pinch reflexes,
the surgical area was clipped of hair and prepared with a surgical disinfectant (povidone-
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iodine or equivalent) followed by 70% alcohol. Surgical preparation was performed in a
station separate from the surgery. The surgeon wore sterile gloves and scrubs. Surgical
instruments and materials were sterilized prior to use with the first rat. Between rats,
instruments were sterilized by immersion in a hot bead sterilizer for 10–15 s and allowed
to cool before being used on another animal.

Animals were fixed in the stereotaxic frame using ear bars and a nose cone to maintain
isoflurane anesthesia at 2% during the surgery. Ophthalmic ointment was applied to avoid
drying of the eyes. The animal head was tilted at an angle of 120◦ to the body exposing the
protruding occipital crest on the back of the skull which was used as the reference point for
making incisions. Using a surgical scalpel, the skin was incised approximately 1 cm along
the midline to expose the neck muscles below. Two layers of muscle located underneath
the skin were subsequently cut and separated at the midline by the blunt side of the scalpel
and were held apart using a retractor. The last muscle layer was pulled apart using either
a pair of curved forceps or two cotton tip applicators, taking care to avoid tearing of the
dura membrane immediately underneath. The exposed inverted triangular structure in
between the cerebellum and the medulla, covered by the translucent dura membrane, was
identified as the cisterna magna (CM).

The injection was performed using a cannula made up of a beveled 27-gauge needle
attached to a PE20 tubing that was connected to a Hamilton syringe, filled with sterile
artificial CSF (ACSF, Tocris Bioscience, Bristol, UK). Using a syringe infusion pump, the
tubing was filled with either a fluorescently conjugated ABT-806 or ABT-414 solution,
ensuring that an air bubble was introduced to separate the test article and the ACSF. The
needle was then inserted into the center of the cisterna magna to a depth of ~1 mm, taking
care to not puncture the cerebellum or the medulla. For all surgeries, the cannula was
fixed in place by dispensing a mixture of dental cement and cyanoacrylate glue onto the
dura membrane. The tubing was cut to an approximate 3–5 cm in length and the end was
sealed using a hemostat heated in the hot bead sterilizer. This was done to prevent any CSF
leakage and to maintain the intracranial pressure [15].

2.3. Acute ICM Cannulation

Immediately after cannula implantation, a dose of 0.3 mg/kg injection was performed
with a syringe pump at a rate of 0.8 µL/min to a total volume of 10–15 µL. Post-injection,
the test article was allowed to circulate throughout the brain for varying times, i.e., 15 min,
30 min, 45 min, and 60 min, with the cannula remaining in place. At the end of the
study and under deep anesthesia, the animal was transferred to a chamber where it was
euthanized by CO2 overdose followed by formalin perfusion and decapitation. The brain
was quickly dissected and fixed by immersion in 10% formalin overnight at 4 ◦C. The
following day, the brain was transferred to a phosphate-buffered saline (PBS) solution
before it was sectioned and stained.

2.4. Chronic ICM Cannulation

For the 4 h and 24 h timepoints, following 30 min after the injection, the cannula was
secured in place as described above and the skin was closed using non-absorbable sutures,
wound clips, or tissue adhesive. The animal was recovered from anesthesia and was single
housed in a cage to ensure that the cannula was not disturbed. At the respective timepoints,
the animal was euthanized, and the brain was collected as explained above.

2.5. IV Dosing

The tail vein was used for systemic administration. The rat was made comfortable
in a plastic restrainer. The syringe needle was inserted into the tail vein and a dose of
either 0.3, 3 or 10 mg/kg of the test article was injected. Pressure was then applied to the
site of injection to stop the bleeding. At either 4 h or 24 h post-injection, the animal was
euthanized by CO2 overdose followed by PBS perfusion and decapitation. The harvested
brain was cut in half along the midline. The left hemisphere was fixed in 10% formalin
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overnight and transferred to PBS the next day for sectioning and immunohistochemistry,
whereas the right half was snap frozen in −80 ◦C for subsequent pharmacokinetic analysis.

2.6. Tumor Inoculation and Dosing

The U87Mgde2,7 cell line, an in-house human EGFRvIII mutant GBM tumor cell
line, was used for target engagement studies in the cisterna magna in preparation for
future experiments in cortical tissues. A bolus of 0.1 × 106 cells in Spinner Modification
of Minimum essential Eagle’s medium (SMEM, Sigma-Aldrich, St. Louis, MO, USA) was
injected into the CM via the chronic cannulation procedure at a rate of 0.8 µL/min and
a total volume of 10 µL. Upon 30 min of injection, the animal was recovered and put
back in the home cage. Following 24 h after tumor inoculation, a dose of 0.3 mg/kg of
either fluorescently labeled ABT-806, ABT-414, or a 1:1 ratio cocktail of the fluorescent
conjugates of ABT-806: ABT-414 was injected under anesthesia through the same implanted
cannula. A list of these antibody conjugates is presented in Table 1. At either 30 min, 1 h
or 2 h post-injection, the animal was euthanized by CO2 overdose followed by formalin
perfusion and decapitation, and the brain was collected as described above in the ICM
cannulation procedure.

Table 1. List of fluorescently labeled antibodies administered in vivo.

Antibody Specifications

ABT-806
Type Parental Antibody—IgG1
Toxin Conjugate None

FL Dye Conjugate Alexa Fluor® 555 NHS Ester (Thermo Fisher
Scientific—#A20009)

FL Dye Excitation/Emission Wavelength 555/572 nm
FL Dye Extinction Coefficient 155,000 cm−1 M−1

FL Dye Molecular Weight 981 g/mol

ABT-414
Type Antibody-Drug Conjugate of ABT-806—IgG1
Toxin Conjugate Monomethyl Auristatin F (MMAF)
FL Dye Conjugate Atto 488 NHS ester (Sigma-Aldrich—#41698)
FL Dye Excitation/Emission Wavelength 500/520 nm
FL Dye Extinction Coefficient 90,000 cm−1 M−1

FL Dye Molecular Weight 1250 g/mol

2.7. Sectioning, Immunohistochemistry (IHC), and Imaging

Coronal brain slices were prepared at 50-µm thickness using a vibrating blade mi-
crotome (Leica, Wetzlar, DE, USA). For the biodistribution studies, the free-floating tissue
slices were stained with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific,
Waltham, MA, USA), a nuclear marker, for 4 min followed by PBS washes. Stained sections
were then mounted onto glass slides and cover slipped using prolong gold mounting
solution (ProLong® Gold Antifade Mountant). For the tumor studies, tissue slices were
permeabilized with 0.3% (v/v) PBS-Triton X-100 (EMD Millipore, Burlington, MA, USA)
and blocked with 5% Normal Goat Serum (NGS, Abcam, Cambridge, UK) for 1 h at room
temperature. To confirm the identity of the implanted human tumor cells, slices were
incubated with human-Lamin A+C antibody (1:250, Abcam) in 0.3% PBS-Triton and 2%
NGS for 48 h at 4 ◦C and subsequently washed with PBS. Sections were then incubated
with Alexa Fluor 488 goat anti-rabbit IgG antibody (1:1000, Invitrogen, Waltham, MA,
USA) in 0.3% PBS-Triton and 2% NGS for 2 h at room temperature in the dark. DAPI
was then added for 4 min, followed by PBS washes, mounting, and cover slipping as ex-
plained above [16]. Imaging was performed with the Olympus Fluoview FV1000 confocal
laser-scanning microscope.
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2.8. Pharmacokinetic (PK) Analysis

In the IV administration studies, the snap frozen brain hemispheres were transferred
to pre-weighed low binding tubes. Upon thawing on ice, the brain samples were weighed
and homogenized using a mixture of protein inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA, USA) and a custom radioimmunoprecipitation assay (RIPA) buffer (Boston
Bioproducts, Milford, MA, USA). The homogenates were centrifuged at 13,000 rpms for
10 min at 4 ◦C and the supernatants were collected and transferred into 2 mL 96-well low
binding plates. The plates were sealed and were used for subsequent ligand-binding assay
(LBA) analysis.

The LBA analysis was performed with an in-house MSD (Meso Scale Discovery) assay.
An MSD assay is an electro-chemiluminescent where the MSD reader measures the intensity
of the light generated from the plate once an electric charge is applied [17]. The samples
were transferred to streptavidin plates and were blocked by adding blocking buffer for
1 h at room temperature. The samples were then incubated in a 0.1 µg/mL dilution of
a biotinylated goat anti-human IgG antibody for 1 h. Prepared standards and quality
controls (QCs) were made at 3 different dilutions of 1:5 resulting in 25×, 125× and 625×
serial dilutions, and were then added to the plates. Following 1 h at room temperature,
the samples were incubated in a 0.1 µg/mL dilution of goat anti-human IgG Sulfo TAG.
After 1 h of incubation time, MSD Read Buffer was added, and plates were read using the
MSD Sector Imager. The plates were washed after each step. Details of the MSD assay are
provided in Table 2.

Table 2. Meso Scale Discovery (MSD)-based ligand-binding assay for pharmacokinetics (PK) analysis.

Plates

MSD std bind streptavidin plates: MA6000 96 Plate (MSD cat# L11SA-1)
2 mL 96 well polypropylene plates

Buffers
Capture Dilution Buffer: Assay Buffer
Blocking Buffer: 3% MSD Blocker A (MSD cat# R93AA-1) in 1× Phosphate Buffered Saline (PBS)
Wash Buffer: 1× PBS with 0.05% Tween-20 (Obtained from Media Lab)
Standard Dilution Buffer: Assay Buffer
Sample Dilution Buffer for the first and subsequent dilutions: Assay Buffer
Detection Dilution Buffer: Assay Buffer
Assay buffer: 1% MSD Blocker A, in 1× Tris-Buffered Saline (TTBS with 0.02% Tween-20)
Read Buffer: MSD GOLD READ BUFFER A (MSD cat# R92TG-2) is provided at the working
concentration and is used at this supplied concentration without any additional dilution.

Equipment
Tecan EVO
MSD QuickPlex 120 Reader
Biotek Stacker Plate Washer
VWR Microplate Shaker

Reagents
Goat anti Human IgG Fc Biotin
Goat anti-human IgG Sulfo TAG = MSD cat # R32AJ-1

Standard Range: In Duplicate

- 25–0.102 ng/mL with 2.5 serial dilution (made with assay buffer)
- Predilute test article 1:200 in PBS by doing a 1:20 dilution (3 µL of stock/57 µL of PBS then

further dilute 1:10 (5 µL of previous 1:20/45 µL of PBS)
- Add 6.47 µL of the final predilution into 143.5 µL of assay buffer to make a

2.5 µg/mL Standard
- Serial dilute top standard 1:2.5 in assay buffer 7 times

Quality Controls: In Duplicate (made with assay buffer)
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Table 2. Cont.

- High = 1.75 µg/mL (4.53 µL of final predilution/145.5 µL of assay buffer)
- Medium = 0.350 µg/mL (1:5 dilutions from High control—20 µL high/80 µL of assay buffer)
- Intermediate = 0.070 µg/mL (1:5 dilutions from Medium control—20 µL high/80 µL of

assay buffer)
- Low = 0.014 µg/mL (1:5 dilutions from Intermediate control—20 µL high/80 µL of

assay buffer)

2.9. Toxicology Study

The same procedure as in chronic cannulation surgeries was carried out, except
that this time, three weekly injections were performed through the same cannula under
anesthesia. The treatment groups received ABT-414 at either 0.3 or 1 mg/kg dose, whereas
the control group was administered AB095, a non-targeted isotype control of ABT-806, at
a dose of 1 mg/kg. At each injection timepoint, a new catheter made up of a 27-gauge
needle tip attached to a PE20 tubing was filled with the test article. The catheter was
then quickly connected to the previously implanted cannula in the CM and the solution
was injected using a syringe pump. To achieve a final injection volume of 10–15 µL, a
volume of 12–17 µL was injected, thereby compensating for the residual solution in the
implanted cannula. Post-injection, the test article was allowed to flow through the brain for
30 min before the needle was removed, the CM cannula was sealed, and the animal was
recovered [15].

2.10. Histopathology and Immunohistochemistry

Within 48 h after the last injection, the animal was euthanized by CO2 followed by
exsanguination. A comprehensive set of tissues was collected and evaluated microscopi-
cally. This included the brain and spinal cord with meninges, eyes, heart, lungs, kidneys,
liver, peripheral sciatica nerves from right and left legs, spleen, and representative sections
of the gastrointestinal tract. To rule out any toxicity related to the surgical procedure of ICM
delivery, a trimming scheme recommended for brain sampling in rodents for general toxic-
ity studies was employed. This trimming scheme for brain utilizes 7 coronal sections chosen
to contain major functional areas known to be targeted by proven neurotoxicants [18]. The
tissue samples were fixed in 10% neutral buffered formalin for 2 days, processed to paraffin
blocks, and the sections were stained with hematoxylin and eosin (H&E) for microscopic
examination [19].

Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) antibody, an endothelial
cell marker, was used for immunohistochemical staining of liver samples from one control
animal administered AB095 at 1 mg/kg and one treatment animal administered ABT-414
at 1 mg/kg. Formalin-fixed and paraffin embedded liver sections of 5 mm thickness were
stained on BOND RX Automated Research Stainer (Leica Biosystems, Wetzlar, Germany).
The relevant details of the IHC assay are provided in the Table 3. The slides were counter-
stained with hematoxylin, dehydrated in graded alcohol, cleared with xylene, and cover
slipped [20].

Table 3. Immunohistochemistry assay for toxicology study.

Antibody
Vascular Endothelial Growth Factor Receptor

2 (VEGFR2)

Primary antibody
Source Cell Signaling

Catalog number 9698
Lot number 4

Concentration 59 µg/mL
Dilution 0.6 µg/mL (~1:100)
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Table 3. Cont.

Antibody
Vascular Endothelial Growth Factor Receptor

2 (VEGFR2)

Incubation time 60 min
Negative control Rabbit IgG

Source Abcam
Catalog number ab172730

Tissues used as positive controls Liver

Secondary antibody
Source BOND Polymer Refine Detection

Catalog number DS9800
Lot number 69657

Concentration N/A
Dilution RTU

Incubation time 8 min

Antigen Retrieval ER2; pH 9; 40 min on LEICA BOND RX
automated stainer

Chromogen DAB
DAB: 3,3′-Diaminobenzidine tetrahydrochloride hydrate; RTU: Ready to Use.

2.11. Data Analysis for IHC Studies

For analysis, an average of 20–25 stained slices per animal (n = 3 animals) per exper-
imental group were imported into ImageJ software (ImageJ, NIH, Bethesda, MD, USA).
Regions of interest (ROIs) consisting of brain tissue but excluding the vasculature, were
drawn around the puncta in the interstitium, representing the ABT-806 biodistribution in
the brain parenchyma. Integrated density and area were calculated for each ROI. To be able
to account for staining variances across brains and compare fluorescence intensity across
timepoints, background ROIs were selected in areas of the image with no fluorescence.
Average fluorescence was calculated for background ROIs and the following formula was
used to calculate the fluorescence intensity:

Fluorescence Intensity = Integrated density −

(area of selected ROI × mean fluorescence of background)

Statistical difference was calculated by analysis of variance (ANOVA) followed by
Tukey’s post-hoc test with significance indicated by p < 0.05. The sample size is indicated
within the corresponding figure legends. All data are presented as mean ± standard error
of mean (SEM).

3. Results

To assess whether an intra-CSF injected antibody of size 150 kDa can penetrate the
brain parenchyma, we ran a time course study by injecting a fluorescently conjugated
ABT-806 solution at a dose of 0.3 mg/kg into the cisterna magna of three rats per timepoint.
Ex vivo tissue slices were evaluated for the extent of antibody penetration into the cortex
and were compared across multiple timepoints. We found that the antibody followed
the well-established route of CSF flow from the CM to the SAS surrounding the brain
tissue, as observed by the continuous red color along the edges of the slices (Figure 1a).
Subsequently, the antibody entered the cortex through the perivascular spaces along the
large penetrating arteries that branched into arterioles. This observation matched the
anatomy of these structures where smooth muscle cells form concentric rings along the
arteriole lumen [21–23]. The smooth muscle cell morphology is revealed in the bottom
panel under 15 min post-injection time, at which timepoint no tissue penetration was
observed (Figure 1a).
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Figure 1. Intra-Cerebrospinal Fluid (CSF) Cortical Biodistribution Data. The parent IgG1 antibody
penetrated the brain parenchyma within 30 min of administration into the rat cisterna magna. Repre-
sentative images. (a) Within 15 min post-injection, at a dose of 0.3 mg/kg, intra-CSF administered
ABT-806 could only be seen along the periarteriolar spaces with no tissue penetration. After 30 min,
the parent antibody started penetrating the brain parenchyma via the periarteriolar spaces. More
penetration was observed after 45 min and 60 min of administration with ABT-806 starting to clear
out of the parenchyma via the perivenular spaces. The parent antibody continued to enter the
parenchyma even after 4 h post-injection. After 24 h, ABT-806 was still present in the tissue. Blue
= 4′,6-diamidino-2-phenylindole (DAPI), Red = ABT-806. (b) Quantification of the fluorescence
intensity in the parenchyma but excluding the vasculature, indicates highest antibody concentrations
at 1 h post-injection. 0.5 h: 14,437 ± 2655; 1 h: 23,750 ± 4280; 4 h: 20,063 ± 3635; 24 h: 17,245 ± 2514.
p > 0.05. n = 3 animals per timepoint, average of 20–25 slices per animal per timepoint.
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Within 30 min post-injection, the antibody continued to follow the path of CSF micro-
circulation and was released into the cortical parenchyma via the periarteriolar spaces, as
observed by the red puncta near and around the cell nuclei. ABT-806 binds to a unique
epitope on EGFR which is only exposed when EGFR is overexpressed or mutated [9].
Since EGFR in healthy tissue is not commonly found in the overexpressed or mutated
conformation, our observation suggests non-specific binding of the antibody to the brain
cells and the interstitial space (Figure 1a).

Brain harvest after 45 min and 1 h of ICM administration displayed a higher number
of penetrating arteries carrying the antibody into the cortex along their perivascular spaces.
Additionally, an increased number of red puncta was observed in the brain parenchyma,
suggesting a greater extent of tissue penetration. Concurrently, uptake by the perivenular
spaces was observed. This observation was confirmed by the anatomy of venules specified
by the stellate shape of the smooth muscle cells with interwoven formations around the
lumen of the vessels [21–23], noted in the bottom panel under 60 min timepoint (Figure 1a).

Interestingly, after 4 h of ICM injection, the antibody continued to enter the cortex along
perivascular spaces and permeated the tissue. Although more ABT-806 was observed to be
cleared via the perivenular spaces, the antibody was still present in the brain parenchyma
following 24 h post-injection (Figure 1a).

Quantification of the fluorescence intensity in the parenchyma but excluding the
vasculature, showed the highest antibody concentration in the cortical parenchyma at 1 h
post-injection. It was noteworthy that the mAb concentration in the tissue after 24 h was
still higher than that at 30 min following ICM administration (Figure 1b). However, no
statistical significance was reached at any timepoint (p > 0.05).

In a control study aimed to compare the extent of antibody penetration with systemic
administration as opposed to intra-CSF, fluorescently labeled ABT-806 was injected into
the rat tail vein at three separate doses and the brains were assessed either 4 h or 24 h
post-injection in three rats per experimental group. The dose of 3 mg/kg was chosen
to match previous experiments showing antitumor activity at this dose after systemic
administration. For bracketing purpose, both a lower and a higher dose were added to the
experimental design. The 4 h and 24 h timepoints were selected according to a preliminary
DMPK simulation suggesting that upon IV administration, brain concentrations peak at ~
4 h and plateau at ~ 24 h (data not shown). Injection of a dose of 0.3 mg/kg, the same dose
as administered in the ICM studies, resulted in very little red fluorescence inside the brain
tissue at either 4 h or 24 h. At 3 mg/kg and 10 mg/kg doses, (10- and ~30-fold higher than
administered intra-CSF, respectively), only trace amounts of antibody were visible in the
brain parenchyma. This observation further confirms the low permeability of the BBB to
molecules of large size when administered systemically (Figure 2a).
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Figure 2. Intravenous (IV) Cortical Biodistribution Data. At equal dose, the tissue penetration of the
parent IgG1 antibody administered via the rat tail vein was an order of magnitude lower than when
administered intra-CSF. Representative images. (a) Upon IV delivery of ABT-806 at 0.3 mg/kg (same
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dose as administered intra-CSF), the parent antibody was barely detectable in the brain tissue,
both within 4 h and 24 h post-injection. Within 4 h of tail vein injection at 3 mg/kg (10-times
higher than administered intra-CSF), ABT-806 was observed in trace amounts in the brain tissue.
Even at 10 mg/kg, (~30-fold higher than administered intra-CSF), IV-delivered ABT-806 resulted
in low penetration in brain tissue, consistent with a poorly permeable blood-brain barrier (BBB).
Blue = DAPI, Red = ABT-806. (b) Quantification of the fluorescence intensity (vasculature excluded)
displays a dose-response relationship which is also time-dependent. 0.3 mg/kg 4 h: 979.1 ± 51;
0.3 mg/kg 24 h: 2085 ± 163; 3 mg/kg 4 h: 3166 ± 180; 3 mg/kg 24 h: 5452 ± 452; 10 mg/kg
4 h: 8663 ± 272; 10 mg/kg 24 h: 11155 ± 292. **** p < 0.0001 vs. 0.3 mg/kg at that timepoint,
++++ p < 0.0001 vs. 3 mg/kg at that timepoint, #### p < 0.0001 vs. same dose at 4 h; One-way
ANOVA, Tukey’s post-hoc test. n = 3 animals per timepoint, average of 20–25 slices per animal
per timepoint. (c) The IHC observation and quantification are consistent with the results from the
PK analysis of IV-administered brain homogenates that are summarized in the table. BQL = Below
Quantification Limit. (d) Comparison of the fluorescence intensity between ICM and IV administered
brains indicates an order of magnitude higher exposures with intra-CSF vs. systemic administration
at 0.3 mg/kg dose. **** p < 0.0001 vs. ICM at that timepoint; Two-way ANOVA, Tukey’s post-hoc test.

Quantification of the fluorescence intensity indicated the antibody concentration to be
both dose- and time-dependent. The concentration of the fluorescently labeled ABT-806
was lowest at the 0.3 mg/kg dose at 4 h and highest at the 10 mg/kg at 24 h (p < 0.0001)
(Figure 2b). The results from the PK analysis matched our ex vivo imaging observations.
The fluorescently labeled ABT-806 was non-detectable in the brain homogenate within 4 h
of IV injection at 0.3 mg/kg, consistent with our finding of trace amounts of antibody in
the brain slices. Upon 24 h of administration, the antibody concentration was reported
at 3 ng per g of total brain homogenate weight. Higher doses of 3 and 10 mg/kg at 4 h
post-injection resulted in greater brain concentrations of 38 and 78 ng/g, respectively.
Furthermore, the antibody concentration was reported to increase to 66 and 98 ng/g within
24 h of injection at the two higher doses (Figure 2c).

Comparison of the fluorescence intensity between ICM and IV groups showed an
order of magnitude higher antibody concentrations in the brain parenchyma following
intra-CSF administration at 0.3 mg/kg. At 4 h and 24 h post ICM injections at a dose of
0.3 mg/kg, fluorescence intensity was significantly higher than that of IV administration
at either 0.3 or 3 mg/kg (p < 0.0001). Interestingly, following 24 h after IV dosing at 10
mg/kg, the antibody concentration was still lower than that of 30 min post-ICM injection
at 0.3 mg/kg (~30-fold lower dose) (Figure 2d).

To assess the extent of antibody penetration via intra-CSF administration, subcortical
brain regions including the hippocampus, were analyzed ex vivo, in three animal brains
per timepoint. Within 30 min post-injection, ABT-806 delivered via the cisterna magna at a
dose of 0.3 mg/kg had penetrated the dentate gyrus layer of the hippocampus, including
its molecular layer, subgranular zone and the hilus. The antibody presence was observed
in these layers following 1 h, 4 h and 24 h after injection (Figure 3).
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Figure 3. Intra-CSF Subcortical Biodistribution Data. The parent IgG1 antibody penetrated deep into
the hippocampal parenchyma within 30 min of administration into the rat cisterna magna. Represen-
tative images. Intra-CSF delivery of ABT-806 at a dose of 0.3 mg/kg resulted in the penetration of the
antibody into the deeper brain regions, including the hippocampus, as early as 30 min post injection.
The antibody was still present in the subcortical regions after 24 h. Blue = DAPI, Red = ABT-806.
n = 3 animals per timepoint.

Target engagement studies were performed to evaluate the in vivo binding of ABT-806
and ABT-414 to GBM tumor cells directly implanted in the cisterna magna of three rats per
experimental group. The cisterna magna was chosen as a prelude to future experiments
to be conducted with orthotopic implants located in the cortical or subcortical area of the
parenchyma. The CM was deemed to be an “easy-to-reach” area of the brain to verify
target engagement and to study the effect of ADC dilution without introducing too many
variables. Efficacy is not reported here. This will be investigated in a follow-up study with
orthotopically implanted GBM cells.

The injected tumor cells formed clusters within 24 h of injection and attached to the
cell linings of the cisterna magna and the fourth ventricle. Within 30 min of ABT-806
administration, in vivo binding to the outer layer of the tumor cell cluster was observed.
This observation suggested penetration to the core might have been hindered by receptor
saturation at the tumor periphery. Deeper penetration of the parent antibody was found
after 1 h (Figure 4a). To confirm the binding of the antibody to human tumor cells as
opposed to rat tissue, human-Lamin A + C antibody, a nuclear envelope marker, was
used for immunostaining. This antibody colocalized with DAPI, a nuclear cell marker,
only in the tumor cell cluster, which further confirmed the nature of the cell cluster as
human (Figure 4b). Additionally, ICM administration of ABT-414 within 24 h of tumor
cell implantation in the cisterna magna resulted in in vivo binding. The extent of the ADC
penetration into the core of the tumor cluster was greater after 2 h vs. 1 h (Figure 4c).
To verify our receptor saturation hypothesis, we injected a 1:1 ratio mixture of ABT-806:
ABT-414 through the CM cannula and assessed target engagement 2 h post-injection. We
found a higher concentration of ABT-414 within the tumor cluster core, as evidenced by a
brighter fluorescence intensity (Figure 4d). This finding was a confirmation that we could
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indeed increase ADC transport to the center of the tumor cell cluster by utilizing the parent
antibody to occupy target GBM receptors at the periphery.

(a) (b) 

  
 

(c) (d) 

  

administration of a “cocktail” with 1:1 ratio of FL

Figure 4. Target Engagement. Intra-CSF injection of U87MGde2,7 tumor cell line followed by next
day intra-cisterna magna (ICM) delivery of fluorescently labeled ABT-806 or ABT-414 (FL-ABT-806
or FL-ABT-414) resulted in in vivo binding. Representative images. (a) FL-ABT-806 bound to tumor
cells after 30 min of intra-CSF delivery. Antibody penetration was limited to the tumor periphery,
as evidenced by the red color only on the outer layer of the tumor cluster. The antibody penetrated
deeper into the tumor cluster 1 h post-injection, as seen by the red puncta inside. (b) To confirm
that FL-ABT-806 bound to human tumor cells as opposed to the rat tissue, human-Lamin A + C
antibody was used for immunostaining. This antibody colocalized with DAPI only in the tumor
cell cluster, thereby confirming the human nature of the cells. Blue = DAPI, Red = FL-ABT-806,
Green = Human-Lamin A+C. (c) Intra-CSF delivery of FL-ABT-414 resulted in deeper penetration
into the tumor cluster 2 h vs. 1 h post-injection, as evidenced by more green puncta inside the tumor.
(d) ICM administration of a “cocktail” with 1:1 ratio of FL-conjugates of ABT-806: ABT-414 increased
penetration of FL-ABT-414 into the tumor cluster core after 2 h of injection, as seen by a higher
intensity of green color inside the tumor. Blue = DAPI, Red = FL-ABT-806, Green = FL-ABT-414. n = 3
animals per treatment group.

The toxicology study indicated no definite microscopic findings directly related to
ICM delivery in three rats per experimental group receiving either AB095 (non-specific
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and payload-free) or ABT-414 (target binding) antibodies. There were no microscopic
changes indicative of neurotoxicity in either the brain or the spinal cord such as neuronal
necrosis, gliosis, or axonal degeneration (Figure 5a). No inflammation or neuronal necrosis
in the neuropil adjacent to the site of catheter placement was observed. Additionally, there
were no significant microscopic findings in the eye. Emphasis was placed on evaluating
cornea as corneal toxicity has been reported after intravenous administration of ABT-414 in
previous nonclinical studies [24] and clinical trials [13] (Figure 5a).

(a) (b) 

  
(c) 

 

Figure 5. Toxicity Data. No toxicity was found with ICM delivery of ABT-414 in the brain. Systemic
exposure was observed in the liver of one rat. Representative images of brain (left), eye (middle),
and liver (right) from one control animal administered 1 mg/kg AB095 (upper panel) and one
treatment animal administered 1 mg/kg ABT-414 (lower panel). (a) There was no toxicity in the
brain (inset showing healthy neurons from the cerebral cortex) and eye (cornea). (b) In the liver of
one animal administered 1 mg/kg ABT-414, there were increased number of mitotic figures and
single cell necrosis within hepatocytes (arrows) and mitotically arrested sinusoidal cells (arrow heads)
in the animal administered ABT-414 (H&E). Sinusoidal cells showed strong reactivity to Vascular
Endothelial Growth Factor Receptor 2 (VEGFR2) immunostaining (arrow heads, lower right corner).
In contrast, VEGFR2 staining of control rat liver tissue showed diffuse and continuous positive signal
in sinusoidal endothelial cells (SECs) lining the hepatic cords (upper right corner) (IHC). (c) There
were no microscopic liver changes associated with ICM delivery of a lower dose of ABT-414 at
0.3 mg/kg. The other two rats administered ABT-414 at 1 mg/kg did not show any microscopic
findings in the liver (H&E). n = 3 animals per treatment group.

The only ABT-414-related microscopic findings were observed in the liver of a single
animal at 1 mg/kg and were characterized by increased numbers of atypical mitotic figures
representing metaphase arrest within hepatocytes and sinusoidal cells. The sinusoidal
cells were demonstrated to be sinusoidal endothelial cells (SECs) by immunostaining
with endothelial cell marker VEGFR2 (Figure 5b). These minimal liver findings were
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qualitatively consistent with those observed previously with intravenous administration
of ABT-414 and were indicative of limited systemic exposure to the drug. However, such
microscopic liver observations were not found in either the 0.3 mg/kg treatment group,
nor the other two rats receiving the 1 mg/kg dose (Figure 5c).

4. Discussion

The current study verifies the feasibility of utilizing intra-CSF delivery to achieve deep
brain exposure with high molecular weight biologics. This is consistent with earlier studies
from Iliff et al., 2012 and 2013 [1,25,26], Yadav et al., 2017 [27], and Pizzo et al., 2018 [28]
and further confirms that CSF microcirculation holds promise to deliver antibodies into
deep brain regions. It is noteworthy that the molecular weight, depth of penetration and
imaging resolution reported here, i.e., requisites for the delivery of molecules the size of
mAbs and ADCs by bypassing the BBB, were all greater than those reported in previously
published studies.

In the landmark study of CSF microcirculation discovery, Iliff et al. injected fluorescent
tracers of small (759 Da and 3 kDa), intermediate (45 kDa), and large (500 kDa and 2000 kDa)
molecular weight into the cisterna magna of rodents. They observed that in contrast to dyes
of small or intermediate size that penetrated the interstitium within 30 min of injection, the
500 kDa and 2000 kDa tracers remained confined to the perivascular spaces [1,25,26]. While
these studies were significant milestones, the feasibility of achieving similar results with a
molecule in the orders of hundreds of kDa molecular weight, such as a 150 kDa antibody,
remained unexplored. Additionally, tissue penetration was only reported at the level of
the cortex within a 240 µm depth from the surface using in vivo two-photon confocal
microscopy [1,26]. In comparison our study reports penetration within mm depths of the
cortical surface. The ex vivo fluorescence distribution analysis of the whole brain slices was
quantified at a 4× magnification and at 30 min post-injection timepoint only [1]. Our data
span quantification up to 24 h following intra-CSF administration and at 64× magnification.

Yadav et al. performed a 6-week continuous intracerebroventricular (ICV) infusion
study in non-human primates with a 56 kDa anti-BACE1 IgG antibody as well as a 150 kDa
control IgG antibody. They observed uniform distribution of both antibodies throughout
the brain parenchyma including both cortical and subcortical regions, not unlike what
we found in our biodistribution findings. The brain concentrations were quantified using
ELISA on brain homogenates as well as ex vivo fluorescence microscopy on whole brain
slices at a low imaging resolution [27]. Our ex vivo analysis of brain slices increased
resolution significantly. This was accomplished by drawing multiple ROIs in each brain
slice only around the puncta indicative of mAb penetration while making sure to exclude
the perivascular spaces, averaging the fluorescence intensity of those ROIs and correcting
against the background in an average of ~70 slices per timepoint.

Pizzo et al. compared the brain penetration of a 16.8 kDa single-domain antibody
(sdAb) to that of a 150 kDa IgG antibody with ICM infusion. Using ex vivo fluorescence
imaging and in vivo 3D magnetic resonance imaging (MRI), they observed widespread
distribution of both molecules in deep brain regions where the sdAb crossed the perivascu-
lar spaces much more easily than the full-size antibody, resulting in a four to seven-fold
higher brain exposure as measured by the percentage area with antibody signal within
brain slices [28]. Our research builds on Pizzo et al. work by revealing extensive mAb
penetration in deep brain areas using a quantification technique with higher resolution in
the brain tissue but excluding the perivascular spaces. Using punctate immunostaining
as evidence for parenchymal penetration has been previously used with IV administered
BBB-permeable single-domain antibodies [29].

Our study demonstrates that an intra-CSF administered antibody follows the recently
established path of CSF microcirculation by flowing along the perivascular spaces before
distributing itself into the interstitial space of both cortical and subcortical brain regions.
Our finding of antibody penetration into the brain tissue was based on the observation of
large numbers of puncta near and around the cell nuclei, suggesting non-specific binding.
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Non-specific binding can result from binding of the antibody to amino acids outside of
the target epitope of the antigen. This includes interactions between the antibody, serum
proteins and/or endogenous molecules in the tissue that can affect the IHC detection [30].
Non-specific binding can result in high background staining which in turn, can cause the
target antigen to optically appear at the incorrect location. However, such artifacts did not
perturb our findings, as the antigen of interest, i.e., overexpressed or mutated EGFR, is
not found in healthy brain tissues. This gives us confidence that the observed non-specific
binding indicates permeation of the antibody into the interstitium.

The dose administered in our ICM administration studies was an order of magnitude
lower than that administered systemically in preclinical studies and clinical trials with
ABT-414 [10,11,14]. We hypothesized that by bypassing the BBB, ICM injection would
give rise to higher brain concentrations of antibodies at lower doses compared to IV
administration. In addition to using the same 0.3 mg/kg ICM dose, two higher doses of
3 and 10 mg/kg were selected for IV delivery to facilitate comparison with prior studies
with systemic administration [10,11,14].

Quantification of the fluorescence intensity in ICM administered brain slices represents
relative concentrations of ABT-806 in the parenchyma. Although semi-quantitative from the
standpoint of drug concentration in the parenchyma, the preliminary PK data is remarkable
in that the rates of uptake and clearance are quite high, considering that the transport
of large molecules through the extracellular matrix is hindered by narrow space, high
tortuosity, and potentially, by a variety of physicochemical interactions [2]. We also want to
caution that this PK profile might have been affected by the anesthesia state resulting in a
higher CSF flow [1,31] and/or our ex vivo analysis. It has been shown that brain perfusion
and fixation can cause the perivascular spaces to collapse and significantly reduce their
size compared to their natural state in vivo, resulting in the release of the material into the
parenchyma [32]. However, we believe our observation is not an ex vivo procedural artifact
since the uptake of the antibody by perivenular spaces could not have occurred without
prior transport from the periarteriolar spaces into the interstitial fluid of the parenchyma
while the animal was still alive. In addition, the drug could not have appeared in the
venules as a result of CSF bulk clearance since the antibody is observed in the perivenular
spaces and not in the vasculature.

The observed time- and dose- dependency in our IV delivery study is in line with
previous reports of systemically administered antibodies. Lee and Tannock reported the
distribution of cetuximab and trastuzumab in tumor xenografts to be both time- and dose-
dependent after systemic injection. These observations were not made in the healthy brain
tissue, as was the case in our study, but rather in relation to distance from blood vessels and
regions of hypoxia in the tumor [33]. Later on, two review papers by Lucas et al. mentioned
time and dose as factors affecting the pharmacokinetic disposition of mAbs and ADCs
within tumors [34,35]. In another study, a BBB penetrating bispecific antibody of 210 kDa
in size displayed time- dependent brain concentrations, expressed as percent of injected
dose per gram tissue (%ID/g). The brain exposure was higher within the first 8 h post
IV injection, followed by a net elimination up to 24 h [36]. This observation matches the
reports on time- and dose- dependent changes in antibody turnover and clearance as a
function of the half-life [37,38].

Our preliminary study of target engagement with ABT-806 and ABT-414 in ICM im-
planted tumors shows that both the mAb and ADC can bind to the tumor cells though
intra-CSF administration. Target engagement is achieved by the binding of these com-
pounds to the epitope of interest on the human tumor cells. Incomplete ABT-806 penetration
into the tumor cluster was observed within 30 min of injection. This raises the question
as to whether the kinetic of transport within the tumor was diffusion-limited or target
engagement-limited. We think that the answer is a mix of both: we did observe higher
antibody penetration into the tumor core by increasing the circulation time to 1 h and 2 h.
We also demonstrated that a 1:1 molar mixture of ABT-806 with ABT-414 increased the
occupancy of the peripheral receptors by the parent antibody, leading to increased ADC
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penetration in the GBM cluster core. The latter is consistent with the receptor saturation
hypothesis previously reported elsewhere [39].

Our toxicology study with ICM administration of ABT-414 indicates no microscopic
findings in tissues exposed to the CSF flow, i.e., the brain, spinal cord, and eyes. The
minimal liver findings in one rat at 1 mg/kg are consistent with limited ABT-414 systemic
exposure that matches the exit pathway of the CSF circulation through the venous sys-
tem [2]. The objective of the toxicology study was primarily to evaluate potential central
nervous system (CNS) effects related to ICM delivery and associated distribution in the
cerebral parenchyma. We did not intend to fully characterize the systemic toxicity of
ABT-414 that has been comprehensively evaluated after IV administration in monkeys and
mice. Mitotic arrest with secondary apoptotic cell death has been reported with micro-
tubule inhibitors such as auristatin and maytansinoid derivatives in a diverse set of tissues,
including the liver [40,41]. Minimal to mild mitotic arrest in the absence of associated tissue
structural alteration is usually considered non-adverse. In the toxicology study reported
here, increased mitoses/mitotic arrest was observed only in the liver (sinusoidal cells and
hepatocytes) in a single rat dosed with ABT-414 at 1 mg/kg, indicating limited systemic
exposure to ABT-414. In addition, the mitotic arrest was not associated with parenchymal
injury and this minimal liver finding was non adverse. Future toxicology studies should
include clinical pathology parameters such as liver enzymes levels to better correlate with
our microscopic findings. Collecting toxicokinetic data exploiting bioanalytical measure-
ments from the plasma would also help further evaluate the systemic exposure achieved
after ICM delivery.

The ICM cannulation procedures used throughout this study provide a relatively
simple and safe pathway to access the CSF circulation in rodents. Future studies in rodents
will be conducted using ICV cannulation. This is because, unlike ICM delivery, ICV is
translatable to humans.

Except for patients with head and neck injuries, ICM delivery via a suboccipital
puncture is not seen as routinely translatable to clinical practice due to unacceptable
procedural risks of serious, or fatal, complications. These can include inadvertent injury
to vascular structures and brainstem damage. An alternate ICM route has been reported
requiring the adaptation of intravascular microcatheter, which can be safely navigated
intrathecally under fluoroscopic guidance. This approach to ICM delivery has been used
to deliver viral vectors to the brain. Despite its promise, this ICM technique has not yet
reached wide adoption [42].

Two approaches to intra-CSF drug delivery are currently considered acceptable in
humans: Intrathecal (IT) or ICV delivery. With CSF “near stagnant” in the lumbar area,
IT delivery requires pumping a higher initial dose to reach the SAS at therapeutic levels,
a precondition to sustained penetration via the microcirculation system. In contrast, ICV
delivery leverages brain physiology by infusing the drug proximal to the site of CSF
production, thereby allowing the drug to go with the outward flow of the CSF in the
direction of the SAS [2]. Despite its invasive nature, ICV delivery in humans is gaining
more acceptance, for the treatment of acute and rapidly progressing conditions. A state of
the art, fully implantable ICV system is currently used in a clinical trial to treat refractory
epilepsy [43]. A comprehensive review of the safety of ICV delivery by Cohen-Pfeffer et al.
can be found here [44].

5. Conclusions and Future Directions

This biodistribution data combined with preliminary evidence of no toxicity raise
the hope that CSF delivery might be a viable route to expose diseased brain tissues to
therapeutic mAbs or ADCs. This is important because the low permeability of the BBB to
mAbs renders promising therapeutics ineffective or toxic when administered systemically,
as observed in past clinical trials [11,13,14]. This was quite apparent in our study of IV
delivered ABT-806, where trace amounts of antibody were detected in the brain tissue.
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ABT-806 and ABT-414 were used as model molecules to determine whether intra-CSF
delivery holds promise for the treatment of large regions of the brain. Their choice by no
means implies that they are currently viewed as lead compounds for the treatment of GBM.
It is too early to conclude that therapeutic doses can be achieved through this route of
administration. Nonetheless this proof-of-concept study has intriguing ramifications for
the future of drug delivery in both neuro-oncology and neuroscience.

While the preliminary PK profile obtained via image analysis provides useful insight
on the rate of penetration and clearance of unbound molecules, it remains only semi-
quantitative. Fully quantitative PK studies are underway by ex vivo analysis of brain
homogenates as well as in vivo sampling of brain tissues using microdialysis after intra-
CSF administration. Should PK studies confirm that a therapeutic dose is achievable with
ABT-414, we may proceed to verify efficacy against cortically implanted GBM models.

Although commonly used in rodent studies, ICM delivery would not be suitable
in humans for safety reasons. Our future preclinical studies will therefore utilize the
ICV route of administration. A review of suppliers has revealed that ICV technology for
human use has become safer and easier to use in recent years. While systemic delivery is
clearly preferable over intra-CSF delivery, the desired outcome of this research would be a
future where ICV delivery would enable therapies that would otherwise be prevented or
hampered by side effects when administered systemically.

If the ability of achieving deep penetration of IgG-size biologics throughout the entire
brain is confirmed in higher order species, the strategy of circumventing the BBB via CSF
microcirculation would also be preferred over localized drug delivery modalities such as
focused ultrasounds or intraparenchymal injections, especially when diseased tissues are
present throughout large regions of the brain.
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Abstract: Gene delivery to the cerebral cortex is challenging due to the blood brain barrier and
the labile and macromolecular nature of DNA. Here we report gene delivery to the cortex using a
glycol chitosan—DNA polyplex (GCP). In vitro, GCPs carrying a reporter plasmid DNA showed
approximately 60% of the transfection efficiency shown by Lipofectamine lipoplexes (LX) in the U87
glioma cell line. Aiming to maximise penetration through the brain extracellular space, GCPs were
coated with hyaluronidase (HYD) to form hyaluronidase-coated polyplexes (GCPH). The GCPH
formulation retained approximately 50% of the in vitro hyaluronic acid (HA) digestion potential but
lost its transfection potential in two-dimensional U87 cell lines. However, intranasally administered
GCPH (0.067 mg kg−1 DNA) showed high levels of gene expression (IVIS imaging of protein
expression) in the brain regions. In a separate experiment, involving GCP, LX and naked DNA, the
intranasal administration of the GCP formulation (0.2 mg kg−1 DNA) resulted in protein expression
predominantly in the cerebral cortex, while a similar dose of intranasal naked DNA led to protein
expression in the cerebellum. Intranasal LX formulations did not show any evidence of protein
expression. GCPs may provide a means to target protein expression to the cerebral cortex via the
intranasal route.

Keywords: nose to brain delivery; gene therapy; polyplexes; hyaluronidase; glycol chitosan

1. Introduction

Delivering intravenously injected macromolecules, such as genes, to the brain is
severely hampered by the blood brain barrier (BBB) [1] While the BBB is a major obsta-
cle when delivering macromolecules to the brain, the delivery of genes to the brain is
further hampered by the fact that gene delivery nanoparticles (NPs) are rapidly cleared
from the circulation due to the interaction between the positively charged NPs and the
negatively charged plasma proteins and erythrocytes. These electrostatic interactions result
in aggregation, opsonization and subsequent clearance of the particles from the body [2].

Intranasal administration is used to treat nasal epithelium infections or conditions
such as nasal congestion, rhinorrhoea and rhinosinusitis [3]. More recently, the potential of
intranasal delivery to ensure transport through the olfactory bulb to the brain, bypassing
the BBB, has been explored for a variety of molecules [4–7]. Additionally, the intranasal
delivery route has other advantages such as ease of administration, non-invasiveness, rapid
onset of action, a relatively large and permeable surface area and avoidance of the first-pass
hepatic metabolism. Intranasally administered insulin has shown promise in alleviating
the symptoms in both Alzheimer’s disease type (AD-type) dementia and non-AD-type
dementia in clinical trials, resulting in improvement of memory, cognitive functions and
attention [8–10]. In parallel with these exciting clinical results, there are also a number
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of studies in animal models describing the promise of intranasally administered lectin,
for the treatment of obesity, and oxytocin, as a treatment option for depression [11–14] In
terms of gene delivery, the intranasal route was first used for the delivery of a reporter
plasmid to the brain. A 30mer peptide with PEGylated lysine residues was shown to
deliver a green fluorescent protein (GFP) DNA, resulting in GFP expression in multiple
brain regions, predominantly in the frontal cortex [15]. Similarly, intranasally administered
PEI and chitosan-coated superparamagnetic iron oxide nanoparticles (SPIONs) were shown
to deliver a reporter plasmid coding for a red fluorescent protein (RFP) to the cortex and
hippocampus of rats. Intranasally delivered NPs formed by DNA coding for glial cell line-
derived neurotrophic factor (GDNF) complexed with polyethylene glycol (substituted with
lysine residues) showed peak expression in the rat striatum a week after administration
and neuroprotective action in a rat model of Parkinson’s disease (PD) [16]. Similarly, a self-
assembling electrostatic complex between an antisense RNA against a microRNA (miR-21)
associated with inhibition of pro-apoptotic genes and a peptide delivered intranasally to
mice bearing intracranial tumours showed a significant decrease in the tumour volume a
week post administration of the NPs [17]. Furthermore, miR-21 levels were reduced, while
the expression of pro-apoptotic genes such as PTEN and PDCD4 was induced by the NPs.

Nose to brain delivery is well-documented in humans [18] and has been reviewed
recently [19]. Molecules transported via the intranasal route of administration after mucocil-
iary clearance reach the interior of the nasal cavity where the respiratory, olfactory neuronal
networks and blood vessels are accessible [20,21]. The neuronal transport pathway involves
the transport of molecules from the nasal cavity to the brain parenchyma and the pons
along the olfactory and trigeminal nerves, respectively. The movement of molecules from
the nasal cavity to the olfactory bulb is facilitated through intracellular or extracellular
pathways. A very slow axonal transport from the olfactory bulb and other brain regions
is performed by passive diffusion or receptor-mediated endocytosis, both facilitating in-
tracellular trafficking in olfactory neurons [22]. By contrast, the extracellular transport of
molecules from the nasal cavity to the brain is a much more rapid process. Rapid delivery,
almost immediately or up to one hour after intranasal administration [23–26], has been
reported for many molecules, hence an extracellular pathway is the most likely mode of
transport in those instances. Extracellular transport may play a role in the movement of
peptide-loaded nanoparticles within the brain [27]. Lochhead et al. showed the presence of
the tracer dextrans 20 min after nasal administration in the perivascular space of the nasal
lamina propria and in different brain regions [28]. Similarly, fluorescently labelled insulin
was found throughout the brain only 20 min after nasal administration [29]. These findings
support the idea of rapid transport of substances from the olfactory bulb throughout the
brain by the perivascular pathway. The perivascular transport hypothesis is also supported
for the delivery of NPs loaded with a plasmid encoding for hGDNF, where the resulting
transfected cells appear to be situated in the perivascular spaces surrounding capillary
endothelial cells and are most likely pericytes [30].

While others have reported delivery to multiple brain regions [15,31] upon nasal
administration, we aimed to achieve targeted delivery to the cortex in order to exploit
the clinical potential for developing effective gene therapies against Alzheimer’s disease,
posterior cortical atrophy and frontal lobe glioblastomas. Additionally, assuming an
extracellular pathway, we sought to examine the effect of the HYD coating of the polyplexes
to facilitate brain delivery via the nasal route of administration. HYD has been used as
a spreading agent for the subcutaneous route for over 50 years, enabling volumes in
excess of the normal 2 mL [32] to be administered due to a loosening of the connective
tissue by enzymatic cleavage of ECM biopolymer components. Specifically, hyaluronidase—
whether of bacterial or vertebral origin—catalyses the hydrolysis of HA at the 1,4-glycosidic
linkages [33]. Vertebrate HYD, as has been used in the current study (endo-β-acetyl-
hexosaminidase), also catalyses the degradation of chondroitin and chondroitin-6-sulphate
at the 1,4-glycosidic linkage, albeit at a slower rate than for hyaluronic acid. Furthermore,
subcutaneous formulations containing HYD that allow rapid injection of increased dose
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volumes of 5 mL of trastuzumab have recently been approved for human use and more
recently a 10 mL volume of subcutaneous rituximab has been administered using HYD [34].
We have previously shown that HYD coating on nanoparticles has a beneficial effect
on drug bioavailability when HYD nanoparticles are administered via the subcutaneous
route; increasing plasma exposure by two-fold and increasing tumoricidal activity when
compared to formulations devoid of HYD [35]. To the best of our knowledge, we have not
seen reports of HYD coated nanoparticles being used for nose to brain delivery.

2. Materials and Methods

CellTiter 90® AQ one solution cell proliferation assay, pSV-40 β-Galactosidase control
vector, Beta-Glo® and pGL4.13[luc2/SV40] vector, were supplied by Promega (Southamp-
ton, UK). Ninety-six well Corning cell culture plates, hydrochloric acid (purity ≥ 98%)
were supplied by VWR (Fontenay-sous-Bois, France) and Luciferin was supplied by Perkin
Elmer (Waltham, MA, USA). T-PER™ tissue protein extraction reagent, EDTA free halt pro-
tease inhibitor cocktail, Lipofectamine 2000 and acetonitrile HPLC grade (purity ≥ 99.5%)
were supplied by Thermo Scientific (Loughborough, UK). Visking dialysis tubing was
supplied by Medicell Membranes Ltd. (London, UK). Glycol chitosan Mw = 113 kDa,
Mn = 98 kDa was supplied by Wako (Osaka, Japan). Deuterium oxide, sodium acetate
anhydrous (purity ≥ 99%), glacial acetic acid, hyaluronidase Type I S-400–1000 units mg−1,
trifluoracetic acid (purity ≥ 99%), hyaluronic acid (Mw 70–90 kDa), bovine serum albumin,
Triton™ X-100, magnesium chloride hexahydrate (purity ≥ 96%), trypsin (0.02% EDTA,
Gibco™ GlutaMAX, penicillin/streptomycin, minimal essential medium eagle (MEME),
OptiMEM and foetal bovine serum were all supplied by Sigma Aldrich (Gillingham, UK).

2.1. Acid Degradation of Glycol Chitosan (GC)

Glycol chitosan (10 g) was dissolved in HCl (4 M, 375 mL) as described previously [36].
The flask was incubated for 2 h in a preheated water bath at 50 ◦C. Dialysis against water was
performed over 24 h with 5–6 water changes (3.5 kDa MWCO). The dialyzed solution was
freeze-dried on a Christ 1–4 LD plus freeze dryer (Martin Christ, Osterode am Harz, Germany).

2.2. Characterization of Glycol Chitosan (GC)

The samples for NMR analysis were prepared at 20 mg mL −1 in deuterium oxide
and analysed on either an AMX 400 MHz or an AMX 500 MHz spectrometer (Bruker,
Rheinstetten, Germany). Molecular weight (Mw) measurements were performed on a
GPC-MALLS dRI with a MALLS 120 mW solid-state laser (wavelength, λ658 nm) DAWN®

HELEOSTM and Optilab rEX Interferometric Refractometer, respectively (Wyatt Technol-
ogy Corporation, Santa Barbara, CA, USA). Size exclusion chromatography (SEC) was
performed using PolySep™—GFC-P 4000 column (300 × 7.8 mm) protected by a PolySep™
(Phenomenex, Macclesfield, UK) with a GFG-P guard column (35 × 7.8 mm).

2.3. Preparation of Glycol Chitosan Polyplexes and Lipoplexes with Lipofectamine (GCP 1 and LX 1)

Nanocomplexes for in vitro studies were prepared at a 6 µg mL−1 concentration of
β-Gal DNA in phosphate buffer (20 mM, pH = 6.8) or in OptiMEM for Lipofectamine
in a total volume of 500 µL. Equal volumes of plasmid DNA (250 µL) and polymer or
Lipofectamine in phosphate buffer (250 µL) at a polymer, β-Gal DNA mass ratio of 60:1
(GCP1) or a Lipofectamine, β-Gal DNA mass ratio of 2:1 (LX 1) were prepared. The β-Gal
DNA solution was always added to the polymer dispersion followed by mixing with a
pipette for 10 s. Lipofectamine formulations were prepared by following the manufacturer’s
instructions. Complexation was performed over 24 h and at 4 ◦C for GCP 1 and 30 min at
room temperature for LX 1.

The polyplexes and lipoplexes for the in vivo experiments were prepared as described
above but at a β-Gal DNA concentration of 250 µg mL −1 in a total volume of 16 µL (a dose
of 0.2 mg kg −1 for GCP 3 and LX 3) and at a β-Gal concentration of 84 µg mL−1 in a total
volume of 16 µL (a dose of 0.067 mg kg −1 for GCP 2 and LX 2).
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2.4. Preparation of Hyaluronidase Coated Nanocomplexes (GCPH)

Polyplexes with a polymer to DNA weight ratio of 60:1 were prepared containing
6 µg mL−1 DNA in phosphate buffer (20 mM, pH = 6.8) in a total volume of 250 µL and
stored for 24 h at 4 ◦C. Working solutions of hyaluronidase in NaCl (20 mM, pH adjusted
to 12 with 0.1 M NaOH) were prepared. The hyaluronidase solutions (250 µL) were added
to the polyplex dispersion described above (250 µL), dropwise under magnetic stirring for
30 min. Subsequently, the now formed ternary complexes (hyaluronidase, glycol chitosan
and DNA) were stored for another 24 h at 4 ◦C. For the scaled-up formulations for in vivo
experiments, the mass ratios of plasmid, polymer and enzyme were kept at 1:60:84.

GCPH 7 for in vivo administration was prepared at a luciferase DNA concentra-
tion of 84 µg mL−1 (16 µL). Equal volumes of polyplex (8 µL) and hyaluronidase (8 µL
14.2 mg mL−1) were mixed, as described above, followed by incubation at 4 ◦C for 24 h.

The name codes for the ternary complexes (GCPH) include numbers that represent
the amount of hyaluronidase added in mg mL−1. As such, GCPH 7 indicates that the
formulation contained hyaluronidase at a concentration of 7 mg mL−1. The ratio of GC to
DNA was always at a weight ratio of 60:1.

2.5. Dynamic Light Scattering (DLS)

Size and zeta potential measurements were both performed in a reusable zeta cell
on a Malvern Zetasizer Nano ZS machine (Malvern Panalytical, Malvern, UK). Size mea-
surements were performed first, followed by a zeta potential measurement. Prior to the
measurements, the instrument was checked with size and zeta potential standards.

2.6. Reversed-Phase High Performance Liquid Chromatography (RP-HPLC)

Hyaluronidase analysis was performed using a reverse-phase PRLP-S column (4.6 ×

50 mm in length, pore size = 3 µm) and an RP-HPLC system (Agilent Technologies, Santa
Clara, CA, USA). The system was fitted with a guard column and analysis was carried out at
a flow rate of 0.7 mL min−1. The column temperature was set to 80 ◦C, the injection volume
set at 10 µL and the wavelength at 280 nm. 0.1% Trifluoroacetic acid (TFA)/Acetonitrile
(ACN) was used as the mobile phase and run at a gradient (0.50 min 10% ACN, 0.51 min
90% ACN, 4.00 min 90% ACN, 4.01 min 10% ACN). Samples were prepared in 0.1% TFA
and analysed using a standard curve (y = 708.13x − 5.6753, r2 = 0.991).

2.7. Cell Culture

U-87 MG cells (ATCC® HTB-14™) were maintained in 75 cm2 blue vent cap culture
flasks in 10–12 mL of minimal essential medium eagle (MEME) supplemented with Sodium
Pyruvate (1% v/v), GlutaMAX◦TM (1% v/v), Penicillin/Streptomycin (1% v/v) and foetal
bovine serum (10% v/v).

2.8. In Vitro Transfection Experiments

U-87 cells were seeded in lysine-coated 6 well plates at a density of 5 × 105 cells per
well in 1 mL of MEME. The cells were left for 72 h to reach the exponential growth phase
and were then treated with the nanocomplexes or naked DNA. After 72 h the full MEME
from each well of the plate was replaced by FBS free MEME (1.5 mL). An aliquot of the
nanocomplexes (0.5 mL) was then added to each well containing FBS free medium MEME
(1.5 mL) to make up the total volume to 2 mL per well. The plates were then left for 17 h in
an incubator at 37 ◦C in the presence of 5% CO2. At the end of the incubation period, the
FBS-free medium with the treatments was aspirated and replaced with 2 mL per well of
full MEME containing FBS (10% v/v). The plates were then left in the incubator at 37 ◦C for
another 24 h before performing the β-Galactosidase assay.

2.9. β-Galactosidase Assay

The β-Galactosidase enzyme assay was purchased from Promega (Southampton, UK)
and was performed according to the manufacturer’s instructions.
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2.10. MTS Assay

U-87 cells were seeded in 96 well plates at a density of 103 cells per well in a total
volume of 100 µL and left for 72 h to reach the exponential phase. Two-fold serial dilu-
tions across the plate were performed for Lipofectamine at a starting concentration of
0.5 mg mL−1 Lipofectamine. Individual solutions were prepared for GC37 at the following
concentrations (5 mg mL−1, 4.6 mg mL−1, 4.4 mg mL−1, 4.0 mg mL−1, 3.6 mg mL−1,
3.0 mg mL−1, 2.6 mg mL−1, 2.2 mg mL−1 and 1.8 mg mL−1). Cells were treated for 17 h
in FBS free medium, then recovered for 24 h in complete medium. Five wells containing
cells without any treatment were left as a negative control and 5 wells treated with Triton
X 100 (0.05% w/v) were used as a positive control. The MTS reagent (20 µL) was added
to all the wells and the absorbance at 490 nm was measured using a SpectraMax M series
spectrophotometer (Molecular Devices, San Jose, CA, USA) after 2 h.

IC50 values were calculated from equations generated by fitting data plots to a linear
regression model in GraphPad Prism.

2.11. Hyaluronic Acid Digestion Assay

Hyaluronic acid (70–90 kDa, 10 mg) was dissolved in phosphate buffer (0.3 M sodium
phosphate, pH = 5.35). The solution was then heated to 90 ◦C with stirring until all the
hyaluronic acid was dissolved, followed by cooling down to 37 ◦C in a water bath. The
assay was performed according to the manufacturer’s instructions available at Enzymatic
Assay of Hyaluronidase (3.2.1.35) (sigmaaldrich.com) [37].

2.12. Intranasal Dosing

All animal experiments were performed under a UK Home Office licence and in
accordance with the UK Animal Scientific Procedures Act 1986 (ASPA). A local ethics
committee approved the experimental procedures. The experiments were carried out in the
biological safety unit at the UCL School of Pharmacy. Female, BALB/c mice weighing ~20 g
(Charles River, Harlow, UK) were initially kept for a week to acclimatise prior to the start of
the experimental work in the animal unit, maintained at an ambient temperature, relative
humidity of 60% and equal day and night cycles. The animals (n = 4 per group) were
anaesthetized in an isoflurane chamber with 3–4% isoflurane connected to an oxygen pump
for 3–4 min. Intranasal dosing was performed using methods previously described [38]. The
mice were left in a separate cage to recover fully after the anaesthesia. Once nanocomplexes
were administered, imaging was performed 24 h post-administration, 15 min and 1 h after
intranasal dosing with 16 µL of the LuGal substrate (15 mg mL−1).

The in vivo imaging system (IVIS; IVIS®-Spectrum systems, Xeno-gen-Caliper Life Sci-
ences, Hopkinton, MA, USA) machine with a cabinet and a CCD camera (2048 × 2048 pixels)
was used to image the animals. All anaesthetic procedures were performed with 3–4%
isoflurane in the chamber and a maintaining dose of 2% isoflurane during the imaging
process in the IVIS cabinet. The system was connected to a computer with a Living Image®

3.0 software (Xeno-gen-Caliper Life Sciences, Hopkinton, MA, USA). An image sequence
of four exposure times was generated (30 s, 60 s, 120 s and 240 s). Comparisons between
images were performed for the same exposure time of 240 s. The average radiance or the
sum of the radiance (photons/second) of each pixel in the region of interest (cm2) was
identified with a circular selection divided by the number of pixels (p/s/cm2/sr), where
p = photons, s = seconds, and sr = steradian is compared between treatments.

2.13. Brain Dissection and Homogenisation

Mice (n = 4 per group) were killed by a CO2 overdose followed by decapitation. For
downstream analyses, ~1 mg of tissue was manually homogenised in 20 µL of T-PER
reagent, according to the manufacturer’s recommendation. T-PER reagent was supple-
mented with EDTA-free Halt Protease Inhibitor Cocktail (1 mL in 100 mL of T-PER reagent).
After preparing the tissue homogenates, the tubes were centrifuged at 10,000× g for 5 min
and the supernatants were collected. An aliquot of the supernatant (100 µL) was pipet-
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ted onto a white 96-well plate and the LuGal substrate (100 µL) was added to each well.
Luminescence was measured on a SpectraMax series M plate reader (Molecular Devices,
San Jose, CA, USA). The signal from a control animal was subtracted from all the samples.
To normalise the data, the relative luminescent units (RLU) per well were divided by the
weight of the samples and converted to RLU mg −1 of tissue.

2.14. Statistical Analysis

IC 50 values of Lipofectamine and GC37 were compared using an unpaired t-test.
Statistical analysis of datasets involving multiple comparisons was performed using an
ordinary one-way ANOVA with a Bonferroni correction in GraphPad Prism 7. p-values
less than 0.05 are given one asterisk (* p), p-values less than 0.01 are given two asterisks
(** p), p-values less than 0.001 are indicated with three asterisks (*** p), while p-values of
less than 0.0001 are marked with four asterisks (**** p).

3. Results

3.1. Acid Degradation of Glycol Chitosan

A relationship between degradation time and molecular weight (Mw) of glycol chi-
tosan has been established previously [36]. Based on this, the time point for degradation
was chosen to be 2 h to obtain a glycol chitosan (GC) polymer with a Mw range between
20,000–40,000 kDa. The Mw of the degraded GC batch was measured to be 37,440 Da
(GC37) (Mw = 37,440, Mn = 37 200, Mw/Mn = 1.006), while the non-degraded GC had a
Mw of approximately 100 kDa (GC100) as reported by the manufacturer, (Figure 1a), after
2 h and 0 h degradation, respectively. Dialysis was used to remove the excess hydrochloric
acid from the degradation mixture. NMR analysis provided information on the structure
of GC (Figure S1, see Supplementary Information). The structure of GC is presented in
Figure 1a.

3.2. Toxicity of the Gene Carrier

As a naturally derived polymer, chitosan is often considered biocompatible by default.
Indeed, it is biodegradable in vivo by endogenous enzymes in the body, such as lysozyme,
which degrades chitosan to N-acetylglucosamine [39], the latter being a building block of
biomacromolecules, such as glycoproteins, proteoglycans, glycosaminoglycans (GAGs)
and other components of the connective tissues [40]. However, biocompatibility must be
considered in relation to the structural parameters of the polymer, dosage form, the route
of administration and the intended use.

The present study was focused on investigating the effect of GC37 and LX as gene
carriers rather than on the toxicity of these formulations in the U87 cell line. Although it is
proven that cytotoxicity is cell type-dependent [41], experiments in one cell line can provide
early evidence of the cytotoxicity profile of the carriers. GC37 as a polymer carrier was
almost 10 times less toxic than Lipofectamine; the latter used as a positive control in all trans-
fection experiments (IC50 GC37 = 3.41 mg mL−1 vs. IC50 Lipofectamine = 0.36 mg mL−1,
* p < 0.05), (Figure 1b).

3.3. Polyplex Formation

Polyplex formation is confirmed by DLS where naked β-Gal shows the presence of
multiple peaks in the size intensity plot (Figure 2a), while glycol chitosan addition at
a 60:1 g g−1 mass ratio to DNA results in the formation of a monodisperse population
of polyplexes as shown by the intensity size distribution plots (Figure 2b). The scaled-
up nanocomplexes for in vivo applications showed an increase in particle size with an
increase in the amount of DNA used, an observation which has also been reported by
others [42–45] (Figure 2b and Table 1). A possible explanation of the phenomenon has
been provided by Mann et al., who investigated the DNA condensation potential of poly-L-
ornithine by atomic force microscopy. The authors concluded that with the increase in DNA
concentration, multimolecular condensation is observed as opposed to monomolecular
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DNA condensation, which is believed to be operational when lower amounts of DNA are
used [45]. Uncoated polyplexes presented with a positive charge of +7 mV to +10 mV
(Table 1).
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Figure 1. Structure of glycol chitosan (GC), molecular weight and PDI for degraded and non-
degraded GC (a). IC 50 values for GC37 and Lipofectamine in U87 cells (b). Intensity and volume size
distribution plots of GCP 1, GCPH 0.3, GCPH 0.5 and hyaluronidase (c). Zeta potential values, size
and PDI of GCP, GCPH 0.3 and GCPH 0.5 (d). The zeta potential of polyplexes without HYD (GCP)
is significantly different when compared to polyplexes coated with HYD (GCPH 0.2, ** p ≤ 0.01)
and (GCPH 0.3, **** p ≤ 0.0001) (d). HPLC chromatograms of free hyaluronidase (top) and ternary
complexes with 1 mg mL−1 hyaluronidase-GCPH 1 and with 0.5 mg mL−1 hyaluronidase-GCPH 0.5
(bottom) (e).
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Figure 2. Representative intensity size plots of naked β-Gal DNA (a), GCP (GCP 1 contains 6 µg 
mL−1 β-Gal DNA, GCP 2 contains 84 µg mL−1 β-Gal DNA, GCP 3 contains 250 µg mL−1 β-Gal DNA, 
all GC, DNA ratios are 60, 1 g g-1 (b), GCPH 7 (84 µg mL−1 β-Gal DNA), with 7.2 mg mL −1 of hyalu-
ronidase size distribution by intensity (c) and volume (d) at 24 and 48 h. 

Table 1. Size, PDI and zeta potential of GCP, GCPH and DNA. The data is representative of three 
independent measurements (= 3, mean ± SD). 

Polyplex Size (nm) PDI Zeta Potential (mV) 

GCP 1 135 ± 21 0.229 ± 0.033 +7 ± 3 

GCP 2 482 ± 36 0.113 ± 0.023 +9 ± 4 

GCP 3 863 ± 28 0.161 ± 0.021 +10 ± 3 

GCPH 7 526 ± 14 0.578 ± 0.053 −10 ± 2 
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0.589 ± 0.077 −26 ± 5 950 ± 61 (23%) 
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Figure 2. Representative intensity size plots of naked β-Gal DNA (a), GCP (GCP 1 contains 6 µg mL−1

β-Gal DNA, GCP 2 contains 84 µg mL−1 β-Gal DNA, GCP 3 contains 250 µg mL−1 β-Gal DNA,
all GC, DNA ratios are 60, 1 g g−1 (b), GCPH 7 (84 µg mL−1 β-Gal DNA), with 7.2 mg mL −1 of
hyaluronidase size distribution by intensity (c) and volume (d) at 24 and 48 h.

Table 1. Size, PDI and zeta potential of GCP, GCPH and DNA. The data is representative of three
independent measurements (=3, mean ± SD).

Polyplex Size (nm) PDI Zeta Potential (mV)

GCP 1 135 ± 21 0.229 ± 0.033 +7 ± 3
GCP 2 482 ± 36 0.113 ± 0.023 +9 ± 4
GCP 3 863 ± 28 0.161 ± 0.021 +10 ± 3

GCPH 7 526 ± 14 0.578 ± 0.053 −10 ± 2

DNA
140 ± 31 (65%)

0.589 ± 0.077 −26 ± 5950 ± 61 (23%)
20 ± 9 (7%)
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3.4. HYD Coated Polyplexes

GCPH 0.3 and GCPH 0.5 showed no free hyaluronidase for both intensity and vol-
ume size distribution plots (Figure 1c) and a significant drop in charge from +10 mV
for non-coated polyplexes (GCP) to about −12 mV for the coated polyplexes (GCPH 0.5,
**** p < 0.0001) (Figure 1d).

The isoelectric point (pI) of crude HYD isolated from bovine testes is reported to be
5.4 [33]. Theoretically, pH values above the pI of an enzyme will result in a net negative
charge for the protein, which is desired for the interaction between the positively charged
polyplex and the negatively charged enzyme. Dissolving HYD in 20 mM NaCl at a pH of 12
resulted in a pronounced negative charge for the enzyme, because of the extreme pH when
compared to 20 mM PBS at a pH of 6.8 (−26 mV and −4.5 mV, respectively, Figure S2, see
Supplementary Information). The presence of particles of about 11 nm with 82% abundance
is visible from the intensity size distribution of HYD in 20 mM NaCl. Volume and number
size distribution plots showed particles of 6 nm with 100% abundance (Figure S2A–C, see
Supplementary Information).

Intensity and volume size distribution plots of 0.3 and 0.5 mg mL−1 HYD coated GC37
polyplexes (GCPH 0.3 and GCPH 0.5) showed no free enzyme, unimodal size distribution
(Figure 1c) and a decrease in zeta potential from approximately +10 mV (GCP) to about
−12 mV (GCPH 0.5), **** p < 0.0001, (Figure 1d). A size increase is visible for GCPH ternary
complexes with an increase in enzyme concentration. Similarly, to the size data, PDI also
increased for both GCPH 0.3 and GCPH 0.5 when compared to GCP (0.272 vs. 0.189,
** p < 0.01 and 0.282 vs. 0.189, ** p < 0.01, (Figure 1d)). This observation is made by others;
Dai et al. showed a zeta potential drop and an increase in size for their multi-component
nanoparticles comprised of a polymeric shell, an anti-cancer drug, gelatine-RGD and HYD
all assembled in one electrostatic complex [46].

The DLS measurements for GCPH 0.3 and GCPH 0.5 ternary complexes showed
that using 0.3 and 0.5 mg mL−1 of HYD for both polyplexes resulted in enzyme-coated
particles of increased size and a negative charge. A step further in the characterisation of the
ternary complexes was to use a quantitative method to estimate the amount of free enzyme,
i.e., based on the calibration curve using the HPLC method described in the experimental
part (r2 = 0.9907). The retention time (RT) of HYD was 1.921 min (Figure 1e). Since the
size of GCPH 0.5 ternary complexes was ≥200 nm (Figure 1d), a 0.22 µm filter was used
to separate coated particles and free enzyme (size of free enzyme ~6 nm) for analytical
purposes. A ternary complex with an increased amount of hyaluronidase (GCPH 1) was
also used. The filtrate of free hyaluronidase showed an 87% ± 3% recovery after HPLC
analysis with the remaining 13% of enzyme putatively left in the dead volume of the
filter. The filtrates of GCPH 0.5 and GCPH 1 were analysed and GCPH 1, but not GCPH
0.5, showed a peak with a RT 1.921 in the chromatogram (Figure 1e). By using the area
under the curve, it was quantified that 34% ± 5% or 0.34 mg mL−1 of free hyaluronidase
was present in GCPH 1 filtrate. Due to the filter dead volume, it is uncertain whether
all the remaining enzyme is complexed. However, the absence of an HYD peak in the
chromatogram of GCPH 0.5 ternary complexes along with the size and zeta potential data
provide strong evidence that at a concentration of 0.5 mg mL−1 HYD, GCP polyplexes
(0.36 mg mL−1 GC) are surface coated with the enzyme. Uncoated polyplexes presented
with a positive charge of +7 mV to + 10 mV, while GCPH 0.3 and GCPH 0.3 showed a
negative charge of about −12 mV, Figure 1d). HYD coated (GCPH 7) polyplexes are stable
for 48 h in aqueous media, proven by both intensity and volume size distribution plots
(Figure 2c,d).

3.5. In Vitro Hyaluronic Acid Digestion Potential of Polyplexes Coated with Hyaluronidase

We have previously developed enzyme-bound particles, using polymeric vesicles pre-
pared from N-palmitoyl-N-monomethyl-N,N-dimethyl-N,N,N-trimethyl-6-O-glycolchitosan
and N-biotinylated dipalmitoylphosphatidlyethanolamine, which were subsequently bound
to beta-galactosidase streptavidin [47] and found that enzyme activity was preserved in
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this system. However, immobilisation strategies of enzymes on nanoparticles have been
proven to affect the function of the enzyme because of structural changes during the im-
mobilisation process [48,49]. Although an assembly based on electrostatic interactions
does not involve chemical modifications to the structure of the enzyme, a pH alteration
could hinder important amino acid residues, which can negatively influence the enzyme
function [50]. Therefore, to check the potential of the ternary complexes to digest HA
in vitro when compared to the free enzyme, an HA digestion assay was used. All ternary
complexes retained approximately 50% of their enzymatic activity when compared to the
free enzyme regardless of the concentration used (Figure 3a).
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fection efficiency of GCP 1 (black bar), GCPH 0.2 (brown bar), GCPH 0.3 (blue bar), GCPH 0.5
(white bar), LX (green bar) and naked β-Gal DNA (grey bar) (b). The data is representative of three
independent experiments (n = 3, mean ± SD).

3.6. Transfection Efficiency of Polyplexes in U87 Glioma Cell Line

GCP 1 polyplexes containing 6 µg mL−1 DNA were transfection competent but were
found to be significantly less effective at delivering the reporter plasmid to U87 cells when
compared to lipoplexes, LX 1 (1.8 mU/well vs. 2.8 mU/well, **** p < 0.0001 (Figure 3b)).
GCPH 0.3 and GCPH 0.5 completely lost their in vitro transfection efficiency (delivery of
β-Gal DNA to U87 cells). Even a further reduction in the concentration of HYD—GCPH 0.2,
showed no active β-Gal enzyme expression in U87 cells, when compared to hyaluronidase-
free polyplexes (GCP 1, Figure 3b).

3.7. In Vivo Studies

IVIS imaging of animals 24 h post nanocomplex administration at a dose of 0.067 mg kg−1

and 15 min after substrate administration showed an intense luminescent signal in the
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nasal cavity. Interestingly, the animal treated with naked β-Gal DNA showed the highest
signal (5.6 × 108 p/scm3/sr) with distribution close to the administration site (Figure S3,
see Supplementary Materials). However, GCP 2 and especially GCPH 7 showed a different
distribution pattern of the signal when compared to naked DNA, where the lumines-
cent signal of the animal treated with GCPH 7 appeared to spread to more caudal parts
of the brain. (Figure S3, see Supplementary Materials). Repeated imaging of the same
animals an hour post substrate administration showed that the administration of GCP
results in a stronger signal when compared to the animal, which received the LX treat-
ment (1.27 × 105 p/s/cm3/sr and 2.4 × 105 p/s/cm3/sr, respectively, Figure 4a). The
signal from the animal administered with naked DNA was almost at the background
level (6.7 × 104 p/s/cm3/sr) and clearly localised at the tip of the nasal cavity, close to
the administration site (Figure 4a). It was then hypothesized that an increase in the dose
would allow for the quantification of gene expression. The experiment was repeated with
a β-Gal DNA dose increase to 0.2 mg kg −1 (250 µg mL−1). Downstream analysis of the
homogenised olfactory bulbs, cortex and cerebellum revealed that 24 h post-administration
there is no active β-Galactosidase (β-Gal) enzyme in the olfactory bulbs of the animals
with any of the treatments (Figure 4b). By contrast, the animals treated with GCP 3 showed
significantly higher levels of active β-Gal enzyme in the cortex when compared to animals
treated with both LX 3 and naked β-Gal DNA (*** p ≤ 0.001), (Figure 4c).
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Figure 4. Representative IVIS images from an in vivo intranasal study with nanocomplexes prepared
with 84 µg mL −1 DNA or a dose of 0.067 mg kg −1 DNA (a). Imaging was taken 24 h post intranasal
administration of the treatments and 1 h after intranasal administration of the substrate and with a
240 s exposure time. Downstream analysis of brain homogenates (mean ± s.d., n = 4) for active β-Gal
expression 24 h post nanocomplex administration at a dose of 250 µg mL−1 DNA or a dose of 0.2 mg
kg−1 DNA in olfactory bulbs (b), cortex (GCP 3 polyplexes show significantly higher levels of active
β-Gal enzyme when compared to naked β-Gal DNA and LX 3 (*** p ≤ 0.001), (c) and cerebellum
(naked β-Gal DNA shows a significantly higher level of β-Gal enzyme expression when compared
to both GCP 3 and LX 3, *** p ≤ 0.001). (d) The signal from tissue homogenates of olfactory bulbs,
cortex and cerebellum of control animals was subtracted from the treatments.

Interestingly, naked β-Gal DNA resulted in significantly higher levels of β-Gal expres-
sion in the cerebellum when compared to both LX 3 and GCP 3 (*** p < 0.001).

4. Discussion

Neurological disorders are the second leading cause of death and disabilities world-
wide [51]. Delivery of drugs to the CNS is a cumbersome task due to the presence of
the protective BBB. The BBB blocks the transport of nearly 100% of large molecules to
the brain and about 98% of the small molecules [52]. Polymer-mediated gene delivery
has still a long way to go before the clinical application becomes widespread. To date,
there are no approved polymer-based gene therapeutics on the market and despite seven
active clinical trials, none are being developed to target CNS disorders [53]. Although
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viral vectors are much ahead of the competition, taking over more than 70% of all the
active gene therapy clinical trials with thirteen approved therapies, the vast majority of
the reports are describing invasive and local administration routes. Exploring intranasal
delivery as a non-invasive administration route targeting the CNS and bypassing the
BBB has sparked research interest in the area [54]. As stated above, the BBB is a major
obstacle to the delivery of therapeutics following systemic application (e.g., intravenous
delivery). A growing amount of evidence points unequivocally to an extracellular transport
of molecules from the nasal cavity to the olfactory bulb and then throughout the cerebrum
via the perivascular pathway [28,30,55]. Therefore, a hyaluronidase coating of the nanopar-
ticle was hypothesized to facilitate the transport of the nanoparticles from the nasal cavity
enroute to the brain.

We are motivated to do this work as targeted delivery to the forebrain can offer a
significant therapeutic advantage for neurological disorders affecting the cortex including
Alzheimer’s disease and frontal glioblastoma. It has also been reported that glioblastoma
location correlates with specific genetic mutations in patients with frontal glioblastoma
associated with isocitrate dehydrogenase 1 (IDH-1) mutations [56], which cause changes
in DNA methylation. Additionally, glioblastoma is characterized by the presence of a
stiffened and rigid ECM. The stiffened network of overexpressed hyaluronan and other
ECM proteins in solid tumours blocks the transport of macromolecules contributing to yet
another barrier to the efficient delivery of drugs [57], antibodies [58], immunotoxins [59]
and oncolytic adenoviruses [60]. Therefore, the ECM-digestion potential of GCPHs may
possibly confer therapeutic benefit to the polyplexes when used via the nose to brain route
for gene therapy in glioblastoma.

A 2 h time point for the acid degradation of glycol chitosan was chosen to obtain
a polymer with a molecular weight between 20 kDa and 40 kDa, based on previously
established molecular weight dependence of GC on degradation time [36]. Figure 1a
shows the structure of glycol chitosan as well as the starting molecular weight of the
non-degraded material (GC100). The molecular weight of the glycol chitosan obtained
after 2 h of acid degradation (GC37) was 37 kDa, as measured by GPC. Peak assignments
of corresponding protons in the structure of glycol chitosan are shown in Figure S1 (see
Supplementary Information).

Elevated levels of cytotoxicity are often associated with an increased charge density
along with a decreased degree of deacetylation for chitosan carriers [61]. The present
study showed that glycol chitosan as a gene delivery carrier is 10 times less toxic than
Lipofectamine (IC50 in the U87MG cell line = 3.41 mg mL−1 vs. 0.36 mg mL−1, respectively,
* p < 0.05), Figure 1b.

Polyplexes with three different concentrations of β-Gal DNA were prepared (GCP 1,
GCP 2 and GCP 3 containing 6 µg mL−1, 84 µg mL−1 and 250 µg mL−1 DNA) with a
resulting size of the nanocomplexes of 135 ± 21, 482 ± 36 and 863 ± 28, respectively
(Figure 2b and Table 1). GCP 2 and GCP 3 showed a monodisperse population of particles
as determined by DLS with PDI values of <0.2 while GCP 1 showed a PDI value of 0.229.
(Table 1). By contrast, unformulated β-Gal DNA presented with a high PDI (>0.5) and three
distinct peaks as visible from the intensity size plot (Figure 2a and Table 1).

DLS measurements revealed that GCPH 7 ternary complexes presented with unimodal
size distribution and a z-average mean size of 532 ± 71, but also with high PDI ≥ 0.5, which
remained unchanged after 48 h. This provides evidence of the short-term stability of the
system (Figure 2c,d). Furthermore, no peak indicating free hyaluronidase is present for
both intensity and volume size distribution plots (Figure 2c,d). A positive charge was
measured for all GCP nanocomplexes ranging from +7 mV to +10 mV and a negative
charge of −10 mV for the ternary complexes with hyaluronidase (Table 1). Nanoparticle
surface charge is important for stability and prevents the formation of large aggregates.
Although glycol chitosan polyplexes and hyaluronidase coated particles possess a slight
positive and negative charge respectively, they were stable as confirmed by the unimodal
intensity size distribution plots.
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Although HYD coated polyplexes GCPH 0.3 and GCPH 0.5 lost their transfection
potential in vitro, they retained half of their potential to digest hyaluronic acid when
compared to free hyaluronidase Figure 3a,b. LX 1 lipoplexes appeared to be significantly
better transfection agents when compared to GCP 1 polyplexes in U87 cells (**** p < 0.0001),
Figure 3b. The coated polyplexes differ in their size and charge from the non-coated
polyplexes, however, even a further reduction of the amount of HYD (GCPH 0.2) did not
restore their in vitro transfection potential. While there is more evidence for a positive
relationship between increased cationic charge and transfection efficiency, the effect of
polyplex size on transfection potential is not clear. Perhaps a 3D spheroid model would
be more appropriate to compare the diffusion of the coated nanoparticles in a mimic of
the tumour microenvironment. Improved diffusion in tumour spheroids for the multi-
component system, when compared to the control nanoparticles, is reported by Dai et al.
Additionally the multi-component electrostatic complex with hyaluronidase retained half
of its hyaluronic acid digestion potential when compared to the free enzyme [46]. Using
electrostatic interactions for complex assembly affects the enzyme function by potentially
hindering important amino acids in the active site of the enzyme but does not result in a
complete loss of enzyme activity.

Chitosan’s mucoadhesive properties make it a suitable candidate over other polymeric
gene delivery vectors for intranasal delivery [62]. Intranasal administration of siRNA (via
chitosan-based siNS1 nanoparticles) which acts by silencing the viral NS1 gene before or
after infection with a respiratory syncytial virus (RSV) showed significantly decreased virus
titres in the lungs and decreased inflammation compared to controls [63]. In addition to
the significant attenuation of the infection, siNS1 delivered by the low molecular weight
oligomeric chitosan induces 4-day protection from RSV infection emphasizing both the
prophylactic and therapeutic potential of the nanoparticles. We have previously shown
successful delivery of siRNA in the olfactory bulb neurons following nasal administra-
tion using ethyl-amino glycol chitosan polyplexes [64]. The nasal route, rather than the
conventional delivery to the upper respiratory tract or the lungs, has also been used for
the administration of chitosan-mediated gene therapy for brain delivery as described by
Ramos et al. [65]. The authors report on the intranasal delivery of Mn2+ incorporating
chitosan nanoparticles (MNPs) carrying a dsDNA coding for a red fluorescent protein
(RFP). MNPs of 122 nm in size were shown to deliver the highest amount of RFP, which
was detected in the cortex, striatum and hippocampus, with the highest protein expression
in the striatum 48 h post intranasal administration.

The perivascular hypothesis for the transport of molecules through the olfactory
neuroepithelium, unprotected by the BBB is gaining popularity as the leading mechanism
of transport from the nasal cavity to the brain. The proof-of-concept studies of intranasally
administered peptides, proteins, and polysaccharides discussed earlier show rapid delivery
to brain regions, which do not correlate with the intracellular transport option. However,
for gene expression or silencing, more time is needed for an effect to take place. IVIS
imaging 24 h post nasal administration and 15 min after substrate delivery show the
strongest luminescent signal residing predominantly in the nasal cavity for naked β-Gal
DNA (Figure S3, see Supplementary Information). GCP 2 and especially GCPH 7 show the
presence of transfected cells in more caudal parts of the brain with the signal spreading
further from the administration site (Figure S3). These observations are also confirmed
by the later imaging time point of 1 h. GCPH 7 appeared as the most effective gene
carrier in vivo with the highest luminescent signal measured at 4.7 × 105 p/s/cm3/sr,
Figure 4a. GCP polyplexes showed higher signal levels when compared to LXs (2.4 × 105 vs.
1.27 × 105 p/s/com3/sr), while naked DNA was at baseline levels (6.7 × 104 p/s/cm3/sr)
and appeared only at the very tip of the nasal cavity, suggesting minimal transport to
the brain. By contrast, GCP 2, LX 2 and GCPH 7 showed signal localization further
away from the administration site, Figure 4a. Similar findings are reported by others,
where complexed DNA results in longer-lasting gene expression when compared to naked
DNA [66]. Tissue homogenization and downstream analysis of the olfactory bulbs, cortex
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and cerebellum of four animals per group for the four treatments (GCP 2, LX 2, naked
β-Gal DNA and GCPH 7, all at 84 µg mL−1 or 0.067 mg kg−1) resulted in inconclusive
data, potentially because of the low dose administered (data not shown). Dose precision
in intranasal administration is technically difficult and limiting, as a result of mucociliary
clearance and the different anatomies of individual nasal cavities [67]. An increase in
the dose of β-Gal DNA at 250 µg mL−1 (0.2 mg kg−1) and downstream analysis of tissue
homogenates of three brain regions (olfactory bulbs, cortex and cerebellum) at 24 h post
intranasal dosing showed no active β-Gal enzyme in the olfactory bulbs of the animals
(Figure 4b). Significantly higher levels of active β-Gal enzyme (Figure 4c) were detected
in the cortex of animals treated with GCP 3 polyplexes when compared both to the naked
plasmid (*** p ≤ 0.001) and to LX 3 (*** p ≤ 0.001). Interestingly, animals treated with naked
β-Gal DNA showed the highest protein expression in the cerebellum (Figure 4d) when
compared to both lipoplexes and polyplexes (GCP 3 and LX 3, *** p < 0.001). A possible
explanation for the observed differences is transport through the trigeminal pathway.
Olfactory neurons connect the olfactory region of the nasal cavity to the brain—olfactory
bulb and frontal cortex. By contrast, the trigeminal neurons connect the respiratory region
to more caudal parts of the brain—pons, medulla and spinal cord [68]. However, it is hard
to differentiate if carriers/delivery vehicles/substances/materials are using the olfactory
or the trigeminal pathway, since the olfactory region is also innervated by branches of
the trigeminal nerve, and so it is generally believed that both are involved. Moreover,
trigeminal nerve branches passing through the cribriform plate (a horizontal segment
forming the roof of the nasal cavity) were shown to be involved in the delivery of substances
from the nose to the forebrain [69].

The delivery of the glycol chitosan polyplexes (GCP) to the cortex using a non-invasive
route of administration such as the nose to brain route offers great potential for targeting
neurological disorders in the cerebral cortex. A recent study by Ramos et al., showed
effective silencing of the gene responsible for the synthesis of mutant huntingtin protein
(HTT) where HTT mRNA was reduced by over 50% in the olfactory bulbs, hippocampus,
striatum, and cerebral cortex at a dose of 5.8 nmol after 48 h [70]. GCP nanoparticles do not
need manganese for their preparation and manganese could contribute to the toxicity of
the carrier system as the authors suggest [65].

5. Conclusions

In summary, we have shown that glycol chitosan polyplexes upon intranasal adminis-
tration are able to deliver β-Gal DNA plasmid predominantly to the brain cortex and that
glycol chitosan is significantly less toxic when compared to the commercial transfection
reagent, Lipofectamine. This important finding may be studied further to create gene
therapy interventions for neurodegenerative and brain cancer conditions specifically requir-
ing cortex targeting. Naked DNA is preferentially delivered to the cerebellum following
intranasal administration and we hypothesize that this is because it utilizes the trigeminal
pathway to transport to the deeper brain. Coating polyplexes with hyaluronidase results
in gene expression spreading to wider parts of the brain upon intranasal administration,
when compared to uncoated polyplexes. However, further studies are needed to prove the
role of hyaluronidase coating to facilitate the extracellular transport of molecules from the
nasal cavity to the brain.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14061136/s1. Figure S1: Degraded GC37 1H-NMR
(D2O), Figure S2: Size distribution plots of hyaluronidase by intensity, volume and number, Figure S3:
Representative IVIS images 24 h post intranasal administration of polyplexes and 15 mins post intranasal
administration of the substrate at β-Gal DNA concentration of 84 µg mL−1 and a dose of 0.067 mg kg−1.
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Abstract: In the current research, a thymoquinone-enriched naringenin (NGN)-loaded nanostruc-
tured lipid carrier (NLC) was developed and delivered via the nasal route for depression. Thy-
moquinone (TQ) oil was used as the liquid lipid and provided synergistic effects. A TQ- and
NGN-enriched NLC was developed via the ultrasonication technique and optimized using a central
composite rotatable design (CCRD). The optimized NLC exhibited the following properties: droplet
size, 84.17 to 86.71 nm; PDI, 0.258 to 0.271; zeta potential, −8.15 to −8.21 mV; and % EE, 87.58 to
88.21%. The in vitro drug release profile showed the supremacy of the TQ-NGN-NLC in compar-
ison to the NGN suspension, with a cumulative drug release of 82.42 ± 1.88% from the NLC and
38.20 ± 0.82% from the drug suspension. Ex vivo permeation study displayed a 2.21-fold increase in
nasal permeation of NGN from the NLC compared to the NGN suspension. DPPH study showed the
better antioxidant potential of the TQ-NGN-NLC in comparison to NGN alone due to the synergistic
effect of NGN and TQ oil. CLSM images revealed deeper permeation of the NGN-NLC (39.9 µm)
through the nasal mucosa in comparison to the NGN suspension (20 µm). Pharmacodynamic studies,
such as the forced swim test and the locomotor activity test, were assessed in the depressed rat model,
which revealed the remarkable antidepressant effect of the TQ-NGN-NLC in comparison to the
NGN suspension and the marketed formulation. The results signify the potential of the TQ-enriched
NGN-NLC in enhancing brain delivery and the therapeutic effect of NGN for depression treatment.

Keywords: naringenin; nanostructured lipid carrier; intranasal delivery; central composite rotatable
design; depression

1. Introduction

Depression is a major public health issue that affects all age groups globally. As per the
World Health Organization (WHO), depression affects around 280 million people across
the globe and is known to be the main factor contributing to global disability [1]. An
imbalance in the levels of neurotransmitters (NTs) such as norepinephrine, dopamine,
and serotonin, which have a major function that plays a significant role in conducting
information through the presynaptic to the postsynaptic neuron, is commonly attributed
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to the cause of depression [2]. Issues such as oxidative stress, mitochondrial dysfunction,
and inflammation are the most explored aspects that occur in patients with depression [3].
Conventionally available treatment for depression is associated with several adverse effects,
such as cognitive impairment, tachycardia, etc., most of which have bioavailability issues
and thus low therapeutic efficacy. Natural drugs have been widely used in treating de-
pression and anxiety in recent years due to better therapeutic windows and fewer adverse
effects. Naringenin (NGN) is a natural flavonoid that is used for treating numerous neu-
rological ailments. It works by hindering monoamine oxidase-A (MAO-A), which results
in the restoration of serotonin, epinephrine, and dopamine levels [4]. It also raises the
levels of brain-derived neurotrophic factor (BDNF) in the hippocampus, demonstrating its
effectiveness in treating depression [5,6]. NGN, when administered by conventional routes,
leads to extensive first-pass metabolism with reduced bioavailability of 5.81% in the brain
because of its inability to pass via the blood/brain barrier (BBB) [7]. Therefore, TQ-enriched
NLC has been used to achieve a synergistic effect and enhance the BA of NGN in the brain.

Nanostructured lipid carriers (NLCs) were developed because they offer several
benefits, including drug protection, low toxicity, no organic solvents during manufacture,
and controlled release [8,9]. NLCs also protect the loaded medication from degradation
and efflux ions, leading to increased drug bioavailability in the blood and brain [10]. NLCs
can also be administered via the intranasal route to achieve brain-targeted action. Since
the target site for depression is the brain, the administration of an NLC via the nasal route
can result in direct delivery of the medication into the brain by avoiding drug delivery to
nontarget sites. The intranasal route is known to circumvent the hepatic metabolism and
intestinal metabolism, as well as the BBB. It is a non-delivery-invasive and safer route to
achieve improved bioavailability and therapeutic effectiveness of a drug with minimal side
effects [11,12].

As one of the components of NLCs is a liquid lipid, thymoquinone (TQ) has been
employed as an oil phase or a liquid lipid for the development of NLCs. Thymoquinone
(TQ) is known to be the chief component of Nigella sativa seeds and has several pharma-
cological actions, such as anti-inflammatory and antioxidant effects [13]. It also offers
peroxidation to the lipid membrane, hindering neuroinflammation by blocking the devel-
opment of inflammatory mediators, known to be a causative factor for the progression of
depression [14,15]. TQ also helps in modulating γ-aminobutyric acid (GABA) and nitric
oxide levels and upregulates the levels of 5-hydroxytryptamine in the brain, showing its
antidepressant activity [16,17]. Thus, using TQ as a liquid lipid in the formulation provides
an added advantage in the treatment of depression [18].

Natural products have been demonstrated to have considerable pharmacological
effects that affect many important cell signaling pathways and induce mitogenic, cytotoxic,
and genotoxic reactions needed for disease treatment and prophylaxis [19,20]. These herbs,
including various flavonoids, triterpenoids, and saponins, have been explored by 75% of
the world for various ailments. Some work by hindering the monoamine oxidase, serotonin,
dopamine, and norepinephrine transporters, while others work by enhancing hippocampal
dopamine levels. Some traditional Chinese medicinal plants, such as flavonoids extracted
from Tilia Americana, have been found to be effective in treating sleep disorders, while
some plants, such as Polygala tenuifolia, Panax ginseng, Fructus aurantii, and Shen Yuan,
are medication extensively used to stimulate BDNF in depressive models of rodents [21].
Herbal extracts are known to target various biological pathways and several receptors [22].
However, the basic mechanisms of these herbs have been repeatedly described without a
fundamental pathway. Thus, these herbs and their extracts need to be further explored in
terms of clinical studies to understand their underlying pathways and therapeutic efficacy
in humans [23,24].

In recent years, scientists have discovered the use of chemicals, such as statins, chemi-
cally known as 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) inhibitors, derived from
plants, which have gained attention due to their therapeutic effects that occur by targeting
several molecular pathways. These statins, including fluvastatin, simvastatin, atorvastatin,
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and pravastatin, are known to have significant effects in lowering cholesterol levels, while
lovastatin, derived from Aspergillus terreus, was approved by the Food and Drug Admin-
istration in 1987 to stimulate autophagy, which further suppresses the growth of cancer
cells [25,26].

As a matter of fact, some anticancer drugs, such as vinca alkaloids and paclitaxel,
have been made from plant sources and used as first-line treatment for ovarian cancer [27].
Another compound, known as apigenin, has gained attention due to its pharmacological
effects, such as anti-inflammation and neuroprotective effects. It helps in targeting several
signaling pathways, such as phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT),
nuclear factor kappa B (NF-kB), etc., and thus helps in the treatment of cancer by diminish-
ing the proliferation of tumors [28]. Celastrol is another compound also known to possess
an anticancer effect by stimulating various cellular pathways, which further works by
triggering the mitochondrial apoptotic pathway and hindering NF-kB, resulting in cell
cycle arrest. It is also known to tackle bioavailability issues when loaded into a nanocarrier
and has proved to be a safer compound. These phytochemicals have expanded their use
due to their safer toxicity windows and multifactorial effects [29].

From previous studies, the neurodegenerative effects of NGN and TQ have been es-
tablished separately against Alzheimer’s disease, Parkinson’s diseases, depression, anxiety,
etc. However, there are various limitations associated with NGN, such as low aqueous solu-
bility, poor absorption across the gastrointestinal tract, and extensive gut flora metabolism,
leading to the deterioration of NGN [30]. Similarly, TQ also suffers from low bioavailability
due to its chemical properties and poor penetration ability across the membrane [31]. Thus,
to mask these associated limitations of NGN and TQ, this combination was loaded into an
NLC for the treatment of depression and was administered through the intranasal route for
uninterrupted delivery to the brain.

Previously, Gaba et al. reported an NGN nanoemulsion encapsulated with vitamin E
for treating Parkinson’s disease [32]. The nanoemulsion approach requires the incorpora-
tion of large quantities of surfactants and cosurfactants that can be reduced by formulating
them into an NLC. Similarly, Ahmad et al. reported a poloxamer/chitosan-loaded NGN
nanoemulsion for the treatment of cerebral ischemia [33]. However, both studies lacked
a discussion of the stability issues of the prepared nanoemulsion. According to a study,
nanoemulsions exhibit major stability issues such as coalescence, Ostwald ripening, cream-
ing, phase separation, burst release [34], and sedimentation upon storage or during the
preparation of the formulation [35]. However, these issues can be circumvented by incorpo-
rating the drug into an NLC-based formulation. Alam et al. prepared a TQ-loaded solid
lipid carrier to attain an antidepressant effect in Wistar rats [36]. This study did not include
in vitro and ex vivo assessment of the prepared formulation, which is a major pharma-
ceutical consideration for assessing the drug release pattern of a formulation. However,
the drug loading efficiency in a solid lipid nanocarrier is comparatively lower than that of
NLCs. Single lipids are incorporated into solid lipid nanocarriers due to their limited drug
loading ability. Additionally, solid lipid nanocarriers undergo gelation and polymorphic
transitions due to their highly ordered crystal lattice structure; therefore, NLCs may be a
better approach compared to other nanolipid carriers [37].

The purpose of this research work was to formulate and evaluate a naringenin-
encapsulated nanostructured lipid carrier (NGN-NLC) with TQ oil as a liquid lipid to
provide synergistic efficacy for treating depression. This study also focuses on enhancing
the central nervous system (CNS) bioavailability of NGN by avoiding the BBB via the
intranasal route. The antidepressant potential of the NGN-NLC was further investigated
by performing pharmacodynamic studies.

2. Materials and Methods

2.1. Materials

Naringenin and TQ oil were purchased as gift samples from Sigma-Aldrich Co. (Spruce
St Saint Louis, MO, USA). Gelucire 39/01, glyceryl monostearate, Compritol, Precirol ATO-
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5, Labrafil M 2130 CS, and Cremophor-EL were purchased from Gattefosse India Pvt. Ltd
(Mumbai, India). Ascorbic acid and Rhodamine B were purchased from Sigma-Aldrich
(Mumbai, India). Methanol and ethanol were obtained from Merck (Mumbai, India). 1,1-
Diphenyl-2-picrylhydrazyl and 5,5′-dithiobis-2-nitrobenzoic acid were purchased from
Sigma-Aldrich Chemicals Pvt. Ltd. (Bangalore, Karnataka, India). Sefsol® 218 was pur-
chased from S D Fine Chem Limited (Mumbai, India). All other purchased solvents and
chemicals were of analytical grade.

2.2. Methods

2.2.1. Solid Lipid and Liquid Lipid Screening

The selection of the solid lipid was made on the basis of the solubility of a drug in the
lipid. A 1 g amount of several solid lipids was added to separate vials and heated on a
magnetic stirrer at 5 ± 1 ◦C, taken a few degrees beyond the melting point of the solid lipid.
Then, the addition of NGN in an incremental order was performed until saturation was
reached, which was assessed visibly. The solubility of NGN in the liquid lipid, which was
taken as TQ oil, was assessed by the addition of an excessive quantity of NGN to 2 mL of
TQ oil and Sefsol® 218 (S-218) in the ratio of 1:1 in a stoppered vial with a 5 mL capacity [38].
Thereafter, for 5 min, the mixture was vortexed and placed in an isothermal shaker for 48 h
at a temperature of 25 ± 0.5 ◦C. The supernatant obtained was later collected, diluted by
methanol, and examined by UV spectrophotometry (UV-1601, Shimadzu, Japan) at 287 nm
that was done after performing the centrifugation which was carried out for 13 min at
3000 rpm [39].

2.2.2. Assessment of Binary Mixture

The binary mixture of liquid lipid (TQ oil:S-218) and solid lipid was taken in several
ratios (90:10, 85:15, 80:20, 70:30, 75:25, and 60:40) to assess the miscibility between the two
lipids. The lipid mixture contained Precirol ATO-5 as the solid lipid, and TQ oil along
with S-218 (1:1) as liquid lipids were taken in the above-mentioned ratios and stirred at
200 rpm on a magnetic stirrer for 1 h maintained at 85 ± 1 ◦C. A cooled sample of the solid
combination was smeared on filter paper to evaluate the miscibility, followed by a visual
inspection of the filter paper for the occurrence of any liquid oil droplets. The ratio that did
not show any appearance of droplets of the lipids on the filter paper was preferred for the
development of the NGN-NLC [40,41].

2.2.3. Screening of Surfactants

The surfactant was preferred based on its emulsification capability to emulsify the
lipidic mixture. Different surfactants were chosen based on the literature review and
their capacity to liquefy lipids. Methylene chloride (3 mL) was employed to liquefy the
100 mg lipidic mixture (Precirol ATO-5 and TQ oil/S-218 in a 1:1 ratio), which was added
in the ratio of 70:30 to 10 mL of 5% solution of various surfactants. The organic phase
was heated at 40 ± 1 ◦C for 30 min to obtain a mixture free from methylene chloride. The
diluted sample’s percentage transmittance was evaluated using a UV spectrophotometer at
510 nm [42].

2.3. Optimization and Formulation of Nanostructured Lipid Carrier (NLC)

2.3.1. NLC Optimization

The prepared NLC was optimized using Design Expert® (version 12.0.1.0, State-
Ease Inc. Minneapolis, MN, USA). The binary lipid phase and surfactant were taken as
independent variables in the central composite rotatable design (CCRD), and droplet size,
entrapment efficiency (% EE), and polydispersity index (PDI) were taken as dependent
variables (Table 1).
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Table 1. Independent and dependent variables that have been considered in CCRD.

Factors Levels Used

Independent Variable Axial (−α) Low (−1) Medium (0) High (+1) Axial (+α)

A: Binary lipid
concentration (w/w%) 0.292 0.5 1 1.5 1.707

B: Surfactant
concentration (w/w%) 1.171 2 4 6 6.828

Dependent variable Constraints used

R1: Droplet size (nm) Minimum

R2: PDI Minimum

R3: Entrapment
efficiency (%) Maximum

2.3.2. Formulation of NLC

The solvent diffusion method was used to formulate the NGN-NLC, followed by the
ultrasonication method. The preparation of the organic phase was done by prepending
the lipidic mixture (70:30) and half the quantity of the surfactant (Cremophor-EL), along
with NGN (0.72 mg/mL). Whereas, the preparation of aqueous phase was carried out by
adding the left over quantity of the surfactant to 10 mL of distilled water. Both phases
were maintained at the same temperature (70 ◦C), with continuous stirring at 500 rpm
on a magnetic stirrer. Dropwise addition of the aqueous phase to the organic phase on a
magnetic stirrer was performed with uninterrupted stirring at 800 rpm for 30 min, keeping
both phases at 70 ± 5 ◦C. The resultant was then sonicated for 5 min using a probe sonicator
(Hielscher, Germany) in an ice bath, that was subsequently cooled to room temperature [42].

2.4. Characterization of Optimized NGN-NLC Formulation

2.4.1. Zeta Potential, Droplet Size, and Polydispersity Index (PDI)

Zeta potential, droplet size, and PDI were assessed using the technique of dynamic
light scattering (Malvern Zetasizer, Nano ZS, UK). The optimized NGN-NLC was diluted
approximately 50 times before the analysis of the above-mentioned parameters. The
scattering angle was maintained at 90◦, whereas the temperature was maintained around
25 ± 2 ◦C. For the formulations that were not diluted, distilled water was used as a blank
before experimenting. Experiments were performed in triplicate [43,44].

2.4.2. Entrapment Efficiency (% EE)

The quantity of free drug in the NLC that was entrapped was calculated by estimating
the % EE. A 1 mL volume of the NGN-NLC was centrifuged at 4 ± 1 ◦C for 1 h at 15,120 g
force (Sigma-3K30, Osterode am Harz, Germany). After diluting with methanol, the
supernatant was collected, and the free drug was analyzed using UV spectroscopy at
287 nm. The calculation of the % EE was performed using the following equation [45].

Entrapment E f f iciency =
(Wt − Ws)

(Wt)
× 100 (1)

where, Wt is the quantity of NGN added to the system, and Ws is the quantity of NGN in
the supernatant upon centrifugation.

2.4.3. Determination of Surface Morphology

TEM (CM 200, Philips Briarcliff Manor, NY, USA)) was implemented to determine
the surface morphology of the optimized NGN-NLC (CM 200, Philips Briarcliff Manor,
NY, USA)). The optimized NGN-NLC formulation was subjected to dilution following the
addition of a drop of the NGN-NLC on a copper grid coated with carbon, which was then
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dried and negatively stained with 1% phosphotungstic acid. The grid was then placed in
the instrument and examined by TEM [46].

2.4.4. Stability Studies

Stability studies of the NGN-NLC were carried out for 3 months at room temperature
(25 ± 2 ◦C/60 ± 5% RH). The samples of these studies were taken at 0, 1, and 3 months
and later examined for variation in physical appearance, droplet size, PDI, and % EE [47].

2.4.5. Drug Release Studies Using Dialysis Membrane

The release study of the drug from the NGN-NLC and NGN suspension were per-
formed on a magnetic stirrer with the aid of a dialysis membrane with assembly placed at
37 ± 2 ◦C. In the dialysis bag (12–14 KD), 2 mL of the optimized NGN-NLC formulation
and NGN suspension containing 0.72 mg/mL of NGN was placed, which was kept in
phosphate-buffered solution (PBS, pH = 6.4) (100 mL). A 1 mL volume of the sample was
taken at 0.25, 0.5, 1, 2, 4, and 12 h and substituted with the same quantity of fresh media
(PBS, pH = 6.4). The samples were examined three times (n = 3) by UV spectroscopy
at 287 nm [48]. Then, drug release by the dialysis membrane was calculated using the
following equation:

% Drug Release =
Concentration (µg/mL)× Dilution Factor × Volume o f Release Medium (mL)

Initial Dose (µg)
× 100 (2)

2.4.6. Ex Vivo Nasal Permeation Study

The depth permeation of the NGN-NLC and NGN-suspension across goat nasal mu-
cosa was evaluated using the CLSM technique, in which the nasal mucosa was positioned
on a Franz diffusion cell filled with PBS (pH = 6.4). The NGN-NLC and NGN suspension
treated with Rhodamine B (0.03% w/v) were added to the donor compartment of the Franz
diffusion cell. The whole setup was placed on a magnetic stirrer, which was stirred at
100 rpm and maintained at 36 ◦C for 2 h. The experiment was carried out using isolated
goat nasal mucosa and not an artificial membrane, as it was not easily available from
a nearby slaughterhouse. Moreover, it was derived from the literature review that goat
nasal mucosa is readily and cheaply available, and its morphology is relatively similar to
that of humans. A 1 mL volume of the optimized NGN-NLC and NGN suspension both
containing 0.72 mg/mL of NGN was placed in the donor section, the volume of which was
10 mL. A 1 mL volume of the sample was taken at 0.25, 0.5, 1, 2, 4, and 12 h and replaced
with the same quantity of fresh media (PBS, pH = 6.4). The samples were analyzed in
triplicate (n = 3) employing UV spectroscopy at 287 nm. The amount of NGN permeated
was estimated using the following equation [49]:

Permeability Coe f f icient
(

Papp

)

=
Flux

Initial Drug Concentration
(3)

2.4.7. Antioxidant Activity: DPPH Assay

Dithiobis-2-nitrobenzoic acid (DPPH) that is known to be a stable radical that produces
a deep violet color upon the delocalization of its spare electron or hydrogen radical. The
antioxidant potential of the NGN-NLC was compared to a standard of ascorbic acid, as well
as pure NGN suspension. The evaluation was based on the ability of DPPH to scavenge free
radicals at room temperature. Various concentrations (1–80 µg/mL) of all three samples
were prepared in methanol, and each sample (1 mL) was diluted by the methanolic solution
of DPPH (1 mL). After 30 min, the mixture was scanned, maintaining methanol (95%) as
a blank at 515 nm [50]. The percentage inhibition of DPPH was determined using the
following equation:

% Inhibition o f DPPH Radical =
A0 − A1

A0
× 100 (4)
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where A0 and A1 are the absorbance of the control (blank) and sample, respectively. The
50% inhibitory dose, i.e., IC50 value, was evaluated using GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA).

2.4.8. Estimation of Depth of Permeation by Confocal Laser Scanning Microscopy (CLSM)

The depth of permeation of the formulation and suspension across goat nasal mucosa
was evaluated using the CLSM technique, in which the nasal mucosa was employed on a
Franz diffusion cell filled with PBS (pH = 6.4). Then, the nasal mucosa was removed after
2 h, washed using distilled water, and isolated at a temperature of −20 ◦C, followed by
cutting off approximately 20µm of thin slices of isolated nasal mucosa kept on coverslips
made of glass. The formulation and suspension were treated with Rhodamine B (0.03%
w/v), which was added to the donor compartment of the Franz diffusion cell. The whole
setup was placed on a magnetic stirrer, which was stirred at 100 rpm and maintained
at 36 ◦C for 2 h. These sections were later assessed on an LSM 710 scanning confocal
microscope (TCS SP5II, Leica Microsystem Ltd., Wetzlar, Germany) at 580 nm, where
the extent of depth of penetration between the NGN-NLC and NGN suspension was
compared [51,52].

2.5. Pharmacodynamic Studies

The therapeutic effectiveness of the antidepressant drugs was investigated by perform-
ing behavior studies. NTs present in the brain are responsible for the normal functioning of
the brain. Thus, the current research work was performed to examine the effect of the NGN-
NLC (i.n) when compared to that of the NGN suspension (i.n) and oral administration of
the duloxetine suspension (marketed formulation) by performing a forced swim test and
locomotor activity test. The formulations were evaluated for inducing their antidepressant
effect on rats to downregulate the symptoms linked with depression.

Wistar rats weighing between 200 and 250 g (11–12 weeks old) of either sex were
chosen for performing pharmacodynamic tests. The animal study protocol was permitted
by the Institutional Animal Ethical Committee (IAEC) (Jamia Hamdard, New Delhi, India),
with the approved animal study protocol 173/Go/Re/ S/2000/CPCSEA (Approval No.
1647, 2019). The current study was performed following the guidelines of the Declaration of
Helsinki. The experiment was conducted in a manner to reduce suffering. The Wistar rats
were categorized into five groups, with three rats in each group. Normal and control groups
consisted of non-depressed and depressed rats, respectively. The DLX suspension (oral) (du-
loxetine suspension) group consisted of depressed rats that were treated with a marketed
antidepressant, i.e., DLX suspension with a dosage of 2.06 mg kg−1. The doses of the differ-
ent formulations were administered before determining the pharmacodynamic parameters.

Depressed rats of the last two groups were NGN suspension (i.n) and NGN-NLC (i.n)
(0.72 mg kg−1). Forced swim tests and locomotor activity tests (behavioral studies) were
performed on the above-mentioned groups.

To induce depression, Wistar rats weighing between 200 and 250 g were chosen for
the experiment. The rats were positioned in a cylindrical glass tank individually containing
water up to a depth of approximately 30 cm at 28 ± 2 ◦C for 15 min. The animals were then
taken out of the water and dried gently by patting them with a clean and dry towel. This
procedure was performed for 15 days, and on the same day (15th day), pharmacodynamic
parameters were determined after performing the forced swim test and the locomotor
activity test [53].

2.5.1. Forced Swim Test

The forced swim test relies on the phenomenon of causing immobility in rats, which
is subsequently tested for reversal by antidepressant drug delivery. Swimming time,
immobility time, and climbing time are the three components used in the forced swim
test. This test is based on the stimulation of immobility. It is a fast, easy, common, and
cost-effective test, where immobility represents depressive behavior in rats. The rats were
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laid in a cylinder-shaped tank with a depth of 30 cm consisting of water at an optimal
temperature of 28 ± 2 ◦C. The 6 min test was performed 30 min after administration of
each formulation in the respective groups for a period of 15 days. Animals were re-exposed
to a similar environment to swim for 6 min after each dose was administered on the 15th
day, and forced swimming, immobility, and climbing times were recorded for 300 s [54].

2.5.2. Locomotor Activity Test

The locomotor activity test is also employed to investigate the efficacy of antidepres-
sant drugs. The locomotor test was conducted to calculate the movements of rats using
a digital photoactometer (Hicon, Chandigarh, India) consisting of photocells of infrared
light. Rats were positioned in the photoactometer for 15 days before the experiment. The
number of times the animal moved was counted using beam light, which was considered
the locomotor activity performed by the rats. Different group comparisons were performed
after the administration of the NGN-NLC and suspensions [55].

2.6. Statistical Analysis

The outcomes of the studies were analyzed by GraphPad Prism 8.0 (GraphPad Soft-
ware, San Diego, CA, USA). The studies were carried out three times, and the results were
expressed as the mean ± standard deviation (SD) using one-way ANOVA analysis. Data
were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1. Selection of Liquid Lipid and Solid Lipid

TQ oil was chosen as the liquid lipid for the formulation of the NLC due to its
therapeutic effect as a potent antidepressant. In depression, an imbalance of brain NTs
such as dopamine and serotonin occurs. TQ oil has been reported to restore these brain
chemicals, thus indicating its antidepressant property. TQ oil also exhibits enhanced
resistance to oxidative stress by diminishing the elevated levels of superoxide dismutase,
lipid peroxidase, malondialdehyde, and glutathione in the brain and has been shown to
reduce the pro-inflammatory mediators responsible for depression [56,57]. Thus, TQ oil
was chosen as the lipidic phase. The drug solubility (NGN) in TQ oil was found to be
11.43 ± 0.09 mg/mL. This concentration of the selected liquid lipid led to the deposition
of the drug at the bottom. Therefore, to enhance the solubility of NGN in TQ oil, S-218
was added as a solubilizing agent. The result was obtained after the incorporation of TQ
oil with S-218 in the ratio of 1:1, indicating increased solubility of the drug in the selected
liquid lipid. The solubility thus obtained was found to be 16.32 ± 0.21 mg/mL. Hence TQ:
S-218 in the ratio of 1:1 was selected [58].

Among the various solid lipids, Gelucire 39/01, glyceryl monostearate (GMS), Compri-
tol, Precirol ATO-5, and Labrafil M 2130 CS were screened. The highest solubility of NGN
was in Precirol ATO-5, which was 15.91 ± 0.47 mg/g, as shown in Figure 1. On mixing
with liquid lipid, Precirol ATO-5 has been reported to offer drug release in a sustained
manner, improve solubility, and lessen the adverse effects associated with the drug [58,59].
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Figure 1. Solubility of NGN in various solid lipids: Precirol ATO-5 exhibited maximum
solubility = 16.32 ± 0.21 mg/mL. Data expressed using mean ± SD (n = 3).

3.2. Assessment of Binary Mixture

The optimized ratio of binary lipid was chosen based on the stability of the binary
lipid. On performing the test on the filter paper, it was perceived that no oil spots were
detected on it after the application of a smear of the binary lipids consisting of a ratio of
70:30, signifying the miscibility of both lipids (i.e., solid and liquid lipids) compared to the
other ratios. Hence, Precirol ATO-5 and TQ oil/S-218 (1:1) in the ratio of 70:30 were chosen
for the formulation [56].

3.3. Screening of Surfactants

Various surfactants were employed to emulsify the selected binary mixture. The
percentage transmittance of dispersion of the selected ratio was determined with different
surfactants (Table 2). It was found that the drug demonstrated maximum miscibility in
Cremophor-EL, including the utmost percent transmittance with the binary mixture; thus, it
was considered a surfactant for the development of the NLC. Cremophor-EL is a surfactant
used for poorly water-soluble drugs and also provides stability to the NGN-NLC by linking
the long-chain fatty acids into the core of the lipidic phase [56].

Table 2. Transmittance in various surfactants (n = 3).

Surfactants Transmittance (%) ± S.D

Tween 80 40.61 ± 0.53

Tween 20 70.18 ± 0.09

Cremophor-EL 91.11 ± 0.67

Labrasol 0.40 ± 0.35

Poloxamer 41.20 ± 0.77

Tween 60 25.36 ± 0.55

Span 20 0.40 ± 0.73

Solutol 0.73

3.4. Optimization and Formulation of Nanostructured Lipid Carrier (NLC)

A total of 13 runs were generated by the CCRD based on the selected independent
variables. According to the suggested runs (Table 3), preparation of various formulations
was performed and considered to predict the outcome of the dependent variables on
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the independent variables (R1, R2, and R3). Adjusted R2 and predicted R2 values of all
dependents are mentioned in Table 4.

Table 3. CCRD experimental design and observed responses.

Runs

Independent Variable Dependent Variable

Factor 1
A: Binary Mixture

Concentration
(Solid/Liquid Lipid

Concentration) (w/w)

Factor 2
B: Surfactant

Concentration (w/w)

R1: Droplet Size
(nm)

R2: PDI R3: (% EE)

1 0.29 4.0 49.32 0.326 59.54

2 0.50 6.0 59.43 0.316 69.88

3 0.50 2.0 63.43 0.309 62.34

4 1.00 1.1 97.44 0.259 66.78

5 1.00 4.0 82.33 0.261 88.99

6 1.00 6.8 50.32 0.332 80.98

7 1.00 4.0 81.88 0.277 91.23

8 1.00 4.0 84.34 0.267 89.45

9 1.00 4.0 82.65 0.274 88.43

10 1.00 4.0 85.32 0.266 90.34

11 1.50 6.0 64.66 0.239 73.42

12 1.50 2.0 99.39 0.188 77.78

13 1.70 4.0 79.33 0.162 76.87

Table 4. Overall ANOVA analysis results for CCRD.

Response
Statistics of Model Summary Suggested

ModelStd. Dev. R2 Adjusted R2 Predicted R2

R1: Droplet Size 4.14 0.9628 0.9362 0.7500 Quadratic

R2: PDI 0.0087 0.9824 0.9698 0.8818 Quadratic

R3: EE% 2.52 0.9702 0.9490 0.8067 Quadratic

3.4.1. Outcome of the Independent Variables on Dependent Variables

Outcome of binary mixture concentration and surfactant concentration on the depen-
dent variable (droplet size).

The concentration of surfactant had a significant effect on the size of the droplet
(p < 0.0001), followed by the concentration of the binary lipidic phase (p < 0.0002). The
size of the droplet of the respective batch was found to be in the range of 49.32–99.39 nm.
The binary lipid phase had a positive effect on droplet size, while surfactant concentration
had a negative effect, according to the quadratic equation. This also suggested that the
binary phase concentration increased as the droplet size of the formulation increased. The
effect of the concentration of surfactant on droplet size was such that increasing surfactant
concentration decreased droplet size. This was attributed to a decline in the interfacial
tension between the oil and aqueous phases, which resulted in a smaller droplet size [57].
The combination of independent variables such as binary lipid and surfactant concentration
(AB) had a negative effect on droplet size (Figure 2a).

R1 = 83.37 + 10.45A − 13.17B − 7.68AB − 8.83A2 − 4.06B2 (5)
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Figure 2. Response surface graphs showing effect of binary mixture concentration and surfactant
concentration. (a) Droplet size: concentration of binary mixture increased with an increase in droplet
size, while concentration of surfactant increased with an increase in droplet size. (b) PDI: concentra-
tion of binary mixture decreased with an increase in PDI, while with an increase in concentration of
surfactant, PDI increased. (c) % EE: concentration of binary mixture increased with an increase in %
EE, while the concentration of surfactant also increased with an increase in % EE.
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The outcome of binary mixture concentration and surfactant concentration on the
dependent variable (PDI).

The PDI is one of the most crucial factors in developing the NGN-NLC. The concentra-
tion of surfactant had a significant effect on the size of the droplet (p < 0.0001), succeeded
by the concentration of the binary lipidic phase (p < 0.0001). On applying analysis, the
experimental data were analyzed and fitted in the quadratic model. The PDI of the re-
spective batch was in the range of 0.162–0.326. The quadratic equation showed that the
concentration of surfactant had a positive effect, whereas the concentration of the binary
lipid phase had a negative effect on the PDI. However, the effect was not that significant.
The effect of the various factors on the PDI is shown in Figure 2b.

R2 = + 0.26190 - 0.0537A + 0.0202B + 0.0110AB - 0.0142A2 + 0.0116B2 (6)

The outcome of binary mixture concentration and surfactant concentration on the
dependent variable (% EE).

% EE had a main role in the formulation of the NGN-NLC. It was witnessed that the
concentration of the binary lipid phase (p < 0.0005) and surfactant (p < 0.0138) showed a
significant effect on the entrapment efficiency. The prepared NGN-NLC showed % EE in
the range of 59.54–91.23%. The quadratic equation showed that the binary lipid and the
surfactant concentration had a positive effect. This suggested that the entrapment efficiency
of the formulation increased with an increase in the concentration of the binary lipid, as
well as the concentration of surfactant. Combining the two lipids may result in an improved
amalgamation of the drug into the binary lipid, followed by the solubility of the drug and
assimilation into voids of the imperfect binary lipid matrix. The multilayered presence
of the molecules around the droplets enabled more space for NGN to be incorporated,
causing increased entrapment efficiency [58]. On the other hand, the combination of the
independent variables such as the binary lipid and surfactant concentration (AB) displayed
a negative effect on the entrapment efficiency. The effect of different factors on entrapment
efficiency is shown in Figure 2c.

R3 = +89.69 + 5.44 + 2.91B − 2.97AB − 10.79A2 − 7.95B2 (7)

3.4.2. Validation of Experimental Design

A comparison was made between the validation of the experimental design for the
optimized formulation, and the obtained responses revealed an optimal formula consisting
of 1% binary lipid mixture concentration and 4% concentration of surfactant. The experi-
mental results were found to be analogous with each other denoting the validation and
reliability for the optimized formulation.

3.5. Evaluation of Optimized NGN-NLC

3.5.1. Zeta Potential, Droplet Size, and Polydispersity Index (PDI)

The value of zeta potential of the optimized NGN-NLC was in the range of −8.15 to
−8.21 mV (Figure 3a). Here, the negative charge could be credited to the lipids and nonionic
surfactant used in the formulation, leading to a lower magnitude of nano-based particles
without the presence of aggregation, thus indicating the stability of the NGN-NLC [59].
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− −Figure 3. (a) Zeta potential of optimized NGN-NLC was found to be in the range of −8.15 to
−8.21 mV. (b) Droplet size and PDI of optimized NGN-NLC were found to be in the range of 84.17
to 86.71 nm and 0.258 to 0.271, respectively.

The droplet size and PDI of the optimized NGN-NLC were found to be in the range
of 84.17 to 86.71 nm and 0.258 to 0.271, respectively (Figure 3b). The droplet size of the
formulations has a significant role in the absorption of drugs via the i.n route because of
the opening and closing of the tight junctions located in the epithelium cells of the nasal
membrane. Smaller droplet size and larger surface area would help in the rapid absorption
of the drug. Furthermore, a decreased size of the droplet would result in improved
drug carriage via the olfactory route to the brain. The PDI signifies the distribution of
the size of the nanocarriers in the formulation. PDI values less than 0.5 signify that the
formulation is monodispersed (homogeneity), whereas a PDI value more than 0.5 signifies
the polydispersity of the formulation [60].
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3.5.2. Entrapment Efficiency (% EE)

The optimized formulation exhibited a range of 87.58 to 88.21% for % EE, which signi-
fied that the drug was entrapped into the nanocarrier-mediated system. The lipophilicity of
NGN could be the reason for the high entrapment efficiency that allowed it to solubilize in
the lipid matrix. NLCs have irregularities in the crystal lattice that enable adequate space
for drug molecules to be accommodated, further resulting in enhanced drug entrapment
efficiency. The main goal of the greater % EE is to attain a maximal drug concentration in
the lipidic matrix that results in a greater amount of drug release at a lower dose [61].

3.5.3. Determination of Surface Morphology

TEM was employed to determine the morphology of the surface of the optimized
formulation. The droplets of the NGN-NLC seemed to be dark and spherical with uniform
droplet size distribution with a diameter of 60–90 nm (0.06–0.09 µm) (Figure 4a). No
aggregation of particles was observed in the formulation.

Figure 4. (a) Surface morphology determination using TEM, showing the uniform distribution of
droplets in optimized NGN-NLC. (b) The drug release profile of NGN from NGN-NLC and NGN
suspension in phosphate buffer (pH = 6.4) using the dialysis membrane, showed a 2.15-fold increase
in drug release from NGN-NLC in comparison to that of NGN suspension. The result was found to
be statistically significant, whereas data were expressed using mean ± SD (n = 3).

3.6. Stability Studies

The 3-month stability studies confirmed the stability of the NGN-NLC at room tem-
perature (25 ± 2 ◦C/60 ± 5% RH). The NGN-NLC was assessed for changes in physical
appearance, occurrence of phase separation, caking, changes in droplet size, PDI, and
entrapment efficiency. The NGN-NLC did not show any changes in physical appearance
phase separation and caking. An insignificant change (p > 0.05) was observed in the droplet
size, PDI, and % EE of the formulation. The formulation did not show any precipitate
formation (Table 5). The high stability of the formulation could be due to the high zeta
potential and small droplet size [62].
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Table 5. Stability studies of NGN-NLC at room temperature (25 ± 2 ◦C/60 ± 5% RH) (n = 3).

Time
(Months)

Change in
Appearance

Phase
Separation

Caking
Droplet Size (nm)

(Mean ± SD)
(n = 3)

PDI
(Mean ± SD)

(n = 3)

% EE
(Mean ± SD)

(n = 3)

0 No No No 85.43 ± 1.21 0.263 ± 0.012 87.58 ± 4.69

1 No No No 85.96 ± 1.59 0.271 ± 0.015 87.21 ± 3.46

3 No No No 86.21 ± 3.90 0.281 ± 0.017 86.57 ± 3.55

3.7. Drug Release Studies by Dialysis Membrane

The drug release study was performed using a dialysis membrane to investigate the
release of NGN from the NGN-NLC and NGN suspension in phosphate buffer (pH = 6.4),
respectively. The percentage cumulative release of NGN from the formulation was found
to be 82.42 ± 1.88% in 12 h; however, in the case of the NGN suspension, the release of the
drug was way too slow, with only 38.20 ± 0.82% drug release after 12 h along with drug
precipitation in the dialysis bag. Initially, the drug was seen to escape quickly from the
lipidic surface of the NGN-NLC, followed by a slower release pattern due to drug release
from the lipid matrix. The results were found to be statistically significant (p > 0.001). The
optimized NGN-NLC displayed the biphasic type of release from the NGN-NLC and NGN
suspension. The NGN-NLC had a 12 h release time (Figure 4b), which could be due to the
lower droplet size of the generated NLC.

The results signified that the drug release of the NGN-NLC followed the Korsmeyer–
Peppas release model because of the maximum value of the coefficient of correlation (R2),
i.e., 0.9958, and followed the Fickian diffusion with a biphasic drug release pattern, thus
proving the encapsulation of the drug in the core of the lipid. The NGN-NLC showed a
2.15-fold increase in drug release compared to that of the NGN suspension, thereby proving
its effectiveness in drug release studies.

3.8. Ex Vivo Nasal Permeation Study

The ex vivo permeation study was used to compare the permeation of the drug
(NGN) from the NLC and suspension by means of goat nasal mucosa as a diffusion
barrier on the Franz diffusion cell. The NGN-NLC revealed 85.91 ± 9.23% permeation
in 12 h in contrast to the NGN suspension, which revealed 38.76 ± 5.00% permeation
(Figure 5). The steady-state flux for the NGN-NLC and NGN suspension was found to be
17.7 µgcm−2 h−1 and 1.56 10−1 µgcm−2 h−1, respectively, while the permeability coefficient
was found to be 8.54 µgcm−2 h−1 and 0.74 10−1 µgcm−2 h−1 for the NGN-NLC and NGN
suspension, respectively. The flux and permeability coefficient of the NGN-NLC was
comparatively higher than that of the NGN suspension. The results were found to be
statistically significant (p > 0.001). The pattern of drug release from the ex vivo permeation
studies was seen to be in correspondence with that of the in vitro studies. The NGN-NLC
displayed a 2.21-fold increase in drug permeation compared to that of the NGN suspension.
This could be due to the higher retention time of the NGN-NLC, which further led to an
enhanced permeation rate and also to the desired sustained release of the drugs across the
nasal mucosa that acted as a reservoir for drugs, thereby proving its effectiveness in drug
permeation studies [63].
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Figure 5. Ex vivo permeation of NGN from the NGN-NLC and NGN-suspension on isolated goat
nasal mucosa, showing 2.21-fold increase in NGN from NGN-NLC in comparison to NGN suspension.
Data expressed using mean ± SD (n = 3).

3.9. Antioxidant Activity: DPPH Assay

The reducing potential of DPPH was assessed by observing the change in color from
purple to yellow which was evaluated at absorbance 515 nm. The data displayed that
free radical scavenging was strongly influenced by the NGN-NLC. The increase in the
antioxidant property of nanoformulations is usually preferred for improving their potential
in neurological brain disorders [50]. The antioxidant activity of the NGN-NLC was found
to be higher because of the combined effect of NGN and TQ, thus proving their efficacy
as strong antioxidants (Figure 6). It is predicted that the reason for effective antioxidant
potential in the NGN-NLC could be due to the synergistic effect of NGN along with
TQ oil possessing powerful antioxidant activity. The IC50 value for the NGN solution,
NGN-NLC, and ascorbic acid was found to be 41.79 µg/mL, 23 µg/mL, and 14 µg/mL,
respectively [63].

Figure 6. Antioxidant potential of AA, NGN solution, and NGN-NLC, showing % inhibition increase
of 1.2-fold from NGN-NLC in comparison with NGN solution due to synergistic effect of NGN and
TQ. Data expressed using mean ± SD (n = 3).
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3.10. Estimation of Depth of Permeation by Confocal Laser Scanning Microscopy (CLSM)

CLSM investigation was conducted to assess the permeability of the NGN-NLC and
NGN suspension across the goat’s nasal mucosa. It was observed that the maximum
intensity of fluorescence for the NGN suspension was up to a depth of 20.0 µm, which
diminished at 25.0 µm (Figure 7a). However, for the NGN-NLC, it was spotted up to a depth
of 39.9 µm, that diminished at 44.9 µm (Figure 7b), indicating the uniform distribution of
NGN in the NGN-NLC compared to that of the NGN suspension. Thus, the NGN-NLC
displayed about 1.99-fold deeper permeation in the nasal mucosa in comparison with
the NGN suspension. These results were found to be in accordance with the ex vivo
permeation study.

 

(a) 

 
(b) 

Figure 7. (a) CLSM images after administration of NGN suspension across isolated goat nasal mucosa.
(b) CLSM images after administration of NGN-NLC across isolated goat nasal mucosa, showing
1.99-fold enhanced permeation in comparison to NGN suspension.

3.11. Pharmacodynamic Studies

3.11.1. Forced Swim Test (FST)

The forced swim test is the generally used animal model for evaluating the effective-
ness of antidepressants. The FST revealed that the control group showed a mean swimming
time of 82.33 ± 1.42 s. Additionally, on the administration of the NGN suspension via the
i.n route, a significant increase (p < 0.001) in the mean swimming time (162.66 ± 2.22 s) was
observed compared to the DLX suspension after following the oral administration, which
showed a mean swimming time of 131.33 ± 1.56 s.
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However, after the administration of the NGN-NLC via the i.n route, a significant
increase (p < 0.001 versus control) with a mean swimming time of 213 ± 2.51 s indicated
the therapeutic effectiveness of the formulation (Figure 8a).

 

(a) (b) 

(c) (d) 

− −

Figure 8. Pharmacodynamic investigation of different groups after performing behavioral studies
such as (a) forced swim test, (b) immobility test, (c) climbing time, and (d) locomotor activity test.
(*** indicates that the comparison was made between normal vs. other groups; whereas ### indicates
that the comparison was made between control and other groups). Data expressed using mean ± SD
(n = 3).

The immobility time refers to the motionless behavior of rats when they were placed
in a cylinder consisting of water. The mean immobility time of the control group showed a
significant increase (p < 0.001) compared to that of the DLX suspension (oral) group. After
the administration of the NGN suspension through the i.n route, a significant decrease
(p < 0.001) was observed in contrast to the control group. On the other hand, the adminis-
tration of the NGN-NLC (i.n) displayed a significant decrease (p < 0.001) in the immobility
time (64 ± 1.52 s) against that of the control group (Figure 8b).

The climbing time for the normal and control groups was found to be 123.33 ± 3.78
and 61.33 ± 3.87 s, respectively. The depressed group treated with the DLX suspension
orally and the NGN suspension intranasally showed a climbing time of 74.66 ± 1.21 and
83.01 ± 1.89 s, respectively. The depressed group treated with the NGN-NLC via the i.n
route showed a climbing time of about 106 ± 3.03 s (Figure 8c). It was observed that the
rats exhibited a fall in the time spent trying to escape from the cylindrical glass tank filled
with water, but this time duration was significantly extended after the administration of the
NGN-NLC (p < 0.001) via the i.n route against the control group, the DLX suspension (oral)
group and the group treated with the NGN suspension (i.n). The significant increase in the
climbing time of rats treated with the NGN-NLC (i.n) could be credited to the occurrence
of NGN and TQ oil in the hippocampus of the brain, leading to the synergistic effect of
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the drugs, and thus allowing the inhibition of the reuptake of serotonin, thus causing an
enhanced amount of serotonin in the brain [64].

3.11.2. Locomotor Activity Test

The locomotor activity test was conducted with the help of a digital photoactometer
for 5 min. It was observed that the normal and control groups showed a beam count of
304 ± 3.51 and 52.66 ± 1.12 s, respectively, while the DLX suspension (oral) and NGN
suspension (i.n) groups were seen to exhibit a total beam count of 83.33 ± 1.52 and
109.01 ± 2.64 s (p < 0.001). However, after the administration of the NGN-NLC (i.n), a
significant increase of p < 0.001 with a total beam count of 186.33 ± 2.82 s against that of the
control group was witnessed (Figure 8d). The results proved the efficacy of the NGN-NLC
when administered via the i.n route in comparison to that of the NGN suspension and DLX
suspension, which were administered intranasally and orally, respectively [65].

Successful outcomes were obtained from the pharmacodynamic studies consisting of
the FST and the locomotor activity test, which further proved the therapeutic efficacy and
synergistic effect after the i.n administration of the NGN-NLC. The administration of the
NGN-NLC not only enhanced the uptake of drugs through the i.n route against suspensions
but also led to the desired antidepressant effect. The therapeutic effectiveness of the NGN-
NLC (i.n) could be attributed to the lipid nanocarriers that helped in the direct targeting of
the brain through the olfactory route, whereas the orally administered formulation showed
poor results because of the extensive hepatic first-pass metabolism and its inability to cross
via tight junctions present at the BBB. Nonetheless, the mechanisms exhibited by the NTs led
to behavioral changes exhibited by the rats. The increase in the concentration of serotonin
in the hypothalamus and frontal cortex of rats was attributed to the i.n administration of
the NGN-NLC, which further increased the availability of serotonin in the presynaptic
neurons and caused a remarkable increase in the mean swimming and climbing times of
the rats [64,65].

4. Conclusions

The NGN-NLC was successfully prepared and optimized utilizing a CCRD. The
optimized NLC exhibited the following properties: droplet size, 84.17 to 86.71 nm; polydis-
persity index, 0.258 to 0.271; zeta potential, −8.15 to −8.21 mV; and entrapment efficiency,
87.58 to 88.21%. The NGN-NLC showed controlled release for 12 h that revealed 2.15-fold
enhancement of NGN release from the NLC compared to the NGN suspension. Ex vivo
results showed enhanced permeation (2.21-fold) of the NLC through the nasal mucosa com-
pared to the NGN suspension. DPPH study revealed the improved antioxidant potential
of NGN. The results of the CLSM study showed a higher amount of penetration by the
NGN-NLC than the NGN suspension, while the stability study showed good stability of
the NLC over 3 months. Furthermore, pharmacodynamic data revealed an increase in the
antidepressant potential of the NGN-NLC. The present study concluded the successful
optimization of the NGN-NLC and its potential in augmenting brain bioavailability and
the therapeutic effectiveness of NGN for the effective treatment of depression after nasal
administration. The research findings indicated that transporting the drug via the olfactory
pathway can help in targeting the drug directly to the brain. Nevertheless, the current
research work still lacks clinical study data, which can help in assessing its therapeutic
effectiveness, as well as the risk/benefit ratio in humans.
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Abstract: Pomegranate seed oil (PSO) is currently administrated orally as a food supplement for
improving memory. However, the efficiency of the oral dosage forms for such purposes is low, mainly
due to the blood brain barrier impeding a good delivery to brain. In this work, we designed and
characterized a PSO phospholipid oily gel for nasal administration. We tested the performance of
the new PSO delivery system in animal models for impaired memory and locomotor activity. The
experimental results indicated a statistically significant improvement (p < 0.05) of more than 1.5 fold
in the behavior of animals treated nasally, in comparison to those treated with orally administrated oil.
Furthermore, in multiphoton microscopy and near infrared imaging studies, the nasal administration
of fluorescent probes, fluorescein isothiocyanate (FITC), and indocyanine green (ICG) incorporated in
the PSO system showed enhanced delivery to the brain. Results of the histopathologic examination
of the nasal cavity and mucosa, as carried out by a pathologist, indicated the safety of the PSO
phospholipid oily gel. In conclusion, the results of this work encourage further investigation of the
phospholipid oily gel composition as a new way of PSO administration.

Keywords: pomegranate seed oil; nasal delivery system; memory impairment; movement impairment;
delivery to brain; improved memory; phospholipid oily gel

1. Introduction

The plant Punica granatum (Punicaceae family) is known for its medical uses since
ancient times. Pomegranate seed oil (PSO) contains polyunsaturated fatty acids, mo-
nounsaturated fatty acids, and saturated fatty acids. PSO exhibits in vitro antioxidant,
anti-inflammatory, and neuroprotective activities [1–3]. This oil is currently administrated
orally for memory improvement and prevention of the progression of neurodegenerative
diseases [4–6].

Growing evidence suggests that pomegranate seed oil and extract have therapeutic po-
tential for the treatment and prevention of various central nervous system diseases. Sarkaki
reported that two weeks of oral administration of pomegranate seed extract improved
the memory of rats after ischemic injury and permanent cerebral ischemia [7,8]. Other
studies have focused on the neuroprotective effect of long-term oral administration of PSO
nanoemulsions for the prevention and treatment of neurodegenerative disease in an animal
model of genetic Creutzfeldt–Jacob disease (CJD) [5]. Braidy et al. [9] demonstrated evi-
dence of protection against the loss of synaptic structure proteins and neuro-inflammation
in a transgenic mice model of Alzheimer’s disease (AD) that consumed a diet containing
4% ground pomegranates for 15 months.

However, the oral administration of PSO results in partial bioavailability due to its
high metabolism in the GI [10]. Moreover, the efficiency of the oral dosage forms for the
management of brain disorders is low. This is mainly due to the blood brain barrier (BBB)
that limits the absorption of molecules into the brain [11].

The nasal pathway is an alternative route of administration of active substances. It has
been traditionally used to treat localized ailments such as allergic rhinitis and symptoms of
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common cold. For more than three decades, this route has been explored for the systemic
delivery of drugs [12]. More recently, the possibility of nasal drug delivery to the brain and
the central nervous system (CNS) has become an attractive field of research [13–16]. The
main advantages of the nasal pathway reside in the possibility to bypass the BBB and to
avoid the hepatic first-pass metabolism associated with the oral intake [12,17].

Despite the advantages of this route, nasal administration of pure PSO can be in-
convenient due to nasal leakage or aspiration into the lungs [18]. Furthermore, the low
permeation across the nasal mucosa prevents good absorption of many molecules [12].

Therefore, there is a need for new approaches to overcome the present obstacles
for the nasal administration of PSO. Many strategies were investigated to enhance the
nasal delivery to brain of various molecules. These include nanoparticles and surfactants.
Nanovesicular carriers have been shown to be very efficient for the treatment of multiple
sclerosis [13], hot flushes [14], pain [15,16,19–21], Parkinson’s disease [19], inflammation,
migraine, and insomnia [22,23].

In this work, we investigated the efficiency of the nasal delivery of a PSO phospholipid
oily gel in animal models for impaired memory and movement. To test the treatment effi-
ciency of the nasal administration of PSO systems, we used mouse models of memory and
movement impairment and compared the effect to that of oral administration of the pure oil.
The ability to deliver to the mouse brain was tested using fluorescent probes in multiphoton
microscopy and near infrared (NIR) imaging studies. The potential irritation of the nasal
PSO system on the nasal cavity was examined following sub-chronic administration of the
composition to rats.

2. Materials and Methods

2.1. Materials

PSO, containing (w/v) 90% polyunsaturated fatty acids, 5% monounsaturated fatty acids
and 5% saturated fatty acids (based on the certificate of analysis provided by N.S. Oils Ltd.,
Kibbutz Saad, Israel) was used in this study. The phospholipids (PL) Phospholipon 90G,
Lipoid, Germany, and Lecithin soya, Fagron, Spain, were used in this work. Reserpine,
Fluorescein isothiocyanate (FITC), Indocyanine green (ICG), Sesame oil, and Tween 80 were
purchased from Sigma Aldrich, Israel. Dimethyl sulfoxide (DMSO) was purchased from Bio
Lab Ltd., Jerusalem, Israel. Propylene glycol (PG) and vitamin E were bought from Tamar,
Israel. Olivae Oleum (Oleic acid) from Henry Lamotte Oils GMBH, Bremen, Germany was
used. All other chemicals were of pharmaceutical grade.

2.2. Animals

All procedures carried out on animals were according to the National Institute of
Health’s regulations and were approved by the Committee for Animal Care and Experi-
mental Use of the Hebrew University of Jerusalem (MD-11-12821-3; MD-19-15895-3; MD-
21-16402-3; MD-21-16474-4).

Mice (male CD-1 ICR) 24–33 g and rats (male HSD) 220–250 g were housed under
standard conditions of light and temperature in plastic cages in the specific-pathogen unit
(SPF) of the School of Pharmacy at the Hebrew University of Jerusalem. Animals were kept
in separated cages with smooth flat floors and provided with unlimited access to water
and food.

Nasal administration of the PSO delivery systems was performed under short (2–3 min)
anesthesia with isoflurane to prevent loss of the formulation by sneezing. The animals were
held in an upright position to mimic human position. The compositions were applied to both
nostrils of the animal by a positive displacement pipette coupled with CP25 capillaries and
pistons (Microman®, precision microliter pipette, Gilson, France).
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2.3. Methods

2.3.1. Preparation of PSO Phospholipid Nasal Oily Gel Systems

The systems comprised of PSO and PL at a weight ratio of 2:1–4:1. The two components
were mixed using a mortar and pestle at room temperature until a homogenous gel was
obtained. Then, vitamin E (0.5% w/w) was added as an antioxidant. Then, to the obtained
gel, other additives such as vegetable oils (oleic acid and sesame oil) up to 40% w/w, and/or
propylene glycol (20–75% w/w) could be added. The additives were gradually mixed with
the gel using an overhead stirrer (Heidolph, Hei Torque 200, Schwabach, Germany) at
500 rpm for 5 min.

Four PSO delivery systems containing 2:1, 2.3:1, 3:1, or 4:1 PSO:PL ratios were prepared.

2.3.2. Characterization of PSO Phospholipid Nasal Oily Gel Systems

Nasal systems containing 2:1, 2.3:1, 3:1, or 4:1 PSO:PL ratios were characterized for
their appearance, spreadability, viscosity, and pH.

The spreadability of the PSO systems were measured by a modified method published
by Sherafudeen and Vasantha [24]. This parameter was determined using a 7.6 × 2.6 cm2

glass slide (Marienfield, Lauda-Konigshofen, Germany). The basal side of porcine skin
(Kibuttz Lahav, Negev, Israel) was tied to the surface of the slide with a thread. The slide
was kept in a mini-incubator (Labnet International, Edison, NJ, USA) at 37 ◦C. One hundred
microliters of the PSO delivery systems were placed on the tissue at an angle of 120◦. The
spreadability of the system was considered to be the distance that it traveled in 10 s. The
average of three readings was recorded for each system.

Viscosity measurement for PSO phospholipid nasal oily systems was carried out using
a Brookfield DV III Rheometer LV (Brookfield Engineering Labs., Stoughton, MA, USA)
coupled with spindle S4 at 10 rpm and room temperature.

It was interesting to know which pH is generated following the application of the
formulation into the nasal cavity. For this purpose, the oily gel system was dispersed in
normal saline. The pH of the dispersed system, at a volume ratio of 1:10 [24], was assessed
with a Seven Easy pH meter and an InLab Expert Pro electrode (Mettler Toledo, Changzhou,
China). All measurements were duplicated.

2.3.3. Visualization of Nasal Delivery to Brain
Nasal Delivery of Fluorescein Isothiocyanate (FITC) to Mice Brain: A Multiphoton
Imaging Study

In this experiment, we tested the formulation containing a ratio of PSO:PL. The ability
of the PSO phospholipid nasal oily system to deliver FITC to mice brain was assessed by
multiphoton imaging. A PSO system containing 0.5% FITC and 20% PSO was investigated.
Mice received either 10 µL of nasal PSO system or 10 µL of a control composition containing
0.5% FITC and 20% PSO in paraffin oil. Ten minutes after treatment, the animals were
sacrificed and the brains were removed and washed with normal saline. The olfactory region
in the brain was observed under a multiphoton microscope A1-MP (NIKON, Tokyo, Japan).
The field of image was 818 × 818 × 200 nm (width × height × depth), the scanning was
performed using × 20 objective lens with an excitation wavelength of 740 nm, a laser intensity
of 6%, and a scan speed of 0.125. The FITC fluorescence intensity (Arbitrary units, A.U.) in the
scanned brain region was further analyzed using ImageJ software. The brain of an untreated
mouse was examined to rule out the auto-fluorescence of the brain olfactory region.

Visualization of Nasal Delivery of Indocyanine Green (ICG) to Mice Brain: A Near Infrared
(NIR) Imaging Study

The delivery of ICG to the mice brain from the nasal PSO delivery system containing
PSO: PL ratio of 4:1 was examined by the Odyssey® Infrared Imaging System (LI-COR,
Lincoln, NE, USA).

Mice were treated with 10 µL of PSO phospholipid nasal gel comprising 0.5% ICG
and 5% PSO or with a control nasal composition containing the same concentration of ICG
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dissolved in 99.5% PG and compared to untreated mice. Thirty minutes after treatment,
the animals were sacrificed and brains were removed, washed with normal saline, and
observed under the imaging system. The scanning was performed using offset 2, resolution
339.6 µm, channel 800 nm, and intensity 1. The fluorescence intensity of the probe (A.U.) in
the brain was further analyzed using ImageJ software.

2.3.4. Measurement of the Effect of PSO Phospholipid Nasal System in Animal Model of
Impaired Memory by the Novel Object Recognition Test (NORT)

A PSO system comprised of 25% PSO at a PSO:PL ratio of 3:1 was tested in this
experiment and compared to the oral administration of pure PSO. A modified reserpine
induced memory impairment mice model was used [25].

The reserpinized mice were divided randomly into three groups: two PSO treated
animal groups, PSO administrated nasally in the delivery system, PSO given orally, and
one untreated reserpinized control group (n = 6/group). An additional untreated and
un-reserpinized group served as a control with normal memory to test the suitability of
the animal model. Reserpinized mice in the treatment groups received PSO at a dose of
300 mg/kg twice daily for five days and the last dose was given on the sixth day, one hour
before running the behavioral test.

On days three and five of the experiment, the animals of the three reserpinized groups
received intraperitoneal injections of reserpine at doses of 0.5 and 0.4 mg/kg from 0.05%
and 0.004% reserpine solutions, respectively, at an injection volume of 10 mL/kg. The
reserpine injections were prepared by suspending the compound in water for injection
containing 0.1% DMSO and 0.3% Tween 80.

A modified NORT test [25,26] was conducted in a transparent individual cage (29
× 28.5 × 30 cm) for each mouse. Briefly, the animals were placed in the cage to explore
two objects similar in terms of size, shape, and color for 6 min. Then, they were returned
to their home cage and the arena, including the objects, was thoroughly cleaned with 70%
alcohol to avoid leaving odorous cues. After one hour, one of the familiar objects was
replaced with a novel object (different in size, shape, and color). The mice were returned
to the testing arena and their ability to explore each object was recorded for five minutes.
Exploration was defined as the orientation of an animal’s snout toward the object, sniffing,
or touching. The percentage of novel object recognition was calculated as follows: the time
spent exploring the new object × 100/time total of exploration (time exploring new object
+ time exploring familiar object).

2.3.5. Evaluation of Motor Behavior of Reserpinized Mice in Open Field Test: Effect of PSO
Phospholipid Delivery System Administrated Nasally vs. Oral Administration of the Oil

The goal of this experiment was to evaluate the effect of PSO administrated nasally
in the phospholipid oily gel carrier in comparison to orally administrated PSO. A PSO
system comprised of 25% PSO at a PSO:PL ratio of 3:1 was tested. The motor behavior of
reserpinized mice modified model of movement impairment was tested using the open
field test [27].

The reserpinized mice were divided randomly into three groups: two PSO treated
groups, the PSO nasal system and the PSO oral system, and one untreated control group
(n = 6/group). Animals in the treatment groups received PSO at a dose of 300 mg/kg twice
daily for five days, then the last dose was given on the sixth day 1.5 h before the test. On
the fifth day of the experiment, the animals of the three groups received an intraperitoneal
injection of 4 mg/kg Reserpine.

The spontaneous locomotor activity of the animals was measured 23 h after the reserpine
injection and 1.5 h after the last administration of PSO. Mice were placed in the center of
a cage (29 × 28.5 × 30 cm) with a flat floor divided into nine equal squares. The number of
squares crossed by the animal was counted for 5 min, without a habituation session.
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2.3.6. Assessment of Local Safety of PSO Phospholipid Oily Gel on Rats’ Nasal Cavity and
Mucosa following Sub-Chronic Administration

In this test, the safety of the PSO nasal system containing 25% PSO at a PSO:PL ratio
of 3:1 on the nasal cavity and mucosa was evaluated in rats using a method previously
described by Duchi et al. [20]. In brief, nine male HSD rats (220–250 g) were divided equally
into two treatment groups and one untreated control group. Rats in the treatment groups
received nasally 15 µL PSO phospholipid oily system or normal saline into both nostrils
twice a day, for one week. At the end of the experiment, the animals were sacrificed and
the nasal cavities were removed and fixed in 3.7% formaldehyde PBS. Sections of the nasal
cavity were cut serially at 5 µm thickness and stained with hematoxylin and eosin. The
sections were examined by a histopathologist (Authority for Animal Facilities, Hebrew
University of Jerusalem, Jerusalem, Israel) using an Olympus light microscope BX43 and
an Olympus digital camera DP21 with Olympus cellSens Entry 1.13 software (Olympus,
Tokyo, Japan) using a magnification of ×10. Local toxicity was assessed by evaluating the
histopathological alterations in different regions of the nasal cavity including cartilage and
turbinate bone, lamina propria and submucosa, mucosal epithelium, and lumen.

2.3.7. Statistical Analysis

Data are reported as mean ± SD and analyzed using one-way ANOVA with Bon-
ferroni’s multiple comparison test or using a two-tailed Mann–Whitney test using the
GraphPad Prism 5 software (GraphPad Software, Inc., San Diego, CA, USA). A p < 0.05 is
considered significant in all cases.

3. Results

3.1. Properties of PSO Nasal Phospholipid Oily Gel Systems

PSO phospholipid systems composed of PSO:PL at various ratios were characterized
by their appearance, viscosity, spreadability, and pH. Their properties are presented in
Table 1.

Table 1. Compositions and properties of various PSO phospholipid oily gel systems.

Composition (Weight Ratio) Appearance Viscosity (cP) Spreadability (cm) pH *

PSO: PL
4:1

Yellow, slightly
viscous liquid 72.7 ± 11.45 1.17 ± 0.15 5.71 ± 0.025

PSO: PL
3:1 Yellow flowing gel 240.0 ± 2.0 1.03 ± 0.06 5.87 ± 0.02

PSO: PL
2.3:1 Yellow semisolid gel 377.0 ± 5.7 0.90 ± 0.0 6.16 ± 0.04

PSO: PL
2:1 Yellow semisolid gel 488.5 ± 13.4 0.87 ± 0.06 6.38 ± 0.14

* pH of dispersed systems in saline (1:10).

PSO phospholipid oily gel systems are homogenous low viscosity gels. The viscosity
of these PSO systems was found to be higher than that of the pure oil which is liquid at RT
with a viscosity value of 21.5 ± 1.06 cP. The viscosity of the nasal delivery systems increased
proportionally with the PL ratio, ranging between 72 cP for the system containing 4:1 PSO:
PL and 488 cP for the system containing the two components at a ratio of 2:1. It is notewor-
thy that a higher viscosity is advantageous in nasal administration, avoiding oil leakage
and lung aspiration. The range of spreadability of the formulations was 0.87–1.17 cm. The
obtained pH range of 5.71–6.38 is considered acceptable for nasal administration.
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3.2. Nasal Delivery to Brain from the PSO System: A Multiphoton Microscopy Study

Figure 1 presents multiphoton micrographs for the olfactory region of mouse brains
10 min after nasal treatment with FITC in the PSO phospholipid delivery system versus a
control containing the same PSO concentration but without PL.

 

Figure 1. Representative multiphoton micrographs for the olfactory region of mouse brains treated
nasally with (a) PSO nasal phospholipid system or (b) control composition containing PSO but
lacking PL, each containing 0.5% w/w FITC. Field of images: Height = 818 µm and width = 818 µm
for the both images. Depth = 100 µm for brains of mice which received PSO system and 200 µm for
those who received the control composition. Lens × 20 (A1-MP microscope NIKON—Tokyo, Japan).

It can be seen that the nasal administration of PSO phospholipid oily gel containing
0.5% FITC yielded a strong fluorescent signal in the olfactory region of the animal brain as
compared to the control FITC composition.

Semi-quantification of the obtained brain images gave a fluorescent intensity of
51.7 A.U. for the PSO Nasal system. On the other hand, nasal administration of FITC from
a composition containing an equal amount of PSO not in the gel system yielded a fluores-
cent intensity of only 9.4 A.U. The multiphoton micrographs and their semi-quantification
indicated a more than 500% increased delivery.

3.3. Delivery to the Brain of Molecules from the Nasal Phospholipid Gel System: An NIR Imaging Study

In this experiment, the effect of the PSO phospholipid system on the delivery of ICG to
brain was examined in mice by NIR imaging of the brain 30 min following treatment. The
obtained NIR images show that the nasal administration of the PSO phospholipid oily gel
system yielded a strong fluorescent signal of ICG, as compared to the control composition
of the probe (Figure 2).

The semi-quantification of the images and the normalization of the fluorescence intensity
(by subtracting the auto-fluorescence of the untreated brain from the fluorescence intensity of
each image) showed a fluorescent intensity of 7.5 A.U. for the nasal PSO phospholipid system.
On the other hand, nasal administration of the control ICG composition yielded a fluorescent
intensity of only 0.4 A.U. This result points towards the role of the PSO phospholipid oily gel
nasal system in improving the delivery of this molecule to the brain.
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Figure 2. Representative NIR images for (a) brain of untreated mice (b) brain of mice 30 min
following nasal treatment with the PSO delivery system and (c) brain of mice treated with a control
composition. Each system contained 0.5% w/w ICG. Odyssey® Infrared Imaging System (LI-COR,
Lincoln, NE, USA).

3.4. Effect on Memory of an Animal Model

3.4.1. Animal Model of Memory Impairment

The reserpine-induced memory impairment mice model and the novel object recogni-
tion test were used to evaluate the effect of PSO phospholipid nasal oily gel on memory.
The first step was to validate the reserpine-induced memory impairment animal model
by comparing the behavior of untreated reserpinized animals to those of normal memory.
The results indicated that animals with normal memory exhibited a recognition percentage
of 72.3 ± 2.2%, as compared to 48.3 ± 6.8% for animals with impaired memory (p < 0.001)
(Figure 3). This 60% reduction in the animal’s memory following reserpine sub-chronic
administration indicates the suitability and reliability of the impaired memory model.

 

Figure 3. Percentage of novel object recognition for mice with normal memory and for mice with
impaired memory (n = 6/group), (mean ± SD). p < 0.001 for mice with normal memory vs. mice with
impaired memory, determined by two-tailed Mann–Whitney Test.
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3.4.2. Effect of Nasal Administration of PSO Phospholipid Oily System on Animal
Behavior in the Animal Model for Impaired Memory

The effect of the PSO phospholipid nasal system on the behavior of animals with
reserpine-induced memory impairment was evaluated in this experiment in comparison to
the oral administration of PSO. The data obtained in this part of the experiment showed
that pretreatment and treatment with the PSO nasal system for six days led to a significant
increase in the recognition percentage in mice with impaired memory.

Figure 4 shows a novel object recognition percentage of 75.9 ± 4.5% in mice pretreated
and treated with the PSO phospholipid oily gel. On the other hand, the recognition of
animals treated with PSO orally was only 44.4 ± 7.4%, similar to the untreated mice with
impaired memory (p > 0.05).

 

Figure 4. Percentage of novel object recognition by three groups of mice with impaired memory:
1. Pretreated and treated twice daily nasally for six days with the PSO oily phospholipid gel, 2. pretreated
and treated twice daily for six days orally with PSO, and 3. untreated animals (n = 6/group), (mean
± SD). p < 0.001 for nasal PSO nasal system vs. untreated group with impaired memory and p < 0.001
for nasal PSO nasal system vs. orally treated, as determined by one-way ANOVA with Bonferroni’s
multiple comparison test.

This superior effect of the PSO nasal system emphasizes the important role of ad-
ministrating PSO nasally from the phospholipid oily gel carrier for enhanced efficiency of
PSO treatment.

3.5. Effect of Nasal Administration of the PSO Nasal System Compared to the Oral Administration
of PSO on the Motor Behavior of Reserpinized Mice: Results of Open Field Test

In this experiment, animals with locomotor impairment were treated nasally with
PSO phospholipid oily gel or orally with pure oil. Figure 5 presents the number of squares
crossed in the open field test by 3 groups of reserpinized mice: 1. treated with PSO
phospholipid oily nasal gel system, 2. treated with PSO orally, and 3. untreated animals.
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Figure 5. Number of squares crossed in the open field test by reserpinized mice: 1. treated twice daily
for five days with PSO system nasally (PSO phospholipid oily gel nasal system), 2. treated twice daily
for five days with PSO orally, and 3. untreated animals (n = 6/group) (mean ± SD). p < 0.001 for PSO
nasal system vs. untreated control, p < 0.05 for PSO nasal system vs. PSO orally, p > 0.05 (considered not
significant), for PSO orally vs. untreated control, as determined by one-way ANOVA with Bonferroni’s
multiple comparison test.

Figure 5 shows that mice treated with the new PSO phospholipid oily gel nasal sys-
tem expressed increased locomotor activity, crossing 56.6 ± 9.7 squares while the PSO oral
group crossed only 39.3 ± 10.0 squares. The untreated animals were able to cross only
25.0 ± 13.9 squares. The results are statistically significant: p < 0.05 for the PSO phospholipid
oily gel nasal system versus PSO orally and p < 0.001 for the PSO phospholipid oily gel nasal
system versus the untreated control. This 200% improved movement emphasizes the effect of
the new nasal PSO system to reverse the effects of reserpine and enhance locomotor activity
in the tested animal model.

3.6. Local Safety of the PSO Phospholipid Nasal Delivery System

The safety of the PSO phospholipid oily gel system on the nasal cavity and mucosa
of rats was tested following sub-chronic treatment twice daily for 7 days as compared to
normal saline application or to the cavity of untreated animals.

The histopathologic examination, carried out by a pathologist, indicates that the nasal
cavity and mucosa of animals treated with the PSO phospholipid oily gel system were
similar to those treated with normal saline nasally at the same treatment regimen and were
also similar to untreated rats. The bone was symmetrical and the turbinate was intact. No
leukocyte infiltration or loss of cilia was noticed in the lamina propria. The submucosal
integrity was preserved without any loss of cilia. No evidence was found for leukocyte or
non-cellular material infiltration in the lumen (Figure 6).
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(a) (b) 

 

 

(c)  

Figure 6. Representative micrographs of nasal cavities excised from rats: (a) treated nasally with PSO
phospholipid gel system, (b) treated nasally with normal saline, and (c) untreated rats. Bar = 1 mm.

4. Discussion

This work presents a new PSO phospholipid gel delivery system for nasal adminis-
tration for the treatment of impaired memory. The viscosity of the gel, as a result of the
presence of phospholipid, is an important property to avoid the nasal leakage of PSO and
its lung aspiration. The gel system has a relatively low viscosity (72–488 cP). Although we
have not tested the residence time, another work on systems with much higher viscosity
showed an improved residential time in the nasal mucosa with an increase in viscosity [28].
Another important property of PSO systems is that their pH values upon dispersion in a
physiological fluid.

The novel delivery system presented in this work shows an enhanced nasal delivery of
molecules to the brain and an improved efficiency of the oil tested in animals. This feature
was demonstrated by multiphoton microscopy, where a five-fold increase in the delivery
of FITC to the olfactory region of mouse brain ten minutes post nasal administration was
evidenced, as compared to control composition. Moreover, in a NIR imaging study, nasal
delivery to mice brain of ICG in PSO system, 30 min post-administration, was enhanced by
18-fold, versus a control composition. The enhanced delivery to brain of FITC and ICG,
administrated nasally in the PSO phospholipid gel, emphasizes the role of the carrier. The
phospholipid has two roles in this delivery carrier: it acts as a permeation enhancer and
contributes to the viscosity of the gel.

The next set of experiments in this study focused on the evaluation of the effect of PSO
phospholipid oily gel administrated nasally on the memory and movement of animals. Six
days of treatment with the new system prevented memory impairment in the reserpinized
mouse model. This was not obtained with the PSO administrated orally. Furthermore,
a 200% improvement in movement behavior was evidenced in mice model of locomotor
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impairment, following five days of nasal administration of the PSO phospholipid system.
These data point towards a stronger neuroprotective effect of PSO when administrated
nasally in the phospholipid gel but not following oral administration of PSO.

The neuroprotective mechanism of PSO in the brain remains unclear. It is suggested
that PSO acts as a strong antioxidant against oxidative stress and free radical damage. This
hypothesis is supported by an in vitro study by Sabahi et al. [29] indicating the ability
of PSO to neutralize reactive oxygen species (ROS) and enhance the expression of the
antioxidant gene in rat pheochromocytoma (PC12) neuronal cells neuro-intoxicated by
3-nitropropionic acid (3-NP).

Oxidative stress and free radical damage seem to play a key role in neurodegenerative
disorders such as Alzheimer’s disease and Parkinson’s disease. Previous studies indicated that
oxidative stress induces neuroinflammation, protein aggregation, and mitochondrial dysfunc-
tion leading to neuronal death, depression-like behavior, and memory impairment [30,31].

As mentioned in the introduction, several works have investigated the neuroprotective
effect of PSO animal models of CNS diseases [5–9].

Recently, Fathy et al. [32] studied the effect of pomegranate seed extract on a paraquat-
induced mouse model of Parkinson’s disease. Animals started to receive the extract orally
on daily basis for two weeks then continued concomitantly with intraperitoneal injections of
paraquat twice daily for three weeks. The reported results indicated that the treatment reduced
oxidative stress via a significant reduction of malondialdehyde levels and augmentation of
antioxidant enzyme activity in the substantia nigra region of the brain.

Previous publications investigated the potential therapeutic effect of long-term admin-
istration of pomegranate seed oil and extract. Treatment regimens in these reports reached
more than 6 months [5,9]. One noteworthy finding of our work is the efficiency of PSO
delivered nasally from the new system evidenced in just a few days of treatment. To the
best of our knowledge, this is the first work investigating the effect of nasal delivery of PSO
for the treatment and prevention of CNS diseases in a short period of time.

Nasal drug delivery is a convenient and noninvasive alternative route to the oral way
of administration. By using nasal treatment, the disadvantages related to the gastrointesti-
nal tract and hepatic first-pass metabolism can be avoided. Another advantage of nasal
administration is the ability to deliver molecules directly to the brain by bypassing the BBB
via the olfactory and trigeminal nerves allowing for an improved treatment [11,17].

In our previous work, we have shown that some carriers, such as soft phospholipid
nanovesicles, enhanced the direct nose to brain delivery of the incorporated drug, leading
to a rapid onset of action and an improved treatment outcome [13–16,18–21]. In this work,
we investigated a phospholipid oily gel system of PSO for enhanced delivery of molecules
to brain and improved the efficiency of PSO treatment.

The safety of nasally administrated delivery systems is a critical parameter. Therefore,
we examined the local safety on the nasal cavity and mucosa following sub-chronic nasal
administration of the PSO phospholipid system to rats. The histopathologic examination of
the nasal cavities indicated the absence of pathological local side effects for the tested period.

Overall, the new PSO nasal system was found to enhance the oil activity without
causing nasal toxicity or irritation in the tested period.

To our knowledge, this is the first investigation on nasal delivery of PSO to the brain
and CNS and its efficacy for the treatment of impaired memory. It opens the door for
future research focusing on a number of directions, including the antioxidant effect of PSO
components delivered nasally and the stability of PSO and the nasal system.

5. Conclusions

In this work, a PSO phospholipid oily gel for nasal administration was designed and
investigated. The system shows an enhanced nasal delivery of molecules to brain and
improved efficiency of PSO to treat memory and movement impairment in animal models.
The histopathologic examination of the nasal cavities indicated the absence of pathological
local side effects for the tested period.
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Abstract: Non-human primates (NHPs) are precious resources for cutting-edge neuroscientific
research, including large-scale viral vector-based experimentation such as optogenetics. We propose
to improve surgical outcomes by enhancing the surgical preparation practices of convection-enhanced
delivery (CED), which is an efficient viral vector infusion technique for large brains such as NHPs’.
Here, we present both real-time and next-day MRI data of CED in the brains of ten NHPs, and
we present a quantitative, inexpensive, and practical bench-side model of the in vivo CED data.
Our bench-side model is composed of food coloring infused into a transparent agar phantom, and
the spread of infusion is optically monitored over time. Our proposed method approximates CED
infusions into the cortex, thalamus, medial temporal lobe, and caudate nucleus of NHPs, confirmed
by MRI data acquired with either gadolinium-based or manganese-based contrast agents co-infused
with optogenetic viral vectors. These methods and data serve to guide researchers and surgical team
members in key surgical preparations for intracranial viral delivery using CED in NHPs, and thus
improve expression targeting and efficacy and, as a result, reduce surgical risks.

Keywords: non-human primate; convection-enhanced delivery; neurosurgery; optogenetics

1. Introduction

The development of novel tools to genetically alter the properties of neurons has
been instrumental in expanding the scope of neuroscientific questions. Perhaps one of
the most popular of these genetic modification methods is optogenetics, through which
cells can be made susceptible to rapid, reversible manipulations via light stimulation. This
technique was first demonstrated in 2005 [1] and since then has been robustly developed
and widely adopted. In particular, optogenetics has become a powerful tool for rodent
neuroscience [2,3]. The high-throughput nature of experiments with these models means
that researchers can pilot, experiment, and make corrections with new subjects rapidly
and with minimal resources. Additionally, the rapid gestational time (~1 month for most
research species) and large litter size (4–12 pups/L) of these models extends the genetic
modification toolkit of rodent researchers to allow for breeding genetically altered lines
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and testing transgenic subjects with relative ease. However, transgenic lines are largely
unavailable for highly translational non-human primate (NHP) models. In contrast to
rodents, the macaque has a gestational period of ~6 months and gives birth to singular
offspring, which eliminates the practical viability of transgenic approaches. This leaves viral
vector transfection as the primary method of preparing NHPs for experiments requiring
genetic modification. However, this experimental approach still proves to be a challenging,
and potentially costly, endeavor. Here, we present novel and updated methods that
eliminate several of the main dissuading factors of transduction studies in NHPs.

Convection-enhanced delivery (CED) is an infusion technique that has been developed
over the past few decades to deliver medicinal agents to the brain [4,5]. Classic neural
infusion techniques rely on diffusion, which is based on a concentration gradient and
therefore is heavily influenced by molecular weight [6]. Large molecules such as viral
vectors are inefficiently spread by diffusion. By contrast, CED capitalizes on a pressure
gradient for delivery, which is much less influenced by molecular weight and comes with a
number of benefits over diffusion: 1. CED can be performed at higher delivery rates (on
the order of 1 µL/min or higher), which speeds up delivery [7–9], 2. CED can distribute
agent over greater volumes (hundreds of mm3) [8,9], 3. CED produces a roughly uniform
concentration of agent throughout the distribution volume [6,7,10–14], and 4. as previously
alluded, CED is effective at transporting large molecules, such as viral vectors, throughout
regions of the brain [7,11–15].

Incentivized by these desirable properties, we have used CED in recent years to
deliver optogenetic viral vectors into the brains of non-human primates for neuroscientific
experiments [8,9,16,17]. To complement the technique, we utilized a method of real-
time infusion validation with magnetic resonance imaging (MRI) technology using a
gadolinium-based contrast agent co-infused with the optogenetic viral vector [18]. We
previously validated the resulting optogenetic expression with epifluorescence imaging,
electrophysiology, and histology [8,9]. However, we recognize that not all institutions have
access to an MRI scanner in which live validation of an injection can be visualized. Thus, a
separate set of CED experiments without live MRI guidance was performed using novel
optogenetic viral vectors co-infused with a manganese-based contrast agent. This allowed
us to confirm infusion success the following day with MRI. With these live and next-day
in vivo MRI data collected across ten animals and three different brain regions, we were
uniquely positioned to develop a model to assist in planning CED procedures in the brains
of NHPs. This work is important to the field because not all researchers have access to MRI
scanners for next-day imaging, and fewer still are equipped to perform NHP viral infusions
in an MRI scanner. We propose a CED modeling method that can assist any researcher in
NHP neurosurgical CED planning.

Here, we have developed a quantitative bench-side CED model that provides the users
with hands-on CED experience. Our bench-side model builds on our recent qualitative
infusion modeling work [19], as well as our in vivo NHP data [8,9]. Bench-side CED models
usually comprise dye infused into agar phantom, a clear gel with material properties similar
to the brain [20,21]. In this work, we propose a similar model, but to our knowledge, we
are the first to base a bench-side model on in vivo MRI data of CED in NHP brains. We
provide the MRI data and we present a calibration method for our model using the MRI
data to ensure that the reproduction of our quantitative method is practical for the field.
Infusions into the primate brain are inherently coupled with surgical and experimental
risks; however, the toolkit presented here mitigates the risk factors of these procedures,
such as cost, surgical time, and overall subject count, by providing easily accessible ways
to plan CED experiments. We also utilize a radiolabel that can be co-infused with viruses
that can be imaged in MRI 24 h post-operatively, which empowers researchers without
immediate access to an MRI scanner to identify issues and make any necessary surgical
corrections in a timely fashion.
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2. Materials and Methods

2.1. Subjects

Data from ten macaques were used for this study, as described in Table 1. The cortical
and thalamic data (total n = 5) come from previously published procedures [8,9,18,22,23],
and those data have been used in the present study. In contrast, data from the medial
temporal lobe (MTL) group are derived from new injection procedures, which are described
in detail below. The ages ranged from 5 to 11 years, and weights ranged from 5.7 to 17.5 kg.
Five females and four males were rhesus macaques (Macaca mulatta) and one male was a
pigtail macaque (Macaca nemestrina). MTL subjects were provided by the tissue distribution
program available from the Washington National Primate Center (WaNPRC), and no
observable differences were seen in our data as a function of age, sex, species, or weight.

Table 1. NHP and surgical data. NHPs are named for their infusion location(s). Medial temporal lobe
and caudate nucleus (MTL). Hippocampus (HPC). Entorhinal cortex (EC), Tail of Caudate Nucleus (C).

NHP
Name

C1 C2 CT T1 T2 MTL1 MTL2 MTL3 MTL4 MTL5

Infusion
Target

Cortex Cortex,
Thalamus Thalamus MTL

(HPC+C)
MTL
(EC)

MTL
(HPC+C)

MTL
(HPC)

NHP
Variety

Rhesus Macaque Pigtail
Macaque

Sex M M M F F F F F M M
Age (y) 7 8 8 9 11 8 9 8 8 5
Weight

(kg)
16.5 17.5 8.7 7.5 6.5 8.2 6.4 5.7 8.88 7.2

Cannula
Step Tip
Length
(mm)

1

1 (Cortex)
and 3

(Thala-
mus)

3

Left
Hemi-
sphere

Infusions
(µL)

50, 50, 50, 50 50, 50, 50, 50 50
(Cortex) 140, 120 115, 85 15 20 10, 10 15 N/A

Right
Hemi-
sphere

Infusions
(µL)

- -
246

(Thala-
mus)

152, 111 - 15 20 10, 10 15 20

Contrast
Agent

Gadoteridol Manganese

MRI
Timing

Live Live
(2 infusions) Live Next-day

Institution University of California, San Francisco University of Washington, Seattle
NHP
Alias

Monkey J
[8]

Monkey G
[8]

NHP-H
[9,23]

NHP-A
[9]

NHP-B
[9] N/A

2.2. Animal Procedures and MRI Analysis

Three different neuroanatomical structures were targeted for CED infusions: cortex,
thalamus, and the medial temporal lobe together with the caudate nucleus (MTL). Most
of the cortical and thalamic infusions were validated with live MRI, while MTL infusions
were validated with MRI the day following infusion. Table 1 contains the infusion details
for each subject.

Subsequent subsections describe the various methods and MRI analysis related to the
cortical, thalamic, and MTL infusions. Because the procedures relating to the cortical and
thalamic groups have been previously published, detailed surgical methods are omitted with
references to the respective primary studies. However, aspects of the procedures germane
to the present study are presented. For the MTL group, details of the surgical methods,
euthanasia, and immunohistochemistry are presented in full. For all procedures, vital signs
such as heart rate, respiration, and body temperature were monitored throughout.
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2.2.1. Cortical Infusion

We have previously described the surgical methods for cortical CED procedures [8,18].
Briefly, the subjects were anesthetized under isoflurane, a craniotomy was made above
the sensorimotor cortex in a sterile operating room, and an MR-compatible cannula guide
was affixed to the skull with MR-compatible screws and dental acrylic. Afterwards, the
subjects were transferred to an MR scanner (Siemens 3T) while remaining under isoflu-
rane anesthesia. We inserted the tip of a stepped-tip cannula about 2 mm below the
surface of the brain in the sensorimotor cortex. A syringe pump (WPI UMP3, MICRO2T
SMARTouch SGE250TLL, Sarasota, FL, USA) was used to co-infuse a mixture of AAV-
CamKIIa-C1V1-EYFP (Table 2; 2.5 × 1012 virus molecules/milliliter (vm UPenn vector
core) and a gadolinium-based contrast agent (Table 2; 2 mM Gd-DTPA, ratio of 250:1,
Gadoteridol, Prohance, Bracco Diagnostic Inc., Princeton, NJ, USA) into the brain at a
starting rate of 1 µL/min, which was increased every few minutes up to 5 µL/min. After
the majority of the volume had been delivered, the rate was reduced in the same stair-step
method to end with a rate of 1 µL/min. After infusion, we left the cannula in place for
10 min and then removed the cannula. This infusion process was repeated multiple times.
During the infusion process, multiple MRI images were taken to track the progress of
the infusions. We used fast (2 min) flash T1-weighted images (flip angle = 30◦, repetition
time/echo time = 3.05, matrix size = 128 × 128, slice thickness = 1 mm, 64 slices, Siemens
3T MR scanner). After recovery and optogenetic expression, Monkeys C1, C2, and CT were
euthanized for immunohistochemical analysis of optogenetic expression [8,22,23].

Table 2. Virus information. S1 (primary sensorimotor cortex), M1 (primary motor cortex), AT (anterior
thalamus), MT (medial thalamus), PT (posterior thalamus), HPC (hippocampus), C (tail of caudate
nucleus), EC (entorhinal cortex). vm/mL (virus molecules per milliliter).

Animal
Name

C1 C2 CT T1 T2 MTL1 MTL2 MTL3 MTL4 MTL5

Hemisphere Left Right Left Right Left Left Right Left Right Left Right Left Right Left Right Right
Target S1+M1 S1 MT AT+PT HPC C HPC EC HPC C HPC
Vector

Serotype
AAV5 AAV2.9 AAV2.2 AAV2.9 AAVRetrograde PHP.eB AAV2 PHP.eB

Vector
AAV-

CamKIIa-
C1V1-EYFP

AAV-CaMKII-ChR2(H134R)-YFP

AAV-
CAG-

hChR2-
H134R-

tdTomato

AAV-Syn-
Chronos-

GFP

AAV-
CAG-

hChR2-
H134R-

tdTomato

AAV-CAG-
hChR2-
H134R-

tdTomato

AAV-
3xhI56i(core)-

minBG-
ChR2(CRC)-

EYFP-WPRE3-
BGHpA

AAV-
mDLX5/6-
ChrimsonR-
tdTomato

Titer
(vm/mL)

2.5 × 1012 5.26 ×

1012 1.02 × 1013 5.26 × 1012 7.6 ×

1012 9 × 1012 7.6 ×

1012 9 × 1012
3.25
×

1013

8.7 ×

1012
3.55 ×

1012

2.2.2. Thalamus Infusion

We previously described the surgical details of the thalamic CED infusions [9], which
are similar to the cortical infusion procedures described above. Briefly, the subjects were
anesthetized with isoflurane and craniotomies were made (15 mm diameter). We implanted
cannula guides and secured them with plastic screws and dental acrylic. We allowed the
subjects to recover for two weeks before performing CED. After recovery, the subjects were
anesthetized, placed in a stereotax and transported to an MR scanner. We used the cannula
guides to manually insert a 3 mm stepped-tip cannula (ClearPoint Neuro Inc. (formerly
MRI Interventions, Solana Beach, CA, USA) to the targeted regions of the thalamus. We
used a syringe pump (WPI UMP3, MICRO2T SMARTouch, SGE250TLL, Sarasota, FL, USA)
to co-infuse multiple serotypes of AAV-CamKII-ChR2 (Table 2; Upenn vector core) with
gadolinium-based contrast agent (Table 2; 2 mM Gadoteridol, Prohance, Bracco Diagnostic
Inc., Princeton, NJ, USA) at rates between 0.5 µL/min and 3 µL/min while simultaneously
performing fast (2 min) flash T1 MR scans (flip angle = 30◦, repetition time/echo time = 3.05,
matrix size = 128 × 128, slice thickness = 1 mm, 64 slices, Siemens 3T MR scanner). After
all infusions were complete, the subjects were transported back to the surgical suite where
the cannula guides were explanted and the incision closed. After recovery and optogenetic
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expression, Monkeys CT, T1, and T2 were euthanized for immunohistochemical analysis of
optogenetic expression [9,23].

2.2.3. MTL Infusion

To pilot the efficacy of expression in the medial temporal lobe (MTL), five viral vectors
were infused into the brains of five subjects. Subjects MTL1–3 were infused with two
retrograde viruses (gifted from Edward Boyden and Karel Svoboda; Addgene viral preps
#59170-AAVrg and #29017-AAVrg, respectively) [24,25]. Subjects MTL4 and 5 were infused
with three GABA-selective viruses (Allen Institute for Brain Science and University of
Washington, Seattle, WA.). See Table 2 for specific information about the vectors and target
regions for all animals.

The surgical details of the MTL infusions are described in detail here. The animals were
sedated with ketamine. A surgical plane was induced with propofol and maintained with
0.8–1.2% isoflurane, and the subjects were then stereotaxed. Analgesia was administered
prior to (meloxicam) and during the procedure (fentanyl CRI transitioned to sustained-
release buprenorphine). Sagittal incisions were made to expose the skull, and burr holes
were drilled above our intended target. A 3 mm stepped-tip cannula (ClearPoint Neuro
Inc. (formerly MRI Interventions, Solana Beach, CA, USA) was stereotactically lowered
with a micro-manipulator arm through the burr hole to the targeted region of the MTL
(hippocampus or entorhinal cortex), or the tail of the caudate nucleus. We used a syringe
pump (WPI UMP3, MICRO2T SMARTouch, SGE250TLL, Sarasota, FL, USA) to co-infuse
optogenetic viral vector with manganese-based contrast agent (Mn2+, Millipore Sigma,
Burlington, MA) at rates between 1 µL/min and 5 µL/min. The final concentration of
Mn2+ mixed with virus was 6.5 mM and was specifically chosen as it is well under the
limit for neuronal toxicity and interference with viral efficacy, as identified by [26]. After
all infusions were complete, the cannula was removed and the incision closed. In one
case (MTL5), this procedure was performed using the Brainsight veterinary surgical robot
(Rogue Research Inc., Montreal, QC, Canada) instead of micromanipulator arms. A final
analgesic was administered in the form of a local anesthetic block (bupivacaine). The day
following infusion, the subjects were again anesthetized and placed in an MR-compatible
stereotax, and 3D MPRAGE sequences were taken in a 3T MRI scanner to localize the
manganese signal (Scanner: Phillips GE, Boston, MA, slice thickness: 0.35 × 0.35 × 0.5 mm
anisotropic and 0.5 isotropic voxels, repetition time/echo time = 2, flip angle: 9 degrees).
After eight weeks, the animals were euthanized via intraperitoneal pentobarbital injection
and transcardially perfused with 4% paraformaldehyde–phosphate buffer solution.

The harvested tissue was stored in sucrose and then sliced into 50 µm sections using a
freezing microtome. The resulting slices were treated in a sodium borohydride bath (Millipore
Sigma, Burlington, MA, USA) to reduce background fluorescence for 24 h. Afterward, the
slices were incubated for 72 h at 4 ◦C in primary antibodies targeting the respective fluorescent
tag of the infused virus (for case MTL4: rabbit-Anti-GFP 1:1000, Abcam #ab290). This
was followed by two-hour incubation in fluorescent secondary antibodies (for case MTL4:
donkey anti-rabbit 568 1:200, Invitrogen Molecular Probes #A10042) and DAPI stain (1:5000,
ThermoFisher Scientific #D21490) before mounting and visualization.

2.2.4. MRI Volume Extraction

The following infusion volume extraction procedure was performed on the MRI scans.
For cortical and thalamic trials, the MRIs were taken throughout the infusion period. For
MTL infusions, the MRIs were taken the day after infusion. We imported each MRI scan
into MRI viewing software (Mango, Research Imaging Institute, UTHSCSA, San Antonio,
TX, USA) and identified the location of the infusion—due to the contrast agent, this area
had a higher contrast than the surrounding tissue. A spherical region of interest (ROI) was
created and adjusted as necessary to encompass the infused volume. We shrink-wrapped
the ROI in 3D with a threshold value below the intensity of the infusion location, but above
the intensity of the surrounding tissue. The threshold for the ROI was adjusted until it
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only contained the infusion volume and the final ROI was saved in the NIFTI file format.
Next, we reloaded each ROI as its own image and generated an interpolated surface of the
infusion volume. Finally, we measured the volume of the bolus using this interpolated
surface in the MRI viewing software. In the case of live imaging during infusions, we
mapped the infusion trajectories by applying this protocol to successive MRI scans within
an infusion trial.

2.3. Bench-Side Modeling

We developed a bench-side CED infusion technique using agar and custom-built
cannulas. We also developed an image processing technique and statistical methods to
analyze the agar data.

2.3.1. Cannula Production for Agar Infusions

We manufactured 1 mm and 3 mm stepped-tip cannulas (Supplementary Figure S1)
with polyimide-coated fused silica capillary tubing (Polymicro Technologies, Phoenix, AZ,
USA) for the cortical and deep infusions, respectively. These cannulas were created by
sliding the smaller tubing into the larger tubing until the smaller tubing extended out of
the larger tubing by 1 mm or 3 mm. This placement was then secured with cyanoacrylate
(Super Glue Corporation, liquid super glue, Ontario, CA, USA). For both cannulas, the
inner tubing had an inner diameter of 320 µm and an outer diameter of 435 µm (part
#1068150204) and the outer tubing had an inner diameter of 450 µm and an outer diameter
of 673 µm (part #1068150625). The cannulas were the same as, or similar to, the cannulas
used for our NHP CED experiments above.

2.3.2. Agar Phantom Infusion

We prepared a solution of 1× phosphate-buffered saline (PBS) and 0.6% powder
mixture, where the powder mixture comprised agar powder (Benchmark Scientific, A1700,
Sayreville, NJ, USA) and locust bean gum powder (Modernist Pantry LLC, Eliot, ME, USA)
in a 4:1 ratio by mass, respectively. We heated and mixed the solution in a microwave to
dissolve the powder and poured it into molds to set. Setting occurred in a refrigerator for
at least two hours. The molds were 3D printed with polylactic acid (PLA) filament and
were designed to produce agar blocks with a 2 × 2 cm base and either 2 or 4 cm high. The
agar phantoms were used shortly after setting or were refrigerated for up to one day for
future use.

To prepare for CED infusion, we mounted a pump (WPI UMP3, MICRO2T SMAR-
Touch, Sarasota, FL, USA) to a stereotactic arm (KOPF, 1460, Tujunga, CA, USA) attached
to a stereotactic frame (KOPF, 1430, Tujunga, CA, USA). We filled the pump’s 250 mL
syringe (WPI, SGE250TLL, Sarasota, FL, USA) with deionized (DI) water and attached it to
the pump. The cannula was attached to the syringe with a catheter connector (B. Braun
Medical Inc., part #332283, Bethlehem, PA, USA). All of the DI water was ejected from the
syringe to fill the cannula with DI water. Undiluted yellow food coloring (McCormick
yellow food coloring, Hunt Valley, MD, USA) was then drawn through the cannula and
into the syringe. We positioned the agar phantom under the cannula so that it was centered.
The agar phantom was oriented such that the side of the block that was not in contact
with the mold during the molding process (i.e., the top side, which was the smoothest
side of the phantom) was facing up and would be the side to receive the cannula insertion.
The cannula was then lowered until the tip touched the surface of the agar phantom. We
lowered the cannula manually with the stereotactic arm to a pre-specified depth, 2 mm
deep for cortical infusions and 2 cm deep for thalamic and MTL infusions. We checked that
the surface of the agar sealed around the cannula above the stepped-tip before proceeding
with the infusion.

To image the infusion process, we positioned a digital single-lens reflex (DSLR) camera
(Nikon D5300, Minato City, Tokyo, Japan) with a 35 mm lens (Nikon, AF-S NIKKOR 1:1.8G)
and adjusted the camera settings to clearly image the agar phantom edges, needle, and bolus.
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The ISO was set at 400, the shutter speed at 1/125, and the aperture at f/6.3. We used interval
time shooting. We arranged a white backdrop to help with image processing and placed a
ruler near the agar phantom and in-plane with the cannula for scale. We prepared a script
in MATLAB (MathWorks Inc., Natick, MA, USA) to run the pump autonomously and in
accordance with the infusion rates used in corresponding surgical infusions (Table 3). We
started the script and the camera’s time interval shooting simultaneously. Representative
cortical and thalamic infusion models are compared with MRI data as shown in Figures 1 and 2,
respectively. Refinements to infusion techniques during preliminary trials included optimizing
lighting conditions, and camera angle and placement with respect to the agar phantom.

Table 3. Gel infusion rates. Medial temporal lobe (MTL).

Cortical Infusion
Rates (µL/min)

Duration
(min)

Thalamic Infusion
Rates (µL/min)

Duration
(min)

MTL Infusion
Rates (µL/min)

Duration
(min)

1 1 1 1 1 1

2 1 2 1 2 1

3 1 3 80 3 3

4 1 2 1 2 1

5 6 1 1 1 1

4 1

3 1

2 1

1 1

Total infused:
50 µL

Total time:
14 min

Total infused:
246 µL

Total time:
84 min

Total infused:
15 µL

Total time:
7 min

2.3.3. Agar Phantom Image Processing

We estimated volumes of distribution from photographs of the agar phantom infusion. A
single-color component was selected from the color images. (Further description of the color
component selection process is found below in Section 2.3.4.) Then, we applied a threshold
value to the remaining matrix to produce a mask, being a matrix of binary values. (Specific
methods for selecting this threshold value are found below in Section 2.3.5.) We manually
selected the cluster of binary values representative of the infusion bolus and erased the other
clusters from the mask. In some cases, this was enough to isolate the bolus, but in other cases,
the mask appeared to depict the cannula together with the bolus. In these cases, the cannula
was erased by masking all pixels above a manually selected point in the image such that the
mask outlined the bolus alone. Representative images of the agar phantom image processing
are shown in Figure 3. Finally, we converted the mask of the bolus to a volume by assuming
an ellipsoidal form, where the ellipsoid was radially symmetric about the axis of the cannula.
Similar to [27,28], we took the height (h) and width (w) of the bolus and calculated the volume
(v) of the associated ellipsoid with the equation

v =
(π

6

)

× h × w2 (1)

The volume estimation was converted to metric units based on the ruler in the original
image.

We performed all agar image processing with MATLAB.
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Figure 1. Time-lapse (left to right) of cortical CED. (A) Example trial of CED in agar phantom.
(B) Example MRI visualization of CED in an NHP. (C) Post hoc reconstruction of NHP brain (gray)
and infusion volume (red).

Figure 2. Time-lapse (left to right) of thalamic CED. (A) Example trial of CED in agar phantom.
(B) Example MRI visualization of CED in an NHP. (C) Post hoc reconstruction of NHP brain (gray)
and infusion volume (red).
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Figure 3. Image processing algorithm. (A) Original color image. (B) Single-color component image.
(C) Thresholded image. (D) Cannula erasure. (E) Binary inversion. (F) Deletion of all non-bolus
pixels. This is the final image used for volume calculation. (G) Color image of bolus overlaid on final
image for user reference. (H) Color image of bolus overlaid on the single-color component image for
user reference.

2.3.4. Color Component Selection

Our color component selection is the process by which a 24-bit RGB color image is
converted to an image with one 8-bit value per pixel. We tested the three different color
components to determine which aligned the agar data most closely with the MRI data. All
data of the same infusion type were processed with one selected color component. While
image processing software often have functions built in that will reduce images to a single
value per pixel (e.g., the “rgb2gray” function in MATLAB), we found our color component
selection process to be more effective.

2.3.5. Threshold Value Selection

After the color component selection, we used a threshold value to distinguish which
pixels had strong enough values to be included as part of the bolus. To select the threshold
value, we identified a region of the image where heavy coloration faded to no coloration,
and then we selected a pixel from this region and used its value as the initial threshold. We
performed the entire image processing procedure with this threshold value and plotted the
agar data together with the MRI data to observe the quality of alignment. Based on the results,
we selected a new threshold and repeated as necessary in an iterative fashion until the MRI
data and the agar data were in alignment. Once aligned qualitatively, we compared the NHP
volume data quantitatively with the agar volume data by using linear regression to determine
the slope of each agar and NHP trial, as described in more detail in Section 2.3.6. All data of
the same infusion type were processed with one selected threshold value.

2.3.6. Statistical Methods

To compare the agar and NHP data for the cortical and thalamic trials, we required a
quantitative method that would take into account correlations between data points within
a given trial, and also compare the different groups of trials. Additionally, we required a
method that would not assume a fixed slope between the volume infused by the syringe
and the measured bolus volume. To this end, we used a linear mixed-effects model with
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random slopes to fit each infusion trial, both in agar and in NHP data. All best-fit lines were
restricted to passing through the origin (i.e., zero input volume and zero output volume).
From this model, we calculated the interaction effect, which is an approximation of the
difference in the average slope between the agar and NHP data. All linear mixed-effect
model calculations were performed with MATLAB’s built-in “fitlme” function.

All other statistical calculations were performed in MATLAB except the average and
percent error values of Table 4, which were performed in Excel (Microsoft Corp., Redmond,
WA, USA).

Table 4. Cortical and thalamic data.

Cortical Infusion Slopes

NHP MRI Slopes (µL/µL) Trial Gel Slopes (µL/µL)

C1 2.86 1 3.03

C1 3.90 2 2.69

C1 3.07 3 2.72

C1 4.61 4 4.74

C2 2.67 5 4.11

C2 3.05 6 4.67

CT 3.07 7 4.23

8 3.10

9 4.81

10 3.82

Thalamic Infusion Slopes

NHP MRI Slopes (µL/µL) Trial Gel Slopes (µL/µL)

T1 3.48 1 2.63

T2 3.59 2 3.71

T2 3.30 3 4.02

CT 6.38 4 2.66

5 3.17

3. Results

Some agar infusion trials were unsuccessful, and these failed trials were omitted from
statistical analyses and reattempted. Failed trials may have been produced by reasons such
as dye leaking out through the catheter adapter or damaged agar phantoms.

3.1. Cortical and Thalamic Infusions

We iteratively selected color components and threshold values to align the agar data
with our previously published cortical [8] and thalamic [9] NHP data (Figures 4 and 5,
respectively). The green component and threshold value of 110 (43% of green component
intensity range) were best for the thalamic infusions, and the blue component and threshold
value of 67 (26% of blue component intensity range) were best for the cortical infusions.
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Figure 4. Comparison of agar and MRI cortical CED. (A) Example MRIs of cortical infusions.
(B) Quantitative and example qualitative (inset) comparisons of agar and NHP data. Box colors in
inset relate to images in (A) and traces in (B). Reprinted/adapted with permission from Ref. [8].
Copyright 2016, Neuron.

Figure 5. Comparison of agar and MRI thalamic CED. (A) Example MRIs of cortical infusions.
(B) Quantitative and example qualitative (inset) comparisons of agar and NHP data. Box colors in
inset relate to images in (A) and traces in (B). Reprinted/adapted with permission from Ref. [9].
Copyright 2018, Journal of Neuroscience Methods.

When comparing the cortical agar data to the thalamic agar data, we observed that
the agar and NHP best-fit slopes were similar (Figures 4 and 5). The cortical NHP data had
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slopes ranging from 2.9–4.6 µL/µL, and the cortical agar data had a range of 2.7–4.8 µL/µL.
Meanwhile, the thalamic NHP data had a range of 3.5–6.4 µL/µL and the thalamic agar
data had a range of 2.6–4.4 µL/µL (Table 4). There is significant variation in the slopes of
the best-fit lines of the agar infusion data; however, this variation reflects the variation in
the NHP data (Figures 4B and 5B).

We observed that a reduction of flow rate at the end of the cortical agar trials led to
greater increase in bolus volume with respect to infused volume, i.e., the plots steepen near
the end of the infusion protocol (Supplementary Figure S2). This is not characteristic of
NHP cortical data, so we omitted the agar cortical data from 44 µL to 50 µL from statistical
analysis and Figure 4 because it was not characteristic of NHP cortical data. Further
descriptions may be found in the discussion (Section 4.4).

For the cortical and thalamic trials, we used a linear mixed-effects model with random
slopes to fit each infusion trial, both in agar and in NHPs. This model produces an
interaction effect of 1.1 and −0.5 for the cortical and thalamic infusions, respectively. These
values are close to zero in comparison with the aforementioned ranges of the slopes, and
these values have magnitudes less than the slope ranges, indicating that the agar and NHP
data differ only mildly and that our agar phantom is a good representation of the NHP
data for cortical and thalamic infusions.

3.2. MTL Infusions

Our MTL NHP data were highly variable, and upon analysis of the MRI scans, we ob-
served that four of the nine infusions displayed a bolus in the MTL as expected (Figure 6A).
We only modeled these four successful MTL NHP infusions and omitted the remaining
five infusions, which are discussed below (Section 3.2.1).

Figure 6. MTL MRI data compared with both agar and MRI thalamic data. (A) Deep CED infusions
were made into the hippocampus, entorhinal cortex, and the tail of the caudate nucleus. Bar plots
show the mean value of measured Mn2+ bolus seen in next-day, post-operative MRIs, with individual
data points overlaid. Corresponding MRI slices in the coronal plane are shown for infusions into deep
brain areas, which are visually similar to cortical and thalamic data. Shape labels correspond to each
subject contributing to the data. (B) MTL MRI data compared with both agar and MRI thalamic data.
Reprinted/adapted with permission from Ref. [9]. Copyright 2018, Journal of Neuroscience Methods.
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Because the thalamic and MTL NHP infusions used similar cannulas and differed chiefly
in the infused volume, we initially compared the thalamic agar bolus volumes with MTL
NHP bolus volumes (Figure 6B). Counter to our expectations, the MTL NHP data did not
align with either the thalamic NHP or agar data. We recognized that while the cortical and
thalamic MRI scans were collected during CED infusion, the MTL MRI scans were collected
the next day. Therefore, we reasoned that a CED-generated bolus may diffuse overnight and
thus be displayed as a larger bolus in the NHP when MRI is performed the day after infusion.
With this in mind, we proposed that the diffusion of food coloring in agar after a standard
CED protocol would approximate our MTL data. We collected data following the end of
15 µL infusions into agar and observed that the agar data closely modeled the NHP data after
approximately 29 min of diffusion following the completion of the infusion (Figure 7). We
calculated the mean of the NHP infusion volumes and the mean of the agar infusion volumes
selected approximately 29 min after infusion completion (Table 5), and report a 3.5% percent
error between the two datasets. Given the biological context of our model, this error is small
enough to safely conclude that 29 min of diffusion in our agar phantom, following CED,
approximates the next-day MRI results of NHP MTL infusions.

Figure 7. MTL MRI data compared with MTL agar data after CED completion. Some trials lack data
early in the diffusion process due to the bolus being difficult to identify. Black Xs indicate the final
point used for statistical analysis from each agar trial. The final chosen points may be shifted slightly
to avoid noise spikes. All agar infusions were 15 µL.

The green component and threshold value of 100 (39% of green component intensity
range) were best to model the MTL infusions. We used a t-test to compare the two NHP
data points for the 15 µL infusions and two data points for the 20 µL infusions, and because
the two populations were not statistically significant (p = 0.56), we pooled the four NHP
data points for comparison with the agar data. Significant noise was observed in the MTL
agar data, more so than in the cortical and thalamic agar infusions. The additional noise
was possibly due to the smaller infusion volumes. We addressed the noise by fitting a line
with linear regression to each agar infusion trial and removing data points greater than
1.1 times the corresponding value on the best-fit line.
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Table 5. MTL data.

NHP, Hemisphere Infusion Volume (µL) Measured Volume (µL)

MTL1, left 15 221.1

MTL1, right 15 212.2

MTL2, left 20 285.3

MTL3, right 20 204.7

Average: 230.8

Gel Trial Infusion Volume (µL) Measured Volume (µL)

1 15 196.7

2 15 229.2

3 15 260.2

4 15 220.7

5 15 207.0

Average: 222.8

% Error: 3.5

3.2.1. MTL Data Omitted from Agar Modeling

Five of the nine NHP MTL infusions were excluded from the analysis since the next-day
MRI did not confirm infusion into the MTL regions (Figure 6 and Supplementary Figure S3).
These failed infusions mostly likely occurred due to the complex shapes of the hippocampus
and neighboring structures, which contrast with the structures of the cortex and thalamus.
In three of the five unsuccessful MTL cases, the boluses were very small, which suggested
either puncturing into the hippocampal fissure, or infusing deep in the dentate gyrus,
depending on the injection depth (Supplementary Figure S3). Penetration of the fissure
resulted in contrast agent and virus partially escaping our injection target, indicative of
unsuccessful CED. By contrast, deep dentate gyrus infusions were limited to a small portion
of the hippocampus, limiting the amount of diffusion observed when compared to our gel
model. In the remaining unsuccessful case, the bolus was very large and extended well
outside of the volume of the hippocampus, indicating that the contrast agent refluxed along
the track of the cannula (Supplementary Figure S3). We excluded these five unsuccessful
MTL CED data points from our models, but these negative results are presented to highlight
the value of in vivo verification of deep injection surgeries.

3.3. Histological Analysis

For cortical and thalamic infusions, the spread of the MR contrast agent modeled the
volume of expression of the optogenetic viral vector, as previously analyzed and reported [8,9].
We used different constructs, including retrograde viruses, for our MTL infusions. Because of
the variability of the resulting expression, further experiments using a single virus known
to express well in these regions is necessary to confirm whether the next-day, Mn2+ MRI
signal mirrors expression. Nevertheless, the Mn2+ MRI confirmed our targeting in vivo.
Additionally, preliminary evidence from the successful local infection in case MTL4-L suggests
a close match between Mn2+ signal and immunofluorescence (Figure 8).
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Figure 8. Comparison of Mn2+ MRI signal (left) and local expression of virus (right) after a hip-
pocampal injection in case MTL4-L. Right-imaged region highlighted with red square in MRI
(left). Our virus used a GABA-specific enhancer to selectively target interneurons, as evidenced
by a lack of red pyramidal cell body labeling in CA3 and granule cell body labeling in the dentate
gyrus (DG). We tagged infected interneurons and associated fibers with red-shifted fluorophores
(anti-EYFP, ThermoFisher, Waltham, MA, USA) and cell bodies were non-selectively labeled using
a DAPI stain (ThermoFisher, Waltham, MA, USA). (Viral construct CN1760: trAAV-3xhI56i(core)-
minBG-ChR2(CRC)-EYFP-WPRE3-BGHpA (Paul Allen Institute, Seattle, WA., USA)).

4. Discussion

Targeted neural manipulations, such as those achieved via optogenetics, are revolu-
tionary techniques for investigating circuit-level communication in the brain and have
the potential to influence novel neurotherapeutic technologies in humans. NHPs are the
keystone model for validating these techniques because of their similarity to humans, but
they are a scarce resource that does not allow for experiments with many unknowns. As
such, the risks associated with the viral infusions necessary for most genetic manipulations
have led to a lack of uniformity in experimental design and much trepidation in engaging
this type of research [29]. In this work, we developed a simple and efficient pipeline to
ameliorate a number of these concerns. Our method improves upon past models [7,20,21]
by quantitatively matching agar data with in vivo infusions of viral particles co-infused
with MRI contrast agents, which serve as a proxy of the effective infusion volume. Fur-
ther, we observe that certain contrast agents can signal the location of infusions up to
24 h post-infusion, which is a greater time delay for bolus localization than previously
demonstrated [26]. Taken together, the methods presented here serve as an accessible and
inexpensive protocol to plan the optimized spread of infusions bench-side and validate the
spread and accuracy in vivo, significantly reducing the number of unknowns that hinder
confidence during circuit-manipulation experiments. Our presented methods contribute to
a body of work supporting large-scale optogenetics in NHPs [8,9,16–19,22,23,30–39].

Agar has been previously established as a model of intraparenchymal neural tissue and
is now commonly used as a medium for simulating infusion procedures [7,20,21]. Our work
builds on prior studies by presenting a data-driven method developed from in vivo results.
To our knowledge, the model proposed here is the first to provide a quantitative method of
fitting agar infusion data with NHP CED data collected with live MRI. Because of this, our
model serves as a more accurate guide for selecting infusion parameters for future in vivo
infusions targeting a wide array of brain areas when compared to other simulations.
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Our work lends itself well to case-by-case methodological refinements: for example,
researchers may consider alternative cannulas, infusion protocols, etc., to cater to their
goals. Additionally, our method is designed to facilitate replication by other labs with its
simplicity in both materials and methods. We also recognize that labs replicating our work
are unlikely to implement agar infusion imaging setups identical to our own. With this
in mind, we designed our image processing technique to be easily adaptable to different
imaging setups. We provide NHP MRI bolus volume data (see Supplementary Materials)
to which other labs may align their own agar infusion data, using our presented method.
We have also made our custom code freely available (see Data Availability Statement), and
the code is written in MATLAB, which is widely used by researchers and is straightforward
to adapt for applications akin to ours.

4.1. Diversity of Modeled Structures

To maximize the flexibility in accurately predicting spread of CED infusions in a
variety of brain areas, we used in vivo data from cortical, thalamic, and MTL infusions
of viruses co-infused with MRI contrast agent. Our cortical and thalamic procedures,
which represented shallow and deep infusions into large brain structures, utilized live
MRI taken during surgery. In addition to the qualitative agreement between these infusion
types, the ranges of MRI data best-fit slopes were similar (2.9–4.6 µL/µL for cortical and
3.5–6.4 µL/µL for thalamic), which suggested that the agar models for cortical and thalamic
infusions may be similar as well. This proved to be the case. Despite differences in the
cannula design, depth of insertion, and infusion protocol, the models for both cortical and
thalamic CED were generated with our same presented method and aligned well with
the in vivo data (agar model best-fit slopes were 2.7–4.8 µL for cortical and 2.6–4.4 µL/µL
for thalamic). The cortical and thalamic models did differ in the parameters used during
image processing (cortical: blue component, threshold = 67; thalamic: green component,
threshold = 110), but this demonstrates that our method is robust to variations in agar
infusion processes. Our successful MTL cases differed from the previous two conditions
and represented infusions into more limited and more difficult to access deep structures.
Additionally, they differed in their post-operative MRIs in that scans were taken ~20 h
after infusion. We found that our initial hypothesis of these data aligning to the thalamic
cases was invalidated. However, after accounting for diffusion expected from the delay in
imaging, our model successfully aligned to all three conditions.

4.2. Insights from MTL Infusions

Because of its unfurled shape in primates compared to rodents [40], standard injections
into the NHP hippocampus are laborious and often require either multiple craniotomies
and penetrations [41], or penetrating through the long-axis of the structure and periodically
injecting while retracting [42] to try and maximize coverage. To inject into this structure
more efficiently, we leveraged the unique ability of CED to deliver a large bolus with a single
infusion in our MTL CED group, which, to our knowledge, is the first set of CED infusions
delivered to this area in NHPs. Because of the exploratory nature of these experiments,
we experienced challenges that made delivery into this structure and subsequent imaging
of our contrast agents more difficult. Infusion MTL2-L was a case of mass reflux due
to an error made during the infusion delivery. MTL3-R and MTL4-R represent issues in
targeting. Because much of the hippocampus is separated from the rest of the brain by
ventricular spaces except laterally, targets made too shallow or too deep will leak into those
spaces and either dissipate away or reflux upwards. For similar reasons, posterior–medial
injections—for example, targeting the intermediate dentate gyrus—produced more isolated
boluses (cases MTL4-L, MTL5-R). Our successful cases were qualitatively similar to our
cortical and thalamic data because they were delivered to larger, more anterior regions
in the genu of the hippocampus, or to large neighboring regions such as the entorhinal
cortex or tail of the caudate nucleus. For areas such as MTL, where targeting needs to be
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very precise, we strongly recommend the use of MRI validation of injection either during
infusion or the next day.

4.3. MRI Scan Parameters for Successful Contrast Label Visualization

Our novel MTL infusions were also the first to utilize co-infused manganese to localize
viral infusions in MRI scans acquired ~20 h post-operatively. Despite the differences in
the employed contrast agent, scan acquisition timing, and even the scanner used between
this group and our cortical and thalamic infusions, we observed a few similar parameters
for successful contrast imaging in all MRI scans for all groups. Specifically, all scans were
T1-weighted scans with a repetition time/echo time ratio around 2 to 3 and flip angles from
9 to 30 degrees. Analysis of other studies employing similar manganese-enhanced MRI
protocols either to image viral injections delivered at shorter delays [26] or at much longer
delays for in vivo tract tracing [43] also closely mirrored the majority of the parameters used
in these experiments, suggesting a range of optimized parameters for imaging T1-weighted
MRI contrast agents.

4.4. Diffusion versus Convection Using Agar

It is important to note that while agar is a good model of CED, agar’s rate of diffusion
differs from the rate of diffusion in the brain. This factor became apparent when we
observed that a reduction of flow rate at the end of the cortical agar trials led to a greater
increase in the bolus volume with respect to the infused volume, i.e., the plots steepen near
the end of the infusion protocol (Supplementary Figure S2). This is consistent with our
observation that diffusion will continue to cause the bolus to grow in agar after the end of
our infusion trials. With this in mind, we concluded that diffusion and convection both
contribute to bolus size in agar to varying degrees during CED. However, we propose the
relative contributions of diffusion and convection were skewed when the flow rate was
reduced at the end of the protocol, thus allowing diffusion to contribute more heavily to
the bolus size in the agar. To prevent the best-fit lines of the cortical agar data from being
skewed due to this effect, we omitted the data from 44 µL to 50 µL from the statistical
analysis and Figure 4. This effect was not observed in the thalamic agar infusions, likely due
to the lower maximum rate of infusion (3 µL for the thalamic agar protocol, as contrasted
with 5 µL for the cortical agar protocol) in conjunction with the short duration of infusion
at the lower rates and small amount of volume infused during the flow rate reduction at
the end of the protocol. This effect was not observed in the in vivo cortical or thalamic
injections collected with live MRI. We observed diffusion in our in vivo MTL data, but the
data were collected with our next-day imaging technique, thus allowing sufficient time
for diffusion. We show that MTL next-day imaging data can be modeled with our agar
phantom when we allow 29 min of diffusion following the end of the infusion protocol.
This highlights that the speed of diffusion in agar differs from that of the brain. This is also
in agreement with our observation that the cortical and thalamic NHP data collected with
live MRI did not exhibit high levels of diffusion at the end of the protocols, in contrast to
the cortical agar data.

4.5. Technical Considerations

We encountered some issues during the agar infusions. The most common issues
faced when refining the infusion techniques were damaging the agar during its extraction
from the mold, such that no smooth surface was available for imaging, and reflux of the
dye during the infusion. While the agar preparation became more efficient with practice,
we suggest that custom, flexible silicone molds be considered in lieu of our 3D-printed
molds to more easily produce undamaged agar phantoms. Reflux issues can arise in agar,
neural tissue, and other media and are less easily mitigated because the cause of reflux
is not always obvious. In some cases, the reflux may be related to the quality of the seal
between the media and cannula, which is difficult to assess visually even in transparent
media such as agar. Additionally, we hypothesize that, in some cases, the cannula becomes
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clogged with the media during insertion. To address this potential issue, we suggest a low
flow rate during insertion to avoid clogging.

As previously mentioned, the agar data are aligned with the in vivo MRI data with an
iterative process of parameter selection. The iterative alignment process allows researchers
to fine tune their image processing parameters to overcome potential differences in lighting,
camera placement, etc. While our agar image processing techniques are effective, we
acknowledge that software refinements may be attained. Our process is currently semi-
automated, yet we expect it could be more fully automated in future work. Improvement
opportunities may also exist in the refinement of our volume estimation formula, and the
characterization of the bolus shape.

4.6. Ethical Considerations

Despite the limitations presented, our methods will allow for the development of
more efficient and effective CED procedures. We can inexpensively plan the expected
spread of our infusions with our data-driven model and validate our surgical targeting
rapidly without the need to perform infusions in an MRI scanner. Critically, our method
is not only quantitative and data-based, but also designed to aid surgical planning with
its visual, hands-on nature. Our bench-side modeling technique serves to increase the
likelihood of success in NHP CED experiments, thus refining animal research processes and
reducing the number of animals required for experimentation, both of which are key ethical
considerations in animal research and included in the 3Rs [44]. Our model was capable
of simulating both cortical and deep infusions (limitations discussed above). Because of
this, our method provides a generalized surgical preparation technique to all researchers
regardless of region of interest, and particularly to research groups that do not have the
facilities or resources required to perform live MRI during CED infusions. Our novel
next-day MRI data additionally serve to showcase a post hoc infusion confirmation method
that improves upon previous work [26] to highlight the verification of infusion placement
~20 h post-operatively. This method supplements our proposed modeling technique and
is a welcome alternative to live MRI, which requires specialized equipment and facilities
often unavailable to researchers. In sum, we propose our method as an additional way
of applying the principles of replacement, reduction, and refinement (3Rs) to injections
in NHPs [44,45]. We recommend NHP CED infusions be modeled in advance of surgery
with our proposed method to reduce the number of animals, replace an excess of pilot
procedures with artificial simulations, and refine the overall technique to reduce harm. We
also suggest the results be confirmed after surgery with MRI if live MRI is not feasible
during infusion. Finally, our work is designed to be highly flexible. While our methods are
specifically prepared for NHP experiments involving optogenetic actuators, we expect that
our method would also be generally effective for modeling the CED of optogenetic sensors,
pharmaceutical compounds, and other therapeutic agents in large brains.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14071435/s1. We provide three supplementary
figures and a CSV file of the MRI data points.
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Abstract: High-grade gliomas (HGG) are devastating diseases in children and adults. In the pediatric
population, diffuse midline gliomas (DMG) harboring H3K27 alterations are the most aggressive
primary malignant brain tumors. With no effective therapies available, children typically succumb
to disease within one year of diagnosis. In adults, glioblastoma (GBM) remains largely intractable,
with a median survival of approximately 14 months despite standard clinical care of radiation and
temozolomide. Therefore, effective therapies for these tumors remain one of the most urgent and unmet
needs in modern medicine. Interleukin 13 receptor subunit alpha 2 (IL-13Rα2) is a cell-surface trans-
membrane protein upregulated in many HGGs, including DMG and adult GBM, posing a potentially
promising therapeutic target for these tumors. In this study, we investigated the pharmacological
effects of GB-13 (also known as IL13.E13K-PE4E), a novel peptide–toxin conjugate that contains a
targeting moiety designed to bind IL-13Rα2 with high specificity and a point-mutant cytotoxic domain
derived from Pseudomonas exotoxin A. Glioma cell lines demonstrated a spectrum of IL-13Rα2
expression at both the transcript and protein level. Anti-tumor effects of GB-13 strongly correlated
with IL-13Rα2 expression and were reflected in apoptosis induction and decreased cell prolifera-
tion in vitro. Direct intratumoral administration of GB-13 via convection-enhanced delivery (CED)
significantly decreased tumor burden and resulted in prolonged survival in IL-13Rα2-upregulated or-
thotopic xenograft models of HGG. In summary, administration of GB-13 demonstrated a promising
pharmacological response in HGG models both in vitro and in vivo in a manner strongly associated
with IL-13Rα2 expression, underscoring the potential of this IL-13Rα2-targeted therapy in a subset of
HGG with increased IL-13Rα2 levels.

Keywords: high-grade glioma; diffuse midline glioma; glioblastoma; IL-13Rα2; IL-13; immunotoxin;
targeted therapy; GB-13; IL13.E13K-PE4E; receptor expression

1. Introduction

High-grade gliomas (HGG) encompass the majority of malignant tumors within the
central nervous system (CNS), and with fewer than 25,000 new cases annually in the US,
they are categorized as a rare disease [1]. H3K27-altered diffuse midline glioma (DMG),
formerly known as diffuse intrinsic pontine glioma (DIPG), constitute a subset of HGG
that predominantly occurs in children and makes up approximately half of the HGGs in
this patient population [2,3]. These tumors are localized to the thalamus, brainstem and
spinal cord and often lack contrast enhancement on magnetic resonance imaging (MRI),
suggesting that they maintain a largely intact blood–brain barrier (BBB), an impediment
to systemic drug delivery [4,5]. Despite the recent discovery of key molecular drivers of
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disease, clinical trials for DMG continue to fail, and palliative external beam radiotherapy
remains the mainstay of therapy [6,7]. The prognosis for patients with DMG is dismal,
with a median overall survival of 9 months and no long-term survivors [1,8]. In adults,
glioblastoma (GBM) is the most prevalent and aggressive HGG subtype. The current
standard treatment consists of maximal surgical debulking, radiotherapy, and concomitant
and adjuvant temozolomide chemotherapy [9,10]. However, the diffuse, infiltrative nature
and proclivity for recurrence render GBM largely intractable [1,2]. While clinical trials
are underway utilizing a range of different therapeutic approaches, no treatment has
demonstrated a benefit to standard of care by extending survival in this tumor in almost two
decades, and the median survival is currently less than two years from diagnosis [11–14].
Consequently, the dire prognosis for patients with HGG and the lack of efficacious, targeted
therapies for these tumors demand a novel approach to their treatment.

Interleukin 13 (IL-13) is an immune-regulatory cytokine implicated in both physiologic
and tumoral microenvironments through effects on IL-13 receptor alpha 1 (IL-13Rα1)
and IL-13 receptor alpha 2 (IL-13Rα2) receptors [15]. Normally, IL-13 binds to IL-13Rα1,
with IL-4Rα providing stabilization to this interaction, thereby inducing formation of
a receptor dimer [16]. The intracellular signaling axis downstream of IL-13Rα1/IL-4Rα
promotes apoptotic signaling cascades via a caspase-dependent mechanism [17]. In contrast,
IL-13Rα2 acts as a decoy receptor that directly binds IL-13 as a monomer with greater
binding affinity than IL-13Rα1 [18]. When IL-13Rα2 is expressed on the surface of select
cell types, IL-13 is sequestered away from IL-13Rα1, thus leading to escape from apoptotic
cell death [19,20].

IL-13Rα2 is expressed almost exclusively on cancer cells and is a clinically validated
target for biologic therapeutics. Malignant diseases with known IL-13Rα2 upregulation in-
clude but are not limited to HGG [16,21–23], malignant peripheral nerve sheath tumors [24],
colon cancer [25], pancreatic cancer [26], ovarian cancer [27], and melanoma [28]. Recent
studies suggest that overexpression of IL-13Rα2 is detected in up to 83% of malignant
pediatric brain tumors, including DMG, and up to 78% of adult GBM [23,29–31]. Further-
more, IL-13Rα2 significantly correlates with poor prognosis in HGG [16]. Given the status
of IL-13Rα2 as a promising therapeutic target in HGG, a number of preclinical studies
and clinical trials have been conducted, demonstrating the safety and efficacy of chimeric
antigen receptor (CAR)-engineered T cell-based therapies and recombinant immunotoxins
directed against this target [32,33]. Previously, convection-enhanced delivery (CED) of
cintredekin besudotox (IL13-PE38QQR), a wild-type IL-13 pseudomonal exotoxin (PE)-A
conjugate that targets both IL-13Rα1 and IL-13Rα2, was evaluated in phase I and phase
III clinical trials for DMG and GBM, respectively [33–36]. However, these studies were
hampered by ill-defined inclusion criteria and did not consider the IL-13Rα2 expression
status in tumors of enrolled subjects, which likely contributed to disappointing survival
results [37].

The purpose of this study was to determine the impact of tumor-associated IL-13Rα2
levels on the therapeutic efficacy of IL-13Rα2-targeted therapy in HGG. We screened the
novel recombinant chimeric immunotoxin GB-13 (IL13.E13K-PE4E) against a library of
select HGG patient-derived cell lines. GB-13 consists of an N-terminal IL-13-targeting
moiety with a single engineered point mutation, the C-terminus of which is linked to
the N-terminus of a full-length PE molecule containing four point mutations. These
modifications greatly enhance the selectivity and affinity for IL-13Ra2 and reduce toxicity
to non-malignant cells [24,38,39]. The IL-13 moiety attaches to IL-13Ra2 at the cell surface
of malignant target cells and facilitates the internalization of the toxin, which irreversibly
disables eukaryotic elongation factor 2 (eEF2) by adenosine diphosphate (ADP)-ribosylation
using oxidized nicotinamide adenine dinucleotide (NAD+), causing arrest of protein
synthesis and eventual Bak- and caspase-mediated apoptosis [40–42]. Treatment with
GB-13 resulted in dose-dependent killing of DMG and adult GBM cells in a manner
strongly associated with IL-13Rα2 expression. Moreover, intratumoral administration of
GB-13 via CED decreased tumor burden and prolonged survival in both DMG and adult
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GBM intracranial murine xenografts with high, but not low levels of IL-13Rα2. Our results
illustrate a previously underappreciated role of IL-13Rα2 heterogeneity in HGG and outline
the potential of IL-13Rα2-targeted therapies in a subset of these tumors.

2. Materials and Methods

2.1. Materials

The IL-13Rα2-targeted therapy used in this study was GB-13 (IL13.E13K-PE4E), which
was a generous gift from Targepeutics Inc. (Hershey, PA, USA). GB-13 was dissolved in PBS
and stored as 2.6 mg/mL stock at −80 ◦C. Human IL-13 recombinant protein (Cat # A42525;
Thermo Fisher Scientific, Rockford, IL, USA) was obtained from Invitrogen (Thermo Fisher
Scientific). IL-13 was dissolved in ddH2O per the manufacturer’s protocol and stored as
5 µg/mL stock at −80 ◦C.

2.2. Cell Lines and Culture

Informed consent and Institutional Review Board approval were obtained for all
patient-derived cell lines. Details regarding cell lines can be found in Table S1. Early-
passage HGG lines were used, and all cell lines were validated by short tandem repeat
DNA fingerprinting annually and tested for Mycoplasma contamination every 3 months.
Cell lines with the H3K27M mutation were validated for K27M-mutant histone expression
using Western blot and Sanger sequencing every 3 months. All patient-derived tumor cell
lines were maintained in cell-line-appropriate medium, the details of which are provided
in Table S2. Cells cultured as neurospheres were passaged every 1–2 weeks. Cells cultured
as adherent monolayers were passaged 1–2 times per week.

2.3. RNA Sequencing and Data Analysis

Total RNA was extracted from whole-cell lysates using the RNeasy Plus micro kit
(Cat # 74034; QIAGEN, Germantown, MD, USA) according to the manufacturer’s instruc-
tions. For the purpose of screening a large library of cell lines, RNA-Seq studies were
performed as single replicates. RNA library preparation and sequencing were performed
by Novogene (Beijing, China). The NEBNext UltraTM RNA Library Prep Kit for Illumina
sequencers (New England Biolabs, Ipswich, MA, USA) was used for library preparation,
and cDNA libraries were subsequently size selected using AMPure XP magnetic beads
(Beckman Coulter, Pasadena, CA, USA). Samples were sequenced on an NovaSeq 6000
sequencer (Illumina, San Diego, CA, USA) using either single- or paired-end sequencing,
depending on the timeframe of sample availability and the sequencing technology available.
Paired-end sequencing data on adult GBM cell lines were obtained from cBioPortal, a free
web-based tool that contains RNA-Seq data on Mayo Clinic’s brain tumor patient-derived
xenografts [43,44]. Generated FASTQ files underwent quality assessment using FASTQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 22 September
2021). Trimmed reads were mapped to hg38 using STARv2.7.3a, and annotated gene counts
were obtained using the –quantMode geneCounts function [45]. Transcripts (TPM) or reads
per kilo base per million (RPKM) reads values were calculated using RSEM in a manner
concordant with the single- or paired-end status of the library [46].

2.4. Immunoblotting

Patient-derived tumor cells for immunoblotting were lysed in Triton X-100 lysis buffer
containing protease inhibitors and sonicated. Collected protein lysates were stored at
−20 ◦C. Protein concentrations were determined using the Pierce BCA Protein Assay Kit
(Cat #23227; Thermo Fisher Scientific). An amount of 15 µg of total protein was size frac-
tioned by 12.5% SDS-PAGE. Electrophoresis-separated proteins were electrically transferred
to a polyvinylidene difluoride (PVDF) membrane, washed in PBST buffer, and blocked in
2% fat-free milk for 1 h at room temperature, then incubated with primary antibodies at
4 ◦C overnight. Following primary antibody blotting, specific signal was detected with
species-appropriate peroxidase-conjugated secondary antibody (Thermo Fisher Scientific)

105



Pharmaceutics 2022, 14, 922

using SuperSignal West Pico PLUS Chemiluminescent Substrate (Cat #34580; Thermo Fisher
Scientific) and imaged using an Azure 600 Western blot imaging system (Azure Biosystems,
Dublin, CA, USA). Details regarding antibodies used for Western blots can be found in
Table S3.

2.5. Cell Proliferation and Viability Assays

Cells in single-cell suspension were plated with culture medium in 96-well clear-
bottom black microplates (Cat #3917; Corning Costar, Corning, NY, USA) at a density of
2500 cells per well for adult GBM cell lines (GBM6, GBM 10, GBM14, GBM 39, GBM43, and
GBM 108) or 5000 cells per well for DMG cell lines (SU-DIPG XIII-P [47], SU-DIPG XVII [48],
SF8628, SF8628-B23 (H3F3A K27M knockout of SF8628), and PED17) and cultured overnight
at 37 ◦C with 5% CO2. The next day, cells were treated in triplicate with either vehicle
(ddH2O or PBS) or serial dilutions of IL-13 (to final concentrations of 100, 50, 20, 10, 5, 1, and
0.5 ng/mL) or GB-13 (to final concentrations of 320, 100, 32, 10, 3.2, 1, 0.32, 0.1, 0.032, 0.01,
0.0032, and 0.001 ng/mL). Cells were incubated for 72 h and then assayed with CellTiter-Glo
Luminescent Cell Viability Assay (Cat #G7570; Promega, Madison, WI, USA) according to
the manufacturer’s recommendations. Luminescence was measured using an Infinite M200
PRO multimode microplate reader (Tecan Group, Männedorf, Switzerland), normalized to
control wells (ddH2O or PBS only), and relative luminescence treatment was plotted as a
function of drug concentration. The potency (50% inhibitory concentration, IC50) of each
treatment was calculated by non-linear least-squares curve fitting using Prism 9 (GraphPad,
San Diego, CA, USA).

2.6. Immunofluorescence

Cells were plated in single-cell suspensions at a density of 10,000 cells per well on
4 Chamber Cell Culture Slides (Cat # 50-114-9053; CELLTREAT Scientific Products, Pep-
perell, MA, USA) and cultured overnight at 37 ◦C with 5% CO2. After 24 h, cells were
treated with either vehicle (PBS) or the IC50 concentration of GB-13, as determined by
CellTiter-Glo Luminescent Cell Viability Assay (Promega). At specific timepoints (8, 24, 48,
and 72 h), cells were then washed in PBS and fixed with 4% paraformaldehyde for 20 min.
Cells were washed 3 times for 5 min each in PBS and incubated in 0.5% Triton X-100 in
PBS for 5 min. To wash the coverslips of the permeabilization buffer, cells were incubated
in PBS 3 times for 5 min each before blocking with 3% BSA in PBS-T (0.1% Tween 20) for
1 h at room temperature. Up to two different primary antibodies were then added in 1%
BSA in PBST overnight at 4 ◦C. Dilution buffer was used in lieu of primary antibody for
cell-specific negative controls. The next day, cells were washed 3 times for 5 min each in
PBS-T. Cells were then incubated with Alexa Fluor-coupled secondary antibodies (Thermo
Fisher Scientific) in 1% BSA in PBS-T for 1 h at room temperature in the dark. To test for
cross-reactivity, one control per primary antibody condition was included by applying the
other secondary antibody to the primary antibody. After three additional 5 min washes in
PBS, chambers were removed and slides were rinsed thrice in ddH2O. Slides were mounted
using ProLong Gold Antifade reagent with DAPI (Cat # P36935; Thermo Fisher Scientific)
and stored at 37 ◦C until microscopy imaging. All slides were examined and images cap-
tured using a LSM 780 confocal laser scanning microscope (Carl Zeiss Microscopy, White
Plains, NY, USA). Detailed information regarding antibodies used for immunofluorescence
can be found in Table S3.

2.7. Patient-Derived Xenografts

All animal experiments were conducted in accordance with the NIH and IACUC
guidelines for the use of animals in research and approved by the Mayo Clinic Institutional
Committee for Animal Research. HGG cell lines (GBM6, PED17, and SU-DIPG XIII-P [47])
were transduced with a luciferase reporter system (eGFP/fLuc2) that allows biolumines-
cence readout of tumor volume [49]. Orthotopic tumor inoculation with cultured cells
was performed as previously described [49,50]. Briefly, cells were placed in single-cell
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suspension, and 300,000 cells in 3 µL of sterile PBS were prepared for engraftment into
each mouse. A 0.5 mm burr hole was created at the following coordinates: 1 mm posterior
and 2 mm to the right of the bregma (GBM6) or 1 mm posterior to the lambdoid suture
and 1 mm lateral to the mid-sagittal plane (PED17 and SU-DIPGXIII). Using a 26 gauge
(51 mm, point style AS) syringe (Cat. #203185; Hamilton Company, Bonaduz, Switzerland),
tumor cells were injected stereotactically at a constant flow rate of 0.5 µL/min into the
cerebral hemisphere (GBM6) or pons (PED17 and SU-DIPGXIII) of 6- to 7-week-old female
Hsd:Athymic Nude-Foxn1nu mutant mice that were obtained from Charles River Labo-
ratories (Wilmington, MA, USA). The injection depth was 4 mm for all groups. In vivo
tumor engraftment and progression were monitored by bioluminescence imaging (BLI).
Animals were dosed with an intraperitoneal injection of 10 mg/kg of Cycluc. After 10 min,
mice were imaged under isoflurane anesthesia using an IVIS-200 Imaging System (Xenogen
Corporation, Berkeley, CA, USA). Image analysis was performed using LivingImage 4.3
(PerkinElmer, Waltham, MA, USA) to quantitate total flux (number of photons per second)
within a region of interest.

For brain-targeted drug delivery, animals were randomized to control (PBS) and
treatment (GB-13) groups based on BLI signal to ensure equal distribution of tumor sizes at
the beginning of the study (when BLI reached approximately 1,000,000 total log flux). Mice
were placed under anesthesia with 100 mg/kg of ketamine and 10 mg/kg of xylazine. A
2 cm midline skin incision was made extending from behind the eyes to level of the ears.
The previously established burr hole was reopened and mice were secured on a stereotactic
stage with automated thermal support using a Rodent Warmer X1 (Cat #53800M; Stoelting,
Wood Dale, IL, USA). A 33 gauge internal cannula (Cat #8IC315IS5SPC; P1 Technologies,
Roanoke, VA, USA), with a 4 mm projection below the pedestal, was inserted into a 26 gauge
guide cannula (Cat #8IC315GS5SPC, P1 Technologies), with a 3.5 mm projection below
the pedestal, and both were connected to PE tubing and secured with a single connector
assembly (# C313C/SPC; P1 Technologies). The whole unit was secured vertically with
a cannula holder (Cat #505254; World Precision Instruments, Sarasota, FL, USA) and
connected to a 22 gauge (51 mm, point style AS) syringe (Cat #80400; Hamilton Company)
placed in a Legato 130 syringe pump (Cat #788130; KD Scientific, Holliston, MA, USA).
Vehicle (PBS) and drug (GB-13 at concentrations of 50 µg/mL (1 µg dose), 15 µg/mL
(0.3 µg dose), or 5 µg/mL (0.1 µg dose)) solutions were subsequently primed through the
internal cannula and associated tubing. The cannula holder with attached internal cannula
was lowered until flush with the mouse skull to reach the desired injection depth of 4 mm
(GBM6) or 4.2 mm (PED17 and SU-DIPGXIII). In all study groups, the same ramped CED
infusion protocol was performed with a total volume infused of 20 µL and rates of infusion
as follows: 3 µL at 0.2 µL/min, 5 µL at 0.5 µL/min, and 12 µL at 0.8 µL/min [51]. To avoid
reflux into the injection tract, the cannula was removed 10 min after completion of infusion.
Animals were monitored daily and euthanized at indication of progressive neurologic
deficit or if found in a moribund condition.

2.8. Immunohistochemistry

Following animal euthanasia by carbon dioxide inhalation, brains were harvested
and fixed in 4% paraformaldehyde at room temperature overnight. The brains were then
embedded in paraffin and sectioned in the coronal plane (5 µm/section) using a microtome
(CM1860 UV; Leica Biosystems, Buffalo Grove, IL, USA). Hematoxylin and eosin (H&E)
staining was performed according to standard procedures. For immunohistochemistry
(IHC), paraffin-embedded tissue sections were dewaxed in xylene and rehydrated in
ethanol. Antigen retrieval was performed by steaming slides in preheated sodium citrate
buffer (10 mM tri-sodium citrate, 0.05% Tween 20, pH 6.0) for 30 min. Sections were
cooled to room temperature and rinsed with dH20 for 1 min. This was followed by
soaking sections in 0.6% hydrogen peroxide in MeOH for 20 min. Sections were then
blocked with 10% normal goat serum (NGS) in Tris-buffered saline (TBS) for 30 min
at room temperature. Primary antibodies were diluted in TBS with 2% NGS and 0.5%
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Triton X-100 and applied to sections overnight at 4 ◦C. Dilution buffer was used instead
of primary antibody for tissue-specific negative controls. The next day, sections were
washed 3 times for 5 min in TBS with 2% NGS and 0.5% Triton X-100. The VECTASTAIN
Elite ABC kit (Cat # PK-6100; VECTOR Laboratory, Burlingame, CA, USA) containing
biotinylated secondary antibody was diluted in TBS with 1.5% NGS and added to the
sections according to the manufacturer’s recommendations. After 3 additional 5 min
washes in TBS, sections were incubated with Avidin/Biotinylated Enzyme Complex (ABC)
solution (Cat # PK-6100; VECTOR Laboratory) for 30 min at room temperature. For
visualization, the sections were subsequently developed using SignalStain DAB Substrate
Kit (Cat # 8059P; Cell Signaling, Danvers, MA, USA) per the manufacturer’s protocol,
counterstained with hematoxylin, and mounted with PermountTM (Cat # SP15-100, Thermo
Fisher Scientific). Images were acquired with a digital slide scanner (Axio Scan.Z1; Carl
Zeiss Microscopy) and are presented at a magnification of 40x. Cell quantification was
performed using the Cell Counter plugin for ImageJ (NIH). Ten random fields including
a total of 300 to 500 cells were captured for each antibody. Results are presented as the
percentage of positive cells versus the entire counted cell population. Low-power images
are included to demonstrate consistency of staining in tissue sections. Detailed information
regarding antibodies used for immunohistochemistry is provided in Table S3.

2.9. Statistical Analysis

The data were collected and presented as the mean ± standard deviation or standard
error of the mean when appropriate. Direct statistical comparisons between 2 groups were
conducted using two-tailed Student’s t-tests. Non-linear least-squares curve fitting was
used to determine the potency (IC50) of GB-13 treatment in vitro. Survival analysis was
performed using the Kaplan–Meier estimate with the Log-Rank test. Statistical tests and
analyses were conducted using Prism 9 (GraphPad), with statistical significance set at an α

threshold of 0.05, and p < 0.05 marked by asterisks in figures.

3. Results

3.1. IL-13Rα2 Is Expressed at Different Levels in HGG Tumor Cell Models

To identify baseline transcript and protein levels of IL-13Rα2 in HGG cells, we per-
formed RNA sequencing and immunoblotting on patient-derived HGG (DMG and adult
GBM) cell lines (Figure 1). In accordance with previous investigations [16,52,53], our cohort
of sequenced HGG transcriptomes demonstrated highly variable expression of IL-13Rα2
RNA among HGG cell lines (Figure 1A), ranging from low (SU-DIPG XIII-P, GBM39, and
GBM108) to intermediate (SU-DIPG XVII, SF8628, GBM43, and GBM6) and high (PED17,
GBM10, and GBM14) expression. Next, we evaluated IL-13Rα2 protein levels in available
HGG cell lines. IL-13Rα2 protein levels were generally congruent with gene expression in
both DMG and adult GBM cell lines (Figure 1B). Several cell models showed high IL-13Rα2
expression, including PED17, GBM10, GBM14, GBM59 and GBM118, while others, such as
SU-DIPG XVII, SF8628, SF8628-B23, GBM6, GBM12 and GBM43, showed notably lower
(but not absent) IL-13Rα2 levels. IL-13Rα2 expression was not variable between SF8628
and SF8628-B23, indicating expression of this receptor is not impacted by presence of the
K27M mutation. A third category of HGG cell lines, including SU-DIPG XIII-P, GBM39,
GBM108 and GBM123, demonstrated IL-13Rα2 protein levels that were below the detection
threshold of our assay.
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Figure 1. High-grade glioma (HGG) cell lines demonstrate a spectrum of IL-13Rα2 expression on
both the mRNA and protein level. (A) RNA-Seq and (B) immunoblotting of diffuse midline glioma
(DMG) and adult glioblastoma (GBM) cell models indicates a correlation between mRNA and protein
levels of IL-13Rα2 at baseline. Cell lines differ in terms of IL-13Rα2 expression.

3.2. Functional Impact of IL-13Rα2 on HGG Proliferation and Survival

Given the cell line-dependent overexpression of IL-13Rα2 in our DMG and adult GBM
tumor cell models, we investigated the role of IL-13Rα2 signaling in HGG (Figure 2). To
determine whether cytokine stimulation by IL-13 impacts cell proliferation in vitro, HGG
cells were treated with varying concentrations of the canonical ligand of IL-13Rα2, IL-13.
While the lack of SU-DIPG XIII-P response was consistent with the low expression of
IL-13Rα2 in the assayed cell models, none of the IL-13Rα2-medium or IL-13Rα2-high cell
lines stimulated with IL-13 demonstrated any significant increase in cell proliferation versus
media as the control (Figure 2A). Based on previous reports, demonstrating IL-13Rα2 is
implicated in cell survival rather than cell growth and invasion [19,52], we hypothesized
that cytokine stimulation would be associated with increased IL-13Rα2 expression to en-
force this anti-apoptotic effect. To test this, we stimulated HGG cells with IL-13 (10 ng/mL)
and investigated protein levels at various time points (Figure 2D). Stimulation with IL-13
resulted in robust upregulation of IL-13Rα2 in IL-13Rα2-medium and IL-13Rα2-high cell
lines after 8, 24, 48, and 72 h. Conversely, IL-13Rα1 levels remained unaffected by IL-13
stimulation in all assayed HGG cell models.
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Figure 2. Sensitivity to anti-tumor effects of GB-13 correlates to IL-13Rα2 status and is reflected in
apoptosis induction and decreased cell proliferation. (A,B) Cell proliferation and viability assay of
indicated DMG cell lines at escalating doses of IL-13 and GB-13. IL-13 stimulation does not impact
cell proliferation. GB-13 decreases cell viability in a dose and IL-13Rα2 level-dependent manner.
IC50 values were calculated using non-linear least-squares curve fitting. Each drug was tested in
triplicate with three independent experiments (n = 9) in each cell line and assayed at 72 h. (C) Inverse
relationship between IL-13Rα2 expression and sensitivity towards GB-13 demonstrated by non-linear
least-squares curve fitting (r2 = 0.88). (D,E) Immunoblotting of indicated DMG cell lines after 8, 24,
48, and 72 h of IL-13 (10 ng/mL) and GB-13 (cell line-specific IC50) exposure. IL-13 can increase
IL-13Rα2 expression. Similar to IL-13, GB-13 does not lead to IL-13Rα2 downregulation over time
but rather upregulates the receptor in select cell lines. (F) Immunofluorescence staining of SF8628
cells following 72 h of treatment with GB-13 at IC50. The Pseudomonas exotoxin A (PE) moiety of
GB-13 colocalizes to IL-13Rα2, while receptor levels are maintained over prolonged durations of
treatment (left). Cells demonstrate increased levels of apoptotic cell death (cleaved caspase 3) and
decreased cell proliferation (Ki-67) after exposure to GB-13 (right). Images are representative of three
independent experiments.
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3.3. GB-13 Elicits Potent Anti-Tumor Effects in HGG Cell Models

To assess whether IL-13Rα2 expression confers sensitivity to IL-13Rα2-targeted ther-
apy in vitro, we tested the pharmacological response of HGG cells to GB-13. We selected
11 HGG (5 DMG and 6 adult GBM) cell lines and exposed them to varying concentrations
of GB-13, with treatments ranging from 0.001 to 320 ng/mL. The results showed a direct
relationship between IL-13Rα2 expression and GB-13 sensitivity (Figures 2B and S1). GB-13
demonstrated strong cytotoxicity in IL-13Rα2-high cell lines versus comparatively insensi-
tive IL-13Rα2-low cell models (Table 1). The IC50 values of GB-13 in IL-13Rα2-high cells
were: 0.02 ng/mL for PED17 cells, 0.06 ng/mL for GBM14, and 0.58 ng/mL for GBM10.
IL-13Rα2-medium cells displayed the following IC50 values for GB-13: 0.10 ng/mL for
SF8628, 0.75 ng/mL for SU-DIPG XVII, 0.81 ng/mL for SF8628-B23, 0.12 ng/mL for GBM6,
9.08 ng/mL for GBM43. Finally, the IC50 values for GB-13 in IL-13Rα2-low cells were:
10.63 ng/mL for SU-DIPG XIII-P, 15.74 ng/mL for GBM108, and 53.82 ng/mL for GBM39.
DMG and adult GBM cell models showed similar sensitivity towards GB-13 dependent on
IL-13Rα2 status. High and medium expressors were similarly sensitive (p = 0.43) and to-
gether had significantly different IC50 values compared to IL-13Rα2-low cell lines (p = 0.009)
(Figure S2). Non-linear least-squares curve fitting demonstrated an inverse relationship
between IL-13Rα2 expression and GB-13 cytotoxic effect (r2 = 0.88) (Figure 2C).

Table 1. Fifty % inhibitory concentration (IC50) values of GB-13.

Cell Line IC50 Value (ng/mL)

SU-DIPG XIII-P 10.63
SU-DIPG XVII 0.75
SF8628 0.10
SF8628-B23 0.81
PED17 0.02

GBM6 0.12
GBM10 0.58
GBM14 0.06
GBM39 53.82
GBM43 9.08
GBM108 15.74

To gain insight into the effects of GB-13 on IL-13Rα2, we next treated HGG cells
with IC50 concentrations of the drug and investigated protein levels at 8, 24, 48, and 72 h
(Figure 2E). Similar to IL-13 stimulation, GB-13 did not induce IL-13Rα2 downregulation
but rather led to stable or increased protein levels over time. Intriguingly, IL-13Rα1 was
upregulated in some IL-13Rα2-medium and IL-13Rα2-high cell models exposed to GB-13.
Furthermore, while there was some baseline signaling associated with apoptotic cell death
in untreated SF8628 cells, apoptosis induction in the GB-13 condition was generally marked
by a time-dependent increase in cleaved caspase 3 and/or cleaved PARP levels. These
results were confirmed with confocal microscopy (Figures 2F, S3 and S6), where we found
prominent IL-13Rα2 levels at baseline, which were retained in cells treated with GB-13 for
up to 72 h. By staining for the PE-domain of GB-13, we confirmed colocalization of the
drug to the receptor as well as internalization into the cytoplasm and nucleus. In addition
to increased levels of apoptosis, cellular proliferation (Ki-67) was decreased in the presence
of GB-13.

3.4. Intratumoral Administration of GB-13 Results in Decreased Tumor Burden and Prolonged
Survival In Vivo

In order to validate the anti-tumor effects of GB-13 in vivo, we utilized orthotopic
patient-derived murine xenograft models of HGG, including IL-13Rα2-low (SU-DIPG
XIII-P), IL-13Rα2-medium (GBM6), and IL-13Rα2-high (PED17) models. Tumor-bearing
animals were randomized into four cohorts and treated with a single, brain-targeted dose
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of GB-13 via CED in 4–5 animals per treatment arm (Figure 3A). We initially established
our drug delivery system in adult GBM animals by infusing vehicle solution (PBS) or
various doses of GB-13 into the hemispheric GBM6 tumor region. All CED systems were
placed and tolerated without complications, as previously published [54]. There were no
procedure-related deaths, and clinical assessments of animals after completed infusions
were all unremarkable with no signs of acute or delayed toxicities or neurological deficits.
The tumor volume, measured by BLI, was significantly lower in animals treated with 1 µg
of GB-13 (p = 0.01) as compared to the 0.3 µg- (p = 0.14), 0.1 µg- (p = 0.08) and vehicle-treated
groups (Figure 3B). A single dose of 1 µg GB-13 significantly prolonged survival, with a
median survival of 84 days (p = 0.01) in comparison to 64 days in 0.3 µg GB-13 (p = 0.35),
68 days in 0.1 µg GB-13 (p = 0.17) and 57 days in vehicle groups (Figure 3C).

Histologic evaluation of brains from mice euthanized in a moribund state demon-
strated maintained tissue architecture and decreased tumor size after GB-13 treatment
(Figure 4A). On-target drug effects were validated in tumors by IHC analysis of IL-13Rα2
levels, apoptosis induction, and cellular proliferation in drug-treated mice compared to
control (Figures 4B and S6). In agreement with the in vitro data, high IL-13Rα2 status was
retained in GBM6 cells. Cellular proliferation, which was determined by Ki-67 staining,
was decreased following exposure to GB-13 (p = 0.03). Intriguingly, intense staining for the
apoptosis marker cleaved caspase 3 was evidenced throughout the tumor area in all GB-13
groups but largely absent in vehicle-treated animals weeks after GB-13 administration
(p < 0.0001). To address toxicity considerations that may accompany immunotoxin delivery
into the brain, we performed additional IHC analyses for NeuN, a marker of mature neu-
rons, and CD68, which is expressed in high levels by microglia and monocytes. CED of
GB-13 did not result in a decrease in NeuN-positive (NeuN+) cells in the infused, ipsilateral
hemisphere as compared to vehicle (p = 0.82). No CD68+ immune cell infiltration was
evidenced in any study group.

We next sought to validate these findings in an IL-13Rα2-upregulated DMG xenograft
model. PED17 cells were orthotopically implanted into the pons, and tumor-bearing
animals were again treated with vehicle solution, 0.1, 0.3, or 1 µg of GB-13. In line with
prior observations, all animals tolerated the CED procedure; however, at the highest dose (a
1 µg CED infusion of GB-13), marked signs of toxicity developed in all five animals within
24 h of infusion (neurological deficits such as hemiparesis or ataxia, hunched body position,
dermatitis), and 4 of 5 animals had to be euthanized within 72 h of drug administration.
Post-operative clinical assessments were unremarkable for animals treated with 0.1 or 0.3 µg
of GB-13. Comparison of BLI signal demonstrated that a single 0.1 or 0.3 µg GB-13 infusion
significantly decreased tumor volume (p = 0.0001 and 0.0004, respectively; Figure 3D)
and significantly extended median survival (147 days for 0.1 µg GB-13 (p = 0.003) and
155 days for 0.3 µg GB-13 (p = 0.003)) compared to the vehicle group (128 days) (Figure 3E).
Similar to the findings in hemispheric GBM6 tumors, none of the 0.1 or 0.3 µg doses had an
impact on NeuN+ cell density and CD68+ cell infiltration. Consistent with the observed
differential in clinical toxicity, a 1 µg dose of GB-13 resulted in a marked decrease in
NeuN-positive cells in the brainstem as compared to lower GB-13 doses or vehicle control
(p = 0.02). There was no evidence of CD68+ monocyte cell infiltration following exposure
to 1 µg GB-13. Detected levels of IL-13Rα2 remained constant among treatment groups. A
decrease in DMG-characteristic H3 K27M and increase in H3 K27me3 was evidenced in
drug-treated tumors. Additional IHC findings were similar to the results of the first study
(Figures S4 and S6).
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Figure 3. CED infusion of GB-13 results in reduced BLI signals and prolonged survival of
IL-13Rα2-upregulated DMG and adult GBM patient-derived xenografts grown as orthotopic tu-
mors. (A) Schematic representation of tumor cell injection and CED workflow (created with BioRen-
der.com, accessed on 7 November 2021). Four to five mice were used per treatment group in each cell
model (GBM6 is adult GBM with medium IL-13Rα2 levels; PED17 and SU-DIPG XIII-P are DMG
with IL-13Rα2-high and IL-13Rα2-low levels, respectively). A single 1 µg dose of GB-13 by CED
(arrow) results in decreased (B) BLI signals (p = 0.01) and (C) prolonged survival of GBM6-bearing
animals (p = 0.01). (D) BLI signals in PED17 xenografts are reduced following 0.1 µg (p = 0.0001) or
0.3 µg (p = 0.0004) of GB-13. (E) 0.1 µg (p = 0.003) and 0.3 µg (p = 0.003) dose levels extend survival
without a notable dose–response, but a 1 µg dose of GB-13 is associated with lethal toxicity in 4
out of 5 animals approximately 72 h after the infusion. In SU-DIPG XIII-P animals, CED of GB-13
is not associated with (F) reduced BLI signals or (G) survival benefit. BLI data are presented as
the mean ± standard deviation, and significance between groups was calculated using two-tailed
Student’s t-tests. Significance of endpoint comparison between treatment groups were calculated
using the Log-Rank test.
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Figure 4. Immunohistochemistry of HGG-bearing mouse brains harvested when moribund. Pre-
sented samples were harvested on days 55 and 86 following CED of vehicle solution or GB-13 at a
dose of 1 µg, respectively. Images are representative of four mice in each group. (A) Corresponding
H&E demonstrates maintained tissue architecture and decreased tumor size after GB-13 treatment.
(B) While IL-13Rα2 status is retained after a single CED infusion of GB-13, treatment leads to de-
creased cell proliferation (p = 0.03) and increases the number of apoptotic cells (p < 0.0001). The
density of NeuN-positive neuronal (NeuN+) cells is retained in ipsilateral brain regions (p = 0.82).
CD68+ monocyte infiltrate is not evidenced following GB-13 exposure. Scale bars: 40×: 20 µm, 10×:
100 µm.
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Finally, we used the DMG cell line SU-DIPG XIII-P to establish a brainstem HGG
xenograft model with low IL-13Rα2 protein levels. Based on the in vitro data, we did not
expect GB-13 to impact tumor volume or survival using the previously established dosing
regimen. Indeed, CED of 0.1, 0.3, or 1 µg of GB-13 failed to demonstrate significant tumor
growth reduction (p = 0.16, 0.18 and 0.27, respectively; Figure 3F) and did not provide
profound survival benefit compared to control animals (24.5 days in vehicle, 23 days in
0.1 µg GB-13 (p = 0.92), 24 days in 0.3 µg GB-13 (p = 0.68) and 24 days in 1 µg GB-13
(p = 0.57)) (Figure 3G). While the CED procedure proved to be feasible and safe among all
treatment groups, 2 of 5 animals dosed with 1 µg of GB-13 had to be euthanized within
72 h of drug administration. No CD68+ immune cell infiltration or reduction in NeuN-
positive cells was observed in mice treated with 0.1 or 0.3 µg of GB-13, there was again
evidence of reduced NeuN+ cell density in the brainstem of animals treated with 1 µg
of GB-13. IHC did not show increased staining for cleaved caspase 3 in GB-13 drug-
treated IL-13Rα2-low xenografts, and a high degree of cellular proliferation was retained
in these tumors after GB-13 infusion. In accordance with in vitro protein-level analysis,
IHC staining for IL-13Rα2 was absent in SU-DIPG XIII-P xenografts. Furthermore, H3
K27M and H3 K27me3 remained largely unchanged in vehicle versus GB-13-treated tumors
(Figures S5 and S6). These results suggest that moderate to high IL-13Rα2 expression is
required for targeted therapies such as GB-13 to impart therapeutic effect in HGG orthotopic
xenograft models.

4. Discussion

To date, the search for effective treatment against HGGs has not substantially improved
outcomes [55–58]. IL-13Rα2 represents a clinically validated target in HGG therapy [33,34,36].
In this study, we identified a favorable correlation between IL-13Rα2 mRNA and protein
levels. IL-13Rα2 status predicted the efficacy of a novel IL-13 immunotoxin, GB-13, in cul-
tured HGG cells. Intraparenchymal administration of GB-13 into orthotopically implanted
patient-derived xenograft models of HGG was feasible, and a single therapeutic infusion
of GB-13 using CED significantly ameliorated tumor burden and resulted in significant
prolongation in survival of animals harboring IL-13Rα2-upregulated orthotopic xenografts,
underscoring the promise of IL-13Rα2 targeting in the context of HGG with increased
IL-13Rα2 expression.

IL-13Rα2 has long been recognized as a prognostic biomarker for poor disease prog-
nosis in brain tumors including HGG [16,32,59]. While the negligible impact of canoni-
cal ligand-mediated IL-13Rα2 stimulation on cell proliferation in IL-13Rα2-high versus
IL-13Rα2-low cell lines was somewhat surprising, similar results have been previously
reported in cell growth and invasion studies [52]. Recent investigations have elucidated
the role of IL-13Rα2 as a tumor-associated antigen that mediates aberrant STAT3 signaling,
driving increased expression of anti-apoptotic genes and, ultimately, promoting tumor
progression by blocking cell death and mediating survival [17,59,60]. These findings mirror
those observed in this study, in that IL-13Rα2-upregulated HGG cells selectively increase
expression of IL-13Rα2, but not IL-13Rα1, the functional counterpart, when exposed
to IL-13, a natural IL-13Rα2-binding partner. We were able to expand these and previ-
ous observations by demonstrating that binding of GB-13 equally induces upregulation
of IL-13Rα2 in IL-13Rα2-expressing HGG cells [61,62]. Together, this holds promise for
IL-13Rα2-targeting agents to achieve repeated and durable response in HGG with increased
IL-13Rα2 levels.

Previous efforts to target IL-13Rα2 by various treatment modalities suggest the utility
of cellular immunotherapy or immunoconjugates for HGG therapy [32,33,63,64]. The clini-
cal effect of immunotoxins is heavily linked to payload efficacy. Consequently, a pivotal
requirement in the design of an immunotoxin is the selection of an exceedingly potent
cytotoxic capable of inducing cellular death at low (~10 nM) concentrations [65]. The
foundational efforts of Puri and colleagues in developing cintredekin besudotox have
demonstrated the feasibility of creating such a molecule for killing of IL-13Rα2-expressing
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cells by linking a truncated form of PE to human IL-13 [66]. GB-13 is essentially the suc-
cessor of cintredekin besudotox, featuring refinements to both the targeting moiety and
the payload domain [24]. We observed favorable potency with GB-13 compared to previ-
ous reports of cintredekin besudotox in IL-13Rα2-upregulated HGG cell lines [42,66–69].
Interestingly, the cytotoxic effect of GB-13 was highly dependent on IL-13Rα2 status, with
GB-13 demonstrating dose-depending killing at concentrations more than 100-fold lower
in IL-13Rα2-high versus IL-13Rα2-low HGG cells. This observation, whereas potentially
underappreciated by previous in vitro investigations of IL-13Rα2-targeting agents, has
profound implications for the clinical application of these therapeutics in HGG, where
IL-13Rα2 overexpression is detected in a subset of, but not all, tumors [15,23,30,31].

Delivery of immunotoxins via CED is a valuable approach to circumvent the BBB
and ensure brain-targeted drug delivery of cytotoxic payloads; however, there is growing
evidence that this strategy has unique pitfalls to consider. A phase I study using single-
catheter convective infusion of cintredekin besudotox in pediatric patients with DIPG and
supratentorial HGG was terminated because the drug did not to reach the predefined
distribution volume to cover the entire tumor area on MRI and MR spectroscopy [34].
While several phase I/II studies of CED with cintredekin besudotox for adult patients
with HGG showed promise [33,36,64], the only phase III clinical trial, the PRECISE study,
failed to demonstrate a 50% improvement in median survival over Gliadel wafers [33].
Extensive post-trial analyses investigated possible explanations for the lack of efficacy
observed. While technical issues surrounding catheter placement and drug distribution are
surmountable in future studies by optimizing catheter design and positioning of poten-
tially multiple catheters, there was limited consideration of target expression for patient
inclusion [37,70]. A large scale analysis of clinical trials utilizing biomarkers found signifi-
cant improvement in trial success relative to no biomarker inclusion criteria [71]. Consistent
with this idea, we compared IL-13Rα2 mRNA and protein levels from homogeneous cell
populations, which showed that gene expression correlates with IL-13Rα2 protein status.
The herein presented findings in HGG xenograft models with low, medium and high
IL-13Rα2 levels demonstrate that GB-13 decreases tumor volume and prolongs survival
in a manner strongly associated with IL-13Rα2 status. Although no benefit was observed
in animals harboring IL-13Rα2-low HGG, IL-13Rα2-medium and IL-13Rα2-high animals
had significantly reduced tumor burden and lived significantly longer than vehicle-treated
animals, indicating IL-13Rα2 may not only be a therapeutic target but also a predictive
biomarker for future clinical trial patient inclusion.

The moderate anti-tumor efficacy of GB-13 across multiple IL-13Rα2-expressing HGG
models provides some support for an early-phase clinical trial in patients with upregulated
IL-13Rα2 expressing tumors. However, our study also highlight several limitations. First,
high-dose CED infusion into the brainstem of HGG-bearing mice was associated with pro-
found toxicity, which indicates a narrow therapeutic window for this agent when delivered
directly into eloquent brain regions. This is especially notable since a previous in vivo study
of intra-tumoral GB-13 in a murine model of malignant peripheral nerve sheath tumor
did not find dose-limiting toxicities [24]. Furthermore, observed toxicities in a phase I
clinical trial of cintredekin besudotox delivered by CED into the brainstem of DIPG patients
were limited to transient cranial nerve deficits and lethargy after infusion [72]. While the
high local concentrations of infused GB-13 in the comparatively small mouse brainstem
likely contributed to the observed peritumoral toxicity in our study, the data presented
warrant further investigation before moving into clinical testing. Second, our findings are
limited to a single therapeutic infusion of GB-13. Previous studies using CED to deliver
small molecules to the brain have shown that these drugs were rapidly cleared from the
infusion site [73]. Although large biomolecules such as GB-13 are likely to remain in the
brain for longer periods of time, clinical applications may require multiple infusions or
longer infusion durations to achieve adequate drug distribution and sustained therapeutic
effect. To this extent, a recent clinical trial has demonstrated safety of sequential CED
infusions into the pediatric brainstem [74]. Finally, we evaluated GB-13 as a monotherapy,
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which has obvious limitations considering the long history of negative clinical trials for
HGG. The efficacy of IL-13Rα2-targeted therapy has previously been shown to be enhanced
by both radiation and cytotoxic chemotherapy [36,75]. Efficacious in HGG with high
IL-13Rα2 levels, future studies should investigate GB-13 as part of a comprehensive treat-
ment regimen, including a rational combination of therapeutic strategies that have previ-
ously demonstrated to be beneficial in this devastating disease.

5. Conclusions

HGGs encompass a large proportion of malignant tumors within the central nervous
system. Up to 80% of HGG overexpress the tumor-associated receptor IL-13Rα2. Despite
advances in our understanding of underlying disease mechanisms, the prognosis for HGG
remains dismal and efficacious therapies are lacking. As such, there is a dire, unmet,
gap in clinical practice for treating this devastating disease. Here, we investigated the
pharmacological effects of GB-13, a novel tumor-specific immunotoxin that contains an
engineered mutant of human IL-13 fused to a cytotoxic PE molecule. Administration
of GB-13 demonstrated a promising pharmacological response in DMG and adult GBM
models both in vitro and in vivo in a manner strongly associated with IL-13Rα2 status,
underscoring the potential of this IL-13Rα2-targeted therapy in a subset of HGG with
increased IL-13Rα2 expression.
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Abstract: Drug delivery systems have the potential to deliver high concentrations of drug to target
areas on demand, while elsewhere and at other times encapsulating the drug, to limit unwanted
actions. Here we show proof of concept in vivo and ex vivo tests of a novel drug delivery system based
on hollow-gold nanoparticles tethered to liposomes (HGN-liposomes), which become transiently
permeable when activated by optical or acoustic stimulation. We show that laser or ultrasound
simulation of HGN-liposomes loaded with the GABAA receptor agonist, muscimol, triggers rapid
and repeatable release in a sufficient concentration to inhibit neurons and suppress seizure activ-
ity. In particular, laser-stimulated release of muscimol from previously injected HGN-liposomes
caused subsecond hyperpolarizations of the membrane potential of hippocampal pyramidal neurons,
measured by whole cell intracellular recordings with patch electrodes. In hippocampal slices and
hippocampal–entorhinal cortical wedges, seizure activity was immediately suppressed by muscimol
release from HGN-liposomes triggered by laser or ultrasound pulses. After intravenous injection
of HGN-liposomes in whole anesthetized rats, ultrasound stimulation applied to the brain through
the dura attenuated the seizure activity induced by pentylenetetrazol. Ultrasound alone, or HGN-
liposomes without ultrasound stimulation, had no effect. Intracerebrally-injected HGN-liposomes
containing kainic acid retained their contents for at least one week, without damage to surrounding
tissue. Thus, we demonstrate the feasibility of precise temporal control over exposure of neurons to
the drug, potentially enabling therapeutic effects without continuous exposure. For future applica-
tion, studies on the pharmacokinetics, pharmacodynamics, and toxicity of HGN-liposomes and their
constituents, together with improved methods of targeting, are needed, to determine the utility and
safety of the technology in humans.

Keywords: liposome; nanoparticle; seizure; laser; ultrasound

1. Introduction

Conventional drug treatments aim to minimize the side-effects of drugs by targeting
specific receptors or bodily compartments. For diseases with episodic, paroxysmal expres-
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sion, another way to limit side-effects is to reduce exposure to active drugs inside the body
by delivering the drug only when and where it is needed [1]. Time-selective focal triggering
of drug release has the potential to reduce side-effects by limiting drug exposure to the
specific time period and location at which therapeutic effects occur [2]. Such a possibility
requires the development of on-demand drug delivery devices that sequester drugs so that
they remain inert until required, and trigger release when necessary. We here report the
electrophysiological effects of on-demand release of the gama aminobuturic acid (GABA)
agonist, muscimol, from hollow gold nanoparticle-tethered liposomes (HGN-liposomes)
and its effectiveness in attenuating seizures in experimental animal models.

Liposomes are phospholipid-based vesicles composed of a lipid bilayer, in which a
wide range of drugs can be encapsulated [3]. Drug release from liposomes can be triggered
by external stimulation, such as hyperthermia [4]. Earlier studies aimed at discharging
the entire contents of the liposomes in a single release event [5]. Later studies investigated
the possibility of repeated release from liposomes over an extended life-time in the body.
Our recently developed HGN-liposome system provides repetitive, on-demand release
ex vivo, with the temporal profile and quantity of release controlled by varying laser power
and exposure duration or pulses of low-intensity, therapeutic ultrasound (US) [6]. Here,
we apply these technologies to release muscimol from liposomes within the extracellular
matrix of the mammalian brain.

We used muscimol (3-hydroxy-5-aminomethylisoxazole) in the present study because
it is a potent and selective GABAA receptor agonist, used extensively in electrophysiological
studies of GABAergic inhibitory neurotransmission. Muscimol potently and reversibly
inhibits neuronal activity, and thus has been considered to have the potential to suppress an
epileptic seizure [7]. The metabolism of muscimol in both the brain and periphery is largely
through the removal of an amino group by transamination [8]. In the mouse, about 1/3 is
excreted as muscimol, 1/3 as a cationic conjugate, and 1/3 as an oxidation product [9]. The
rapid clearance of muscimol in the periphery, and its slow passage across the blood–brain
barrier (BBB), mean that high doses are needed when given intravenously, causing adverse
effects, and making it unsuitable for systemic use in the treatment of epilepsy [10,11].

In contrast to systemic administration, when delivered transmeningeally in experi-
mental animals, muscimol has antiepileptic effects, without the adverse effects associated
with systemic delivery [12–15]. Direct injection of muscimol into the brain is orders-of-
magnitude more effective than intravenous injection. For example, nanomomolar concen-
trations injected into brain produce similar effects to micromolar concentrations injected
intravenously [16,17]. When injected locally into the brain in low µg quantities, muscimol
produced no sedation or other central side-effects [18,19]. Similarly, studies of convection
enhanced delivery of muscimol into the brain of non-human primates and patients with
drug-resistant epilepsy, as well as other disorders, have shown that it is safe, with no
adverse effects [20–22]. Thus, muscimol is a potential anti-epileptic treatment with few
side-effects, provided it can be delivered directly to the brain. Muscimol is, therefore, a
suitable candidate for proof of concept of the HGN-liposome delivery system.

Here, we used muscimol-loaded HGN-liposomes to produce repetitive on-demand
release of muscimol within the extracellular matrix of the brain. We aimed to determine
whether release of muscimol from HGN-liposomes by laser or ultrasound stimulation in live
brain tissue was effective in attenuating seizure activity. We used three well-known models
of seizure activity: two ex vivo models that rely on removal of Mg2+ ions and repetitive
stimulation [23–25]; and in vivo pentylenetetrazol (PTZ), to cause seizures that propagate
to status epilepticus [26]. We found that when muscimol-containing HGN-liposomes were
present in brain slices, laser or US stimulation released muscimol on-demand and caused
neural inhibition and arrest of seizure activity. Similarly, in whole animals, we found that
US stimulation of the brain after intravenous injection of muscimol loaded HGN-liposomes
was effective in reducing seizure activity.
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2. Methods

2.1. Animals

A total of 11 mice and 58 rats were used in the research. Animals were handled in
accordance with protocols approved by the Okinawa Institute of Science and Technology
Animal Care and Use Committee (ex vivo hippocampal seizure model) and the University of
Otago Animal Ethics Committee (ex vivo entorhinal cortex seizure model, and in vivo seizure
model). In the ex vivo hippocampal experiments, brain slices were obtained from n = 6 male,
3 to 8-week-old Swiss Webster mice. Mice were group housed with littermates on reversed
light cycle, with free access to standard chow and water. An additional n = 5 male 3 to
5-week-old Swiss Webster mice were used to test liposome ability to sequester contents in
absence of stimulation. After injection, these mice were individually housed until perfused
for histology. In the ex vivo entorhinal cortex experiments, brain slices were obtained
from 40 male and female 4 to 8-week-old Wistar rats. In the in vivo experiments a total of
n = 18 male Wistar rats were used, group housed in standard open top cages under reverse
light cycle, and fed standard rat chow and water ad libitum. The targeted weight range was
250 to 300 g. These were allocated to four groups, unbiased by any animal-related factors
(PTZ-only, n = 3; PTZ plus HGN-liposome, n = 3; US without liposomes, n = 4; and PTZ
plus HGN-liposome plus US, n = 8).

2.2. HGN-Liposome Preparation

Liposomes and hollow gold nanoshells were prepared and assembled, as previously
described [6,27,28], by conjugation using a terminal thiol-derived phospholipid (DSPE-
PEG2000-SH) to produce a biocompatible drug delivery system that could encapsulate mus-
cimol, a GABA agonist. DSPE-PEG2000-SH was synthesized by combining 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEG2000-NH2) (100 mg; 35.8 µmol with 2-iminothiolane (10 mg, 73 µmol) in phos-
phate buffer (3 mmol L−1; pH 9.5; 15 mL) for 30 min at room temperature. Sodium chloride
(approx. 1 g) was dissolved in the reaction mixture, and the product was subsequently ex-
tracted into chloroform and dried over magnesium sulfate. The solvent was then removed
by rotary evaporation, and the product was further dried under vacuum for 5 h.

Hollow gold nanoparticles were synthesized by the galvanic replacement of a silver
nanoparticle template, as previously reported, resulting in a hydrodynamic diameter of
approximately 30 nm and strong absorption in the visible to near-infrared region [29].
HGN-liposomes were prepared using a phospholipid composition previously described
by our group [6,27,28]. Chloroform solutions of 1.2-distearoyl-sn-glycero-3-phosphcholine
(DSPC), cholesterol, sphingomyelin, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), DSPE-PEG2000-SH were combined
in a molar ratio of 100:5:5:4:3.5. The solvent was removed under vacuum to form a thin lipid
film, which was rehydrated using a phosphate-buffered solution (20 mmol L−1 Na2HPO4;
pH 5.5) containing either 100 mmol L−1 muscimol or 25 mM kainic acid. The lipid sus-
pension was then extruded through 400-nm polycarbonate membranes, to maximize the
passive encapsulation of muscimol, producing uniformly sized liposomes for laser stud-
ies. However, as liposomes of smaller sizes are generally regarded as more suitable for
intravenous administration, liposomes of 200 nm were prepared for ultrasound studies.
The suspension of concentrated HGNs (Au concentration 6–10 mg mL−1 by inductively
coupled plasma mass spectrometry) was added incrementally to the liposome suspension,
until a final HGN:liposome ratio of approximately 1:1 was reached (as determined by
transmission electron microscopy (Figure 1A). Approximately 200 µL of HGNs with an Au
concentration of 7 mg mL−1 to 1 mL of 200 nm liposomes, with a total lipid concentration
of 10 mmol L−1, or approximately 1

4 the amount of gold was added to 400 nm liposomes,
with an equivalent 10 mmol L−1 phospholipid concentration. The HGN-liposome suspen-
sion was subsequently dialyzed against phosphate buffered saline (100 mmol L−1 NaCl;
20 mmol L−1 Na2HPO4; pH 7.4; 2 L) for 24 h to remove the unencapsulated muscimol.
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Figure 1. Experimental setups for three different models. (A) Hippocampal slice experiments.
Schematic of hippocampal slice shows location of electrical field stimulating electrode (Stim) in
area CA3, and whole cell intracellular recording electrode (Rec) in area CA1. Femtosecond pulses
(Laser) were applied via the use of a 2-Photon microscope. Expanded schematic of CA1 shows
location of dendrites (red) and liposomes (purple) in relation to sequential laser scan lines (dashes),
forming a grid pattern in the dendritic zone. Example cryo-transmission electron microscope image
shows liposomes tethered to hollow gold nanoshells (black; scale bar = 50 nm). (B) Entorhinal cortex
wedge experiments. Schematic shows position of entorhinal cortex wedge, and wedge positioned
in two-compartment grease gap chamber. Liposomes were stimulated with ultrasound as they
passed into the tissue chamber. Grey arrows indicate flow of ACSF. (C). In vivo preparation. Field
potential signals were obtained via an extracellular recording electrode (Rec) in the left frontal cortex.
Liposomes were stimulated using an ultrasound transducer coupled to an acoustic collimator and
positioned on the dura above the cortex.

We have previously reported on release measurements of dopamine, as well as car-
boxyfluorescein, from ultrasound and laser activated HGN liposomes [6,27]. In the present
study, we were unable to do in vitro release studies for muscimol, because we were un-
able to identify a chemical, electrochemical, or spectroscopic assay that could distinguish
between encapsulated and non-encapsulated muscimol and that was sensitive enough to
measure its release in real time. Hence, we used the biological assays described below.
Further details of the preparation and analysis of liposomal nanostructures and hollow
gold nanoshells are given in Supplementary Materials Figures S1–S5.
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2.3. Ex Vivo Hippocampal Seizure Model

Mice were deeply anesthetized with isoflurane and decapitated, and the brain was
rapidly removed. Horizontal slices, 300 mm thick, containing the hippocampus were
cut on a vibratome (VT1200S, Leica Microsystems, Wetzlar, Germany) in cold cutting
solution containing the following (in mM): 92.0 N-methyl-D-glucamine (NMDG), 2.5 KCl,
10.0 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 30.0 NaHCO3, 20.0 HEPES, 2.0 thiourea, 5.0 sodium
ascorbate, 3.0 sodium pyruvate, and 25.0 glucose, and saturated with 95% O2—5% CO2,
Slices were then incubated in oxygenated artificial cerebrospinal fluid (ACSF) maintained
at a temperature of 36 ◦C for 1 h. The standard ACSF had the following composition (mM):
118.0 NaCl, 2.5 KCl, 2.0 CaCl2, 1.0 MgCl2, 26.0 NaHCO3, 1.25 NaH2PO4, 1.5 myo-inositol,
0.5 sodium ascorbate, 2.0 sodium pyruvate, and 10.0 Glucose. The composition of low
Mg2+/high K+ ACSF was the same, except for (mM) 5.0 K+ and 0.5 Mg2+.

After incubation, a single slice was transferred to a recording chamber placed on the
stage of an upright microscope, and perfused (3–4 mL/min) with oxygenated ACSF at
32 ◦C. HGN-liposomes were injected directly into the slice in the region of interest. The
remaining slices were kept in a holding chamber containing oxygenated ACSF at room
temperature until required.

The experimental setup for the hippocampal slice experiments is shown in Figure 1A.
Whole-cell recordings were made from CA1 pyramidal neurons using patch pipettes
(4–6 MΩ) filled with internal solution containing the following (mM): 132.0 K gluconate,
6.0 KCL, 6 NaCl2, 10.0 HEPES, 2 MgCL2, 2.0 NaATP, 0.4 NaGTP, 0.5 EGTA; pH 7.2–7.4. Local
field potentials (LFPs) were recorded in the same location using extracellular electrodes
positioned in the CA1 stratum pyramidal layer of the subiculum. LFPs were measured
using borosilicate glass pipettes (1–2 MΩ) filled with ACSF. Signals were amplified by
MultiClamp 700B (Molecular Devices, Union City, CA, USA), digitized at 10,000 Hz,
and band-pass filtered over 1–2000 Hz by pCLAMP 10 (Molecular Devices, Silicon Valley,
CA, USA). Offline analysis was conducted using MATLAB (MathWorks, Natick, MA, USA).

Optical stimulation of liposomes was delivered using infrared (890 nm) femtosecond
(fs) pulsed laser of a 2-photon microscope. Pulse duration was 100 fs, and repetition rate
was 80 MHz. Laser pulses were transmitted through a 60× objective lens and made a
430-nm diameter spot in the brain slice. The light source (MaiTai, Coherent, Santa Clara,
CA, USA) provided continuous laser power at the source of approximately 2 W, which was
attenuated by an acousto-optic modulator. The laser stimulation was set using software
(FluoView, Olympus, Tokyo, Japan) to a scan area of 211.14 µm × 211.14 µm and a sampling
speed of 10 µs/pixel.

In the hippocampal slice model system, seizures were induced by perfusion with low
Mg2+/high K+ ACSF. Spontaneous seizure-like events (SLEs) seldom occurred in response
to this treatment alone. When SLEs did not occur spontaneously they were induced by
repetitive electrical stimulation. Electrical stimulation (600–1200 µA, 100 µs, monophasic)
was applied through a bipolar stimulating electrode placed in CA3, in order to stimulate
Schaffer collaterals. The intensity of the stimulation for each slice was adjusted to a value
that evoked SLEs in the CA1 area. After initial adjustment, the stimulation intensity
remained fixed. To test the effect of muscimol release from liposomes, HGN-liposomes
containing muscimol (100 mM, Tocris Bioscience, Tokyo, Japan), were pressure-injected
directly into slices via a glass micropipette (tip diameter 50–100 µm) over a period of 1 s.

2.4. Ex Vivo Entorhinal Cortex Seizure Model

Experiments using an entorhinal cortex (EC) seizure model were performed on brain
slice wedges obtained from 40 male and female 1–2 month-old Wistar rats. Electrophysio-
logical recordings in the EC were made using methods described previously [23]. Briefly,
horizontal combined hippocampal EC slices (500 µm thick) were cut using a Vibroslice
(Campden Instruments, Leicester, UK). From these slices, a wedge-shaped segment of
the EC tissue, 2–3 mm wide, was dissected and transferred to a custom designed two-
compartment grease gap chamber (see experimental setup in Figure 1B) continuously
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perfused with ACSF at room temperature (~1.5 mL/min). The ACSF contained (in mM):
NaCl 135, KCl 3, NaH2PO4 1.25, MgCl2 2, CaCl2 2, glucose 10, and NaHCO3 26 (all from
Sigma, NZ), saturated with 95% O2/5% CO2. For Mg2+-free ACSF, the MgCl2 was omitted.
An HGN-liposome reservoir was plumbed in and out of the perfusion flow and an ultra-
sound probe was positioned at the base of the HGN-liposome reservoir to trigger release
of muscimol.

Differential recordings were made across the grease gap using Ag/AgCl pellet elec-
trodes (Harvard Apparatus, Waterbeach, UK) located in both chambers (Figure 1B) with
an NL102 amplifier (Neurolog, Welwyn Garden City, UK) (×100 gain, high-pass filter
with 8.9 Hz cut-off) and a chart recorder (Semat, London, UK). After placing the slice on
the grease gap, the slice was perfused with ACSF for 30 min, and thereafter with ACSF
lacking Mg2+. Removal of Mg2+ from the ACSF led to the appearance of repetitive SLEs
40 to 120 min after the switch. A solution of muscimol-containing HGN-liposomes was
applied for 15 min, after which the ultrasound (US) trigger was applied to the liposome
reservoir (Figure 1B). Slices were perfused with this ultrasonicated liposomal formulation
for 30 min before being washed-out with Mg2+-free ACSF and the frequency of seizure-
like events (SLEs) and late recurrent discharges (LRDs) was measured before and during
drug application.

2.5. In Vivo Seizure Model

Rats were anesthetized (urethane, 1500 to 1800 mg/kg) and mounted in a stereotaxic
frame (Figure 1C). Craniotomies were made on the superior surface of frontal bone (2.7 mm
in diameter) and on the lateral side caudal to the left orbit (4.0 mm in diameter). A 4-mm
collimator was inserted through the lateral craniotomy and pressed gently against the
dura over the lateral aspect of the left frontal lobe, with a layer of acoustic coupling gel
between. A silver wire epidural electroencephalogram (EEG) recording electrode was
secured using dental cement in the uppermost craniotomy. Epileptiform EEG was induced
using 60 mg/kg PTZ administered intravenously via a cannula in the left jugular vein.
Animals were divided into four groups (PTZ-only, n = 3; PTZ plus HGN-liposome, n = 3;
US without liposomes, n = 4; and PTZ plus HGN-liposome plus US, n = 8). In groups
exposed to muscimol-loaded HGN-liposomes (90 mM), the formulation was administered
intravenously via the jugular cannula and allowed to circulate for 5 min, after which
ultrasound was delivered in bursts of 30 sec at 30% duty cycle at 1 MHz. No more than
three applications of ultrasound occurred in any given 5 min recording interval.

For analysis, individual power spectra were constructed and normalized, such that the
total area under the curve of each plot was 1. The fraction of total area in the EEG frequency
bands 0–1 Hz, 1–3 Hz, and 3–5 Hz was calculated. For each rat mean post-PTZ values for
the intervals 10–19, 20–29, 30–39, and 40–49 min were derived by averaging the values for
the 1st and 2nd 5-min period in each interval. These averaged time epoch data for each rat
were then normalized to the values for the 5-min period following PTZ application.

2.6. Test of Liposome Ability to Sequester Contents in Absence of Stimulation

For this control experiment, designed to test whether a drug will remain in HGN-
liposomes until released by an external trigger, HGN-liposomes containing kainic acid (KA)
were injected into the primary somatosensory cortex of mice at stereotaxic coordinates (AP:
−1.0 mm, ML: +/−1.5 mm, DV: 1.5 mm) in a volume of 1.0 µL. Positive control injections
of KA directly into brain tissue were made in other mice, using a volume of 1 µL in a
concentration of 10 nM. One week after the injection of HGN-liposomes, animals were
perfused with 4% paraformaldehyde and were brains extracted and post-fixed in the same
fixative. Coronal sections (80 µm) using a vibratome (VT1000S; Leica, Wetzlar, Germany)
were prepared and sections divided into four vials. NeuN staining for neuronal nuclei
was performed by Neu-N primary antibody (AB104224; Abcam, Tokyo, Japan) and a
secondary antimouse IgG-conjugated biotin (Invitrogen, Tokyo, Japan). NeuN signals
were enhanced by an avidin–biotin complex method (ABC Elite; Vector Laboratories,
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Tokyo, Japan) and visualized using a metal-enhanced DAB Substrate Kit (#34065; Thermo
Scientific, Tokyo, Japan). Images of sections were obtained using a digital microscope (BZ-
9000; Keyence, Osaka, Japan) and inspected for obvious qualitative signs of neuronal loss.

2.7. Statistical Analysis

For statistical analysis of group differences in the ex vivo wedge experiments, we used
one-way analysis of variance (ANOVA) to test for overall group differences and Tukey’s
multiple comparisons post hoc test for contrasts. For statistical analysis of group differences
in the in vivo experiments, we used general linear model mixed model (GLMM) [30,31]
analysis of data, further dissected by Fisher’s least significant difference post hoc analyses.
In the in vivo experiments GLMM analysis was used, due to the use of multiple control
groups of smaller size.

3. Results

3.1. Induction of Seizure Activity in Three Different Models

Seizure-like activity was reliably induced in all three preparations, as illustrated in
Figure 2. In hippocampal brain slices, repetitive electrical stimulation of Schaffer collaterals
in area CA1 in the presence of high K+, Mg2+-free conditions produced SLEs reliably in six
slices from six animals. An example trace from these slices showing induction of SLEs by
electrical stimulation in hippocampal area CA is shown in Figure 2A.

Figure 2. Example data from experiments showing induction of SLEs in three different models.
(A) Ex vivo hippocampal slice preparation. Trace shows field potentials recorded from area CA1.
Repetitive electrical stimulation (Stim) induced clonic afterdischarges. Vertical and horizontal scale
bars (thick blue lines) show 0.2 mV and 5 s. (B,C). Ex vivo entorhinal cortex grease gap recordings.
(B) Trace shows spontaneous SLE after removal of extracellular Mg2+ from the perfusing ACSF.
Vertical and horizontal scale bars (thick blue lines) show 0.5 mV and 20 s. (C) Longer timescale trace
shows transition of SLE (arrow) to late recurrent discharges (double headed arrow). Vertical and
horizontal scale bars (thick blue lines) show 0.2 mV and 5 min. (D) In vivo anaesthetized animal
preparation. Traces show EEG power spectrum before (Baseline) and after (Post PTZ) application of
PTZ. Frequency (Hz) in D refers to EEG frequency.

In wedges of entorhinal cortex, K+, Mg2+-free solution induced spontaneous SLEs.
These began 40 to 120 min after switching to high K+, Mg2+-free solution. An example
trace of a spontaneous SLE from this set of wedges is shown in Figure 2B. In 20 cases out of
43 wedges from 32 animals (i.e., in 47% of wedges) the SLEs spontaneously transitioned
to faster, shorter, and more continuous LRDs. An example of this transition is shown in
Figure 2C.

129



Pharmaceutics 2022, 14, 468

In the whole animal (Figure 2C,D), PTZ application induced seizure activity, indicated
by a shift in the EEG power spectrum to higher frequencies. In particular, the power in
the 0–1 Hz EEG frequency band, which is normally high under control conditions due to
urethane anesthesia (Figure 2D, Baseline), decreased markedly 5 min after PTZ injection
(Figure 2D, After PTZ). Conversely, the power in the 1–3 Hz EEG frequency band, which is
usually very low at baseline, markedly increased after PTZ, with a prominent peak in the
group average across all 18 animals.

To confirm that the muscimol release from muscimol-containing HGN-liposomes in
normal brain tissue is sufficient to evoke a physiological effect, we used laser stimulation
during whole-cell recording from CA1 pyramidal cells in the presence muscimol-containing
HGN-liposomes in brain slices. Laser exposure caused transient hyperpolarizations of
the membrane potential that were similar to GABAegic inhibitory postsynaptic potentials
(Figure 3A,B). The repeatability and accuracy of the laser-induced release is shown in the
repeated hyperpolarizations induced over multiple stimuli, which showed a distinct time-
course with repeated stimuli (Figure 3C). The membrane potential time course indicates
that the half-life of the electrophysiological effects of muscimol after release from HGN-
liposomes is extremely short, on the order of seconds. Thus, our intracellular recordings of
the timecourse of the response to release of muscimol from HGN-liposomes reveal a rapid,
reversible, and repeatable action, on a timescale of seconds. The effects that we observed of
applying small amounts locally were very fast.

Figure 3. Effects of laser-induced muscimol release on hippocampal CA1 pyramidal neuron mem-
brane potential measured in whole-cell recording, current-clamp mode. (A) Trace shows single
trial example. Laser stimulation (horizontal black bar) induces transient hyperpolarization. Double-
headed arrow indicates amplitude of hyperpolarization measured between baseline and peak average
values. (B) Average of first 10 episodes from same neuron, as in (A). (C) Graph shows absolute value
of group average hyperpolarization responses to first seven laser stimulation episodes (n = 3 animals,
mean ± SEM).

3.2. Amelioration of Seizure Activity by Muscimol Release from Liposomes Ex Vivo

We found that muscimol release from HGN-liposome reduced seizure activity in the
three seizure models. In the hippocampal brain slice, laser stimulation of HGN-liposomes
that did not contain muscimol had no effect on evoked SLEs (Figure 4A). In contrast, in the
presence of muscimol-containing HGN-liposomes, laser stimulation applied at the onset
of the electrical stimulus train blocked the SLEs (Figure 4B). As illustrated in the example
in Figure 4B, this effect was consistently evoked with repeated laser stimulation in the
same slice. Analysis of pooled data across all experiments confirmed that, on average,
the number of epileptiform events per minute was reduced on each occasion that laser
stimulation was applied in the presence of muscimol-containing HGN-liposomes, but not
with control HGN-liposome containing no muscimol (Figure 4C). Laser stimulated release
of muscimol also reduced spontaneous SLE frequency (Figure 4D).
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Figure 4. Effect of laser-stimulated release of muscimol on SLEs recorded in hippocampal area CA1.
(A) No muscimol control. Top traces, two typical responses to electrical stimulation. Lower trace
shows the series of six successive SLE-inducing electrical stimuli on a compressed time scale, from
which the top traces are taken (Scale bars show 0.2 mV and 1 min). Blue arrows show episodes
where only electrical stimulation was applied. Red arrows show episodes where electrical and
laser stimulation was combined. In the presence of liposomes containing no muscimol, repeated
laser stimulation had no effect on electrical stimulation-evoked SLE. (B) Effect of laser-stimulated
muscimol release on SLE. Conventions, as for A, in the presence of muscimol-containing HGN-
liposomes. Note the reduction in electrically-evoked complex spikes after muscimol release. (Scale
bars show 0.2 mV and 1 min). (C) Group average baseline normalized complex spike activity in
control (circles, n = 3 animals) and experimental (squares, n = 3 animals) conditions. (D). Effect of
laser-induced muscimol release (red arrow) on spontaneous SLE. Trace shows example in which
spontaneously occurring complex spikes (thin lines) were eliminated by laser release of muscimol
(red arrow). Scale bars in (A,B,D) show 0.1 mV and 10 s.

Having established the efficacy of laser induced muscimol release from HGN-liposome
for reducing electrical-stimulation induced seizure activity, we then measured the effect of
ultrasound release of muscimol on the frequency of spontaneous SLEs. Figure 5A shows a
representative recording from an entorhinal-wedge expressing spontaneous epileptiform
activity under Mg2+-free conditions. Exposure of the preparation to ultrasound-stimulated
HGN-liposome was associated with a dramatic reduction in SLE frequency. In contrast,
wash-in of unstimulated muscimol-containing HGN-liposomes caused little change. Group
analysis (Figure 5B) revealed an overall effect of treatment (one-way ANOVA, p < 0.0001,
F (2,25) = 21.0). Post hoc tests confirmed a significant reduction in the frequency of
epileptiform activity after the application of ultrasound to the formulation, compared
to both the pre-ultrasound wash in period (p < 0.0001; Tukey’s multiple comparisons post
hoc test) and to the equivalent post-wash in period with no US applied (p = 0.0035). There
was no significant difference between the wash-in and post-wash-in, no US periods.
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Figure 5. Effect of ultrasound-stimulated release of muscimol on SLEs in hippocampal–entorhinal
wedge preparation. (A) Example recording shows typical reduction of seizure activity following
ultrasound stimulation. Blue bar, wash-in period of unstimulated muscimol-containing liposomes.
Red arrow, time of ultrasound stimulation of liposomes in the reservoir supplying ACSF to the tissue
chamber. Red bar, duration of subsequent exposure to solution containing ultrasound stimulated
liposomes. Scale bar, 15 min. (B) Graph shows group mean ± standard error for percent change
of seizure activity (SLE + LRD). Filled circles show individual animal data. Blue circles, wash-in
period data; black circles, post wash-in data from no-ultrasound stimulation controls; red circles,
post wash-in data from ultrasound stimulated slices (US). ** p < 0.01 and *** p < 0.0001, Tukey’s post
hoc comparisons.

3.3. Amelioration of Seizure Activity by Muscimol Release from Liposomes In Vivo

The foregoing experiments indicated that seizure activity could be arrested by release
of muscimol from HGN-liposomes ex vivo. In order to determine whether the treatment
would be effective in vivo, experiments were conducted in anesthetized whole animals
expressing seizure activity induced by PTZ applications. HGN-liposomes were intra-
venously injected and ultrasound stimulation was applied via an extradural collimator
(Figure 1C). Four groups were compared (PTZ, PTZ plus HGN-liposome, US, and PTZ
plus HGN-liposome plus US). The key finding of these experiments concerned the effect of
US-activated release of muscimol on the PTZ-induced seizure signatures in the EEG.

As shown in Figure 6, before any treatment, all groups showed changes in the power
of the EEG post-PTZ (5–9 min period) relative to the pre-PTZ baseline (0 min) in all EEG
frequency bands. In the 0 to 1 Hz EEG band (Figure 6A) there was a decrease, with
increases in the 1 to 3 Hz and 3–5 Hz EEG bands (Figure 6B,C). These effects of PTZ
treatment, reflecting successful generation of the model, were confirmed by statistical
analyses using GLMM procedures, which revealed significant main effects of time in all
bands (0 to 1 Hz, F (1,31) = 63.49, p < 0.001; 1 to 3 Hz, F (1,31) = 177.24, p < 0.001; 3–5 Hz,
F (1,31) = 29.07, p < 0.001, respectively).
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Figure 6. Ultrasound stimulation of liposomes reduces seizure activity in vivo. Line plots show effect
of experimental and control treatments on EEG power measured in different EEG frequency bands. In
all groups PTZ treatment causes a significant difference from pre-treatment measures. (A) * indicates
significant main effect of treatment (p = 0.004) on power measured in the 0–1 Hz EEG band. Post
hoc contrasts showed that the group that received US application to muscimol-containing HGN-
liposomes (PTZ + Musc-HG-Lipo + US, blue line and symbols, n = 8) was significantly different from
all control groups (p < 0.022 in all cases), while there were no differences between the control groups
that received either, application of muscimol-containing HGN-liposome without US application
(PTZ + Musc-HG-Lipo, black line and symbols; n = 3); ultrasound application only with no liposomes
present (PTZ + US, green lines and symbols; n = 4); or PTZ-only with no subsequent manipulation
(PTZ only, red lines and symbols; n = 3). (B) # indicates significant main effect of treatment in 1–3 Hz
EEG band (p = 0.043). In this band the group that received US application to muscimol-containing
HGN-liposomes was significantly different from the group that received US only (p = 0.02) and the
group treated with muscimol-containing HGN-liposomes only (p = 0.026), but the contrast with the
group receiving no treatment did not reach significance (p = 0.126). (C) There was no significant
effect of treatment on power measured in the 3–5 Hz band (p = 0.079). Data are normalized to power
measured over 5 min, following PTZ administration and expressed as percentage change. See text for
details of statistical analysis.

As expected, before treatment there was no significant difference in the effect of PTZ
between rats allocated to receive either US application to muscimol-containing HGN-
liposomes (blue lines and symbols in Figure 6A,B; n = 8); muscimol-containing HGN-
liposome without US application, (black lines and symbols; n = 3); ultrasound application
only, with no liposomes present (green lines and symbols; n = 4); or PTZ-only, with
no subsequent manipulation (red lines and symbols; n = 3); overall ANOVA by EEG
frequency bands (0–1Hz, F (3,31) = 1.97, p = 0.39, 1–3 Hz F (3,31) = 1.94, p = 0.144, 3–5 Hz
F (3,31) = 0.401, p = 0.753), GLMM. This shows that the experimental and control groups
were not significantly different in the way they responded to PTX prior to treatment.
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After treatment, effects differed by group and EEG bands. For the 0–1 Hz EEG band,
in the group that received US application to muscimol-containing HGN-liposomes (blue
lines and symbols in Figure 6A,B; n = 8), the EEG power reverted towards pre-PTZ levels.
In contrast, there was little change over the same time period in the control groups. These
control groups received either, application of muscimol-containing HGN-liposome without
US application, (black lines and symbols; n = 3); ultrasound application only, with no
liposomes present (green lines and symbols; n = 4); or PTZ-only, with no subsequent
manipulation (red lines and symbols; n = 3). Similar effects were seen in the 1–3 Hz band
(Figure 6B). These differential effects led to a visible separation of the traces for the test
group versus the controls. There was no visible effect in the 3–5 Hz band (Figure 6C).
These effects were confirmed by the GLMM analyses of post-PTZ data, which for both 0–1
and 1–3 Hz EEG bands revealed a significant main effect of group (0–1 Hz, F (3) = 5.007,
p = 0.004; 1–3 Hz, F (3) = 2.907, p = 0.043), but not for the 3–5 Hz band (F (3) = 2.387,
p = 0.079). There were no main effects of time, and no significant group x time interactions.
The significant effects were further dissected using Fisher’s least significant difference
post hoc analyses. For the 0–1 Hz band, Group 4 (treatment with muscimol-containing
HGN-liposomes + ultrasound) was significantly different from all other groups (p < 0.022
in all cases), while there were no differences between the other groups. For the 1–3 Hz
band, Group 4 was significantly different from group 2 (US only; p = 0.02) and group 3
(muscimol-containing HGN-liposomes only; p = 0.026), but the contrast with group 1 (no
treatment) did not reach significance (p = 0.126).

3.4. Unstimulated HGN-Liposome Effectively Sequester Bioactive Compounds In Vivo

One of the potential advantages of HGN-liposome drug delivery is that drugs can
be sequestered in the body without activity, until released on demand. That this occurs is
suggested by the lack of effect of infusion of muscimol-containing HGN-liposome in the
absence of ultrasound stimulation (Figures 5 and 6). To further test the ability of the HGN-
liposome used here to sequester bioactive compounds, we loaded HGN-liposome with a
neurotoxin, kainic acid (KA), which causes widespread cell death when injected into brain,
and injected it into the cerebral cortex. Following one week of survival we examined the
effects of the injection on neural tissue. As shown in Figure 7, injection of HGN-liposome
containing KA had no effect (Figure 7B), whereas injection of unencapsulated KA solution
caused damage to neural tissue, indicated by the pale areas in Figure 7C. Together, these
results indicate that the HGN-liposome used here are able to sequester drugs until release
is triggered.

Figure 7. Liposomes effectively sequester drugs in vivo. (A) Transverse section of brain stained for
cell bodies (NeuN), showing injection sites of KA-containing liposomes (left) and unencapsulated
KA solution (right). Red rectangles show location of enlarged images in (B,C). Scale bar, 1 mm. (B,C).
Enlargements of sites shown in (A). Dashed lines indicate injection tracks. Scale bar 100 µm.
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4. Discussion

The main finding of this study was that on-demand release of muscimol using a
HGN-liposome drug delivery system effectively reduced seizure activity in ex vivo and
in vivo experimental models. In brain slices, patch-clamp recordings from hippocampal
pyramidal cells showed that laser-triggered release of the GABA agonist muscimol from
HGN-liposome caused hyperpolarization of the membrane potential and blockade of action
potentials. This remotely-controlled release of muscimol also arrested seizure activity (SLEs,
LRDs) in the hippocampus and entorhinal cortex wedges. In anaesthetized animals, in vivo
US stimulation of previously intravenously injected HGN-liposomes caused attenuation
of PTZ-induced SLEs, observed as increased power in the high frequency spectrum of
the EEG. Finally, HGN-liposomes protected brain tissue from damage by intra-liposome
neurotoxin for at least one week, demonstrating effective containment. Together, these
findings demonstrate the potential for effective reduction of seizure activity in vivo, with
reduced toxicity, by remotely controlled release of drugs sequestered in HGN-liposome.

We used muscimol in these proof-of-concept experiments, rather than approved
medications, for several reasons. First, we were aiming for immediate seizure suppression,
on demand, and focally at the site of seizure generation. Muscimol is both potent and
rapidly-acting, thus is suitable for this approach. As shown in the present paper, and
earlier studies [12–15], muscimol is immediately effective in attenuating seizures when
applied locally at the site of the seizures. In contrast, the approved drugs are optimized
for systemic treatment with minimal side effects, require several dosing cycles to make
them effective at stopping seizures, and do not act as quickly when locally applied. Thus,
because they are not optimal for local application and generally effective given systemically,
there is less value in using them in HGN-liposome delivery. Second, about one-third of
people with epilepsy have seizures refractory to systemic pharmacotherapy with approved
medications [32]. For these people in particular, new approaches are needed. Third, as noted
by Gernert [32], targeted intracranial delivery, by providing higher drug concentrations in
localized target regions, and lower concentrations in other brain or peripheral areas, allows
the use of drugs that are otherwise unsuitable for systemic administration because of their
toxicity or poor uptake into the brain. Since intracranial delivery of muscimol, in small
quantities, has been shown to be safe in previous studies [11–15,18–20], we used it as a test
of the delivery system.

In the present study, we used laser stimulation to cause release of muscimol from
HGN-liposomes in brain slices. Several previous studies have established that substances
can be released from HGN-liposome nanostructures on a rapid timescale by laser stim-
ulation in non-biological assays [27,33–35]. These studies demonstrated the feasibility
of drug delivery on a rapid timescale using laser stimulation. We have also previously
shown that release and dosage can be controlled by varying the number and intensity of
femtosecond pulses of light [27]; and, furthermore, that on-demand release of different
neurochemicals and drugs from HGN-liposome in live brain tissue has rapid, repeatable,
and reliable physiological effects [28]. However, at present, laser-stimulated release from
HGN-liposomes is not suitable for in vivo use, because light does not penetrate far through
the skull or brain parenchyma, and miniature femtosecond pulsed lasers are not available
for chronic implantation. On the other hand, focused US can be transmitted through the
skull and brain tissue. Recent work has demonstrated the feasibility of US-stimulated
release of drugs from liposomes in vivo [2]. We have also shown that in vitro, US can evoke
multiple release events of a constant amount over 25 individual applications [6]. The
present study extends this work, by showing that transcranial US-stimulation, both ex
vivo and in vivo, can cause sufficient release of muscimol from HGN-liposomes, to arrest
ongoing seizure activity.

Our intracellular recordings of the timecourse of the membrane potential hyperpo-
larization show that the timecourse of the inhibitory effect of muscimol after release from
HGN-liposomes is extremely short, on the order of seconds. This finding is consistent with
previous reports of rapid, subsecond to second clearance of other neurotransmitters such

135



Pharmaceutics 2022, 14, 468

as dopamine [27] and glutamate [28], measured after release from laser-stimulated HGN-
liposomes. The amount of release and, hence, peak concentration of the drug obtained with
each stimulation is linearly related to duration and intensity for both laser [27] and US [6]
stimulation. Since only a small percentage of content is released with each stimulus, dose
can be titrated against clinical effect by increasing intensity or duration of stimulation, and
terminated immediately by turning off stimulation. These properties of the drug delivery
system provide a means for precise control over drug actions.

The very small quantities of muscimol contained in, and released from, HGN-liposomes
are unlikely to cause adverse effects. The amount of muscimol needed to produce thera-
peutic effects by local application in the brain is small compared to the amount that would
cause side effects after diffusion into the cerebrospinal fluid and distribution throughout
the bloodstream. Studies in non-human primates showed that administration of muscimol
into the subarachnoid space suppressed seizures locally, but otherwise led to no detectable
levels of muscimol in blood or cisternal CSF [15]. Delivery of 1.0–2.5 mM muscimol into
the neocortex of rodent and nonhuman primate models has been shown to have powerful
antiepileptic effects, without adverse effects on the animal’s behavior [13,36]. Muscimol
is metabolized in the brain and periphery and excreted in the urine in roughly equal
proportions as unchanged muscimol, a cationic conjugate, or an oxidation product [9,37].
Experiments with [3H] muscimol showed that it rapidly disappears from the blood [8].

The biocompatibility, distribution and eventual fate of the liposome constituents and
HGNs is less clear and possibly more of a concern than the distribution of muscimol. After
intravenous injection liposomes in circulation might be sequestered in liver or spleen. They
might also cause immune reactions peripherally or cellular changes after crossing the BBB.
Some of the pitfalls have been reviewed recently [38]. Gold, the constituent of the HGN
component, has been used medically in ionic form in the treatment of human rheumatoid
arthritis, and the literature concerning adverse reactions to ionic gold has been reviewed
recently [39]. In rats, gold nanoparticles were found to be biocompatible and relatively
innocuous after intravenous injection, but the highest accumulation was in spleen and
lowest in brain [40]. Laser-synthesized gold nanoparticles are considered to be purer and
safe for biomedical applications [41], without causing liver damage. However, studies
of gold nanoparticle effects in mice have revealed an increased rate of abortion and fetal
abnormalities if given in the early pregnancy [42]. Reviews of this topic highlight the
limited available evidence and need for more knowledge concerning the toxicity of HGN
after injection [43]. Excretion of accumulated particles from the liver and spleen can take
up to 3 to 4 months, indicating that further studies of the toxicity of HGNs are needed.

Even if biocompatibility issues can be overcome, clinical application of muscimol-
containing HGN-liposomes will not be feasible until future technological developments
provide a practical means to infiltrate them into the brain parenchyma. In the present study,
HGN-liposomes may have gained access to the brain as a result of the seizure activity
itself [44], or by momentary disruption of the BBB by the US stimulation, allowing liposome
penetration [45]. The combination of systemic injection of HGN-liposomes with focal US
stimulation might, thus, achieve a high local concentration of muscimol in the brain or brain
vasculature, with relatively low concentration in the periphery, due to encapsulation within
liposomes and dilution of the cerebrally released muscimol. However, procedures such as
carotid or intracerebral injections, as used in the present study, are invasive neurosurgical
procedures that might only be considered in intractable drug resistant epilepsy [32]. For
routine use, less invasive methods will be required to move HGN-liposomes across the
BBB and into the brain. Trojan horse liposomes (THLs) may be a future possibility. THLs
are pegylated liposomes with a receptor-specific monoclonal antibody targeted to recep-
tors that can transport liposomes across the blood–brain barrier, such as the transferrin
receptor [46,47]. The antibody is conjugated to the surface of the THL and the transferrin
receptor ferries the liposome across the BBB. Further work is needed to determine if HGN-
liposomes can be transported intact from the blood into the brain by hijacking existing
transport mechanisms.
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To be considered as a possible treatment, liposomes injected in vivo must also retain the
ability to release their contents over a useful time period following administration. Previous
work measuring release in brain slices from previously injected animals has shown that
liposomes retain their ability to repeatedly release drug after one week in vivo [28]. Further
work is needed to determine the time course over which liposomal nanostructures remain
intact and responsive to ultrasound stimulation after injection in vivo. Another challenge
is to minimize leakage from liposomes, while preserving the ability to trigger release. In
the current work, we show that the HGN-liposomes successfully encapsulated KA and
could be injected into the brain and remain there for one week, without causing damage to
surrounding tissue. Leakage can be minimized by increasing the stability of the liposome
formulation. However, there is a trade-off between the stability of liposomes and sensitivity
to stimulation, which requires systematic study to arrive at optimal formulations.

Ideally, treatment for epilepsy should prevent seizures before they occur. However,
in one third of patients existing treatments are not effective in preventing seizures, and
treatment-resistant epilepsy is associated with significant morbidity and mortality [48,49].
Existing technology is not yet capable of predicting seizures with clinically useful reliability.
However, the technology for seizure detection already exists. For example, Kim et al. [50]
concluded from a review of the literature that ‘ . . . the state-of-the-art seizure detection
system performance is sufficient to build a robust and reliable wearable device that could
be used for daily seizure monitoring and classification.’ What is needed, therefore, is
a means to deliver the drug immediately on the first sign of a seizure. Here we aimed
to demonstrate proof of principle that seizures can be arrested almost instantaneously
provided HGN-liposomes are preloaded in the brain. However, the practical use of this
approach will require the future development of tools for applying US or laser stimulation
in an ambulatory patient setting, as well as new technology for infiltrating the HGN-
liposomes into the brain. Extensive studies of pharmacokinetics, pharmacodynamics, and
toxicity will also be needed to determine the utility and safety of the technology in humans.

5. Conclusions

The present experiments demonstrated that the HGN-liposome formulation we have
developed is able to encapsulate and contain muscimol, and release it in the brain in
response to femtosecond laser or US stimulation. Release is rapid and immediate, causing
fast and repeatable hyperpolarizations of neurons, similar to physiological inhibitory
postsynaptic potentials. In ex vivo seizure models, stimulation of muscimol loaded HGN-
liposomes caused immediate suppression of spontaneous and electrically-evoked seizure
activity. Experiments also showed that ultrasound stimulation applied to the brain through
the dura attenuated seizure activity induced by PTZ in rats given intravenous injection
of muscimol-loaded HGN-liposomes. We also showed that intracerebrally injected HGN-
liposomes loaded with toxic concentrations of KA did not cause damage to surrounding
tissue. Thus, we demonstrated the feasibility of precise temporal control over exposure of
neurons to the drug, potentially enabling therapeutic effects without continuous exposure.
Overall, these findings suggest that HGN-liposomes combined with ultrasound triggering
have potential for the development of innovative treatment strategies for neurological
disorders, using on-demand release of pharmaceuticals.

The present study focused on epileptic seizures in particular, because of the challenges
of long-term treatment with systemic antiepileptic drugs, and the large number of patients
with drug-resistant epilepsy. The ability to deliver high concentrations of drug to target
areas on demand, while keeping drug concentrations low at other sites and times may
enable the use of drugs that are effective when applied locally, but unsuitable for systemic
use, because of their effects on other systems. Muscimol is one example of such a drug,
which has been found unsuitable for systemic application, but potentially effective when
applied locally. For such applications, the development of technology to move HGN-
liposomes across the BBB and anchor them with the brain parenchyma would be necessary.
Further work is needed to determine the utility and safety of the technology in humans,
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particularly concerning the pharmacokinetics, pharmacodynamics, and toxicity of HGN-
liposomes and their constituents. Technology for detection of seizures and application of
US stimulation in ambulatory patients will also be needed. If these problems can be solved,
HGN-liposomes have the potential to be developed into a new treatment for responsive
forms of epilepsy.
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suspensions indicating the hydrodynamic diameter of HGNs, Figure S2: Typical UV-vis spectrum of
a HGN suspension showing maximum absorbance around 750–800 nm, Figure S3: DLS of typical
liposome suspensions indicating their size distributions, Figure S4: DLS indicating the hydrodynamic
diameter of HGNs, liposomes, and HGN-liposome conjugate suspensions, and Figure S5: Cryo-TEM
of HGN-liposome conjugates at different tilt angles.
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Abstract: To date there is no cure for Parkinson’s disease (PD), a devastating neurodegenerative
disorder with levodopa being the cornerstone of its treatment. In early PD, levodopa provides a
smooth clinical response, but after long-term therapy many patients develop motor complications.
Tolcapone (TC) is an effective adjunct in the treatment of PD but has a short elimination half-life. In
our work, two new controlled delivery systems of TC consisting of biodegradable PLGA 502 (poly
(D,L-lactide-co-glycolide acid) microparticles (MPs) and nanoparticles (NPs) were developed and
characterized. Formulations MP-TC4 and NP-TC3 were selected for animal testing. Formulation
MP-TC4, prepared with 120 mg TC and 400 mg PLGA 502, exhibited a mean encapsulation efficiency
(EE) of 85.13%, and zero-order in vitro release of TC for 30 days, with around 95% of the drug
released at this time. Formulation NP-TC3, prepared with 10 mg of TC and 50 mg of PLGA 502,
exhibited mean EE of 56.69%, particle size of 182 nm, and controlled the release of TC for 8 days.
Daily i.p. (intraperitoneal) doses of rotenone (RT, 2 mg/kg) were given to Wistar rats to induce
neurodegeneration. Once established, animals received TC in saline (3 mg/kg/day) or encapsulated
within formulations MP-TC4 (amount of MPs equivalent to 3 mg/kg/day TC every 14 days) and NP-
TC3 (amount of NPs equivalent to 3 mg/kg/day TC every 3 days). Brain analyses of Nissl-staining,
GFAP (glial fibrillary acidic protein), and TH (tyrosine hydroxylase) immunohistochemistry as well
as behavioral testing (catalepsy, akinesia, swim test) showed that the best formulation was NP-TC3,
which was able to revert PD-like symptoms of neurodegeneration in the animal model assayed.

Keywords: tolcapone; microparticles; nanoparticles; PLGA; Parkinson’s disease

1. Introduction

Parkinson’s disease (PD) represents the second most prevalent neurodegenerative
disorder in the elderly population after Alzheimer’s disease. PD is a disabling progressive
disorder presenting tremors, slow movements, stiffness, and postural instability as the
neurodegeneration progresses [1]. The incidence of PD is rapidly increasing, it being
estimated that it is the fastest growing neurodegenerative disease worldwide [2].

Over the last decades, the main treatment for PD in monotherapy is based on the
administration of levodopa, which in the early stages of the disease provides a smooth
clinical response. However, after a few years of treatment many PD patients develop
motor complications. Regarding complex PD in which patients suffer from moderate to
severe disability and cognitive impairment, it can be treated with combination therapy
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including catechol-O-methyltransferase inhibitors (ICOMTs), along with dopamine (DA)
precursors [3].

COMT is a selective and widely distributed enzyme involved in the catabolism of
levodopa, with tolcapone (TC) being a selective and potent COMT inhibitor able to slow
down levodopa metabolism thereby leading to a prolongation of its effect [4]. TC inhibits
COMT activity, in both the brain and the peripheral tissues [5], and has been approved as
an adjunctive therapy for PD patients who are treated with levodopa/carbidopa.

Although several years ago rare reports of severe hepatotoxicity limited its use, a
reappraisal of the data for TC in PD has determined that this risk is very small if proper
hepatic monitoring is conducted [4]. Moreover, various studies on TC have indicated
that the drug may have a wider safety window than previously believed [6,7]. Current
recommendations indicate the need to perform tests on liver function before starting the
patient on TC and avoiding its use in patients with impaired liver functionality. According
to the European Medicines Agency (EMA), EMEA/H/C/000132 [8], in any case, once
patients begin treatment with TC, their liver function should be monitored.

TC has a short elimination half-life of around 1.6 to 3.4 h [9,10], with the area under the
plasma concentration vs. time curve being dose-dependent [11]. After oral administration,
the overall bioavailability of TC is around 65%, the usual dosage schedule being t.i.d. (three
times a day). These frequent dosing intervals have an important impact on adherence
thereby, resulting in less effective treatments for the disease. It should also be noted that
poor treatment adherence/compliance can be a very important problem when managing
chronic diseases such as PD.

For this, the development of controlled release systems can significantly minimize
poor patient compliance as dosage intervals can be extended. In this regard, polymeric
micro- and nano-systems prepared with biocompatible and biodegradable polymers such
as PLGA may enable achieving sustained drug release at the targeted site over long periods
of time.

The potential applications of MPs and NPs for PD therapy have been explored in the
last few years for different drugs, such as levodopa [12,13], rasagiline [14,15], puerarin [16],
schisantherin A [17], glial cell line-derived neurotrophic factor (GDNF) [18], ropinirole [19],
and apomorphine [20].

Due to their sizes ranging from 1 to 1000 µm microparticles (MPs), they are unlikely
to cross most biological barriers; however, they present the possibility to accurately control
the release rate of the encapsulated drugs over long periods of time (hours to months),
thereby facilitating less frequent dosing intervals.

The blood brain barrier (BBB), due to the tight junctions between the endothelial
membranes, represents the main obstacle for drugs to enter the CNS. To overcome this fact,
polymeric nanoparticles (NPs) are being extensively investigated for their potential use
in neurodegenerative diseases as they can facilitate the passage of drugs across the BBB.
NPs are sub-micrometer-sized carrier materials designed to improve the biodistribution
of encapsulated agents by delivering them more selectively and effectively to the target
site [21–23].

In our study, two new drug delivery systems are developed for TC, consisting of
PLGA microparticles and nanoparticles. After characterization, the best formulations are
evaluated in a rotenone-induced animal model of PD.

2. Materials and Methods

2.1. Materials

Tolcapone (TC) was obtained from Jinan Haohua Industry Co., Ltd., (Jinan Hao-
hua Industry Co., Ltd., Jinan, China); the neurotoxin rotenone (RT) was obtained from
Sigma-Aldrich (Madrid, Spain); PVA (polyvinyl alcohol) of Mw = 72 kDa was purchased
from Merck (Madrid, Spain); and the polymer PLGA (poly (D,L-lactide-co-glycolide acid)
Resomer® RG 502 (ratio 50:50 with inherent viscosity of 0.2 dL/g) was obtained from
Evonik Industries (Darmstadt, Germany). The other reagents/solvents used were of ana-
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lytical grade and obtained from Panreac (Madrid, Spain). Purified water from a Milli-Q
filtration system (Merck Millipore, Burlington, MA, USA) was employed in the preparation
of solutions/buffers.

2.2. Preparation of TC-Loaded Microparticles

The method used for the preparation of TC microparticles was that of solvent extraction–
evaporation from an O/W emulsion. For this, 400 mg of polymer PLGA 502 were weighed
and dissolved in 1.5 mL of dichloromethane (DCM) with vortex stirring for 2 min. A fixed
amount of TC (70–120 mg) (Table 1) was added to this solution and stirred for 2 min until
a homogeneous mixture of the active ingredient was obtained. The dispersion formed
was added to 10 mL of 1% PVA and homogenized with a polytron at 5000 rpm for 3 min
until the emulsion was formed. Then, the emulsion was transferred to a beaker containing
50 mL of 0.1% PVA solution and kept with gentle agitation for 3 h at room temperature
until complete evaporation of the organic solvent. The microspheres were then filtered
through 0.45 µm filters and washed with Milli-Q water. Finally, the microparticles were
freeze-dried to remove the remaining moisture. All batches of microparticles were prepared
in triplicate (Table 1).

Table 1. Formulations prepared. MP (microparticles). NP (nanoparticles). TC (tolcapone). EE
(encapsulation efficiency).

Formulation Amount of TC (mg) Process Yield (%) ± SEM EE (%) ± SEM Mean Particle Size ± SEM

MP-TC1 70 62.33 ± 15.10 73.92 ± 10.17 27.73 ± 2.59 µm
MP-TC2 80 78.30 ± 11.96 79.63 ± 3.55 23.05 ± 3.53 µm
MP-TC3 100 84.58 ± 5.75 83.17 ± 4.82 16.35 ± 0.10 µm
MP-TC4 120 87.69 ± 7.04 85.13 ± 2.08 17.00 ± 0.04 µm
NP-TC1 6 55.78 ± 16.87 56.16 ± 4.65 197.39 ± 43.19 nm
NP-TC2 8 75.28 ± 5.73 55.99 ± 21.41 202.08 ± 48.70 nm
NP-TC3 10 70.35 ± 14.19 53.69 ± 9.09 182.59 ± 23.94 nm
NP-TC4 12 73.29 ± 4.50 46.16 ± 5.99 210.20 ± 7.92 nm

2.3. Preparation of TC-Loaded PLGA Nanoparticles

Tolcapone nanoparticles were prepared by the nanoprecipitation technique [24], which
requires low energy, allowing for the use of an organic solvent such as acetone with better
toxicity profile than others [25]. The amount of PLGA 502 used in the preparation of all
NPs formulations was 50 mg, and that of TC ranged from 6 mg to 12 mg (Table 1). For
this procedure, both the drug (TC) and the polymer (PLGA 502) were dissolved in acetone
(4 mL) under agitation (2 min). Then, the solution obtained was added to 0.5% PVA (12 mL)
under constant agitation (15 min) to form the NPs. To completely remove the organic
solvent, the suspension was evaporated for 2 h at 25 ◦C and 70 mBar in a Büchi rotavapor-R
(BÜCHI Labortechnik AG, Flawil, Switzerland). The resulting suspension was washed
with Milli-Q water and centrifuged (Avanti J-301, Beckman Coulter Inc., Brea, CA, USA) at
15,000× g rpm to eliminate all PVA. Liophillization of the dispersed solution obtained was
performed for 24 h, employing 3% sucrose as a cryoprotectant agent (Lyo Quest®, Telsta
Technologies S.L, Barcelona, Spain).

2.4. Characterization of Microparticles and Nanoparticles

2.4.1. Morphological Characterization and Size Distribution

SEM (scanning electron microscopy) was used to analyze the morphology of the
microparticles (MPs) and nanoparticles (NPs) in a JEOL JEM 6335F system (Jeol Ltd.,
Tokyo, Japan). For this procedure, samples were coated with colloidal gold applied in
a cathodic vacuum evaporator. SEM analysis was carried out at 20 KV. Moreover, laser
diffraction measurements were carried out in a Microtrac-S3500 analyzer (Micro-trak Inc.,
Largo, FL, USA) to estimate mean diameters and size distributions of MPs and NPs.
Before each measurement, the lyophilized samples were suspended in Milli-Q water and
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sonicated for 30 s to avoid clumping. Data were expressed as mean diameter and standard
deviation (SD).

2.4.2. Calculation of Process Yield and Encapsulation Efficiency

Estimation of encapsulation efficiency (EE%) was performed according to the ratio
between the amount of TC encapsulated within the MPs/NPs and the amount of TC used
in their preparation according to the following equation:

EE% = amount of TC encapsulated within MPs/NPs(mg) × 100/initial
amount of TC used in the preparation of MPs/NPs (mg)

The ratio between the weight of MPs/NPs obtained after preparation and the weight
of drug/polymer used was employed for estimating process yield (%).

To determine the amount of TC incorporated within the MPs/NPs, the following
procedure was used: 10 mg of MPs/NPs were weighed, to which 1 mL of DCM and 16 mL
of ethanol were added to precipitate the polymer. Then, samples were centrifuged at
3000× g rpm for 5 min. The supernatant obtained after centrifugation at 5000× g for 5 min
was then filtered through 0.45 mm filters and analyzed by an HPLC method previously
validated by the authors.

2.4.3. Quantification of Tolcapone by HPLC

Quantification of TC was performed by high-performance liquid chromatography
(HPLC). The apparatus consisted of an HPLC Waters chromatograph with a model 510 pump,
a model 1490 E UV detector, a 717 auto sampler, and an Empower Login HPLC System
Manager Software (Waters Corporation, Milford, MA, USA). A Mediterranean C18 column
(5 µm, 250 mm × 4 mm) (Teknokroma S. Coop., Barcelona, Spain) was used. The mobile
phase was composed of phosphate buffer:acetonitrile (30:70, v/v). The 0.05 M phosphate
buffer was prepared from monobasic potassium phosphate (KH2PO4) and adjusted to pH 2
with phosphoric acid. Before use, the mobile phase was filtered through 0.45 µm filters and
degassed. The flow rate was 1 mL/min and the injection volume was 20 µL. For analysis, a
wavelength of 268 nm was used with the sensitivity adjusted to 0.250 aufs. All analyses
were performed at 25.0 ± 0.5 ◦C. The method was linear within the concentration range of
0.5–20 µg/mL, with a limit of detection (LOD) of 0.12 µg/mL and limit of quantification
(LOQ) of 0.36 µg/mL.

PLGA did not interfere with the chromatographic method.

2.4.4. Zeta Potential

A Laser-Doppler anemometry with a Malvern Zetasizer (Malvern Panalytical, Malvern,
UK) was employed for measuring the zeta potential of the NPs. Analyses were carried
out at 25 ◦C in aqueous medium with the effective voltage set at 150 V. Briefly, an exact
amount (5 mg) of each formulation was placed in a flask, diluted with distilled water
(50 mL), and sonicated for a period of 5 min. For zeta potential estimations, each sample
was placed in a capillary cell (Cell Enhances Capillary®, Malvern Panalytical, Malvern,
UK). All formulations were analyzed in triplicate.

2.4.5. In Vitro Release Study

In vitro release of the drug (TC) from all the formulations developed (MPs and NPs)
was performed by suspending 20 mg of each formulation in PBS (3 mL). The tests were
carried out in a water bath (Memmert, Schwabach, Germany) kept at 37 ± 0.2 ◦C and
constant agitation (100 rpm). At pre-fixed times, all sample volume was withdrawn and the
supernatant was removed and filtered through 0.45 µm filters for MPs. For NPs, samples
were ultracentrifuged at 15,000 rpm for 20 min and filtered through 0.05 µm filters. The
volumes withdrawn were then replaced with fresh medium. Tests lasted 42 days for MPs
and 27 days for NPs. Quantification of TC was performed by direct spectrophotometry at
266 nm. In vitro release tests were carried out in triplicate.

144



Pharmaceutics 2022, 14, 1080

2.5. Animal Testing

Animal experiments were carried out in male Wistar rats weighing 180–220 g and ob-
tained from Harlan (Harlan France SARL, Gannat, France). Animal experiments complied
with the 3R principles (reduction, replacement, and refinement). Animals were housed at
22 ± 2 ◦C under normal laboratory conditions on a standard light–dark cycle. Food and
water were supplied ad libitum. To minimize pain and discomfort, all adequate measures
were taken with efforts made to minimize the number of animals used. All experimental
procedures were approved by the Ethics Committee for animal testing of the Universidad
Complutense de Madrid (permit number PROEX: 14/18) and carried out according to the
Spanish RD 1201/2005 regarding the care and use of experimental animals.

2.5.1. Treatments and Animal Groups

The neurotoxin rotenone (RT) was given intraperitoneally (i.p.) to the animals dis-
solved in sunflower oil [26]. The following animal groups were included in the study:

- Group 1 (G1): Control group. Animals (n = 8) receiving the vehicles; sunflower oil
(subgroup G1A, n = 4) or saline (subgroup G1B, n = 4).

- Group 2 (G2): Animals (n = 8) receiving only the neurotoxin RT (2 mg/kg/day) for
43 days.

- Group 3 (G3): Animals (n = 8) receiving RT (2 mg/kg/day) for 43 days and the amount
of MPs equivalent to 3 mg/kg/day of TC every 14 days from day 15.

- Group 4 (G4): Animals (n = 8) receiving RT (2 mg/kg/day) for 43 days and the amount
of NPs equivalent to 3 mg/kg/day of TC every 3 days from day 15.

- Group 5 (G5): Animals (n = 8) receiving RT (2 mg/kg/day) for 43 days and TC in
saline (3 mg/kg/day) from day 15.

Doses assayed were chosen based upon previous experiments carried out in our
laboratory. For this, appropriate amounts of MPs/NPS adapted to animal weight and
encapsulation efficiency were injected i.p. MPs/NPs were dispersed in saline for adminis-
tration. After 44 days, animals were sacrificed by decapitation with a guillotine.

2.5.2. Body Weight Evaluation

On pre-established times (1, 5, 10, 14, 20, 26, 30, 35, 40, and 44 days) animals were
weighed to determine changes occurring throughout the study.

2.5.3. Behavioral Testing

Catalepsy test. This test consists of placing the animal in an unusual posture and then
recording the time taken for the animal to correct this posture. In our study, both the
“grid test” and the “bar test” were performed to measure catalepsy. Catalepsy tests were
performed on days 16, 25, 35, and 44 of the study. After a period of adaptation to the test,
animals were placed either on a bar (bar test) situated 10 cm above and parallel from a
horizontal base or hung by all four paws (grid test) on a vertical grid (25.5 cm × 44 cm).

For the bar test, latency with removal of the paw was recorded. For the grid test, the
time (latency) needed for the animal to make the first move was recorded. The maximum
descent latency was established at 180 s. Catalepsy tests were performed in triplicate.

Akinesia test. This test estimates the delay taken for the animal to initiate a movement,
also giving information regarding the upper limb motor function. Akinesia test was carried
out on days 16, 25, 35, and 44 by estimating the latency in seconds required for the animals
to move all four limbs. When latency surpassed 180 s the test was terminated. Before
initiating the experiments, animals were adapted to the procedure by placing them for
5 min on an elevated (100 cm) platform (100 × 150 cm). Akinesia tests were carried out
in triplicate.

Swim-test. Swimming scores were obtained on days 16, 25, 35, and 44 of the study. The
procedure used is that of Haobam et al. [27] with minor modifications. For this, animals
were placed in warm water tubs (27 ± 2 ◦C). The following swim-scores were used: score 0
(hind part sinks with head floating), score 1 (occasional swimming using hind limbs while
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floating on one side), score 2 (occasional swimming/floating), and score 3 (continuous
swimming). Tests were carried out in triplicate.

2.5.4. Histochemical Assessments

Brain processing. At the end of the study (44 days), animals were decapitated using
a guillotine. Brains were removed, frozen on dry ice, and stored at −80 ◦C until analysis.
Coronal brain sections (30 µm thick) at the level of striatum and substantia nigra were ob-
tained by means of a cryostat (Leica CM1850, Leica Biosystems Nussloch GmbH, Nußloch,
Germany). All brain slices were thaw-mounted onto Superfrost Plus slides (Thermo Fisher
Scientific, Dreieich, Germany), dried at 36 ◦C on a hot plate, and then kept frozen at −80 ◦C.

Nissl-staining. For this test, brain samples were fixed with 4% formaldehyde prepared
in PBS at pH 7.4. Samples were washed twice with phosphate buffer and submerged in
0.5% cresyl violet acid solution for 30 min. Samples were then washed with distilled water
and dehydrated in graded ethanol solutions (70%, 95%, and 100%). Finally, all samples
were cleared in xylene (twice, 5 min each) and coverslipped with DPX mounting medium
(dibutyl phthalate in xylene) (Sigma-Aldrich, Madrid, Spain). Images of the substantia
nigra were obtained by means of a DFC425 digital camera (Leica Biosystems Nussloch
GmbH, Nußloch, Germany) coupled to a light microscope (Leitz Laborlux S microscope,
Leica Biosystems Nussloch GmbH, Nußloch, Germany).

TH immunohistochemistry. A 1:500 dilution of the TH (tyrosine hydroxylase) antibody
(Sigma-Aldrich, Madrid, Spain) was added to the samples once fixed, permeabilized
with 0.1% Tween 20 in TBS (tris buffered saline), washed, and blocked. After overnight
incubation at 4 ◦C, all slides were washed with TBS/0.1% Tween 20 (3 × 5 min at RT),
and then the corresponding secondary FITC (fluorescein isothiocyanate)-labeled antibody
(dilution 1:500; Sigma-Aldrich, Madrid, Spain) was added. Thereafter, samples were
incubated for 2 h at RT, washed, and mounted with Mowiol aqueous medium. Images were
obtained by means of a fluorescence microscope (Leica DM 2000LED, Leica Biosystems
Nussloch GmbH, Nußloch, Germany). Digital images were captured using the FITC filter
(Leica DFC 3000G, Leica Biosystems Nussloch GmbH, Nußloch, Germany).

GFAP immunohistochemistry. Glial fibrillary acidic protein (GFAP) immunohistochem-
istry was carried out as reported by Garcia-Garcia et al. (Garcia-Garcia et al., 2015). For this,
samples were fixed with 4% formaldehyde, washed, permeabilized in TBS/0.1% Tween 20,
and blocked in 5% albumin dissolved in TBS. Overnight incubation was carried out at 4 ◦C
with a fluorescent anti-GFAP antibody conjugated with a 1:500 dilution of the Cy3 cyanine
dye (Sigma-Aldrich, Madrid, Spain). With this procedure, there is no need for a secondary
antibody. The unbound antibody was eliminated by washing the samples. Finally, brain
slices were coverslipped with Mowiol mounting medium. Images were observed using a
fluorescence digital camera (Leica DFC 3000G, Leica Biosystems Nussloch GmbH, Nußloch,
Germany) coupled to a microscope (Leica DM 2000LED, Leica Biosystems Nussloch GmbH,
Nußloch, Germany) using the tetramethylrhodamine isothiocyanate (TRITC) filter.

2.6. Statistical Analysis

One-way ANOVA was used for analysis, with statistical significance defined as p < 0.05
with data obtained from the experiments expressed as mean ± standard error of the
mean. All statistical analyses were performed with the Statgraphics® Plus v.5.1 software
(Statistical Graphics Corporation, Warrenton, VA, USA). Results from the animal behavioral
tests were analyzed by means of non-parametric analyses (multifactorial Kruskal–Wallis
one-way ANOVA).

3. Results and Discussion

Controlled drug delivery systems are very interesting approaches when dealing with
active compounds exhibiting short elimination plasma half-lives, non-specific biodistri-
bution, and off-site toxicities as they can facilitate the access of drugs to their specific
target sites. When targeting to the CNS, there is a growing interest in the development of
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micro- and nano-based systems for improving the pharmacological and therapeutic proper-
ties of conventional drugs, increasing dosage intervals and reducing adverse peripheral
side-effects.

In this work, we have developed two new controlled release systems (microparticles
and nanoparticles) for tolcapone (TC) using PLGA 502 as a polymer. PLGA, a copolymer
of poly lactic acid (PLA) and poly glycolic acid (PGA), is approved by the FDA [28]
and the EMA [8] for its use in pharmaceutical products administered to humans via
conventional oral and parenteral routes as well as suspension formulations for implantation
without surgical procedures [29], due to its biocompatibility and biodegradability, long
clinical experience, favorable degradation characteristics, and possibilities for sustained
drug delivery. After administration, PLGA yields to glycolic and lactic acids, which are
rapidly cleared from the body after entering the Krebs’ cycle to be degraded into CO2 and
H2O [30,31].

Several TC-loaded PLGA formulations of microparticles (MPs) have been prepared
with different amounts of TC ranging from 70 mg to 120 mg (Table 1, formulations MP-TC1
to MP-TC4). Mean values of process yield for all TC-loaded PLGA MPs ranged from
62.33 ± 15.10% to 87.69 ± 7.04%. Encapsulation efficiency (EE) increased with the amount
of TC used (70 to 120 mg), with the highest value obtained for the formulation prepared
with 120 mg of TC (85.13 ± 2.08%) (Table 1). A successful microparticle system should have
a high drug-loading capacity in order to reduce the number of MPs administered, thereby
reducing the amount of polymer given.

Mean particle sizes ranged from 16.35 ± 0.10 µm to 27.73 ± 2.59 µm, being in all cases
lower than 35 µm (Table 1). From the results obtained, formulation MP-TC4 was selected
to perform further studies. This formulation was prepared with 120 mg of TC and presents
an EE of 85.13% and mean particle size of 17.00 µm. Figure 1a shows microphotographs of
formulation MP-TC4 and its particle size distribution (DLS image).

(a) (b) 

Figure 1. SEM microphotograph of TC-loaded PLGA MPs (formulation MP-TC4) and particle size
distribution (a). SEM microphotograph of TC-loaded PLGA NPs (formulation NP-TC3) and particle
size distribution (b). TC (tolcapone).

In our work, we have also developed several TC-loaded PLGA formulations of NPs
using different amounts of the drug (Table 1, formulations NP-TC1 to NP-TC4). Taking
into consideration the importance of particle size and size distribution regarding drug
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loading capacity, drug release, and stability of NPs as well as regarding their biological fate
within the body, toxicity, and targeting ability, we have determined mean particle sizes of
NPs by means of dynamic light scattering (DLS) (Table 1). For all formulations prepared,
the mean particle size was around 200 nm, which is suitable for improving the access of
TC to the brain. Several studies have demonstrated that NPs prepared with polymers
such as PLGA and particle sizes of 250 nm are able to reach the CNS [32,33]. Figure 1b
shows microphotographs of formulation NP-TC3 with its particle size distribution. The
mean values of process yield for all TC-loaded PLGA NPs ranged from 55.78 ± 16.87%
to 75.28 ± 5.73% (Table 1). Mean EE of TC within the NPs ranged from 46.16 ± 5.99% to
56.16 ± 4.65%. Loading efficiency increased as the amount of TC increased from 6 to 10 mg,
but not when 12 mg was used. In this case, loading efficiency was similar to that obtained
with 10 mg (0.88 mg TC/10 mg of NPs vs. 0.89 mg TC/10 mg of NPs). Higher values
of loading efficiency are desirable in order to minimize the number of NPs administered.
From the results obtained, formulation NP-TC3 was selected to continue the study.

Figure 2a shows the cumulative in vitro release profiles of TC obtained for the mi-
croparticle formulation selected, MP-TC4. For PLGA MPs, the release of drugs occurs via
diffusion and/or homogeneous bulk erosion of the biopolymer, with the diffusion rate de-
pendent upon drug diffusivity and partition coefficient [34]. Moreover, burst release occurs
because of the formation of surface cracks in the MPs, which facilitates their erosion [35].
In our case, the initial burst release of TC from formulation MP-TC4 was low (around 15%
within the first hour). High burst release is usually regarded as a negative effect when
considering the long-term performance of a drug delivery system. Moreover, this burst
release effect leads to undesirable consequences such as more frequent dosing intervals and
local toxicity due to the release of high drug concentrations at short times. Burst release
has been associated with different chemical, physical, and processing parameters when
preparing MPs [36]. For instance, the migration of the drug during the drying process leads
to heterogeneous drug distribution, thereby facilitating this burst release.

  

(a) (b) 

−

−

Figure 2. Mean release profiles (±SEM, n = 3) of TC from formulations MP-TC4 (a) and NP-TC3 (b).
TC (tolcapone).

For formulation MP-TC4, the burst release was followed by zero-order release kinetics
for around 30 days. The mean zero-order release rate constant was 2.13 µg/h. After 30 days,
the percentage of TC released was around 95%. This slow release could be explained by the
hydrophobic nature of TC, which hinters water diffusion into the MPs, thereby reducing
the rate of polymer degradation [37].

Figure 2b shows the in vitro cumulative TC release profiles obtained for the nanopar-
ticle formulation selected (NP-TC3). A burst release of around 18% was obtained within
the first hour. At 24 h, 46% of TC was released followed by a slower release for 8 days
with mean zero-order release rate constant of 1.77 µg/h/10 mg NPs. Drug release can be
affected by particle size. Small particles such as NPs have large surface area-to-volume
ratios, being therefore most of the drug associated with small particles that would be at or
near the particle surface, thereby leading to faster drug release.
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Zeta potential is a key parameter regarding the surface charge properties of NPs. It
reflects the electrical potential of the particles being influenced by their composition and
that of the medium in which they are dispersed. It has been demonstrated that NPs with
zeta potential values above ±30 mV are stable in suspension as this surface charge prevents
the particles from aggregation [38]. Additionally, zeta potential has an influence on the
passage of NPs across the BBB. It has been described that, at low concentrations, negatively
charged NPS do no influence the BBB passage, but if positively charged interaction with
the cell surfaces can occur, thereby facilitating their passage, a stronger immune response
can also occur [39]. In our case, the value of zeta potential for the formulation selected
(NP-TC3) was −26.32 ± 0.48 mV, being adequate for crossing the BBB. This value can be
due to the ionization of the PLGA carboxylic groups, which lead to a negative charge in
the surface of the particles. In fact, it has been indicated that NPs prepared with PLGA 502
exhibit a negative zeta potential of around −33 mV [40]. The zeta potential value increased
when loading the NPs with TC as a consequence of the modification of the surface due to
the incorporation of the drug.

Moreover, previous research studies have demonstrated that nanoparticles prepared
with PLGA of sizes around 250 nm were able to cross the BBB [32,33,41]. In our case, NPs
presented mean particle sizes of around 200 nm.

To determine the efficacy of the two new controlled delivery systems developed for
TC, the selected formulations (MP-TC4 and NP-TC3) were evaluated in an experimental
rotenone-model of PD, which was induced in male Wistar rats. Several studies have demon-
strated that, in animal models, RT can induce several PD-like abnormalities including Lewy
body formation in the nigral neurons due to systematic inhibition of mitochondrial complex
I, oxidative stress, alpha-synuclein phosphorylation and DJ-1 acidification and transloca-
tion, proteasomal dysfunction, and nigral iron accumulation [26,42,43].

In our study, behavioral, histological, and immunochemistry tests were carried out in
order to determine the efficacy of the formulations developed for TC.

Regarding mortality in our study, RT was given at a low dose (2 mg/kg/day), which
resulted in a mortality rate of 12.3% in group G2 (animals treated only with RT), without
any deaths occurring in control animals. This value is similar to that reported by Cannon
et al. [44] when using RT (2.75–3 mg/kg/day) and for which 10% mortality occurred shortly
after administration of the neurotoxin. In another study, RT was assayed at two dose levels
(2 and 2.5 mg/kg), resulting in mortality rates of 6.7% and 46.7%, respectively [30].

Figure 3a shows the evolution of body weight with time. Control groups (G1A and
G1B) corresponding to animals receiving the vehicles (sunflower oil or saline) experienced
a gradual and steady weight gain throughout the study, with non-significant differences
(p > 0.05) observed between both subgroups. Animals treated with RT showed a slight
weight increase for the first 10 days, with no gain in weight thereafter. Animals treated
with TC-containing formulations showed a steady weight gain throughout the study.

The mean results obtained in the catalepsy test (bar and grid) are depicted in Figure 3b,c,
with non-statistically significant differences found between both control subgroups (G1A
and G1B), indicating that the vehicles used did not have any influence on the test. The
neurotoxin RT induced an increase in latency, both in the bar and grid test (group G2) as
compared to control animals that was reverted by the active compound (groups G3, G4,
and G5). Among these groups, the best results correspond to animals receiving the NP
formulation (group G4), for which non-statistically significant differences were found when
compared to group G1 at the end of the study period (p > 0.05).

Akinesia results demonstrated non-statistically significant differences within control
subgroups G1A and G1B (Figure 3d). Latency was clearly prolonged with RT (group G2),
resulting in a latency value of around 7 times higher in group G2 with respect to G1 at the
end of the study period (44 days).
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(d) (e) 

Figure 3. Evolution of rat-body weight throughout the study (44 days) (a). Results of the behavioral
tests: catalepsy test on bar (b) and grid (c), akinesia test (d), and swim-test (e). Animal groups:
control subgroups (G1A and G1B); RT-treated control group (G2); RT-treated animals also receiv-
ing formulation MP-TC4 (G3), formulation NP-TC3 (G4), and TC in saline (G5). RT (rotenone),
TC (tolcapone).

Reversion of akinesia was observed in groups G3, G4, and G5 at times 25, 35, and
44 days. After 44 days, the latency values obtained for groups G4 and G5 were similar to
that of the control group, without any statistically significant differences (p > 0.05) found
between both groups (G4 and G5). In the case of group G5, this could be attributed to the
fact that TC was given once daily in solution, indicating that the formulation exhibited a
very rapid effect on the brain. Regarding formulation G4, which corresponds TC-loaded
PLGA NPs, the results obtained confirm the ability of NPs to deliver TC to the brain and
maintain TC levels in the CNS between dosing intervals.
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Swim-tests were performed to evaluate the animals’ overall motor capacity/deficit.
The results obtained are depicted in Figure 3e. At all times, assayed animals corresponding
to the control group (G1) obtained the highest values (score = 3). The swimming ability of
the animals treated with RT (group G2) markedly decreased when compared to the control
group (p < 0.05). At the end of the study, all animal groups receiving TC (G3, G4 and G5)
showed high swimming scores (score > 2), but only group G4 resulted in swim scores equal
to control animals.

The histological method of Nissl staining is widely used to study the morphology and
pathology of neurons, as the stain used binds to DNA from nuclei and RNA from cytoplasm
of cells, allowing study of the cytoarchitectony of the brain [45]. To determine the effects
of the neurotoxin RT and the different formulations on neuronal loss in the SNpc, Nissl
staining was performed, with the images obtained shown in Figure 4. Rotenone is a highly
lipophilic compound that readily crosses the BBB, thereby allowing for the development
of PD-like symptoms in animals. After systemic administration, RT induces progressive
degeneration of the nigrostriatal pathway, resembling that occurring in PD patients [44,46].
The results obtained in our study confirm that i.p. injection of RT reproduced the character-
istic behavioral and histopathological features of PD, including loss of neuronal cells in
the SNpc [47–49]. The administration of TC in solution (group G5), or encapsulated within
PLGA MPs (group G3) or PLGA NPs (group G4), prevented the cell death induced by RT
in SNpc. This effect was more marked when TC was given encapsulated within PLGA NPs,
indicating an improved access to the brain.

 

Figure 4. Representative Nissl-staining (cresyl violet) of nigral neurons from brain sections (substantia
nigra, 30 µm) corresponding to all animal groups. Control group (G1); RT-treated control group (G2);
RT-treated animals also receiving formulation MP-TC4 (G3), formulation NP-TC3 (G4), and TC in
saline (G5). RT (rotenone), TC (tolcapone).

The glial fibrillary acidic protein (GFAP) is one of the fibrous proteins forming the
intermediate filaments of the intracellular cytoskeleton. This glial response is a source
of trophic factors and can protect against the formation of reactive oxygen species (ROS)
and glutamate [50], taking into consideration that PD is associated with a glial response
mainly composed of activated microglial cells and, to a lesser extent, reactive astrocytes.
Moreover, when a brain insult occurs, a slow astrocytic response maintains microglia
activation, eventually leading to a chronic brain lesion [51].

For this reason, and in order to determine whether there is a possible astrocytic
activation associated with the neurodegeneration caused by RT, non-quantitative immuno-
histochemical studies of GFAP were performed (Figure 5). The administration of RT at a
dose of 2 mg/kg/day for 43 days (group G2) produced intense gliosis. These results are in
agreement with those obtained by other authors that described an intense astrocytic acti-
vation caused by RT, both in vitro [49] and in vivo [47]. This astrocytic response includes
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hypertrophy and thickened cell bodies, as occurred in group G2, features which are typical
of reactive astrogliosis [52]. Activation of astrocytes causes brain damage due to an increase
in the production of ROS [53] and the release of pro-inflammatory cytokines [54,55].

Figure 5. Representative GFAP fluorescence (a) and GFAP fluorescence signal (b) in coronal brain
slices at the level of the substantia nigra for all animal groups. Control group (G1); RT-treated control
group (G2); RT-treated animals also receiving: formulation MP-TC4 (G3), formulation NP-TC3 (G4),
and TC in saline (G5). GFAP (glial fibrillary acidic protein), RT (rotenone), TC (tolcapone).

As seen in Figure 5b, intense gliosis occurred in the SNpc after 43 days of RT admin-
istration (group G2). This astrocytic response was almost reverted in all animal groups
receiving TC either encapsulated (groups G3 and G4) or in solution (group G5). However,
the response was completely reverted only when TC-loaded PLGA NPs were given to the
animals. For this group, non-statistically significant differences were found when compared
with control animals (p > 0.05).

A significant alteration occurring in PD is the degeneration of dopaminergic neu-
rons, which leads to a reduction of striatal dopamine levels. Dopamine is synthesized in
dopaminergic neurons of the SNpc area, stored in synaptic vesicles and released in the
striatum to exert its physiological function [41]. Taking into consideration that tyrosine
hydroxylase (TH) catalyzes the formation of levodopa, which is a rate-limiting step for
the biosynthesis of dopamine, PD can be considered as a TH-deficiency syndrome of the
striatum. For this, the TH immunohistochemical test is useful as it allows quantifying
the degree of loss of dopaminergic cells in postmortem brains of individuals diagnosed
with PD. Moreover, the use of RT as a neurotoxin has been associated with an observable
reduction of TH-immunoreactive neurons in the SNpc [56–58].

Figure 6 depicts the results of fluorescence intensity obtained in our study for the
different animal groups. It can be seen that TH immunoreactivity in SNpc was decreased
in group G2, which corresponds to animals treated with daily doses of RT. This reduc-
tion was partially reversed in animals receiving TC-containing formulations, with the
strongest reversion obtained with TC-loaded PLGA NPs (group G4). For this formulation,
non-statistically significant differences were found when compared to the control group
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(p > 0.05), thereby demonstrating the potential interest of this new drug delivery system
developed for TC.

 

 

 

 

 

 

 

Figure 6. Representative TH fluorescence signal in coronal brain slices at the level of the substantia
nigra for all animal groups. Control group (G1); RT-treated control group (G2); RT-treated animals
also receiving formulation MP-TC4 (G3), formulation NP-TC3 (G4), and TC in saline (G5). TH
(tyrosine hydroxylase), RT (rotenone), TC (tolcapone).

4. Conclusions

In vivo evaluation of both controlled delivery systems developed for TC consisting of
biodegradable PLGA 502 microparticles (formulation MP-TC4) and nanoparticles (formula-
tion NP-TC3) resulted in satisfactory results, with the nanoparticulate system being able to
almost completely reverse the rotenone-induced neurodegeneration in the animal model
assayed. With both formulations, extending the dosage intervals could be achieved.
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Abstract: The consumption of acetaminophen (APAP) can induce neurological changes in human
subjects; however, effects of APAP on blood–brain barrier (BBB) integrity are unknown. BBB changes
by APAP can have profound consequences for brain delivery of co-administered drugs. To study
APAP effects, female Sprague–Dawley rats (12–16 weeks old) were administered vehicle (i.e., 100%
dimethyl sulfoxide (DMSO), intraperitoneally (i.p.)) or APAP (80 mg/kg or 500 mg/kg in DMSO,
i.p.; equivalent to a 900 mg or 5600 mg daily dose for a 70 kg human subject). BBB permeability
was measured via in situ brain perfusion using [14C]sucrose and [3H]codeine, an opioid analgesic
drug that is co-administered with APAP (i.e., Tylenol #3). Localization and protein expression of
tight junction proteins (i.e., claudin-5, occludin, ZO-1) were studied in rat brain microvessels using
Western blot analysis and confocal microscopy, respectively. Paracellular [14C]sucrose “leak” and
brain [3H]codeine accumulation were significantly enhanced in rats treated with 500 mg/kg APAP
only. Additionally, claudin-5 localization and protein expression were altered in brain microvessels
isolated from rats administered 500 mg/kg APAP. Our novel and translational data show that BBB
integrity is altered following a single high APAP dose, results that are relevant to patients abusing or
misusing APAP and/or APAP/opioid combination products.

Keywords: acetaminophen; blood–brain barrier; claudin-5; CNS drug delivery; opioids; tight junction

1. Introduction

The blood–brain barrier (BBB) is essential for maintenance and regulation of brain
homeostasis. The BBB selectively and dynamically regulates solute exchange between the
central nervous system (CNS) and systemic circulation and simultaneously restricts entry
of harmful substances into the brain. The BBB is susceptible to disruption or modulation by
stress factors including disease states (e.g., ischemic stroke [1–3], inflammatory pain [4–6],
and Alzheimer’s disease [7–10]), as well as the presence of circulating intrinsic regula-
tors (e.g., hormones [11,12]) and xenobiotics including environmental toxins [13–15] and
drugs [16,17]). For example, morphine is an inducer of ATP-binding cassette transporters
at the BBB including P-glycoprotein and breast cancer resistance protein [18–20], which
reduces blood-to-brain permeability of many drugs and is suggested to be an underlying
mechanism for development of opioid tolerance following chronic use. Besides opioid anal-
gesics, other common psychoactive substances including cocaine [21,22], nicotine [23,24], al-
cohol [25,26], methamphetamine [27–30] and methylenedioxymethamphetamine (MDMA,
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“Ecstasy”) [31,32] have been shown to modulate or damage the BBB in varying capacities
by changing expression levels and/or post-translational modification status of endothelial
transporters or tight junction proteins, or by disruption of functioning tight junction BBB
protein assemblies. Indeed, modifications to BBB function by drugs of abuse and polyphar-
macy can have serious consequences leading to dysregulation of brain homeostasis [33,34],
neuronal degeneration [9,10], and concomitant drug–drug interactions [35–37]. In contrast,
investigations on the potential of therapeutics that are not classified as drugs of abuse to
alter the BBB is lacking.

Acetaminophen (i.e., paracetamol, APAP) is a potent antipyretic and analgesic agent
and one of the most commonly used and abused medications, both in the United States
and worldwide. According to the Consumer Healthcare Products Association (CHPA), 23%
of adults in the United States use an APAP-containing medication on a weekly basis [38].
Although APAP is generally regarded as safe when taken as directed, it is often consumed
in excessive amounts. A five-year national survey over the period of 2011–2016 indicated
an overall 6.3% rate of overuse of APAP-containing products among participants that
significantly exceeded the 4000 mg recommended daily dose [39]. In line with this survey,
Blieden and colleagues reported that approximately 6% of their recruited chronic pain
patients each year in the United States were prescribed by their physician with an over-
4000 mg daily dosage of APAP [40]. Similarly, an Australian study, which recruited chronic
non-cancer pain patients, described that 6.1% of participants used considerably more than
4000 mg of APAP per day during the week-long study, and 8.0% of participants consumed
quantities of APAP higher than 4000 mg, up to 9540 mg, in a given day [41].

According to StatPearls in 2021, approximately 50% of all APAP-related hospital visits
were related to unintentional overdose [42]. Indeed, overuse of APAP is strongly asso-
ciated with the use of concomitant medications [43]. This is not surprising given that a
substantial portion of the over-six-hundred APAP-containing medications are combina-
tion drugs, a classic example of polypharmacy. Notably, opioids including hydrocodone
(i.e., Vicodin®), oxycodone (i.e., Percocet®), and codeine (i.e., Tylenol #3®) are commonly
co-administered with APAP. A cohort study in 1998–2003 in the United States found that
opioid-containing products were involved in 63% of unintentional APAP overdoses [44]. In
fact, the hydrocodone–APAP combination was the most frequently prescribed medication
between the years of 2006–2011 [45], and a medical surveillance in 2004–2005 study identi-
fied hydrocodone–APAP and oxycodone–APAP combination medications as some of the
most commonly implicated drugs in medication-related adverse events for emergency vis-
its [46]. Both hydrocodone–APAP and oxycodone–APAP combinations are now classified
as Schedule II controlled substances by the United States Drug Enforcement Administration
(DEA), leaving the codeine–APAP combination as the only Schedule III opioid-containing
analgesics on market [47]. The Schedule III classification allows for less stringent prescrip-
tion regulations (i.e., written, verbal, or electronic prescriptions), and is currently a cause
for concern in pediatric medicine [48]. According to analysis of death-certificate data of
2010, opioids were involved in 75.2% of all pharmaceutical overdose deaths of the year,
and high-dose APAP was implicated in 2.4% of deaths due to opioid overdose [49]. It is
important to note that complete toxicology analyses were not performed in all patients in
this study, suggesting that high APAP levels may be involved in a greater percentage of
patient deaths.

Considering the prevalence of APAP use and the fact that opioids are frequently
co-administered with APAP, it is of critical importance to understand its effects on the
BBB. Hepatoxicity of APAP has been extensively studied, and the consumption of APAP
has been linked to neurological alterations without achieving acute liver injury [50,51];
however, there is a marked gap in knowledge regarding effects of APAP directly at the
BBB. Furthermore, the current opioid epidemic indicates an urgent need to expand our
knowledge on effects of APAP at the BBB in order to understand how it impacts the de-
livery of concomitantly administered drugs (i.e., opioids) into the CNS. In this study, we
hypothesized that APAP modulates paracellular permeability of the BBB by disrupting
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tight junction barrier proteins at the brain microvascular endothelium, thereby exacerbating
CNS opioid exposure through the “leak” of codeine into the brain. To test this hypothesis,
we studied, in vivo, paracellular solute “leak” and localization/expression of critical tight
junction proteins at the BBB (i.e., claudin-5, occludin and ZO-1) following APAP adminis-
tration. Our work demonstrated, for the first time, that an acute high dosage (500 mg/kg)
of APAP increases paracellular leak of the BBB to both sucrose (i.e., a vascular marker) and
codeine, a commonly prescribed opioid that is concomitantly administered with APAP. Of
particular significance, low-dose APAP (80 mg/kg) did not have significant effects on BBB
permeability to sucrose or codeine. In addition to BBB permeability changes in response to
high-dose APAP, we showed that tight junction protein complex disruption by acute APAP
exposure is characterized by altered expression of claudin-5 in rat brain microvessels.

2. Materials and Methods

2.1. Animals and Treatments

Animal protocols were approved by the University of Arizona Institutional Ani-
mal Care and Use Committee (Protocol #18-377; Approval Date: 25 February 2021) and
were conducted in compliance with both National Institutes of Health and Animal Re-
search: Reporting In Vivo Experiments (ARRIVE) guidelines. Female Sprague–Dawley
rats were purchased from Envigo (Madison, WI, USA). At the time of experimentation,
rats were 3–4 months old with body weights of 200–250 g. We purposely focused our
study on female experimental animals to enable robust comparison with our previous
study on APAP effects at the BBB [52]. Animals were housed under controlled conditions
(22.2–22.4 ◦C; 50% relative humidity; 12 h light/dark cycle) with free access to food and
water for a minimum of seven days. For low- and high-dose drug treatments groups,
APAP (Millipore-Sigma, St. Louis, MO, USA) was dissolved in vehicle (100% dimethyl
sulfoxide; DMSO) to achieve doses of 80 mg/mL and 500 mg/mL, respectively. Animals
received a single intraperitoneal (i.p.) injection of either APAP or vehicle (1 mL/kg). Three
hours after treatment and prior to further experimentation, animals were anesthetized with
100 mg/mL ketamine with 10 mg/mL xylazine (i.p.).

2.2. In Situ Brain Perfusion

In situ brain perfusion was performed as described previously by our laboratory [53,54].
Briefly, after anesthesia, experimental animals (n = 6) were given an i.p. dose of heparin
(10,000 U/kg) to prevent coagulation. Common carotid arteries were exposed and bilat-
erally canulated to connect to the perfusion circuit. Both jugular veins were severed to
provide drainage. The perfusion buffer (117 mM NaCl, 4.7 mM KCl, 0.8 mM MgSO4,
1.2 mM KH2PO4, 2.5 mM CaCl2, 10 mM d-glucose, 3.9% dextran (75,000 g/mol), and
1.0 g/L bovine serum albumin; pH 7.4) was warmed to 37 ◦C and oxygenated with 95% O2
and 5% CO2. Evan’s blue dye was added to the perfusion buffer as a visual indicator
for tight junction intactness. Rat brains were perfused for 10 min at a total flow rate of
3.6 mL per min under a perfusion pressure of 95 to 105 mmHg. In control experiments, we
monitored EKG and respiratory waveforms in animals subjected to in situ brain perfusion
for up to 30 min. In all animals, these physiological parameters remained within normal
limits, which implies that our in situ brain perfusion method allows for evaluation of BBB
integrity and permeability in a stable, well-controlled environment for the entire duration
of the perfusion. For measurement of the BBB paracellular leak, [14C]sucrose (Specific
Activity = 0.5000 mCi/mL; PerkinElmer Life and Analytical Sciences, Boston, MA, USA)
was used as a vascular marker and infused into the perfusate at 0.5 mL per min using a
slow-drive syringe pump (Harvard Apparatus, Cambridge, MA, USA). For the measure-
ment of cerebral exposure to opioids, [3H]codeine (Specific Activity = 2.0000 mCi/mL;
Research Triangle Institute, Research Triangle, NC, USA) was infused into the perfusion
circuit with identical settings to the sucrose experiments. Immediately after perfusion, rat
brains were extracted and processed by removing cerebellum, meninges and choroid plexus.
The processed brains were divided into three parts and solubilized for two days using
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1 mL TS2 tissue solubilizer. At this time, a 2 mL Optiphase SuperMix liquid scintillation
cocktail (PerkinElmer Life and Analytical Sciences) was added to each tube to enable the
measurement of radioactivity and 100 µL 30% (v/v) glacial acetic acid was added to quench
background counts. Radioactivity was measured with a 1450 Liquid Scintillation and
Luminescence Counter (PerkinElmer Life and Analytical Sciences) and reported as brain-
to-perfusate radioactivity ratios (Rbr %; pmol/mg brain tissue) by dividing the measured
amount of radioisotope in brain per brain weight by the known amount of radioisotope in
the perfusate:

RBr (%; pmol/mg brain tissue) = CBrain/CPerfusate × 100% (1)

The brain vascular volume in rats has been previously shown to range between 6 and
9 µL/g of brain tissue in perfusion studies utilizing a saline-based bicarbonate buffer [55].
Since brain tissue was processed immediately after perfusion with radiolabeled substrate,
all uptake values obtained for [14C]sucrose or [3H]codeine required correction for brain
vascular volume (i.e., 8.0 µL/g brain tissue as calculated from data reported by Takasato
and colleagues [55]).

2.3. Microvessel Isolation

Rat brain microvessels were isolated according to a protocol developed and published
by our laboratory [56]. Briefly, animals (n = 9) were euthanized with ketamine/xylazine
and decapitated. Brains were removed, processed (i.e., removal of cerebellum, meninges
and choroid plexus), and homogenized in ice-cold brain microvessel buffer (pH 7.4) with
0.1% protease inhibitor cocktail (Millipore-Sigma, St. Louis, MO, USA). After thoroughly
mixing the brain homogenate with 26% dextran (75,000 g/mol), samples were centrifuged
at 6500× g at 4 ◦C for 30 min. Following centrifugation, the supernatant was aspirated, and
pellets were resuspended in the same buffer, mixed with 26% dextran, and were once again
centrifuged for 30 min under the same conditions. The microvessel-enriched pellets from
the second centrifugation were resuspended in Pierce™ IP Lysis Buffer (Thermo Fisher
Scientific, Waltham, MA, USA) with cOmplete™ Mini Protease Inhibitor Cocktail (Roche,
Basel, Switzerland), and Phosphatase Inhibitor Cocktail II and III (Research Products
International) and stored at −80 ◦C until further analysis.

2.4. Western Blotting

The total protein concentration of the samples was measured with the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Western blots were
performed using the Criterion™ XT Bis-Tris electrophoresis and blotting system (Bio-Rad
Laboratories, Hercules, CA, USA). After electrophoresis and protein transfer, the blotting
membranes were blocked with SuperBlock™ Blocking Buffer (ThermoFisher Scientific,
Waltham, MA, USA) and incubated with appropriate primary antibodies overnight at 4 ◦C.
Primary antibodies that were used in these experiments were designed to detect claudin-5
(4C3C2; Cat #35-2500; 0.5 mg/mL; 1:2000 dilution), occludin (Cat #40-6100; 0.25 mg/mL;
1:500 dilution), and ZO-1 (Cat #40-2200; 0.25 mg/mL; 1:1000 dilution) and were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). As a loading control, α-tubulin was
detected using a commercially available primary antibody (DM1A; Cat #ab7291; 1.0 mg/ml;
1:1000 dilution) from Abcam, Inc. (Cambridge, MA, USA). After overnight incubation,
membranes were washed and incubated with horseradish peroxidase (HRP)-conjugated
AffiniPure Goat Anti-Rabbit secondary IgG antibody (Cat #111-035-144; 1:5000 dilution) or
HRP-conjugated AffiniPure Goat Anti-Mouse secondary IgG antibody (Cat #115-035-166;
1:5000 dilution) from Jackson ImmunoResearch Laboratories. Inc. (West Grove, PA, USA).
The specificity of claudin-5, ZO-1, and occludin primary antibodies has been confirmed
for Western blotting experiments by demonstrating the enrichment of specific protein
bands corresponding to each tight junction protein in rat brain microvessel samples as
compared to rat skeletal muscle homogenate (Figure S1A). Protein signals were detected
with SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific,
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Waltham, MA, USA) and imaged using the ChemiDoc™ Touch Imaging System from
Bio-Rad Laboratories. Densitometry analysis of protein bands was performed using ImageJ
(Wayne Rasband, Research Services Branch, National Institute of Mental Health, Bethesda,
MD, USA). Band intensities of tight junction proteins (i.e., claudin-5, occludin, ZO-1) were
normalized to those of the loading control (i.e., α-tubulin) for statistical analysis.

2.5. Immunofluorescence Staining

Three hours after treatment with vehicle or APAP, rats were anesthetized with ke-
tamine/xylazine and decapitated. The brain was immediately removed and snap-frozen
at −75 ◦C in isopentane on dry ice. Cryosections (20 µm) were mounted onto glass slides
and stored at −80 ◦C until needed for staining. Sections were fixed in methanol at −20 ◦C,
blocked in PBS with 0.3% Triton X-100 + 5% goat serum and then incubated in primary
antibody overnight at 4 ◦C. Primary antibodies used for immunofluorescence were rabbit
anti-ZO-1 (Cat #40-2200; 1:750 dilution; Thermo Fisher Scientific, Waltham, MA, USA),
mouse anti-claudin-5 (Cat #35-2500; 1:500 dilution; Thermo Fisher Scientific, Waltham, MA,
USA), and mouse anti-occludin (OC-3F10; Cat #33-1500; 0.5 mg/mL; 1:500 dilution; Thermo
Fisher Scientific, Waltham, MA, USA). These antibodies were detected with Alexa 488 goat
anti-rabbit (Cat #A11008; 1:500 dilution; Thermo Fisher Scientific, Waltham, MA, USA) and
Alexa 568 goat anti-mouse (Cat #A11004; 1:500 dilution; Thermo Fisher Scientific, Waltham,
MA, USA). DyLight 649-tomato lectin (Cat #DL-1178-1; Vector Laboratories, Burlingame,
CA, USA) was used to label and visualize the cerebral vasculature. Control experiments
were conducted by incubating sections in the presence of secondary antibody only (i.e., no
primary antibody controls). Data for these control experiments are presented in Figure S1B.

2.6. Confocal Microscopy

Confocal microscopy was performed on a Leica SP8 confocal microscope (Leica Biosys-
tems, Wetzlar, Germany) with 488 and 552 nm excitation lasers. Emitted light was detected
with a Leica hybrid detector (HyD). Images were acquired from randomly chosen areas
of the somatosensory cortex between 2 mm rostral to 1 mm caudal relative to Bregma.
Images from control and treated animals were acquired using matching laser power and
gain settings with emission windows set to prevent bleed-through between fluorophores.
Adjustments for brightness and contrast levels were performed with ImageJ software (NIH)
in an identical manner for both control and treated images.

2.7. Statistical Analysis

In situ brain perfusion brain-to-perfusate radioactivity ratios (RBr %) and Western blot
densitometric analysis data (normalized to loading control) were reported as mean ± S.D.
Statistically significant differences between control and treatment groups were determined
with one-way analysis of variance (ANOVA) followed by post hoc two-tailed unpaired
homoscedastic Student’s t-test to examine differences between groups. A value of p < 0.05
was considered to be statistically significant.

3. Results

3.1. Increased BBB Paracellular “Leak” in Response to High-Dose APAP Treatment

To investigate whether there is a change in BBB paracellular permeability (i.e., “leak”)
in the presence of APAP, radiolabeled sucrose (i.e., [14C]sucrose) was used. We administered
80 mg/kg of APAP, a low dose emulating approximately 900 mg for an average-weight
human adult (i.e., 70 kg), and 500 mg/kg of APAP, an acute dosage equivalent to ap-
proximately 5600 mg for an average-weight human adult (i.e., 70 kg), for the low- and
high-dose treatments, respectively, 3 h prior to in situ brain perfusion with [14C]sucrose. As
shown in Figure 1A, only the high-dose APAP treatment resulted in significantly elevated
codeine and sucrose radioactivity in perfused rat brains, which indicates disruption of BBB
functional integrity leading to paracellular leak.
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Figure 1. BBB paracellular permeability to sucrose and codeine is increased at three hours follow-
ing high-dose APAP administration. (A): In situ brain perfusion with [14C]sucrose as a vascular
paracellular permeability marker shows significantly elevated radioactivity level represented in
brain-to-perfusate radioactivity ratios (RBr %) in brains of high-dose APAP-treated rats (n = 6) in
comparison to vehicle or low-dose APAP-treated rats. No significant change radioactivity level was
measured in the low-dose APAP (80 mg/kg) treated rats. (B): In situ perfusion with [3H]codeine
following APAP injection shows significantly higher radioactivity represented in brain-to-perfusate
radioactivity ratios (RBr %) in brains of APAP (500 mg/kg)-treated rats (n = 6) in comparison to
vehicle. Data are expressed as mean ± S.D. (** p < 0.01; *** p < 0.001).

3.2. Elevated CNS Exposure to Codeine after APAP Treatment

To investigate whether the increase in BBB paracellular permeability due to APAP
stress contributes to elevated CNS exposure to drugs, we utilized in situ brain perfusion
to measure [3H]codeine uptake into brain tissue 3 h following APAP injection (80 mg/kg
or 500 mg/kg; i.p.). Codeine was purposely selected for these experiments since it is
commonly co-administered with APAP in combination products including, but not limited
to, Tylenol #3®. It is also an opioid analgesic drug that accesses the CNS primarily by
passive diffusion and not by facilitated transport processes [54,57], which renders it an
ideal drug to use in the evaluation of altered BBB functional integrity by APAP. Codeine
radioactivity levels measured in brain tissue of high-dose APAP (500 mg/kg)-treated rats
were significantly increased as compared to those of low-dose APAP (80 mg/kg) or vehicle
controls (Figure 1B). This indicates that concomitantly administered medications such as
high-dose APAP and codeine can interact at the BBB, thereby causing a serious risk of
adverse effects associated with the codeine due to the elevated brain penetration of this
opioid analgesic drug in the presence of a high dose of APAP.

3.3. Increased Claudin-5 Expression in Brain Microvessel after High-Dose APAP Treatment

Since claudin-5 is considered to be the primary determinant of BBB tight junction
integrity [17], we measured changes in claudin-5 content in rat brain microvessels 3 h after
an acute low dose (80 mg/kg; i.p.) or high dose (500 mg/kg; i.p.) of APAP in accordance
with our in situ brain perfusion experiment. Western blot analysis of microvessel samples
indicated a significant elevation in claudin-5 expression in response to high-dose APAP
treatment as compared to low-dose APAP (p < 0.0001) or vehicle-treated rats (p < 0.0001)
(Figure 2A). Both a cross-section (Figure 2B) and longitudinal section (Figure 2C) of a rat
brain microvessel show localization of claudin-5 at endothelial cell margins, evidence for
its role as a critical constituent of tight junction protein complexes. Confocal imaging of
microvessels in rat brain cryosections corroborated with our Western blot data, demonstrat-
ing an overall increase in claudin-5 staining throughout cortices of rats three hours after
high-dose APAP treatment as compared to vehicle (Figure 2D).
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Figure 2. Claudin-5 level increases in BBB microvessel endothelial cells three hours after high-dose
APAP treatment. (A) Western blot (top) and densitometric analysis (bottom) of claudin-5 levels in
isolated brain microvessel of rats (n = 9) treated with low-dose APAP (80 mg/kg) and high-dose
APAP (500 mg/kg) shows statistical significance between the three groups (p = 0.000012), as well as
between vehicle and the high-dose groups (p = 0.00018; Student’s t-test) and between low-dose and
high-dose groups (p = 0.000074). No statistical significance was detected between the vehicle and the
low-dose APAP group (p = 0.84). Densitometric data are expressed as mean ± S.D. (** p < 0.0001).
High magnification confocal microscopy images of a cross-section (B) and a longitudinal section
(C) of a cortical microvessel showing claudin-5 localization (green) within the microvessel labeled
with the vascular marker tomato lectin (red). (D) confocal microscopy images indicate higher overall
claudin-5 expression in cortical microvessel of rats treated with high-dose APAP (500 mg/kg) than
vehicle, but not in those treated with low-dose APAP (80 mg/kg). Arrows show sites of claudin-5
upregulation. Microvessels were stained with lectin (red) and are shown in the inset to demonstrate
vascular localization of claudin-5. Scale bar = 20 µm.

We also evaluated APAP effects on other tight junction proteins including the trans-
membrane protein occludin and the intracellular accessory protein zonula occludens-1
(ZO-1). In contrast to our results with claudin-5, Western blot analysis and confocal mi-
croscopy of occludin (Figure 3A,C) and ZO-1 (Figure 3B,D) in cortical microvessels showed
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no detectable change in either APAP-treated or untreated rats at the three-hour timepoint.
Taken together, these observations suggest that the changes in claudin-5 is likely involved
in the process leading up to the observed BBB paracellular “leak” in response to high-dose
APAP treatment, while occludin and ZO-1 are likely not responsible for the disruption of
BBB tight junctions in the acute phase of the high-dose APAP stress response.

μ

Figure 3. Occludin and ZO-1 levels remain unchanged three hours following APAP treatment.
(A) Western blot (top) and densitometric analysis (bottom) shows comparable occludin levels in
isolated brain microvessel of APAP (500 mg/mL)-treated and control rats (n = 9). Densitometric
data are expressed as mean ± S.D. (B) Western blot (top) and densitometric analysis (bottom) shows
comparable ZO-1 levels in isolated brain microvessel of APAP (500 mg/mL)-treated and control rats
(n = 9). Densitometric data are expressed as mean ± S.D. (C) Confocal microscopy shows similar
overall occludin expression in cortical microvessel of rats treated with APAP (80 or 500 mg/kg)
as vehicle. Microvessels were stained with lectin (red) and are shown in the inset to demonstrate
vascular localization of occludin. Scale bar = 20 µm. (D) Confocal microscopy shows similar overall
ZO-1 expression in cortical microvessel of rats treated with APAP (80 or 500 mg/kg) as vehicle.
Microvessels were stained with lectin (red) and are shown in the inset to demonstrate vascular
localization of ZO-1. Scale bar = 20 µm.

164



Pharmaceutics 2022, 14, 949

4. Discussion

The BBB plays an essential role in regulation of brain homeostasis and preservation of
the optimal microenvironment for proper neuronal function. Dysregulation of BBB per-
meability is associated with many pathologies [17] and can lead to increased vulnerability
(i.e., leak) of the brain to harmful substances in the systemic circulation [52,54,57–62]. For
example, peripheral inflammatory pain can cause BBB dysfunction that is manifested by
increased paracellular “leak” to circulating small molecule solutes including drugs [54].
Such enhancement in paracellular permeability was shown to result from modulation of
tight junction protein complexes at the brain microvascular endothelium. Claudins, as
well as occludin, are critical transmembrane tight junction proteins at the BBB that form
protein complexes responsible for physically sealing paracellular gaps between adjacent
endothelial cells [17,63]. Changes to protein expression levels of claudins and occludin are
frequently observed in modulation of stress responses by tight junctions at the BBB [17].
ZO-1 is an important intracellular accessory protein at the tight junction that links trans-
membrane proteins to the actin cytoskeleton, thus forming complex networks essential for
the dynamic regulation of the BBB [17]. In the present study, we are the first to demonstrate
that acute treatment of APAP disrupts tight junction protein complexes in the cerebral
microvasculature, as evidenced by an increase in paracellular permeability at the BBB
and an upregulation of claudin-5. We believe these changes are due specifically to APAP
administration rather than the DMSO solvent. Our previous work has shown that BBB
permeability to sucrose or small molecule drugs in control (i.e., untreated animals) is not
altered in vivo following acute (i.e., up to 3 h) administration of DMSO vehicle [53,64].
Preliminary time-point experiments showed that this increase in claudin-5 levels was sus-
tained until 6 h after APAP treatment and returned to baseline by 12 h (data not shown).
Additionally, as increased levels of claudin-5 in the systemic circulation have been im-
plicated in BBB breakdown [65,66], we conducted an ELISA analysis of rat plasma that
detected a slight but statistically significant (p = 0.03) increase in plasma claudin-5 protein
levels at 3 h following APAP administration (data not shown). In contrast, occludin and
ZO-1 were not affected by APAP treatment, indicating that claudin-5 is likely the primary
tight junction protein that controls the response to high-dose APAP-induced stress and, by
extension, enhanced paracellular “leak” associated with APAP administration.

Although a simultaneous increase in both claudin-5 expression and BBB permeabil-
ity may seem paradoxical, it is essential to note that many publications in the scientific
literature have reported that claudin-5 upregulation is associated with an increase in bar-
rier permeability or neuronal injury due to pathophysiological stressors. For example,
studies in the kainic acid model of temporal lobe epilepsy demonstrated a significant
increase in claudin-5 levels 24–72 h after kainic acid injection in correspondence with
neuronal injury [67]. Our laboratory’s studies in a rat model of peripheral inflammatory
pain showed a 6-fold increase in microvessel claudin-5 levels with BBB paracellular “leak”
but no detectable change in claudin-5 localization [6]. Further investigation into the under-
lying mechanism revealed that transforming growth factor (TGF)-β-signaling mediated
this disruption of the BBB that was manifested by sucrose extravasation and claudin-5
upregulation at the brain microvascular endothelium [53]. Claudin-5 is also elevated in
epithelial tight junctions in lung tissue isolated from alcoholic rats with diminished barrier
functions, likely a result of disrupted protein-protein interactions between claudins [68].
Interestingly, overexpression of claudins 1 and 3 in stably transfected NIH/3T3 or IB3.1
cells leads to a decrease in permeability to dextrans but overexpression of claudin-5 in these
same cells results in an increase in permeability to dextrans [69]. Additionally, it is essential
to consider that changes in monomeric tight junction protein expression following exposure
to a pathological or pharmacological stressor may reflect altered tight junction integrity via
collapse of oligomeric structures. Indeed, claudin-5 has been shown to form oligomers in
HEK293 cells transfected with native claudin-5 [70] or chimeric claudin-5 proteins [71]. The
ability of claudin-5 to assemble into higher order structures was proposed to be required
for the formation of tight junction strands and, subsequently, the sealing function of tight
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junction protein complexes in endothelial cells [70–72]. These findings highlight the fact
that elevated claudin-5 protein expression in brain microvascular endothelial cells is not
necessarily indicative of improved neurovascular integrity. Rather, any change in claudin-5
expression, regardless of directionality, can be reflective of tight junction dysregulation and
paracellular leak, depending on the specific pathological or mechanistic processes involved
and the resulted state of functional intact nature of tight junction assembly. Future work
by our group will elucidate the mechanism of action pertaining to the upregulation of
claudin-5 in response to APAP treatment.

APAP may also affect BBB permeability through interactions with phospholipids in
the plasma membrane. APAP directly binds to phospholipids and significantly increases
membrane fluidity in a dose-dependent manner [73]. Alterations in physicochemical
properties of the plasma membrane are likely to alter the function of the tight junction
protein complex by dynamically affecting the organization, oligomerization, and structure
of the proteins comprising the tight junction at the BBB [74–76]. These changes may
affect paracellular permeability at the BBB independent of changes in expression levels of
individual proteins comprising the TJ complex.

In pharmacological studies, BBB disruption is frequently studied as a clinical goal for
optimization of drug delivery into the CNS, while its role as an adverse effect of pharma-
ceutical agents, polypharmacy, and risk factor for brain microenvironment dysregulation is
frequently overlooked. APAP is an extraordinarily effective and useful substance used in
hundreds of combination medications and consumed by millions of individuals each day
in the United States alone [38]. Contrary to APAP popularity, there is limited knowledge
on effects of APAP and its potential for drug–drug interactions at the BBB. Previous studies
indicate that, while APAP has been shown to preserve brain endothelial cell survival and
reduce the neurovascular inflammatory response under oxidative stress in vitro and at low
doses in vivo [77,78], APAP at a higher dose (>200 mg/kg) induces cortical oxidative stress
and produces reactive astrocytosis without achieving acute liver injury [50,78]. As another
example, one prominent site for potential drug interactions at the BBB is P-glycoprotein, a
critical efflux transporter at the BBB responsible for restricting entrance of a wide range of
substances into the CNS. Our laboratory has previously shown that APAP at 500 mg/kg
significantly increases the expression level of P-glycoprotein in brain microvessels and
thereby reduces morphine uptake and antinociception [52]. Of particular significance, we
demonstrated that APAP activated endothelial signaling pathways such as the constitutive
androstane receptor, a nuclear receptor known to be involved in the induction of drug me-
tabolizing enzymes and transporters [52]. In the present study, we further demonstrate that
a high dose of APAP elicits drug–drug interactions at the BBB by increasing paracellular
permeability and, as a result, can also increase CNS exposure to concomitantly adminis-
tered drugs that are not transport substrates for P-glycoprotein (i.e., codeine). Importantly,
we found that APAP administered at a dose considered safe and effective for analgesia did
not alter BBB integrity. Taken together with our previous work, these data imply that an
acute, high dose of APAP can have profound effects on cerebral microvascular homeostasis
and contribute to unexpected changes in CNS drug disposition.

In addition to drug exposures, the BBB is susceptible to modulation by various phys-
iological stress stimuli. As APAP is the most prevalent and most used analgesic on the
market, it is important to note that inflammatory pain by itself could damage tight junction
integrity at the BBB. We have previously shown that the induction of inflammatory pain in
the hind paw with several different agents (i.e., λ-carrageenan, complete Freund’s adjuvant,
formalin) also increases paracellular “leak” of the BBB to sucrose and codeine. Associated
with these changes in the λ-carrageenan model are alterations to the tight junction proteins
claudin-5, occludin, and ZO-1 as well as the cytoskeletal scaffolding protein, actin [4–6].
Studies with the λ-carrageenan model further illustrated prolonged BBB tight junction
injury, most prominently at the 3 and 48 h timepoints, which correlated with increased
CNS codeine uptake and enhanced codeine analgesia [57]. Given that APAP is commonly
used in the presence of pain, it is of our interest to further investigate the effect of APAP
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in inflammatory pain models and understand their concurrent effects on the function of
the BBB.

In conclusion, our novel data show that high-dose APAP increases paracellular perme-
ability of the BBB, an effect that is correlated with increased protein expression of claudin-5
in brain microvessels, an effect that indicates dysregulation of tight junction assembly. The
APAP-induced paracellular “leak” contributes to higher CNS exposure to codeine. As
noted, many human subjects regularly consume excessive amounts of APAP, including
doses greater than or equal to those used in this study on rats, on a daily basis in order to
manage acute or chronic pain [43]. Our data suggest that further investigation into effects
of APAP on BBB integrity at both the molecular and functional level is warranted. Such
studies are likely to yield paradigm-shifting findings that will lead to safer prescribing
of APAP and improved formulation of APAP-containing combination products to lower
occurrence of accidental overdose of concomitantly administered drugs such as opioids.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14050949/s1, Figure S1: Western blot and confocal
microscopy demonstrate antibody specificity.
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Abstract: Glioblastoma multiforme (GBM) is a grade IV glioma considered the most fatal cancer
of the central nervous system (CNS), with less than a 5% survival rate after five years. The tumor
heterogeneity, the high infiltrative behavior of its cells, and the blood–brain barrier (BBB) that limits
the access of therapeutic drugs to the brain are the main reasons hampering the current standard
treatment efficiency. Following the tumor resection, the infiltrative remaining GBM cells, which are
resistant to chemotherapy and radiotherapy, can further invade the surrounding brain parenchyma.
Consequently, the development of new strategies to treat parenchyma-infiltrating GBM cells, such
as vaccines, nanotherapies, and tumor cells traps including drug delivery systems, is required.
For example, the chemoattractant CXCL12, by binding to its CXCR4 receptor, activates signaling
pathways that play a critical role in tumor progression and invasion, making it an interesting
therapeutic target to properly control the direction of GBM cell migration for treatment proposes.
Moreover, the interstitial fluid flow (IFF) is also implicated in increasing the GBM cell migration
through the activation of the CXCL12-CXCR4 signaling pathway. However, due to its complex
and variable nature, the influence of the IFF on the efficiency of drug delivery systems is not well
understood yet. Therefore, this review discusses novel drug delivery strategies to overcome the GBM
treatment limitations, focusing on chemokines such as CXCL12 as an innovative approach to reverse
the migration of infiltrated GBM. Furthermore, recent developments regarding in vitro 3D culture
systems aiming to mimic the dynamic peritumoral environment for the optimization of new drug
delivery technologies are highlighted.

Keywords: brain cancer; chemoattractant; CXCL; CXCR; glioblastoma multiforme; 3D cell culture systems

1. Introduction

Malignant tumors of the central nervous system (CNS) are a widely heterogeneous and
polygenic disease that constitutes 1.6% of all cancer cases worldwide [1]. The GLOBOCAN
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cancer tomorrow prediction tool at the Global Cancer Observatory (GCO) (gco.iarc.fr)
expects the incidence and mortality rates to increase by more than 41.3% and 46.6%,
respectively, by 2040 [2]. In the US, more than 13,000 new patients are diagnosed with
Glioblastoma (GBM) every year, 50% of them die within one year, and 90% within three
years post-diagnosis [3].

The 2021 WHO fifth edition classified the CNS neoplasms into twelve categories.
Within the category of “gliomas, glioneuronal and neuronal tumors”, six large groups of
diffuse gliomas are defined: (1) Adults diffuse gliomas, including three types (Grade 2,
3 or 4 Isocitrate Dehydrogenase (IDH)-mutated diffuse astrocytomas, grade 2 or 3 IDH-
mutated diffuse astrocytomas, and grade 4 IDH-mutated astrocytoma or Glioblastomas),
(2) Pediatric-type diffuse low-grade gliomas, (3) Pediatric-type diffuse high-grade gliomas,
(4) Circumscribed astrocytic gliomas, (5) Glioneuronal and neuronal tumors, and
(6) Ependymal tumors [4]. Based on the level of the tumor malignancy, grade 1 gliomas
can usually be cured by surgical resection, chemotherapy, and radiotherapy. Whereas
grade 2 gliomas are highly malignant and can progress to grades 3 and 4, which are more
aggressive, invasive, and resistant to the actual standard treatments [5].

GBM accounts for more than 82% of all malignant gliomas [6]. GBM is considered the
most aggressive and fatal primary brain tumor, with a worldwide incidence rate of less
than 10 per 100,000 [7] and a survival rate of less than 5% after five years post-diagnosis [6].
The incidence of GBM is 1.6 times higher in males compared to females and diagnosed at
an older age with a median age of 64 at diagnosis [7,8]. GBM incidence is twice higher in
Caucasians compared to Africans and Afro-Americans, and lower in Asians and American
Indians [9]. GBM includes “Primary GBM (or de novo)” progressing from low-grade
astrocytomas or oligodendrocytomas, which occurs mostly in elderly patients (usually over
60 years old), and accounts for 90% of the GBM cases. On the other hand, “Secondary
GBM” accounts for the remaining 10%, generally observed in younger patients (45 years
old), and arises from already existing grade I or II gliomas.

GBM is characterized by considerable mitotic activity, high vascular proliferation,
abundant necrosis, recurrent mutation in IDH in most of its cells, and a high resistance
of GBM cells to radio- and chemotherapy. These are the critical factors that make GBM
extremely complicated to eradicate. Furthermore, GBM cells have a highly invasive nature
and can modulate their microenvironment to disperse and invade the brain parenchyma
using the blood vessels and the white matter (Figure 1).

Figure 1. Schematic illustration of GBM.

These cells make GBM a disseminated tumor that is impossible to completely resect
or cure by the standard treatments that consist of a primary resection surgery, followed
by chemotherapy and radiotherapy. Surgery is often powerless due to the depth of the
lesion and its location, whereas the radiation tolerance of the brain limits the radiotherapy
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efficacy. Furthermore, the systemic delivery of chemotherapeutic drugs into the tumor site
is limited due to the blood–brain barrier (BBB). Despite its high local aggressiveness, GBM
rarely leaves the brain. The estimated incidence of metastasis is seldom up to 0.5% [10],
but when it occurs, metastatic cells target mostly the lungs, lymph nodes, liver, bones,
and pancreas [10–14]. All these data illustrate the urgent need for novel and innovative
alternative treatments for GBM. Here, we first review some of the actual treatments used
for GBM. Then, we discuss the roles of chemokines and the interstitial fluid flow in GBM
cell invasion (particularly the chemokine CXCL12 and its receptor CXCR4). Finally, we
review the recent innovations in drug delivery technology for GBM treatment. We focus on
drug delivery devices in GBM and their systemic or local administration, and we finally
discuss the strategy we are developing, which is a gliotrap based on the controlled delivery
of a chemoattractant. The gliotrap consists of chemoattracting GBM cells with the aim to
inverse their migration direction towards being well-confined meaning they can be more
efficiently irradiated.

2. GBM Traditional Treatments

The high mobility of invading cells, the cellular heterogeneity within GBM clusters,
and the ability of GBM cells to transit between proliferative and non-proliferative phases
are the main factors responsible for the failure of GBM standard treatment [15–18].

2.1. Surgical Resection

Surgical resection is considered the most important component in the treatment of
GBM. Surgery is mainly used for reducing tumor burden, reversing neurological deficits,
and the local introduction of therapeutic agents [19]. The feasibility of surgery depends
basically on the localization and the size of the tumor. Tumors located in sites such as the
eloquent cortex, brainstem, or basal ganglia do not allow surgery, and patients generally
have the worst prognosis [20]. However, a successful identification of the tumor margins
and its location are still the major challenges that face a total excision. Imaging is the key
tool for GBM resection to guide biopsies and identify the tumor margins [19,21,22]. Imaging
techniques such as functional magnetic resonance imaging (MRI), computed tomography
(CT), and ultrasound now make it possible to process a more aggressive surgical resection
with fewer side effects in patients [23]. Even if the surgical resection can remove most of the
tumor bulk, the main problem remaining is that a subset of GBM cells at the time of treatment
will have already migrated and spread beyond the visible boundary of the main mass [24].
Due to this, radiotherapy postsurgical treatment is usually necessary to prevent recurrence.

2.2. Radiotherapy

In the late 1970s, radiation therapy after surgery was shown to improve survival in
patients with GBM and has since become progressively optimized for focused applica-
tions [25]. After the resection of the tumor, the total radiotherapy dose administrated is
typically 60 Gy delivered through 30 fractions of 2 Gy per day (5/7 days) for 6 weeks
with intervals [26,27]. In addition to the tumor, a 20–25 mm margin is irradiated in or-
der to kill the infiltrated GBM cells [28,29]. The use of radiotherapy has revealed several
limitations and different side effects including cognitive impairment, radiological necro-
sis, radiation-induced neuronal damage, radio-resistance of some tumors, and reduced
proliferation of normal cells caused by DNA damage [30]. However, the other potential
radiotherapies-based strategies that have been explored, such as treatments with con-
formal radiation therapy, stereotactic radiosurgery [31], intensity-modulated radiation
therapy [26], and boron neutron capture therapy [32], have shown less toxicity and less
exposure in comparison with normal tissues [33]. Conformal radiation therapy, for example,
is designed to target the residual GBM cells while maintaining the healthy brain tissue
and minimizing the cognitive side effects [25]. Stereotaxic radiosurgery (SRS) consists of
delivering X-ray energy in a few sessions (<5) over 6 to 8 weeks [34,35]. Although, clinical
neurological complications such as motor deficit, visual deficit, cognitive deficit, sensory
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deficit, headache, and others are often reported [34]. Nevertheless, the best results for GBM
treatment are obtained when radiotherapy (60 Gy) is usually combined with concurrent
daily temozolomide (TMZ) chemotherapy [27].

2.3. Chemotherapy

Chemotherapy was found to be beneficial for improving patient survival, but the
systemic administration of drugs is known to be very limited due to the presence of
the BBB [36]. The BBB is the boundary between the circulatory system and the brain
extracellular space and is mainly composed of endothelial cells that make tight junctions
along the wall of blood vessels [37]. After surgery, the standard treatment regimen includes
6 weeks of concomitant TMZ (75 mg/m2 of body-surface area per day for each week) and
radiation followed by the administration of adjuvant TMZ (150–200 mg/m2) for 5 days
every 28 days on six cycles [38]. TMZ, which is a small alkylating agent that methylates the
purine bases of the DNA, was first approved by the Food and Drugs Administration (FDA)
and used to treat brain tumors in 1993 [39]. So far, its use has shown a significantly better
overall survival in treated patients [40]. TMZ reduces the activity of the DNA repair enzyme
O 6 methylguanine-DNA methyltransferase (MGMT) to promote GBM tumor cells death.
MGMT gene methylation is correlated with a positive prognostic of TMZ [41]. Generally,
the major side effect of TMZ is hematologic toxicity [42]. Several agents which alkylate
DNA base pairs have been explored in the context of GBM treatments [43]. Carmustine
(BCMU), for example, induces a crosslink between the guanine and cytosine. It has been
approved by the FDA to treat high grade gliomas (3 and 4) [44]. In addition, in 2014, the
FDA approved the use of Lomustine (CCNU) in patients with GBM, following surgery and
radiotherapy [45]. Lomustine is a small lipophobic alkylating anti-tumor reagent able to
cross the BBB [38].

However, several studies have shown that combining therapies were more effective
than using a single approach [46,47]. In 2005, a phase 3 clinical trial conducted by the
European Organization for Research and Treatment of Cancer (EORTC) and the Clinical
Trials Group of the National Cancer Institute of Canada (NCIC CTG) showed that patient
survival significantly increases when treated with TMZ in combination with radiotherapy
and complete surgical resection [48]. Unfortunately, due to its various genetic–epigenetic
alterations and its high heterogeneity, the standard treatments for GBM remain mostly
ineffective to completely heal patients. Therefore, understanding the pathways used
by GBM cells to migrate, the molecules that regulate it, and the different mechanisms
responsible for the cancer cells extensive invasiveness and migration is critical to develop
therapeutic approaches to treat GBM patients.

3. CXCL12–CXCR4 in Glioblastoma Invasion

3.1. The Pathways of GBM Cell Invasion

Despite several studies and current therapies, GBM treatment remains a challenging
task in clinical oncology because of its highly invasive properties, GBM cells being capable
of invading local and distant brain tissues. In 1938, Dr. Scherer described the migration
of GBM cells following four pathways (Figure 2): (a) within the brain parenchyma while
interacting with cells and neuronal extensions; (b) along the blood vessels; (c) following
the fibrous pathways of the white matter tracts (in the corpus callosum); and (d) along the
subarachnoid space in continuity with the ventricles [17].

The invasion of the parenchyma by the GBM cells is a complex process based on dif-
ferent interactions between the tumor cells and their microenvironment [49–51]. The GBM
cells have the ability to adapt their microenvironment by modifying the brain extracellular
matrix (ECM), which is a complex mixture of molecules such as glycoproteins—fibronectin,
laminins, tenascins (TN) as well as glycosaminoglycans (hyaluronic acid, HA), and pro-
teoglycans that contribute to GBM angiogenesis, invasion, and therapeutic resistance [52].
GBM cells synthesize some ECM components such as HA, TN-C, and fibronectin, and
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express their cell receptors, such as specific integrins [53] and CD44 (receptor of hyaluronic
acid (HA)), which leads to cell adhesion and migration [54].

Proteases, such as plasminogen/plasmin system, and cathepsins, that are divided
into six groups including gelatinases, collagenases, stromelysins, matrilysins, and metal-
loproteinases (MMP), are other essential components of the ECM playing an important
role in its remodeling during tumor cell migration [53]. For example, the ECM changes
its conformation through the action of MMPs, which can be expressed by brain cells and
favor GBM cell migration [55]. Through signals mediated by integrins, the ECM also allows
GBM cells to develop protrusions and eventually remodel their cytoskeleton to create new
connections and influence their migration [53].

Figure 2. Routes of GBM cells to metastasize in the brain (Adapted from deGooijer et al., 2018 [56]).

The name “integrin” was first proposed by the research group of Hynes in 1986 for
a protein complex linking the ECM to the actin-based cytoskeleton [57]. Integrins are the
major receptors of the ECM proteins [58], composed of α and β transmembrane heterodimer
subunits combined to make 24 different integrins [59]. Currently, 18 α subunits and 8 β

subunits have been identified, and each combination determines the functional specificity
of the receptors [60]. Based on affinities to ligands, integrins can be classified into four
groups: the (a) Collagen receptors group, (b) Laminin receptors group, (c) Leukocyte-
specific receptors group, and (d) the group of receptors that recognizes the sequence of
three amino-acids RGD (Arginine–Glycine–Aspartate) [61].

Integrins play different roles, such as cell adhesion, intracellular transduction, and
the regulation of several signaling pathways (Figure 3) [62]. They are also involved in the
survival, proliferation, and migration of cancer cells [63]. The integrin-mediated signaling
pathway maintains homeostasis, but is dysregulated in tumors and generally associated
with the invasive phenotype of GBM cells [64]. For example, RGD-binding integrins
include a series of αv dimers, such as αvβ3 and αvβ5, highly expressed in GBM cells in
which ligands are ECM proteins, such as fibrinogen (one of the markers of inflammation
in brain injury [65]), fibronectin, and TN [66,67]. Types of TN, such as TN-C, can promote
cell migration, angiogenesis, and proliferation. TN-C is highly associated with blood
vessels which enable glioma cells to invade into other regions of the brain either by binding
to integrins to affect the cell directly or by binding to ECM molecules and affecting the
cell indirectly [54].
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Figure 3. Schematic representation of different signaling pathways activated by CXCL12/CXCR4/CXCR7
axis and integrins. FAK: focal adhesion kinase; p: phosphorylation; Src: proto-oncogene tyrosine-protein
kinase; cAMP: cyclic AMP, adenosine 3′,5′-cyclic monophosphate; AC: adenylate cyclase; PKA: protein
kinase A; PI3K: phosphoinositide 3 kinase; Akt: protein kinase B; MAPK: mitogen-activated protein
kinase; PLC: phospholipase C; ERK: extracellular signal-regulated kinase; IP3: inositol trisphosphate; GRK:
G-protein coupled receptor kinase; ECM: extracellular matrix; Ca2+: Calcium; CXCL12: CXC chemokine
ligand 12; CXCR4: receptor CXC type 4; CXCR7: receptor CXC type 7; αβɣ : G protein complex; αvβ3:
integrin alpha V and integrin beta 3; αvβ5: integrin alpha V and integrin beta 5; VEGF: vascular endothelial
growth factor.

3.2. CXCL12–CXCR4 Axis in GBM Cell Migration

Different studies have shown that integrins such as αvβ3, αvβ5, α3β1, α5β1, α6β1,
and α9β1 are associated with the invasive phenotype of GBM cells [68–71]. Blandin et al.
demonstrated that αv integrin allows the dissemination of GBM cells in the presence of a
rich microenvironment of fibronectin, while its absence reinforces cells adhesion [72]. The
stimulation of αv integrins subunits by ECM proteins leads to the activation of different
signaling pathways such as phosphatidylinositol-3-kinase (PI3K) and protein kinase B
(AKT) pathways, for which several studies have proven their induction of GBM cell
migration [64,72,73]. Rat sarcoma virus (RAS) and extracellular signal-regulated kinase
(ERK) pathways are also activated via the increased activity of MMP-2 and MMP-9 [74,75].
In conclusion: (a) Integrins’ activation via ECM proteins leads to changes in the GBM
cell cytoskeleton and the activation of gene transcription for cell adhesion, migration,
and invasion [76–79]. (b) The ECM has become a target for many researchers due to the
important role it plays in GBM progression. For more information about the emerging
therapeutic approaches for GBM that target ECM, see Mohiuddin et al., 2021 [54].

However, in addition to the ECM, the GBM microenvironment is constituted from several
other components, such as fluids, molecules such as chemokines that play a crucial role in the
migration of GBM cells, and others, such as neurons, astrocytes, and immune cells [55].

3.3. Chemokines Implicated in GBM Cell Invasion

Chemokines are a family of small (8–10 kDa) secretory proteins whose name comes
from their ability to be “chemoattractant cytokines” [80]. Chemokines are known to allow
the migration of various cell types such as leukocytes, fibroblasts, and both normal and
malignant epithelial cells [80]. Chemokines are divided into four subfamilies based on
the positioning of their cysteine residues from the amino-terminus side: CXC, CC, C, and
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CX3C [81]. By binding to their receptors, chemokines activate various intracellular signaling
pathways and play a crucial role in the regulation of many biological processes such as
angiogenesis, immune response, hematopoiesis, chemotaxis, as well as cell proliferation,
migration, apoptosis, and others [82].

Forty-seven chemokines and twenty chemokine receptors have been identified in
humans so far [83]. Chemokine receptors such as CXCR are G-protein-coupled receptors
(GPCR) that include a central common core made of seven transmembrane helices (TM-1
to -7). Helices are connected by three intracellular and three extracellular loops, also an
N-terminal extracellular domain and C-terminal intracellular domain that is specific to
every protein receptor [84]. A GPCR can bind to its ligand either by homodimerization
(one receptor for one G-protein) or by heterodimerization [84]. Once stimulated, GPCR
modifies its three-dimensional conformation; guanosine triphosphate (GTP) and guanosine
diphosphate (GDP) exchange is activated, which leads to the dissociation of the GTP-bound
α-subunit and βγ-dimer [85]. Gαi induces the inhibition of adenylate cyclase, which pre-
vents cyclic adenosine monophosphate (cAMP) production and activates Src-like tyrosine
kinases, while Gαq activates phospholipase C (PLC). This enzyme hydrolyzes the phos-
phatidylinositol 4,5-bisphosphate into diacylglycerol and inositol 1,4,5 trisphosphate (IP3),
allowing the release of intracellular Ca2+ from the endoplasmic reticulum (Figure 3) [86,87].
On the other side, the Gβγ dimer activates numerous signaling pathways involved in the
migration of GBM cells, in particular, PI3K, Akt, ERK1/2, mitogen-activated protein kinase
(MAPK), and serine/threonine-specific kinases (Raf) pathways [88–90]. CXCL12 can also
induce the phosphorylation of CXCR4 by GPCR kinase (GRK), leading to its subsequent
interaction with β-arrestin. Certainly, for its formation and progression, GBM cells engage
different chemokines such as CXCL8, CXCL16, CX3CL, CCL5, CXCL12, and their recep-
tors CXCR1-2, CXCR6, CX3CR1, CCR5, CXCR4-7, respectively, for a chemokine network
communication mechanism to maintain and increase the tumor malignancy (Table 1).

Table 1. Some activated axes in GBM and their actions.

Axis
Actions in GBM

Migration and Invasiveness Proliferation Growth, Survival, and Apoptosis Ref

CXCL12–CXCR4 Chemotaxis
Activation of Ras, Raf kinase Ca2 + mobilization via inhibition of

cAMP (survival)
[91]

ERK1/2 phosphorylation

CXCL12–CXCR7
Activation of β-arrestin by heterodimerization with CXCR4

Activation of ERK1/2 via GRK [92,93]
Activation of ERK1/2

CXCL8–CXCR1-2

Overexpression of MMP-9
and MMP-2 High density of macrophage promotes a high

degree of microvascular proliferation

Activation of IL-6

[94]Activation of JAK pathway

EMT transition Increase of anti-apoptotic
protein secretion

CXCL16–CXCR6
Overexpression of anti-inflammatory genes and modulating microglia polarization Establishing a pro-tumoral

microenvironment in the brain
[95]

Increase of MMP-9 and MMP-2 expression

CCL5–CCR5 Activation of Akt kinase Stimulation of AKT pathway [94,96]

CX3CL1–CX3CR1 Modulation of the activation
of TGF-beta1 Not clear CX3CR1 polymorphism through

isoleucine V249I (survival) [97,98]

Ca2+: Calcium; CXCR7: receptor C-X-C type 7; GRK: G protein-coupled receptor kinases; CXCL8: C-X-C motif
chemokine ligand 8; CXCR1-2: C-X-C chemokine receptor 1 and C-X-C chemokine receptor 2; CXCL16: C-X-C motif
chemokine ligand 16; CXCR6: C-X-C motif chemokine receptor 6; CX3CL1: chemokine [C-X3-C motif] ligand 1;
CX3CR1: C-X3-C motif chemokine receptor 1; CCL5: C-C motif chemokine ligand 5; CCR5: C-C chemokine receptor
type 5; IL-6: Interleukin 6; TGF-beta1: transforming growth factor beta 1; EMT: epithelial–mesenchymal transition.

Among several chemokines and their receptors, CXC chemokine ligand 12 (CXCL12)
and its two GPCR receptors, CXC type 4 (CXCR4) and type 7 (CXCR7), are mainly involved
in the migration and the spreading of GBM cells into distant tissues.

CXCL12 plays an important role in the regulation of different processes such as neu-
ronal development and stem cell motility [91]. CXCL12 has been found in the white matter
tracts, blood vessels, and subpital regions, suggesting chemotactic direction cues for GBM
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cell invasion [99]. Its high expression in some areas, such as white matter tracts, can also
attract the spread of the cells toward those areas, causing invasion [14]. CXCR7 has been
recently identified as a second receptor for CXCL12, and its expression has been shown to
be increased in many tumor cell lines, including gliomas cells [100]. It has a 10-fold higher
affinity to CXCL12 than CXCR4 [101]. Nonetheless, CXCR4 plays a crucial role in GBM
invasion [100] by mediating chemotaxis in the brain. Being widely expressed within the
human body, the CXCR4 upregulated state has been reported in over 20 types of human
malignant tumors such as breast, prostate, lung, ovarian, and brain cancer [102–104]. The
receptor is also overexpressed in GBM and is considered as a hallmark of the tumor aggres-
siveness [105,106]. The CXCL12/CXCR4 axis has gained increased focus during the recent
decade [107] and has been extensively studied in brain tumors (GBM, astrocytoma, medul-
loblastoma, oligodendroglioma, and oligodendroastrocytoma) [108] due to its key role in
the communication of tumor cells with their microenvironment [109]. The axis is implicated
in GBM immunosuppression, chemotherapy and radiotherapy resistance [107,110], cellular
reprogramming, and ECM remodeling [107]. CXCL12 acts primarily via two mechanisms
in cancer: (a) through an autocrine effect that promotes cancer cell growth, invasion, and
angiogenesis, and (b) indirectly by recruiting cancer cells expressing CXCR4 into regions or
organs containing CXCL12 to initiate metastasis [111].

Both in vitro and in vivo studies proved that CXCL12 promotes GBM growth and
cell migration, and inhibits apoptosis through the activation of various signal transduc-
tions [112]. The CXCL12–CXCR4–CXCR7 axis has been extensively studied over recent
years [91]. It acts via three mechanisms (Figure 3):

(a) Through CXCR7, which has been known for decades and has an inability to activate
the G-protein complex [113]. Lately, it has been proved in vitro that CXCR7 activation
by CXCL12 is mediated via G-protein and β-arrestin and increases the intracellular
calcium concentration. β-arrestin has four isoforms and plays a key role in GPCR
signal transduction [114]. It activates numerous intracellular signaling pathways such
as MAPK-ERK1/2 pathways for cell proliferation and migration [115]. An in vivo
study demonstrated that the inhibition of CXCR7 after irradiation prolonged survival
and blocked tumor recurrence of intracranial U251 GBM in nude mice [116]. Yang
Liu et al. showed that knocking down CXCR7 in GBM cells (U251MG and U373MG)
using siRNA to block ERK1/2 in response to CXCL12 decreases cell proliferation,
invasion, and migration [93].

(b) CXCR7 can heterodimerize with CXCR4 in response to CXCL12, which modulates
CXCR4-mediated G-protein and β-arrestin signaling pathways such as MAPK-ERK1/2
inducing cell migration [92].

(c) One CXCL12 binds to its receptor CXCR4 [117,118], the tertiary structure of CXCR4
changes to activate the G-protein through its intracellular component. Multiple signals
are activated via GRK, such as phospholipase C (PLC), PI3K, and MAPK/ERK, for
vascular endothelial growth factor (VEGF) production, which is mainly responsible
for recruiting new vessels for GBM neovascularizations [119]. The activation of the
PI3K pathway followed by the activation of Akt contributes to the CXCL12/CXCR4-
induced survival, invasion and proliferation. CXCL12–CXCR4-mediated migration is
reported to be regulated by the PI3K and MAPK/ERK pathways [119].

Overall, targeting the CXCL12–CXCR4–CXCR7 axis to develop new therapeutic ap-
proaches in GBM treatment is required. AMD3100, Peptide R, CPZ1344, and AMD3465
are inhibitors for CXCR4 that reduce tumor growth and inhibit GBM cell invasiveness
and migration [120]. The most extensively studied, AMD3100, also known as plerixafor
(Mozobil®), is an FDA-licensed CXCR4 antagonist that was approved in 2008 [121]. In addi-
tion, AMD3100 reduces the chemotaxis, survival, and proliferation of glioma cell lines [120].
For instance, Cornelison et al. proved that AMD3100 can inhibit CXCR4-dependant GBM
invasion induced by convective flow forces within the tumor tissue [106].

Furthermore, it has been also demonstrated that CXCL12 and CXCR4 induce the
activation of integrins which suggests a cooperation between the CXCL12–CXCR4 axis and
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the integrins in mediating cancer cell behavior, such as adhesion and survival [122]. For
example, the adhesion of prostate tumor cells to the endothelium or proteins of the ECM is
transmitted via CXCL12-induced signals depending on CXCR4. The binding of CXCL12 to
its receptor leads to an upregulated expression of α5 and β3 integrin subunits. In contrast,
the level of α2, β1, β4, and αv integrin subunits remains unchanged in CXCL12-treated
cells. This provides evidence of existing links between CXCR4 expression, CXCL12, and α5
and β3 integrin subunits [118,123,124]. As the CXCL12–CXCR4 axis is the potent driver for
GBM invasion under static conditions, studies have shown that cell invasion and migration
may be enhanced by another factor, interstitial fluid flow [99,106,125].

4. Interstitial Fluid Flow in Glioblastoma

4.1. Cerebral Fluids

Within the brain, many processes occur to regulate different mechanisms with the aim
of maintaining homeostasis. Cell communication, environment interactions, and chemical
gradients are necessary to ensure the brain function. On another scale, biophysical forces
such as fluid flow act by ensuring the creation of the chemokine gradient in neonatal and
adult development, and by recruiting immune cells into target sites [69]. Brain tissues are
composed of three compartments: neural cells, the vascular system, and the interstitial
space (IS) [126]. The latter occupies 15% to 20% of the total brain volume and is composed
mainly of interstitial fluid (IF) and the extracellular matrix (ECM) [126]. IF is one of the
most important axes studied because of its behavioral changes in pathological diseases
such as CNS cancers and Alzheimer’s disease [127]. IF surrounds every cell in the brain,
allowing it to be the carrier for proteins and different molecules to and from cells [128]. The
interstitial fluid flow (IFF) can be defined as the movement of fluid between cells in the
interstitial space. It is mainly composed of water, ions, and gaseous and organic molecules
(O2, CO2, hormones) [128]. Chary and Jain measured the interstitial flow velocity using
fluorescence intensity after bleaching on a rabbit ear, which was found to be 6 × 10−5 cm/s.
In GBM, the IFF develops due to the high interstitial pressure between the tumor and the
healthy tissue [129]. Besides the hypotheses that the ECM and cytokines increase GBM
cells’ invasion, the IFF has been proved to enhance GBM cells’ migration as well.

4.2. Interstitial Fluid Flow and CXCL12 in the Migration of GBM

The IFF plays a critical role in the GBM cell invasion of the brain parenchyma [99,106,125]
by enhancing CXCL12 secretion along white matter tracts, blood vessels, and subpial
regions [130]. The fluid flow in the brain also follows the same pathways, providing the
information that the fluid flow, CXCL12 gradients, and white matter tracts may be inter-
related. The IFF stimulates GBM cell migration mainly by mediating two mechanisms:
(a) Autologous chemotaxis, in which the GBM cell stimulates its migration via a self-secreted
chemokines mechanism. The secreted chemokine allows the cell to be transported following
the direction of the flow, creating a gradient around individual cells [106]. (b) Mechanotrans-
duction, which occurs when a cell detects mechanical changes in its environment, leading to
the activation of different signaling pathways mediating the migration [131].

For example, the fluid flow was found to enhance glioma cell migration via a CXCL12–
CXCR4 signaling-dependent mechanism in both 3D in vitro models using invasive cells
(RT2, rat astrocytoma; U87MG, human glioblastoma; C6, rat astrocytoma) in a HA/collagen
I matrix and in vivo models such as rats [99]. The response of these invasive cells to the
fluid flow (velocity of 0.7 µm/s) was prevented by blocking CXCR4, either by adding
its inhibitor AMD3100 (Mozobil®, Plerixafor) or CXCL12 at 100 nM (uniform CXCL12
treatment) to abrogate any chemoattractant gradient [99]. Nonetheless, blocking CXCR4
did not stop the GBM cell invasion entirely under static or flow conditions, suggesting
that the cells are capable of producing their CXCL12 to migrate [99]. Cornelison et al.
used an in vitro 3D tissue culture insert model to show that GL261 cells can migrate under
static conditions, which can be significantly enhanced after flow application. Furthermore,
they used convection enhanced delivery (CED), a technique known to enhance the local
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perfusion of chemotherapeutic agents in the treatment of GBM, to highlight the invasion
effects of convective forces on glioma cell invasion into the surrounding brain parenchyma
in an in vivo mice model [106]. The flow effect can be mitigated by blocking the CXCL12
gradient or its receptor using uniform CXCL12 and AMD3100, respectively, [106].

However, Kingsmore et al., using G2, G34, G62, and G528 GBM stem cell lines, proved
that the response to the fluid flow is heterogenous and can vary from one cell line to
another, both in vitro and in vivo [125]. The invasion of G34, G62, and G528 GBM stem
cell lines increased in response to the interstitial fluid flow as compared to the static
conditions, unlike the G2 invasion that was not increased, which was in accordance with
their in vivo results. Using antibodies against CXCR4 and CXCL12, the authors also found
that G34 and G528 cells respond to the flow through CXCR4/CXCL12 chemotaxis. Uniform
CXCL12 also decreased the flow-stimulated invasion in both G34 and G528 GBM stem cells,
confirming the crucial role played by the chemoattractant for flow-responsive invasion
in these cells [125]. Interestingly, flow-stimulated invasion in G34 cells also depended on
CD44, a receptor of HA mediating mechanotransduction [125].

In contrast, Qazi et al., by culturing U87 human glioma, rat CNS-1 glioma, and U251
human glioma cell lines in 3D modified Boyden chambers containing collagen type I in
a dynamic microenvironment with various flow velocities (0.8–3 µm/s), found that the
migration rate of the cells diminished after exposure to the flow. This decrease of migratory
activity by flow was dependent on MMP-1 and MMP-2 for U87 and CNS-1 cells, respectively.
In contrast, the migration of U251 cells was not affected by the shear stress. However,
adding chemoattractant TGF-α with the flow enhanced the U87, CNS-1, as well as U251
cell migratory activity by 89%, 566%, and 101%, respectively, compared to controls [132].
All this indicates that CXCR4/CXCL12 mechanisms can have different impacts on the
GBM cell population depending on their heterogeneity, which may contribute to different
invasion behavioral responses to fluid flow. However, since studying GBM cell migration
in vivo is currently limited, bioengineers focus on the development of in vitro models that
mimic different elements of the in vivo microenvironment.

5. Models to Study Glioblastoma Cells Migration

5.1. Two-Dimensional Models for Glioblastoma Studies

Several studies performed in two/three-dimensional in vitro and in vivo models have
proved that GBM cells invade either by an amoeboid or mesenchymal manner [133,134].
Two-dimensional models are simple to use, but have proved to have several limitations in
terms of mimicking the natural microenvironment of the parenchyma. Scratch assays are
the commonly used technique. They allow the study of migration in favor of invasion, but
do not allow the distinction between the proliferative and invasive behavior of the cells.
Transwell assays, on the other hand, give more information but produce a wider range of
results [135]. However, these kinds of tests fail to recapitulate the real microenvironment of
the brain [136] (Table 2).
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Table 2. Advantages and disadvantages of different models used in the study of GBM.

GBM Study Models Advantages Disadvantages Applications Ref

2D

In vitro

Scratch assays
• Easily implemented
• Low cost
• Real-time cell tracking

• Low physiological relevance
• Migration and invasion are not
distinguished Migration

Matrix remodeling
Drug screening

[137]
Transwell

assays

• Technically easy
• Low cost
• A matrix can be added to study ECM

• Lacks tumor complexity
• Lack of 3D environment without matrix
• Difficult to distinguish between migration
and invasion

3D

3D bioscaffolds
(Spheroids)

• Simple
• Control of spheroids size
• Control of growth parameters
• High throughput
• Allow ECM interactions study
• Allow pathways signaling study

• Long-term culture difficulties
• Lack tumors complexity
• Lack vascularization

Migration/Invasion
Cell biology

(proliferation,
apoptosis, etc.)
Drug Screening

[138]

Microfluidic
co-culture

• Real-time cell tracking
• Allow ECM interactions study
• Allow pathways signaling study
• Cell–Cell interactions study

• High cost
• Lack of native microenvironment
• Lack of tumor complexity

Migration/Invasion
Cell adhesion [139]

Ex vivo
Organotypic
brain slices

cultures

• Native ECM composition
• Real-time cells tracking
• Maintain tumor heterogeneity
• Allow ECM interactions study
• Allow cell signaling study

• Ethical issues associated with animal
studies
• Lacks blood
• Flow
• Lack of tumor complexity

Migration/Invasion
Tumor growth

Study of
drugs delivery

[140]

In vivo Orthotopic
xenograft

• Native microenvironment
• Studies under the effect of the flow
• Cell–Cell interactions study
• Allow pathway’s signaling study

• Ethical issues associated with animal
studies
• High cost
• Less experimental control
• Time consuming

Migration/Invasion
Signaling

Study of drugs
delivery

Tumor growth

[141]

5.2. Three-Dimensional Models for Glioblastoma Studies

Three-dimensional assays are a step forward to investigate cell invasion as they
mimic the cellular microenvironment more closely. Boyden chambers are the most used.
They consist in evaluating the cell invasion through a porous insert that can be coated
with different matrices, such as the mouse sarcoma-derived matrigel or collagen-based
matrices [56]. The matrices are static, so the addition of chemo-attractants in the lower
compartment is usually required in most cases [142]. Microfluidic co-culture platforms
are 3D in vitro models made of a gel scaffold bound by two channels in which cells can
be seeded. This allows the study of the impact of intracellular interactions on GBM
invasion (see Table 2) [56,143]. Cerebral organoids on another side have been recently
developed to culture tumor cells retaining part of the original brain morphology [144].
Models such as organotypic brain slice cultures are ex vivo models that have emerged at
the beginning of this century to mimic in vivo orthotopic xenograft invasion models [56].
These models allow GBM cells to express their invasive characteristics in a physiological
microenvironment as well as their interactions with the ECM [52,145].

6. Innovative Treatments for Glioblastoma

Despite the advanced clinical therapeutic approaches, the combination of classical
treatments yet fails to cure GBM due to tumor recurrence and metastasis. Therefore, varied
applications of biotechnology and many innovative approaches such as immunotherapies,
gene therapies, and drug delivery-based therapies have been explored (Figure 4) and will
be briefly discussed. In this review, we will focus mainly on describing the different drug
delivery therapies used in the development of new GBM treatments.
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Figure 4. Summary of some different innovative treatments for GBM. DCVax: dendritic cells vac-
cine; PVSPIRO: recombinant nonpathogenic polio-rhinovirus chimera; CAR-T: chimeric antigen
receptor T cell; CLTX-CAR T: chlorotoxin-chimeric antigen receptor T cell; NOX-A12: olaptesed
pegol; TOCA511: vocimagene amiretrorepvec; TOCAFC: toca 511 (vocimagene amiretrorepvec) + FC
(5-fluorouracil); GDC-0084: paxalisib; TTFields: tumor-treating fields; PARP: poly (ADP-ribose) poly-
merase; Alg: alginate; Chit: chitosan; PLGA: poly D,L-lactic-co-glycolic acid; NLCs: nanostructured
Lipid Carriers; SLNs: solid lipid nanoparticles; LNCs: lipid nanocapsules; PEG: polyethylene glycol;
PCL: polycaprolactone.

6.1. Some Innovative Treatments in Glioblastoma

6.1.1. Gene Therapies

Gene therapy consists of integrating a functional version of a gene instead of the defec-
tive one. There is no gene therapy clinically approved at the moment, but various clinical
trials with encouraging results are ongoing [146,147]. Many strategies have been used in the
context of gene delivery, such as antiangiogenic gene therapy and nano-technology-based
gene therapy in the past twenty years [148].

Some of the antiangiogenic gene therapies have been successful to suppress tumor
angiogenesis and growth [148]. Angiogenic gene therapy strategies consist mostly in dis-
rupting the normal function of VEGF [149]. For example, ofranergene obadenovec (VB-111)
is a genetically modified non-replicating adenovirus type 5 containing a specific promoter
and a transgene encoding for a chimeric death receptor (proapoptotic Fas-TNFR1 chimeric
protein) [150,151]. Cloughesy et al. have performed a phase III clinical trial (256 patients
at 57 sites) studying the effect of VB-111 administration with and without bevacizumab,
a humanized monoclonal antibody for VEGF-A, approved for use in recurrent GBM in
2009 [152,153]. The patients treated with VB-111 showed apoptotic cell areas in the tumor
with an increase in the number of infiltrated CD8 and CD4 lymphocytes. However, the
administration of VB-111 and bevacizumab did not improve the outcomes in recurrent
GBM [152]. Some other studies hypothesized that combining TMZ chemotherapy with
gene therapy may be beneficial for a synergistic effect against GBM and that the decrease
of the MGMT level with gene therapy can overcome TMZ resistance and enhance GBM cell
death [154–156]. For example, Przystal et al. introduced a unique prokaryotic viral-based
approach combined to TMZ to target tumors [155]. Using a M13 bacteriophage that specifi-
cally infects bacterial cells, the single-stranded genome of human adeno-associated virus
(AAV) was inserted in and the phage capsid was engineered to display the CDCRGDCFC
(RGD4C) ligand that binds to αvβ3 integrins [155]. Once bonded to these integrins, the
RGD4C/AAV-Phage (AAVP) viral particles penetrate the GBM cells, releasing the AAV
genome that expresses a tumor-specific gene from the Grp78 promoter. Przystal et al.
first verified that TMZ increases the expression of the endogenous Grp78 protein in hu-
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man GBM cells (LN229, U87, and SNB19 cells) in a dose-dependent manner. They also
showed that RGD4C/AAVP-Grp78 gene expression is strongly increased by TMZ. Inter-
estingly, the combination of the TMZ with the RGD4C/AAVP-Grp78-HSVtk mutant SR39
encoding the Herpes simplex virus type I thymidine kinase in the presence of ganciclovir
(GCV) induced strong tumor cell killing both in vitro and in vivo (mice with established
intracranial U87 tumors) [155].

mRNA and siRNA in GBM Gene Therapy:

mRNA-based gene therapy is an efficient gene transfection tool that emerged to adapt
with the high heterogeneity and diffusing invasiveness nature of the GBM. Xiangjun et al.
explored a new therapeutic strategy using an in vitro synthesized mRNA encoding for (a) a
phosphatase and tensin homolog on chromosome ten (PTEN) that can induce apoptosis
or (b) a tumor-necrosis-factor-related apoptosis-inducing ligand (TRAIL)- in tumor cells
derived from -PTEN-deletion patients [157]. They confirmed that a low survival rate is
observed in GBM patients who have a high frequency mutation of PTEN. Using patient-
derived primary GBM stem cells with PTEN alteration and a Denver Brain Tumor Research
Group (DBTRG)-cell-derived xenograft to detect the cytotoxicity of mRNA in vitro and
tumor suppression in vivo, they showed that the combined treatment of PTEN-mRNA
and TRAIL-mRNA significantly reduced the growth of both the GBM cells and tumor.
The tumor growth is suppressed after two months compared with the control PBS (96.4%)
and single mRNA group (PTEN-mRNA (89.7%) or TRAIL-mRNA (84.5%)) [157]. mRNAs
can also be encapsulated into nanocarriers such as liposomes and nanoparticles (NP) to
overcome the natural barriers and protect them from degradation [158]. The delivery routes
and the carrier forms of mRNA depend on the patients glioma grade, stage, surgery, and
chemotherapy history [158]. To our knowledge, no clinical trial of mRNA-based GBM
therapy has been completed, and has not been widely adopted in treating GBM yet.

On another side, small interfering RNA (siRNA) are known by their ability to silence
the genes responsible for cancer progression by targeting tumor-promoting factors, such as
VEGF and EGFR [159,160]. Since GBM cells are resistant to anti-tumor drugs, the use of
siRNA in combination with chemotherapy could be beneficial to enhancing the treatment
efficiency [161]. For example, the combination of resveratrol (RES) and heat shock protein
27-knockdown using siRNA (Hsp27) was tested to treat the disease [162]. Hsp27 is a
tumor-promoting factor in GBM implicated in ECM remodeling and cell survival. RES at
15 µM decreases the Hsp27 protein level in a similar way than quercetin, a well-known
Hsp27 inhibitor (47% and 41%, respectively). However, combining RES at 15 µM with
Hsp27 siRNA induces a decrease in the level of Hsp27 by 93.4% in transfected human
U87 MG cells [162]. This combined treatment increases the caspase-3 activity by 101%
and induces GBM cell apoptosis. [162]. This study proves that the use of Hsp27-siRNA
combined with an anti-tumor agent could be beneficial to induce apoptosis in GBM cells.
However, the BBB, the degradation by RNAse enzymes, and reaching the tumor site
are the main challenges preventing the efficiency of siRNA therapy [163]. Under these
conditions, nanocarriers can promote a targeted delivery of siRNA and protect them against
degradation at the same time. A wide range of siRNA-loaded nanocarriers have been tested
in GBM therapy [164]. For instance, loaded MGMT-siRNA liposomes have been tested in
GBM treatment resulting in MGMT downregulation, DNA repair induction, and decreased
drug efflux capacities responsible for increasing GBM cell sensitivity to TMZ [164]. In
another study, RGD-functionalized pH-responsive polyamidoamine (PAMAM) dendrimers
were investigated for delivery of both c-myc siRNA anddoxorubicin (DOX)-loaded Se NP in
GBM therapy [165]. The RGD functionalization of PAMAM enhances the uptake of siRNA
dendrimers by cancer cells [165]. The nanocarriers were able to penetrate a BBB model
in vitro, developed to deliver the drug and enhance the antitumor activity [165]. Moreover,
chitosan lipidic nanocapsules were used for galectin-1 and EGFR-siRNAs’ delivery in nude
mice-bearing orthotopic U87 MG GBM cells [166]. The mean survival time increased in the
mice treated 14 days after tumor implantation with both anti-EGFR and anti-Galectin-1
siRNAs plus TMZ (39 days), in comparison to untreated mice (32 days), or EGFR siRNA
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plus TMZ or anti-Galectin-1 siRNA plus TMZ (34 days), representing a promising strategy
to induce anti-tumor effects in GBM [166]. Furthermore, CXCR4-targeted peptide carriers
for VEGF-siRNA delivery were tested in GBM therapy [167]. The peptide carriers were
able to condense and protect siRNA from RNAse degradation and induced a 2–6-fold
decrease in VEGF expression in the cells, indicating that the surface modification of the
nanocarriers can improve their specificity towards GBM cells [167]. However, more studies
to develop safe and well-tolerated nanocarriers for siRNA delivery are needed. Another
therapy that appeared to be very powerful and hopeful is immunotherapy, in which drug
delivery systems are extensively used.

6.1.2. Immunotherapies

After the success achieved for treating various other cancers, immunotherapies have
been considerably investigated to translate the same achievements in GBM treatment.
Immunotherapy consists of harnessing the immune system to eradicate the tumor cells
and is quite efficient in the treatment of high mutational burden tumors. Since GBM has a
low tumor mutational burden and an immunosuppressive environment, various strategies
have been explored to boost host immunity against GBM [168].

Among them, immune checkpoint inhibitors release the inhibitory brakes of T cells,
activating the immune system to induce anti-tumor responses [169]. When the binding
to their ligand is inhibited, the checkpoint receptors can promote an effective cell re-
sponse against GBM [170]. Targeted checkpoint molecules such as Nivolumab (Opdivo®),
pembrolizumab (Keytruda®), durvalumab (Imfinzi®), and atezolizumab (Tecentriq®) (an
anti-programmed death-ligand 1) have been approved to treat several types of cancer and
are currently trialed in GBM treatment [171,172]. For example, Gardell et al. used human
monocyte-derived macrophages genetically modified for bispecific T cell engager (BiTE)
and proinflammatory cytokine IL-12 secretion [173]. BiTE is specific for the mutation of
epidermal growth factor receptor variant 3 (EGFRV3), expressed by the GBM cell. The
secreted BiTE, by binding to the tumor antigen, was able to activate T cells as well as their
proliferation and degranulation, leading to the elimination of the antigen-specific tumor
cells in in vitro and in vivo models. BiTE secretion promotes a reduction in the tumor
burden [173]. However, the kinetics release of BiTE protein from the cells still needs to be
improved which reveal the importance of the platform optimization in the development of
therapeutic approaches. Further, chimeric antigen receptors (CAR), that consist of the use
of genetically modified T cells to express CAR genes, have been approved by the FDA for
the treatment of hematologic malignancies [174]. O’Rourke et al. were the first to use autol-
ogous T cells redirected to the EGFRV3 mutation by CARs on human GBM patients [175].
They demonstrated that the use of CART-EGFRV3 (10 patients) is feasible and safe, since
no toxicity was observed [175]. Seven patients had surgery after CART-EGFRV3 treatment,
which allowed us to gather more information: (a) The trafficking of CART-EGFRV3 cells
was observed in the direction of the tumor within the first 2 weeks of treatment. (b) The
in-situ studies of the tumor environment also showed an up-regulation of immunosup-
pressive molecules, such as indoleamine 2,3-dioxygenase 1 (IDO1), programmed cell death
ligand 1 (PD-L1) and IL-10, as well as the recruitment of immunosuppressive regulatory
T cells expressing FoxP3. Thus, CART therapy for GBM still needs more investigation
because of the immunosuppressive tumor microenvironment, cell trafficking, and risks of
CNS toxicity [175].

Some approaches based on vaccines are also investigated as a potential adaptive
immunotherapy for GBM. An autologous tumor lysate-pulsed dendritic cell vaccine called
DCVax®-L, produced by Northwest Biotherapeutics, Inc., Bethesda, MD, USA [176], has
been used against glioblastoma and appears to be safe. DCVax-L has been approved for
GBM treatment in Switzerland, but is still under clinical trials in the United States [177].
Additionally, a phase 3 trial is ongoing to evaluate the long-term effects of the DCVax®-L
vaccine in patients after surgery and chemoradiotherapy [178].
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On another scale of immunotherapies targeting GBM, viral-based therapy involves
genes delivery via viral vectors. For example, Desjardins et al. focused on the use of
the convection-enhanced intratumoral delivery of the recombinant nonpathogenic polio-
rhinovirus chimera (PVSRIPO) which recognizes the neurotropic poliovirus receptor CD155
widely expressed by GBM cells and improves the survival rate of the patients [179]. In
summary, immunotherapies demonstrated promising results in terms of feasibility, safety,
and even signs of efficacy. The challenges ahead are still numerous, including the opti-
mization of the dosing, the modulation of immunosuppressive tumor microenvironment,
the molecular marked heterogeneity of GBM and the understanding of the chemokines
network. Thus, drug delivery systems have emerged to overcome some of those limitations.

6.2. Drugs Delivery Systems for Glioblastoma Treatments

6.2.1. Systemic Delivery

The BBB is considered as the major hurdle in drug delivery-based therapies because of
its low permeability that hampers the passage of anti-cancer agents (ACA). The transport
of ACA is achieved via two mechanisms: (a) passive transport (diffusion of water-soluble
compounds and lipophilic molecules with a molecular weight less than 500 Da), and
(b) active transport (mediated by membrane protein carriers of small molecules) [180].
Therefore, in order to promote the passage of ACA, different strategies have been explored,
including small molecules capable of crossing the BBB, chemical modification of ACA,
drug-loaded nanocarriers, and cell delivery systems [181].

Cell-Mediated Delivery:

Cell-mediated delivery utilizes cells such as leukocytes and stem cells to carry drug
carriers themselves [182]. The strategy had several advantages such as long circulation
times, flexible morphology, and cellular signaling [183]. The drugs can be loaded into
the cells through biological pathways (endocytosis, ligand-receptor interactions), physical
approaches (hypotonic hemolysis, electroporation), or chemical modifications (covalent
conjugation onto surface markers, biotinylation, click chemistry) [184].

Macrophages are commonly used because of their particularity to migrate to the
tumor side in response to the secretion of cytokines and chemokines [184]. Cell-mediated
delivery has been widely explored in GBM. For example, neural stem cells (NSC) have
been used to secrete and deliver the proapoptotic protein TRAIL to human intracranial
glioma xenografts [185]. The use of high doses of TRAIL in patients can induce issues of
toxicity and a danger of excessive antiviral host immune responses; for this reason, the
molecule was delivered by NSCs. NSCs were able to migrate to the tumor site and secrete
TRAIL, resulting in the apoptosis of the cancer cells without toxicity for the normal brain
parenchyma. They also induced a significant reduction in the tumor size [185]. Wang et al.
found that monocyte-mediated DOX (also known as Adriamycin®) delivery through NPs,
with the surface coated with polyglycerol and RGD peptides for GBM treatment, caused
tumor cell damage both in vitro and in vivo in mice orthotopic GBM xenografts. [182]. In
the same context, Pang et al. loaded NPs into macrophages such as ”Trojan horses” to
deliver DOX for GBM treatment [186]. The viability of the cells encapsulating the NPs
was not affected and an improvement of the macrophages’ penetration into the core of
the spheroids model was observed, which mimics the behavior of the cells in an in vivo
model [186]. To conclude, the tumor targeting was enhanced after loading the NPs into
the cells, which indicates that macrophages can improve glioma therapy and underline the
importance of using NPs [186].

Nanocarriers:

Nanotechnology and nanocarrier-based drug delivery have recently gained remarkable
attention due to their characteristics of biosafety, sustained drug release, and enhanced drug
bioactivity and BBB penetrability [187]. Based on preparation methods, nanocarriers can be
classified into nanocapsules, nanospheres, and NPs that are the mostly used in GBM treatment.
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Nanocapsules are small vesicles of 100–200 nm in which hydrophobic drugs are en-
capsulated in the empty space by a polymer membrane. Polymers such as poly(lactic acid)
(PLA) and Poly Lactic-co-Glycolic Acid (PLGA) can be used to prepare these nanomate-
rials [188]. NPs can be loaded by different therapeutic agents and are characterized by
particular properties that allow them to pass the BBB [189] and achieve the tumor site. The
particle size, surface charge, hydrophobicity, and coating material are the NPs’ physiochem-
ical properties that play an important role in the targeting process [190]. The size of the
NPs is a critical factor for the NPs’ delivery; small size NPs < 200 nm are preferred and
suitable for systemic administration and can smoothly reach the leaky blood vessels of the
tumor microenvironment [191–193]. The shape, stability, and charge of the NPs are also
important due to their implication in fluid dynamics and their interaction with cell charge
membranes and proteins [194,195]. Based on their composition and characteristics, NPs
can be classified into lipidic NPs, organic NPs, and inorganic NPs [196–198].

Lipid-based nanocarriers regroup liposomes, nanostructured lipid carriers, solid lipid
NPs, and lipid micelles (Figure 5). Liposomes are small vesicles composed of a phospholi-
pidic bilayer that surrounds a water-soluble core similar to the cell membrane [199]. Lipo-
somes are characterized by an easy encapsulation of ACA, an easy preparation, biodegrad-
ability, and a favorable biocompatibility [200]. Nanostructured lipid carriers (NLCs) are
composed of a matrix with solid and liquid lipids forming an unordered matrix, pro-
viding a large space for drug incorporation [201]. Solid lipids NPs (SLNs) are formed
from a solid hydrophobic lipid core and have demonstrated a higher stability compared
with liposomes [202]. Further, SLNs have the ability to cross the BBB and deliver a wide
spectrum of GBM-targeted ACAs, such as large molecules, genes, oligonucleotides, and
enzymes [203]. Finally, lipidic micelles are spherical amphiphilic aggregates with a hy-
drophobic core and a hydrophilic shell in which drugs are loaded in the central core or can
be linked to the lipids [201].

Figure 5. Schematic representation of different types of nanocarriers and their structures used in
GBM treatment.
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Inorganic NPs are generally composed of mineral compounds, such as metals. Among
various inorganic NPs: iron oxide NPs are commonly used as contrast agents for MRI, and
gold NPs are used to improve photothermal therapy [204–206].

For example, Liu et al. prepared magnetic iron-based NPs (MNP) modified by PEG-
transferrin (Tf-PEG) and polylysine (PLL) to condense small interference RNA against
polo-like kinase I (PLK1) (Tf-PEG-PLL/MNP@siPLK1). The Tf was used to target GBM
cells since they express a high amount of transferrin receptors. PLK1 is involved in G2/M
transition in the cell cycle and is related to tumor progression and recurrence [207]. They
found that Tf-PEG-PLL/MNP@siPLK1 at the dose of 1.6 mg/kg prolonged the survival
time of GBM mice, 80% of them being alive at three months. In contrast, a median survival
time of about one month was observed in Tf-PEG-PLL/MNP@Scrambled PLK1-treated
GBM-mice [207]. On the other hand, Zhu et al. developed ruthenium Tf and aptamer
AS1411 co-grafted NPs loaded with [Ru(bpy)2(tip)]2+ (RBT), an antitumor drug for cell
apoptosis. Using photodynamic therapy for GBM, they proved that RBT@MRN-SS-Tf/Apt
killed glioma cells in vivo and in vitro under laser irradiation, prolonging the median
survival rate [208].

Polymeric nanoparticles can be prepared using a different range of materials and are
used as carriers for different drugs, such as chemotherapeutic drugs [188,209]. Polymeric
nanoparticles are more advantageous over other types of NPs because of their biocom-
patibility, biodegradability, and the improvement they achieved in the kinetics release as
reported in many reviews on the subject [210,211]. Polymeric NPs preparation can be
very flexible in terms of composition, structure, and properties [212]. Polymeric NPs can
be prepared using: (a) Synthetic polymer NPs such as PLA, poly(ε-caprolactone) (PCL),
poly(glycolic acid) (PGA), PLGA, and poly (amino acids) [209,213,214], these polymers are
biocompatible and degrade hydrolytically [215]. (b) Natural polymers which are composed
of polymers such alginate [216,217], chitosan [216,217], dextran [218], and HA [219].

Polymeric micelles are highly biocompatible amphiphilic nanoparticles capable of de-
livering different therapeutic agents and characterized by their flexibility in terms of design
modification [220]. Polymeric micelles have core–shell-type NPs formed through the self-
assembly of block copolymers, and which have a controllable size range of 10–100 nm [221].
Biodegradable polyesters such as PCL, poly (D,L-lactide) (PDLA), and poly (D,L-lactide-co-
glycolide) (P(DLA-co-G) are commonly used to form the core which helps to prolong the
half-life of the loaded drugs for more than 10 h [196,222]. Dendrimers are small particles
with sizes less than 12 nm, composed of repeating monomeric or oligomeric units with
an internal cavity surrounded by reactive terminal groups [223]. Dendrimers are used to
encapsulate different drug agents, such as siRNA, and are highly efficient for BBB crossing,
but are toxic to normal tissue because of their interactions with the cell membrane and their
less controllable release behavior [224].

The use of nanocarriers has been well established over the past decade both in phar-
maceutical research and clinical settings to enhance the in vivo treatment efficiency [225].
For GBM, such treatments are in development as well.

• Lipid-Based Nanocarriers for Glioblastoma Treatment

Lipid based NPs have been extensively used to target GBM. They can efficiently
encapsulate multiple drugs that act synergistically to kill GBM cells or drugs with poor
physicochemical properties (e.g., poor water-soluble drugs). For example, in a study
conducted by Zhang et al., glucose-functionalized liposomes (gLTP) that co-load TMZ
and pro-apoptotic peptide (PAP) can cross the BBB through the glucose–GLUT1 pathway
to deliver these drugs to the tumor site. PAP affects the mitochondria reducing ATP
generation, while enhancing the sensitivity of GBM cells to TMZ [226]. In the same way,
Papachristdoulou et al. delivered, via liposomes, O6-(4-bromothenyl) guanine derivates
(O6BTG) targeting MGMT to enhance TMZ efficacy in vitro [227]. The magnetic resonance
image-guided microbubble was also used to enhance the low-intensity pulsed focused
ultrasound that permits the opening of the BBB and better deliver the liposomes [227].
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The O6BTG-liposomes combined with TMZ reduced the tumor growth and increased
mice survival [227].

In another study, Jhaveri et al. encapsulated RES, a natural polyphenol with poor
physicochemical properties, at a drug loading efficiency of around 70% in PEGylated
liposomes. These liposomes were modified with Tf moieties to increase their interaction
with GBM cells (Tf-RES-L) [228]. They found that liposomes prolong the drug-release
in vitro, and delivered RES induces GBM cell cycle arrest at the S-phase and activates their
apoptosis through caspases 3/7 [228]. Tf-RES-L also permits an inhibition of GBM tumor
growth in vivo, improving survival in mice [228].

Among many types of lipid-based nanoparticles, NLCs and SLNs gained an ex-
treme focus for developing GBM treatments, especially in the delivery of GBM-targeted
ACA [196,229,230]. Song et al. prepared dual-ligand-commodified NLCs using both lacto-
ferrin, a member of the Tf family, and RGD peptides recognized by integrins overexpressed
in GBM cells. They demonstrated that the use of these dual-ligand-comodified NLCs
(139 nm) for TMZ and vincristine delivery induce a higher cytotoxic effect in vitro on hu-
man GBM cells (U87MG cells) compared to single-drug-loaded NLCs or free drugs. The
same results were gained in vivo on the inhibition of tumor growth in U87 MG cell-bearing
nude mice [231]. Furthermore, the size of the tumor treated by dual lactoferrin/RGD-NLCs
was reduced compared to the tumor treated by single-ligand NLCs [231]. The use of dual
ligands improves the GBM cell targeting in the brain. However, the lipid composition of
NLCs can also greatly influence the ability of the liposome to cross the BBB and target
GBM cells. Zwain et al. prepared NLCs using four liquid lipids alone or in combination
(propylene glycol monolaurate, propylene glycol monocaprylate, caprylocaproylmacrogol-
8-glycerides, and/or polyox-yl-15-hydroxystearate) to encapsulate the poorly water-soluble
docetaxel (DTX), also known as Taxotere®. They observed that NLCs composed of the
four lipids had not only the highest drug loading (almost 89%), but they also crossed
the BBB in the in vitro model without the loss of the barrier integrity [232]. These NLCs,
with an average particle size of 123.3 nm, were internalized more efficiently by U87MG
cells compared with non-cancerous cells. They were also more efficient to reduce the size
of U87MG spheroids than the free drug, by inhibiting both the cell cycle via the G2/M
phase and mitochondria activity [232]. Another strategy to target GBM cells is the use of
antibodies against specific growth factor receptors such as the epidermal growth factor
receptor (EGFR). For example, carmustine-loaded cationic SLNs grafted with an anti-EGFR
permit and affective delivery of the drug resulting in an antiproliferative efficacy against
the tumor growth [233].

SLNs and NLCs are effective as drug carriers for GBM. However, despite all the
promising results in the literature, none of these carriers have been successfully devel-
oped by a pharmaceutical company. Therefore, more efforts should be focused on the
development of reproducible nanocarriers.

• Polymeric-Based Nanocarriers for Glioblastoma Treatment

Due to their biocompatibility, low toxicity, and biodegradability, polymers offer many
advantages [234]. Han et al., in a recent study, used paclitaxel (Taxol®)-loaded into dextran
NPs coated with RVG29 peptide for targeted chemotherapy in glioma [235]. RVG29 is a
peptide with a high affinity to the nicotinic acetylcholine receptor (nAchR) on neuronal
cells and is highly implicated in drug resistance [235]. The use of NPs either in vitro
or in vivo exhibited a higher cell growth inhibition rate against C6 cells compared with
the non-grafted NPs [235]. To our knowledge, these polymers are not used much in the
context of GBM treatment compared to other cancers such as breast cancer [236], cervical
cancer [237], and lung cancer [238].

On the other side, PLGA, PLA, and PGA-based nanocarriers are the most extremely
used polymers in brain delivery (Table 3) [239]. In the context of GBM, these nanocarriers
are mainly used for the encapsulation of chemotherapeutic molecules to control their
release. For example, DOX-loaded PLGA-PEG NPs with a size around 200 nm were
prepared for the in vitro study of the drug kinetic release, no burst release was observed,
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and a sustained release was maintained for up to 96 h [240]. Ramalho et al. used PLGA-NPs
functionalized with OX26, a monoclonal antibody for a transferrin receptor, and loaded
with TMZ for targeting U215 and U87 cell lines. The NPs showed an encapsulation
efficiency of 48% and a size of 194 nm, both free and encapsulated TMZ induced a decrease
of cell growth in the studied lines, but the use of NPs exhibits a longer and stronger action
on the cells [241]. Caban-Toktas et al. studied paclitaxel co-loaded in PLGA NPs with
R-Flurbiprofen, a nonsteroidal anti-inflammatory drug known for its strong anticancer
activity [242]. In the same study, chitosan-modified PLGA NPs were also co-loaded with
paclitaxel and R-Flurbiprofen for an efficient delivery to the tumor site [242]. Sixty percent
of the paclitaxel was released from the NPs for five days until reaching the pseudo-plateau.
On the other hand, R-flurbiprofen was released quickly in the firsts 6 h. Additionally,
the NPs showed efficient cytotoxic activity and were well integrated by the tumor cells,
resulting in anti-tumoral activity against glioma [242]. The in vivo studies confirmed that
the use of paclitaxel-loaded NPs with R-flurbiprofen-loaded NPs induces a significantly
higher reduction of the tumor compared to when the drug-NPs are used individually [242].

Due to the protection they provide, NPs can also be used to encapsulate and deliver
peptides and small proteins, such as CXCL12, in the aim of controlling GBM cell migra-
tion as a therapeutic approach. Our team strongly believe that the control of GBM cells
migration via the CXCL12–CXCR4 axis can be a promising approach to rule the spread
of those cells and facilitate their elimination. For this aim, we have developed composite
alginate–chitosan NPs with an average size of 250 nm for CXCL12 encapsulation which,
upon its release, increases GBM cell migration [243]. Three initial mass loadings were
tested (0.372 µg/mg NPs, 0.744 µg/mg NPs, and 1.490 µg/mg NPs). Our results showed
that the alginate–chitosan NPs entrapped CXCL12 with a percentage of ~98% without
loss of the molecule [243]. For all the conditions tested, a burst released in the first 2 h
was observed, followed by a sustained release that reach a pseudo-plateau after 72 h
without a complete release of the chemokine [243]. The releasing profile observed was
coherent with a diffusion-based system which led us to evaluate the driving mass transport
phenomenon [243]. Using the experimental data, we performed mathematical modeling
using Fick’s second law of diffusion for a spherical geometry, which considered the size
distribution of NPs (class method) and boundary conditions that allowed us to model the
interactions between the CXCL12 molecules and the NPs. The cumulative mass release vs.
time and position equation was solved using a finite difference approach and mechanistic
parameters (effective diffusion coefficient, Deff; overall mass transfer coefficient at the
surface, k) which were estimated using an evolutionary algorithm, leading to coefficients of
a determination > 0.97 [243]. Small values of Deff (~2 × 10−19 m2/s) were obtained, which
can be associated with the presence of electrostatic interactions between the positive charge
of CXCL12 and the negative one of the alginates composing the NPs [243]. However, since
our experiments were conducted in static conditions, it is impossible to deny that in vivo,
other types of mass transport phenomena may occur, such as convective interstitial brain
fluid flow, that may be a reason for an increased releasing rate. Furthermore, our migration
assays proved that CXCL12 significantly controlled the invasion of the F98 cell line, which
highlights the importance of using CXCL12 in delivery systems for GBM targeting [243].

In the same way, Mansor et al. used PLGA and the PLGA-PEG co-polymer for
CXCL12 encapsulation [213]. They used a different proportion of PLGA, an encapsulation
efficiency of 67% was observed for 0% PLGA-COOH, and for the two other proportions
(17% and 67% PLGA-COOH), the encapsulation was surprisingly above 100% [213]. The
highest percentage of CXCL12 released was 43%, achieved with a 33% proportion of PLGA-
COOH in a physiologically relevant solution (pH 7.4). This percentage increased when the
medium was changed to an acidic medium buffer (pH 4). As another example, Alghamri
et al. developed synthetic protein NPs coated with iRGD to target the CXCL12–CXCR4 axis
in GBM. The NPs blocked CXCR4 via its inhibitor in both in vitro and in vivo models. The
treatment inhibits GBM proliferation and the induction of immunogenic tumor cell death.
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Further, the use of radiotherapy with the treatment inhibited GBM progression, leading to
a 60% increased survival rate compared to the controls [244].

Table 3. Some examples of polymeric-based NPs.

Polymer Type Drug/Molecule Loaded Particle Size (nm) Ref

PLGA DOX ~120 [245]

PLGA TMZ ~194 [241]

PLGA-PEG DOX ~50 [240]

PLGA-PEG-chitosan Paclitaxel and R-flurbiprofen 150–190 [242]

PLGA DTX and indocyanine green ~220 [246]

PLGA/PEG-PLGA CXCL12 200–250 [213]

Chitosan-Alginate CXCL12 ~250 [243]

Chitosan-modified PLGA NPs R-Flurbiprofen and Paclitaxel 150–190 [100]

Dextran Paclitaxel ~60 [235]

Silk fibroin Indocyanine green ~209 [247]

Synthetic protein AMD3100 37–98 [244]

NPs provide a series of advantages for delivery applications to enhance the therapeutic
efficiency of the drugs, but the major challenge remaining is the transport to the tumor site
without degradation [248]. Despite all the advantages of systemic drug delivery across the
BBB, systemic delivery needs to address different challenges for further improvement. The
long distance between the delivery route and the target site and the drug digestion remain
the biggest limitations of systemic delivery.

6.2.2. Local Delivery

Local delivery consists of delivering chemotherapeutic agents in the surgical cavity
after the tumor resection for GBM therapy improvement [41]. A series of factors make local
delivery advantageous in GBM treatment [249]. Metastasis occurs within approximately
∼2 cm of the tumor’s original site, which means it is close to where the drugs were loaded
locally; the administration of the drugs will no longer face the BBB limitations [249]. Differ-
ent strategies for local delivery to improve the GBM survival rate have been developed,
including intranasal drugs delivery, convection enhanced delivery, and direct injection of
the drugs including rigid implants and hydrogels [250].

Intranasal Drugs Delivery:

The intranasal route can bypass the BBB and achieve reaching the brain for the delivery
of drugs. It is important to understand the anatomy of the nasal cavity and the mechanisms
of compound transport through the intranasal route. Bruinsmann et al., described this as-
pect in detail [251]. In this paragraph, we focus on discussing the different GBM treatments
via the intranasal approach to deliver drugs to the tumor.

Blacher et al. used “anthranoid 4,5-dihydroxyanthraquinone-2-carboxylic acid”, also
known as rhein, to inhibit CD38 by intranasal injection in mice. CD38 deficiency is known
to regulate microglial activation and attenuates glioma progression [252–254]. The tumor
in the mice treated decreased, concluding that the intranasal drugs’ administration is
effective and rhein can be a therapeutic target in GBM [252]. Li et al. used intranasal
drug delivery to administer TMZ in a rat model bearing orthotopic C6 glioma xenografts
showing a significantly reduction in the tumor growth compared with intravenous injection
or gavage [255]. The results suggest that the intranasal route should be further considered
as an option for TMZ delivery into the brain [255]. However, different therapeutic agents
are under investigation for GBM treatment, but the use of a delivery system has been
proved to be more beneficial in term of maintaining the drug release.

NPs are also good vehicles to control the drug release and overcome some limitations
of the intranasal drug delivery, such as the poor capacity of crossing the nasal mucosa and
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enzymatic degradation [251]. Polymeric NPs (PLGA-based [251,256], PCL-based [257,258])
and lipid-based NPs are the most commonly used for nose-to-brain delivery [196,259]. For
instance, PLGA and oligomeric chitosan composite NPs were designed to co-deliver alpha-
cyano-4-hydroxycinnamic acid (CHC) and the monoclonal antibody cetuximab (CTX) into
the brain by nasal administration to ensure the therapeutic efficacy for GBM treatment [256].
CHC and CTX are known to have a therapeutic effect against angiogenesis, cancer cell
invasion, and metastasis [256]. In vitro assays using a chicken chorioallantoic membrane
assay showed no reduction of cell viability for U251 and SW1088 glioma cell lines, but the
designed NPs showed a stability that reached three months and a high encapsulation of the
drugs was reached [256]. More recently, they designed a new platform using PLGA and
chitosan composite NPs to carry CHC. CHC-NPs were covalently coated with CTX. An ex
vivo study using a porcine mucosa demonstrated the capacity of the NPs to promote CHC
and CTX permeation, whereas the chicken chorioallantoic membrane assay demonstrated
its capacity to reduce the tumor size [260]. Sousa et al. also used PLGA-based NPs to
administer the monoclonal antibody bevacizumab, an anti-VEGF used as an anti-cancer
drug, intranasally in mice [261]. The use of bevacizumab-loaded NPs when administered
intranasally into CD-1 mice showed higher brain bioavailability compared to the free drug.
Furthermore, used in a GBM nude mouse model, the NPs-based delivery system also
induced a reduction in the tumor growth after 14 days, with a high anti-angiogenic effect
of bevacizumab compared to free drug administration [261]. PCL-based NPs have also
been used to route drugs addressing the brain tissue intranasally. De Oliveira et al. used
PCL based NPs loaded with melatonin to target the U87 MG GBM cell line [258]. The NPs
revealed to be non-cytotoxic on healthy cells (MRC-5) and increased the water solubility
of the drug in addition to promoting strong activity against U87 MG cells. In vivo assays
in rats through intranasal injection increased the drug uptake in the brain compared to
when administrated directly without nanocarriers [258]. Conversely, Alex et al. develop
PCL-based NPs to encapsulate the anticancer drug carboplatin to target GBM via the
nasal route [257]. The optimized formulation was a 311.6 nm particle size, and they
observed a burst release of the drug followed by a slow continued release. However, ex
vivo permeation studies through sheep nasal mucosa showed a lower drug permeation,
which was attributed to the nasal mucosa complexity. While improving the delivery and
accumulation of drugs to the brain, those results highlight the complexity of the nose-to-
brain route. Despite all the advantages given by intranasal delivery, the low volumes of the
drugs delivered remain the main problem that limits its use.

Convection Enhanced Delivery:

Convection enhanced delivery (CED) is a local therapeutic method that aims to en-
hance intracerebral drugs diffusion to the CNS by bypassing the BBB, allowing the introduc-
tion of high doses of therapeutic agents with different ranges of molecular weight through
the interstitial spaces [262]. CED is based on the principles of “bulk flow” which refer to
the extracellular flow of fluid delivered via a pressure gradient rather than the normal
passive diffusion transport [262]. CED fundamental procedures consist of the stereotactic
placement of a microcatheter directly into the tumor and generating an external pressure
using a motor-driven pump to induce fluid convection in the brain [263]. CED permits
a deeper penetration and distribution of the drugs, eliminating the problem of depletion
frequently seen using the direct injection [264]. In addition, CED is used even with agents
with a high molecular weight, including proteins, nucleic acids, and antibodies [265,266].

Several studies have proved the safety and feasibility of CED [106,263,267]. Addition-
ally, drug encapsulation into nano-sized carriers proved to be more beneficial to increase
the efficiency of delivery. For instance, Séhédic et al. developed lipid nanocapsules (LNCs)
to incorporate radionuclides and implant them in the brain using stereotactic injections for
locoregional therapy [268]. Using the CED, they demonstrated that lipophilic thiobenzoate
complexes of rhenium-188 loaded in LNCs (LNC188Re) with a function-blocking antibody
(12G5) directed at the CXCR4 on its surface enhance the median survival and show major
clinical improvement in Scid mice [268]. The retention of rhenium in the brain and the
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outcomes achieved (distribution, efficacy, gradient) were principally ensured by LNCs,
which accentuate the interest of using nanocarriers. Zhang et al. used cisplatin-loaded NPs
of 70 nm in diameter functionalized with PEG for administration by CED to control the
release of cisplatin and kill the tumor cells that they reach without causing toxicity [269].
Their small size and dense PEG corona prevented them from being trapped as they moved
within the brain tissue while controlling the delivery of the drug, making them efficient
brain-penetrating drug delivery vehicles. Their results also showed a significant increase
in the survival rate of a GBM rat brain tumor model, thus highlighting the advantages of
using NPs. CED, combined with the delivery of the favorable physicochemical properties
ensured by NPs, has demonstrated a great potential to improve clinical outcomes. For in-
stance, Stephen et al. used magnetic NPs coated with a chitosan-PEG copolymer to deliver
MGMT inhibitor O6-benzylguanine via CED for GBM targeting as a treatment for GBM
patients showing resistance to TMZ [270]. They showed that the distribution of the NPs
in the mice’s brains was excellent, whereas the activity of MGMT decreased significantly,
which, in the presence of TMZ, increased the median survival rate [270]. In another study,
Chen et al. proved that the nanoliposomal formulation of irinotecan with CED technology
enhanced the survival time of the treated mice when combined with radiation, as compared
with the systemic injection of irinotecan plus radiotherapy [271]. CED for GBM treatment
has been also reported in clinical trials. Cruickshank et al. injected irinotecan drug-loaded
beads suspended in an alginate solution into patients after surgical resection. Studies are
still under investigation, however, only one patient has died, due to causes which were
not associated with the treatment, thus suggesting that the use of irinotecan drug-loaded
beads may be a promising, stable, and safe platform to assess the local delivery of new
agents [272]. All these studies focus on combining CED with nanocarriers for a better
control of the drug release in the aim of increasing survival. Despite the promising results
achieved, different physical and technical limitations and challenges are still to be overcome.
The main obstacle occurring is the backflow, sometimes referred as reflux, that takes place
when the perfusate is not well penetrated in the tissues [262]. Hopefully, backflow resistant
catheters have been developed, which may solve this issue.

Direct Drug Injection:

The direct drug injection for the delivery of ACA within the tumor resection cavity
emerged to resolve the bypassing BBB limitations and increase the drugs’ concertation in
the tumor site. This method has lot of advantages, including side effects reduction, safe
administration of different molecules, and the depletion of toxicity actions [273].

• Rigid Implants:

The direct drug injection opens the doors for local implant-based GBM treatments.
The only local delivery system approved by the FDA and currently used for GBM treatment
is the polifeprosan 20 with the carmustine-loaded wafer Gliadel® [274]. Gliadel® wafers
are 14.5 mm in diameter and 1 mm in thickness, the wafer is made from a biodegradable
hydrophobic co-polymer 1,3-bis-(p-carboxyphenoxy)propane (pCPP) and sebacic acid [274].
When in contact with aqueous fluids, the wafers start releasing the carmustine into the
surrounding tissue [275]. After approving Gliadel® wafers, several chemotherapeutic
agents have been tested in preclinical models such as paclitaxel [276], acriflavine [277], and
DOX [278]. Due to the rigidity of the device compared with the soft nature of the brain
tissue, different adverse reactions occur such as necrosis, infection, and convulsions [277].
The main problem remaining using these wafers is the drug release profile. For this, many
studies have explored the possibility of reducing the burst release profile and sustaining
the release for a long period [250,279,280]. For example, Shapira-Furman et al. used Gliadel
wafers co-loaded with 50% w/w of TMZ and BCNU in PLGA for sustaining the release of
the drugs for four weeks [281]. The drugs were first coated with the polymer to form core–
shell particles, in which the coating shell served as a membrane for the drug particles [281].
The median survival was 15 days in the group treated with BCNU wafers alone, whereas
the group with TMZ wafers alone had a median survival of 19 days [281]. The group treated
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with combined BCNU and TMZ wafers had a median survival of 28 days, suggesting that
the combination of drugs can achieve a big improvement for local drug delivery [281].
However, rapid drug release, cell migration, drug resistance, and side effects are different
problems that prevent Gliadel wafers from being an effective option to treat GBM.

• New Innovative Drug-Delivery Approaches in Glioblastoma Treatments:

Hydrogels:

Hydrogels can be defined as 3D polymeric hydrophilic networks within an aqueous
medium [282]. Due to their ability to encapsulate different agents and control their release,
hydrogels are used for different biomedical applications and medicine such as artificial skin,
membranes for biosensors, 3D platforms, and drug delivery devices [283–285]. Further, the
use of hydrogels can be more beneficial than the Gliadel wafers because of their ability to
mimic the mechanical properties and the softness of the brain tissue. For instance, Wang
et al. have shown, using PEG-based hydrogels bearing GRGDS adhesion peptides and
U87 human GBM cells, that matrix stiffness induces differential GBM cell proliferation,
morphology, and migration [286]. Increasing the matrix stiffness (associated with tumor-
like mechanical properties) led to delayed U87 cell proliferation, but the authors observed
that cells formed denser spheroids with extended cell protrusions.

Various studies explored the use of hydrogels for GBM treatments in this context [286–289].
Bastiancich et al. reviewed the different types of hydrogels as drug delivery systems
for GBM local treatment recently used in preclinical and clinical studies, suggesting that
loaded hydrogels with one or many chemotherapeutic agents are advantageous for GBM
treatment [290]. Hydrogels fill the gap between the tumor resection and the administration
of chemotherapy and radiotherapy, allowing a sustained release of the drugs, which may
lead to better results than a conventional CED approach [290]. Akbar et al. developed a
biodegradable hydrogel from PLGA:plasticizers with a ratio of 40:60 for TMZ delivery in C6
glioma rats [291]. A significant reduction of the tumor was observed, and no mortality was
associated with the gel matrix treatment, concluding that the gels can be safe and effective
when used in vivo [291]. In another recent study, hydrogel loaded with the quisinostat
drug and radiopaque gold NPs (AuNP) has been explored in GBM. Radiopaque NPs were
used as the contrast agent that would release the drugs when irradiated. The release of
quisinostat in vitro was high, which inhibited the tumor growth in the in vivo mice model
bearing xenografted human GBM tumors [292]. The platform developed can also be used
simultaneously for radiation therapy. OncoGel™ is a PLGA-PEG-based thermo-sensitive
hydrogel used for paclitaxel delivery in GBM treatment, which has been shown to prolong
the survival in a rodent glioma model [293]. OncoGel™ provides a sustained release of
paclitaxel for 50 days, maintaining a high local concentration and biodegrades after four to
six weeks [294]. In 2007, the first clinical trial (NCT00479765) using OncoGel™ for recurrent
glioma in order to evaluate the safety and tolerability of the system in the patients started,
but could not be ended for sponsor businesses [290]. Déry et al. used a biodegradable
hydrogel (GlioGel) loaded with three chemoattractants (CXCL10, CCL2, and CCL11) to
attract murine F98 and U87 GBM cells toward a therapeutic trap using an agarose drop
assay [295]. The zones with high concentrations of CXCL10 display the highest number
of the cells attracted compared to the control due to the chemoattractant gradient. CCL2
showed a very similar response to CXCL10 for the F98 cells, but the U87MG cells were less
responsive, and both cells did not show any significant effect on chemotaxis to CCL11 [295].
The team performed in vivo assays using an orthotopic syngeneic F98-Fischer rat model.
Three days after the implantation of the F98 tumor cells, the GlioGels containing the
chemoattractant were inoculated. Many peritumoral clusters were observed when CXCL10,
CCL2, and CCL11 were implanted in the controlateral hemisphere compared to those
implanted in ipsilateral hemisphere [295]. These results support the hypothesis that the
use of the GlioGel with chemokines can modify the migration behavior of the GBM cells.

Nonetheless, for a sustained controlled release of chemotherapeutic drugs, nanocarri-
ers can be confined in a hydrogel. Several reviews have highlighted that a better controlled
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release can be obtained when NPs are loaded in hydrogels [296,297]. For instance, Brachi
et al. have shown that a multi-component system composed of polymeric NPs BODIPY-
loaded and embedded within a thermosensitive hydrogel, revealed to be more efficient in
terms of drug retention within the tumor in an orthotopic GBM mice model compared to
NPs alone [298]. Zhao et al. used PLGA NPs for paclitaxel encapsulation, then loaded them
into photopolymerizable hydrogels that had been implanted in the resection cavity [299].
They found that the system enhanced long-term survival (<150 days) in the U87 cells
in vivo mice model compared with the mice where the hydrogels were implanted empty
(they tolerated the hydrogels and had a long healthy life for up to four months) [299].
Furthermore, for biocompatibility, biodegradability, a better control of the gelation time,
and a sustained release of hydrophobic and hydrophilic drugs, some prepolymer hydro-
gels have shown remarkable results, but still need to be investigated in GBM [300–302].
However, because of the many advantages of combining NPs to hydrogels, this approach
can also be transposed to the development of a chemoattractant releasing device as part
of cancer cell traps.

Cancer Cells Trap:

Najberg et al. proposed, in 2019, trapping cancer cells within one confined area
to facilitate their removal [297]. In the paper, different strategies for cell trapping, such
as the use of chemotaxis to attract cancer cells expressing CXCR4, were proposed [297].
Giarra et al. used this technique for preparing a fake metastatic niche made of CXCL12-
loaded thermoresponsive hydrogels based on methylcellulose or polaxamers with or
without HA [303]. Only gels based on methylcellulose embedded with CXCL12 allowed
GBM CXCR4-expressing cells to migrate in the direction of the hydrogel and finally be
captured within [303]. They also demonstrated that the cancerous cell migration depended
on the mechanical properties of the hydrogel; softer hydrogel made of methylcellulose
promotes better cell migration as opposed to stiffer poloxamers hydrogels [303]. Similarly,
Molina-Peña et al. loaded CXCL12 in PLGA and PEG-PLGA NPs to integrate the system
into a chitosan solution with fiber-forming additive polyethylene oxide for producing a
nanofibrous scaffold by electrospinning [304]. The use of the nanofibrous scaffolds with
the NPs allowed a sustained release for up to 35 days instead of 5 days for the NPs alone,
and an attenuation of the burst release [304]. They have also assessed this system in vivo
with blank-NP-loaded nanofibrous scaffold and found no difference between the rats
with the scaffolds implanted and the controls, suggesting an excellent biocompatibility
of the scaffold during the first week of the treatment [304]. In the same context, our
research group has recently developed an alginate-based macroporous hydrogel as a
potential device for GBM cell trapping [29]. Since the main cause of GBM recurrence is
the infiltrated GBM cells that migrate from the tumor, as discussed earlier, we propose to
inverse the direction of GBM cell migration towards a well confined area in which they
will be trapped and can be eliminated with localized radiotherapy using a chemoattractant
gradient of CXCL12 (Figure 6).

The device proposed takes the name of gliotrap (GBM-trapping), and it combines an
alginate macroporous hydrogel functionalized with RGD peptides (for cells catching) and
alginate–chitosan composite NPs encapsulating CXCL12 (for cells attraction). The function-
alization of the hydrogel with RGD peptides aims to promote the GBM cell adhesion inside
the matrices via the interactions between the peptides and the αvβ3 and αvβ5 integrins
widely expressed by those cells, as discussed above [29]. Hydrogels will be loaded with the
NPs’ delivery system and implanted into the surgical cavity of the tumor after its resection
to ensure a CXCL12 gradient maintained for a very long period. The NPs are designed to
promote a controlled release of CXCL12 and so create a cancer cell attracting gradient. This
will help to maintain the CXCL12 gradient under a fast release that could happen because
of the fluid flow in the brain.
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Figure 6. The strategy proposed by our team for GBM treatment.

So far, we have demonstrated using TranswellTM chemotaxis assays, that the NPs
loaded with CXCL12 alone are capable of increasing the invasion of F98 cells [243]. Further,
we previously developed an RGD-functionalized macroporous matrix in which the GB cells
can accumulate and be retained [29]. Using an F98 GB cell line, it was demonstrated that
the macroporous matrix can possibly accumulate and retain the F98 cells. These cells could
then be effectively eliminated using local stereotaxic radiotherapy [29]. The main challenge
remaining is to combine the two systems by loading the NPs-CXCL12 into the macroporous
hydrogel. The release kinetics of CXCL12-AF647 encapsulated in alginate–chitosan NPs
from the macroporous matrix will be investigated in the next step. Additionally, we will
investigate the effect of a simulated brain fluid flow on CXCL12 release from the porous
matrices using a custom-made 3D in vitro model that considers the fluid flow impact. The
conception of a 3D in vitro model that mimics the brain fluid dynamics will provide a better
understanding of the impact of the interstitial fluid flow on the release profile of CXCL12
for further optimization.

7. Conclusions

The present review discussed different novel strategies for GBM treatment that have
emerged during the last decades. The standard treatments for the disease lack specificity
and are very limited, mostly due to their incapacity to target cancerous cells that migrate
out of the tumor to the surrounding parenchyma. We have also highlighted, as interesting
therapeutic targets, several phenomena that are known to have a strong impact on GBM
cell migration, such as the CXCL12–CXCR4 axis, the ECM composition, as well as the
interstitial fluid flow. Additionally, we have discussed different drug delivery systems
currently used in the development of GB treatments. Systemic administration has shown
to be very beneficial. The use of NPs particularly opened a new horizon as they can
promote drug accumulation at the site of the tumor and have shown better results when
combined with other treatments such as immunotherapies, or with another drug delivery
system, such as cells. Although there is still a lot of research to do in this field, the type of
drug used, its administration, and the complexity of the body’s reaction to the treatment
require the development of new pre-clinical models that mimic the complexity of the
human brain. Local administration of drug delivery systems, such as intranasal drug
delivery, CED, and the implantation of polymer-based biomaterials (rigid implants and
hydrogels), have proved to be even more effective. More precisely, hydrogels also proved
to be advantageous compared to the rigid implants because of their unique characteristics,
including biocompatibility, biodegradability, and their response to stimuli. Hydrogels
can be implanted into the surgical cavity after the tumor resection to ensure a high local
concentration of the therapeutic drug and a sustained release in the tumor site, especially
when combined with NPs. New strategies in drug delivery devices addressing GBM are
also focusing on the development of GBM cancer cell traps, which comprises of a hydrogel
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with embedded NPs used to trigger cell chemotaxis, while the hydrogel itself acts as a cell
capturing device. Finally, we highlighted with our ongoing research that, as promising as
these new technologies are, there are still many challenges remaining.
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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease that causes memory loss, cognitive
decline, and eventually dementia. The etiology of AD and its pathological mechanisms remain
unclear due to its complex pathobiology. At the same time, the number of patients with AD is
increasing worldwide. However, no therapeutic agents for AD are currently available for definitive
care. Several phase 3 clinical trials using agents targeting amyloid β (Aβ) and its related molecules
have failed, with the exception of aducanumab, an anti-Aβ monoclonal antibody (mAb), clinically
approved by the US Food and Drug Administration in 2021, which could be modified for AD drug
development due to controversial approval. Neurofibrillary tangles (NFTs) composed of tau rather
than senile plaques composed of Aβ are correlated with AD pathogenesis. Moreover, Aβ and tau
pathologies initially proceed independently. At a certain point in the progression of AD symptoms,
the Aβ pathology is involved in the alteration and spreading of the tau pathology. Therefore, tau-
targeting therapies have attracted the attention of pharmaceutical scientists, as well as Aβ-targeting
therapies. In this review, I introduce the implementations and potential of AD immunotherapy using
intravenously administered anti-tau and anti-receptor bispecific mAbs. These cross the blood-brain
barrier (BBB) based on receptor-mediated transcytosis and are subsequently cleared by microglia
based on Fc-mediated endocytosis after binding to tau and lysosomal degradation.

Keywords: drug delivery into the brain; transendothelium based on receptor-mediated transcytosis;
immunotherapy; Alzheimer’s disease; anti-tau and anti-receptor bispecific monoclonal antibodies;
Alzheimer’s disease-relevant tau species; temporal-spatial pathological Aβ and tau distribution;
interactions between Aβ and tau; tau clearance in microglia; tau clearance in neurons

1. Introduction

Medicinal remedies provide long-term health benefits to humans. However, treat-
ments for several important diseases have yet to be developed, including neurodegenerative
diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Almost all clinical
trials for AD, including phase 3 studies using pharmaceutical agents targeting amyloid β

(Aβ) and its related molecules, such as β-secretase 1 and γ-secretase, have failed. Despite
this, several approved AD drugs do not target Aβ. As a result, many pharmaceutical
companies have abandoned efforts to develop AD drugs [1]. Under these circumstances,
aducanumab [2], anti-insoluble Aβ fibrils, and anti-soluble Aβ oligomer monoclonal anti-
body (mAb), was approved by the US Food and Drug Administration (FDA) in 2021. Other
existing AD drugs, such as four cholinesterase inhibitors (tacrine, donepezil, rivastigmine,
and galantamine) and an N-methyl-D-aspartate (NMDA) receptor antagonist (memantine)
(Figure 1) [3], have been found to transiently slow down the progression of symptoms;
however, they do not lead to definitive therapy. Accordingly, innovative therapeutic agents
for AD are expected to be produced as early as possible. An analysis of several clinical trial
failures and AD research has suggested alternative strategies for the targeting of tau, in
addition to Aβ. The so-called amyloid hypothesis, which states that the accumulation and
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deposition of oligomeric or fibrillar Aβ peptide are the primary cause of AD, may need to
be modified in line with these novel findings. Although Aβ and tau pathologies initially
proceed independently, Aβ pathology is involved in the alteration and spreading of tau
pathology at a certain point of AD symptom progression [4]. Moreover, the presence of
neurofibrillary tangles (NFTs) composed of tau rather than senile plaques composed of
Aβ is correlated with AD pathogenesis [5]. Thus, tau clearance in the brain is a promising
methodology for treating AD.
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Figure 1. Structures of approved drugs and a tau imaging agent for Alzheimer’s disease.

Drug membrane permeability is a serious problem that needs to be addressed in the
field of drug discovery and development. The blood-brain barrier (BBB) prevents drugs
that target the central nervous system (CNS) from entering the brain. The BBB consists of:
(i) a biological barrier based on excretion transporters, such as multiple drug resistance
1 (MDR1), which excludes hydrophobic low-molecular compounds just passing inside
the membrane; (ii) a physical barrier based on the tight junctions between the capillary
endothelial cells backed by pericytes. Nonetheless, strategies that enable the delivery
of substances into the brain across the BBB, based on solute carrier (SLC) transporter-
mediated transport or receptor-mediated transcytosis, depending on molecular size and
hydrophilicity, have been developed. Several methods for membrane substance permeation
exist, including substances that (i) are subject to SLC transporter-mediated transport across
the membrane [6], (ii) are transported into cells using cell penetrating peptides (CPPs) [7],
(iii) specifically enter cancer cells through receptor-mediated endocytosis based on the
enhanced permeability and retention (EPR) effect using nanoparticles [8], (iv) are delivered
into the brain based on receptor-mediated transcytosis across the BBB after intravenous
administration [9] or (v) across the olfactory epithelium after intranasal administration
using insulin as a carrier [10], and (vi) deliver orally administered mAbs as cargo through
neonatal Fc receptor (FcRn)-mediated transcytosis across the intestinal epithelium into
systemic circulation using enteric nanoparticles [11]. These pharmacokinetic findings are
also useful for the design and development of AD drugs. In response to the molecular
size and hydrophobicity of drugs used in pharmacological treatment, the methodology
of drug design and pharmacokinetic trajectory vary. CNS drugs, such as AD therapeutic
agents, must cross the BBB to elicit their activity. It is difficult for anti-tau mAbs to cross
the cell membrane, because they are large and hydrophilic molecules. In this perspective
review, I introduce immunotherapy using intravenously administered anti-tau mAbs to
be delivered into the brain based on receptor-mediated transcytosis, particularly using a
bispecific strategy (Figure 2). Furthermore, to accomplish well-defined mAb drug design, I
refer AD pathological mechanisms caused by factors such as Aβ and tau.
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Figure 2. Strategy used to eliminate tau species using anti-receptor and anti-tau bispecific monoclonal
antibodies based on receptor-mediated endocytosis and lysosomal degradation in microglia to cure
Alzheimer’s disease.

2. Discussion

2.1. Alzheimer’s Disease

AD is a progressive neurodegenerative disorder that leads to synapse loss, neuronal
cell death, and eventually dementia, first reported by Alois Alzheimer in 1906. The number
of American AD patients aged 65 and older in 2021 is 6.2 million, which is estimated
to rise to 13.8 million by 2060 [12]. Worldwide, approximately 50 million people were
reported as having dementia in 2020, 60–70% of whom are also associated with AD. This
is expected to rise to 82 million in 2030 and 152 million in 2050 [13]. The social and
economic impacts of AD, including treatment by care takers and health care workers,
patient dignity, and medical bills, are important issues. However, many aspects of AD,
including its etiology, progression, and treatment, remain unknown due to its multifactorial
and complex mechanisms. The structure of AD based on structuralism advocated by
Lévi-Strauss, which systematically and comprehensively regulates AD pathogenesis and
pathology based on biological and physical components, remains poorly understood.

Senile plaques composed of Aβ and NFTs comprised of hyperphosphorylated tau are
widely accepted hallmarks of AD. This implies that Aβ and tau play important roles in
the onset and progression of AD. Currently, AD drugs that focus on Aβ modulators or
tau modulators have been developed. However, they are considered unlikely to be able to
achieve the desired outcomes in many cases. Therefore, a well-defined drug design based
on the biological and physical structures that result in AD pathology needs to be developed.

2.2. Amyloid Hypothesis

Although the mechanism of AD onset and progression remains unclear, the amyloid
hypothesis is widely accepted to explain the primary cause of AD in drug development.
According to this theory, Aβ, which is mainly divided into Aβ (1–42) and Aβ (1–40) due
to amino acid sequence length, is cleaved by β-secretase (β-site APP cleaving enzyme
1 (BACE1)) and then by γ-secretase from amyloid precursor protein (APP) [14]. The
population of Aβ (1–42) is less than that of Aβ (1–40). However, Aβ (1–42) is supposed to
aggregates more easily than Aβ (1–40), subsequently eliciting neurotoxicity. Aβ assembly
species structurally mutate from unfolded monomers, folded monomers, oligomers, and
protofibrils to fibrils. The structures and locations of the deposited Aβ differ.

Senile plaques are believed to be the main factor in the pathology of AD. Although
Aβ modulators, such as BACE1 inhibitors, γ-secretase inhibitors, and anti-Aβ Abs, have
been developed to date, only aducanumab has been clinically approved for use by the
FDA. Despite this, therapeutic approaches to AD treatment using Aβ modulators have
been unsuccessful. Nonetheless, the amyloid hypothesis is believed to hold due to APP
mutations causing familial AD accounts for 5 to 10% of total AD, although the involvement
of tau mutations has not yet been observed in familial AD, in contrast to other tauopathies,
such as frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17).
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Three known genes with mutations associated with familial AD are presenilin 1 (PSEN1), pre-
senilin 2 (PSEN2), and APP. Presenilin 1 (PS1) and presenilin 2 (PS2) form the catalytic core
component of the γ-secretase complex. Many APP mutations have been reported. Among
them, the Osaka mutation, with APP E693del, did not form Aβ protofibrils, senile plaques,
and NFTs, but formed Aβ oligomers and phosphorylated tau in transgenic mice with
APP E693del (Osaka). In this in vivo assay, most AD pathologies were reproduced, even
without NFT formation. Moreover, Aβ oligomer accumulation, NFT formation, and AD
pathologies, such as synapse loss, neuronal loss, and memory impairment, were observed
in double transgenic mice with APP E693del (Osaka) and human tau [15]. These findings
suggest that Aβ monomers and/or oligomers induce AD pathologies by interacting with
AD-relevant tau species through direct and/or indirect interactions between Aβ and tau.
Nevertheless, Aβ protofibrils and other non-oligomeric species may elicit neurotoxicity
through ways other than Aβ monomers and oligomers, as the pathology of AD is known
to be established via complex and intricate processes.

AN-1792 is a synthetic full-length Aβ peptide with QS-21 adjuvant as a vaccine to
produce anti-Aβ Abs, which was evaluated for its efficacy in clinical trials against mild to
moderate AD patients. Surprisingly, as a result, AD dementia in some patients was found
to progress, although their senile plaques in the brain disappeared [16]. However, Aβ

oligomers were not completely eliminated [17]. Based on these results, several conclusions
were suggested: (i) factors different from Aβ, such as tau, may act as causative substances;
(ii) Aβ oligomers rather than senile plaques may evoke AD pathology; (iii) treatment
was delayed after the onset of AD symptoms started to appear. This suggests that AD
could not be cured, even though senile plaques were eliminated. Therefore, alternative
therapeutic approaches should be developed. In fact, the amyloid hypothesis was modified
by considering the interaction between Aβ oligomers and tau oligomers after a certain
stage of AD.

2.3. Tau Proteins

Tau protein [14,18] is encoded by the microtubule-associated protein tau (MAPT) gene
on chromosome 17. According to the splicing pattern, there are six tau protein isoforms
(0N3R, 0N4R, 1N3R, 1N4R, 2N3R, and 2N4R) composed of four regions: the N-terminal
domain, proline-rich domain (PRD), microtubule-binding domain (MBD), and C-terminal
domain. While the 3-repeat (3R tau) isoform is exclusively expressed in the fetal brain, the
4-repeat (4R tau) and 3R tau isoforms are evenly expressed in the adult brain (Figure 3).
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Figure 3. Schematic representation of the protein structures of tau.
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Physiological tau proteins play a vital role not only in the stabilization of microtubules
in axions via their MBDs, but also in other biological functions [14]. When tau is phospho-
rylated, tau becomes detached from the microtubules, resulting in microtubule instability.
Currently, there are at least 30 phosphorylation sites among 85 residues with hydroxyl
groups in a tau protein (2N4R). Mathematically, the number of multiphosphorylated tau
proteins is a myriad. At least eight sites are phosphorylated in AD pathological tau, whereas
2 to 3 sites are phosphorylated in normal physiological tau [19]. Moreover, tau is involved
in other post-transcriptional modifications, such as acetylation, glycosylation, ubiquiti-
nation, and truncation. Thus, a variety of tau species exist with respect to isoforms and
post-transcriptional modification, which renders the pathological mechanism unclear.

Phosphorylated tau (p-tau) monomers and p-tau oligomers exhibit neurotoxicity,
intercellular distribution, seeding, and aggregation, which are different from physiologi-
cally intact tau proteins. Tau assembly species structurally mutate from phosphorylated
monomers, phosphorylated oligomers, and filaments, such as paired helical filaments
(PHF), to tangles. It has been pointed out that the population of NFTs is correlated with the
pathogenesis of AD dementia, while that of Aβ plaques is not [5]. Therefore, it is suggested
that tau plays a vital role in AD pathology, although Aβ is also involved in it due to the
existence of familial AD accompanied by mutations in APP, presenilin 1, or presenilin 2.

NFT formation in the neuronal cell body is thought to be associated with the pro-
gressive AD process due to detoxification [20,21]. NFTs were thoroughly inactive, such
that they remained as extracellular ghost tangles, even though the host neurons died and
disappeared. p-Tau oligomers were found to be the most toxic species. Thus, PHFs may
also form as a result of the progressive AD process, although they elicit toxicity as physical
substances. Inactive p-tau aggregates were not soluble, even with detergents. Accordingly,
approaches using Abs neutralizing soluble p-tau oligomers and p-tau monomers as their
composition are promising methods for AD therapy [22].

2.4. Aβ and Tau Pathologies

2.4.1. Temporal-Spatial Pathological Aβ and Tau Distribution in the Brain

In 1989, Ihara pointed out that AD progression irreversibly began when tau was
distributed until the temporal lobe across the collateral sulcus via the hippocampus and
the parahippocampal gyrus [23]. More recently, it was revealed that the temporal-spatial
behavior of Aβ and tau proteins changes with respect to formation and distribution. Aβ

pathology and tau pathology were performed independently. However, at a certain point,
Aβ pathology began to assist tau pathology to enhance the pathological process of AD [4,24].
This pathophysiological hypothesis is consistent with familial AD due to APP mutations. At
the onset of dementia, Aβ is already saturated in the brain. Even though Aβ was removed,
dementia proceeded without Aβ, most likely due to the formation of the pathological tau
seeds, which duplicated and transmitted cell-to-cell, via interactions with Aβ at that stage,
propagating pathological tau as a result. As widely accepted among medicinal chemists,
seed crystals initiate crystallization during organic synthesis. When washing using glass
vessels is insufficient, crystallization of the same compounds proceeds by the remaining
crystals without the addition of seed crystals. Therefore, the clearance of tau to avoid its
propagation may be useful for the treatment of AD.

Tauvid, approved by the FDA in 2020, was the first and only agent to image tau
pathology, particularly NFTs, using positron emission tomography (PET) (Figure 1). Tau
imaging enables the observation of the distribution of tau in the brain of AD patients,
allowing to predict AD symptom progression by comparing data on the correlation between
the temporal-spatial distribution of pathological tau and the pathology of AD.

2.4.2. Cell-to-Cell Pathology Transmission

Knowledge of tau trajectory is useful for anti-tau mAb drug design. Some inspired
readers should suggest better ideas. Tau pathology is thought to be template-dependent
progressive cell-to-cell and occur via regional transmission in a prion-like manner. The
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physical and pathological properties of tau are inherited from the original tau seeds,
which form disease-specific tau pathology based on tau strains in AD, Pick’s disease
(PiD), progressive supranuclear palsy (PSP), and corticobasal degeneration (CBD) [25],
appearing to belong to unelucidated respective certain strains. It is likely that extracellular
tau is released from a donor neuron into the brain interstitial fluid (ISF) and transferred
into the synaptically connected recipient neurons across the plasma membrane through
endocytosis rather than into neurons of spatial proximity. The precise mechanisms of
such transportation processes during the development of tauopathy remain a topic of
controversy [18,26–28].

Tau species enter neuronal cells either: (i) through several internalization mechanisms
based on endocytosis, such as receptor-mediated endocytosis (Figure 4), or (ii) through
exosome fusion to the plasma membrane of recipient cells (Figure 5). Monomeric tau,
such as monomeric tau p301S covalently labeled with Dylight, a fluorescent dye, or with
pHrodo, a pH-sensitive dye, was internalized into neurons through dynamin-dependent
endocytosis and micropinocytosis, using human stem cell-derived neurons. On the other
hand, aggregated tau, such as aggregated tau p301S covalently labeled with Dylight or
pHrodo, was internalized through dynamin-dependent endocytosis. Monomeric and ag-
gregated tau in early endosomes (pH 6.5) was degraded in lysosomes (pH 4.5) as endosome
maturation via late endosomes (pH 5.5). These processes of tau entry occur not only in AD
pathological neurons but also in physiologically normal neurons [29].
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Figure 4. Tau species enter the cells based on endocytosis such as receptor-mediated endocytosis.
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Figure 5. Tau species in endosomes enter the recipient cells based on membrane fusion.

Second, Alexa FluorTM-labeled tau oligomers derived from AD and DLB brains were
transported into cortical neurons isolated from C57BL/6 mice through heparan sulfate pro-
teoglycan (HSPG)-induced, clathrin- and caveolae-independent endocytosis, and remained
in endosomes from early endosomes to lysosomes. In contrast, labeled tau oligomers
derived from PSP brains were transported through other pathways [30]. Positively charged
CPPs, short amino acid oligomers (5–30 residues), such as TAT and R8, electrostatically
interact with negatively charged HSPGs to induce endocytosis [31]. Accordingly, this
suggests that p-tau (352 residues (0N3R)–441 residues (2N4R)) is able to enter neurons
through HSPG-induced endocytosis based on electrostatic interactions, since it has as many
as 44 lysine residues and 14 arginine residues in the 441 amino acid sequence (Figure 6).
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Tau and HSPG are able to interact due to the fact that heparin acts as a core for tau seeding
and aggregation [32,33].
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Figure 6. Amino acid sequence of human tau441 (2N4R). Lysines are shown in red and arginines are
shown in light blue.

Third, low-density lipoprotein receptor-related protein 1 (LRP1) is involved not only
in tau endocytosis, but also in the distribution of tau in the brain. It is worth noting that
this distribution was diminished in LRP1 knockout mice [34].

Fourth, M1 and M3 muscarinic receptors were correlated with tau entry into neurons.
Physiologically normal tau stabilizes neurites, while pathological tau induces neurodegen-
eration, leading to cell death in cerebellar neuronal cultures. The uptake of tau in cerebellar
neurons was inhibited by an M1 antagonist, such as pirenzepine, but not by M2 antagonists,
such as AF-DX116, or an M2/M4 antagonist, such as pertussis toxin. Tau uptake was
increased approximately 19-fold in CHO cells transfected with M1 or M3, and 31.5-fold in
CHO cells transfected simultaneously with both M1 and M3 by immunoblot analysis using
anti-human tau, compared to non-transfected CHO cells [35].

The internalization cases presented here act through the endocytosis pathway, lead-
ing to degradation in lysosomes, although some of the endocytosed tau seeds may be
transported and localized in the cytoplasm by endosomal escape, or may alternatively be
recycled back to the outside based on the fusion to the plasma membrane regulated by
Rab7A. Accordingly, the cell-to-cell transmission of tau seeds would not be accomplished
as long as tau seeds are subject to such clearance in lysosomes. Tau, which contains ly-
sine residues that accept proton influents through vacuolar adenosine triphosphatases
(V-ATPases), may be released into the cytosol from endosomes due to membrane bursting,
based on the osmotic gap due to the proton sponge effect [8]. On the other hand, its
direct translocation into cells across the membrane has also been suggested. In contrast
to CPPs, it is difficult for tau to be internalized through direct translocation due to its size.
Subsequently, tau endosomal escape into the cytosol has been found to play an important
role not only in tauopathy progression, but also in physiological tau activity. Even though
duplicated tau species are formed in endosomes in a prion-like manner, they are enzymati-
cally degraded into pieces in lysosomes. In fact, tau is released from endosomes, although
the mechanism by which this occurs remains unclear [36].

However, as another internalization mechanism different from endocytosis, tau in
extracellular exosomes can be released into the neuronal cytoplasm after membrane fusion
in recipient cells. In this case, there is no problem involved in endosomal escape because
tau is not present in endosomes. In fact: (i) some tau proteins are present in exosomes
secreted from cells (Figure 7) [18]. Accordingly, tau secretion mechanisms from donor
cells are also important for investigating substantive tau transmission, in addition to the
internalization mechanism in recipient cells. Interestingly, ectosomes (50–1000 nm in
diameter) are extracellular vesicles that do not depend on the endolysosomal machinery
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to produce exosomes (40–100 nm in diameter) [37]. They budded out and were cut off
from the plasma membrane; (ii) some tau proteins are present in these ectosomes (Figure 8).
Nevertheless, it was revealed that free tau that was not in exosomes was secreted from
donor neurons through (iii) endosomal fusion to the plasma membrane regulated by
Rab7A (Figure 9) or (iv) direct translocation, despite its large size [38]. Surprisingly, it was
reported that over 99% of tau oligomers are secreted in a membrane microdomain- and
HSPG-dependent unconventional vesicular-free mechanism in mouse N2A neuroblastoma
cell line, approximately 80% of which are characterized as dimers, trimers, or tetramers
(Figure 10) [38]. Thus, anti-tau Abs in ISF can bind to tau to block cell-to-cell transmission.
As reference examples, at the molecular level, cytoplasmic full-length TAT (101 amino
acids) was attached to anionic phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) in the
inner leaflet of the lipid bilayer through the cationic region (residues 49–57), inserting its
hydrophobic Trp11 residue for itself to be buried in the membrane, and thereby permeated
to the extracellular space [39]. Moreover, cytoplasmic fibroblast growth factor 2 (FGF2) was
attached to anionic PI(4,5)P2 in the inner leaflet of the lipid bilayer, permeated through the
membrane based on the microdomain after oligomerization, and interacted with HSPGs
in the outer leaflet of the lipid bilayer to be released [40]. Similarly, cytoplasmic tau
was attached to anionic PI(4,5)P2 and phosphatidylserine in the inner leaflet of the lipid
bilayer, went through microdomain-mediated membrane permeation after oligomerization,
bound to HSPGs in the outer leaflet of the lipid bilayer, and was thereby liberated to the
extracellular space in its free form [18,39]. Microdomains are composed of lipid rafts,
cholesterol, and sphingomyelin.
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Figure 8. Tau in ectosomes (50–1000 nm in diameter) secreted from the membrane of neurons,
independently on the endolysosomal machinery.

Furthermore, (v) tau may be transmitted cell-to-cell through tunneling nanotubes
(50–700 nm in diameter, 20–100 µm length) (Figure 11) [41]. Although tau cannot diffuse in
the extracellular space, tunneling nanotubes remain controversial in vivo, despite being
recognized in cell lines [36].

mAb drugs exhibit high selectivity against antigens. Thus, conformation-selective
mAbs targeting pathological tau may suppress tau toxicity and cell-to-cell pathology trans-
mission without disturbing constitutive tau homeostasis and function due to unbinding to
physiological tau.
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Figure 9. Tau secreted from neurons based on the endolysosomal machinery.
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Figure 10. Tau secreted from neurons through an unconventional non-vesicular mechanism.
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Figure 11. Tau cell-to-cell transportation through tunneling nanotubes.

2.5. Tauopathies

Tauopathy is a general term for neurodegenerative diseases with NFTs composed
of tau proteins that originally spread via cell-to-cell transmission process and duplicated
to tau seeds in recipient cells [25]. It is well known that disease-specific tau pathology is
based on tau strains in AD, PiD, PSP, and CBD. Brain-derived tau oligomers from AD and
dementia with Lewy bodies (DLB) were internalized through HSPG-mediated endocytosis
using cortical neurons isolated from C57BL/6 mice, while those from PSP were internalized
through not only HSPG-mediated endocytosis but also through alternative mechanisms [30].
Some tauopathies are associated with tau gene mutations. Thus, it is thought that arbitrary
tau strains are doomed to induce the corresponding tauopathy-based structuralism by
Lévi-Strauss. Tau oligomers composed of 3R and 4R isoforms were aggregated through the
seeding of PSP brain-derived tau oligomers with 3R and 4R monomers after the addition
of monomeric 3R and 4R tau in phosphate-buffered saline. However, pathologically, only
NFT composed of 4R tau was formed in the PSP. It has been suggested that 4R tau is more
toxic than 3R tau in PSP. Toxic 4R tau isoforms may be selectively packed into NFTs as
inclusion bodies in the detoxifying process [42]. NFTs in AD are composed of 3R and 4R
tau. 4R tau may be as toxic as 3R tau, particularly in oligomeric forms, in AD. Moreover,
2N4R tau is more toxic than 1N4R tau in neurons [43].

2.6. Interactions between Aβ and Tau That Induce Neurotoxicity

Aβ and tau are recognized as the major factors driving the pathology of AD. They are
thought to interact with each other during pathological processes. After incubating Aβ
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monomers for 5 days in 10-day-old organotypic hippocampal slices prepared from rat pups,
Aβ oligomers were formed. Interestingly, the phosphorylation of tau at Ser396/Ser404
binding to PHF-1 Ab and at Thr231/Ser235 binding to AT180 Ab were augmented by more
than two-fold after Aβ incubation, compared to no Aβ incubation as the control, while
those at Ser199/Ser202 binding to AT-8 Ab and at Thr212/Thr217/Ser214 binding to AT100
Ab did not change [44]. This result indicates that Aβ affects the profiles and levels of
tau phosphorylation.

2.6.1. Cyclin-Dependent Kinase 5 (CDK5) as a Matchmaker between Aβ and Tau

Glutamatergic tripartite synapses, composed of presynaptic neurons, postsynaptic
neurons, and astrocytes, play an integrative role not only in neural networks for learning
and memory, but also in AD pathogenesis and pathology [45]. Synaptic N-methyl-D-
aspartate receptors (sNMDARs), constituted of GluN1/GluN1/GluN2A/GluN2A sub-
units as major [46,47] or GluN1/GluN1/GluN2A/GluN2B subunits as minor [48], are
located inside the synapse of the postsynaptic neuron and exhibit neuroprotective ac-
tivity, whereas extrasynaptic N-methyl-D-aspartate receptors (eNMDARs) consisting of
GluN1/GluN1/GluN2B/GluN2B subunits [46,47] are located outside the synapses of
postsynaptic neurons and exhibit neurotoxic activity.

Excess Glu molecules in the synaptic cleft were sufficient to activate the eNMDARs.
Aβ induces eNMDARs to influx calcium ions into neurons. Calcium ions that flow through
activated eNMDARs cleave p35 into p25 and p10 by calpain. The resultant p25/CDK5
complex mediates tau phosphorylation [49].

2.6.2. Fyn as a Matchmaker

At the postsynaptic site of the glutamatergic tripartite synapse, NMDAR with GluN2B
is involved in tau phosphorylation via Fyn [50], which is a cytoplasmic tyrosine kinase.
Aβ oligomers bind to cellular prion protein (PrPc) and subsequently activate Fyn in the
NMDAR-postsynaptic density protein-95 (PSD95)-Fyn complex at the postsynaptic site [51].
The resulting activated Fyn phosphorylates the GluN2B of sNMDAR at Tyr1472 and
GluN2B of eNMDAR at Tyr1336 [52] to stabilize the NMDAR-PSD95-Fyn complex location
at the membrane, which enhances glutamatergic excitotoxicity by Aβ oligomers. Moreover,
p-tau bound to Fyn and/or physiological tau bound to it carried it to dendritic spines [53],
and formed the NMDAR-PSD95-Fyn-p-tau complex to enhance glutamatergic excitotoxicity
due to alteration of complex conformation by tau. Intriguingly, Fyn did not form a complex
with NMDAR in transgenic mice expressing truncated tau and tau-/- mice [53,54]. Tau can
be phosphorylated in such complexes. In particular, the Fyn-tau interaction was increased
by phosphorylation at serines where AT8 Abs bind. AT8 Ab-binding phosphorylated
tau was localized postsynaptically 7-fold greater than before NMDAR activation via Aβ

oligomer formation in an in vitro assay detected by electron microscopy using embryonic
day 18 rat hippocampal slices. By contrast, tau was phosphorylated at the sites where
PHF-1 Ab (against p-Ser396/p-Ser404) or AT180 Ab (against p-Thr231/p-Ser235) bind
after Aβ oligomer formation, and tau was phosphorylated at the sites where AT8 Ab
(against p-Ser199/p-Ser202) or AT100 Ab (against p-Thr217/p-Ser214) bind after NMDAR
activation [44]. As a result, p-tau and Aβ oligomers synergistically exacerbate AD pathology.
On the other hand, Fyn activated via phosphorylation at Tyr416 by Pyk2 phosphorylated
tau at Tyr18 [51]. It has been suggested that the phosphorylation of tau at Tyr18 is necessary
for NMDAR-mediated excitotoxicity [55]. However, the mechanisms underlying this
action remain elusive, and must be clarified in future studies. Although p-tau binding to
AT8 and AT100 was not increased by the addition of Aβ, it is known that such sites are
phosphorylated in the late stage of AD [44]. Therefore, the pathological mechanisms in the
late stage were assumed to be different from those in the early stage.

Physiological tau monomers exist in the dendritic cytoplasm, as well as in the micro-
tubules. Dendritic tau recruits Fyn to the NMDAR-PSD95 complex. Thus, the source of
such dendritic tau is not found in the extracellular region but in the intracellular region
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due to local tau mRNA translation or dissociation from microtubules. Moreover, it was
revealed that p-tau constitutively present in normal neurons was located in dendrites and
near synapses rather than in axons. While p-tau binding to PHF-1 posed somatodendric
localization in primary neurons isolated from embryonic day 18 rats, p-tau binding to
AT180 and AT8 posed dendric localization [44].

2.6.3. Ca2+-Dependent Calmodulin Kinase IIα (CaMKIIα) as a Matchmaker

The Aβ*56 oligomer (4.8–5.7 nm; diameter, 56 kDa) enhanced Ca2+ inflow by binding
to sNMDAR. An increase in the intracellular Ca2+ concentration activated CaMKIIα and
subsequently induced approximately 2.7-fold higher tau phosphorylation at Ser202 and
Ser416 in 7-month-old Tg2576 mouse forebrains compared to non-transgenic littermates.
Aβ dimers and trimers do not exhibit this tau phosphorylation pathway. In addition, Aβ*56
does not activate Fyn [56,57].

2.6.4. GSK3β as a Matchmaker

In terms of post-synaptic density, Aβ induces sNMDAR-mediated tau phosphorylation
at Ser396 by GSK3β [58]. In contrast, the eNMDAR-PSD95-Fyn-p-tau complex involved
in Aβ oligomers activates GSK3β and CDK5 [44]. Aβ oligomers bind to α2A adrenergic
receptors and enhance GSK3β-mediated tau phosphorylation in mice [59].

2.6.5. c-Jun N-Terminal Kinase (JNK) as a Matchmaker

Soluble Aβ (1–42) monomers bind to β2 adrenergic receptors that belong to G protein-
coupled receptors and induce JNK tau phosphorylation at Ser214 [60].

2.7. Implementation of mAbs Targeting AD-Relevant Tau Species

2.7.1. Conformation-Selective Anti-Tau mAbs Block Cell-to-Cell Transmission of Tau
Pathological Seeds

It has been suggested that tau seeds drive the interneuronal propagation of tau from
one area of the brain to another in AD patients over time via prion-like mechanisms. Elimi-
nating arbitrary tau species that become seeds is a strategy to inhibit AD progression using
mAbs. Several mAbs against p-tau species, particularly monomers and oligomers, have
been developed [22]. Furthermore, a number of mAbs selective to tau forms and/or con-
formations have been developed. DMR7 and SKT82 are mAbs that selectively bind to the
misfolded pathological conformation of tau. DMR7 showed EC50 values of 0.10 ± 0.01 nM
for AD-tau extracted from postmortem human brain tissue, 0.46 ± 0.32 nM for AD-tau
seeded recombinant tau preformed fibrils (AD-P1 PFFs) expressed in BL21(DE3)RIL Es-
cherichia coli, and 12.0 ± 7.9 nM for tau monomer through sandwich ELISA measures. On
the other hand, SKT82 showed those of 0.17 ± 0.03 nM for AD-tau, 2.38 ± 1.12 nM for AD-
P1 PFFs, and 4.13 ± 3.74 nM for tau monomer. These two mAbs bound extracellularly to
tau seeds, such as AD-P1 PFFs, and inhibited their uptake into cells and subsequent seeded
fibrillization or aggregation based on internalized seeds in in vitro tests using primary
neurons. This may be due to blocking of tau binding to receptors, such as LRP1, M1 and
M3 muscarinic receptors, or heparan sulfate proteoglycans. Furthermore, SKT82 exhibited
more effective tau pathology inhibition than DMR7 in slice cultures and the ipsilateral
hippocampus in vivo. SKT82 (mouse IgG2b isotype) binding to AD-tau interacted with FcR
on the membrane of microglia and was cleared greater than DMR7 (mouse IgG1 isotype)
binding to AD-tau in a murine model. DMR7 does not interact with microglia [61].

Tau clearance in lysosomes was conducted through FcγR-mediated endocytosis after
binding to the corresponding Abs in primary mouse microglial cultures [62]. FcγRI, FcγRIIa,
FcγRIIb, and FcγRIIIa are upregulated in AD microglia [63]. It has been reported that
human microglia do not induce an increase in inflammation by the tau-Ab complex [64],
although reactive microgliosis (a particular state of inflammatory microglia) is suggested
to be one of the primary causes of neurodegenerative diseases. Thus, FcR-mediated
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endocytosis, particularly in microglia, is a promising strategy for tau clearance using
anti-tau antibodies.

2.7.2. Clinical Trial for Anti-Tau mAbs

Many clinical trials for Abs targeting Aβ and pharmaceutical agents modulating
molecules related to Aβ have been unsuccessful, except for aducanumab as an anti-Aβ Ab.
Accordingly, tau, instead of Aβ, has been investigated clinically (Table 1).

Active immunotherapy will result in the development of Abs based on the immune
system. AADvac1 (tau 294-305; KDNIKHVPGGGS) or ACI-35 (pSer396 and 404) as ac-
tive tau vaccines could neutralize tau species. Phase 1 (NCT02031198) [65] and phase 2
(NCT02579252) [66] clinical trials using AADvac1 have been completed, wherein AADvac1
exhibited a safety profile in patients with mild-to-moderate AD and induced Ab titers.
Phase 1 and 2 clinical trials for AD (NCT04445831) using ACI-35 are currently ongoing.

For passive immunotherapy, LY3303560 (zagotenemab, a humanized anti-tau Ab)
and BIIB076 (a human IgG1 Ab against tau), were tested in phase 1 clinical trials for AD
(NCT03019536 and NCT03056729, respectively). Lu AF87908 is a humanized IgG1 Ab
against tau and is currently in a phase 1 clinical trial for AD (NCT04149860).

BIIB092 (gosuranemab, a humanized IgG4 Ab against tau) was evaluated for AD
in a phase 2 trial (NCT03352557). Moreover, ABBV-8E12 (tilavonemab), a humanized
IgG4 Ab against tau aggregates, has been developed for the treatment of PSP and AD.
Intravenously administered ABBV-8E12 has been investigated in a phase 2 clinical trial for
AD (NCT03712787).

E2814, a humanized IgG1 Ab against tau, has been conducted in phases 1 and 2 for
AD (NCT04971733). Phase 2 clinical trials using JNJ-63733657 (a humanized anti-tau Ab)
for cognitive dysfunction (NCT04619420) and UCB0107 (Bepranemab, a humanized IgG4
Ab against tau 235-250) for AD (NCT04867616) are currently being conducted.

RO7105705 (semorinemab) is an IgG4 antibody against tau. Semorinemab was evalu-
ated in a phase 2 clinical trial in prodromal to mild AD and was found to surprisingly not
be likely to improve outcomes (NCT03289143) [67]. Nonetheless, phase 2 tests have been
performed for moderate AD (NCT03828747).

No clinical trials using anti-tau antibodies in AD have led to phase 3 trials. Thus,
alternative approaches using anti-tau Abs should be conducted using a well-designed strat-
egy based on absorption, distribution, metabolism, and excretion (ADME). Intravenously
administered Abs must cross the BBB and be metabolized together with the captured tau
species. Clinically approved anti-Aβ Ab, aducanumab, has been shown to cross the BBB.

Table 1. Summary of clinical trials focusing on anti-tau Abs described in this review.

# Administrated
Drug

Formulation
/Co-

Administrated
Drug

Disease Sponsor Phase
Study Start

Date

Study
Completion

Date

ClinicalTrials.
gov Identifier

(Accessed on 25
December 2021)

Status References

(i) AADvac1
An active tau

vaccine
(tau294–305)

AD
Axon Neu-
roscience

SE
Phase

1
January

2014
December

2016 NCT02031198 Completed [68]

(ii) RG7345 A humanized Ab
against tau pS422

Healthy
Volunteer

Hoffmann-
La

Roche
Phase

1
January

2015 October 2015 NCT02281786 Completed –

(iii)
RO7105705

(Se-
morinemab)

An IgG4 Ab
against tau

Mild-to-
Moderate

AD
Genentech,

Inc.
Phase

1 June 2016 June 2017 NCT02820896 Completed –

(iv)
LY3303560
(Zagoten-

emab)

A humanized Ab
against

tau/Florbetapir
F18

AD Eli Lilly and
Company

Phase
1

January
2017 June 2019 NCT03019536 Completed –

(v) BIIB076 A human IgG1
Ab against tau AD Biogen Phase

1
February

2017 March 2020 NCT03056729 Completed –

(vi) Lu AF87908
A humanized

IgG1 Ab against
tau

AD
H.

Lundbeck
A/S

Phase
1

September
2019 May 2021 NCT04149860 Recruiting –

(vii) AADvac1
An active tau

vaccine
(tau294–305)

Mild AD
Axon Neu-
roscience

SE
Phase

2 March 2016 June 2019 NCT02579252 Completed [69]

(viii) ACI-35
An active tau

vaccine (pSer396
and 404)

AD AC Immune
SA

Phase
1/2 July 2019 October 2023 NCT04445831 Recruiting –
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Table 1. Cont.

# Administrated
Drug

Formulation
/Co-

Administrated
Drug

Disease Sponsor Phase
Study Start

Date

Study
Completion

Date

ClinicalTrials.
gov Identifier

(Accessed on 25
December 2021)

Status References

(ix) E2814
A humanized

IgG1 Ab against
tau

AD Eisai Inc. Phase
1/2 June 2021 April 2024 NCT04971733 Recruiting –

(x)
RO7105705

(Se-
morinemab)

An IgG4 Ab
against tau

Prodromal
to Mild AD

Genentech,
Inc.

Phase
2

October
2017 January 2021 NCT03289143 Completed [70]

(xi) BIIB092 (Go-
suranemab)

A humanized
IgG4 Ab against

tau
AD Biogen Phase

2 May 2018 August 2021 NCT03352557
Active,

not
recruiting

–

(xii)
RO7105705

(Se-
morinemab)

An IgG4 Ab
against tau

Moderate
AD

Genentech,
Inc.

Phase
2

January
2019 October 2023 NCT03828747

Active,
not

recruiting
–

(xiii) ABBV-8E12
A humanized

IgG4 Ab against
tau aggregates

Early AD AbbVie Phase
2 March 2019 July 2021 NCT03712787

Active,
not

recruiting
–

(xiv) JNJ-63733657 A humanized Ab
against tau

Cognitive
dysfunction

Janssen
Research &

Develop-
ment,
LLC

Phase
2

January
2021 March 2025 NCT04619420 Recruiting –

(xv) UCB0107
(Bepranemab)

A humanized
IgG4 Ab against

tau235–250
AD

UCB
Biopharma

SRL
Phase

2 June 2021 November
2025 NCT04867616 Recruiting –

(xvi) intravenous
mAbs

Bispecific mAbs
against tau and

TrR
AD

Under
analysis

in
Tashima

lab

–

2.8. Possibility and Effective Use of mAbs Targeting AD-Relevant Tau Species

2.8.1. Lympatic and Immune System in the Brain

The brain lacks a lymphatic system. Instead, a glymphatic system based on cerebral
small blood vessels, perivascular cavity, and glial cells develops and eliminates Aβ from
the CNS via the bulk flow of cerebrospinal fluid (CSF) from the periarterial cavity to the
perivenous cavity via intercellular space, caused by blood vessel pulsation and aquaporin-4
(AQP4) [68]. Sleep disruption promotes tau pathology [69].

Nevertheless, clearance mechanisms are assumed to be performed by brain cells,
similar to phagocytosis by immune cell macrophages. Microglia play an important role in
the brain. In fact, tau degradation in microglia was found to be enhanced by MC1 (anti-tau
mAb) in an Fc-dependent manner [70]. Therefore, FcR-mediated endocytosis by microglia
and successive lysosomal degradation may be a promising strategy for extraneuronal tau
clearance using anti-tau Abs.

It has been shown that tau-Ab complexes enter neurons. MAb86 (anti-tau/pS422 Ab)
bound to lipid raft-associated tau/pS422 on the surface of neurons was reported to be
likely to be endocytosed and degraded in lysosomes in AD model TauPS2APP mice [71].
In addition, Dylight-labeled aggregated tau-Ab complexes were internalized to be detected
in iPSC-derived human neurons, although its entry mechanism remains unknown [29].
Furthermore, 4E6G7 (anti-tau/pSer396/pSer404 Ab) labeled with 125I or Alexa Fluor 568
has been reported to enter neurons in brain slice cultures from hTau/PS1 transgenic mice
via clathrin-dependent FcγII/IIIR-mediated endocytosis or fluid phase endocytosis in the
presence of both intracellular and extracellular tau aggregates. Ab internalization is likely
to be necessary for tau reduction in primary neurons [72]. Unknown Ab endosomal escape
mechanisms for the clearance of tau after endocytosis may exist, as the receptor-mediated
endocytosis of Ab was found to be enhanced in the presence of tau aggregates in neurons.
Moreover, after anti-tau Abs were internalized through certain mechanisms and were
bound to cytosolic tau, the resultant complexes bound to TRIM21, known as not only E3
ubiquitin ligase but also as FcR, via the Fc domain, were subjected to ubiquitin-mediated
degradation [73]. Therefore, the internalization or formation of tau-Ab complexes in the
neuronal cytosol and successive ubiquitin degradation via TRIM21 as FcR can also be a
promising strategy for intraneuronal tau clearance using anti-tau Abs. Modes of Fc-FcR
interactions depend on Ab features, FcR types, and binding tau species.
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2.8.2. Transportation across the BBB

Several Abs, such as DMR7, SKT82, and other anti-tau IgG molecules, have been
reported to be successfully transported across the BBB in in vivo tests [61]. However, in
general, Abs are unable to cross the BBB due to their large size and hydrophilic features.
Interestingly, although RmAb158, a mAb against the soluble Aβ protofibrils, was reported
to be transported into the central periventricular area across the blood-CSF barrier, some
were transported into the cortex through damaged BBB, as a result of leakage [62]. BBB
dysfunction is known to occur in AD [74]. mAbs in the bloodstream have a long half-life
due to salvation based on FcRn-mediated endocytosis and successive recycling back to the
blood stream at the endothelial cells without lysosomal degradation. They may be leaked
gradually and specifically into the brain through the injured tight junction of the capillary
endothelial cells at the BBB due to their high molecular size, similar to how nanoparticles
with payloads accumulate in cancer tissues through the loose tight junctions of endothelial
cells via the EPR effect [8]. However, delivery based on Ab leakage at a disordered BBB
depends on the conditions of dysfunction, and may not be effective or appropriate for
prophylactic use before AD pathogenesis. Therefore, more strategic approaches need to
be developed. Potential methodologies are reviewed below. In addition, aducanumab has
been reported to dose-dependently lower Aβ plaques in AD and evoke BBB disruption.
By contrast, anti-Aβ mAbs that did not evoke BBB disruption did not lower Aβ plaques.
Thus, the transendothelial mechanism of aducanumab is thought to be leakage through
BBB disruption, most likely due to vasogenic edema or cerebral microhemorrhage [2]. In
general, mAbs cannot cross the BBB, and aducanumab has the unique ability to cross the
BBB by inducing BBB disruption.

Role of FcRn of the Endothelium at the BBB

FcRn [11] plays a vital role in transferring Abs across enterocytes in the small intestine,
podocytes, renal proximal tubular cells of the kidney, and syncytiotrophoblasts of the
placenta. In contrast, FcRn endocytoses Abs and recycle them back, via a process known
as salvation, in the vascular endothelial cells and hepatocytes of the liver. When IgG
Abs are transported to the brain across the endothelium through injured tight junctions,
they are likely to be delivered from the brain to the systemic circulation through reverse
transcytosis based on FcRn of the endothelial cells at the BBB [75]. This is consistent with
the features of general endothelial cells that recycle back IgG molecules in endosomes to
the systemic circulation based on FcRn, which results in extending the IgG half-life without
being degraded in lysosomes. Furthermore, bystander Abs are internalized into endosomes
based on pinocytosis, subsequently bind to FcRn via acidification and are recycled back into
the bloodstream. As a result, a delivery strategy using FcRn did not achieve this purpose.
Thus, in contrast to mAb delivery across the small intestinal epithelium, mAbs must be
transcytosed using other receptor-mediated transcytosis systems to cross the endothelial
cells at the BBB.

Transendothelium Based on Receptor-Mediated Transcytosis

Receptor-mediated transcytosis occurs across endothelial cells at the BBB using the
insulin receptor (InsR) and transferrin receptor (TfR), as well as other receptors [9]. This in-
dicates that substances conjugated with ligands that bind to such receptors can be delivered
across the BBB [76]. TfR and anti-TfR Ab are often used as ligands for transendothe-
lium substance delivery. When ligand-TfR affinity is moderate, the ligand is liberated
from TfR by endosome maturation. Subsequently, free ligands are released into the brain
through fusion between the basolateral membrane and endosome. On the other hand,
when ligand-TfR affinity is high, ligand-TfR complexes are degraded in lysosomes with-
out being released into the brain as a result of the sorting process. In an in vitro assay
using SV40-immortalized adult rat brain endothelial cells (SV-ARBEC), among anti-TfR,
rat bivalent Ab OX26 variants, namely OX2676 and OX26108 with medium affinity to TfR,
were distributed in early endosomes and exhibited enhanced transcytosis, whereas OX265
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with high affinity was distributed in late endosomes and lysosomes [77]. Moreover, in
in vitro live imaging using bEND.3 cells, bispecific Ab against TfR with low affinity and
γ-secretase (BACE1) did not reduce the TfR level, while that with high affinity reduced it
by distributing to lysosomes and being degraded there together with TfR [78]. Interestingly,
bispecific Ab against TfR and BACE1 intravenously administered in vivo in monkeys was
reported to cross the BBB and reduce brain in an Aβ and TfR-dependent manner [79]. A
similar system can be applied for bispecific Abs against TfR and tau species.

2.8.3. Plausible Design of mAbs to Clear Tau

In general, mAbs cannot enter the brain across the BBB. Thus, bispecific mAbs with Fc
domain targeting not only tau species in the brain but also receptors inducing transcytosis
at the BBB represent a promising molecular design (Figure 12). With respect to the intended
trajectory: (i) intravenously administered well-designed bispecific mAbs could cross the
BBB into the brain through receptor-mediated transcytosis using suitable receptors such as
TfR, bind to arbitrary extracellular tau species, and be degraded with captured tau proteins
in lysosomes after Fc receptor-mediated endocytosis into microglia (Figure 2); (ii) they can
cross the BBB into the brain through receptor-mediated transcytosis using suitable receptors
such as TfR, be internalized into neurons through Fc receptor-mediated endocytosis, bind
to arbitrary cytosolic tau species after endosomal escape through unknown mechanisms,
and be degraded by TRIM21-associated ubiquitin degradation (Figure 13). In particular
cases, (iii) they can cross the BBB into the brain through receptor-mediated transcytosis
using suitable receptors, such as TfR, bind to tau species, such as tau/pS422, exposed
on lipid rafts of neuronal plasma membrane, be internalized into neurons through lipid
raft-mediated endocytosis, and be degraded in lysosomes (Figure 14).

against Receptors against Tau

Fc
 

in

Figure 12. The structure of bispecific IgG against receptors and tau species.

The choice of pathological tau species for use as antigens remains elusive due to
complex heterogeneity of tau. Therefore, anti-tau Abs targeting tau species, such as tau
oligomers, need to be screened through repetitive in vivo experiments using animal models
of AD.

2.8.4. Combination Therapies

The pathology of AD is widely considered to progress in a highly complex manner.
Therefore, combination therapies represent potentially successful strategies for enhancing
the therapeutic efficacy of AD treatment. This is supported by the fact that, to date, single-
modality therapies have failed to show effectiveness against AD.

While senile plaques have been reported to be eliminated by active immunotherapy
using AN-1792, dementia resulting from AD proceeded in this case, with no neurons firing
there, according to Mach’s principle of perception. In other words, nerve regeneration
did not occur in response to treatment. Most likely, glial cells occupied the empty space
after neuronal death. Based on these results, there is a need to pave the way for nerve
regeneration in AD pathology. PD symptoms were reported to improve by injecting the fetal
brain into the brains of PD patients aged 60 and younger [80]. Furthermore, umbilical cord
matrix stem cell (UCMSC) transplantation was reported to improve the rotational behavior
of PD model rats [81]. However, the sampling and use of fetal brain cells or UCMSCs is
made difficult by their limited numbers and associated ethical issues. Mesenchymal stem
cells (MSCs), which were first found in 2001, represent an alternative for differentiation
into neurons. Autologous adipose-derived MSC therapy has been used for the treatment
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of several neurological diseases, including brain stem hemorrhage and cerebral infarction,
and neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS), AD, PD, and
neuropathy. In general, stem cells have the ability to spontaneously migrate to sites of
injury, nidus, and regeneration [82], via the so-called homing process, and are able to cross
the BBB after their intravenous administration.
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Figure 13. Tau degradation by the ubiquitin-proteasome pathway through Fc receptor-mediated
endocytosis in neurons using bispecific Abs against tau and receptors. TRIM21 stands for tripartite
motif-containing protein 21.
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Aβ Abs have been reported to eliminate senile plaques [16], 
although they did not eliminate all Aβ oligomers [17]. Aβ can be cleared by AN
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]. Thus, Aβ

against Aβ and tau. When AN 1792 elicits acute meningoencephalitis, other Aβ

Figure 14. Tau/pS422 species lysosomal degradation through membrane microdomain-mediated
endocytosis in neurons using bispecific Abs against tau/pS422 and receptors.

Even though tau oligomers of mild-to-moderate dementia patients are eliminated by
anti-tau mAbs, Aβ oligomers may not only continue to injure neurons but also enhance the
production of pathological tau oligomers as seeds, and must therefore also be eliminated.
AN-1792-induced anti-Aβ Abs have been reported to eliminate senile plaques [16], although
they did not eliminate all Aβ oligomers [17]. Aβ can be cleared by AN-1792-induced anti-
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Aβ Abs outside the BBB via the dynamic equilibrium of Aβ between the brain and blood
plasma [83]. Thus, Aβ-targeting vaccines may be effective for AD therapy.

Combination therapy using three agents, namely anti-tau oligomer and anti-TfR
bispecific mAbs, AN-1792, and MSCs, could be an extraordinarily effective and economical
method for the treatment of mild-to-moderate dementia in AD patients. During and
after therapy, sustained recovery can be verified using magnetic resonance imaging (MRI)
against Aβ and tau. When AN-1792 elicits acute meningoencephalitis, other Aβ-targeting
vaccines can be utilized. Furthermore, low-molecular compounds, such as Hes1 dimer
inhibitors for neural stem cell (NSC) differentiation [84] and histone deacetylase 3 (HDAC3)
inhibitors [85] and SIRT2 inhibitors [86] for neurodegenerative diseases (Figure 15), can be
used in combination with immunotherapy.
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Figure 15. Structures of neurodegenerative disease modulators.

3. Conclusions

The development of drugs for the treatment of AD has been made difficult not only
due to impermeability of drugs into the brain via the BBB [9], but also due to the complex
mechanisms of AD pathogenesis, wherein the pathological mechanisms of Aβ and tau are
known to play crucial roles. Almost all clinical trials using Aβ modulators have failed their
respective stages, with aducanumab, anti-insoluble Aβ fibrils, and anti-soluble Aβ oligomer
mAb being approved by the FDA in 2021. It has been revealed that the pathologies of Aβ

and tau initially progress independently, only beginning to exert their influence on each
other after some time. Subsequently, the pathology of AD reaches a point of no return [4].
NFTs composed of tau rather than senile plaques composed of Aβ are correlated with AD
pathogenesis [5]. It has been suggested that once certain types of tau seeds are formed, AD
pathology progresses via these seed species. Accordingly, the amyloid hypothesis has been
modified based on the results of clinical trial and novel findings. Tau species are thought
to spread from cell to cell and be duplicated based on seeds in a prion-like manner [25].
Thus, the elimination of toxic tau seed species using specific Abs represents a promising
strategy for the treatment of AD. Nonetheless, although clinical trials using anti-tau Abs
have been performed, none of these have managed to reach phase 3, due to the fact that
the BBB impedes the entry of anti-tau Abs into the brain. Therefore, an alternative drug
design needs to be developed. Intravenously administered bispecific Abs against tau and
receptors that induce receptor-mediated transcytosis in capillary endothelial cells across
the BBB may represent a solution to the aforementioned trajectory issues. Furthermore,
as a tau elimination mechanism, (i) tau-Ab complexes may be internalized into microglia
through FcR-mediated endocytosis and degraded in lysosomes (Figure 2); (ii) anti-tau Abs
may be internalized into neurons through FcR-mediated endocytosis, capture cytosolic tau
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species after endosomal escape, and finally be degraded by the ubiquitin pathway after
binding to TRIM21 as FcR and E3 ubiquitin ligase (Figure 13); (iii) Ab complexes with
tau species, such as tau/pS422, which exist on lipid rafts of neuronal plasma membrane,
may be internalized into neurons through lipid raft-mediated endocytosis and degraded in
lysosomes (Figure 14). Salvation by FcRn in endothelial cells can lengthen the half-life of
intravenously administered bispecific Abs.

The complexity of AD pathology is so high that single-modality therapies have been
widely found to be ineffective. Therefore, combination therapies have been suggested
to increase the therapeutic efficacy of AD treatments. The combination of bispecific Abs
against tau and receptors at capillary endothelial cells, Aβ modulators, such as AN-1792
as vaccine, and stem cells, such as MSCs, via intravenous administration are potential
candidates. Furthermore, low-molecular-weight compounds may be used in combination
with these treatments. Aducanumab is known to cross the BBB by disturbing it. Thus,
combination therapy using aducanumab, anti-tau Abs, and MSCs represents an alternative
treatment. In the field of neuroscience, qualia are defined as sensory consciousness by
which a person recalls “what a certain thing is like” in the brain. When dementia as a
result of AD is treated via nerve cell regeneration, whether qualia are restored remains
unclear, since they are formed through individual experiences. Nonetheless, medicinal
chemists and pharmaceutical scientists hope to improve the quality of life of AD patients by
creating innovative immunotherapy approaches using well-designed antibodies targeting
AD-relevant tau species.
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Abstract: Gaining insights into the pharmacokinetic and pharmacodynamic properties of lead
compounds is crucial during drug development processes. When it comes to the treatment of
brain diseases, collecting information at the site of action is challenging. There are only a few
techniques available that allow for the direct sampling from the cerebral interstitial space. This
review concerns the applicability of microdialysis and other approaches, such as cerebral open
flow microperfusion and electrochemical biosensors, to monitor macromolecules (neuropeptides,
proteins, . . . ) in the brain. Microdialysis and cerebral open flow microperfusion can also be used
to locally apply molecules at the same time at the site of sampling. Innovations in the field are
discussed, together with the pitfalls. Moreover, the ‘nuts and bolts’ of the techniques and the current
research gaps are addressed. The implementation of these techniques could help to improve drug
development of brain-targeted drugs.

Keywords: microdialysis; cerebral open flow microperfusion; electrochemical biosensors; macro-
molecules

1. Introduction

Drug discovery and development processes are a lengthy, costly, uncertain, and thus
challenging endeavor [1]. In this respect, designing medicines that specifically target the
central nervous system (CNS) adds another layer of complexity. Apart from our still-limited
understanding of the CNS, the presence of the blood–brain barrier (BBB) lies at the root of
this problem [2].

Since the 1980s, when the first biological drug was approved by the Food and Drug
Administration (FDA), the therapeutic landscape has drastically changed [3,4]. Although
considerable progress has been made in the treatment of numerous cancers and autoim-
mune diseases using biologics, patients with neurological diseases cannot yet widely benefit
from this revolution in drug development [5,6]. Due to the innate resistance of the BBB to
the permeation of large molecules, concentrations of the biologics at the site of action are
too low to achieve the desired therapeutic effect [2]. For instance, in June 2021, the FDA
approved aducanumab, a first-of-its-kind disease-modifying drug used for the treatment of
Alzheimer’s Disease. The FDA approval was groundbreaking in the field of neurology, but
highly debated. Moreover, in December 2021, aducanumab was eventually even rejected by
the European Medicines Agency because the clinical benefits were ambiguous [5–7]. Apart
from the rising levels of skepticism toward the validity of the classic amyloid cascade hy-
pothesis, the poor clinical outcome of the biologic can possibly also be attributed to the lack
of a brain-targeted drug delivery transport system following systemic administration [8].

Gaining insights into the pharmacokinetic and pharmacodynamic properties of lead
compounds is crucial during drug development processes. When it comes to the treatment
of brain diseases, collecting information at the site of action is challenging. Cerebrospinal
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fluid (CSF) concentrations do not necessarily reflect the real concentration in the brain
parenchyma. Drug concentrations in the CSF give information regarding drug transport
across the choroid plexus, which is the main component of the blood–CSF barrier, but
such concentrations do not provide information concerning BBB transport. This miscon-
ception hinders progress in the development of drugs targeting the CNS, as explained by
Pardridge [9]. Moreover, in recent years, the discovery of the glymphatic system, acting
as a clearance pathway in the brain, stirred the debate about brain fluid dynamics even
more [10–12]. Not only the influx but also the efflux mechanisms importantly impact the
brain concentrations of (macro)molecules [13,14].

In fact, there are only a few techniques available that allow for the direct sampling from
the cerebral interstitial space and thus provide insight into real concentrations in the brain
parenchyma. Such techniques are microdialysis, cerebral open flow microperfusion (cOFM),
and biosensors. While these techniques seem promising, they are not (yet) adopted into
routine practice. A discussion on their strengths and limitations will be the main focus of
this review. The juxtaposition of these three techniques will lead to a more comprehensive
overview of recent developments and possibilities in this domain.

Apart from determining exogenous drug concentrations for pharmacokinetic and
pharmacodynamic studies, a fundamental part of CNS drug development is the monitoring
of endogenous molecules at the site of action to gain insights into the physiology of the
brain and its disease processes. Initially, the above-mentioned techniques were developed
to monitor neurotransmitters and other small molecules, but over the years, advances in
the field have made it possible to monitor macromolecules (neuropeptides, proteins, . . . )
as well. As an example, microdialysis is used to determine cytokine levels [15], but also
biomarkers such as amyloid-beta and tau have already been quantified in the cerebral
interstitial fluid (ISF) both in mice [16–18] and in a clinical setting [19]. Moreover, the use
of biosensors for the detection of the biomarker tau has been described as well [20]. A
third feature of microdialysis and cOFM is the possibility to locally administer molecules
at the site of sampling. This feature can be of interest, as the pharmacological effect (on
neurotransmitter levels for example) of the compound under investigation can directly be
determined upon its local application at the site of action [21].

Trastuzumab is a prime example of the applicability of these techniques. It is a thera-
peutic monoclonal antibody that binds to the juxtamembrane region of human epidermal
growth factor receptor-2 (HER2) and is successfully used in patients suffering from HER2-
overexpressing breast cancer [22]. It is the most used example of personalized medicine.
Indeed, because only 30% of breast cancer patients express the HER2 protein, characteriza-
tion of the molecular profile of patients is required to start treatment [22,23]. Trastuzumab
is currently also being evaluated for treatment of patients with brain metastases. Its brain
pharmacokinetic profile has been determined in rats and mice using both microdialysis
and cOFM [24,25]. Biosensors could be an interesting approach in this regard as well, as
they can be used to detect HER2 in cell or tumor lysates [26].

2. Technical and Historical Overview

2.1. Microdialysis

Microdialysis enables the continuous sampling of endogenous as well as exogenous
compounds from the cerebral interstitial space using a probe with a semipermeable mem-
brane. The probe is stereotactically implanted in the brain in the region of interest. A
perfusion fluid, mimicking the ISF, often called artificial CSF, is perfused through the probe
assembly using a controlled pulse-free syringe pump. At the outlet, the dialysate containing
the substances of interest is collected without the need of a pull pump. The dialysate is
collected fractionally and subsequently analyzed using a sensitive analytical method of
choice. The underlying process for the exchange of substances is based on Fick’s first law
of passive diffusion. In addition to the concentration gradient and osmotic pressure, the
molecular weight, hydrophobicity, and tertiary structure of the compound, as well as the
cut-off and material of the membrane, play key roles in this process [27].
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The foundation for the use of microdialysis in its present form, as described above,
originates from the early 1960s. The first building blocks were laid by Gaddum [28] by the
introduction of a push-pull cannula to collect substances directly from the brain. His work
is based on a perfusion technique in subcutaneous tissue described by Fox and Hilton [29],
although the cannula was positioned concentrically in the brain tissue to allow for more
precise targeting. The development of this in vivo technique evolved from the different
attempts to determine neurotransmitters by performing brain dissections followed by
post-mortem analyses. Numerous technical problems surrounded these early experiments,
such as inaccurate dissections, the validity and correlation of the measurements in post-
mortem tissue to the in vivo values, and the fact that only a single measurement of a
static moment could be determined [30]. Over the years, it became clear that the in vivo
technique had limitations as well that led to numerous adaptations regarding the design
of the push-pull cannula. The major bottleneck was the open flow system resulting in
tissue damage [31]. To resolve this problem, a cannula was constructed containing a tip
covered with a porous semipermeable membrane. This dialysis sac [32], or ‘dialytrode’
as it was called by Delgado et al. [33], was later replaced by a hollow fiber, namely the
dialysis membrane [34]. This is the basic principle underlying microdialysis as still referred
to nowadays. The major advantage of this innovation is that there is less damage and
interference with the brain tissue as exposure of the brain tissue to the perfusate is avoided,
making the technique more ‘physiological’ than the push-pull principle [31,34,35].

The main component of a microdialysis probe is its semi-permeable membrane. As
brain microdialysis was historically applied to gain insight into neurotransmitter levels and
other small molecules, cut-off values of the membrane typically ranged from 6 to 40 kDa.
Interestingly, the molecular weight cut-off (MWCO) of the microdialysis probe does not
reflect the actual pore size of the membrane. It gives information regarding the retention
capabilities and thus the sampling efficiency for molecules of a certain size range. For exam-
ple, a membrane with a 20 kDa MWCO will not allow 80–90% of molecules of that particular
size to pass through [36]. Furthermore, there is an exponential decrease in the ability of
molecules to pass the semipermeable membrane in relation to an increase in their molecular
weight, making classical microdialysis even challenging for sampling molecules with a low
molecular weight because of its low recovery rates and low dialysate concentration. Over
the years, effort was put in developing probes with a higher cut-off to increase the utility
of the technique [15,37–39]. At present, probes with cut-off values of 100 kDa–3 MDa are
commercially available, allowing the exchange of macromolecules [37,38]. In these kinds
of probes, the underlying process for the exchange of substances is primarily based on con-
vection, meaning substances are carried across the membrane pores via bulk-flow together
with the solution. Ultrafiltration and, thus, transmembrane pressure (hydrostatic pressure
gradient across the membrane) are crucial in this process [39]. To control the fluidic path,
thus preventing leakage of the perfusate into the brain parenchyma, a push-pull system
is required (Figure 1a). Nevertheless, pressure fluctuations remain a hurdle. Takeda et al.
circumvented this problem by introducing a vent hole at the head of the probe assembly
(AtmosLM™, Eicom, Green Leaf Scientific, Dublin, Ireland). This vent hole allows for fast
equalization of the pressure difference inside the probe with the atmospheric pressure [40].

Samples obtained with classic microdialysis do not require sample clean-up before
analysis with liquid chromatography or capillary electrophoresis, as no large molecules are
present, because of the low MWCO of the membrane. Because of the high MWCO, analysis
of large pore microdialysis samples is generally more challenging [38].

Technically, the microdialysis probe construct consists of a guide cannula containing a
healing dummy implanted in the brain above the region of interest. Before initiating the
sampling experiments, the healing dummy is removed and replaced by the microdialysis
probe. The membrane protrudes beneath the guide cannula as illustrated in Figure 2a.
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Figure 1. Schematic overview of the inlet and outlet tubings for the sampling techniques. (a) When
using high-molecular-weight-cut-off microdialysis probes, a push-pull system is required to prevent
loss of perfusion fluid through the large pores of the membrane. The setup generally contains a
separate controlled pulse-free syringe pump and a peristaltic pull pump (e.g., using an AtmosLM™
or CMA ultra-high cut-off probe). For classical microdialysis, a pull pump is not used. (b) For the
cerebral open flow microperfusion probe, a peristaltic push-pull microperfusion pump (MPP102 PC,
Basi) can be used. Hereby, inflow and outflow can be controlled via the same pump head. Figure
created with BioRender.com accessed on 6 April 2022. aCSF: artificial cerebrospinal fluid.

2.2. Cerebral Open Flow Microperfusion

Quite soon after its first introduction in the 1960s, the push-pull perfusion technique
with its open flow system was put aside. As the use of a membrane has shown its limitations
as well (see Section 3), Birngruber et al. went back to the roots and introduced in 2013
an advanced technique referred to as cOFM [41]. The two main features of the patented
cOFM probe body design itself are (i) the replacement of the membrane by macroscopic
openings and (ii) the biocompatible material (fluorinated ethylene propylene) it consists
of [42]. The open structure of the device allows for sampling lipophilic (these tend to adsorb
to the microdialysis membrane) and high-molecular-weight substances. The biocompatible
material should make it possible to perform chronic sampling experiments as will be
discussed in detail in Section 3.1 [43]. Historically, one of the main hurdles to prevent tissue
damage by using the push-pull technique was to maintain the probe inlet flow generated
by the push pump equal to the probe outlet flow generated by the pull pump [30,31]. This
problem was solved by using a pair of high-precision syringe pumps [42]. These were
later replaced by a peristaltic microperfusion pump (MPP102 PC, Basi) where inflow and
outflow can be controlled via the same pump head (Figure 1b) [25,44].

Technically, the membrane-free cOFM probe body construct itself contains the open
exchange area necessary to perform the sampling experiments and is implanted directly
into the brain in (not above, as for the microdialysis guide) the region of interest, as
illustrated in Figure 2b. It is recommended by the manufacturer to implant the probe body
14 days before initiating the sampling experiments [45]. This recovery period should ensure
re-establishment of the BBB (for detailed discussion, see Section 3.1.1) and can be appraised
as a third major feature of the probe design [41,42]. A healing dummy prevents tissue
growing into the probe during this period. Sampling experiments can be initiated after
14 days by replacement of the healing dummy with a sampling insert [45].
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Figure 2. Schematic overview of the 3 approaches to monitor macromolecules directly from the
cerebral interstitial fluid. (a) The microdialysis probe construct consists of a guide cannula containing
a healing dummy implanted in the brain above the region of interest. Before initiating the experiments,
the healing dummy is replaced by the probe connected to the tubings. The membrane protrudes
beneath the guide cannula. Dimensions of the outer diameter of the shaft of the guide cannula and
probe membrane are based on an AtmosLM™ probe. (b) The cerebral open flow microperfusion
probe body construct/guide itself contains the open exchange area with macroscopic openings and
is implanted directly into the brain in the region of interest. Before initiating the experiments, the
healing dummy is replaced with the sampling insert connected to the tubings. (c) The electrochemical
biosensor setup consists of the working electrode (cylinder type is shown), which is implanted in the
brain region of interest, while the reference electrode can be implanted in the cortex and the counter
electrode can be attached to an anchor screw placed in the skull (not shown). Scale bar indicates
500 µm. Figure created with BioRender.com accessed on 6 April 2022. MWCO: molecular weight
cut-off.
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2.3. Electrochemical Biosensors

While the two above-mentioned techniques rely on fluid sampling, a third technique,
electrochemical biosensors, depends on the recognition of certain molecules directly in
the cerebral ISF [46]. The principle of an electrochemical biosensor was first described by
Clark and Lyons, in 1962 [47]. A typical biosensor consists of an immobilized, biological
recognition element combined with a transducer that converts the biological reaction to
a quantifiable signal. The biological recognition element is immobilized on the electrode
surface. An electrochemical biosensor uses an electrochemical transducer to convert the
signal, which is an electrical current in the case of an amperometric biosensor [48–50]. The
measured electrical signal is a result of the redox current that is present at the surface
of the electrode [51,52]. In this work, the focus is on electrochemical biosensors as this
type of biosensor is not only used in fundamental scientific research [53] but also used in
clinical practice. For example, the glucose biosensor has been used by diabetic patients for
continuous glucose monitoring [50].

The first electrochemical biosensors were developed for the biosensing of molecules
by the use of enzymes [50]. Enzymatic biosensors can be divided into three generations. In
first-generation biosensors, an enzyme is used as the recognition element and the products
used or produced in the enzymatic reaction are in relation to the concentration of the ana-
lyte of interest. Second-generation biosensors use electron carriers, while third-generation
biosensors do not depend on a mediator but instead use direct electron transfer [51,52].
Enzymatic biosensors still make up the majority of implantable biosensors [54,55]. Apart
from enzymes as the biological recognition element, aptamers, antibodies, or antigens can
also be used [49,56] to (specifically) recognize the analyte of interest. Nevertheless, inter-
ference can be expected by other (small) electroactive compounds. A selective membrane
layer/polymer is often used to prevent interference [57,58].

The best examples for the in vivo use of this elegant technique are the glucose biosen-
sor [50] and the assessment of several endogenous small brain molecules such as gluta-
mate [53,59,60] or other molecules [61,62]. While the use of biosensors to establish drug
concentrations in the brain is limited, there are examples of biosensors that have been
developed for the determination of disease biomarkers [63–65] useful for personalized
medicine [23,26,66]. Nowadays, biosensors are also being developed for the measurement
of large molecules, such as for the detection of tau protein as the biomarker for neurodegen-
erative diseases [63] or for the detection of hepatitis C virus for diagnostic purposes [67–69].
However, the latter are mostly being developed for ex vivo use in biological samples and
not yet routinely in vivo. For example, several groups have described the development of a
tau protein biosensor, of which an overview can be found in the review by Ameri et al. [20].
The aggregation of tau protein is associated with neurodegeneration and Alzheimer’s
disease [17,63]. While the aggregated tau is usually seen in later stages of the disease,
it can be of interest to identify soluble tau oligomers during the early stages of the dis-
ease. The applicability of biosensors for this purpose is shown in an in vitro setting by
Esteves-Villanueva et al. [63]. Another example is the development of an electrochemical
biosensor for the determination of the HER2 receptor in cell or tumor lysates, which is
the target of the aforementioned trastuzumab monoclonal antibody against cancer and
requires characterization of HER2 [26,66].

Typically, in an in vivo setting, a three-electrode system is used: (i) the working
electrode (which is the biosensor), (ii) the reference electrode, and (iii) a counter elec-
trode [67,69,70]. Specifically, to monitor extracellular concentrations in the brain tissue, the
working electrode(s) is (are) implanted in the brain region of interest (Figure 2c), while the
reference electrode can be implanted in the cortex and the counter electrode can be attached
to an anchor screw placed in the skull [71].

3. Strengths and Limitations

With thousands of publications [27], it can be said that microdialysis is well-established
as a technique to gain direct insight into the brain environment. As a consequence, its
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strengths and limitations are generally well defined, yet controversy still exists in the
literature. The three main topics dominating this discussion are the integrity of the BBB,
inflammation of the brain tissue surrounding the probe (membrane), and the low recovery
rates and associated sticking to the different parts of the setup. cOFM is developed in re-
sponse to these concerns and attempts to overcome microdialysis’ limitations, although the
main principle of the two techniques (and thus its main strengths and limitations) remains
the same. On the contrary, while there are some identical advantages and disadvantages
between the sampling techniques and electrochemical biosensors, biosensors possess a
number of interesting other features (e.g., better spatial/temporal resolution) depending on
the aim of the study. Moreover, the use of both techniques can be complementary as they
rely on a different principle for the assessment of analyte concentrations. An overview is
given in Table 1 and the different topics are explained in detail in the following subsections.

Table 1. Overview of strengths and limitations influencing the possible applications of the three
techniques.

Large Pore
Microdialysis

cOFM Biosensors

Timeframe

- Start After 16–24 h After 14 days Upon equilibration

- Duration 48–72 h Up to 30 days 2–3 weeks

Recovery Limited due to membrane Macroscopic openings Recognition element

- Membrane Aspecific adsorption Not applicable Not applicable

Spatial resolution
±500 µm OD ±50–125 µm OD

Depending on length probe: mm Cylinder vs. disc

Temporal resolution minutes (milli)seconds

Sample analysis (Bio-)analytical technique Not applicable

Analyte range Omics screening possible Limited

Others Local administration of molecules possible -

cOFM: cerebral open flow microperfusion, OD: outer diameter.

3.1. Timeframe to Perform Experiments

When designing a study, the following should be taken into account with regard to
the timeframe of the conducted experiments: (i) the recovery period after implantation of
the devices in the brain to ensure the integrity of the BBB before initiating an experiment,
as well as (ii) the length of the experiment depending on biofouling on the surfaces of the
device leading to deviating results.

3.1.1. Blood–Brain Barrier Integrity

All three techniques are commonly referred to as being minimally invasive, although
it is clear that the surgical implantation of the probe/electrode has its consequences [72].
Therefore, a recovery and equilibration period should be considered prior to starting the
experiments. The literature is not conclusive regarding the integrity of the BBB [41,73–80].
Moreover, manuals available with the different commercialized microdialysis probes do
not even provide information about this.

As seen in Figure 2a, the microdialysis probe membrane protrudes beneath the guide
cannula. Hence, additional injury is caused when the probe itself is inserted in the brain.
Consequently, inserting the microdialysis probe just before the start of the sampling pro-
cedure does not provide sufficient recovery time. For example, in Sumbria et al. [73], the
integrity of the BBB following microdialysis probe implantation was assessed by deter-
mining the extravasation of fluorescent markers, both with a low (sodium fluorescein)
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and high (Evans Blue) molecular weight, around the probe tract after intravenous admin-
istration. The results show an increased extravasation immediately after implantation,
but not after 1.5 h or 24 h [73]. In Caljon et al. [74], experiments were started after a 16 h
recovery period following microdialysis probe implantation. BBB integrity was assessed
using Evans Blue and 99mTc-Sestamibi, revealing no significant extravasation [74], thus all
indicating only acute damage immediately after implantation [73,74,77,78,81,82]. Other
studies have shown that a biphasic response in BBB permeability occurs, with an increase
immediately after probe implantation and a second increase 1–2 days after [75,76,79]. In
contrast, Groothuis et al. [75] showed that BBB function is disrupted during at least 28 days
after implantation.

cOFM was introduced as a new in vivo technique for measuring substance transport
across the intact BBB [41]. The main difference with the microdialysis probe construct is
that the cOFM guide cannula contains the open exchange area and is directly implanted
in the brain in the region of interest. It was shown that up until 9 days after cOFM
probe implantation, the Evans Blue extravasation was still significantly higher than in a
negative control, although it decreased to 15%. Therefore, a recovery period of 14 days is
recommended by the manufacturer prior to starting cOFM experiments in order to assure
BBB integrity [41]. When using a microdialysis probe, the latter is impossible, as is explained
in Section 3.1.2. Immediately before cOFM sampling, the healing dummy is replaced by the
sampling insert, creating limited new damage according to the manufacturer as the cOFM
probe body is implanted in the region of interest and the sampling insert is exactly in-line
with the previously implanted guide. The probe is flushed at a high flow (typically 2 min
at 5 µL/min) and a 1 h run-in phase is taken into account as an equilibration period [45].
In Custers et al. [44], serotonin and γ-aminobutyric acid levels were determined 2 h and
20–24 h after sampling insert replacement to gain insight into possible disturbance of
the brain environment, demonstrating that the 1 h run-in phase does not suffice. The
BBB is probably disrupted again after insertion of the sampling insert and flushing with
the perfusate as it is in direct contact with the brain tissue (because of the absence of a
membrane). Most cOFM studies in the literature are performed under anesthesia, which
restricts the duration of the sampling experiment itself and makes a longer run-in phase
impossible [41,43,45,80,83,84]. In an awake setup, the equilibration period can and should
be prolonged [25,44].

Biosensors offer a benefit by the increased spatial resolution and reduction in implan-
tation trauma, as the outer diameter of the implanted device is smaller compared to the
sampling probes, as seen in Figure 2 and Table 1. There is no consensus on when cerebral
biosensor experiments can be initiated after implantation. The signal can be continuously
monitored from the moment just after implantation, although it is important to wait for
the baseline to stabilize before initiating an experiment. For example, some groups start
measuring minutes after implantation [53,59], while others wait a few hours [71], although
the latter strongly depends on the type of electrode that is used and the experimental setup
(awake vs. under anesthesia) [85]. Hence, this equilibration period is based on the sensor
rather than on brain homeostasis and the integrity of the BBB.

3.1.2. Inflammation

Apart from the recovery/equilibration period before experiment initiation, deciding
on the duration of the experimental sampling duration is equally challenging. The key
factor limiting the application time and functionality of the techniques is the immunolog-
ical reaction of the body following implantation of the foreign object and the associated
biofouling on its surface [27,72,76,86].

When implanted for too long, the microdialysis membrane becomes clogged (result-
ing in decreased recovery rates) due to the formation of glial scar tissue and adhesion
of molecules onto the membrane. Therefore, it is typically recommended to perform mi-
crodialysis experiments for a maximum of 72 h [27,87]. However, chronic microdialysis
experiments have also been described in literature [88–91].

238



Pharmaceutics 2022, 14, 1051

cOFM attempted to overcome this issue by introducing the membrane-free probe and
improving the biocompatibility of the probe body using fluorinated ethylene propylene.
The study of Birngruber et al. shows no formation of a continuous glial scar up to 30
days after probe implantation in the rat brain [43]. Hence, an advantage of cOFM over
microdialysis is the notion that intermittent sampling in a chronic setting should theoreti-
cally be more feasible, although abundant literature on this application is not yet available.
Commercialized equipment for microdialysis experiments mainly use a guide cannula and
probe shaft made of stainless steel (Eicom, Green Leaf Scientific, Dublin, Ireland; CMA
Microdialysis AB, Kista, Sweden). A replacement of the metallic material with a guide
cannula using a better biocompatible material such as polyether imide/fused silica (Mi-
crobiotech/se AB, Stockholm, Sweden) or polyamide/polyurethane (CMA Microdialysis
AB) could markedly reduce the immune response as well. There is little reason to believe
that fluorinated ethylene propylene can offer better biocompatibility than the other poly-
mers [92], although the presence of the membrane remains a limiting factor. To the extent of
our knowledge, no clear comparison exists in the literature between the different available
commercial and custom-made microdialysis probe types, although abundant literature is
available regarding the inflammatory response. The study of Custers et al. shows that if
both a microdialysis probe (AtmosLM™, stainless steel) and cOFM probe are used within
their recommended timeframe, the inflammatory response is comparable [44]. Birngruber
et al. compared the cOFM probe with a CMA 12 microdialysis probe that consists of a
metal-free, biocompatible guide cannula and probe shaft according to the manual (although
not specified in the manuscript) [43]. Surprisingly, this study demonstrates a markedly
increased astrocytic and microglial reaction for the implanted microdialysis probe 15 days
after implantation compared to the cOFM probe [43]. This emphasizes that further research
is needed.

Another important factor to consider is the perfusate as there is no consensus on its
composition. To minimize an inflammatory response, the physiology of the cerebral ISF
should be mimicked, and the solution should be filtered or sterilized. The addition of other
components such as bovine serum albumin (BSA) and dextran, which are needed in the
context of aspecific adsorption and osmotic pressure, may adversely affect the inflammatory
response [44].

In the field of implantable electrochemical biosensors, attention is also paid to avoid
biofouling. As is the case with the sampling techniques, the duration of use of these biosen-
sors is also limited as biofouling hampers analyte diffusion toward the biorecognition
element, which results in lower sensitivity. Another important point is the inactivation or
degradation of the biological recognition element [54,55,93–95]. It is well-known that com-
pounds adhere on the surface of the electrode, although efforts are made to limit this. These
efforts include the use of naturally occurring or bio-mimicking materials such as chitosan,
collagen, and gelatin, but also hydrophilic, superhydrophobic, and drug-eluting materials
can be used. Their mechanism of action is, for example, based on the regulation of the host
immune response and making the biosensor surface thermodynamically unfavorable for
biofouling [55]. For example, in the study of Brown et al. [96], it is shown that exposure of
the Nafion®-coated platinum sensor to proteins and lipids in an in vitro setting resulted
in a decrease in sensitivity up to 24 h, after which levels stabilized. These results were
confirmed in vivo up to 8 days after implantation [96]. Generally, chronic in vivo cerebral
biosensor experiments are performed for a maximum of 2–3 weeks, although this strongly
depends on the sensor used [71,96–98].

In summary, regarding microdialysis, it is typically recommended to initiate exper-
iments 16–24 h after probe implantation [73,74], based on BBB integrity, with a maximal
duration of 48–72 h [87,99,100], based on the formation of glial scar tissue around the
probe that hampers the exchange of molecules [27,76]. Regarding cOFM, experiments
can be initiated 14 days after probe implantation [41,80], based on BBB integrity, with a
minimal duration of 30 days [43], based on the formation of glial scar tissue [45]. There
is no consensus on the timeframe to perform cerebral biosensor experiments. However,
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the signal can be continuously monitored from the moment upon baseline stabilization
after implantation, with a maximum duration of 2–3 weeks, although the latter strongly
depends on the type of sensors that are used [71,98].

3.2. Recovery Rates

Apart from biofouling, multiple other factors determine the recovery rate of the
compound of interest. A first factor determining the recovery rate in microdialysis is
the MWCO of the membrane. Furthermore, in addition to lipophilic small molecules,
macromolecules such as peptides and proteins tend to adsorb to the membrane. An
overview of the modification strategies of the microdialysis membrane surface to reduce
aspecific adsorption is given by Van Wanseele et al. [38]. For example, the AN69 membrane
offers great potential for reducing aspecific adsorption of peptides [101]. However, next
to adsorption of the compound of interest to the probe membrane, sticking can also occur
at other parts of the microdialysis setup. Adding BSA to the perfusate to block aspecific
binding is commonly used as a main solution together with the use of low-binding tubings.
Furthermore, an in vitro adsorption test should be performed prior to in vivo experiments.
As for cOFM, the inner lumen of the probe is coated with polytetrafluoroethylene as an
additional measure to decrease adsorption [102,103].

The study of Altendorfer-Kroath et al. [83] comparing a 20 kDa microdialysis probe
with a cOFM probe, but also the study of Custers et al. [44] comparing a 1 MDa microdialy-
sis probe with a cOFM probe, shows discrepancies between in vitro recovery/adsorption
tests compared to the in vivo obtained results. In both studies, the cOFM probe performs
better in vitro compared to the microdialysis probe, although this advantage almost com-
pletely disappears in an in vivo setting. As problems with ultrafiltration and osmolarity
are minimized because of the optimized design of the probe/pump and perfusate, we
believe tortuosity of the brain parenchyma can provide a possible answer for this discrep-
ancy [44,104]. To estimate absolute ISF concentrations, for both techniques, in vivo recovery
should be determined as well. Typical methods to do so are the no-net-flux approach, the
extrapolation-to-zero flow, and the recovery by gain/loss method [27]. Although, in prac-
tice, relative concentrations are often used.

To the extent of our knowledge, three studies are available in the literature com-
paring cOFM with AtmosLM™ to sample macromolecules, namely trastuzumab [25], a
brain-penetrating nanobody [44], and tau [18]. Their findings on recovery rates of the
macromolecules with the two techniques differ substantially. In the study of Le Prieult
et al., 10-fold higher ISF trastuzumab levels were found with cOFM compared to microdial-
ysis when not corrected for in vivo recovery. They also showed that the use of either in vitro
or in vivo recovery has a substantial impact on absolute concentrations [25]. In the study of
Custers et al., with both techniques, equivalent levels (uncorrected) of a brain-penetrating
nanobody were found [44]. The study of Barini et al. shows that ISF sampled by cOFM
increased the seeding propensity of tau in the HEK293-tau biosensor cell assay more than
ISF sampled through the microdialysis probe. They examined whether this was due to
the differential recovery of tau or differential sampling of tau species. Tau levels were
significantly higher in AtmosLM™ ISF than in cOFM ISF, although the overall composition
of tau fragments was unaffected by the sampling procedure. They hypothesized that the
enhanced ability to trigger tau aggregation may require additional ISF components that
are only present in cOFM ISF [18]. Because of these divergent results and conclusions, it
is clear that there is a need for additional comparative studies with macromolecules of
different classes.

Despite in vitro calibrations of the biosensors, the activity of an enzyme is dependent
on the environment it is used in. Hence, the activity of the enzyme can be different
in vivo versus in vitro and absolute concentrations remain an estimate [54]. In in vivo
measurements, baseline currents are measured and changes in this current indicate a
change in analyte concentration. Hence, results can be reported as the measured current
compared to the baseline current [53,59] but also as concentrations [105]. Both methods of
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reporting offer a great insight into the change in extracellular concentration of the analyte
of interest over time.

3.3. Spatiotemporal Resolution

The spatial resolution of a microdialysis and cOFM probe is comparable as the outer
diameter is around 500 µm for both and the membrane/open exchange length is typically
1–4 mm depending on the species and target of interest. As a decreased outer probe diame-
ter leads to increased spatial resolution [106], biosensors offer the best spatial resolution
out of the three techniques. The outer diameter of a biosensor is typically between 50
and 125 µm, although strongly depending on the type of sensor. Moreover, apart from
the cylinder-type biosensors where the biological recognition surface is similar to the
membrane/open exchange length, disc-type biosensors have their biological recognition
surface located only at the tip of the electrode. These compact disc-type biosensors offer
the opportunity to specifically target a brain subregion such as the CA1 region of the
hippocampus [54,107].

For microdialysis and cOFM, the limiting factor determining the temporal resolution
is the desired sample volume. It depends on the flow rate and associated recovery that,
in turn, depends on the subsequent analytical method and is generally minimally in the
minutes range [108]. Generally, for cOFM, a flow rate of 0.3–1 µL/min is recommended.
Higher flow rates are avoided to prevent tissue damage and analyte depletion in the
vicinity of the probe (especially for macromolecules with low concentrations at the site
of action) [45]. Lower flow rates are avoided because of the temporal resolution. As for
microdialysis, common flow rates are 0.3–2 µL/min [27], because the membrane acts as a
protection layer for the brain tissue. On the contrary, biosensors have an optimal temporal
resolution in the (milli)seconds range [109,110]. The latter is mainly dependent on the
diffusion of the analyte through the membrane layer/polymer [111].

3.4. Sample Analysis

Samples obtained with microdialysis or cOFM require a subsequent sensitive analytical
method for their analysis. This is not the case for biosensors, which are an analysis method
themselves, and the concentration of the analyte is in relation to the obtained current [51].

For the sampling techniques, the information that can be obtained is only as good as
the subsequent analytical method. An analytical method requiring a high sample volume,
because of a high limit of detection, has great implications on the temporal resolution
of the technique. Moreover, because of low recovery rates for some molecules, an ideal
analytical method should be sensitive, have a low limit of detection/limit of quantification,
and thus require low sample volumes in addition to being validated by the applicable
standards [108]. Analytical methods that are mostly used and are extremely well fitted
for the analysis of microdialysates are miniaturized liquid chromatography or capillary
electrophoresis coupled to mass spectrometry [112–115], although other detection methods
can be suitable. Especially, the use of capillary electrophoresis coupled to mass spectrometry
could be interesting because it generally requires very low sample volumes and can thus
improve temporal resolution [112,116].

Nevertheless, chronic sampling combined with a high temporal resolution can lead to
a great number of samples. Despite the fact that analytical methods are being developed
with a short run time, it can become labor-intensive to analyze all these samples. We believe
that the use of biosensors has an advantage for chronic sampling, as subsequent sample
analysis is not necessary. However, with biosensors, only a limited number of molecules
can be monitored simultaneously. In this regard, the use of sampling methods offers a big
advantage by enabling the monitoring of a large range of different molecules, for example,
in a proteomic screening [117].

Samples collected with large pore microdialysis or cOFM contain, in addition to the
analyte of interest, more, other interfering compounds such as proteins, enzymes, and
triglycerides compared to classical microdialysis. As a result, these samples cannot be
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analyzed with the abovementioned methods without doing a sample clean-up [38]. Hence,
another possibility is the use of biological assays such as an enzyme-linked immunosor-
bent assay (ELISA) or single-molecule array (Simoa) where sample pretreatment is a less
important factor. Both techniques offer great sensitivity; however, they are expensive
and generally require a high sample volume, negatively influencing the temporal resolu-
tion [118]. Furthermore, an assay based on LOCI™ (Luminescent Oxygen Channelling
Immunoassay) technology can be explored, such as an AlphaLISA™ or AlphaScreen™.
The benefit in these kinds of biological assays is that they are quick (require no wash-steps)
and very sensitive, allowing detection down to the attomolar (10−18) level combined with
small sample volumes (<10 µL) [119,120]. However, the small sample volume can impact
the validity of the assay.

4. Overview of Macromolecules Sampled from the ISF

In Table 2, examples of macromolecules determined in the cerebral ISF using micro-
dialysis or cOFM are given.

Table 2. Examples of macromolecules sampled from the cerebral interstitial fluid.

Microdialysis cOFM

Neuropeptides and
proteins

Cytokines [40,80,121–135] Cytokines [80]

TNF-alpha [40,126] TNF-alpha [80]

Neuromedins [114] Leptin [84]

Substance P [136] Tau [18]

Hormones [137–139] Antibodies [25]

Matrix metalloproteinases [134,135,140–142] Nanobodies [44]

Growth factors [123–125,128,130,131,135]

S100B [143,144]

Apolipoprotein E [145]

Amyloid beta [16,19,40,146–148]

Tau [17–19,146,147,149]

Neurofilaments [19,150]

Antibodies [24,25]

Nanobodies [44,74]

Others
microRNAs [151] PEGylated liposomal

doxorubicin
[152]

Prostaglandin E2 [153,154]

Most studies to date that have used microdialysis and cOFM to sample macro-
molecules concern protein structures. A first class comprises neuropeptides such as hor-
mones [84,137,138], substance P [136], and the neuromedins [114]. From a biochemical
point of view, neuropeptides can be situated in the gray zone between small molecules
and proteins. With an approximate length of 3–100 amino-acid residues, they are smaller
than regular proteins (up to 2000 amino-acid residues) and up to 50 times bigger than the
neurotransmitters sampled with classical microdialysis [38,155]. Their quantification in the
ISF poses a challenge because of their concentrations in the femto- to picomolar range and
sticking behavior to the different parts of the sampling setup. Furthermore, the sampling
of larger proteins such as inflammation mediators [40,80,121–135] and many markers for
neurodegeneration [16–19,40,146–150] but also growth factors [123–125,128,130,131,135]
and matrix metalloproteinases [134,135,140–142] have been described. Due to their involve-
ment in several neurological disorders, the investigation of their concentration-dependent
role at the site of action in the (patho)physiological processes has received attention. An-
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other hot topic is the quantification of nanobodies [44,74] and antibodies [24,25] in the
cerebral ISF. Finally, two studies have appeared that sampled liposomes [152], as well as
microRNAs [151]. The insight into ISF concentrations of these latter macromolecules is of
high interest for the treatment of neurological disorders, thinking, for example, about the
potential implementation of monoclonal antibodies as biologics (with or without the use of
a shuttling moiety), but RNA therapeutics could also be of interest in this context.

To the extent of our knowledge, electrochemical biosensors are not yet used for in vivo
monitoring of macromolecules in the cerebral ISF.

5. Innovations in the Field from a Legal Perspective

A research gap exists in the literature regarding the patented innovations for the
approaches to monitor macromolecules directly from the cerebral ISF. A search on the term
‘microdialysis’ in the European online database Espacenet, developed by the European
Patent Office, yields 3925 hits [156]. The invention of the microdialysis probe as described
by Ungerstedt et al. [34] can be seen as the prior art for all the following patents within this
field. His invention was patented in 1984 [157] and assigned to CMA Microdialysis AB,
one of the major players on the commercial market, as an application in 1993 [158]. Since
then, there have been several adaptations made. We believe the current state-of-the-art for
sampling macromolecules can be represented by the cOFM probe, invented by Birngruber
and Altendorfer-Kroath and patented as a ‘Catheter having a healing dummy’ [41,159,160],
and the AtmosLM™ microdialysis probe invented by Nishino et al. [40,161]. However,
numerous other inventions have been patented. For example, a patent exists for per-
forming a proteomic study using push-pull microdialysis combined with a MetaQuant
probe [162,163]. Stenken and Sellati hold a patent for the sampling of peptides and pro-
teins (e.g., cytokines) in the cerebral ISF using antibody-coated microspheres to enhance
recovery [15,164,165]. Regarding biosensors, the patented electrochemical device of Clark
in 1959 can be considered the prior art for all innovations within this domain [166]. An
overview of all the innovations on the market related to the monitoring of macromolecules
in the cerebral ISF would present an excellent guide for researchers within the field.

6. Conclusions

The concept of the sampling techniques and biosensors emerged around the same
time and they have evolved simultaneously for the past 60 years, depending on the goals
of the experiment. Compared to the thousands of microdialysis papers dominating the
literature during the past decades, since 2013, a dozen articles using cOFM are published.
The latest review comparing cOFM to microdialysis does not present a complete picture,
because the open flow system is compared with classical microdialysis probes having
a low MWCO [167], although large pore microdialysis is promising as well [37]. Since
2021, three studies were published for the first time comparing a cOFM probe with a large
pore microdialysis probe to sample macromolecules [18,25,44]. Regarding electrochemical
biosensors, a large body of literature exists as well, although it seems to have had less of a
breakthrough in an in vivo setting in the domain of neuroscience compared to microdialysis.

In our opinion, there is no outstanding technique that can replace the others for brain
neurochemical monitoring, as they all have their strengths and limitations. The choice
of technique should depend on the goal of the study and should consider all factors. In
the context of brain-targeted drug delivery, while monitoring, special caution should be
taken regarding the integrity of the BBB, and the use of an appropriate control is crucial.
Furthermore, statements about ‘real’ concentrations should be considered carefully as it
is challenging to determine absolute concentrations in vivo. In conclusion, we strongly
believe that the implementation of these techniques leads to a better understanding of the
physiology of the brain, is of high importance for pharmacokinetic and pharmacodynamic
studies of novel brain-targeted drug candidates, and can thus help to improve the drug
discovery and development processes of drugs targeting the CNS.
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