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Pires
Nanosystems, Drug Molecule Functionalization and Intranasal Delivery: An Update on the
Most Promising Strategies for Increasing the Therapeutic Efficacy of Antidepressant and
Anxiolytic Drugs
Reprinted from: Pharmaceutics 2023, 15, 998, doi:10.3390/pharmaceutics15030998 . . . . . . . . . 169

v



Liang Han
Modulation of the Blood–Brain Barrier for Drug Delivery to Brain
Reprinted from: Pharmaceutics 2021, 13, 2024, doi:10.3390/pharmaceutics13122024 . . . . . . . . 195

Julian S. Rechberger, Frederic Thiele and David J. Daniels
Status Quo and Trends of Intra-Arterial Therapy for Brain Tumors: A Bibliometric and Clinical
Trials Analysis
Reprinted from: Pharmaceutics 2021, 13, 1885, doi:10.3390/pharmaceutics13111885 . . . . . . . . 215

Kushan Gandhi, Anita Barzegar-Fallah, Ashik Banstola, Shakila B. Rizwan and John N. J.
Reynolds
Ultrasound-Mediated Blood–Brain Barrier Disruption for Drug Delivery: A Systematic Review
of Protocols, Efficacy, and Safety Outcomes from Preclinical and Clinical Studies
Reprinted from: Pharmaceutics 2022, 14, 833, doi:10.3390/pharmaceutics14040833 . . . . . . . . . 235

vi



About the Editors

Jingyuan Wen

Dr. Jingyuan Wen received a master’s degree in 1991 at the School of Pharmacy, Shanghai

Medical University (now Fudan University), China, and was awarded a PhD in Pharmaceutical

Science in 2003 from the School of Pharmacy, Otago University of New Zealand. In 2005, she was

appointed as a lecturer at the School of Pharmacy, University of Auckland, New Zealand. She was

appointed as a research theme leader in drug delivery in 2014 and was promoted to an Associate

Professor in 2015 (equal to a full professor in the USA). Her research expertise is the oral/transdermal

and brain delivery of macromolecule compounds; she has facilitated over 250 peer-reviewed articles,

patents and abstracts in drug delivery, nutraceutical, and biological science. She has served as a

consultant for national and international pharmaceutical companies since 2005 and is an editor for

several journals.

Yuan Huang

Dr. Yuan Huang is a professor and dean at West China School of Pharmacy, Sichuan University.

Her research interests are the construction and mechanisms of efficient drug delivery systems,

including oral protein–peptide drug delivery systems and tumor-targeting drug delivery systems.

Her major research has been published in authoritative journals including ACS Nano, Adv. Drug

Deliver. Rev., Adv. Funct. Mater. and Angew. Chem. Int. Ed., and she has been granted eight patents in

China. She was named a High-Cited Scholar of China in Elsevier in 2020 and 2021.

vii





Preface to ”Strategies to Enhance Drug Permeability
across Biological Barriers”

The delivery of therapeutic drugs to desired sites under required conditions is often challenged

by numerous biological barriers in the body, such as the intestinal epithelium membrane, blood–brain

barrier (BBB), and skin barrier. Each biological system presents a unique and formidable challenge;

for example, the densely packed microvascular epithelial cells of the BBB block almost 100% of

macromolecular drugs and 98% of small lipophilic drugs.

Biological systems have a fundamental way of limiting the effectiveness of therapeutic drugs.

The collection of articles written by global experts featured in this Special Issue showcases a number

of recent advancements which circumvent the barriers of the intestinal epithelium, skin barrier, the

BBB, and other barriers such as the lung epithelium membrane.

This Special Issue will explore the wide range of advanced and innovative approaches,

technologies, and drug delivery systems that have been implemented to overcome these biological

barriers and improve drug permeability and absorption to achieve a wide range of therapeutical

goals.

The development of this Special Issue, entitled “Strategies to Enhance Drug Permeability across

Biological Barriers”, has been a collaborative effort between Professor Wen and Professor Huang.

Both editors have extensive experience with the study of the fabrication and mechanisms of efficient

drug delivery systems, including oral/transdermal protein–peptide and tumour-targeting drug

delivery systems, and they have facilitated many major publications in the field.
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drug permeability across biological barriers informative and enjoyable.
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Strategies to Enhance Drug Permeability across Biological
Barriers—A Summary of This Important Special Issue
Jingyuan Wen 1,* and Yuan Huang 2,*

1 The School of Pharmacy, Faculty of Medical Health Science, University of Auckland,
Auckland 1023, New Zealand

2 West China School of Pharmacy, Sichuan University, Chengdu 610093, China
* Correspondence: j.wen@auckland.ac.nz (J.W.); huangyuan0@163.com (Y.H.);

Tel.: +64-9-9232762 (J.W.); +86-28-85501617 (Y.H.)

This Special Issue, “Strategies to Enhance Drug Permeability across Biological Barri-
ers”, is hosted by Pharmaceutics and highlights the recent technological advancements for
overcoming biological barriers and improving drug permeability and absorption.

The delivery of therapeutic drugs to desired sites at required rates/extents is limited
by the numerous biological barriers in the body, including the intestinal epithelium mem-
brane, blood–brain barrier (BBB), and skin barrier. The drug permeability of almost all
macromolecular drugs and most small lipophilic drugs, across the intestinal membrane,
for instance, will be severely limited by the physical barriers that are presented by the
mucous layer, the epithelial membrane, and the tight junctions, in addition to the enzymatic
barrier for unstable compounds. Experts in the drug delivery field need to find advanced,
non-invasive methods to persistently overcome these biological barriers. This Special Issue
highlights the recent advancements in overcoming these barriers and improving drug
permeability. The 11 papers in this Special Issue, contributed by global experts to explore
various advanced strategies, provide new insights on all aspects of the enhancement of
drug penetration across biological barriers.

The first article of this Special Issue looks at the recent advances in cancer-targeting
drug research, which have been made by overcoming the multiple biological barriers that
are associated with mitochondrial targeting. Yi et al. established a 2-(dimethylamino) ethyl
methacrylate (DEA)-modified N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer–
CPT conjugate (P-DEA-CPT) to mediate the mitochondrial accumulation of CPT [1]. This
mitochondria-targeting P-DEA-CPT can quickly internalize into 4T1 cells, escaping from
lysosomes and accumulating inside mitochondria. P-DEA-CPT has shown the successful
in vivo inhibition of metastasis with decreased side effects, suggesting mitochondrial
targeting as a promising treatment of metastatic tumors.

Similarly, Zhang et al. managed to overcome the barriers of cancer cells by using
cholera toxic subunit b (CTB) [2]. A more significant in vivo targeting of lung metastasis,
via a chemical conjugation of a CTB protein onto the surface of PEGylated liposomes
(CTB-sLip), was observed when compared to unmodified PEGylated liposomes (sLip).

Li et al. tackled the skin barrier by developing a niosomal nano carrier system to
deliver green tea catechins and their analogue, epigallocatechin gallate (EGCG), to the
dermis layer, in order to achieve a greater antioxidant effect [3]. In this study, a drug-loaded
niosomal delivery system delivered EGCG to the dermal layer and effectively prolonged
its release, demonstrating a much deeper skin penetration and deposition than free EGCG.
The resulting antioxidant effects, in comparison to those of free EGCG, were seen through
an increased cell survival after UVA irradiation, a reduced lipid peroxidation, and increased
antioxidant enzyme activities in the human dermal fibroblasts (Fbs).

Eedara et al. reviewed the application of dry powder inhalation to treat lung diseases
such as asthma, cystic fibrosis, and lung infections, by crossing the lung barrier [4]. Due to
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a lack of a standard dissolution methods and absorption models, this review looked into
various dissolution systems and evaluated their performances in crossing the lung barrier.

Ryall et al. reviewed the approaches and techniques from the last two decades for the
topical delivery of wound-healing bioactives [5]. Many natural products have desirable
biological properties that are applicable to wound healing, but are limited by their inability
to cross the stratum corneum to access the wound. Such natural products and their reappli-
cation, through the use of modern delivery methods such as niosomes and microneedles,
were summarized in this review. The molecular mechanism of wound healing was also
examined in detail.

He et al. reviewed our understanding of membrane proteins and drug permeability by
editing the expression of these membrane proteins using the CRISPR-Cas9 system, which is
the most developed and used CRISPR-associated Cas system [6]. Both methods of genome
editing that use CRISPR-Cas9 and their applications for improving our understanding of
biological barriers were compiled in this paper.

There are many ways to overcome biological barriers and deliver a drug to its intended
location. Crowe and Hsu compiled the recent research on completely bypassing the BBB
through the intranasal route, which will be an essential step towards the treatment of
patients with neurological diseases [7]. Methods for improving the safety and efficacy of
intranasal formulations were reviewed in this paper, including the use of nasal permeability
enhancers, gelling agents, and nanocarrier formulations.

Alternatively, another way to overcome biological barriers is to increase their per-
meability through a conjugation with lipid moieties. Tran et al. summarized the cellular
internalization effects of hydrophobic moieties that were bound to oligonucleotides [8].
The common hydrophobic moieties in this paper included fatty acids, cholesterol, toco-
pherol, and squalene. Tran et al. also looked into the clinically successful oligonucleotide
conjugates that are currently in use.

The final three reviews looked into the advances in conquering the BBB. Han reviewed
the multitude of methods that are currently used to modulate the BBB’s permeability,
such as opening tight junctions, inhibiting active efflux, and/or enhancing transcytosis [9].
This review outlined the strategies, mechanisms, and safety of such BBB permeability
modulators for a better pre-clinical and clinical study design.

Rechberger et al. bibliometrically summarized the efforts and trends of intra-arterial
therapy for brain tumors that have emerged over the past several decades [10]. This biblio-
graphical review of the recent clinical trials and publications in this field of research aimed
to provide an idea of the future trends in this field.

Finally, Gandhi et al. took an in-depth dive into the modulation of the BBB’s perme-
ability by using an ultrasound to deliver normally impenetrable drugs into the brain [11].
This review featured information from diverse ultrasound parameters that had already
used to achieve an increase in the BBB’s permeability. Microbubbles, transducer frequency,
peak-negative pressure, pulse characteristics, and the dosing of ultrasound applications
were also included in this review. In total, 107 articles and their protocols, parameters, safety,
and efficacy were identified and summarized to help in achieving the standardization of
these protocols and parameters in future preclinical and clinical studies.

This special issue features a comprehensive array of approaches and technologies de-
veloped to deliver drugs through a variety of biological barriers. These articles showcased
in this issue illuminate the challenges posed by these barriers and provide insight into the
latest advanced technologies used to overcome them. We are confident that the content
of this issue will prove informative and engaging to readers, and we extend our sincere
appreciation to all contributors who have made this special issue possible. Thank you for
your interest in Pharmaceutics, and we hope you find this special issue enlightening.

Author Contributions: Writing—original draft preparation, J.W.; writing—review and editing J.W.
and Y.H. All authors have read and agreed to the published version of the manuscript.
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Mitochondria-Targeted Delivery of Camptothecin Based on
HPMA Copolymer for Metastasis Suppression
Xiaoli Yi †, Yue Yan †, Xinran Shen, Lian Li and Yuan Huang *

Key Laboratory of Drug-Targeting and Drug Delivery System of the Education Ministry, Sichuan Engineering
Laboratory for Plant-Sourced Drug and Sichuan Research Center for Drug Precision Industrial Technology, West
China School of Pharmacy, Sichuan University, No. 17, Block 3, South Renmin Road, Chengdu 610041, China;
yixiaoli728@126.com (X.Y.); xinwen93696@126.com (Y.Y.); yy18224019649@163.com (X.S.);
liliantripple@163.com (L.L.)
* Correspondence: huangyuan0@163.com
† These authors contributed equally to this work.

Abstract: Poor anti-metastasis effects and side-effects remain a challenge for the clinical application
of camptothecin (CPT). Mitochondria can be a promising target for the treatment of metastatic tu-
mors due to their vital roles in providing energy supply, upregulating pro-metastatic factors, and
controlling cell-death signaling. Thus, selectively delivering CPT to mitochondria appears to be a
feasible way of improving the anti-metastasis effect and reducing adverse effects. Here, we estab-
lished a 2-(dimethylamino) ethyl methacrylate (DEA)-modified N-(2-hydroxypropyl) methacrylamide
(HPMA) copolymer–CPT conjugate (P-DEA-CPT) to mediate the mitochondrial accumulation of CPT.
The mitochondria-targeted P-DEA-CPT could overcome multiple barriers by quickly internalizing
into 4T1 cells, then escaping from lysosome, and sufficiently accumulating in mitochondria. Subse-
quently, P-DEA-CPT greatly damaged mitochondrial function, leading to the reactive oxide species
(ROS) elevation, energy depletion, apoptosis amplification, and tumor metastasis suppression. Conse-
quently, P-DEA-CPT successfully inhibited both primary tumor growth and distant metastasis in vivo.
Furthermore, our studies revealed that the mechanism underlying the anti-metastasis capacity of
P-DEA-CPT was partially via downregulation of various pro-metastatic proteins, such as hypoxia
induction factor-1α (HIF-1α), matrix metalloproteinases-2 (MMP-2), and vascular endothelial growth
factor (VEGF). This study provided the proof of concept that escorting CPT to mitochondria via a
mitochondrial targeting strategy could be a promising approach for anti-metastasis treatment.

Keywords: camptothecin; metastasis; mitochondria; 2-(dimethylamino) ethyl methacrylate

1. Introduction

CPT is a promising chemotherapeutic agent due to its potent inhibitory effect against
DNA topoisomerase [1]. Although targeted delivery of CPT has been reported to improve
its cytotoxicity, the anti-metastasis effect is poor [2–4]. Furthermore, recent studies disclosed
that nuclear DNA damage by CPT could induce a massive release of double-stranded DNA
(dsDNA), which could subsequently stimulate a strong immune response to initiate the
intestinal diarrhea, a life-threatening side-effect of camptothecin [5,6]. Thus, exploring new
strategies to improve its anti-metastasis efficacy while reducing its side-effects is needed.

Due to the imperative roles in regulating cellular metabolism and cell-death signal-
ing [7,8], mitochondria not only provide various metabolites and antiapoptotic proteins
for rapid tumor growth but also facilitate the migration and invasion of tumor cells by
offering abundant energy and upregulating pro-metastatic factors [9–11]. Increasing ev-
idence has shown that targeted induction of mitochondria dysfunction by therapeutics
(i.e., doxorubicin, lonidamine, and metformin) hold tremendous potential for suppressing
both primary tumors and metastases [12–14]. Notably, CPT can be a cellular respiration
inhibitor to impair mitochondrial without causing side-effects such as diarrhea [15,16].

5



Pharmaceutics 2022, 14, 1534

Thus, selectively delivering CPT to mitochondria appears to be a feasible way of improving
the anti-metastasis effect and reducing adverse effects.

Free drugs rely on simple diffusion to randomly interact with the organelles of tumor
cells [17]. Thus, the amount of CPT that accumulates in mitochondria is very limited due to
the multiple intracellular barriers to reaching mitochondria and the extremely poor perme-
ability of the mitochondrial inner membrane, which represent formidable hurdles [18,19].
Recently, various ligands have been reported to improve mitochondrial accumulation, such
as triphenylphosphonium bromide, mitochondrial penetration peptide, and mitochondrial
targeting sequence [20–22]. However, those lipophilic moieties might deteriorate the solu-
bility of the highly hydrophobic CPT. 2-(Dimethylamino) ethyl methacrylate, a hydrophilic
small molecular containing a tertiary amino group, might be a promising ligand to facilitate
the transport of CPT to mitochondria [23]. Nevertheless, the modification content of DEA
for effective mitochondria targeting remains unknown.

Herein, we designed a DEA-modified HPMA copolymer–CPT conjugate (P-DEA-
CPT) consisting of (1) HPMA copolymer acting as a carrier and (2) DEA acting as the
mitochondria-targeting moiety (Scheme 1). DEA was decorated on the side-chain, and
its modification degree was screened to ensure sufficient mitochondria accumulation. P-
DEA-CPT greatly enhanced mitochondrial location of CPT in cancer cells. Subsequently,
P-DEA-CPT induced mitochondrial dysfunction, thereby efficiently curbing the growth
and metastasis of breast cancer. Thus, our study unleashed the potential for anti-metastasis
treatment of CPT via a mitochondria-targeted delivery system.
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2. Materials and Methods
2.1. Materials

Camptothecin (CPT) (>98%) and 2-(dimethylamino) ethyl methacrylate (DEA) were
acquired from Giant Medical Technology Co., Ltd. (Chengdu, China), whereas N-(3-
aminopropyl) methacrylamide hydrochloride was purchased from Bide Pharmaceutical
Technology Co., Ltd. (Shanghai, China). Lyso-tracker Red was provided by Thermo
Fisher Scientific (Shanghai, China). MitoTracker Red, Mitochondrial Membrane Potential
Assay Kit, Reactive Oxygen Species Assay Kit, ATP Assay Kit, Caspase 3 and Caspase 9
Activity Assay Kit, and Tissue Mitochondria Isolation Kit were all obtained from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). All other reagents were of analytical grade
or above.

2.2. Cells and Animals

Murine breast cancer cells (4T1) and human umbilical vein endothelial cells (HUVECs)
were obtained from Icell Biotech Co., Ltd. (Shanghai, China) and the Chinese Academy
of Science Cell Bank for Type Culture Collection (Shanghai, China), respectively. Cells
were incubated in a homothermal cell incubator (37 ◦C) with 5% CO2. RPMI 1640 medium
(Gibco, Invitrogen Co., Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) antibiotics (penicillin–streptomycin) was used for 4T1 cells, and
Dulbecco’s modified Eagle’s medium (Gibco, Invitrogen) supplemented with 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) antibiotics (penicillin–streptomycin) was used for
HUVECs.

Female BALB/c mice (6 to 10 weeks) were provided by Chengdu Dashuo Experimen-
tal Animal Co., Ltd. (Chengdu, China). All animal experiments strictly abided by the
Guidelines of Medical Ethics Committee of Sichuan University.

2.3. Synthesis, Characterization, and Mitochondria-Targeting Capacity of HPMA Copolymers with
Different Modification Ratios of DEA

FITC-labeled HPMA copolymers conjugated with different 2-(dimethylamino) ethyl
methacrylate (DEA) ratios were synthesized, and their mitochondrial accumulation was
evaluated. Firstly, N-(2-hydroxypropyl) methacrylamide (HPMA) and N-(3-aminopropyl)
methacrylamide–fluorescein isothiocyanate monomer (APMA–FITC) were synthesized
in the same way as our previous study [24]. Then, FITC-labeled HPMA polymers with
various DEA modification amounts were obtained by direct radical polymerization of
monomers. Briefly, the monomers (APMA–FITC:DEA:HPMA = 5:0~13:95~82 mol.%) and
azobisisobutyronitrile (2 wt.%) as the initiator were dissolved in dimethyl sulfoxide and
stirred for 24 h at 50 ◦C under argon atmosphere. Products were precipitated into diethyl
ether and freeze-dried after being purified by dialysis. The obtained HPMA conjugates
modified with 0%, 5%, 10% and 13% molar ratios of DEA were defined as PFITC, P-DEA
(5%)-FITC, P-DEA (10%)-FITC, and P-DEA (13%)-FITC, respectively. Next, a Fast Protein
Liquid Chromatograph (FPLC, GE Healthcare Life Science, Piscataway, NJ, USA) was used
to detect the molecular weight and polydispersity of these copolymers. The zeta potential
of the copolymers was estimated by Zetasizer Nano ZS90 at 25 ◦C (Malvern Instruments,
Malvern, UK). The amount of FITC contained in these copolymers was determined via
ultraviolet spectroscopy GENESYS 180 (Thermo fisher technologies, South San Francisco,
CA, USA).

Then, mitochondria-targeting capacity of various HPMA copolymers was evaluated
in 4T1 cells. Briefly, after being incubated with the above-obtained copolymers (FITC dose,
10 µg·mL−1) for 4 h, the mitochondria of 4T1 cells were extracted by grinding the cells
in mitochondria extraction reagent under ice bath 20 times, and cell debris was removed
by centrifuging at 600× g for 10 min at 4 ◦C. Next, the obtained supernatant containing
mitochondria was centrifuged at 11,000× g for 15 min at 4 ◦C, and the mitochondria
pellets were collected. Finally, the fluorescence intensity of FITC in mitochondria was
quantitatively determined via flow cytometry (FACS Calibur, BD, Franklin Lakes, NJ, USA).
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Furthermore, the safety of these copolymers was investigated in both 4T1 tumor
cells and HUVECs. After seeding in 96-well plates, 4T1 cells and HUVEC were treated
with P-FITC, P-DEA (5%)-FITC, P-DEA (10%)-FITC, and P-DEA (13%)-FITC at various
predetermined concentrations for 48 h. Then, fresh MTT agent was added and cultured for
another 4 h. Finally, the amount of formazan in each well was determined by Varioskan
Flash 902-ULTS (Thermo Scientific, Sunnyvale, CA, USA) after being dissolved in 200 µL
of dimethyl sulfoxide (DMSO). The relative cell viability was calculated as the absorption
value of experimental wells reverse that in the drug-free medium treated group.

2.4. Synthesis and Characterization of HPMA Copolymer-CPT Conjugates

The azelaic acid–camptothecin conjugate (LA–CPT) and N-(3-aminopropyl) methacry-
lamide hydrochloride–azelaic acid–camptothecin (APMA–LA–CPT) monomer were synthe-
sized as described in our previous study [23]. Subsequently, CPT-loaded HPMA copolymers
with (13% molar ratio, P-DEA-CPT) or without DEA modification (P-CPT) were synthesized
according to the same procedure mentioned above. The molecular weight, polydispersity,
zeta potential, and CPT loading capacity of P-CPT and P-DEA-CPT were evaluated using
the same method in Section 2.3.

2.5. Cellular Uptake, Lysosome Escape, and Mitochondrial Targeting of HPMA Copolymer–CPT
Conjugates

The 4T1 cells were treated with free CPT, P-CPT and P-DEA-CPT (equivalent CPT
dose, 20 µg·mL−1) for 4 h. Then, 4T1 cells were harvested, and the fluorescence intensity
of CPT was qualitatively observed via a laser scanning confocal microscope (CLSM, Zeiss
LSM 800, Oberkochen, Germany) and quantitatively detected via flow cytometry.

Then, whether HPMA copolymer–camptothecin conjugates could escape from lyso-
some and accumulate in mitochondria was investigated. The 4T1 cells were incubated with
P-CPT or P-DEA-CPT (equivalent CPT dose, 20 µg·mL−1) for 4 h. After being labeled with
Mito-Tracker Red or Lyso-Tracker Red, cells were visualized under CLSM.

2.6. In Vitro Mitochondrial Damage by HPMA Copolymer–Camptothecin Conjugates
2.6.1. Reactive Oxygen Species Detection

The level of reactive oxygen species in cancer cells after CPT polymeric conjugate
treatment was detected using a DCFH-DA probe. The 4T1 cells were seeded in 12-well
plates and then treated with free CPT, P-CPT, and P-DEA-CPT (equivalent CPT dose,
20 µg·mL−1) for 8 h. Afterward, cells were harvested and incubated with DCFH-DA
solution for 30 min at 37 ◦C followed by flow cytometry analysis.

2.6.2. Mitochondrial Membrane Potential Detection

Mitochondrial membrane depolarization in 4T1 cells was measured by JC-1 probe,
which is a cationic lipophilic dye that can form red fluorescent complexes known as J-
aggregates in the mitochondrial matrix under normal mitochondrial membrane potential
(∆ψm). In contrast, ∆ψm loss can induce decreased J-aggregates in the mitochondria
and increased monomeric form (J-monomer) emitting green fluorescence in the cytosol.
Therefore, the red (J-aggregate)/green (J-monomer) fluorescence intensity ratio is a direct
evaluation of the ∆ψm depolarization. The 4T1 cells received the same drug treatments as
in ROS detection assay and were stained with JC-1 probe for 30 min at 37 ◦C in the dark
before being measured by flow cytometry.

2.6.3. Measurement of ATP Level

Adenosine 5′-triphosphate (ATP) could offer energy and catalyze luciferase to generate
fluorescence. On this basis, intracellular ATP can be quantitatively detected by measuring
the bioluminescence of luciferase. The 4T1 cells were seeded in 24-well plates and then
treated with free CPT, P-CPT, and P-DEA-CPT (equivalent CPT dose, 20 µg·mL−1) for 24 h.
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Afterward, cells were harvested and treated according to the standard protocol of the ATP
assay kit.

2.6.4. Detection of Caspase 9 and Caspase 3

To investigate the initiation of mitochondrial-related apoptosis pathway, the levels of
caspase 9 and caspase 3 were detected. The 4T1 cells were treated with free CPT, P-CPT, and
P-DEA-CPT (equivalent CPT dose, 20 µg mL−1) for 24 h. Afterward, cells were harvested
and treated according to the manufacturer’s illustration of Caspase 9 Activity Assay Kit
and Caspase 3 Activity Assay Kit.

2.7. Cell Proliferation Suppression Efficacy of HPMA Copolymer–Camptothecin Conjugates

The cell proliferation suppression efficacy of CPT polymeric conjugates was inves-
tigated by MTT assay and cell apoptosis assay. For the MTT assay, the 4T1 cells were
seeded into a 96-well plate (3 × 103 cells per well) and incubated with free CPT, P-CPT,
or P-DEA-CPT at various predetermined concentrations for 48 h. Then, cell viability was
determined by MTT reagent. For the apoptosis assay, the 4T1 cells were incubated with
CPT, P-CPT, or P-DEA-CPT (equivalent CPT dose, 20 µg mL−1) for 24 h. Afterward, the
cells were collected and used for apoptosis analysis according to the standard protocols of
the Annexin V-FITC/7-AAD Apoptosis Detection kit (BioLegend, San Diego, CA, USA).

2.8. In Vitro Anti-Metastasis Assay

The in vitro anti-metastasis effect of CPT polymeric conjugates was evaluated via a
migration assay, wound healing assay, and invasion assay. For the migration assay, the 4T1
cells (1 × 105) were suspended in 200 µL of serum-free RPMI 1640 medium and seeded
into the upper chamber of transwell inserts. After 4 h incubation, the upper medium was
replaced with free CPT, P-CPT, or P-DEA-CPT (equivalent CPT dose, 4 µg·mL−1) and incu-
bated for another 24 h. Subsequently, transwell inserts were fixed with 4% paraformalde-
hyde followed by staining with crystal violet solution (0.1%). The cells that remained in
the upper chamber were wiped out, and the cells that migrated to the lower membranes
were imaged under the microscope (Leica Microsystems, Wetzlar, Germany) and dissolved
with 33% acetic acid aqueous solution for quantitative determination by Varioskan Flash at
590 nm (Thermo Scientific Varioskan Flash, Waltham, MA, USA).

For the wound healing assay, 4T1 cells were seeded in 24-well plates to grow into a
monolayer and scratched with a sterile pipette. Then, cells were incubated with different
drug solutions for 24 h. The widths of the wounds at 0 h and 24 h were recorded under
microscopy at the same scratched location, and the distance migrated was calculated using
Image J software. Furthermore, Matrigel (BD Biosciences, San Diego, CA, USA) was added
into the inner bottom of the chamber for 4 h ahead of 4T1 cell seeding, and the invasion
assay was performed corresponding to the migration assay.

2.9. Intratumoral Mitochondria Targeting Assay

To establish the orthotopic breast cancer mice model, the 4T1 cells (4 × 105 cells) were
carefully inoculated into one mammary fat pad of female BALB/c mice. When the tumor
size reached about 200–300 mm3, mice were intratumorally administrated with free CPT,
P-CPT, or P-DEA-CPT (equivalent CPT dose, 5 mg·kg−1). Then, 12 h post injection, tumor
tissues were dissected and cut into small pieces followed by trypsin digestion for 15 min.
Subsequently, mitochondria in tumor cells were collected according to the standard protocol
of Tissue Mitochondria Isolation Kit. A fraction of the collected mitochondria were stained
with Mito-Tracker Red (100 nM) for 45 min at 37 ◦C and visualized under CLSM. Finally,
the total fluorescence intensity of CPT in the rest of mitochondria (TFL) was determined via
Varioskan Flash and the amount of mitochondrial protein was detected using the Bradford
Protein Assay Kit (Keygen Biotechnology, Nanjing, China). The mitochondria accumulation
in each group was calculated as the TFL divided by the concentration of mitochondrial
protein.
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2.10. In Vivo Antitumor and Anti-Metastasis Evaluation

When the tumor volume reached about 100 mm3 (defined as day 0), orthotopic breast
tumor-bearing mice were randomly divided into four groups (n = 5) and intratumorally
administered saline, free CPT, P-CPT, or P-DEA-CPT (equivalent CPT dose of 5 mg·kg−1,
25 µL) every 3 days for a total of five times. Tumor volumes of mice were detected using a
vernier caliper, and the changes in body weight were recorded every 2 days. Tumor vol-
umes were calculated as the following formula: tumor volume (mm3) = width2 × length/2.
For the evaluation of the anti-metastasis effect, mice were sacrificed on day 18, and the
excised lungs were immersed in Bouin’s Fluid overnight to count the number of pul-
monary metastatic nodules. Subsequently, tumors and the excised organs were fixed in
4% paraformaldehyde for at least 48 h and embedded in paraffin for hematoxylin and
eosin (H&E) staining and immunohistochemistry analysis of matrix metalloproteinase-2
(MMP-2), hypoxia inducible factor-1α (HIF-1α), and vascular endothelial growth factor
(VEFG).

2.11. Statistical Analysis

Student’s t-test and one-way analysis of variance (ANOVA) were used to test the
significant difference between two groups or multiple groups via SPSS 19.0 software (SPSS,
Chicago, IL, USA). Data were expressed as the mean ± standard deviation. Statistical
significance was implied using asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results and discussion
3.1. DEA Content-Dependent Mitochondrial Targeting Capacity of HPMA Conjugates

To guarantee efficient mitochondria-targeting capacity, we prepared FITC-labeled
HPMA polymers with various proportions of DEA decorated on the side-chains to select
an optimal amount of DEA. FITC-labeled HPMA polymers containing 0–13% molar ratio
of DEA (P-FITC, P-DEA (5%)-FITC, P-DEA (10%)-FITC, and P-DEA (13%)-FITC) were
prepared via one-step radical homo-polymerization according to our previous reports [25]
(Figure 1A). As depicted in Figure 1B,C, the molecular weights of these copolymers were
in the range of 15.2 to 29.5 kDa, and the PDIs were in the range of 1.16 to 1.46. The FITC
loading (5.44–6.23 wt.%) of each group was at a similar level. Furthermore, the gradually
increased zeta potentials of these polymers revealed the different modification degrees of
the positively charged DEA (Figure 1C). Notably, the DEA content-dependent mitochondria-
targeting capacity was observed, and P-DEA (13%)-FITC mediated approximately 24-fold
higher mitochondrial accumulation than P-FITC (Figure 1D). In addition, the cell viabilities
of HUVECs and 4T1 cells were both over 90% at concentrations of P-DEA (13%)-FITC up to
1000 µg·mL−1 (Figure 1E,F). These results strongly verified that the 13% molar proportion
of DEA was optimal to induce efficient mitochondria location of HPMA polymers with
good cytocompatibility.

3.2. Synthesis and Characterization of HPMA Copolymer–CPT Conjugates

HPMA copolymer–CPT conjugates were synthesized as shown in Figure 2A. Briefly,
CPT polymeric conjugate decorated with 13 mol.% of DEA (P-DEA-CPT) was synthesized
via direct radical polymerization of HPMA, DEA, and APMA–CPT and initiation of azo-
bisisobutyronitrile. Furthermore, a CPT polymeric conjugate without DEA modification
(P-CPT) was prepared as a control. As displayed in Figure 2B,C, the molecular weight of
P-DEA-CPT was 23.3 kDa with a PDI of around 1.1. P-DEA-CPT displayed a successful
CPT loading of ~10 wt.%. Similar properties were also observed in P-CPT. Moreover, zeta
potentials revealed that P-DEA-CPT with DEA modification had a significantly stronger
positive charge as compared with P-CPT.
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matography (FPLC) curves and (C) the detailed characterizations of FITC-labeled HPMA polymers.
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3.3. Cellular Uptake, Lysosome Escape, and Mitochondrial Targeting of P-DEA-CPT

To investigate whether DEA could facilitate internalization of HPMA copolymer-CPT
conjugates in cancer cells, cellular uptake of P-DEA-CPT was investigated in 4T1 cells.
CLSM observation displayed that the fluorescence intensity of FITC was significantly
stronger in the P-DEA-CPT group than that in the P-CPT group (Figure 3A). Consistently,
quantitative analysis by flow cytometry indicated a 5.7-fold higher internalization of P-
DEA-CPT over P-CPT (Figure 3B). After entering cancer cells, P-DEA-CPT was expected
to escape from lysosome and accumulate in mitochondria. To verify this, the subcellular
trafficking of the internalized polymers was examined. The results displayed that most of
the P-CPT was trapped in the lysosome (Rr = 0.85, between CPT and lysosome, Figure 3C),
whereas a small proportion of P-CPT was localized in the mitochondria (Rr = 0.55, between
CPT and mitochondria, Figure 3D). Encouragingly, P-DEA-CPT could largely escape from
lysosome (Rr = 0.44, between CPT and lysosome, Figure 3C) and subsequently accumulate
in the mitochondria (Rr = 0.70, between CPT and mitochondria, Figure 3D). Thus, the
modification of DEA not only improved the internalization of copolymer conjugates but
also facilitated lysosome escape and mitochondrial colocalization.
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3.4. In Vitro Mitochondrial Damage-Induced Apoptosis and Cytotoxicity of P-DEA-CPT

Mitochondria perform pivotal roles in determining cancer cell fate. The damage can
directly cut down the energy supply and activate a variety of key events to initiate intrinsic
pathways of apoptosis [26,27]. We investigated whether the enhanced delivery of CPT to
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mitochondria could result in mitochondria dysfunction. Notably, a significant increase in
ROS was observed in the P-DEA-CPT group compared with P-CPT (Figure 4A). Once CPT
inhibited the mitochondrial respiratory chain complexes, the electron transfer in the electron
transfer chain would be blocked and unstable oxygen would leak out from mitochondria,
subsequently forming ROS [28,29]. Thus, the overload of intracellular ROS induced by P-
DEA-CPT revealed the impaired mitochondrial function by CPT. Moreover, mitochondrial
membrane potential depolarization is another sign of mitochondrial dysfunction. JC-1 is
a cationic lipophilic probe with ∆ψm-dependent aggregation in the mitochondria, and
the transition from the red J-aggregate to the green J-monomer is a direct measurement of
the decreased mitochondrial membrane potential. As displayed in Figure 4B, P-DEA-CPT
caused a sharper drop in the red (aggregate)/green (monomer) fluorescence intensity
ratio than both free CPT and P-CPT, indicating the significant ∆ψm loss (52.6% decrease
compared to control). Furthermore, the majority of ATP in tumor cells is produced by
the mitochondria aerobic respiration. Therefore, the dysfunction of mitochondria would
inevitably reduce ATP production. As shown in Figure 4C, P-DEA-CPT exhibited maximum
ATP decline in the 4T1 cells among all the groups, suggesting the most severe mitochondrial
dysfunction.

It has been reported that mitochondria play crucial roles in regulating the intrinsic
apoptotic pathways of cancer cells [30]. Upon inducing mitochondrial apoptosis, caspase
9 and caspase 3 would be activated, subsequently amplifying the apoptotic cascade [31].
Thus, caspase 9 and caspase 3 were determined to investigate whether mitochondrial
dysfunction could activate the mitochondrial apoptotic pathway. After being incubated
with P-DEA-CPT for 24 h, the expressions of caspase 9 and caspase 3 in 4T1 cells were
both significantly upregulated as compared with P-CPT (Figure 4D,E). Consequently, P-
DEA-CPT induced significantly stronger cytotoxicity (Figure 4F) with much higher cell
apoptosis than P-CPT (Figure 4G). DNA-damaging drugs that cause apoptosis also rely
on the initiation of caspase proteins [32,33]. Thus, free CPT-induced dose-dependent
cytotoxicity was ascribed to the direct destruction of nuclear DNA, resulting in the elevated
release of caspase 9 and caspase 3. Taken together, by impairing mitochondrial function,
P-DEA-CPT efficiently blocked the energy generation and curbed proliferation of cancer
cells, ultimately potentiating the therapeutic outcomes in cancer therapy.

3.5. In Vitro Anti-Metastasis Effect of P-DEA-CPT

Cancer metastasis involves complex cell biological cascades. Tumor cells migrate into
the surrounding tumor stroma and invade through basement membranes, followed by
entering blood circulation [34–36]. Thus, whether this mitochondria-targeting strategy
could impede the processes of tumor-metastasis was investigated. As shown in Figure 5A,
P-CPT only displayed a slight migration inhibitory effect (~75% of migration rate). In stark
contrast, a much lower migration rate (~50%) was observed in P-DEA-CPT group. The
wound healing assay also displayed that P-DEA-CPT exhibited a significantly stronger
inhibitory effect on the mobility of 4T1 cells than P-CPT (52.9% vs. 25.5%, Figure 5B).
Furthermore, P-DEA-CPT induced potent invasion restraint of 4T1 cells, and the invasion
rate decreased to 36.45% (Figure 5C). Although free CPT inhibited the migration and
invasion of 4T1 cells due to its certain cytotoxicity and anti-proliferation capacity, it might
also cause unexpected side-effects. These results validated that P-DEA-CPT could potently
suppress the migration, mobility, and invasion of 4T1 cells, providing great promise for
inhibiting cancer cells from disseminating into circulation.

3.6. Intratumoral Mitochondrial Targeting of P-DEA-CPT

Due to the cationic feature afforded by DEA modification on the side-chain, the
polymer P-DEA-CPT could achieve enhanced internalization into tumor cells due to the
affinity to the negatively charged tumor cell membrane upon intratumoral injection [37].
Then, P-DEA-CPT could achieve lysosome escape due to the “proton sponge effect” [38].
Lastly, according to the negative nature of mitochondrial inner membrane (∆Ψ = −150 to
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−180 mV), P-DEA-CPT could effectively target mitochondria in tumor cells [39]. To verify
this, whether P-DEA-CPT could locate in mitochondria within tumor tissues was then
further evaluated. Intratumoral mitochondrial targeting experiments displayed that P-CPT
exhibited negligible mitochondria colocation under CLSM observation, whereas the strong
dotted blue signals of P-DEA-CPT overlapped well with the red signals of mitochondria
(Figure 6A). Consistently, quantitative analysis revealed a 4.7-fold higher mitochondrial
accumulation of P-DEA-CPT as compared with P-CPT (Figure 6B). These results confirmed
that P-DEA-CPT could successfully accumulate in the mitochondria within tumor tissues,
laying the foundations for in vivo treatment.
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and caused cancer cell death. (A) Intracellular ROS level, (B) mitochondrial membrane potential
depolarization, (C) ATP generation, (D) caspase-9 expression, and (E) caspase-3 expression in 4T1
cells were determined after different treatments. (F) Cell viability of 4T1 cells after being treated
with different CPT polymers for 48 h. (G) The mean value and representative images of apoptotic
and necrotic 4T1 cells induced by CPT polymers, as tested by flow cytometry. * p < 0.05, ** p < 0.01,
*** p < 0.001, n.s. (no significance); mean ± SD (n = 3).

3.7. In Vivo Antitumor and Anti-Metastasis Effect of P-DEA-CPT

Triple-negative breast cancer (TNBC) orthotopic murine models can simulate multiple
phases of metastasis formation [40,41]. Motivated by the potent anti-metastasis capacity
in vitro, the orthotopic 4T1 breast tumor model was established as the method mentioned

14



Pharmaceutics 2022, 14, 1534

above to evaluate the in vivo antitumor and anti-metastasis effect of P-DEA-CPT. When
tumor volume reached around 100 cm3, free CPT, P-CPT, and P-DEA-CPT (equivalent CPT
dose of 5 mg·kg−1, 25 µL) were intratumorally injected every 3 days for a total of five
times. At the end of the treatment, P-CPT displayed a negligible tumor growth-inhibitory
effect. In sharp contrast, P-DEA-CPT potently curbed tumor growth (inhibition rate of
61.2%) with the slowest tumor growth rate and lowest tumor weight among all the groups
(Figure 7A–C). It is also worth noting that free CPT only exhibited a moderate antitu-
mor effect despite its much stronger cytotoxicity than P-DEA-CPT in vitro. This might be
attributed to its rapid clearance in tumor tissues via vascular leakage, whereas the high-
molecular-weight polymer remained in tumor tissue for a longer time [42,43]. Hematoxylin
and eosin (H&E) staining results further validated the best tumor growth suppression
capacity of P-DEA-CPT with a larger area of apoptosis (Figure 7D). At the end of the assay,
the excised lungs were immersed in Bouin’s fluid, and the metastatic nodules were counted
to evaluate the lung metastasis formation in each treatment group. Obviously, mice in the
saline group developed serious lung metastasis, and an imperceptible metastasis suppres-
sion effect was observed in both P-CPT and free CPT groups (Figure 7E,F). Comparably,
P-DEA-CPT greatly decreased lung metastasis with the fewest lung nodules among all
the groups (Figure 7E,F). In addition, all the groups exhibited favorable safety with no
weight loss and histopathological changes in major organs during the treatment period
(Figure 8A,B). These results manifested that P-DEA-CPT attained the efficient anti-tumor
and anti-metastasis capacity with considerable safety.
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Figure 5. Anti-metastasis effect of P-DEA-CPT in vitro. (A) Migration, (B) wound healing, and
(C) invasion of 4T1 cell lines after being treated with free CPT, P-CPT, and P-DEA-CPT for 24 h, as
displayed via representative images and quantitative results. Migrant or invasive cells (at the outer
bottom of the transwell chamber) were stained with crystal violet and measured by the microplate
reader. Scale bar: 200 µm. * p < 0.05, ** p < 0.01; mean ± SD (n = 3).
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Figure 6. Intratumoral mitochondrial targeting of P-DEA-CPT in 4T1 orthotopic breast tumor.
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(A) observed under CLSM and (B) quantitatively detected via microplate reader. Red, mitochondria;
blue, CPT. Scale bar: 10 µm. *** p < 0.001, n.s. (no significance); mean ± SD (n = 3).
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Figure 7. In vivo antitumor and anti-metastasis effect of P-DEA-CPT in 4T1 orthotopic breast tumor.
(A) Average tumor growth curves, (B) tumor weight at the end of the assay, (C) representative images
of the excised tumor tissues, and (D) H&E results of tumor sections in each treatment group. Scale
bar: 200 µm. (E) The number of metastatic nodules and (F) representative images of excised lung
stained by Bouin’s fluid in each treatment group. ** p < 0.01, n.s. (no significance); mean ± SD (n = 5).
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Figure 8. (A) Body weight changes and (B) H&E staining of major organs of all the groups during
the treatment period in 4T1 orthotopic breast tumor. (C) Immunohistochemistry staining of tumor
sections for analysis of the expression of HIF-1α, MMP-2, and VEGF at the endpoint. The brown area
indicates the positive expression of these proteins. Scale bar: 200 µm.

The potent anti-metastasis effect of P-DEA-CPT could be partially ascribed to its
energy depletion and enhanced apoptosis caused by impairing mitochondria. Moreover,
mitochondria dysfunction was reported to alleviate hypoxia and downregulate hypoxia-
inducible factor (HIF-1α) [44,45], the key regulator for various pro-metastasis downstream
signaling pathways, resulting in the expressions of vascular endothelial growth factor
(VEGF) and matrix metalloproteinases (MMPs) [46,47]. To verify this, the expression of
crucial factors for tumor metastasis (HIF-1α, MMP2, and VEGF) was investigated via im-
munohistochemistry assay. As shown in Figure 8C, remarkably downregulated expressions
(lighter brown) of HIF-1α, MMP-2, and VEGF were observed in P-DEA-CPT group. Collec-
tively, the great efficacy of our mitochondrial targeting strategy to inhibit tumorigenesis and
metastasis largely originates from multiple mechanisms, including cutting down energy
supply, activating the intrinsic apoptotic pathway, and downregulating HIF-1α and its
downstream pro-metastasis factors (MMP2 and VEGF).

4. Conclusions

In summary, we fabricated a mitochondria-targeting CPT delivery platform based
on water-soluble HPMA copolymers with an optimal content of DEA modified on the
side-chain. Firstly, the water-soluble DEA sufficiently escorted the CPT conjugates located
in the mitochondria both in 4T1 cells and in tumor tissues. Secondly, P-DEA-CPT elicited
serious mitochondrial dysfunction with the decline in ATP and activation of proapoptotic
caspase proteins, thereby resulting in the restraint of cancer cell proliferation, migration, and
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invasion. Furthermore, the expressions of HIF-1α and its downstream metastasis-associated
proteins including MMP-2 and VEGF in tumor sites were notably inhibited. Consequently,
both primary breast cancers and distant pulmonary metastases were largely impeded.
Overall, our study revealed that DEA is a promising candidate to escort CPT to accumulate
in the mitochondria. Furthermore, selectively delivering CPT to the mitochondria provides
a feasible way of improving the anti-metastasis effect.
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Abstract: Lung metastasis of colorectal cancer is common in the clinic; however, precise targeting for
the diagnosis and therapy purposes of those lung metastases remains challenging. Herein, cholera
toxin subunit b (CTB) protein was chemically conjugated on the surface of PEGylated liposomes
(CTB-sLip). Both human-derived colorectal cancer cell lines, HCT116 and HT-29, demonstrated high
binding affinity and cellular uptake with CTB-sLip. In vivo, CTB-sLip exhibited elevated targeting
capability to the lung metastasis of colorectal cancer in the model nude mice in comparison to
PEGylated liposomes (sLip) without CTB modification. CTB conjugation induced ignorable effects
on the interaction between liposomes and plasma proteins but significantly enhanced the uptake
of liposomes by numerous blood cells and splenic cells, leading to relatively rapid blood clearance
in BALB/c mice. Even though repeated injections of CTB-sLip induced the production of anti-CTB
antibodies, our results suggested CTB-sLip as promising nanocarriers for the diagnosis of lung
metastasis of colorectal cancer.

Keywords: lung metastasis; targeting; colorectal cancer; liposome; immunogenicity

1. Introduction

Colorectal cancer has become an increasing burden in public health, firmly ranking
in the top three of both the morbidity and the cause of death from malignant tumors [1].
Even worse, remote spreading of colorectal cancer is of high occurrence, which accelerates
the pathological progression and exacerbates the difficulty of clinical treatments. Lung
metastasis is among the most common in colorectal cancer patients even after surgical
resection [2], readily leading to rapid recurrence and disease progression. However, the
early stage of lung metastasis of colorectal cancer remains challenging to track even using
positron emission tomography [3]. Targeting the lung metastasis of colorectal cancer is of
crucial importance for the diagnosis and therapy purposes [4].

There are numerous ligands being developed to target colorectal cancer cells by recog-
nizing the corresponding receptors or antigens, including small molecules [5], peptides [6],
antibodies [7], and aptamers [8]. Such targeting ligands are conjugated with nanocarriers
for the delivery of imaging probes [9], therapeutic agents [10], or even both. Unfortunately,
none of them have been successfully approved for the clinical use. There are multiple
biological barriers hampering the efficient delivery of those targeted delivery systems [11].
We [12,13] and other groups [14,15] previously reported that ligand modification could
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severely alter the bio-nano surface properties, thus affecting the formation of protein
corona and enhancing the mononuclear phagocyte system recognition. Conversely, the
biological media that the targeted delivery systems encounter during in vivo circulation
can also destroy the ligands to compromise the bioactivity [16,17], leading to the loss of
targeting capability.

GM1 ganglioside is expressed on the membrane of various types of cells [18], acting
as the receptor for cholera toxin by strongly binding with the subunit b (CTB) [19]. In
our previous study [20,21], the CTB protein was conjugated on the surface of poly (lactic-
co-glycolic acid) (PLGA) nanoparticles to penetrate the blood–brain barrier and to target
glioma cells and neovasculature by recognizing GM1. The CTB protein not only preserved
bioactivity in the presence of mouse serum but also exhibited nonsignificant impacts on
the absorption of plasma proteins after conjugation on the surface of PLGA nanoparticles.
These results suggested that the CTB protein may be an appropriate ligand to efficiently cir-
cumvent the biological barriers in blood circulation by mitigating the reciprocal influences
between delivery systems and biological media.

The CTB protein was found to demonstrate high binding with intestinal cells in the
human histological sections [22,23], suggestive of the potential of the CTB protein for
targeting colorectal cancer. Liposomes are a class of commonly used nanocarriers in both
basic research [24,25] and the clinic [26], representing a class of versatile tools for the
delivery of imaging probes and therapeutic agents [27]. In the present study, the CTB
protein was chemically conjugated on the surface of PEGylated liposomes (CTB-sLip). We
investigated the targeting capability of CTB-sLip to colorectal cancer cells in vitro and lung
metastasis of colorectal cancer in vivo. In particular, the effects of serum were emphasized
on the bioactivity of the CTB protein, as well as the immunogenicity and in vivo fate
of CTB-sLip.

2. Materials and Methods
2.1. Animals and Cells

Adult male BALB/c mice and nude mice were purchased from Shanghai Laboratory
Animal Research Center (Shanghai, China) and raised under Specific Pathogen Free (SPF)
conditions. HCT116 and HT-29 cell lines were purchased from Shanghai Institute of Cell
Biology. Cells were cultured with McCoy’5A medium containing 10% fetal bovine serum
(FBS) at 37 ◦C with 5% CO2.

2.2. Materials

Cholesterol, mPEG2000-DSPE, Mal-PEG3500-DSPE, and HSPC were acquired from
Shanghai A.V.T. Pharmaceutical company (Shanghai, China). DiI (1,1′-Dioctadecyl-3,3,3′,3′-
tetramethylindocarbo-cyanine perchlorate), 2-iminothiolane hydrochloride (Traut’s Reagent),
and Sephadex® G50 were obtained from Sigma (St. Louis, MO, USA). Doxorubicin
HCl/Adriamycin (MB1087-S), DiO dye (MB4239), and DiR dye (MB12482) were bought
from Meilunbio Co. Ltd. (Dalian, China). HisSep Ni-NTA Agarose Resin 6FF (20503ES50)
and Ampicillin Sodium (60203ES10) were acquired from YEASEN Biotech Co., Ltd. (Shang-
hai, China). One-Step™ ABTS Substrate Solution (37615), Zeba™ Spin Desalting Columns
(7 kDa MWCO) and a Pierce TM BCA Protein Assay Kit (23225) were obtained from Thermo
Fisher Scientific (Rockford, IL, USA). TMB Substrate Solution for ELISA was obtained from
Beyotime Biotech Co. Ltd. (Shanghai, China). Anti-His tag antibody [M2] (HRP) (ab9108),
anti-mouse serum albumin (ab19194), and donkey polyclonal secondary antibody to Rabbit
IgG-H&L (Alexa Fluor® 647) (ab150075) were obtained from Abcam (Cambridge, MA,
USA). Mini-PROTEAN® TGXTM Precast Protein Gel 4–20% (4561093) was purchased from
Bio-Rad Laboratories Co., Ltd. (Shanghai, China). Polymyxin B sulfate (A610318), IPTG
(Isopropyl-beta-D-thiogalactopyranoside), and MOPS (4-Morpholinepropanesulfonic acid)
were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Tryptone (LP0042)
and yeast extract (LP0021) were obtained from Oxid Co., Ltd. (Hants, UK). Ganglio-
side GM1 was purchased from Avanti Co., Ltd. (Birmingham, UK). McCoy’5A medium
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(L630KJ) was obtained from Basal Media Co., Ltd. (Shanghai, China), and FBS was
obtained from Cytiva Co., Ltd. (Marlborough, MA, USA). APC anti-mouse CD3 an-
tibody (100235), Brilliant Violet 421TM anti-mouse CD19 antibody (115537), APC anti-
mouse/human CD11b antibody (101211), Brilliant Violet 421™ anti-mouse Ly-6G antibody
(127627), APC anti-mouse CD146 antibody (134711), Brilliant Violet 421™ anti-mouse F4/80
antibody (123131), anti-mouse CD11c recombinant antibody (161102), and Brilliant Violet
421™ anti-human CD326 (EpCAM) Antibody (369821) were purchased from BioLegend.
Co., Ltd. (San Diego, CA, USA).

2.3. Expression and Characterization of the CTB Protein

The plasmid was successfully constructed and cloned into PET-28a (kanamycin re-
sistance) containing a C-terminal His (6×) tag. The E. Coli cells were amplified at 37 ◦C
and induced at 15 ◦C by IPTG (1 mM) for 12 h. The crude protein was obtained by cen-
trifugation at 6000× g for 10 min and dissolved in buffer containing 50 mM Tris, 500 mM
NaCl, 2 M urine, and 10 mM 2-hydroxy-1-ethanethiol. The crucial protein was folded
by dialysis for 48 h and subsequently loaded in a Ni-NTA column according to manu-
facturer’s instructions (Yisen Co. Ltd., Shanghai, China). The CTB protein was collected
with elution buffer (250 mM imidazole in PBS) and ultrafiltrated at 8000× g with PBS
three times until complete replacement of the storing buffer by PBS. The gradient (4–20%)
polyacrylamide SDS-PAGE gel and Fast sliver staining kit were used to characterize the
purity and molecular weight of the CTB protein.

ELISA was used to determine the binding activity of CTB to GM1. GM1 was coated
on 96-well microplates with 1 µg per well at 4 ◦C overnight. After blockade with 5% BSA
(in PBS), serial dilutions of CTB in 0.1% BSA were added and incubated at 37 ◦C for 1 h.
HRP conjugated anti-His antibody was used to detect CTB at 405 nm (ABTS).

2.4. Preparation and Characterization of Liposomes

Plain PEGylated liposomes (sLip) were prepared by the lipid-film hydration method.
HSPC, cholesterol, and mPEG2000-DSPE (52:43:5 in molar ratio) were dissolved in chlo-
roform and formed a thin film through vacuum evaporation. Any residual chloroform
was removed overnight under vacuum. The film was hydrated with saline and extruded
through polycarbonate membranes (400 nm, 200 nm, and 100 nm) at 60 ◦C. The DiI-, DiR-,
and DiO-labelled sLip (sLip/DiI, sLip/DiR, and sLip/DiO) were prepared according to the
same procedure as above except by adding 100 µg mL−1 DiI, DiR, and DiO, respectively.
The 5-FAM-loaded sLip (sLip/FAM) were prepared using the same procedure as that used
for plain sLip, except using 5-FAM solution (2 mg mL−1 in deionized water) to hydrate
the film. A Sephadex-G50 column was used to remove the unloaded fluorescence dye.
Maleimide functionalized sLip were prepared by adding 1% mol Mal-PEG3500-DSPE before
vacuum evaporation.

CTB (775 µg, 14 nmol) was dissolved in 1.5 mL PBS (containing 5 mM EDTA, pH
adjusted to 8.0), and 9.7 µL Traut’s Reagent (14.5 mM in PBS) was added. The mixture was
reacted for 45 min at room temperature. A desalting column was used to remove un-reacted
Traut’s Reagent, and the thiolated CTB was collected by centrifugation. Mal-sLip (1 mL,
with 10 µmol HSPC) were mixed with thiolated CTB (1–4 nmol, resulted in a molar ratio
of 0.1–0.4‰ CTB to HSPC). The mixture was reacted at room temperature for 3 h. The
reaction solution was collected, and CTB-sLip were purified using a Sephadex-G50 column.
The size and zeta potential of liposomes (50 times dilution with deionized water) were
measured by a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).

2.5. Characterization of Liposome Stability in Mouse Serum

sLip/DiI and CTB-sLip/DiI were incubated with the same volume of BALB/c serum
for 24 h at room temperature, and PBS was set as a control. Liposomes were diluted
1000 times and detected by Nanoparticle Tracking Analysis (NTA 3.4 Build 3.4.003).
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2.6. Binding Activity of CTB-sLip with GM1 In Vitro

GM1 or BSA was coated in 96-well microplates with 1 µg per well. After blockade
with 5% BSA in PBS, serial dilutions of CTB-sLip/DiI were added and reacted at 37 ◦C
for 1 h; sLip/DiI were set as the controls. DiI was quantified by a microplate reader at
Ex/Em = 540/580 nm. To evaluate the effect of serum on GM1 binding, CTB-sLip were pre-
incubated with BALB/c serum or PBS for 24 h. Serial dilutions were added and incubated
with GM1-immoblized wells at 37 ◦C for 1 h. HRP conjugated anti-His antibody was used
to detect CTB at 450 nm (TMB).

2.7. Protein Corona Separation and Characterization

CTB-sLip with different CTB modification degrees or sLip were incubated with the
same volume of BALB/c plasma at 37 ◦C for 1 h. After centrifugation at 14,000× g for
30 min, the pellet was rinsed with cold PBS twice. The pellet was boiled in a mixture
containing SDS-PAGE 5 × sample buffer (5 µL), PBS (20 µL) and β-mercaptethanol (2 µL)
at 95 ◦C for 5 min. Electrophoresis was performed using gradient polyacrylamide gel,
which was stained with a Fast Silver Stain Kit.

2.8. Pharmacokinetic Profile of CTB-sLip/DiI

Male BALB/c aged 4–5 weeks were intravenously injected with CTB-sLip or sLip
(50 mg kg−1 lipid), and blood was sampled at 10 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, and
24 h. The fluorescence of DiI in plasma was detected by a microplate reader at 540/580 nm.

2.9. Cellular Uptake and Binding of CTB-sLip/FAM In Vitro

HCT116 and HT-29 cells were cultured with McCoy’5A medium (10% FBS) at 5% CO2.
Cells were seeded into 12-well plates and incubated with CTB-sLip/FAM or sLip/FAM
(5 µM of FAM) in 0.1% BSA or 10% BALB/c serum for 2 h at 37 ◦C. Cells were harvested and
analyzed by flow cytometry. To assess the binding ability of CTB-sLip/FAM or sLip/FAM
with cells, liposomes (5 µM of FAM) in 0.1% BSA or 10% BALB/c serum were incubated
with HCT116 and HT-29 cells for 2 h at 4 ◦C.

2.10. Uptake of CTB-FITC to Colorectal Cancer Cell Lines

HCT116 and HT-29 cells were cultured and seeded as aforementioned. The FITC-
labeled CTB protein (CTB-FITC, 1 µM) was added and incubated with cells in the presence
of BSA or BALB/c serum for 2 h at 37 ◦C. FITC labeled BSA (BSA-FITC) was set as the
control. Flow cytometry was used to evaluate the uptake ability of the CTB protein in
colorectal cancer cells.

2.11. Uptake of Liposomes by Blood Cells of BALB/c Mice In Vivo

To investigate the cellular uptake of CTB-sLip in peripheral blood cells, male BALB/c
mice aged 4–5 weeks were intravenously injected with CTB-sLip/DiO (50 mg kg−1 lipid,
n = 3), and sLip/DiO were set as the control. Peripheral whole blood was sampled at 2 h or
24 h after injection and collected into PBS with 10 mM EDTA. Red blood cells were then
lysed twice with ACK Lysis Buffer. Fluorescent antibodies, including anti-mouse CD3/APC
for T cells, anti-mouse CD19/BV421 for B cells, anti-mouse CD11b/APC, and anti-mouse
Ly6G/BV421 for monocytes and neutrophils, were incubated with white blood cells at
4 ◦C for 30 min. The fluorescence of internalized DiO-labeled liposomes was evaluated by
flow cytometry.

2.12. Cellular Uptake of Liposomes in Liver and Splenic Cells In Vivo

BALB/c mice were intravenously injected with CTB-sLip/DiO (50 mg kg−1 lipid,
n = 3); sLip/DiO were the control group. Mice were sacrificed at 2 h or 24 h, and the
corresponding livers and spleens were dissected after perfusion with HBSS via postcava.
The livers were gently mashed and sieved through a 70 µm cell strainer. Hepatocytes
were collected by centrifugation (4 ◦C, 50× g, 3 min), and the supernatant containing
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nonparenchymal cells was collected and centrifuged at 650× g for 7 min. Kupffer cells
and liver sinusoidal endothelial cells (LSECs) were enriched in the middle layer by Percoll
gradient centrifugation (25%/50%). Hepatocytes were fixed in 4% PFA and permeabilized
with 0.5% Triton-X 100. Collected cells were strained with anti-mouse albumin and Alexa
Fluor 647 donkey anti-Rabbit IgG antibody. The enriched nonparenchymal cells were
strained with anti-mouse F4_80/BV421 and anti-mouse CD146/APC to mark Kupffer cells
and liver sinusoidal endothelial cells (LSEC).

The dissected spleens were sieved through a 70 µm cell strainer, and spleen cell
suspensions were incubated with anti-mouse CD3/APC, anti-mouse CD19/BV421, anti-
mouse F4_80/BV421, and anti-mouse CD11c antibody at 4 ◦C for 30 min to mark T cells, B
cells, Macrophages (Mφ), and DC cells. The fluorescence of internalized liposomes was
evaluated by flow cytometry (Agilent Technologies, Novocyte3000, Santa Clara, CA, USA).

2.13. Distribution of Liposomes in BALB/c Nude Mice with Lung Metastasis of Colorectal Cancer

Male BALB/c nude mice aged 6–8 weeks were injected with 2 × 106 HCT116 or
HT-29 cells per mice in the left lung, and distribution of liposomes was determined after
9–14 days. CTB-sLip/DiR or sLip/DiR (50 mg kg−1 lipid) were intravenously injected,
and organs were dissected at 24 h after administration. Opti-Scan Viewn Vivo superior
optics (vie-works, for HT-29 cells animal model) and Visque InVivio Elite (for HCT116
cells animal model) were applied to quantify the fluorescence intensity of organs. DiO-
labeled liposomes (50 mg kg−1 lipid per kg body weight of mice) were applied to evaluate
cellular distribution in vivo. Lungs were dissected at 24 h after injection and digested
with IV collagenase. The tumor cells were labeled with BV421 conjugated anti-CD236, and
DiO in tumor cells was analyzed by flow cytometry (Agilent Technologies, Novocyte3000,
Santa Clara, CA, USA).

2.14. Immunogenicity of Liposomes

Male BALB/c nude mice weighing ~20 g were intravenously injected through the tail
vein with CTB-sLip or sLip (50 mg kg−1) per week for 21 days, and the corresponding
serum of each group was sampled. sLip or CTB-sLip (20 µg lipid per well) were coated in
96-well microplates, and serial dilutions of corresponding serum were added and incubated
at 37 ◦C for 1 h. HRP-conjugated anti-mouse IgM and IgG antibody were utilized to detect
anti-PEG IgG/IgM and anti-CTB IgG/IgM in serum, respectively.

2.15. Statistical Analysis

Data are presented as the means ± standard deviations (SD) and were analyzed by
GraphPad Prism software 8.0.1 (GraphPad Software, San Diego, CA, USA). p < 0.05 was
considered statistically significant (ns: p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results and Discussion
3.1. Preparation and Characterization of CTB-Conjugated Liposomes (CTB-sLip)

The CTB protein is a homopentamer that binds GM1 in each monomer (Figure 1a). A
His (6×) tag was constructed in the CTB protein molecule for purification. After expression
via the E. coli system and protein refolding (see Methods), the CTB protein was purified by
the Ni-NTA column with good purity and correct molecular weight according to the SDS-
PAGE silver staining results (Figure 1b). The purified CTB protein was quantified by the
BCA method, demonstrating an expression yield of 10–15 mg L−1 in the present study. The
expressed CTB protein was further ascertained by measuring its binding affinity with GM1
using the ELISA method (see Methods). As shown in Figure 1c, the expressed CTB protein
demonstrated high binding affinity with GM1, registering an equilibrium dissociation
constant (Kd) of 39.2 pM. In contrast, the negative control protein, BSA, exhibited no
obvious binding with GM1.

To chemically conjugate the CTB protein on the surface of PEGylated liposomes,
the CTB protein was thiolated using Traut’s Reagent (see Methods) and reacted with the
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maleimide group of PEGylated liposomes (Figure 2a). As shown in Figure 2b, all popula-
tions of liposomes demonstrated a mean diameter ~130 nm with narrow size distributions.
The conjugation of CTB slightly increased particle sizes and zeta potentials. The binding of
CTB-sLip with GM1 was measured in the 96-well ELISA plates by reading the fluorescence
of DiI encapsulated in liposomes (Figure 2c). CTB-sLip demonstrated increasing fluores-
cence intensity of the encapsulated DiI in a concentration-dependent manner, indicating
preservation of CTB bioactivity after chemical conjugation with PEGylated liposomes.
In contrast, sLip and Mal-sLip (without CTB modification) displayed no binding with
GM1. Meanwhile, the nonspecific binding of all populations of liposomes was excluded by
measuring the interactions of liposomes with BSA-coated plates (Figure 2d).

Figure 1. Expression and characterization of the CTB protein. (a) Schematically illustration of the
structure of CTB. (b) Characterization of the expressed and refolded CTB by SDS-PAGE. (c) Binding
activity of the expressed CTB to GM1; BSA was set as the control. The Kd value was calculated using
GraphPad Prism 8.0.1. Data are means ± SDs, n = 3.

Figure 2. Preparation and characterization of CTB-conjugated PEGylated liposomes (CTB-sLip).
(a) Schematic illustration of the conjugation method of CTB to the maleimide group grafted on the
surface of PEGylated liposomes. (b) Size and zeta potential characterization of the prepared CTB-sLip
and fluorescence dye DiI-loaded CTB-sLip. The binding activities of CTB-sLip/DiI to GM1 coated
(c) and BSA coated (d) were performed by ELISA; sLip/DiI and Mal-sLip/DiI were set as the controls.
Data are means ± SDs, n = 3.
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3.2. Effects of Serum on the Targeting Capability of CTB-sLip

The effects of mouse serum on CTB-sLip were investigated in vitro. After incuba-
tion with BALB/c serum for 24 h, liposomal size and distribution were measured using
Nanoparticle Tracking Analysis (NTA). As shown in Figure S1, all particles in various
media displayed a major size distribution ranging from 50 nm to 300 nm. Pre-incubation of
CTB-sLip or sLip with BALB/c serum did not significantly alter the size distribution. The
effect of serum on CTB bioactivity was also determined. In comparison to PBS (Figure 3a),
pre-incubation with BALB/c serum only slightly affected the CTB binding to GM1. The
formed protein coronas on the surface of CTB-sLip and sLip were separated, and their
compositions were analyzed using SDS-PAGE. As shown in Figure 3b, the CTB protein
at different modification degrees did not induce obvious differences in the composition
of the formed protein corona in comparison to sLip. These results are consistent with our
previous report [20], where the CTB protein on the surface of the polymeric nanoparticles
preserved bioactivity with GM1 after interaction with serum.

Figure 3. Effects of BALB/c plasma proteins on the bioactivity of CTB-sLip. (a) Affinity characteri-
zation of CTB-sLip (pre-incubation with BALB/c serum and PBS for 24 h) to GM1 based on ELISA;
sLip were set as a control. Data are means ± SDs, n = 3. (b) Evaluation of protein corona of CTB-sLip
(with 0.1‰, 0.2‰ or 0.4‰ molar ratio CTB modification) by SDS-PAGE.

To study the targeting capability of CTB-sLip, two human-derived colorectal cancer
cell lines, HCT116 and HT-29, were cultured. As shown in Figure S2, both cell lines demon-
strated high uptake of CTB, suggesting GM1 expression on the cell membrane. The binding
of CTB-sLip with cells was studied at 4 ◦C. After 2 h incubation with FAM-encapsulated
CTB-sLip or sLip, the FAM fluorescence-positive cells were counted using a flow cytometer.
As shown in Figures S3 and S4, both HCT116 and HT-29 cells demonstrated significantly
higher binding with CTB-sLip than with sLip, suggesting the targeting capability of CTB-
sLip to human-derived colorectal cancer cells. The presence of BALB/c serum dramatically
decreased the binding of all populations of liposomes with cancer cells. However, CTB-
sLip still exhibited significant enhancement of cell binding compared with sLip, which
is consistent with the results shown in Figure 3. Cellular uptake of liposomes by cancer
cells was conducted at 37 ◦C (Figure 4). As expected, CTB demonstrated high targeting
capability to both HCT116 and HT-29 cells.

27



Pharmaceutics 2022, 14, 868

Figure 4. Effect of BALB/c serum on the targeting capability of CTB-sLip to human-derived colorectal
cancer cells. CTB-sLip/FAM (5 µM 5-FAM) were prepared to study the in vitro uptake by HCT116
cell ((a), n = 3) and HT-29 cell ((b), n = 4) at 37 ◦C after 2 h incubation, in 0.1% BSA and 10% BALB/c
serum, respectively. Data are means ± SDs. * p < 0.05 and *** p < 0.001 based on one-way ANOVA
with Prism.8.0.1.

3.3. Pharmacokinetic Profiles of CTB-sLip

To study the in vivo fate of liposomes, the pharmacokinetic profiles and biodistribution
of both CTB-sLip and sLip were investigated in BALB/c mice. Liposomes at a dose of
50 mg kg−1 (lipid to mouse body weight) were injected into the tail vein, and blood was
sampled at the predetermined time points. As shown in Figure 5a, CTB-sLip demonstrated
a significant decrease of the area under the curve (AUC) in the plasma concentration–time
curve, suggesting relatively rapid clearance of CTB-sLip in mice. At the last time point
(24 h after injection), the biodistribution of liposomes in the main organs was measured
(Figure 5b). Most liposomes were, as expected, found in the liver and spleen, and CTB-sLip
still demonstrated higher distribution in both organs in comparison to sLip.
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Figure 5. Pharmacokinetic profiles (a) and biodistribution (b) of sLip/DiI and CTB-sLip/DiI in
major organs of BALB/c mice over 24 h after intravenous injection with 50 mg kg−1 lipids. Data are
means ± SDs, n = 5. * p < 0.05, *** p < 0.001; ns indicates non-significant based on Student’s t-tests.

To further understand the interaction of CTB-sLip with the body, the uptake of li-
posomes by blood cells was measured. At 2 h and 24 h after injection of DiO-labeled
liposomes, blood cells were collected and labeled with respective specific antibodies. The
uptake of liposomes was determined using a flow cytometer. As shown in Figure 6, CTB-
sLip demonstrated higher uptake of neutrophils, monocytes, B cells, and T cells to some
extent, suggesting extensive binding of CTB-sLip with cells in vivo.

Figure 6. Uptake of CTB-sLip by blood white cells of BALB/c mice in vivo. CTB-sLip/DiO were
injected with 50 mg kg−1 lipids. Uptake by neutrophils and monocytes (a), and T cells and B cells
(b) in peripheral blood at 2 h and 24 h after injection was determined by Flow Cytometry. Data
are means ± SDs (n = 3). ** p < 0.01, *** p < 0.001; ns indicates nonsignificant based on grouped
two-way ANOVAs.
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The biodistribution of liposomes in the liver and spleen of BALB/c mice was also
carefully studied. The hepatocytes, Kupffer’s cells, and liver sinusoidal endothelial cells
(LSECs) were separated according to the previously reported protocol with minor mod-
ification [28] (see Methods) and labeled with respective markers or antibodies. It was
interesting that only CTB-sLip demonstrated significant enhancement (88% vs. 70%) of
uptake by Kupffer’s cells in comparison to sLip (Figure 7a), while the other cells did not
exhibit significant uptake of CTB-sLip at both time points. In contrast, CTB-sLip displayed
significant enhancement of uptake by splenic cells, including splenic microphages, den-
dritic cells, and B cells (Figure 7b), which is consistent with the data shown in Figure 5b.
At 24 h after injection, CTB-sLip exhibited higher accumulation in the spleen than sLip.
These data also indicated that interaction of CTB-sLip with blood cells and splenic cells
may majorly contribute to the relatively rapid clearance of CTB-sLip (Figure 5a).

Figure 7. Uptake of CTB-sLip/DiO by hepatic cells and splenic cells. (a) Kupffer’s cells and liver
sinusoidal endothelial cells (LSECs) were marked with F4/80 and CD146, respectively. (b) Splenic
macrophages (MΦ), DC cells, splenic B cells, and T cells were marked with F4/80, CD11c, CD19, and
CD3, respectively. Data are means ± SDs (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001; ns represents
nonsignificant based on grouped two-way ANOVAs.
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3.4. Lung Metastasis Targeting of Colorectal Cancer by CTB-sLip

To evaluate the targeting capability of CTB-sLip to lung metastasis of colorectal cancer,
male BALB/c nude mice were injected with 2 × 106 HT-29 cells per mice in the left lung.
At nine days after injection, fluorescent dye (DiO for cellular study and DiR for in situ
imaging)-labeled liposomes (50 mg kg−1 lipid of mice body weight) were intravenously
injected, and the left lung with implanted colorectal cancer cells was dissected for in situ
imaging. As shown in Figure 8a,b, CTB-sLip demonstrated significant enhancement in the
cancer tissues compared with sLip. The cells were further separated, and cellular uptake
of liposomes was determined by a flow cytometer (Figure 8c,d). As shown in Figure S6,
BALB/c nude mice with lung metastasis of HCT116 also demonstrated significantly higher
distribution with CTB-sLip than with sLip at 24 h after injection, suggesting the targeting
capability of CTB-sLip to human-derived colorectal cancer cells. Both CTB-sLip and sLip
demonstrated higher uptake by cancer cells than the paracancerous lung tissues, which
may be attributed to the enhanced permeability and retention effect. As for the cancer cells,
CTB-sLip displayed significantly higher targeting capability than sLip, suggestive of the
targeting capability of the former for lung metastasis of colorectal cancer.

Figure 8. Targeting capability of CTB-sLip to lung metastasis of colorectal cancer in vivo. Male
BALB/c nude mice planted with HT-29 cells in left lungs were injected with CTB-sLip/DiR ((a,b),
n = 3) for in situ imaging and CTB-sLip/DiO ((c,d), n = 5) for cellular uptake study; sLip/DiR and
sLip/DiO were set as the controls. Data are means ± SDs. ** p < 0.01 based on Student’s t-tests.

3.5. Immunogenicity of CTB-sLip

Considering the high uptake of CTB-sLip by the splenic cells, immunogenicity was in-
vestigated by detecting the antibodies. Both CTB-sLip and sLip were intravenously injected
via the tail vein weekly, and blood was sampled one week after the third injection. The
anti-PEG and anti-CTB antibodies were measured using the ELISA methods (see Methods).
As shown in Figure 9, sequential injections of CTB-sLip induced significant anti-CTB IgG
and slight anti-CTB IgM antibodies. Meanwhile, CTB-sLip demonstrated slight enhance-
ment of anti-PEG IgG antibody in comparison to sLip, with no significant generation of
anti-PEG IgM antibody. These data suggested the immunogenicity of CTB-sLip, warning
the repeated injection when CTB-sLip were exploited as the targeted delivery system.
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Figure 9. Immunogenicity of CTB-sLip in vivo. BALB/c mice were sequentially injected with sLip or
CTB-sLip (50 mg kg−1 lipids) per week for 21 days. Anti-PEG IgG/M (a,b) and anti-CTB IgG/M
(c,d) in serum on day 21 were detected by ELISA. Data are means ± SDs (n = 3).

4. Conclusions

Herein, the CTB protein was chemically conjugated on the surface of PEGylated lipo-
somes, and their potential for targeting lung metastasis of colorectal cancer was evaluated.
Chemical conjugation of CTB did not significantly alter the interaction between liposomes
and plasma proteins. CTB-sLip demonstrated good stability in the presence of mouse
serum, which may be attributed to the high stability of the homopentamer structure and
low plasma protein binding on the surface of CTB-sLip. The presence of serum induced the
decrease of binding with colorectal cancer cells to some extent, while CTB-sLip still retained
targeting capability in comparison to sLip. As expected, CTB demonstrated high targeting
capability to lung metastasis of colorectal cancer. The extensive interaction of CTB-sLip
with blood cells and splenic cells may contribute to their relatively rapid blood clearance
from BALB/c mice. Even though immunogenicity of CTB-sLip warned their applications
when repeated treatments were indispensable, the present study provided a potential tool
to achieve lung metastasis targeting of colorectal cancer for diagnostic purposes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14040868/s1, Figure S1: Characterization of lipo-
somes stability in BALB/c serum in vitro. Figure S2: The uptake capability of CTB protein to HCT
116 and HT-29 cells in vitro. Figure S3: The binding capability of CTB-sLip to HCT 116 cells in vitro.
Figure S4: The binding capability of CTB-sLip to HT-29 cells in vitro. Figure S5: Characterization
of antibody strained cells by flow-cytometry. Figure S6: Targeting capability of CTB-sLip to lung
metastasis of colorectal cancer in vivo.
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Abstract: Among green tea catechins, epigallocatechin gallate (EGCG) is the most abundant and
has the highest biological activities. This study aims to develop and statistically optimise an EGCG-
loaded niosomal system to overcome the cutaneous barriers and provide an antioxidant effect.
EGCG-niosomes were prepared by thin film hydration method and statistically optimised. The
niosomes were characterised for size, zeta potential, morphology and entrapment efficiency. Ex
vivo permeation and deposition studies were conducted using full-thickness human skin. Cell
viability, lipid peroxidation, antioxidant enzyme activities after UVA-irradiation and cellular uptake
were determined. The optimised niosomes were spherical and had a relatively uniform size of
235.4 ± 15.64 nm, with a zeta potential of −45.2 ± 0.03 mV and an EE of 53.05 ± 4.46%. The niosomes
effectively prolonged drug release and demonstrated much greater skin penetration and deposition
than free EGCG. They also increased cell survival after UVA-irradiation, reduced lipid peroxidation,
and increased the antioxidant enzymes’ activities in human dermal fibroblasts (Fbs) compared to
free EGCG. Finally, the uptake of niosomes was via energy-dependent endocytosis. The optimised
niosomes have the potential to be used as a dermal carrier for antioxidants and other therapeutic
compounds in the pharmaceutical and cosmetic industries.

Keywords: niosomes; catechin; dermal delivery; antioxidant activity; oxidative stress; skin barrier;
penetration; cellular uptake

1. Introduction

The skin is the largest organ of the human body, which makes it the direct target of
oxidative stress due to the exposure to reactive oxygen species (ROS) from the surrounding
environment. The most important function of human skin is protection by providing
a barrier from pathogens, and physical and chemical damages. It also plays a crucial
role in thermoregulation and endocrine function such as vitamin D synthesis [1,2]. The
skin comprises three layers: the epidermis, which consists of keratinocytes; the dermis
consisting of connective tissue, and the subcutaneous layer [3]. The epidermis can be
divided into four layers, including the stratum corneum (SC), stratum granulosum, stratum
spinosum and stratum basale. The dermis is composed of connective tissues, which are
also rich in glands, white blood cells and blood vessels [4,5]. SC is the highly hydrophobic
surface layer that contains 18 to 21 cell layers and is composed of corneocytes that are
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terminally differentiated keratinocytes anchored in a lipophilic matrix [3,4]. The ‘bricks
and mortar’ model is often employed to describe the structure of SC, in which intercellular
lipid accounts for 10% of the dry weight of this layer, and the rest is an intracellular protein
(mainly keratin). Keratins are a family of alpha-helical polypeptides with a molecular
weight ranging from 40,000 to 70,000 Daltons, making the corneocyte layers dense and
relatively impervious to external compounds [6].

The skin is continuously exposed to environmental threats such as UV radiation,
pollution, micro-organisms, and viruses, which lead to ROS production. ROS are also
formed during the normal cellular metabolism and immune reactions. More than 80%
of environmental ROS that damage the skin is produced by UV [7]. Antioxidants such
as glutathione, ubiquinol and thiols inhibit oxidation reactions by donating electrons to
free radicals [7]. Our bodies also produce enzymatic antioxidants, such as superoxide
dismutase and glutathione peroxidases. Other non-enzymatic antioxidants such as vitamin
E (alpha-tocopherol) and vitamin C (ascorbic acid) are obtained from the diet [8]. However,
the antioxidants produced by our bodies are inadequate to protect against oxidative stress,
and antioxidants are often used as dietary supplements to replenish the level of endogenous
antioxidants and hence help to delay the onset of aging or diseases [8].

Catechins are a group of powerful antioxidants with health-promoting effects, and
epigallocatechin gallate (EGCG) is one of the catechins found in green tea. EGCG has
several beneficial effects on the skin, including anti-aging, anti-inflammatory, and anti-
cancer properties. According to a study, treating normal human epidermal keratinocytes
with EGCG prevented UVB-induced intracellular release of hydrogen peroxide while also
inhibiting UVB-induced oxidative stress-mediated skin damage [9]. EGCG has been shown
to inhibit UV-induced collagen production and collagenase transcription in human dermal
fibroblasts [10]. In addition, on the human model, catechins were shown to have anti-aging
functions [9]. A double-blind, placebo-controlled experiment of adult women found that
catechins can reduce total sun damage when given as oral catechins supplements [11].
The oral administration route is generally the most accepted for drug administration,
particularly for long-term prevention purposes. However, when administered orally,
catechins readily undergo several metabolic transformations by intestinal microflora and
enzymes; therefore, they are poorly bioavailable [12]. The application of EGCG is also
limited by its unstable physiochemical properties, which can be degraded quickly. Many
studies have reported that green tea catechins were vulnerable to degradation caused by
the elevation of temperature, pH, and metal ions of incubation media [13]. The instability
is part of the reason for the poor bioavailability and also presents as an issue in the
manufacturing process. Therefore, the oral bioavailability of catechin represents a big
challenge. Topical application of these bioactive compounds may be able to overcome the
problem, as this route bypasses metabolism by the liver and gastrointestinal track with
relatively low enzymatic degradation. However, the skin barrier, which is due to the SC
layer, impedes the transport of exogenous compounds into the skin and restricts diffusion
of external substances into the deeper dermis layer. Therefore, we hypothesise that loading
EGCG into a drug carrier would help overcome the skin barrier, improve penetration into
the deeper skin layers and improve their stability. The compound can therefore exert its
beneficial effect at the site of interest.

Niosomes are versatile drug carrier systems that have been administered via various
routes; they are surfactant-based nanocarriers that are mainly composed of non-ionic
surfactant and cholesterol [14–17]. Niosomes have been extensively studied in topical
drug delivery due to their ability to significantly improve penetration across the skin
barrier and deposition in the dermis layer [18–24]. Drugs with a variety of physicochemical
properties have been investigated for topical and transdermal delivery using niosomes, for
example, diacerein [25], itraconazole [26], tretinoin [27], salidroside [28] and finasteride [29],
demonstrating their advantages in topical delivery. In addition, a range of bioactive
compounds has also been loaded into niosomes, such as curcumin, rutin, and Ginkgo
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biloba extract [30–32]. Silymarin-loaded niosomes demonstrated superior antioxidant
activity over silymarin suspension in vitro [33].

In formulation development, various factors might impact the final product’s per-
formance. Design of Experiment (DOE) is a planned set-up of experiments to acquire
information efficiently and precisely. It applies to any process that has quantifiable in-
puts and outputs. DOE was first designed for agricultural applications, but it has since
become a frequently used technique in process sectors, including the chemical, food and
pharmaceutical industries [34]. It may be used to explore the effect of multiple variables
on responses by altering them all at once in a small number of tests. By this strategy, the
costs and time involved with the research and production of medicine may be significantly
decreased [34,35]. Furthermore, it aids in the creation of the “best possible” formulation
composition and gives a comprehensive knowledge of the process and product behav-
iors [36]. This study aimed to develop an optimal niosome formulation using the DOE
methodology and evaluate the formulation for topical administration of EGCG for protect-
ing the skin from external oxidative stress. An ex vivo investigation on human skin was
carried out to evaluate drug deposition and the antioxidant activity of the EGCG-niosomes.
The uptake of niosomes by human skin fibroblasts was also investigated.

2. Materials and Methods
2.1. Materials

Span® 60, EGCG ≥ 98% (HPLC), cholesterol (CH), Triton™ X-100, dihexadecyl phos-
phate (DCP), Fluorescein 5(6)-isothiocyanate (FITC), Sulforhodamine B (SRB), trichloroacetic
acid (TCA), dimethyl sulphoxide (DMSO), methanol and acetonitrile (ACN) were pur-
chased from Merck (Merck, Kenilworth, NJ, USA). Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose and L-glutamine, Phosphate-Buffered Saline (PBS), Hank’s
Balanced Salt Solution (HBSS), penicillin-streptomycin, fetal bovine serum of New Zealand
origin (FBS), trypsin-EDTA, DAPI and CellTracker were purchased from Thermo Fisher
Scientific (Auckland, New Zealand). Malondialdehyde (MDA), glutathione peroxidase
(GSH-px) and superoxide dismutase (SOD) kits were purchased from Biovision (Biovision
Inc., Milpitas, CA, USA). Trifluoroacetic acid (TFA) was purchased from Fluka (Fluka,
Darmstadt, Germany). Distilled, deionised water was used throughout and was obtained
from a Millipore water purifier.

2.2. High-Pressure Liquid Chromatography Method for Quantification of EGCG

An Angilent Technologies 1100 series high pressure liquid chromatography (HPLC)
system equipped with a vacuum degasser, autosampler, thermostatted column compart-
ment and photodiode-array detector (PDA) was used. A C18 column (Jupiter, 250 × 4.6 mm,
5 mm, Phenomenex, Torrance, CA, USA) was used for HPLC method development for
EGCG. The mobile phase consisted of Milli Q water (0.1% TFA) and methanol at 75:25 ratio.
EGCG was analysed at flow rate of 0.8 mL/min, with an injection volume of 20 µL and
wavelength of 280 nm at 25 ◦C.

2.3. Preparation of EGCG Loaded Niosomes

A total of 150 mmol of surfactant, cholesterol and DCP (2 µmol) was dissolved in
organic solvents (methanol/chloroform, 4:1, v/v) and then the mixture rotatory evaporated
to form a thin lipid film on the wall at 45 ◦C. The the lipid film was purged with nitrogen
to remove any organic solvents. The thin film was then hydrated with PBS (pH 7.4,
10% ethanol) containing 2 mg of EGCG at 58 ◦C to form EGCG-niosomes. The niosome
suspension was then extruded through a 400 nm polyester membrane with an ER-1 extruder
(Eastern Scientific, Rockville, MD, USA) for 10 cycles and then stored at 20–25 ◦C for the
niosome membrane to anneal.
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2.4. Optimisation of Formulation with Design of Experiment

2.4.1. Formulation Optimisation by 26−2 Fractional Factorial Design

Based on the preliminary experiments and literature study, six independent variables
(factors), namely surfactant type (X1), drug amount (X2), molar ratio of CH to surfactant
(X3), DCP amount (X4), hydration medium volume (X5) and hydration time (X6) were
selected to be evaluated for their effect on drug entrapment efficiency (EE), which was the
dependable variable (response). The six factors were examined on two levels: low and
high, which were represented by transform codes of -1 and +1, respectively. A one-quarter
two-level six-factor (26−2) fractional factorial design comprising 16 runs as highlighted in
the design display table was constructed by Design-Expert® 7.0 (Stat-Ease, Minneapolis,
MN, USA). The factors and levels employed in the design are listed in Table 1. In order to
estimate the experimental error and check the response curvature, duplicates were added
at two centre points (one for each surfactant type), totally giving 20 runs. The batches
were produced in random order. Data analysis was performed by using Design-Expert®

7.0 statistical software. The main effect of variables and interactions were determined
according to the Equation (1) listed below:

EX = y(+1) − y(−1) (1)

Table 1. 2(6−2) screening design, providing values and coded units with centre points.

Factors
Factor Setting

Low (−1) Centre (0) High (+1)

Surfactant type (X1) Tween 40 nil Span 60

Drug amount (mg)
(X2) 1 5.5 10

Molar ratio of CH to
surfactant (X3) 1:4 7:8 3:2

DCP content (µmol)
(X4) 2 6 10

Hydration medium
amount (mL) (X6) 10 17.5 25

Hydration time (min)
(X6) 30 75 120

Contribution was used to determine which factors were larger contributors than others
and it is calculated as:

Contributionxi (%) =
SSxi

SStotal
× 100

where SSxi is the sum of square of factor Xi; SStotal is the total sum of square. The data was
tested for significance by analysis of variance (ANOVA) with a level of significance of 5%
(p = 0.05).

2.4.2. Optimisation of Entrapment Efficiency by Central Composite Design (CCD)

The key variables that were identified to have significant effects on the EE were
subjected to the optimisation step. A CCD was used to determine the optimum conditions
and to investigate how sensitive the response was to the changes in the settings of the
independent variables. The CCD, as described previously, consists of a full factorial design
with centre and star points, which generates enough information to fit a second-order
polynomial model. The two influential factors, namely drug amount (X1) and ratio of CH
to surfactant (X2) were chosen as independent variables and EE was assessed as dependent
variable, the other factors were fixed based on the findings obtained from the screening
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design. A total of 13 experiments were performed, including five replicates on the centre
point which improved the assessment of the response surface curvature and simplified the
estimation of the model error. The levels of the factors in EGCG-niosome optimisation are
shown in Table 2.

Table 2. Optimisation of epigallocatechin gallate (EGCG)-niosome by central composite design.

Factors
Factor Setting

−1.4 −1 Centre (0) +1 +1.4

Drug amount (mg)
(X1) 0.58 1 2 3 3.4

Molar ratio of CH to
surfactant (X2) 3:1 1:2 1:1 3:2 17:10

Data analysis was performed by using Design-Expert® 7.0 statistical software. The data
were tested for significance by analysis of variance (ANOVA) with a level of significance of
5% (p = 0.05). The second-order Equation (2) generated is described as:

y = βo + β1X1 + β2X2 + β11X2
1 + β22X2

2 + β12X1X2 (2)

where y stands for the predicted response (dependent variable), βo is the intercept; β1 − β22
are the regression coefficients; X1 and X2 stand for the main effect of the two factors; X1X2 is
the interactions between the main effects; and X2

1 X2
2 are quadratic terms of the independent

variables that are used to simulate the curvature of the designed space.
Checkpoint analyses were carried out to establish the reliability of the CCD regression

model in describing composition parameters’ effect on entrapment efficiency. The optimum
point was chosen according to the prediction based on the second-order equation. Predicted
and experimental values were compared to determine the correlation extent between the
actual and predicted responses.

2.5. Characterisation Studies
2.5.1. Particle Size, Size Distribution and Zeta Potential Analysis

The mean particle size and polydispersity index (PDI) of the optimised EGCG niosome
was determined by dynamic light scattering using the photon correlation spectroscopy
(PCS) technique using a Zetasizer (Malvern instruments, Malvern, UK). A dilute suspension
of the niosomes was prepared with Milli Q water. The size measurement was performed in
triplicate at 25 ◦C.

The zeta potential (ζ), is an indicator of particle surface charge, which may arise from
the adsorption of a charged species and/or from ionization of groups that at the surface
of the formed particles. It determines particles’ stability in dispersion. To measure zeta
potential of the optimised EGCG niosome, they were dispersed into Milli Q water (pH 7)
and measured in triplicate using the Malvern Zetasizer.

2.5.2. Entrapment Efficiency (EE%)

To separate the free and entrapped drugs, ultracentrifugation was used. In summary,
the niosomal dispersion was centrifuged for 1 h at 4 ◦C at 41,000 rpm using a WX80
centrifuge (Beckman Sorvall, Waltham, MA, USA). The amount of EGCG in the supernatant
was measured with HPLC (Agilent LC1100, Santa Clara, CA, USA) after particle separation
by centrifugation. Then the niosome pellets were gently rinsed with PBS and then dissolved
in a methanol solution containing 10% Triton™X-100 solution and then sonicated in a
water bath sonicator for 10 min. The resulting liquid was filtered and then subjected to
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concentration determination by HPLC. The following Equation (3) was used to calculate
the entrapment efficiency:

Entrapment e f f iciency =
(Total drug − Free drug)

Total drug added
× 100% (3)

2.5.3. Morphology by Scanning Electron Microscopy (SEM)

SEM (XL30S FEG, Philips, Eindhoven, Netherlands) was used to study the optimised
niosomes’ morphology. The niosome dispersion was diluted 20 times with Milli Q water
before being dried on the grid. Gold and palladium sputter coating was applied before
morphological evaluation at 25 kV.

2.5.4. Differential Scanning Calorimetry (DSC) and Fourier Transform Infra-Red
Spectroscopy (FTIR)

IR spectroscopy and DSC were used to investigate the drug’s interaction and entrap-
ment in the vesicular structure. DSC (TA Instruments, New Castle, DE, USA,
Q2000+ RCS40) was used to analyse the thermal properties of the optimised niosomes.
Span60®, cholesterol, pure drug, and a physical mixture of these components and the
lyophilised niosomes were placed into T-zero aluminum pans and hermetically sealed. The
temperature rises to 200 ◦C at a rate of 10 ◦C/min from a starting temperature of 20 ◦C for
all experimental runs.

FTIR spectra of the individual and mixture of formulation components and lyophilized
niosomes were determined using a Bruker FTIP tensor 37 (Bruker Optics, Billerica, MA,
USA) at a 4 cm−1 resolution between 500 and 4000 cm−1.

2.6. In Vitro Drug Release

In vitro release of drug-loaded EGCG-niosomes was studied using a Franz diffusion
apparatus (FDC-6, Logan Instrument Corp, Somerset, NJ, USA). EGCG solution containing
the equivalent quantity of EGCG as the drug loaded niosomes was used as a control.
EGCG-niosomes and drug solution were added to the donor compartment of the Franz
diffusion cell, with a cellulose membrane (MW 12,000–14,000, Membra-Cel ®, Viskase,
Lombard, IL, USA) sandwiched between the donor and receptor chambers. The receptor
chamber was filled with PBS (pH 5.5) and the temperature was maintained at 37 ± 1 ◦C.
Aliquots (400 µL) were withdrawn at pre-determined time points (15 min, 30 min, 1 h,
2 h, 3 h, 4 h, 6 h, 8 h, 12 h and 24 h) and replaced with fresh PBS (400 µL). The samples
were centrifuged at 13,000 rpm for 30 min, and the supernatant was filtered (0.22 µm) and
analysed with the HPLC method.

To determine the release mechanism, the release data were fitted into the Korsmeyer–
Peppas model:

Qt = Kktn

where Qt is the cumulative drug released at time t, kk is a kinetic constant characteristic of
the drug/polymer system, and n is an exponent describing the release mechanism.

2.7. Ex Vivo Skin Permeation and Deposition Studies
2.7.1. Skin Permeation Studies

The full-thickness skin samples were kindly donated by patients who underwent
elective skin reduction surgeries at Middlemore hospital, Auckland. This project has been
approved by the University of Auckland’s Human Participants Ethics Committee (approval
number: 010990). The skin samples were stored at −20 ◦C immediately after the surgeries
and used within one month.

The ex vivo skin permeation and deposition studies were carried out using Franz
diffusion apparatus (FDC-6, Logan Instrument Corp, Somerset, NJ, USA). EGCG-niosomes
and drug solution were added to the donor compartment of the Franz diffusion cell, with a
piece of full-thickness human skin sandwiched between the donor and receptor chambers
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(effective diffusional area: 1.77 cm2). The receptor chambers were filled with PBS (pH 5.5)
and the temperature was maintained at 37 ± 1 ◦C. Prior to the experiments, the integrity of
the skin samples was verified by a Millicell-ERS equipment (Millipore, Burlington, MA,
USA) to determine the electrical resistance (ER) across the skin. The skin samples that had
an ER value above the cut-off value of 27.4 kΩ·cm2 were used in the study and equilibrated
in PBS for 4 h before the study. For the permeation test, EGCG-niosome suspension and
EGCG solution (containing an equivalent amount of EGCG as the drug loaded niosomes)
were added to the donor compartments. Aliquots (400 µL) were withdrawn at 12 h and
24 h and replaced with fresh PBS (400 µL). The samples were centrifuged at 13,000 rpm
for 30 min, and the supernatant was filtered (0.22 µm) and the drug concentration was
determined by HPLC.

2.7.2. Drug Deposition in the Skin

The skin tissues were removed from the Franz diffusion cells after 12 h and 24 h of the
deposition study, and the surface of the skin tissue was thoroughly cleaned with methanol
and then placed on a tissue cutting board. The SC layer of the skin was removed by a
tape-stripping method with Scotch® Magic tapes (3M, Maplewood, MN, USA) [37]. A tape
and a 2 kg weight were placed on each skin sample for 10 s, then peeled with forceps, and
15 strippings were applied consecutively to remove the SC. Subsequently, the skin was
cut into smaller pieces and 60 mg of skin tissue was placed in a MACS™ tube (Mitenyi
Biotec Inc, Cambridge, MA, USA) with methanol, then dissociated using a dissociator
(Mitenyi Biotec Inc, Cambridge, MA, USA). Protein was precipitated by adding TCA, then
centrifuged at 13,000 rpm for 30 min, and the supernatants were filtered and analysed
by HPLC.

2.7.3. Visualisation of Skin Penetration and Deposition

FITC was added to the hydration medium to prepare FITC-labelled niosomes. Full-
thickness human skin was placed between the donor and the receptor chamber of the Franz
cells, and FITC labelled niosomes were added to the donor compartment. The skin samples
were removed after 12 h and thoroughly cleaned. They were frozen and directly embedded
in wax and then cut into sections with a microtome. The tissue sections were fixed on
glass slides and then observed using a fluorescence microscope (DMIL LED, Leica, Wetzlar,
Germany), and the images were captured.

2.8. Antioxidant Effect of EGCG Loaded Niosomes on Human Fibroblasts
2.8.1. Cell Culture

The primary human fibroblasts (Fbs) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were routinely maintained in complete
DMEM medium in T-75 tissue culture flasks (Corning, Phoenix, AZ, USA) at 37 ◦C in
an atmosphere of 5% CO2 and 95% relative humidity. Complete DMEM medium was
prepared by adding 10% fetal bovine serum, 1% penicillin-streptomycin-glutamine, and 1%
nonessential amino acids. Culture medium was changed every 2 days until cells grew to
90% confluence.

2.8.2. Cellular Viability after UVA-Irradiation Using Sulforhodamine B (SRB) Assay

Optimised EGCG-loaded niosomes were prepared and centrifuged as per the above-
mentioned method and were resuspended in cell culture medium. Fbs were seeded in
96-well plates (5000 cells/well) 24 h before UVA-irradiation to allow cells to attach. To
administer UVA-irradiation, a UVA lamp (EN-160 L/FE, Spectroline, Melville, NY, USA)
with a dose of 0.72 J/cm2 and wavelength of 320–400nm and wave peak at 365 nm was used.
After irradiation, EGCG niosome suspension and free EGCG in culture medium solution
were added to the 96-well and incubated for 24 h. The SRB assay was used to assess the cell
viability. Briefly, the cells were gently washed with ice-cold PBS and fixed with 10% TCA,
then 0.1 mL of 0.4% (w/v) SRB in acetic acid was added to stain the cellular proteins. The
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cell-bound dye was extracted using 0.1 mL 10 mM unbuffered Tris base solution (pH 10.5),
and absorbance was measured at 596 nm with a plate reader (SpectraMax® Plus, Molecular
Devices, San Jose, CA, USA). Cell viability was expressed as a percentage of the control.

2.8.3. Intracellular MDA Level and the Antioxidant Enzyme Activities

EGCG and EGCG niosomes were diluted with a serum-free medium and then added to
the cells after being irradiated by UV light and then cultured for 24 h. After incubation, cells
were removed from the 6-well plate and the amount of MDA was determined by the MDA
assay kits. The antioxidant enzyme activities of SOD and GSH-px were determined using
the same method described above, and the cellular enzymatic activities were determined
using the respective assay kits.

2.9. Cellular Uptake of Niosomes by Human Fibroblasts

FITC was added to the hydration medium to prepare FITC-labelled niosomes, then
subjected to centrifugation to remove free FITC. The niosome pellets were then resuspended
in the medium and diluted to the predetermined concentrations. The control solution was
prepared by dissolving FITC in DMSO and then diluted with the medium. For the uptake
studies, Fbs suspension (5 ×105 cell in 5 mL) was seeded onto Petri dishes (100 mm,
Corning, Phoenix, AZ, USA), fed with completed DMEM every 2 days and incubated at
37 ◦C in an atmosphere of 5% CO2 and 95% relative humidity to allow cells to attach and
proliferate. On reaching 90% confluence, the culture medium was replaced with 2 mL of
HBSS. After incubation at 37 ◦C for 15 min, the HBSS was replaced with FTIC-labelled
niosomes at concentrations from 50 to 2000 µg/mL to determine the effect of concentration
on cellular uptake; to study the effected of incubation temperature and duration, FITC-
labelled niosomes were incubated with Fbs at 4 and 37 ◦C for 0.5–24 h and at 37 ◦C for
0.5–24 h, respectively. Then the cells were washed with ice-cold HBSS for three times
and then the cells were collected into a tube containing lysis medium (Methanol with
10% Triton™ X-100 solution), followed by ultrasonication for 15 min. Finally, 25 µL of
the cell lysates was subjected to BCA protein assay using a Pierce® BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA) to determine the amount of protein in the
cells. The remainder of the cell lysates were subjected for quantitative measurement using
a fluorescein spectrophotometer (PerkinElmer Precisely, Waltham, MA, USA), at excitation
wavelength of 495 nm, emission wavelength of 525 nm.

A Confocal Laser Scanning Microscope (CLSM) was used to examine whether nio-
somes were taken up and localised intracellularly or were simply adsorbed onto the cell
surface. Fbs were transferred into 2-well chamber slides (BD Falcon, Phoenix, AZ, USA) at
a density of 2 × 105 cells/well (5 × 104 cells/cm2) and grown in complete DMEM culture
medium. The cells were treated with FITC-labeled niosome (2 mL) at the given doses for
2 h at 37 ◦C. After incubation, the cells were washed with ice-cold HBSS and then incubated
with serum free medium for 15 min. Then the medium was withdrawn and a cytoplasm
dye (CellTracker, Invitrogen, Auckland, New Zealand) (5 µM) in serum-free medium for
30 min in a cell incubator at 37 ◦C. After incubation, the cells were washed with PBS
followed by a fixation solution of 3% paraformaldehyde for 30 min at room temperature.
Then nuclei staining dye, DAPI (100 nM) (Invitrogen, Auckland, New Zealand) was added
to the cells for 3 min. The culture chambers were removed, and the slides were rinsed and
mounted with CITI-Fluor (Electron Microscopy Sciences, Hatfield, PA, USA). Coverslips
were cemented in place with application of nail polish around their edges. Then the slides
were observed by a confocal microscope FV1000 (Olympus, Hamburg, Germany).

2.10. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism® (GraphPad, San Diego,
CA, USA) version 8.0 software via one-way ANOVA. A p-value of < 0.05 was considered
the minimum level of significance. All data were expressed as mean ± SD.
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3. Results
3.1. Formulation Development and Optimisation

Six formulation variables: surfactant type (X1), drug amount (X2), molar ratio of CH to
surfactant (X3) and DCP (X4), hydration medium amount (X5) and hydration time (X6) were
selected, and their effect on drug entrapment efficiency (Y) was evaluated. The experimental
matrix for EGCG-niosome and responses of different batches obtained are presented in
Table 3. The EE of EGCG in the niosomes had a range from 2.3 to 49%, suggesting that
the factors investigated were influential on the drug encapsulation. Calculations were
carried out based on the responses to determine the main effects of the factors and the
interaction effects

Table 3. Screening design of EGCG-niosome showing variables in coded values and response EE (%).

Run Number
Variables Response (Y);

EE (%)X1 X2 X3 X4 X5 X6

1 1 1 −1 −1 1 1 2.3

2 1 1 1 1 1 1 47.9

3 1 1 1 −1 1 −1 24.5

4 −1 1 1 1 −1 1 5.7

5 −1 1 1 −1 −1 −1 12.6

6 −1 1 −1 1 1 −1 27.8

7 1 −1 1 −1 −1 1 49.0

8 1 −1 −1 1 1 1 15.8

9 1 −1 1 1 −1 −1 45.8

10 −1 0 0 0 0 0 18.3

11 −1 −1 1 1 1 1 22.7

12 −1 −1 −1 1 −1 1 17.0

13 1 1 −1 −1 −1 1 30.0

14 1 0 0 0 0 0 42.7

15 −1 0 0 0 0 0 24.6

16 −1 −1 −1 −1 1 1 46

17 1 −1 −1 −1 1 −1 48.7

18 −1 −1 −1 −1 −1 −1 21

19 1 1 −1 1 −1 −1 38.7

20 1 0 0 0 0 0 24.8

The results calculated to determine the main effects of the factors and the interaction
effect are shown in Table 4.

After the estimation of the main effects, ANOVA was performed to determine the
significant factors. The ANOVA results of the EGCG-niosome are shown in Table 5.
A p value less than 0.05 (p < 0.05) indicated the effect was statistically significant. In
this screening, surfactant type (X1), drug amount (X2), and the ratio of CH to surfactant
(X3) were significantly influential on the response. The ANOVA showed that none of the
two-factor interactions had a significant effect in the EGCG-niosome screening experi-
ment. Surfactant type (X1), drug amount (X2) and the ratio of CH to surfactant (X3) were
significantly influential factors on EE. Surfactant type (X1) played an important role in
determining EE, and therefore, in the optimisation step, Span 60 was used, whereas drug
amount (X2) and the ratio of CH to surfactant (X3) were optimised.
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Table 4. Main effects of single factors and two-factor interactions in EGCG-niosome
variable screening.

Factor
Response (EE%)

Standardized Effect Contribution (%)

X1-Surfactant 15.58 28.64

X2-Drug amount −6.98 5.74

X3-Molar ratio of CH to surfactant −9.20 9.99

X4-DCP content −1.00 0.12

X5-Hydration amount −0.06 0.04

X6-Hydration time −0.93 0.01

[X1 X2] = X1 X2 + X3 X5 2.60 0.80

[X1 × 3] = X1 X3 + X2 X5 −0.52 0.03

[X1X4] = X1 X4 + X5X6 1.82 0.39

[X1X5] = X1 X5 + X2 X3 + X4 X6 −6.22 4.57

[X1X6] = X1X6 + X4 X5 −2.65 0.83

[X2X4] = X2 X4 + X3 X6 6.48 4.83

[X2X6] = X2 X6 + X3 X4 1.50 0.27

Table 5. Summary of analysis of variance (ANOVA) for the 2(6−2) factorial design for EGCG-niosome
variable screening.

Source Sum of
Squares Df ** Mean

Square F Value p-Value

Model 4566.98 13 352.25 9.12 0.023

X1-Surfactant 32.49 1 32.49 0.84 0.411

X2-Drug amount 2213.7 1 2213.7 57.32 0.002 *

X3-Molar ratio of CH to
surfactant 566.40 1 566.44 14.67 0.019 *

X4-DCP content 257.60 1 257.60 6.67 0.061

X5-Hydration amount 277.22 1 277.22 7.18 0.055

X6-Hydration time 707.56 1 707.56 18.32 0.013 *

[X1 X2] = X1 X2+ X3 X5 31.56 1 31.36 0.81 0.419

[X1X3] = X1 X3+ X2 X5 58.52 1 58.52 1.52 0.286

[X1X4] = X1 X4+ X5X6 102.01 1 102.01 2.64 0.179

[X1X5] = X1 X5+ X2 X3+
X4 X6

72.25 1 72.25 1.87 0.243

[X1X6] = X1X6+ X4 X5 238.70 1 238.70 6.18 0.068

[X2X4] = X2 X4+ X3 X6 12.60 1 12.60 0.33 0.598

[X2X6] = X2 X6+ X3 X4 13.69 1 13.69 0.35 0.584

Lack of fit 21.84 2 10.92 0.16 0.859

Pure Error 123.73 2 61.86

Cor Total *** 5784.34 19
* statistically significant p < 0.05, R-Squared = 0.96, Adj R-Squared = 0.861, Pred R-Squared = 0.598. ** df: degree
of freedom. *** Cor Total: corrected total sum of square.
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3.2. Optimisation of EE by CCD

In this step, significant factors detected by the screening design were optimised using
a CCD. This design provides a solid foundation for generating a response surface plot,
from which it is possible to get a target response. In the current study, it was the maximum
EE% that the optimisation aimed to achieve. Transformed values of all the batches along
with results of EGCG-niosome are shown in Table 6.

Table 6. Optimisation design of EGCG-niosome showing variables in coded values and responses.

Run Number Type X2 X3

Response
Entrapment Efficiency

(%)

1 Center 0 0 49.1

2 Axial 0 −1.4 47.5

3 Fractional −1 +1 11.6

4 Center 0 0 54

5 Center 0 0 39.1

6 Axial 0 +1.4 7.3

7 Fractional −1 −1 43.6

8 Axial +1.4 0 12.1

9 Center 0 0 46

10 Fractional +1 −1 34.6

11 Fractional +1 +1 12.8

12 Axial −1.4 0 30.5

13 Center 0 0 47.1

Equation (4) below represents the polynomial model for EGCG-niosome as obtained
from the above experiment.

Y(EE%) = 47.06 − 3.98X2 + 2.61X3 − 4.30X2
2 − 2.14X2

3 − 0.61X2X3 (4)

The correlation coefficient (r2) of 0.92 indicated that the model fitted the data very well
and the ANOVA of the model reported a high significance (p < 0.001) (Table 7). The three-
dimensional response surface and contour plots showing the variation in the entrapment
efficiency with changes in drug amount (X2) and CH to surfactant ratio (X3) are presented
in Figure 1. The highest EE was predicted to be achieved when drug amount (X2) is 1.4 mg
and the molar ratio of CH to surfactant (X3) is 0.9.

Table 7. Analysis of Variance (ANOVA) of the drug entrapment efficiency.

Source Sum of Squares Df ** Mean Square F Value p-Value

Model 3232.04 5 646.81 27.8 0.0002

X2-drug amount 1530.47 1 1530.47 65.78 0.0001 *

X3-Molar ratio of CH to surfactant 142.99 1 142.99 6.15 0.0423 *

X2X3 26.01 1 26.01 1.12 0.3255

X2
2 1096.54 1 1096.54 47.13 0.0002

X3
2 628.49 1 628.49 27.01 0.0013
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Table 7. Cont.

Source Sum of Squares Df ** Mean Square F Value p-Value

Residual 162.86 7 23.27

Lack of fit 46.05 3 15.35 0.53 0.6879

Pure Error 116.81 4 29.20

Cor Total *** 3396.90 12

* statistically significant p < 0.05; ** df: degree of freedom; *** Cor Total: corrected total sum of square.
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3.3. Check Point Analysis

Having studied the effect of independent variables on the response, EE%, the levels
of the factors were further determined by the optimisation process. Check points were
evaluated to confirm the mathematic models’ predictivity by comparing the experimental
EE (mean value out of four experiments) with the predicted value. In EGCG-niosome,
the average experimental EE was 53.05 ± 4.46%, which was close to the predicted value
EE of 53% with low percentage of bias (0.4%), suggesting that the optimised formulation
parameters were reliable. The optimised formulation composition for EGCG-niosome
is shown in Table 8, and the following characterisation studies were carried out on the
optimised EGCG-niosome.
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Table 8. Optimised formulation composition for EGCG-niosome.

Formulation Variables EGCG-Niosome

Surfactant (X1) Span 60

Drug amount (mg) (X2) 1.4

Molar ratio of CH to surfactant (X3) 0.9

DCP amount (µmol) (X4) 2

Hydration medium volume (mL) (X5) 10

Hydration time (h) (X6) 2

EE (%) 53.05 ± 4.46

3.4. Characterisation of EGCG-Loaded Niosomes

The developed HPLC method was validated for linearity, repeatability, accuracy and
sensitivity as per International Conference on Harmonisation (ICH) Q2(R1) guidelines.
The standard curve was linear in the range between 1.93 to 145 µg/mL with a correlation
coefficient (r2) of 0.999. Percentage of coefficient of variation (% CV) was determined
to assess instrumental precision; both instrumental precision and intra-assay precision
had % CV of less than 1.5%, indicating the method for EGCG is precise. Intermediate
precision of the method was determined by assessing intra-day and inter-day repeatability;
the % CV values were below 2.5%, which is acceptable according to the ICH guidelines.
The sensitivity of the method was determined by limit of detection (LOD) and limit of
quantification (LOQ), which were 0.33 µg/mL and 0.98 µg/mL, respectively.

3.5. Particle Size, Size Distribution, Zeta Potential Analysis and EE%

The average particle size of optimised EGCG-niosomes was 235.4 ± 15.64 nm, and
the PDI value was 0.267 ± 0.053. A PDI of less than 0.5 indicates a narrow distribution of
the particles [17]. EGCG-niosomes had a zeta potential of −45.2 ± 0.03 mV and EE% of
53.05 ± 4.46%.

3.6. Morphological Study

As shown in Figure 2, the niosomes were 200 to 300 nm, spherical in shape with
a closed vesicular structure and narrow size distribution. These findings were consistent
with the size determined by the Zetasizer.
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3.7. DSC and FTIR

The DSC curves of the optimised EGCG niosomes, physical mixture of the formulation
components, cholesterol, surfactant and EGCG are shown in Figure 3a. The endothermic
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peaks for Span 60 and cholesterol were 53 ◦C and 149 ◦C, respectively, which correspond
to their melting points. The endothermic transition of EGCG (120 and 225 ◦C) are also
reported in other studies. The physical mixture of formulation components showed similar
transitions as EGCG and surfactant, where the characteristic peaks were not observed
with EGCG niosomes. Additional peaks were found in EGCG niosomes between 100
to 150 ◦C, indicating there were interactions between the excipients. A large peak that
appeared between 200 and 300 ◦C in EGCG-niosomes may suggest drug and excipient
breakdown. FTIR spectroscopy verified the above results (Figure 3b. The FTIR graph
showed the characteristic peaks for EGCG such –C–O stretching at 1200–1000 cm−1 and
–C=C stretching at 1600–1500 cm−1. The spectrum of EGCG niosomes was similar to
the surfactant; the other characteristic peaks were not observed, which confirmed the
encapsulation of EGCG.
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3.8. In Vitro Drug Release Profile

The in vitro drug release of EGCG from niosomes was examined using Franz diffusion
cells. Figure 4 shows the release profile for control (EGCG solution) and EGCG-niosomes.
Within 2 h, the EGCG solution was released immediately. The EGCG-niosomes, on the
other hand, displayed a biphasic phase; around 35% of EGCG were released from the
niosomes within the first 3 h, and then a sustained release was observed over 21 h, with
73% of EGCG was release at the end of the study. As shown in Table 9, the release data
was fitted in several mathematical models of release kinetics. Based on the results, EGCG
release from niosomes followed the Korsmeyer–Peppas model (r2 = 0.996). The release
exponents were found to be 0.461, which indicates the drug release was governed by an
anomalous diffusion mechanism with multiple steps.
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Figure 4. In vitro drug release of EGCG-niosomes and EGCG solution (mean ± SD, n = 3).

Table 9. Drug release kinetic parameters of EGCG niosomes.

Formulation
Korsmeyer-Peppas Model Higuchi Model First-Order Zero-Order

r2 n kk r2 kh r2 k1 r2 k0

EGCG-niosomes 0.996 0.461 3.885 0.876 2.555 0.832 0.002 0.521 0.077

3.9. Ex Vivo Skin Permeation and Deposition Studies

No drug was found in the receptor chamber at the end of the permeation study, and this
could be caused by hydrolysis of EGCG in the aqueous medium and the limited sensitivity
of the HPLC method. Figure 5 shows the amount of EGCG deposited in the human skin
from niosomes and EGCG solution at 12 and 24 h. The deposition of EGCG-solution
were 30.02 ± 2.45 µg/cm2, 29.00 ± 1.36 µg/cm2 at 12 h and 24 h, respectively. The drug
deposition levels of EGCG-niosome were 69.0 ± 13.87 µmg/cm2 and 54.38 ± 8.86 µmg/cm2

at 12 h and 24 h, respectively. When the deposition of the EGCG-niosome and the drug
solution was compared at 12 and 24 h, it was discovered that the deposition from the
EGCG-niosome was about 2-fold higher than that of the drug solution.
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3.10. Visualisation of Skin Penetration and Deposition

A small amount of fluorescence was seen in the epidermis after 12 h of ethanol solution
application (Figure 6). On the other hand, the niosome carrier improved fluorescence pene-
tration through the SC and greater fluorescence intensity can be observed in the epidermis
and dermis. This result matched with the results obtained from the deposition studies and
confirmed that niosome could increase drug deposition into the human skin layers.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 17 of 25 
 

 

3.10. Visualisation of Skin Penetration and Deposition 

A small amount of fluorescence was seen in the epidermis after 12 h of ethanol solu-

tion application (Figure 6). On the other hand, the niosome carrier improved fluorescence 

penetration through the SC and greater fluorescence intensity can be observed in the epi-

dermis and dermis. This result matched with the results obtained from the deposition 

studies and confirmed that niosome could increase drug deposition into the human skin 

layers. 

 
Figure 6. Sections of the full-thickness human skin after been treated with Fluorescein 5(6)-isothio-

cyanate (FITC) solution (a) and FITC-loaded niosomes (b) after 12 h. 

3.11. The Pharmacological Effects of EGCG-Niosomes on Fbs 

3.11.1. Cell Viability after UVA-Irradiation 

UVA-irradiation caused substantial reduction in cell viability of 40% when compared 

to control (p < 0.05) (Figure 7a). Fbs treated with EGCG-niosomes demonstrated higher 

viability, (p < 0.05) as compared to the UVA-irradiation group, considerably greater than 

the group treated with EGCG (p < 0.05). 

3.11.2. Intracellular MDA Level and the Antioxidant Enzyme Activities 

The extent of cellular lipid peroxidation can be determined by measuring intracellu-

lar MDA levels. As shown in Figure 7b, intracellular MDA levels after UVA-irradiation 

was 5.12 ± 0.76 µmol/L/mg protein, which was significantly higher compared to untreated 

cells (p < 0.01), showing that UVA has a strong oxidative effect on skin cells. The intracel-

lular MDA levels of Fbs treated with EGCG-niosomes were much lower (0.80 ± 0.33 

µmol/L/mg protein) compared to Fbs treated with free EGCG (2.08 ± 0.33 mol/L/mg pro-

tein). Figure 7c,d shows that the activity of the intracellular antioxidant enzymes follow-

ing UVA-irradiation were reduced significantly for both SOD and GSH-px. EGCG-nio-

some had a greater enhancing effect on the SOD activity compared to the pure drug, but 

the difference was insignificant (p > 0.05) (Figure 7c), the level of SOD was 36.48 ± 1.98 

µ/L/mg protein, the group treated with free EGCG was 31.92 ± 1.67 µ/L/mg protein. The 

GSH-px level in Fbs after UVA irradiated was increased by EGCG-niosomes to 12.53 ± 

0.01 mU/L/mg protein, significantly higher when compared to the group treated with free 

EGCG (10.88 ± 0.55 mU/L/mg protein) (p < 0.05) (Figure 7d). 

Figure 6. Sections of the full-thickness human skin after been treated with Fluorescein 5(6)-
isothiocyanate (FITC) solution (a) and FITC-loaded niosomes (b) after 12 h.

50



Pharmaceutics 2022, 14, 726

3.11. The Pharmacological Effects of EGCG-Niosomes on Fbs
3.11.1. Cell Viability after UVA-Irradiation

UVA-irradiation caused substantial reduction in cell viability of 40% when compared
to control (p < 0.05) (Figure 7a). Fbs treated with EGCG-niosomes demonstrated higher
viability, (p < 0.05) as compared to the UVA-irradiation group, considerably greater than
the group treated with EGCG (p < 0.05).
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Figure 7. (a) Cellular viability after UVA-irradiation and treatment with EGCG and EGCG-niosomes.
The effect of EGCG and EGCG niosomes on (b) intracellular malondialdehyde (MDA) level (b),
(c) superoxide dismutase (SOD) and (d) glutathione peroxidase (GSH)-px after UVA-irradiation
(mean ± SD, n = 3).

3.11.2. Intracellular MDA Level and the Antioxidant Enzyme Activities

The extent of cellular lipid peroxidation can be determined by measuring intracellular
MDA levels. As shown in Figure 7b, intracellular MDA levels after UVA-irradiation was
5.12 ± 0.76 µmol/L/mg protein, which was significantly higher compared to untreated cells
(p < 0.01), showing that UVA has a strong oxidative effect on skin cells. The intracellular
MDA levels of Fbs treated with EGCG-niosomes were much lower (0.80 ± 0.33 µmol/L/mg
protein) compared to Fbs treated with free EGCG (2.08 ± 0.33 mol/L/mg protein).
Figure 7c,d shows that the activity of the intracellular antioxidant enzymes following UVA-
irradiation were reduced significantly for both SOD and GSH-px. EGCG-niosome had a
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greater enhancing effect on the SOD activity compared to the pure drug, but the difference
was insignificant (p > 0.05) (Figure 7c), the level of SOD was 36.48 ± 1.98 µ/L/mg protein,
the group treated with free EGCG was 31.92 ± 1.67 µ/L/mg protein. The GSH-px level in
Fbs after UVA irradiated was increased by EGCG-niosomes to 12.53 ± 0.01 mU/L/mg pro-
tein, significantly higher when compared to the group treated with free EGCG
(10.88 ± 0.55 mU/L/mg protein) (p < 0.05) (Figure 7d).

3.12. Cellular Uptake of Niosome by Fbs Cells

Three factors influenced cellular uptake including niosome concentration, exposure
duration, and incubation temperature were studied. Figure 8a shows that increasing the
concentration from 50 to 500 µg/mL enhanced cellular uptake, but a further increase from
500 µg/mL did not lead to further increase. Figure 8b shows that cellular uptake was
time dependent. Maximum uptake was reached after 3 h before it was declining. At
37 ◦C, cellular absorption was 6.89 µg FITC/mg protein, 6-fold higher than at 4 ◦C (0.90 µg
FITC/mg protein), which indicated that this process requires energy. No cellular uptake
was observed in cells incubated free FITC and no intercellular fluorescence was detected.
Confocal microscopy was used to examine whether niosomes were taken up into the cells;
it provides the observation of a three-dimensional cross-sectional images of the cells and
the location of niosomes within the cells. Labelling the cells with CellTracker and DAPI
allowed the cells to be visible under the microscope.
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Figure 8. (a) Effects of niosome concentrations and (b) duration of exposure on the uptake of vesicles
by Fbs.

Figure 9a,b illustrates the distribution of green FITC-labelled niosomes inside Fbs after
2 h of uptake. The images indicated that the niosomes were distributed throughout the
cytoplasm and perinuclear region. The planar section observation confirmed that FITC was
internalised rather than just adsorbing on the cell membranes.
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Figure 9. Confocal laser scanning microscopy images of Fbs after incubation with FITC-labelled
niosomes for 2 h at 37 ◦C showing perinuclear accumulation of particles. Nuclei: blue (a), FITC-
labelled niosomes: green (b), cytoplasm: red (c), merged images (d) confirming uptake of intake
niosomes. Eight images of optical sections taken in the vertical axis at interval of 1 µm from the apical
surface (e–l) from left to right; top to bottom, depths 0, 1, 2, 3, 4, 5, 6 and 7 µm, demonstrating particle
internalisation. Magnification (600×).

4. Discussion

In this study, EGCG-loaded niosomes were fabricated and optimised by using first a
26−2 fractional factorial design followed by a central composite design. The development
of niosomes involves many factors, which may affect their properties such as size and
encapsulation of the drug in niosomes. The traditional experimental approach implies
altering one factor at a time while keeping the other constant. In this case, to evaluate a
certain number of factors, a great effort and long period of time are required. In contrast
to the traditional method, utilisation of fractional factorial design is able to provide the
maximum amount of information with the least experiments [38]. From a pharmaceutical
viewpoint, EE is one of the most important attributes of niosome formulation; a high EE
would result in less time and effort spent removing unentrapped material and a greater
therapeutic effect of the product [39].

The effect of drug content used in preparation on EE% was statistically significant.
Generally, increasing drug amount led to improved EE, but in the EGCG-niosomes, further
increase in the drug amount above 1.4 mg showed a decrease of EE. This might be due
to saturation of drug entrapment, i.e., further addition of the drug was not able to induce
more drug entrapped. The ratio of CH to surfactant was found to significantly influence
the entrapment of the EGCG-niosome. CH acts as a membrane stabiliser. It increases
rigidity of the bilayer and reduces leakage of drugs from the vesicles; it has been reported
that as the amount of CH increases in the formulation, the entrapment efficiency of the
drug also increases [40]. Nevertheless, the addition of CH above a certain level may cause
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disruption of the regular vesicle structure, thus decreasing the entrapment [41]. This finding
is consistent with those reported by other researchers. Incorporation of CH into Span
60 niosome loaded with flurbiprofen resulted in an increase of EE from 55% to 67%, but
EE was reduced by 30% when CH was increased to 60% [42]. The EE of caffeine decreased
from 80% to 50% when the molar ratio of CH to surfactant increased from 3:7 to 3:5 [43].
In the current CCD study, it was obvious that the response surface had curvature in
the optimisation phase of both niosome formulations. It indicated that in both niosome
preparation, as the CH amount in preparation increased, the EE increased at first, whereas
after a certain level, further increase of CH caused a decrease of EE.

The optimised nano-size EGCG-niosomes had an average particle size of
235.4 ± 15.64 nm and a zeta potential of −45.2 ± 0.03 mV. SEM confirmed the findings
obtained from Zetasizer, that niosomes were in the 200 to 300 nm size range with a narrow
distribution. In topical drug delivery, the particle size of the carriers plays an important
role in penetration across the skin barrier. Studies have shown that when the particle
size of carriers is greater than 600 nm, no skin deposition was observed. Carriers with
a smaller particle size, such as 300 nm promote dermal delivery, while a size lower than
300 nm may result in excessive transdermal drug transport [17]. The zeta potential is an
extremely useful measure of a formulation’s stability. A zeta potential of less than −30 mV
indicates high stability [44]. Adding DCP in the EGC-niosomes resulted in a much lower
zeta potential than −30 mV.

The EGCG-niosomes achieved a high EE of 53.05 ± 4.46%, and DSC and FTIR showed
that EGCG was successfully encapsulated in the niosomes. In EGCG-niosomes, an ad-
ditional peak was observed between 100 to 150 ◦C, indicating a surfactant-cholesterol
interaction. This interaction is crucial, as CH acts as a membrane stabiliser in niosomes.
Drug release from EGCG-niosomes showed a biphasic pattern, where an initial burst release
and a subsequent slow release were observed. The release kinetics followed the Korsmeyer
release model, (r2 = 0.996), demonstrating an anomalous diffusion mechanism regulated
by many processes [45,46]. When it comes to topical drug delivery, this type of release
pattern is appealing because the initial fast release improves drug penetration, while the
subsequent sustained release provides the drug delivery over a longer period to maintain a
therapeutic level in the skin and reduces the frequency of reapplication [47–49].

According to research, the use of the niosome carrier has a considerable impact on
enhancing topical drug penetration, as well as increasing drug deposition in the human
skin, which are both advantageous for dermal formulations. As such, niosomes have been
extensively used in topical treatments [17,21,28,50,51]. A number of theories have been put
forward to explain their ability to enhance penetration, firstly the adsorption and fusion of
carriers onto the skin’s surface results in a significant thermodynamic activity gradient of
the drug at the surface of the carriers and the skin’s surface, which serves as a driving force
for drug penetration into the skin [52–54]. Secondly, disruption of the tightly packed lipids
that occupy the extracellular spaces of the SC increases drug permeability through structural
alteration of the SC. Thirdly, the carrier may disturb the densely packed lipids of the SC to
promote drug penetration by modifying the SC structure. Lastly nonionic surfactants may
act as penetration enhancers, increasing membrane fluidity [26,32,52,55]. Finally, niosomes
alter the SC characteristics by reducing trans-epidermal water loss, increasing SC hydration
and leading to the relaxation of its tightly packed cellular structure and, hence, better
penetration [52,53]. Ethanol is also known as a penetration enhancer [56]. It reduces the
phase transition temperature of SC lipids, improving fluidity of SC. In addition, ethanol
imparts soft properties to the carrier’s membrane, facilitating vesicle skin penetration [17].
On the other hand, no drug was detected in the receptor chamber of the Franz diffusion
cells, indicating that EGCG did not permeate across the skin. The entrapped EGCG and
released EGCG molecules may partition into and diffuse through the SC. A drug depot
may be formed in the SC, and then the remaining free drug and vesicles penetrate farther
into the epidermis until they reach the interface between the SC and the epidermis. The
free drug, as well as any remaining intact vesicles, are subsequently released into the skin
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layers. It is possible that the drug was metabolised by the enzymes in the skin. Catechin is
unstable in aqueous environments, and it has been shown that it is rapidly hydrolyzed or
degraded. Based on these findings, it may be feasible to explain why no drug was detected
in the receptor chamber.

The assay is based on the ability of the dye sulforhodamine B to bind electrostatically
and pH-dependently on protein basic amino acid residues of TCA fixed cells. A signifi-
cant reduction in cellular viability was observed after UVA-irradiation; however, the Fbs
viability was significantly improved by both EGCG solution and EGCG-niosomes, with
the EGCG-niosomes showing greater protective effects against UVA-irradiation. ROS may
cause cell and tissue dysfunction, which is partly manifested as lipid peroxidation. Mal-
ondialdehyde (MDA) is the main product of lipid peroxidation, and it reveals the level of
cell damage under oxidation [57]. In addition, antioxidant molecules in the skin interact
with ROS or their by-products such as MDA to minimise the deleterious oxidation effect.
After being exposed to oxidative stress, the antioxidants in the skin SOD and GSH-px are
activated [58]. UV irradiation causes an accumulation of ROS in the skin, overwhelming the
tissue antioxidants, and thus it causes oxidative stress-related skin problems [6]. ROS may
be alleviated by SOD and GSH-px. The decrease in SOD and GSH-px levels observed after
UV irradiation might be attributed to the formation of a large number of free radicals that
exceeded the antioxidant enzymes’ scavenging capacity [59]. Furthermore, the reduction
in enzymatic activity might be related to enzyme inactivation caused by ROS damage to
DNA. MDA content, which indicates the lipid peroxidation state, increases following UV ir-
radiation, showing damage induced by oxidative stress. EGCG is a polyphenol compound
with a wide range of pharmacological actions. This compound has strong antioxidant
properties. It is capable of scavenging ROS or their precursors, blocking ROS synthesis
and upregulating antioxidant enzymes [60]. Following UV irradiation, skin Fbs treated
with EGCG-niosomes had higher SOD and GSH-px activity compared to UV-treated cells.
Furthermore, the MDA levels in the EGCG solution-treated group were lower than in the
UV group. EGCG-niosomes showed significantly higher antioxidant activity, which might
be due to the following explanations: when in cell culture, the medication is subject to auto-
oxidation, but within a vesicle, it is somewhat shielded from destruction [61]. Furthermore,
the drug-loaded niosomes produced prolonged release, keeping the level of the drug con-
stant, resulting in an increased antioxidant effect. Furthermore, the carrier may influence
drug internalisation by cells [62]. The improved antioxidant activity of EGCG encapsulated
in the niosome carrier prompted researchers to investigate niosome-cell interactions.

Since free FITC had difficulties penetrating cells, the increased FITC intake should
be attributed to the niosome carriers. Many studies have indicated greater drug absorp-
tion mediated by drug carriers; tamoxifen citrate loaded niosomes showed in an in vitro
study on MCF-7 breast cancer cells that the amount of cellular uptake and cytotoxicity of
tamoxifen were greatly enhanced when it was loaded in niosomes. Incorporating antimi-
crobial agents into carrier systems, such as nanoparticles or microemulsions, might be a
successful technique for increasing cellular uptake [62]. Furthermore, niosomes loaded
with salidroside improved the drug’s intracellular absorption by both human epidermal
immortal keratinocytes and human embryonic skin fibroblasts [53].

Endocytosis is a primary mechanism through which cells internalise chemicals and
macromolecules. It is essential for cell-to-cell communication and cell-to-microenvironment
communication [63]. To internalise foreign particles, human cells employ multiple endo-
cytosis processes. Phagocytosis, macropinocytosis, clathrin-mediated endocytosis, and
caveolae-mediated endocytosis are all examples of endocytic processes [64–66]. Endo-
cytosis demands energy, as opposed to passive transport, which does not involve any
expenditure of energy [64]. According to a study, depending on their size, liposomes are
mostly endocytosed by clathrin- or caveolae-mediated endocytosis [65]. Recent findings
have revealed that endocytosis of niosomes is an energy-dependent process, follows a
concentration- and time-dependent pattern and has a saturation point [66]. As a result,
it is likely that cell surface proteins are involved in the process of niosome endocytosis.

55



Pharmaceutics 2022, 14, 726

Niosome carriers have the potential to increase cellular absorption of encapsulated com-
pounds, even if the medication has a low permeability into the cells. Further studies are
required to fully understand the uptake process.

5. Conclusions

In this work, the niosome-carrier system was fabricated to encapsulate EGCG for
cutaneous administration. Based on the findings, we can conclude that EGCG-niosomes
can penetrate the skin barrier and improve drug deposition in the viable layers. Because of
increased cellular absorption and based on the studies of the antioxidant enzymes, EGCG-
niosomes demonstrated an improved antioxidant effect on skin cells. Because antioxidants
have numerous roles in skin health, this topical formulation has the potential to be used
in the treatment of skin diseases. Furthermore, in both the pharmaceutical and cosmetic
industries, this carrier has the potential to be used as a dermal drug carrier for a variety of
bioactive compounds.
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Abstract: Dry powder inhalation therapy has been effective in treating localized lung diseases such
asthma, chronic obstructive pulmonary diseases (COPD), cystic fibrosis and lung infections. In vitro
characterization of dry powder formulations includes the determination of physicochemical nature
and aerosol performance of powder particles. The relationship between particle properties (size,
shape, surface morphology, porosity, solid state nature, and surface hydrophobicity) and aerosol
performance of an inhalable dry powder formulation has been well established. However, unlike
oral formulations, there is no standard dissolution method for evaluating the dissolution behavior
of the inhalable dry powder particles in the lungs. This review focuses on various dissolution
systems and absorption models, which have been developed to evaluate dry powder formulations. It
covers a summary of airway epithelium, hurdles to developing an in vitro dissolution method for
the inhaled dry powder particles, fine particle dose collection methods, various in vitro dissolution
testing methods developed for dry powder particles, and models commonly used to study absorption
of inhaled drug.

Keywords: dissolution; absorption; inhalation; dry powders; fine particle dose

1. Introduction

Although pulmonary drug delivery by inhalation has been used for many years,
research in dry powder inhalers (DPIs) has undergone rapid advancements during the last
decade for both local and systemic delivery of drugs [1–4]. DPIs are monophasic solid
particulate mixtures, introduced in the 1970s. DPIs are easy to process, portable, more stable,
eco-friendly due to the absence of propellants, patient compliance and cost-effective [5–10].
Most of the DPIs available in the market are suffering from short residence time and low drug
bioavailability locally in the lungs, resulting in suboptimal local therapeutic effect [11,12].

The rapid dissolution of micron-sized particles and subsequent absorption of the drug
into the systemic circulation is one of the clearance mechanisms of inhaled drug particles
from the lungs [13–15]. Therefore, many formulation strategies have been followed to
prolong the residence time of inhaled drugs at the site of action with reduced dosing and to
avoid unwanted toxicities [16,17]. Some of the approaches to prolong the residence time of
the inhaled drug particles in the lung are drug encapsulation in a particulate carrier system
(liposomes, polymeric and lipid microparticles), increase the molecular mass of the drug by
conjugating with a ligand and decrease the solubility of the drug by conjugation with a low
water-soluble, hydrophobic material [18].

In vitro dissolution testing is a traditional and standardized quality control tool in all
the pharmacopoeias used to evaluate the batch-to-batch consistency, differentiate immedi-
ate and controlled release formulations and also to approximate in vivo release profiles [19].
There are many well-established pharmacopeial dissolution methods for oral solid dosage
forms, however, there is no accepted standardized method for inhaled products, although
many dissolution methods for testing aerosols have been developed [20–28].
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This review describes the dissolution of inhaled respirable size particles and absorption
of dissolved drug through lung epithelium. It covers a summary of airway epithelium,
hurdles to develop an in vitro dissolution method for the inhaled dry powder particles, fine
particle dose collection methods, various in vitro dissolution testing methods developed
for dry powder particles, and various models commonly used to study the absorption of
inhaled drugs.

2. Airway Epithelium

Dense core-granulated cells, basal cells, Clara cells, serous cells, ciliated cells, and
mucus goblet cells are six distinct cell types present in the epithelium of the respiratory
tract (Figure 1). At all levels of the airway, ciliated cells are the most abundant cells.
Their primary function is to propel mucus towards the proximal direction, in simple
term the process is known as mucociliary clearance. The ciliated cells in the bronchial
pseudostratified epithelium are interspersed by secretory cells (mainly mucus-secreting
goblet cells), whereas ciliated cells are interspersed mainly by Clara cells in the bronchiolar
cuboidal epithelium. Two types of pneumocytes namely, type I and type II pneumocyte
alveolar cells are found in the alveolar squamous epithelium (Figure 1). The luminal surface
of the alveoli is mainly lined with alveolar type I cells. In addition, alveoli contain alveolar
type II pneumocytes that possess microvilli and are cuboidal secretory cells [29]. Epithelial
cells in the airway contribute to the secretion of respiratory tract lining fluid (RTLF) that
lies on the surfaces of airways from nasal airways to alveolar regions [30]. RTLF is mainly
composed of mucins in the conducting airways (trachea, bronchi, bronchioles and terminal
bronchioles) whereas it mainly contains phospholipid-rich surfactants in respiratory zone
(respiratory bronchioles, alveolar ducts and alveolar sacs) [31].
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Particles inhaled in the respiratory tract have to overcome the non-epithelial pulmonary
barriers (such as RTLF, mucociliary clearance, macrophage uptake) before they come in
contact with the epithelial cells. Different types of transport systems occur in the epithelium
of the airways such as paracellular transport, receptor-mediated transport and transporter-
mediated transport [33]. Such transport systems translocate inhaled particles into epithelial
cells and/or across the epithelia into the interstitium and to the blood and lymph [34].
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3. In Vitro Dissolution Testing of Inhalable Dry Powder Particles

In vitro characterization of dry powder formulations includes the determination of
physicochemical nature and aerosol performance of powder particles. The relationship
between particle properties (size, shape, surface morphology, porosity, solid state nature,
and surface hydrophobicity) and aerosol performance of an inhalable dry powder formula-
tion has been well established [18,35–38]. However, unlike oral formulations, there is no
standard dissolution method for evaluating the dissolution behaviour of the inhalable dry
powder particles in the lungs.

3.1. Hurdles to Develop an In Vitro Dissolution Method for Inhalable Dry Powder Particles

One region of the lung differs from another in its anatomy and physiology (Figure 1).
In addition, the RTLF where the inhaled particles dissolve varies regionally in composition,
thickness and volume. A mucus gel (~3–23 µm) covers the airway region (trachea, bronchi,
bronchioles) of the lungs over an area of 1–2 m2. Composition of the mucus gel includes
95% of water, 2–3% of mucins, 0.3–0.5% lipids, 0.1–0.5% non-mucin proteins and other
cellular debris [39,40]. However, an extremely thin (estimated thickness ~0.07 µm) film
of the lung surfactant covers the alveolar region (>100 m2) of the lungs. Lung surfactant
contains 90.0% lipids (85.0% phospholipids: dipalmitoyl phosphatidylcholine (47.0%),
unsaturated phosphatidylcholine (29.3%) and other lipids (23.7%); 5.0% neutral lipids:
cholesterol) and 10.0% proteins (surfactant protein-SP) [41–43]. Hydrophilic SP comprises
3–5% SP-A, and <0.5% SP-D whereas hydrophobic SP contains 0.5–1.0% of SP-B and SP-C
each. Gradual decrease in the thickness and volume of the RTLF along a respiratory tract is
a major challenge for the development of an in vitro dissolution method that can accurately
mimic the conditions of the lungs.

3.2. Fine Particle Dose (FPD) Collection

During inhalation, only a fine particle dose (FPD) with the particle size 1–5 µm
deposits in the deeper lung regions [44,45]. Therefore, estimation of the FPD dissolution
profile seems to be more applicable than the whole dose of the powder formulation. To
this end, the Andersen Cascade Impactor (ACI), Next Generation Impactor (NGI), Twin
Stage Impinger (TSI) and PreciseInhale system (Figure 2) have been used to collect the fine
particle dose (FPD). Table 1 summarizes the FPD collection methods for dissolution testing
of respirable particles.
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Figure 2. Various approaches to collect fine particle dose (FPD). (A) Andersen Cascade Impactor
(ACI), (B) Next Generation Impactor (NGI; top- closed view and bottom- open view of NGI), and
(C) Twin Stage Impinger (TSI). Figures (A–C) were reproduced with permission from Driving Results
in Inhaler Testing [Brochure, 2020 edition] [46], Copley Scientific Limited.
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Table 1. Summary of the fine particle dose (FPD) collection methods for dissolution testing of dry
powder particles.

Apparatus Drugs Inhaler and Loading Dose Collection Method Ref.

Andersen
Cascade
Impactor
(ACI)

Budesonide (BD), Fluticasone
propionate (FP), Triamcinolone
acetonide (TA)

Pulmicort Turbuhaler, BD, 200 µg
Flixotide Accuhaler®, FP, 250 µg
Azmacort®, TA, 200 µg

Collected onto a GF filter at the
connection point of the induction
port and inlet of ACI

[21]

Flunisolide (FN),
TA, BD, FP,
Beclomethasone dipropionate
(BDP)

Aerobid®, FN, 250–2500 µg
Azmacort®, TA, 200–2000 µg
Pulmicort Turbuhaler®, BD, 50–500 µg
Flovent® HFA and Diskus, FP, 150–1250 µg
Vanceril® and QVAR® (BDP, 350–700 µg)

Collected onto 6 PVDF membranes
placed at the stage 4 of ACI operated
at an air flow of 28.3 L/min

[20]

BD,
Fenoterol HBr (FNH),
Substance A dibromide (SAD),
Substance A crystalline base (SAC),
Substance A amorphous
base (SAA)

Micronized BD, FN, SAD and SAC; spray
dried SA (SAA) HandiHaler® (1 mg (BD,
SA) 10 mg (FN))

Collected onto the RC membrane
(pore size 0.45 µm) at standard USP
conditions (4 kPa, 4 L)

[25]

BD, SAD, SAC, SAA Micronized BD, SAD and SAC; spray dried
SA (SAA) HandiHaler® (0.5 to 4 mg)

Collected onto the RC membrane at
standard USP conditions (4 kPa, 4 L)
using ACI with stage extension
between stage 1 and filter stage, and
modified/standard filter stage

[47]

BD, SAD, SAC, SAA Micronized BD, SAD and SAC; spray dried
SA (SAA) HandiHaler® (0.5 to 4 mg)

Collected onto the PE, PC, IPC and
RC membranes at standard USP
conditions (4 kPa, 4 L) using ACI
with stage extension between stage 1
and F, and modified/standard
filter stage

[48]

BD, Ciclesonide (CIC), FP

Symbicort® (BD)
Alvesco® (CIC)
Flixotide® (FP), (5 doses (BD-80 µg/dose,
CIC-60 µg/dose and FP-110 µg/dose))

Collected onto the 24 mm GF filters
or Fisherbrand Q8 filter papers at the
stage 4 of ACI at an air flow of
28.3 L/min

[26]

Salbutamol sulfate (SS), FP,
Salmeterol xinafoate (SX)

Micronized SS blend, Rotahaler® (6–10
doses (2% w/w SS blend, 30 mg/dose)
Seretide® 50/100 Diskus® (FP and SX, 50
µg SX and 100 µg FP/dose))

Collected onto an adhesive tape
using the truncated ACI with a PTFE
funnel and a collection plate at the
filter stage (Stage F) operated at a
pressure drop of 4 kPa at 60 L/min
air flow rate

[49]

Next
Generation
Impactor
(NGI)

Hydrocortisone (HC)
Bulk HC (50 mg)
micronized HC blend Aerolizer® (150 mg
micronized HC blend, ~10 mg of HC)

Collected onto the PC (0.05 µm) and
CA (MWCO 3500, 12,000) at each
dose plate of NGI

[28]

Albuterol sulfate (AS), BD Ventolin HFA® (AS,15–20 doses)
Pulmicort Flexhaler® (BD, 1–10 doses)

Collected onto the impaction inserts
at stage 2–5 of NGI at 30 L/min (AS)
or 60 L/min (BD) air flow rate

[50]

Rifampicin (RIF) Microparticles; Aerolizer® (7 mg to 20 mg)
Collected onto the impaction insert
at stage 3 of NGI operated at 60
L/min air flow rate for 4 s

[51]

Itraconazole (ITZ) Spray dried solid dispersions, Axahaler®
Collected onto the impaction inserts
at each dose plate of NGI operated at
60 L/min air flow rate

[52]

Tobramycin
Clarithromycin

Nanoparticulate spray dried powders
(TCn2), Physical blend (TCb), Axahaler®

Collected onto the impaction insert
at stage 3 of NGI operated at 100
L/min air flow rate

[53]

Pyrazinamide (PYR), RIF,
Isoniazid (IZD)

Spray dried powders,
Aerolizer® (Two 20 mg doses)

Collected onto a NC membrane at
stage 3 of NGI operated at 100
L/min air flow rate

[54]

FP Flixotide® (FP, 5 doses of 110 µg/dose)
Collected onto the 24 mm
Fisherbrand Q8 filter papers at stage
2 and 4 of NGI

[26]
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Table 1. Cont.

Apparatus Drugs Inhaler and Loading Dose Collection Method Ref.

Twin Stage
Impinger
(TSI)

Dextrans labelled with fluorescein
isothiocyanate (FITC-dex; 4, 10, 20,
40 and 70 kDa)

A custom-made glass dry powder
insufflator (5 mg)

Collected onto the Calu-3 bronchial
epithelial cells in a Transwell® insert
using TSI at 60 L/min air flow rate
for 5 s

[55]

BDP QVAR® and Sanasthmax® (100–250
µg/dose; 1.2 ± 0.12 mg deposited)

Collected on a NC membrane
(0.45 µm) at stage 2 of a modified TSI [56]

Salbutamol base (SB), SS Micronized SB and SS (5 mg)
Collected onto a Transwell® PE
insert (0.4 µm) using modified TSI at
60 L/min air flow rate for 4 s

[57]

Moxifloxacin
Ethionamide Aerolizer® device (20 mg)

Collected on a glass coverslip at
60 L/min air flow rate for 4 s [58]

PreciseInhale
system BD, FP Micronized powders (2.5 mg)

Collected onto the glass coverslips of
13 mm diameter at 1.2 L/min air
flow rate

[23,
59]

CA—cellulose acetate; GF—glass fibre; IPC—isopore polycarbonate; NC—nitrocellulose; PC—polycarbonate;
PE—polyester; PTFE—polytetra fluoroethylene; PVDF—polyvinylidene difluoride; RC—regenerated cellulose;
USP—united states pharmacopoeia.

3.2.1. Andersen Cascade Impactor (ACI)

The Andersen cascade impactor (ACI, Figure 2A) is one of the high flow rate cascade
impactors used to assess the aerodynamic size distribution of particles for both pharma-
ceutical and toxicological applications [60]. It consists of a standard tubular induction port
(IP) with a 90◦ curvature, stages from 0–7 and a filter stage (stage-F). Each impactor stage
comprises several nozzles with a decreasing size as the stage number increases, which
directs air and particles onto the collection plates.

Davies and Feddah, 2003 [21] collected dry powder particles onto a glass fibre filter at
the connection point of the induction port and inlet part of ACI using a custom designed
stainless steel ring with a stainless steel screen support filter. The ACI assembly consists
of an induction port and base of the impactor with only stage number zero. The main
drawback of this collection method is that the whole emitted dose is collected over the
filter, which does not mimic the size of the particles deposited in the deeper lung regions.

Later, Arora et al., 2010 [20] collected aerodynamically classified particles with diam-
eters of 4.7–5.8 µm and 2.1–3.3 µm on the filter membranes from stage 2 and stage 4 of
ACI. In this study, they used a 8-stage ACI with stage 2 and stage 4 collecting plates turned
upside down to arrange six polyvinylidene difluoride (PVDF) filter membranes (25 mm in
diameter; 0.22 µm pore size) for dose collection.

In another study, May et al., 2012 [25] collected particles onto the regenerated cellulose
membrane filters at stage-F of an abbreviated ACI. In this study, the ACI assembly consisted
of an induction port, pre-separator, stages 0, 1 and F. Later they modified this assembly by
adding a cylindrical stage extension of 5.8 cm in between stage 1 and stage-F to attain a
homogenous particle distribution on the membrane [47]. Further, a modified filter stage
comprising of only three small bars was used to change the flow and deposition pattern
of aerosolized particles. The modifications in ACI resulted in homogenous deposition of
particles on the membrane compared to unmodified ACI.

Rohrschneider et al., 2015 [26], collected aerosolized particles onto the filter papers
positioned at stage 4 of an 8-stage ACI connected to an external humidifier to maintain
the humidity.

3.2.2. Next Generation Impactor (NGI)

Next generation impactor (NGI, Figure 2B) is a high flow rate cascade impactor
specially designed for pharmaceutical inhaler testing. NGI was constructed with seven
distinct stages plus a micro-orifice collector (MOC, a final filter) with a minimum stage
overlap. The airflow passes with increasing velocity in a saw tooth pattern through a series
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of nozzles containing progressively reducing jet diameters. Out of seven, five stages give a
particle size cut-off diameter of 0.54–6.13 µm at flow rates from 30 to 100 L min−1.

Son et al., 2009 [28], collected aerodynamically separated particles on a polycarbonate
membrane (PC) using a modified NGI. At each collection plate of NGI, a polycarbonate
(PC) membrane was placed and covered with a plate-shaped wax paper which consists of a
rectangular opening (2.0 × 2.5 cm) at the centre. The powder samples were dispersed into
the NGI using an Aerolizer® device at an air flow rate of 60 L min−1 for 15 s per capsule. The
limited size of the prototype holder frame only collects a fraction of powder particles over a
rectangular area of the membrane. To overcome this, they designed a special membrane
holder which fit in with the NGI cup and collected the whole dispersed particles [51,61].
However, the particles collected using the NGI either with a prototype holder frame or a
special membrane holder were not homogenously distributed over the membrane.

3.2.3. Twin Stage Impinger (TSI)

The Twin stage impinger (TSI, Figure 2C) is a simplified device to multistage liquid
impinger with only two stages. It was developed to assess drug delivery from meter dose
inhalers. TSI is made up of a series of glassware components such as an inlet, a glass bulb
which simulates oropharynx, upper (stage 1) and lower (stage 2) impinger stages. TSI
separates the actuated aerosol into a coarse oropharyngeal fraction (non-respirable fraction)
and a fine pulmonary fraction with an aerodynamic diameter of ≤6.4 µm [60].

Grainger et al., 2009 [55] modified the TSI (mTSI) to deposit the respirable particles
of dextrans onto the Calu-3 bronchial epithelial cells in a Transwell® insert. A Transwell®

insert containing the cells was attached in the place of an adapter piece to the TSI conducting
tube in the lower stage without any medium. The powder (~5 mg) was loaded into the
dry powder insufflator and aerosolised at 60 L min−1 air flow rate for 5 s. The particles
collected using the TSI are homogenously distributed with a geometric diameter of <6.4 µm.
Later they used the same mTSI to collect the beclomethasone dipropionate (BDP) respirable
particles for in vitro dissolution testing [56]. The BDP particles emitted from each of the
commercial pressurized metered dose inhalers [pMDI): QVAR and Sanasthmax, were
collected (1.2 ± 0.12 mg) on a hydrated nitrocellulose membrane (0.45 µm pore size).

Haghi et al., 2012 [57] collected the micronized salbutamol base (SB) and salbutamol
sulfate (SS) particles using the mTSI as described by Grainger et al., 2009 [55] for in vitro
dissolution studies using the Franz cell. Five milligrams of powder sample was actuated
using a Cyclohaler DPI device at 60 L min−1 for 4 s. The emitted particles were collected in
a Transwell® polyester insert (0.4 µm pore size and 0.33 cm2 area) at stage-2 of mTSI.

Eedara et al., 2019 [62] modified the stage 2 (lower impingement chamber) of TSI (mTSI,
Figure 3) with a screw cap at its bottom to collect aerosolized powder particles onto the glass
coverslips. Magnetic passe-partouts were used to hold glass coverslip (24 mm diameter) in
position as it makes a boundary to collect the particles over an area of ~200 mm2 (16 mm
diameter) during aerosolization. Hard gelatin PEG capsule (size 3; Qualicaps, Osaka, Japan)
was used to fill the drug powders (20 mg). Capsule was dispersed using an Aerolizer® device
(Novartis, Surrey, UK) at a flow rate of 60 L min−1 for 4 s into stage 1 (upper impingement
chamber) filled with 7 mL of water. The non-respirable fraction of dose gets separated in the
stage 1 of TSI. Three capsules were actuated one after another and the mTSI was disassembled
to collect coverslips with deposited powders.
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Figure 3. A modified Twin Stage Impinger (mTSI) to collect fine particle dose (FPD). Reproduced
with permission from Eedara et al., 2019 [62], Springer Nature.

In a recent study, a modified version of Twin Stage Impinger and in vitro dissolution
experiment were used to examine in vitro in vivo correlation of budesonide and salbuta-
mol. Comparison using both the actual and predicted in vivo pharmacokinetic values of
the mentioned drugs and the pattern of their Concentration-Time profiles illustrated a
good similarity [63].

3.2.4. PreciseInhale System

The PreciseInhale system (Inhalation Sciences, Sweden) is a new aerosol delivery
technique that is able to generate a dry powder aerosol in a free flowing state [64]. This
system is a combination of a highly efficient aerosol generator and a precision dosing
aerosol exposure unit. In brief, the powder to be aerosolized is placed in a powder chamber
and suspended in a compressed gas passing from a pressure chamber to the powder
chamber. The suspended powder agglomerates in the powder chamber ejects through the
narrow conduit into a holding chamber with an ambient pressure and produces an aerosol
cloud of deagglomerated particles. The aerosol of deagglomerated particles is transferred
by airflow to the animal or collected for analysis.
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Gerde et al., 2017 [23] collected the aerosolized dry powder particles of budesonide
(BD) and fluticasone propionate (FP) on circular microscope glass coverslips using the
PreciseInhale aerosol generator for in vitro dissolution testing by the DissolvIt system.
Nine circular glass coverslips (13 mm diameter) were placed in a ring-shaped holder and
covered with a thin steel passe-partout to limit the area of powder coating to the surface
that will be in contact with the model barrier during the dissolution study. The coverslips
were exposed to a single generation cycle of the powder (2.5 mg) aerosol produced using
the PreciseInhale system at an air flow rate of 1.2 L min−1. The amount of drug deposited
on the coverslips was in the range from 0.99 to 1.20 mg with a mass median aerodynamic
diameter (MMAD) of 1.7 mm for BD and of 3.4 mm for FP.

3.3. In Vitro Dissolution Methods

In vitro dissolution studies by conventional dissolution methods using USP appara-
tus 1 (basket) [65,66] and 2 (paddle) [27,67–69] have several limitations. Primarily these
methods provide well-stirred environments contrasting with the in vivo condition in the
alveolar region of the lungs. Homogenous dispersion of the particles into the vessel/basket
is challenging, and dispersed particles adhere to the dissolution apparatus components
and inadvertently enter the aliquots during the sampling procedure. To make up for some
of the deficits of commercial USP 1 and 2 dissolution systems, various in vitro dissolution
methods using compendial (USP 2) paddle apparatus, flow-through cell apparatus, dialysis
bag, Franz diffusion cell, Transwell® and DissolvIt systems (Table 2) have been developed
and applied to evaluate the drug release characteristics of the inhaled dry powder even
though they are limited in mimicking the in vivo situation.

Table 2. Summary of various in vitro dissolution testing methods for dry powder particles.

Dissolution
Apparatus Membrane (Pore Size, µm or MWCO, kDa) Dissolution Medium and Conditions Ref.

USP 1 (basket)
apparatus

Glass fiber filters, GF/F grade PBS, pH 7.4, basket rotation- 150 rpm [65]

- PBS, pH 7.4, 900 mL, basket rotation- 100 rpm [66]

USP 2 [paddle)
apparatus

- Water, 300 mL, paddle rotation- 50 rpm [68]

- Buffer, pH 1.2 or pH 6.8, 1000 mL, paddle
rotation- 100 rpm [67]

- PBS, pH 6.8, 1000 mL, paddle rotation- 50 rpm [69]

Modified USP
2 (paddle over
disc) apparatus

- PBS, pH 7.4, 1000 mL, paddle rotation- 50 rpm [27]

Polycarbonate membranes (0.05 and 1 µm)
Cellulose acetate membranes (3.5, 12 kDa)

SLF and modified SLF with DPPC (0.02% w/v),
pH 7.4, 100 mL, paddle rotation- 50 rpm [28]

Polycarbonate membrane (0.05 µm)
SLF, 0.2 M PB, pH 7.4, PBS, modified PBS with DPPC,
tween 80 (0.02 and 0.2% w/v), pH 7.4, 300 mL, paddle
rotation- 50, 75, 100 rpm

[50]

Polycarbonate membrane (0.05 µm) PBS, pH 7.4 or 0.2 M citrate buffer with ascorbic acid
(0.02% w/v), pH 5.2, 300 mL, paddle rotation- 75 rpm [51]

Polycarbonate membrane (0.4 µm) Water with SLS (0.3%), buffer, pH 1.2, 300 mL, paddle
rotation- 75 rpm [52]

Regenerated cellulose membrane (0.45 µm) PBS, pH 7.4, 1000 mL, paddle rotation- 50, 100,
and 140 rpm [25,47]

Polycarbonate membrane (0.4 µm) PBS, pH 7.4, 300 mL, paddle rotation- 75 rpm [53,70]

Dialysis membrane (>900 kDa) Gamble’s solution, pH 7.4 and alveolar lung fluid,
pH 4.5, 900 mL, paddle rotation- 150 rpm [71]

- Modified SLF with tween 80 (0.2% v/v), 50 mL;
paddle rotation- 50 rpm [49]
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Table 2. Cont.

Dissolution
Apparatus Membrane (Pore Size, µm or MWCO, kDa) Dissolution Medium and Conditions Ref.

Dialysis bag

Dialysis membrane (12 kDa) 10 mM PBS with tween 80 (0.1% v/v), pH 7.4, 20 mL,
rotation- 900 rpm [72]

Dialysis membrane (12–14 kDa) SLF, pH 7.4, 50 mL [73]

Dialysis membrane (12–14 kDa) SLF, pH 7.4, 30 mL, [74]

Dialysis membrane (14 kDa) PBS, pH 7.4, 250 mL, rotation- 100 rpm [75]

Flow-through
cell system

Cellulose acetate membrane (0.45 µm) SLF, modified SLF with DPPC (0.02% w/v), flow rate-
0.7 mL/min, [21]

- Deionized water, pH 5.5, medium flow rate-
5–16 mL/min, [76]

Nitrocellulose membrane (0.45 µm) 0.05 M PBS, pH 7.4, 1000 mL, medium flow rate-
0.5 mL/min [27]

Regenerated cellulose membrane (0.45 µm) PBS, pH 7.4, medium flow rate- 0.5 mL/min [25]

Franz
diffusion cell

Nylon membrane (0.45 µm) Degassed 0.05 M PB, pH 7.4, 17.5 mL, rotation-
240 rpm [77]

Nitrocellulose membrane (0.45 µm) 0.05 M PBS, pH 7.4, 1000 mL, medium flow rate-
5 mL/min [27]

MF™ membrane (0.45 µm) PB, pH 7.4, 250 mL, medium flow rate- 5 mL/min [78]

Nitrocellulose membrane (0.45 µm) PB, pH 7.4 containing 0.1% w/v SDS [56]

Polyester membrane (0.4 µm) HBSS or SLF with DPPC (0.02% w/v), 50 mL,
medium flow rate- 5 mL/min [57]

Regenerated cellulose membrane (0.45 µm) PBS, pH 7.4, 1000 mL, magnet rotation- 100 rpm [25]

Regenerated cellulose membrane (0.45 µm) Water, PB, pH 7.4, or modified SLF, pH 7.4,
10 mL, 75 rpm [79]

Cellulose acetate membrane (0.2 µm) 0.05 M degassed PB, pH 7.4, or SLF, 0.15 mL in donor
compartment and 27 mL in receiver compartment [80]

Nitrocellulose membrane (0.45 µm) SLF, pH 7.4, 22.7 mL [54]

Polycarbonate membrane (0.4 µm) SLF with SDS (0.5% w/v), 4.2 mL [81]

Filter paper PBS, pH 7.4, 21.5 mL [82]

Transwell®

system

Polyester membrane (0.4 µm)
PBS, pH 7.4 or distilled deionized water, pH 7.0,
0.04 mL in donor compartment and 1.4 mL in
well plate

[20]

Polycarbonate membrane (0.4 µm) or
Polyester membrane (0.4 µm) PBS, pH 7.4, 2.6 mL or 3.85 mL [48]

Polyester membrane (0.4 µm) PBS with SDS (0.5% w/v), 0.1 mL in donor
compartment and 1.5 mL in well plate [26]

Dissolvit® Polycarbonate membranes (0.03 µm) 1.5% w/v PEO in 0.1 M PB with DPPC (0.02 and
0.4% w/w) [23]

Custom-
made flow
perfusion cell

dialysis membrane (MWCO = 12,400 Da) 1.0, 1.5, 2.0% w/v PEO in PBS, pH 7.4
1.5% w/v PEO in PBS, pH 7.4 with Curosurf® [58]

DPPC—di-palmitoylphosphatidylcholine; HBSS—Hanks balanced salt solution; PB—phosphate buffer; PBS—
phosphate-buffered saline; PEO—polyethylene oxide; SDS—sodium dodecyl sulfate; SLF—simulated lung fluid;
SLS—sodium lauryl sulfate.

3.3.1. Modified USP 2 (Paddle over Disc) Apparatus

The paddle-over-disc dissolution setup consists of a round bottom glass vessel of
150 mL capacity with rotating mini-paddles and a membrane cassette. The membrane
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cassette is a powder holding device contains two membranes with sandwiched powder
particles inside a modified histology cassette frame. Son and McConville 2009 [28], evalu-
ated the dissolution properties of hydrocortisone inhalable powders using a mini-paddle
dissolution apparatus containing a membrane cassette (Figure 4). Aerodynamically classi-
fied particles collected over a polycarbonate membrane (PC) using NGI were sandwiched
using another pre-soaked PC membrane and inserted into the cassette frame. Then, this
membrane cassette was placed into a dissolution vessel containing 100 mL of dissolution
medium (SLF and mSLF; 37 ◦C), and drug release was evaluated at a paddle rotation
speed of 50 rpm. In this method, the sandwiched dispersed particles in the membrane
cassette undergo dissolution in the small volumes of the medium that enters through the
pores in the membrane followed by diffusion of the dissolved drug into the bulk reservoir
medium. This new method of dissolution studies showed a significant difference in the
dissolution profiles between bulk hydrocortisone (HC) and an aerodynamically classified
HC. However, the dissolution tests were performed for only a portion of dose collected on
the rectangular portion of the membrane due to the holder frame limitations.
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Later this research group designed a new, easy to use membrane holder (Figure 4B) to
evaluate the dissolution behaviour of the whole dose collected in each NGI plate [50,51].
This new membrane holder consists of a NGI dissolution cup with a removable impaction
insert, a securing ring, two sealing o-rings, and a PC membrane. A pre-soaked PC membrane
was placed over the impaction insert with dispersed particles and secured in the designed
membrane holder. The secured membrane holder with sandwiched particles was transferred
into the dissolution vessel containing 300 mL of dissolution medium with membrane side
up facing the rotating paddle.

3.3.2. Dialysis Bag

Dialysis is a separation technique which works by diffusion, a process that results from
the thermal motion of molecules in solution from a region of higher to lower concentration
until an equilibrium is reached. A dialysis bag made of a semipermeable membrane and
had small pores. The bag filled with solid dry powder particles is suspended in a dialysate
medium (Figure 5A). The large dry powder particles cannot pass through the pores of the
membrane. Upon dissolution of the dry powder particles, the drug molecules are small
enough to diffuse through the pores of the membrane into the dialysate medium.
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Feddah 2003 [21], Elsevier. (C) reproduced with permission from Salama et al., 2008 [27], Elsevier.
(D) reproduced with permission from Arora et al., 2010 [20], Springer Nature.

Arora et al., 2015 [72] investigated the voriconazole release from the polylactide
microparticles by the dialysis bag (MWCO: 12 kDa) method using 20 mL of phosphate-
buffered saline (pH 7.4, 10 mM) containing 0.1% Tween 80 at 37 ± 0.5 ◦C and 900 rpm.
Several other researchers also used dialysis bag method to evaluate the drug release from
dry powder particles [73–75].

3.3.3. Flow-Through Cell Apparatus

The flow-through dissolution system (Figure 5B) was introduced in 1957 as a flowing
medium dissolution apparatus [83] and in 1990, it was officially accepted by the United
States, and European Pharmacopoeia for the evaluation of drug release behaviour from
various dosage forms. The flow-through cell apparatus is a modified USP apparatus
4 which comprises a filter holder containing a membrane with the loaded powder particles
and a pump that forces the dissolution medium from a reservoir into a vertically posi-
tioned flow cell. The flow-through system has several advantages: maintenance of sink
conditions by the continuous flow of fresh medium; reduced influence of diffusion during
dissolution testing [84].

Kanapilly et al., 1973 [85] evaluated the in vitro dissolution patterns of radioactive
aerosol particles using two flowing systems (a flow-through system and parallel flow
system) with adjustable solvent flow rates and a static system. In the flow-through systems,
the aerosol particles were collected on a 0.8 µm membrane filter (sample filter) using a
7-stage round jet cascade impactor and sandwiched between a 0.1 µm membrane (backup
filter) and 0.8 µm membrane filter (top cover filter) in a high-pressure steel filter holder.
The solvent was pumped vertically to flow through the top cover filter, sample filter, and
the backup filter.

Davies and Feddah 2003 [21] adapted the flow through system for in vitro dissolution
testing of dry powder particles. In this study, aerodynamically classified aerosol particles
were collected over membrane filters using ACI as described earlier and sandwiched using
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another membrane with a Teflon ring (1 mm thickness) in between the membranes. These
sandwiched membranes were placed into the flow through cell held by two stainless
steel support filters at both ends and dissolution medium was pumped at a flow rate of
0.7 mL/min in the upward direction to flow through the particles sandwiched in between
the membranes.

Taylor et al., 2006 [76] prepared sustained release respirable spray coated particles
of ipratropium bromide and evaluated for in vitro drug release behaviour using a flow-
through cell method. In this study, the powder samples were placed directly onto a wire
mesh screen and inserted into a flow cell of 22.6 mm in diameter. Deionized water (pH 5.5;
37 ◦C) was passed through the flow cell using a Sotax CY7 piston pump.

3.3.4. Franz Diffusion Cell

Another method which has been commonly used to investigate the in vitro dissolution
of inhaled dry powder particles is the Franz diffusion cell. The Franz diffusion cell consists
of two compartments, donor and receptor compartments, separated by a membrane as
shown in Figure 5C. The donor compartment is exposed to the air while the receptor
compartment filled with dissolution medium. The dissolution medium in the receptor
compartment is continuously mixed with a magnetic stir bar. An advantage of the Franz
diffusion cell is that it provides an air-liquid interface, as present in the lung [25]. However,
in a Franz diffusion cell, it may be difficult to distinguish between dissolution rate and
diffusion effects through the membrane [86].

A modified Franz diffusion cell was used by Salama et al. [27] to conduct the dissolu-
tion test for controlled released microparticles containing disodium cromoglycate (DSCG)
and polyvinyl alcohol (PVA) for inhalation. This study compared several different methods
of dissolution and found that a modified Franz diffusion cell was able to discriminate
dissolution rates better than the flow through cell and the USP apparatus 2.

In another study, May et al. [25] conducted dissolution studies for unnamed drug
substance A dibromide and amorphous base, fenoterol and budesonide in PBS (pH 7.4, 1 L)
at 37 ◦C using a modified Franz diffusion cell. A regenerated cellulose membrane filter with
a pore size of 0.45 µm was placed into the membrane holder, with the particles collected
using the NGI facing upwards. In contrast to the results of Salama et al. [27], this study
found that although the Franz diffusion cell was able to discriminate between substances of
different solubilities in the dissolution media, it was not as sensitive and as reproducible as
the USP dissolution apparatus 2. They speculated that the possible reasons for the variation
in the results might be due to the difference in the method set up, membrane type and
thickness, and loading dose.

3.3.5. Transwell® System

The Transwell® system (Figure 5D) consists of an upper (donor compartment) and
lower (acceptor compartment) chambers separated by a membrane which is made out of
either polyester (PET) or polycarbonate (PC) or collagen coated polytetrafluoroethylene
(PTFE). Such systems are used in drug transport studies to characterize the permeability
in apical-to-basolateral direction. Due to the lower volume of dissolution medium, the
Transwell® system could provide more bio-relevant conditions in comparison to the Franz
diffusion cell.

Arora et al., 2010 [20] developed a dissolution method for size classified respirable
particles using a Transwell® system with limited volumes of stationary aqueous dissolution
medium. Aerodynamically dispersed particles were collected on the filter membrane as
reported by Davies and Feddah [21] from stage 4 (2.1–3.3 µm) and stage 2 (4.7–5.8 µm)
of compendial Andersen cascade impactor. Then, the filter membranes with deposited
aerosol powder were placed with particles facing in the downward direction on a semi-
permeable polyester membrane of the Transwell® insert. Immediately after these inserts
were transferred into a receptor compartment containing 1.4 mL of dissolution medium,
0.04 mL of the dissolution medium was placed in the donor compartment to initiate the
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particle dissolution. The system was then placed in an incubator maintained at 37 ◦C and
an aliquot of 0.5 mL was collected (with replacement) from the receptor compartment
at different time. At the end of the experiment, the donor compartment was thoroughly
washed to recover the undissolved portion of the drug.

Rohrschneider et al., 2015 [26] evaluated the in vitro dissolution behaviour of orally
inhalable products using a commercial Transwell® system with polycarbonate membrane
and a modified Transwell® system in which polycarbonate membrane was replaced with a
glass microfiber filter. In a modified system, incorporating a more permeable membrane,
the drug transfer from donor to acceptor compartment was limited by the dissolution of
the particles and not by the diffusion through the membrane.

3.3.6. DissolvIt System

DissolvIt system (Figure 6) is a recent in vitro dissolution testing method which simul-
taneously determines the dissolution and absorption of a drug from respirable size dry
powder particles [23]. The system consists of a mucus layer (50 µm thick 1.5% w/v poly-
ethylene oxide in 0.1 M PBS) on a polycarbonate membrane to mimic the air-blood barrier
in the tracheobronchial region of the lung with a blood simulant (0.1 M PBS containing 4%
w/v albumin) flowing on the other side of the membrane. The fine particle dose (0.99 to
1.20 µg) of respirable size particles was collected on glass coverslips using the PreciseInhale
system as discussed in Section 3.2.4. The dissolution behavior of respirable size particles
of budesonide and fluticasone propionate was studied by simultaneous observation of
particle disappearance under microscope and quantification of drug in the perfusate on
the vasular side of the membrane. This new system, in which the blood simulant buffer
pumped in singlepass mode through the dissolution cell, enables the generation of in vitro
dissolution/absorption curves of drugs from inhaled dry powders.
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In a recent study, DissolvIt system was used to assess the impact of dissolution
medium on dissolution of fluticasone proprionate aerosol particles. A synthetic simulated
lung lining fluid, 1.5% poly(ethylene oxide) + 0.4% L-alphaphosphatidyl choline and
Survanta were three different media used in the DissolvIt chamber. It was illustrated that
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biorelevant dissolution studies can generate input parameters for physiologically based
pharmacokinetic modeling of inhaled drug products [87].

3.3.7. Custom Made Flow Perfusion Cell

Eedara et al. [58] custom made a flow perfusion cell which resembles an air-blood
perfusion model to evaluate the dissolution behaviour of respirable size particles. The flow
perfusion cell was connected to a syringe pump (100 DM syringe pump, Teledyne ISCO,
Lincoln, NE, USA) to collecte the perfusate and an optical microscope equipped with a
digital camera (OPTIKA SRL, Ponteranica BG, Italy) to capture the images of respirable size
particle dissolution [18,58,62,62]. Using this apparatus, the dissolution behaviours of fine
particle doses (collected using mTSI) of moxifloxacin and ethionamide in 25 µL of mucus
simulant were evaluated. The respirable size particles of moxifloxacin dissolved quickly
(<30 min) compared to the ethionamide.

Similarly, Saha et al. conducted in vitro experiments using custom made flow per-
fusion cell and showed that ~68% of ivermectin got permeated in 30 h from dry powder
formulation. The dissolution medium was polyethylene oxide (1.5% w/w) + Curosurf®

(0.4% w/w) in phosphate-buffered saline (PBS) and Tween 80 (0.2% w/v) in PBS was per-
fusate. 50 µL of the dissolution medium was loaded on the apparatus and the flow rate of
the perfusate was fixed at 0.05 mL/min [88].

A major drawback of the dialysis bag, Franz-type diffusion cell, Transwell®, DissolvIt®

and custom made flow perfusion cell methods is that the mass of the drug released into
the donor compartment is limited. The advantages and disadvantages/limitations of all
the above methods are summarized in Table 3. Even though various dissolution apparatus
has been developed for inhaled dry powder particles, maintaining very limited volumes
of the dissolution media to simulate the lung conditions is still a challenge. Therefore, the
development of a standardized in vitro dissolution method for dry powder particles is still
an interesting topic to research.

Table 3. Advantages and disadvantages/limitations of the apparatus used to evaluate the dissolution
behaviour of the inhaled products. Reproduced with permissions from Eedara et al., 2019 [58], Elsevier.

Apparatus Advantages Disadvantages/limitations

Paddle over disc
apparatus

- Easy handling
- Sink conditions maintained by large

dissolution medium volumes

- Absence of an air-liquid interface
- Large volumes of the dissolution medium and

paddle agitation are not reflective of the actual
in vivo dissolution process of inhaled particles

Dialysis bag - Static and sink conditions maintained
- Dissolution medium replacement possible

- Absence of an air-liquid interface
- The powder particles might adhere to the sides

of the bag or aggregate

Flow through cell

- Sink conditions maintained by the continuous
flow of fresh medium

- Reduced influence of diffusion during
dissolution testing

- Continuous sampling, a flow rate change and
dissolution medium change possible
during the run

- Absence of an air-liquid interface
- The high fluid velocity applied does not

represent the agility of the fluid in the lung,
which is rather stationary

- The flat geometry of the filter holders
potentially generates a high fluid velocity at
the centre but decreasing flow gradient
towards the periphery causing diffusion effects
and a local non-sink condition

- Handling of this setup is sensitive to
entrapped air in the membrane-drug substance
sandwich and in the dead volume of the
flow-through cell

- The drug release is flow-rate controlled
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Table 3. Cont.

Apparatus Advantages Disadvantages/limitations

Franz diffusion cell - Represent the in vivo non-agitated situation
- Consists of an air-liquid interface

- Presence of air bubbles at the membrane liquid
interface and the difficulty or even failure of
removing them

- Difficult to distinguish between diffusion
effects through the membrane and the
dissolution rate

Transwell® system
- Represent the in vivo non-agitated situation
- Consists of an air-liquid interface
- Lower volumes of stationary dissolution media

- Difficult to distinguish between diffusion
effects through the membrane and the
dissolution rate

- Saturation of the limited volume of dissolution
medium causes decreased dissolution

DissolvIt® system

- Simulates the air-blood barrier of the upper
airways of the lungs with low volumes of
stationary mucus simulant

- Particle dissolution is visualized under
microscope as disappearance

- Simulates the dissolution and absorption of
drugs from inhaled dry powders

- The microscopic observation is limited by an
optical resolution of around 0.2 µm

- The thickness of the stationary mucus and
membrane simulates the absorption kinetics in
the tracheobronchial region rather than the
deep lung regions

It has always been fascinating to explore the interactions of inhaled drugs and com-
ponents of RTLF that ultimately affect their dissolution and absorption in the lungs. For
instance, Langmuir monolayer technique enables the formation of a lipid film on the water
subphase and facilitates characterization of lipid–water, lipid–lipid or lipid–drug interac-
tions [89]. However, understanding the interactions of inhaled drug molecules and RTLF
components is out of the scope of this current review.

4. Models for Pulmonary Drug Absorption

In vitro, ex vivo and in vivo models are commonly used to study absorption of inhaled drug
particles. Table 4 summarizes the various models used to study pulmonary drug absorption.

Table 4. Summary of various models for pulmonary drug absorption.

Models Drugs Ref.

In vitro

Air-liquid interfaced layers Calu-3/Transwell system Salbutamol
Indomethacin [90]

DissolvIt system Budesonide
Fluticasone propionate [23]

Custom made flow perfusion cell Moxifloxacin
Ethionamide [58]

Ex vivo Isolated perfused rat lung

AZD5423 (developmental nonsteroidal
glucocorticoid)
Budesonide
Fluticasone furoate
Fluticasone propionate

[91]

In vivo

Rats Rifampicin [92]

Guinea pigs Rifampicin [93]

Cynomolgus monkeys (non-human primates) Erythropoietin Fc fusion protein [94]

Patients with cystic fibrosis (Clinical study) Colistin [95]
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In vitro air-to-blood barrier is reconstructed using cell models in the Transwell or Snap-
well system under cell culture [96]. Table 5 summarizes different types of cells used for
in vitro lung barrier models. Stem cell-derived lung epithelial cells and “lung-on-a-chip”
models have grabbed the interest of many researchers. Most importantly, differentiation
of human embryonic stem cells (ESC) or induced pluripotent stem cells (iPSC) to alveolar
epithelial type II-like cells facilitates large-scale alveolar epithelial cell production. Air-liquid
interface (ALI) culture can induce differentiation further to alveolar epithelial type I-like cells.
Furthermore, a microfluidic device, “lung-on-a-chip” has been developed as lung model to
study biological development and pathogenic responses of lungs. The utility of a unique
six-well “lung-on-a-chip” prototype that can integrate an in vitro aerosol deposition system
is currently being examined. This attempt looks interesting as it includes the presence of air,
media flow and breathing-like stretching that resembles the movement of lungs [96].

Table 5. In vitro models for absorption of inhaled drug particles [33].

Alveolar Epithelial Models Tracheobronchial Epithelial Models

Primary alveolar epithelial cell cultures

Primary cell cultures

• Small airway epithelial cells
• Normal human bronchial epithelial cells

Alveolar epithelial cell lines

• A549
• NCI-H441 human bronchiolar epithelial cell

Bronchial epithelial cell lines

• BEAS-2B
• NuLi-1
• 16HBE14o
• Calu-3
• Models of cystic fibrosis airway epithelium (NCF3, CFT1, CFBE41o, CuFi)

Co-culture models or human bronchial/alveolar cells

When in vivo or in vitro models cannot clearly explain the mechanism of drug trans-
port or lung disposition kinetics, ex vivo tissue models are used. Isolated perfused lung
(IPL) is one of the most used method, where the lung is isolated from the body and kept
in an artificial system maintaining certain experimental conditions. This separates dis-
tribution, metabolism and elimination from lung specific assessments. Architecture and
functionality of the tissue is closely maintained in an isolated organ experiment enhancing
its resemblance to in vivo state in comparison to in vitro monolayer models from a single
cell type. An IPL prepared from small rodents has commonly been employed for lung
disposition studies [97].

In vivo studies in intact animal models are used for investigating the absorption, dis-
tribution, and pharmacodynamics of inhaled drug particles. In such models, formulations
are administered to conscious or anesthetized animals using different types of delivery
devices with or without surgical intervention. Small animals such as mice and rats have
been commonly used to study pulmonary pharmacokinetics. However, because of higher
cost and logistics required for handling and housing, the use of larger animals such as
guinea pigs, rabbits, dogs, sheep and monkeys are limited [98]. In larger animals, regional
delivery/distribution of drugs can be achieved by the appropriate selection of aerosol size
and inspiratory manoeuvres facilitating the study of region dependent lung absorption
and disposition [96].

5. Future Perspectives

We have summarized various instruments and methods used for dissolution studies
of inhaled drug particles, however there is no standard method that can be recommended
for routine studies. Therefore, there is a need for sophisticated instrument for testing
inhalable formulations. Moreover, currently available small volume dissolution apparatus
only accounts for dissolution studies in stagnant medium (simulated RTLF) ignoring
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the fact that mucociliary clearance occurs in the upper airways and breathing results in
the movement of alveoli and air sacs of the lungs. Therefore, small volume dissolution
instruments should be developed or upgraded in such a way to incorporate fluid movement
in them [30]. In addition, in vitro cell-based models that are being used for absorption
studies are inconvenient to conduct routine testing of formulations. Therefore, automated
cell free systems are always preferred over them.

On the other hand, various simulated RTLFs (dissolution media) [99] that are be-
ing used for in vitro dissolution studies do not closely resemble the human RTLF [30].
Composition and thickness of RTLF vary regionally from one region of respiratory tract
to another and individually from healthy to diseased. RTLF is rich in mucus in upper
respiratory tract whereas, it is rich in surfactant in lower respiratory tract [30]. For instance,
in pulmonary disease like cystic fibrosis (CF), patients have highly tenacious (adhesive and
cohesive) sputum. Along with mucin (regular component of normal mucus), CF sputum
contains large amounts of DNA and filamentous actin [100] in comparison to RTLF of
healthy person. Therefore, there is a need for region-specific and disease-specific simulated
RTLFs. Determination of absolute concentration of components of RTLF is a must to mimic
them but it is a challenging task. Therefore, there is a need for sophisticated method
(technology) to accurately determine them. Moreover, components of simulated RTLF
should always be chosen keeping in mind about their cost and availability that in turn will
help commercialization in future [30].

6. Conclusions

In vitro dissolution testing is a well-established quality control test in characterizing
the performance of a solid oral dosage form. However, no approved methods are available
for evaluating the dissolution behaviour of inhaled dry powder particles even though
many studies proved the relationship between dissolution and pharmacokinetics of inhaled
drugs. The complex nature of the lungs with anatomical and physiological differences in
the tracheobronchial region and alveolar region make a great challenge in the development
of an in vitro dissolution method which mimics the lung conditions.

In this review, we summarized various dissolution methods and absorption models
developed for the evaluation of dissolution and absorption behaviour of inhaled drug
particles. Even though the recent methods used a small volume of dissolution medium, it
represents only a particular region of the lung. A further improvement in the dissolution
methods which mimic the different regions of the lungs is necessary.
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Abstract: Application of modern delivery techniques to natural bioactive products improves their
permeability, bioavailability, and therapeutic efficacy. Many natural products have desirable biological
properties applicable to wound healing but are limited by their inability to cross the stratum corneum
to access the wound. Over the past two decades, modern systems such as microneedles, lipid-based
vesicles, hydrogels, composite dressings, and responsive formulations have been applied to natural
products such as curcumin or aloe vera to improve their delivery and efficacy. This article reviews
which natural products and techniques have been formulated together in the past two decades and
the success of these applications for wound healing. Many cultures prefer natural-product-based
traditional therapies which are often cheaper and more available than their synthetic counterparts.
Improving natural products’ effect can provide novel wound-healing therapies for those who trust
traditional compounds over synthetic drugs to reduce medical inequalities.

Keywords: wound healing; natural products; advanced delivery; traditional medicine; alternative
medicine

1. Introduction

The field of wound-healing medicine has been advanced with modern technolo-
gies and modern drugs despite traditionally used natural products’ known effectiveness.
Wounds affect both developed and developing nations, yet they are generally treated differ-
ently. The healing process can be painful, develop into an infection, or come across obstacles
such as bacterial biofilms causing the wound to become chronic [1,2]. As a prevalent and
visible condition, multiple traditional/alternative wound-healing medicines exist from
historic medical communities [3,4].

The WHO defines traditional medicines as ‘the sum total of the knowledge, skill, and
practices based on the theories, beliefs, and experiences indigenous to different cultures, whether
explicable or not, used in the maintenance of health as well as in the prevention, diagnosis, im-
provement or treatment of physical and mental illness’ [5]. In 2019, the World Health Assembly
formed resolutions promoting traditional medicines, especially in primary healthcare [5].
This resolution arose from an ever-increasing interest and belief that traditional natural
medicines are safer and more commonly available than conventional drugs [6]. Cultures
such as China and Egypt with established traditional practices use traditional medicines
the most; however, it is a worldwide phenomenon, with 60% of the world’s population
estimated to rely on traditional medicine [7]. Traditional medicines are often used more
in developing nations due to cultural norms or superior accessibility. Natural products
already culturally established in developing nations should be re-examined as medicines
to provide unique solutions to medical inequalities. Low bioavailability and poor solubility
because of limited membrane permeability restricts many natural compounds from their
full potential [8]. An example is the anti-inflammatory escin from horse-chestnut, which is
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poorly lipid-soluble and has a bioavailability of 12.5% [9]. Traditional medicine has gained
popularity due to growing distrust of conventional medicine, and as traditional medicine
rises in popularity, research should go into its safety, efficacy and optimisation [10].

This review describes how natural wound-healing products are being reapplied with
modern delivery strategies. Additionally, we describe how different kinds of wounds form
and heal, and then how they are treated. We categorize compounds by their bioactive
function and then discuss novel delivery strategies. Our aim is to provide a new perspective
on the future of natural products and the problems the field may face.

2. Wound-Healing Physiology

A wound is either acute or develops into a chronic wound due to various factors
such as systemic illnesses and repeated trauma. An acute wound is defined as an injury
to tissue healing within 8–12 weeks [11]. Acute wounds are commonly caused by burns,
lacerations, and abrasions and have a four-stage healing process: hemostasis, inflammation,
proliferation, and maturation [11,12]. The four stages are diagrammatically presented in
Figure 1. Chronic wounds differ from acute wounds in their timeframe; differently to acute
wounds, chronic wounds are yet to heal after 12 weeks and often reoccur [13]. Pre-existing
conditions such as diabetes or repeated damage are common causes of chronic wounds
and can lead to ulcers or amputations [14].

Figure 1. Wound self-healing process.

An acute injury’s first phase of healing is hemostasis. This is clotting of the blood
to prevent blood loss while also creating a temporary scaffold for future cells’ use [2].
Immediately following the injury and during the hemostasis phase, cytokines recruit
inflammatory cells to clear the wound area of foreign material and dead tissue [15]. With
the wound now sealed and an immune response taking place, fibroblasts and keratinocytes
migrate into the damaged area to begin the proliferation phase—some literature views this
migration as a phase of healing itself [11]. Keratinocytes proliferate to cover the dermis and
reform the epidermal barrier beneath the clot, while fibroblasts begin secreting collagen
and extracellular matrix (ECM) to repair the dermis [15]. Capillary reformation responds
to angiogenic growth factors such as vascular endothelial growth factor (VEGF) once the
dermis has reformed enough to support vessel growth [2]. Finally, myofibroblasts contract
the wound area while keratinocytes proliferate to reform its full epithelium, finishing the
healing process [13].

Chronic wound healing is often stalled during the inflammation phase [2]. Prolonged
inflammation causes imbalances in potent cytokines only meant to be present for a short
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time [16]. Such an imbalance can increase the degradation of ECM growth factors and
receptors [16]. The degradation products of the breakdown require a continued immune
response, beginning a cycle of non-healing and persistent inflammation [2,16]. The excess
workload placed on immune cells impairs their function and allows bacteria to infiltrate
the wound and form a multicellular plaque called a biofilm. This film is typical of staphylo-
coccus aureus and other airborne bacteria; the film covers the topical surface of the wound
and can block the delivery of healing pharmaceutics [1]. Breaking the cycle of inflammation
and ECM breakdown and removing the biofilm layer are popular research areas aiming to
treat the 6.5 million people diagnosed with chronic wounds each year [17].

3. Conventional Treatment
3.1. TIME and TWA: Deciding on a Treatment

A key focus in today’s conventional treatment of wounds is managing the risk of a
wound becoming chronic [18]. A wound should only require treatment if its natural healing
is stalled or interrupted. The ‘TIME’ or ‘TWA’ processes are used to assess the wound
and determine a treatment. No single treatment is applied to all wounds; hence, assessing
wounds and making evidence-based decisions is emphasised [18,19]. Both TIME and
TWA are acronyms. For TIME, T stands for ‘tissue non-viable or deficient’, I for ‘infection
or inflammation’, M for ‘moisture balance’, and E for ‘edge of wound—non-advancing
or undermined’ [18,20]. TWA stands for ‘Triangle of Wound Assessment’ [21,22]. TWA
elaborates on TIME with a three-point ‘triangle’: wound bed, wound edge, and peri-wound
skin [22]. TWA and TIME analysis provide a systematic way to analyse a wound and direct
clinicians to the proper treatment.

3.2. Wound-Healing Dressings

The most common and historically present product for a wound is its dressing. The
primary function of a dressing is to protect against foreign microbes and protect the skin
from exudate [21,23]. It is often desirable for a dressing to be absorbent, particularly when
a wound has too much exudate interfering with the patient’s daily life or creating too
friendly an environment for bacteria to colonise [20]. Absorbents can be fibrous, fabric,
or a combination of the two: these forms are among the most accessible wound dressings
around the world [19]. Modern technologies have added to this category with hydrofibres
and impregnated gauzes, which are more bioactive than their fibre/fabric counterparts [23].
Such direct dressings can have the disadvantage of being painful when removed, hence the
use of non-adherent dressings. Non-adherent dressings are often preferred for the contact
layer dressing as they do not attach to the wound’s tissue. Non-adherence allows the
protection of granulation tissue and the epithelium at the expense of requiring a secondary
dressing to secure the wound [19,22].

Water-based formations such as hydrogels and hydrocolloids are applied to wounds
requiring a moist environment to heal. Hydrogels use hydrophilic polymers to attract
water and create a three-dimensional network in the form of a gel. Hydrogels can be
used to rehydrate a wound bed, rehydrate necrotic tissue, absorb excess exudate, or
reduce pain [19,23,24]. Hydrogels can be loaded with bioactive compounds to deliver
it directly to the wound area in a relatively painless manner. An available hydrogel
is Curasol™ which is applied to an absorbent layer such as cotton or gauze and then
taped, netted, or bandaged onto the wound. Hydrogel dressings often market themselves
based on their pain relief and rehydrating abilities—one problem with these products
is the complicated application that requires a healthcare professional [25]. Hydrogels
are commonly applied to traditional medicine and are often fabricated using polymers
derived from nature [26–28]. The polymers applied to hydrogels are becoming increasingly
advanced; Yan et al. formulated a thermosensitive hydrogel that released a phage to
combat bacterial infections. This hydrogel could be infected as a liquid but would form
into a hydrogel dressing once exposed to the temperature of an inflamed wound bed [29].
Hydrocolloid dressings such as alginates have the advantage of requiring no secondary
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dressing. Hydrocolloid dressings are gel-forming agents that absorb and retain fluid
to create a wound-moistening gel [24,30]. Hydrocolloids, like hydrogels, can be loaded
with antiseptics or wound-healing drugs to make them bioactive. Hydrocolloid dressings
derived from sodium alginate taken from brown seaweed are commonly used for wounds
with excess exudate because of their absorptive properties. Other hydrocolloids such
as Duoderm™ can be used for shallow acute wounds with little exudate present [24,31].
Hydrocolloids and hydrogels reduce pain sensation by keeping nerve endings moist and
providing a provisional ECM to facilitate autolysis [24,30].

Semipermeable dressings such as foams and films can protect wounds from the ex-
ternal environment while allowing essential molecules to enter. Foams fabricated from
polyurethane or silicone can protect against bacteria and moisten the wound bed while
avoiding tissue damage when removed [32]. Foams are also used to encapsulate drugs
and have been applied with natural products such as asiaticoside from Centella asiatica [33].
Recent advances in foams for wound care combine other technologies to create respon-
sive/smart dressings. A multi-layer dressing made from an anti-microbial foam and an
electrospun cellulose surface mesh was formulated by He et al. which changes colour in
response to infection-caused pH changes [34]. Films are like foams by being semipermeable
but are more often applied to epithelizing wounds with little exudate. Oxygen and carbon
dioxide can pass through films but, similarly to foams, bacteria or pathogens are kept away.
Koetse et al. and Babikian et al. have innovated different films for wound care which can
record electrical signals in a wound [35,36]. Both devices aimed to capture a wide range of
physiological parameters using impedance, current, and other parameters.

Another dressing that aids wound healing is bioadhesives. These adhere to the site of a
wound to moisten, absorb exudate, and protect from external pathogens [37]. These can be
injected as hydrogels which then adhere to the surface of a wound or be delivered as a patch
placed similarly to a plaster [38]. Figure 2 shows how a bioadhesive can cover a wound bed.
Bioadhesives must be biocompatible and biodegradable; thus, they are often derived from
nature. One bioadhesive formulated by Ke et al. used two natural products in tannic acid
and silk fibroin to help develop the ECM and protect against bacterial infection [39]. The
full extent of advanced dressings used for wound care is beyond the scope of this review,
but it is clearly a growing field expanding into dressings that are responsive or indicative of
physiological parameters. Table 1 summarizes the many kinds of wound dressing. Many of
these dressings are being made using natural compounds because of their biocompatibility
and biodegradability; thus, it is a promising field for natural products in wound care [40].

Figure 2. Strategies for bioadhesives used to close wounds. (A) Bioadhesives are applied between
wound edges. (B) Bioadhesives are applied outside of the wounds. (C) Bioadhesives are applied
between and outside the wounds. Reprinted with permission from Ref. [37].
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Table 1. Characteristics of wound dressings.

Type of Wound
Dressing Features Limitations Product Name References

Film dressings

Elastic, durable,
comfortable, and conform
well to body contours
Waterproof and
transparent
Create a moist healing
environment
Bacterial and viral barrier
Semi-permeable to water
vapour and gas

Adhesive films might
disrupt newly formed
epithelium during
dressing change
Limited use for highly
exuding wounds
Might develop leakage
channels

Tegaderm™ (3M™, UK
Plc.)
Opsite Films® (Smith and
Nephew)
Mepitel®Film (Mölnlycke
Health Care Limited)

[32,34,41]

Foam dressings

Highly absorbent
Easily removable
Create a moist healing
environment
Bacterial and viral barrier
Semi-permeable to water
vapour and gas

Form an opaque layer,
making wound
monitoring difficult
Limited use for dry
wounds
Poor stability

Flexsan
Biopatch
Biatain
Cultinova
Lyofoam
Allevyn
Unilene
Tielle
CuraSpon
Kendall
Hydrasorb

[33,42]

Hydrogel dressings

Create a moist healing
environment
Pain relief
Self-applied or injectable
Facilitate autolytic
debridement
Easily removed

Require a secondary
dressing
Lack of mechanical
strength
Inconsistent hydration
properties
Poor bacterial barrier

Suprasorb®

AquaDerm™
Neoheal®

Simpurity™
DermaGauze™
Restore

[43–45]

Bioadhesive dressings

Create a moist healing
environment
Self-injectable
Adhesive

Unremovable
Interference with other
medical devices
Might develop leakage
channels

Ligate™ [37]

4. Natural Products
4.1. Modulators of Cellular Activity

The third stage of wound healing, proliferation, can be hastened by compounds
promoting cellular growth and proliferation. While its uncommon for this stage to be stalled
or force the development of a chronic wound, increasing the proliferation rate can heal a
wound faster to remove physical and cosmetic discomfort to the patient [18,20]. Increasing
cell proliferation also means a lesser likelihood of scarring—increased proliferation in
fibroblasts mainly corresponds with increased collagen and, therefore, a better-developed
wound bed [46]. Table 2 shows the natural products discussed in this review’s mechanism
of action for wound healing.
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Table 2. Wound healing natural products are classified into their mechanism of action.

Mode of Action Natural Products References

Modulators of Cellular Activity Turmeric, Honey, and E. phaseoloides [46–56]

Modulators of Collagen Synthesis Aloe vera, A. boonei, C. asiatica [57–70]

Modulators of Angiogenesis Honey, Aloe Vera, and E. phaseoloides [59,63,71–76]

Modulators of the Extracellular Matrix Honey [57,77–81]

Modulators of Cytokines and Growth Factors Essential Oils and Honey [52,53,82–86]

Antibiotics and Antimicrobials Garlic and Lavender [87–90]

Modulators of Oxidant/Antioxidant Balance Turmeric and Vanilla [41,91–93]

Other Vitamins A/B/C/D [94]

Curcumin, an extract from turmeric, is known for its bioactivity as an antioxidant,
anti-inflammatory agent, antibacterial, and as a promotor of collagen synthesis and cell
proliferation [46–49]. For these reasons, curcumin has been used by many cultures as a
wound-healing drug applied topically to a wound [50]. Curcumin’s efficacy is limited by
poor solubility in water and photosensitivity [46], hence its status as a traditional rather
than conventional medicine [46].

Honey is another widespread medicine used traditionally for wound healing. The
bioactive components of honey are a mixture of enzymes, pollen, and environment-specific
molecules. However, some of honey’s more basic characteristics act to modulate cellular
activity to promote wound healing [51]. Honey’s sugar content can provide nutrition to
the cells fatigued from mass proliferation and inflammation to promote their survival
and growth [52]. Honey’s low pH has also been reported to create conditions ideal for
fibroblasts activity, facilitating better collagen development and fibroblast migration to
close the wound [52]. Studies by Ranzato et al. further tested honey’s properties in an
in vitro scratch wound healing model. They found honey to promote re-epithelisation and
help close a wound in the final stages of its healing [53].

Another compound that promotes fibroblast proliferation and migration is tannin [54].
Tannin is a polyphenol that can be extracted from a myriad of plants and was traditionally
used for tanning leather [55]. Alongside this purpose, plants such as Entada phaseoloides
with high levels of tannins were used by South-East Asian cultures as a compound for
wound healing. Su et al. studied the mechanism of action of tannin and found that
it promotes fibroblast proliferation and migration. Increased cellular proliferation and
migration quickens the wound-healing process and reduces the likelihood of scarring [54].
In this study, tannin acted similarly to the clinically used Bactroban with no significant
difference between tannin from the Entada extract and Bactroban as a positive control [54].
Compounds such as honey, curcumin, and tannin used as traditional medicines have
been analysed under modern pharmaceutical conventions to discover their modulation of
cellular activity. A better understanding of this can allow future research to formulate such
compounds into effective medicines [55,56].

4.2. Modulators of Collagen Synthesis

Synthesis of collagen returns structure and strength to the dermis after a wound [57].
Promoting collagen synthesis speeds up wound healing dramatically and reduces the risk of
opening the wound again [20]. As well as the rate of collagen synthesis, the type of collagen
being synthesised is important to promote non-scarred wound beds [58]. The importance of
collagen in the wound-healing process has meant compounds that modulate the molecular
mechanisms of collagen synthesis have been identified as wound-healing medicines.

Aloe vera is a natural compound still widely used and recognized in home, and clinical
practices as a wound healing tool [59]. The most studied active ingredients of aloe vera
are thought to be aloe-emodin, aloin, aloesin, emodin, and acemann [60]. While primarily
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known for reducing pain in burn wounds, aloe vera also increases the amount of collagen
in wounds [61]. Beyond this, aloe vera affects collagen composition by promoting cross-
linking; this develops greater three-dimensional structural integrity of the early granulation
tissue and begins the return of the tissue to the regular dermis [62]. Aloe vera’s common
form is a gel that not only delivers the drug but moistens the wound to improve flexibility,
acts as a barrier against foreign microbes, and bathes the nerves to reduce pain [63].

Alkaloids are a class of basic, natural compounds, which contain at least one nitrogen
atom. Alkaloids are present in many plants, particularly in flowers such as nightshade,
poppies, and buttercups [64]. A study by Fetse et al. on alkaloids from A. boonei showed
an increase in wound healing which was attributed to the promotion of re-epithelisation,
angiogenesis, and increased collagen deposition [65]. In the same paper, A. boonei extract
was theorised to be involved in collagen maturation: early granulation tissue contains
collagen type IV while fully healed tissue contains the stronger and more developed
collagen type I [65]. This paper found alkaloids to contribute to many different stages and
components of the complex wound-healing process.

Collagen synthesis in cultured fibroblasts is increased by asiatic acid. Asiatic acid
comes from the popular medicinal plant Centella asiatica, which has a long history in sub-
continental traditional medicine [66]. There are three bioactive compounds in Centella:
madecassoside, asiatic acid, and asiaticoside. All three were tested by Bonte et al. and
then Maquart et al., who found each compound had positive effects on collagen synthesis
in vivo. Asiatic acid, however, showed the most significant efficacy in vitro [67,68]. Centella
extract contains all three extracts; however, Nagoor-Meeran et al. identified asiatic acid
as the best compound to isolate for pharmaceutical use [66]. All three compounds have
other properties ranging from antioxidant, anti-inflammatory, or anti-cancerous. Centella’s
widespread historical use is clearly justified and only requires improved solubility and
stability in the biological environment [3,4,69,70].

4.3. Modulators of Angiogenesis

There is a wide range of natural products which modulate angiogenesis. Both anti-
angiogenic and angiogenic compounds can be used at different stages of the wound-healing
process. Angiogenesis is a natural part of the proliferation phase of acute wound healing
but can become problematic in a chronically inflamed wound [71]. Plant extracts to be used
in both applications are common and widely used.

Plants containing flavonoids act as anti-angiogenic agents. Flavonoids are phenolic
compounds with a benzo-γ-prone structure [72]. These compounds are found widely in
tea, cocoa, and red wine, of which tea, especially, has been used as a natural wound-healing
medicine [73]. Green tea contains a significant amount of flavonoids and other phenol-
based compounds, which alter mi-RNA expression to restrict angiogenesis controlled by the
VEGF receptor family [74]. Green tea in its traditional oral form is not specific to a wound,
and as a topical extract, it cannot penetrate the stratum corneum [74]. Without specificity,
green tea is limited despite promising bioactive properties. Despite this, green tea is a
common anti-angiogenic solution, as well as other options such as Centella asiatica [74,75].

Aloe vera is a widely applied natural medicine that contains the pro-angiogenic
compound beta-sitosterol [76]. Aloe vera’s pro-angiogenic activity makes it a candidate for
promoting faster vessel growth and faster recovery in healing tissue. Beta-sitosterol works
by stimulating vessel cell migration and enhancing the expression of angiogenesis-related
proteins [76]. Aloe vera is widely available across the globe and is already used for other
wound-healing properties, especially in burn wounds [59]. Aloe vera’s high water content
can reduce wound-related pain while stimulating collagen synthesis and cross-linking
directly hastens a wound’s natural healing process [63]. This, along with its pro-angiogenic
properties, has made it a popular wound-healing drug across the world’s traditional
medicine and continues to be one of the most widely recognised natural wound-healing
solutions [59].
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4.4. Modulators of the Extracellular Matrix

The ECM is a complex structure in the dermis that contains countless proteins, en-
zymes, and inflammatory components influencing how the body reacts to a wound [58].
There are fewer ECM modulating compounds than the other categories described in this
review; however, their efficacy and common usage justify their acknowledgement as a
natural product modulating the wound-healing process.

Stingless bee honey is one of the few natural ECM modulators. Honey was tradi-
tionally applied on wounds primarily because of its antibacterial and hydrating qualities;
however, a study by Malik et al. has uncovered honey’s ECM modulating character-
istics [57]. The unique mixture of enzymes, pollen, and other molecules in this honey
down-regulated the MMP-1 gene, which encodes a protease protein, and up-regulated
the gene for type I collagen, COL1A1 [57]. Reduced MMP activity and increased collagen
will allow the development of collagen and extracellular proteins to recover the ECM
earlier [77]. Malik et al. carried out this study in incubated human dermal fibroblasts and
quantified gene expression using qRT-PCR [57]. Without an in vivo test, honey’s use as
a wound-healing drug cannot be confirmed; however, Malik et al.’s findings add further
potential to a new formulation of honey that can regulate fibroblasts in direct contact
beneath the epidermis.

Another compound belonging to bee honey, propolis, alters the expression and mod-
ification of ECM genes [78]. A notable protein altered by propolis is dermatan/heparan
sulphate, a glycosaminoglycan which attracts water and cations to form most of the ECM’s
content [79]. Its induction and structural modification, allowing growth protein attach-
ment by propolis, increases the amount of the glycosaminoglycan in the dermis to recover
the ECM quickly [79,80]. Propolis was compared to the widely commercially used sil-
ver sulfadiazine, which out-performed it in its induction of key ECM proteins such as
dermatan sulphate and hyaluronic acid [81]. This outperformance of the ‘gold standard’
for ECM modulation presents propolis as a promising natural medicine that demands
further research.

4.5. Modulators of Cytokines and Growth Factors

Cytokines are proteins or glycoproteins which modulate inflammatory or immune
responses [95]. Growth factors increase cell proliferation, growth, and differentiation. Both
classes of compounds modulate the progression of the wound-healing stages and the
inflammation cascade [96]. Changing the timing or levels of these important compounds
can change the balance of the cocktail of compounds controlling the body’s response to a
wound. This critical role has meant a group of traditional medicines that alter the balance
of cytokines and growth factors used specifically for wound healing [97].

Terpenoids are commonly found in essential oils and suppress cytokines to act as anti-
inflammatories [82]. Marques et al. showed that terpenes reduced the pro-inflammatory
cytokines TNF-α and IL-1α and increased production of IL-10. This had the net effect of
suppressed inflammation to demonstrate its therapeutic potential [83]. In a systematic
review, Barreto et al. found five preclinical terpenoids that showed potential as wound-
healing drugs but were not well studied. Specifically, the mechanism of action requires
better understanding to explain the clear evidence of anti-inflammatory activity [82]. The
popularity of terpene products has risen with essential oils despite this poorly understood
mechanism of action. The B. morolensis essential oil from Mexican folk medicine is an
example of a terpene-containing essential oil that has been shown to promote wound
healing [84].

Honey is a compound with many properties applicable to wound healing. One
property is an effect on interleukins and MMPs. MMPs modulate the cleavage of cy-
tokines controlling the inflammatory cascade and are a target enzyme to modulate cytokine
levels [85]. Acacia and buckwheat honey especially showed this effect, while manuka, a
more commonly known medicinal honey, showed a more minor modulatory effect [53,86].
Martinotti and Ranzato have also proposed a honey-based scaffold that can house growth
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factors to promote re-epithelisation [53]. This novel delivery system with honey, a known
antibacterial and anti-inflammatory compound housing endogenous and modern syn-
thetic growth factors, is a creative way to apply natural compounds to wound-healing
medicine [52,86].

While not yet applied with natural compounds, cytokine modulators have been
identified as novel therapeutic agents inhibiting fibrogenesis. Excess fibrogenesis often
causes scarring and fibrosis of the skin; thus, modern cytokine modulators have become
an active area of research [96]. Applying the modulatory effects of natural products such
as terpenes and honey should be considered as another approach to prevent fibrosis.
MMP modulators such as buckwheat and acacia honey should especially be considered as
compounds preventing scarring and promoting re-epithelisation [53].

4.6. Natural Products Acting as Antibiotics or Antimicrobials

Antibiotic agents are important for the prevention and removal of bacteria from
wounds. Bacterial invasion into a wound should be prevented at all measures as infec-
tion can form a chronic wound or develop into its own condition, such as gangrene or
abscess [98]. Bacterial infections can become more complicated and severe than the wound
itself hence the heavy emphasis in healthcare on antibiotic treatment of open wounds [77].
Products such as garlic, honey, and ginger have been used by ancient cultures as antibi-
otics to dress wounds and other bacterially inflicted conditions [5]. In the modern age
of medicine, more efficient antibiotics such as penicillin have been developed; however,
natural antibiotics continue to be commonly used worldwide [7].

Interestingly, many modern antibiotics are found in nature. Modern techniques
have isolated active compounds from traditional antibiotics or antibiotics originating
from fungi to achieve more refined and efficient use as pharmaceutics. An example of a
traditional antibiotic is garlic. The compound responsible for its antibacterial activity is
generally recognized as allicin, an organosulfur compound known to penetrate through
the membranes of bacteria and interfere with essential enzymes [99]. Lu et al. investigated
this in 2011 and had conclusive evidence of garlic concentrate’s efficacy against bacterial
growth [87]. Garlic has been described as a medicinal plant in literature as far back as 6 BC
and was used by ancient Sumerian, Egyptian, Indian, Chinese, and Greek healers [100].
Garlic is applied as a traditional ‘fix-all’ medicine, it is used as an anti-inflammatory
agent, an antibiotic, or an anti-tumour product, amongst others [88,99]. While traditional
medicines’ active compounds can inform the synthesis of novel antibiotic analogues, they
should also be considered in modern applications, whether delivered traditionally or using
modern pharmaceutical strategies. Petrovska et al. noted the value of garlic as an antibiotic
even in the presence of the contemporary antibiotic, especially in an aged form [100].
Compounds trusted by many cultures such as garlic that have efficacy as antibiotics should
continue to be researched to expand their natural potential.

Antimicrobials have been commercialised as an everyday supplement in the form of
essential oils marketed as natural products curing all sorts of ailments ranging from anxiety
to eczema [89,101]. A popular antimicrobial essential oil is lavender extract. Linalool, a
chemical component of lavender, possesses antimicrobial activity [102]. Although essential
oils are often designated as alternative medicine, the need for novel antimicrobial agents
has directed research towards their efficacy [103]. Lavender oil has contradicting evidence
for its efficacy; linalool was thought to increase bacterial cell wall permeability to increase
another antimicrobial’s efficacy [104]. Guo et al. further studied linalool’s mechanism of
antimicrobial action, finding that it not only ruptured cell walls but directly interacted with
amino acid metabolism [90]. Other research has shown that linalool has little antimicrobial
efficacy when used independently [105]. Predoi et al. found that linalool is not likely to
prevent or improve microbial infections, contradicting Guo et al.’s growth curves show-
ing linalool’s anti-microbial activity [90,105]. Essential oils such as lavender remind us
that while traditional medicine is used for a reason, modern pharmaceutical analysis is
required to determine a compound’s mechanism of action to formulate an effective delivery
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approach. Lavender has shown potential as an antimicrobial agent demanding further
research and understanding to develop it into an effective therapy.

4.7. Modulators of the Oxidant–Antioxidant Balance of the Wound Microenvironment

Antioxidants have shown promise in their ability to hasten the wound-healing pro-
cess [86]. Antioxidants work by reacting with highly reactive radical oxygen species (ROS)
to stabilise the ROS without becoming reactive themselves [106]. Aerobic metabolism in
the mitochondria creates ROS proportionally to the metabolic demands on the cells. The
increased proliferation and migration occurring during wound healing elevate metabolic
demand and ROS presence [86]. ROS serves essential functions in phagocytic and cell-
signalling mechanisms but can also cause oxidative stress at high levels; therefore, their
presence is tightly regulated [86]. Oxidative stress can degrade membranes, DNA, lipids,
and protein in the skin, killing fibroblasts and tightening skin [107]. ROS and inflamma-
tion are tightly linked as they are elevated during inflammation but can also induce the
process [46]. This forms a positive feedback loop and can contribute to a wound becoming
chronically inflamed [108]. Antioxidants are released endogenously by the body’s ROS
regulatory mechanism but are also a popular diet supplement present in vegetables, berries,
and other food groups [109]. Applying antioxidants systemically or locally can help balance
ROS levels to reduce oxidative stress and enhance wound healing [106].

Curcumin has been used as an antioxidant in traditional medicine and is an example
of a natural antioxidant requiring advanced delivery techniques. The active ingredient
in turmeric, curcumin, possesses anti-inflammatory, anti-infective, and antioxidant prop-
erties [47]. Curcumin’s use is limited by its low water solubility and stability, making
effective delivery to the predominantly aqueous wound environment difficult [47,56,110].
Gopinath et al. proved curcumin’s antioxidant ability by demonstrating a decrease in
curcumin and the ROS oleic acid when combined using time-dependent studies. Results
showed reduced absorption corresponding to decreased curcumin, indicating reactions
between oleic acid and curcumin [41]. Curcumin’s antioxidant activity was confirmed by
analysing the expression of an endogenous antioxidant enzyme: superoxide dismutase
(SoD). Curcumin’s efficacy in stabilising ROS levels reduced the need for endogenous
antioxidants; therefore, SoD’s expression was reduced compared to control [41]. In multiple
trials, Panahi et al. have also shown the effectiveness of curcumin as an antioxidant in
humans using a dosage regime and blood testing [47]. On top of these experiments proving
curcumin’s antioxidant ability, Gopinath et al. and Zhao et al. have demonstrated cur-
cumin’s efficacy as a wound-healing drug [41,56]. These trials used a composite dressing
and a collagen film, respectively, to improve the bioavailability of the drug and showed
significant wound-healing ability of curcumin-loaded dressings/films [41,56]. Curcumin
is an example of a traditional compound used by many different cultures which have
antioxidant properties with the potential for better delivery [50].

Vanillin, a phenolic aldehyde found in olive oil and vanilla pods, is an antioxidant and
an antimicrobial compound. This natural compound modifies oxidant balance by reacting
with radicals in a self-dimerisation reaction to clear the wound bed of ROS [91]. When
compared to ascorbic acid, vanillin showed superior anti-oxidising ability in ABTS(+),
ORAC, and OxHLIA assays but no activity in the DPPH or galvinoxyl assays [91]. When
applied in a dressing or hydrogel, vanillin has been shown to prevent ROS proliferation
and bacterial infection in wounds [92,93]. Vanillin’s bioactivity is a recent discovery; thus,
it is a popular area of research.

4.8. Other Natural Products with Wound-Healing Properties

Although rarely seen as a treatment, monitoring intake of vitamins A, B, C, and D
can impact the rate and extent to which a wound heals [111,112]. These vitamins are
involved in collagen synthesis and inflammation and a deficit in vitamin levels during
wound healing can lead to chronic wound development. Vitamin C is particularly well
known as a common vitamin involved in wound healing which can cause scurvy if at
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low systemic levels [113]. Another notable compound is vitamin A and other associated
retinoids. The efficacy of local retinoids is debated, and the mechanism of action is not
fully understood [114]. Despite this, they are commonly used in dermatology as a topical
ointment. Vitamin A is a compound whose delivery could be improved. Systemically, it is a
detriment to wound healing, meaning delivery must be highly localised and separate from
systemic circulation [94]. Vitamins are notable traditional medicines that are extensively
researched and are at the forefront of many modern delivery adaptations [115].

There are countless herbs and plant extracts used in the many different cultures world-
wide as wound-healing medicines. A more comprehensive list was compiled by Agyare
et al., which lists many compounds less studied and not discussed in this review [97].

5. Advanced Delivery Strategies for Natural Wound-Healing Compounds

As our understanding of drugs have advanced, so has our ability to deliver them. As
important as discovering novel drugs is discovering novel ways to deliver them. Older
technologies such as dressings have been transformed into composite dressings which
deliver a drug while still protecting the wound from the outside environment. This combi-
nation of drug and dressing adds functionality while maintaining the original purpose of a
dressing. Similarly, hydrogels able to deliver a drug, moisten a wound, and protect it from
the outside environment can remove the need for multiple wound treatments. Hydrogels
are formed from water and polymers cross linked to form a gel with pores able to store a
drug. Other techniques are the product of innovation, such as microneedles, lipid-based
vesicles, and smart/responsive delivery. Microneedles are usually patches with tiny nee-
dles extending from their surface designed to penetrate the stratum corneum to access
the dermis. Microneedles are painless and self-applicable and therefore are favoured over
syringe-based applications. Lipid-based vesicles house drugs inside a bilayered sphere for
transport through lipophilic membranes. These are often used for systemically applied
drugs. Finally, smart/responsive delivery methods use environmental cues or remote con-
trol to release a drug at specific times and locations. This can be applied to most techniques
and is able to release a drug at a specific moment in the temporally complex course of
wound healing. Figure 3 graphically shows the different strategies and how they store and
release a drug to the dermis.

Figure 3. Modern delivery methods applied to natural products to improve their delivery and efficacy.

5.1. Composite Dressings

Composite dressings use the traditional dressing format but include a drug in the
dressing itself. Dressings aim to allow oxygen exchange, maintain moisture, and protect
the injury from infection [116]. Natural products which are biodegradable, versatile, and
sustainable can be applied as biopolymer or biocomposite dressings. These can be more
than just a dressing by promoting ECM regrowth, preventing scarring, or influencing
inflammation [117]. Biodegradable dressings which produce no medical waste are of
increasing interest as emissions and pollution are increasingly scrutinised [118].
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A growing field is the delivery of growth factors by composite dressings. Modulating
growth factors can speed up wound healing and promote an acute wound instead of
a chronic wound [13]. Yao et al. developed a collagen sponge as a composite dressing
to deliver endogenous growth factors to chronic ulcers and tested it in double-blinded
controlled trial [119]. Their results showed an increased incidence of complete wound
closure, a shortened healing time, and improved healing quality [119]. Using a dressing
that delivers an endogenous therapeutic substance decreases the chance of an immune
reaction or instability. Catanzano et al. discussed the potential of such systems, concluding
that they will soon reach more widespread clinical use [120].

Composite dressings can contain natural products for delivery or be composed of
a natural product itself [121]. An example of such a dressing was created by Gao et al.,
who used chitosan and diazo resin to create a hydrogel composite dressing [27]. Chitosan
and diazo are both sourced from natural sources and are known antibacterial agents.
Together with their antibacterial activity, the dressing showed an increased rate of wound
healing [27]. Chitosan can be prone to lysosomal attack; thus, other combinations have
been included with chitosan to improve composite dressings’ efficacy. An alginate/ZnO2
composite bandage formulated by Mohandas et al. showed desirable antibacterial effects
against methicillin-resistant staphylococcus aureus and increased keratinocyte migration
towards a wound area [122]. This formulation also included a chitosan hydrogel that
worked with the ZnO2 and alginate to achieve a therapeutic effect with less toxicity than a
purely chitosan-derived gel [122]. The composite dressings formulated by Mohandas et al.
and Gao et al. improve a traditional wound-healing structure; however, some researchers
are innovating new forms of natural-product-based dressings altogether [123].

Electrospun nanofiber mats effectively deliver drugs topically while also acting as a
wound dressing [124]. Many traditional wound-healing compounds such as curcumin from
turmeric or thymol from thyme are lipophilic and are therefore challenging to localise when
treating [125]. Nanofiber mats are created by charging droplets of a polymer and slowly
releasing it across an electrical field to form a mat or sheet made up of long strands of tiny
diameter—this creates space between fibers where a drug can be encapsulated [42,124].
Formulating a lipophilic drug this way allows the drug to be administered directly to
the wound while the mat acts as a moistening dressing. Research reported that essential
oil-loaded nanofiber mats showed more effective anti-inflammation/healing/antimicrobial
activity (depending on the compound used) compared to essential oil itself [124,125].
Thymol was effective using this method—thymol’s lipophilicity meant it could leave the
mat and diffuse towards the wound quickly. In Garcia et al.’s study, thymol delivered by
nanofiber mats showed similar anti-inflammatory properties to the commonly used drug
dexamethasone, suggesting thymol as an effective natural alternative [125]. Electrospun
nanofibrous structures could increase traditional medicine’s efficacy, which was previously
difficult to deliver due to their high lipophilicity locally.

Foams for wound healing are typically formed from synthetic polymers used as a
replacement for gauze. Foams can be used to deliver drugs, moisturise wound beds, or
manage exudate [126]. The release profile of foam dressings is typically rapid due to their
free form; however, they usually require another bandage/dressing to prevent infection [33].
One such foam dressing was designed by Bai et al., which delivered a mix of silk fibroin
protein, gastrodia elata, and tea tree oil [43]. Their foam dressing showed accelerated
wound recovery by generating more abundant and thicker collagen in the dermis [43]. Foam
dressings and other composite dressings are common ways of developing natural products
historically and are now an area of active research. Technologies such as electrospun nano
mats improve how natural products can be delivered while retaining the known benefits of
dressing a wound.

5.2. Hydrogels

Hydrogels form a moistening barrier to the outside world at the surface of a wound
to protect from foreign microbes while keeping the wound moist [125]. Therapeutic com-
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pounds are stored in the pores of hydrogels to be released onto the wound. When forming
a hydrogel, a polymer with correctly sized pores is required to maximise drug release from
the gel to the wound. Hydrogels delivering curcumin, aloe vera, and cordycepin have been
designed successfully as novel delivery strategies [28,49,127,128]. Song et al.’s development
of a cordycepin/chitosan complex hydrogel is an excellent example of a natural-product-
based gel. This hydrogel showed desirable structural, swelling, and mechanical properties
as well as a self-healing ability. The ability to self-heal allows the gel to mould itself to
the status of the wound rather than require pre-moulding. Song et al. showed improved
re-epithelisation and increased collagen deposition in wounds with the gel compared to a
control [28].

More complex hydrogels such as curcumin/chitosan nanoemulsions have also been
developed. The antibacterial chitosan stabilises curcumin in a hydrogel to create an antibac-
terial dressing that moistens the wound while delivering curcumin as an antioxidant [49].
Aloe vera has also been formulated into a nanohydrogel that polarises macrophages to
modulate their activity during wound healing [128]. Nanohydrogels have much smaller
pores than regular hydrogels, which allows ‘smart’ hydrogel development to alter their
properties in response to external stimuli [128]. The nanohydrogel (made by aloe and
chitosan) reported by Ashouri had shown significant changes in cytokines involved with
macrophage polarisation when the cells became closer to an M1 subtype [128]. Future treat-
ments responsive to changes in the wound environment can be designed to change their
output to direct wounds away from becoming chronic and reduce the need for constant
changing of dose and drugs [2].

Hydrogels not only deliver natural compounds but can also be fabricated from nat-
urally occurring polymers. These polymers can be safer and more biocompatible than
other synthetic polymers [26]. Zhi et al. created natural-product gels composed of self-
assembling triterpenoids [129]. The triterpenoids were taken from Chinese medicinal herbs
and used as a gel scaffold to deliver DOX-1 to treat murine tumours [129]. The gels showed
an excellent network polymer structure and a sustained release profile comparable to other
synthetic compounds [129]. Triterpenoids have antioxidant activity, which can complement
the anti-tumour activity of DOX-1. Rather than giving both compounds in tandem, this
study pioneered a system that could deliver DOX-1 with a triterpenoid-based structure.
Another natural gel uses a decellularised ECM to create a hydrogel that replicates the (ECM
when delivering a drug [44]. This helps the ECM return quickly while causing the least
disruption possible to a wound. This hydrogel application promotes tissue remodelling
and cell proliferation and can deliver a select drug to the application site. These novel
hydrogel formulations show how hydrogels can deliver natural products and form the
scaffold of the hydrogel.

Hydrogels allow drugs to be delivered locally to a wound without the need for a clinician.
Combined with their ability to act as a dressing, hydrogels have become a popular prescription
for clinicians and an emerging field for delivering traditional compounds [127,130].

5.3. Microneedles

With the turn of the century, microneedles have emerged as an exciting new method
for transdermal drug delivery [2]. The traditional transdermal or subcutaneous delivery
method of hypodermic needle injection results in medical waste, requires a clinician, and is
traumatic. Microneedle technology is a relatively painless and frequently self-administered
approach for drug delivery. Drugs with wound-healing ability are often formulated and
tested in the microneedle format [131]. There are five classes of microneedles: solid, hollow,
coated, dissolving, and hydrogel-forming [2]. Solid microneedles do not have drugs loaded
onto the microneedles but disrupt the skin to create pores for a topically applied drug to
enter the following microneedling. Hollow microneedles contain an internal pore that can
hold a larger volume of drug to be released into the dermis [132]. Coated microneedles
have a similar makeup to solid microneedles but are coated in the drug before application.
Dissolving and hydrogel-forming microneedles differ from solid/coated microneedles
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by being left in the skin for an extended period. Dissolving microneedles have the drug
incorporated into their own needles. When inserted into the dermis, the needles dissolve
to release the drug. Hydrogel-forming microneedles can have the drug in the needles or in
the patch supporting the microneedles and work by partially dissolving to create a liquid
channel between the drug-loaded patch and the needles into the dermis [132]. As the field
has advanced, so has the design of microneedles. ‘Smart’ microneedles can modulate their
release of anti-inflammatory compounds according to inflammation-induced temperature
changes [133]. Smart microneedles can reduce the need for clinical care of an inflamed
wound and prevent the formation of a chronic wound in an inflammation loop [108].
Park and Frydman reported that the antibacterial, antioxidant, and wound-healing effects
were significantly increased using microneedles loaded with manuka honey and green tea
extracts, compared to traditional formulations such as cream or topical solutions [51,134].

Microneedles are not just used to bypass the stratum corneum but can also pierce
the bacterial biofilm often present in chronic wounds. Biofilms are impermeable to most
drugs and can be difficult to remove. The development of microneedles as an alternative
to the painful and dangerous hypodermic needle has also introduced it as a new deliv-
ery strategy for the removal of biofilms [1,2,132]. Frydman and Chi both reported that
the antibacterial-agent-loaded microneedle arrays could effectively remove or inhibit the
growth of biofilms [51,133]. Biofilms are present in conditions other than wound healing
and demand constant vigilance from healthcare workers to prevent their formation on med-
ical equipment or open wounds. Antibacterial microneedle patches composed of manuka
and chitosan have great potential to remove biofilms in wounds and other contexts, thus
making antibacterial microneedles a hot topic in research [2].

5.4. Lipid-Based Vesicles/Nanotech

Molecules that are difficult to deliver can be encapsulated into lipid-based vesicles
to improve their solubility and stability [135,136]. Most natural products are biologically
unstable, insoluble in water, and poorly distributed to target sites. Lipid-based vesicles can
improve their solubility and stability to improve their delivery [137].

Liposomes form double-chain phospholipids to form a bilayered sphere with a hy-
drophobic layer surrounded by a hydrophilic core and surface [135,136,138]. Compounds
such as thymol and carvacrol from oregano which have poor solubility and stability can
be encapsulated in liposomes to improve their bioavailability and delivery. Liolios et al.
reported that both thyme and carvacrol showed better distribution and stability, resulting
in greater efficacy [136]. Liolios et al. were not targeting wound healing with their study;
however, others have used liposomes in this context. Given that thymol and carvacrol
have proven efficacy in wound healing as antioxidants and antimicrobial agents, there is an
opportunity to develop a liposomal formulation of the drugs aimed at wound healing [139].
Li et al. used madecassoside from Centella asiatica in biodegradable liposomes targeted
at burn wounds in rats [140]. This formulation improved madecassoside’s delivery by
enhancing its stability and controlling its release. The significant findings in Li et al.’s study
demand further research into the many other lipophilic natural compounds. Liposomes are
useful vehicles for typically insoluble drugs and more studies on their efficacy in wound
healing will hopefully be carried out.

Another lipid-based vesicle, which drugs can be encapsulated in, is a niosome. Nio-
somes are also bilayered spheres but differ from liposomes being formed from non-ionic
single-chain surfactants and amphipathic compounds [135,141]. Niosomes are easier to
fabricate and are more stable than liposomes. Niosomes are less expensive and do not re-
quire unique methods for handling and purification [135]. These favourable characteristics
have brought niosomes to the forefront of lipid-based vesicle research—many consider
niosomes to be the future of the field with widespread applications across medicine and
nutrition [135,142]. Curcumin’s solubility, stability, and efficacy against cancer cells were
improved in a niosomal formulation compared to a dissolved curcumin solution [143].
Similarly to Akbarzadeh et al.’s study, Xu et al. applied a niosomal formulation to the long
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process of wound healing [144]. Xu et al.’s curcumin-loaded niosomal formulation dis-
played a controlled release profile reaching 80% release after 25 h and a significantly greater
cellular uptake compared to free curcumin dissolved in solution [144]. Such characteristics
and promising results suggest that niosomal formulation could be ideal for wound healing.

Exosomes are another lipid-bilayer spherical vesicle that can carry both hydrophilic
and hydrophobic drugs. Exosomes differ from liposomes and niosomes in the complexity of
their surface, which contains organotrophic proteins allowing directed transport inside and
outside the cell [145,146]. Laborious production, safety issues, and low yield have slowed
the development of exosomes, with only natural exosomes being viable to form [145]. These
natural exosomes from fruit and dairy have not shown much advantage over liposomes
other than increased safety and biocompatibility [147]. Sun et al. formulated curcumin
into exosomes to protect the drug from biodegradation (over 2.5 h) and only a quarter
amount of curcumin was degraded compared to curcumin dissolved in solution [148].
This paper focused on curcumin’s anti-inflammatory activity, which can be easily applied
to a wound-healing context. Some reviewers of lipid-based vesicles encourage mixing
liposomes, exosomes, and niosomes to use together [137,145]. A suggested solution is to
engineer the organotrophic proteins of exosomes onto niosomes or liposomes to create
targeted easily produced vesicles. While lipid-based vesicles have been used in wound-
healing applications to deliver natural compounds, only a few studies describe how natural
compounds can be fabricated into vesicles and be delivered to wounds.

Nanocarriers can be used to control or optimise the delivery of drugs. As with mi-
croneedles and hydrogels, nanocarriers can be designed to be responsive to external stimuli,
making them smart nanocarriers [149]. For drugs that struggle to bypass membranes or
have undesirable pharmacokinetic characteristics, nanocarriers can help drugs diffuse
across lipophilic membranes and optimise their release. Thymol extracted from oregano
and thyme has been formulated into a chitosan/tragacanth gum nanocarrier by Sheo-
rain [150]. Thyme was used by ancient Mediterranean cultures as an antioxidant and
antimicrobial agent but was limited by low bioavailability and insolubility [151]. Sheorain’s
study improved both characteristics by encapsulating thymol into a chitosan/tragacanth
gum nanocarrier that has antibacterial properties derived from chitosan. As a result, thymol
displayed more significant antioxidant activity (as measured by ROS-scavenging activity)
at multiple doses formulated in nanocarriers rather than its natural form [150]. Using such
carriers can harness the effectiveness of traditional compounds such as thymol which need
a better formulation to be delivered effectively.

Similarly to nanocarriers, porous microspheres encapsulate a drug and alter the
drug’s absorption and release profile. Porous microspheres act more as reservoirs than
nanocarriers—they protect the drug avoiding inactivation from the external environment
and prolonging the drug’s absorption [152]. This technology was effectively applied to
the traditional compound of asiaticoside by Zhang et al. [153]. Asiaticoside has a variety
of favourable pharmacological characteristics as a wound-healing drug but is limited by
its poor solubility and encapsulation inside a soluble microsphere successfully facilitated
its entry into a wound and sustained its release over time to achieve a more favourable
time/concentration relationship absorption [153].

5.5. Responsive and Smart Delivery

At the forefront of drug delivery innovation are smart/responsive delivery systems.
A smart system can respond to endogenous or exogenous stimuli to alter drug release.
These technologies aim to modulate drug release according to properties such as pH,
glucose levels, and temperature as a gauge of a wound’s status [154]. Identifying how these
properties reflect changes in the wound has been the rate-limiting step in this field, meaning
few examples currently exist [45]. Such devices show great potential for delivering natural
products in a sustained and controlled fashion. This field is rapidly expanding and will
continue to develop systems applicable to a wide variety of wound-healing drugs [155].
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Inadequate oxygenation is a known cause of wounds becoming chronic; therefore,
the oxygen content is a property commonly sensed by smart delivery systems. One such
system was developed by Ochoa et al. as a biocompatible patch that can deliver oxygen
to a wound bed when oxygenation decreases too far [156]. While not yet developed, a
similar patch that senses perfusion could deliver natural antioxidant products to prevent
ROS production when perfusion is fluctuating. Compounds such as curcumin, which can
be loaded into nanofibers with smart-delivery potential, should be investigated for this
purpose [157].

Smart devices can also respond to exogenous stimuli such as smartphone activation.
Tamayol et al. produced nanofibrous textile platform that could respond to such external
stimuli to release chitosan-based nanoparticles [158]. The platform included flexible heaters
responsive to an external signal that triggers thermosensitive nanoparticles to release into
a wound. Mostafalu et al. used the same system to deliver VEGF and antibiotics in a
controlled and sustained manner [159]. Their system demonstrated efficacy and controlled
drug release profiles, further showing that smart delivery systems should continue to add
a new dimension to drug delivery.

6. Future Perspectives

Growing distrust of pharmaceutical companies and governments has raised public and
private interest in traditional medicines over the past few decades [160,161]. Studying these
compounds and improving their delivery can lead to quickly commercialised products.
Some markets are likely to be more receptive to a wound-healing drug synthesised from
thyme than a drug developed in silico or from a library [162]. The current work being
carried out to improve the delivery of traditional compounds can improve drug efficacy
and add academic legitimacy to the use of natural products.

85% of the world’s population rely on plant products for their medicine, mostly in
developing countries that have less access to modern synthetic drugs [163,164]. Table 3
further shows a correlation between the use of traditional medicine in developing nations
and geographic location and income. Oyebode et al. showed that people of lower socioeco-
nomic status that are unemployed, live in rural areas, and report a lower health status are
more likely to use traditional medicine [165]. Medicine development aimed at developing
countries should consider natural products already established in that country or culture
to maximise accessibility. While growing, there are few pharmaceutical labs in developing
countries that are able to create and apply such treatments [166,167], which is unlikely to
change and is a critique of this approach. Another problem is maintaining the allure of
natural products when delivered non-traditionally—such an approach may remove the
appeal of natural products.

A potential concern is tarnishing a drug’s appeal as a natural product by using complex
pharmaceutical delivery techniques. For example, traditional medicines such as curcumin
or manuka honey may not be culturally accepted if loaded into nanocarriers. This field’s
future is toeing the line of compounds that are accepted as natural while remaining effective
in their delivery and method of action. Microneedles are a promising field with an increas-
ing amount of research going into it. Microneedles formed of compounds such as chitosan
or made from the active compound itself (such as Frydman’s manuka microneedles) have
the potential to be marketed as totally naturally based [51]. Nanocarriers, nanofibers, hy-
drogels, and microneedles also improve their encapsulated drugs’ access to a wound while
removing the need for systemic administration or subcutaneous injection [15]. All four of
these technologies also have the potential to be ‘smart,’ where they can respond to stimuli
such as ultrasound or temperature to change their physicochemical characteristics. Some
of the most successful formulations of natural compounds have been vesicle-based smart
delivery systems delivering catechin, thymol, curcumin, and madecassoside [138,168–172].

Modern nanotechnology has led to novel techniques such as 3D printing and lithogra-
phy being applied to drug delivery. Lithography has been applied to microneedle formation
and to survey endothelial cell migration in the field of wound healing [173,174]. The pro-
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cess of 3D printing using bio-inks has also been tested in the area with promising results:
in vitro and in vivo animal studies of bio-ink engineering promote wound healing [175].
Indeed, the field of wound healing will keep expanding as technological advances do.

Table 3. Adjusted odds ratios and 95% confidence intervals of users of traditional healers
by demographics in China, Ghana, and India. Adapted with permission from Ref. [165].
Copyright 2016, Oyebode.

China

OR (CI) p-Value

Rural 6.9 (5.4–8.9) <0.001
Income quintile 1.2 (1.1–1.2) <0.001

Ghana

OR (CI) p-Value

Rural 1.4 (1–2.2) 0.077
Income quintile 0.8 (0.7–0.9) 0.002

India

OR (CI) p-Value

Rural 1.3 (0.9–2) 0.217
Income quintile 0.8 (0.7–0.9) 0.001

7. Conclusions

It is important to apply advanced delivery systems to natural products used tradition-
ally. This benefits developing countries where traditional medicines are more accessible.
Many traditional medicines have been shown to be efficacious and should no longer be
considered an inferior approach to therapy. The delivery of traditional medicines is one of
the most common problems with these drugs; thus, modern delivery techniques should
be applied to maximise their natural potential. The authors believe that advanced drug
delivery systems would improve the therapeutic efficacy of traditional wound-healing
medicines, placing natural compounds such as curcumin and thymol at the forefront of the
wound-healing field.

Author Contributions: Conceptualization, J.W.; writing—original draft preparation, C.R.;
writing—review and editing, S.C., S.D. and H.Y.; visualization, C.R. and S.C.; supervision, J.W.
All authors have read and agreed to the published version of the manuscript.

Funding: Faculty of Medical and Health Sciences Summer Scholarship funded by the University
of Auckland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Yi, X.; Yu, X.; Yuan, Z. A Novel Bacterial Biofilms Eradication Strategy Based on the Microneedles with Antibacterial Properties.

Procedia CIRP 2020, 89, 159–163. [CrossRef]
2. Barnum, L.; Samandari, M.; Schmidt, T.A.; Tamayol, A. Microneedle Arrays for the Treatment of Chronic Wounds. Exp. Opin.

Drug Deliv. 2020, 17, 1767–1780. [CrossRef] [PubMed]
3. Bahramsoltani, R.; Farzaei, M.H.; Rahimi, R. Medicinal Plants and their Natural Components as Future Drugs for the Treatment

of Burn Wounds: An Integrative Review. Arch. Dermatol. Res. 2014, 306, 601–617. [CrossRef] [PubMed]
4. Hou, Q.; Li, M.; Lu, Y.; Liu, D.; Li, C. Burn Wound Healing Properties of Asiaticoside and Madecassoside. Exp. Ther. Med. 2016,

12, 1269–1274. [CrossRef] [PubMed]

99



Pharmaceutics 2022, 14, 1072

5. World Health Assembly. Traditional Medicine; WHO: Geneva, Switzerland, 2014; Volume 9.1.
6. Liu, S.; Chuang, W.; Lam, W.; Jiang, Z.; Cheng, Y. Safety Surveillance of Traditional Chinese Medicine: Current and Future. Drug

Saf. 2015, 38, 117–128. [CrossRef]
7. Ahmad Khan, M.S.; Ahmad, I. Chapter 1—Herbal Medicine: Current Trends and Future Prospects. In New Look to Phytomedicine;

Ahmad Khan, M.S., Ahmad, I., Chattopadhyay, D., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 3–13. [CrossRef]
8. Mukherjee, P.K.; Harwansh, R.K.; Bhattacharyya, S. Chapter 10—Bioavailability of Herbal Products: Approach toward Improved

Pharmacokinetics. In Evidence-Based Validation of Herbal Medicine; Mukherjee, P.K., Ed.; Elsevier: Boston, MA, USA, 2015;
pp. 217–245.

9. Lang, W.; Mennicke, W.H. Pharmacokinetic Studies on Triatiated Aescin in the Mouse and Rat. Arzneimittelforschung 1972,
22, 1928–1932.

10. Carey, B. When Trust in Doctors Erodes, Other Treatments Fill the Void. The New York Times, 3 February 2006; p. A-1.
11. Dai, C.; Shih, S.; Khachemoune, A. Skin Substitutes for Acute and Chronic Wound Healing: An Updated Review. J. Dermatol.

Treat. 2020, 31, 639–648. [CrossRef]
12. Verma, N.; Kumari, U.; Mittal, S.; Mittal, A.K. Effect of Asiaticoside on the Healing of Skin Wounds in the Carp Cirrhinus Mrigala:

An Immunohistochemical Investigation. Tissue Cell 2017, 49, 734–745. [CrossRef]
13. Boateng, J.S.; Matthews, K.H.; Stevens, H.N.E.; Eccleston, G.M. Wound Healing Dressings and Drug Delivery Systems: A Review.

J. Pharm. Sci. 2008, 97, 2892–2923. [CrossRef]
14. Olsson, M.; Järbrink, K.; Divakar, U.; Bajpai, R.; Upton, Z.; Schmidtchen, A.; Car, J. The Humanistic and Economic Burden of

Chronic Wounds: A Systematic Review. Wound Repair Regen. 2019, 27, 114–125. [CrossRef]
15. Lee, J.; Kim, H.; Lee, M.H.; Yuo, K.E.; Kwon, B.; Seo, H.J.; Park, J. Asiaticoside Enhances Normal Human Skin Cell Migration,

Attachment and Growth in Vitro Wound Healing Model. Phytomedicine 2012, 19, 1223–1227. [CrossRef] [PubMed]
16. Xue, M.; Zhao, R.; Lin, H.; Jackson, C. Delivery Systems of Current Biologicals for the Treatment of Chronic Cutaneous Wounds

and Severe Burns. Adv. Drug Deliv. Rev. 2018, 129, 219–241. [CrossRef] [PubMed]
17. Chouhan, D.; Dey, N.; Bhardwaj, N.; Mandal, B.B. Emerging and Innovative Approaches for Wound Healing and Skin Regenera-

tion: Current Status and Advances. Biomaterials 2019, 216, 119267. [CrossRef] [PubMed]
18. Gray, K. TIME Wounds Will Health; Pharmac: Wellington, New Zealand, 2017.
19. Cockbill, S.M.E.; Turner, T.D. The development of wound management products. In Chronic Wound Care: The Essentials E-Book;

Krasner, D.L., van Rijswijk, L., Eds.; HMP: Melvern, KS, USA, 2018; pp. 145–164.
20. Tottoli, E.M.; Dorati, R.; Genta, I.; Chiesa, E.; Pisani, S.; Conti, B. Skin Wound Healing Process and New Emerging Technologies

for Skin Wound Care and Regeneration. Pharmaceutics 2020, 12, 735. [CrossRef] [PubMed]
21. Kim, H.S.; Sun, Z.; Lee, J.; Kim, H.; Fu, X.; Leong, K.W. Advanced Drug Delivery Systems and Artificial Skin Grafts for Skin

Wound Healing. Adv. Drug Deliv. Rev. 2019, 146, 209–239. [CrossRef]
22. Romanelli, M.; Dowsett, C.; Doughty, D.; Senet, P.; Munter, C.; Martinez, J.L.L. Advances in Wound Care: The Triangle of Wound

Assessment; World Union of Wound Healing Societies: London, UK, 2016.
23. Clements, D. Skin and Wound Care Manual; St. Clare’s Mercy Hospital: St. John’s, NL, Canada, 2008.
24. Hawkins, M. Volume D—Nursing Standards, Policies & Procedures. In Wound Care; Canterbury DHB: Christchurch, New

Zealand, 2009; pp. 303–381.
25. DermNet, N.Z. Wound Dressings; New Zealand Dermatological Society Incorporated: Wellington, New Zealand, 2009; Volume

2021.
26. Cui, X.; Lee, J.J.L.; Chen, W.N. Eco-Friendly and Biodegradable Cellulose Hydrogels Produced from Low Cost Okara: Towards

Non-Toxic Flexible Electronics. Sci. Rep. 2019, 9, 18166. [CrossRef]
27. Gao, L.; Zhang, H.; Yu, B.; Li, W.; Gao, F.; Zhang, K.; Zhang, H.; Shen, Y.; Cong, H. Chitosan Composite Hydrogels Cross-

Linked by Multifunctional Diazo Resin as Antibacterial Dressings for Improved Wound Healing. J. Biomed. Mater. Res. A 2020,
108, 1890–1898. [CrossRef]

28. Song, R.; Zheng, J.; Liu, Y.; Tan, Y.; Yang, Z.; Song, X.; Yang, S.; Fan, R.; Zhang, Y.; Wang, Y. A Natural Cordycepin/Chitosan
Complex Hydrogel with Outstanding Self-Healable and Wound Healing Properties. Int. J. Biol. Macromol. 2019, 134, 91–99.
[CrossRef]

29. Yan, W.; Banerjee, P.; Liu, Y.; Mi, Z.; Bai, C.; Hu, H.; To, K.K.W.; Duong, H.T.T.; Leung, S.S.Y. Development of Thermosensitive
Hydrogel Wound Dressing Containing Acinetobacter Baumannii Phage Against Wound Infections. Int. J. Pharm. 2021, 602, 120508.
[CrossRef]

30. Weller, C. Interactive dressings and their role in moist wound management. In Advanced Textiles for Wound Care; Rajendran, S.,
Ed.; Woodhead Publishing: Cambridge, UK, 2009; pp. 97–112. [CrossRef]

31. Wietlisbach, C.M. 17—Wound Care. In Cooper’s Fundamentals of Hand Therapy, 3rd ed.; Wietlisbach, C.M., Ed.; Mosby: St. Louis,
MO, USA, 2020; pp. 154–166.

32. Shi, C.; Wang, C.; Liu, H.; Li, Q.; Li, R.; Zhang, Y.; Liu, Y.; Shao, Y.; Wang, J. Selection of Appropriate Wound Dressing for various
Wounds. Front. Bioeng. Biotechnol. 2020, 8, 182. [CrossRef]

33. Namviriyachote, N.; Lipipun, V.; Akkhawattanangkul, Y.; Charoonrut, P.; Ritthidej, G.C. Development of Polyurethane Foam
Dressing Containing Silver and Asiaticoside for Healing of Dermal Wound. Asian J. Pharm. Sci. 2019, 14, 63–77. [CrossRef]

100



Pharmaceutics 2022, 14, 1072

34. He, M.; Ou, F.; Wu, Y.; Sun, X.; Chen, X.; Li, H.; Sun, D.; Zhang, L. Smart Multi-Layer PVA Foam/CMC Mesh Dressing with
Integrated Multi-Functions for Wound Management and Infection Monitoring. Mater. Des. 2020, 194, 108913. [CrossRef]

35. Koetse, M.; Rensing, P.; van Heck, G.; Sharpe, R.; Allard, B.; Wieringa, F.; Kruijt, P.; Meulendijks, N.; Jansen, H.; Schoo, H. In Plane
Optical Sensor Based on Organic Electronic Devices. In Organic Field-Effect Transistors VII and Organic Semiconductors in Sensors
and Bioelectronics; SPIE: Bellingham, WA, USA, 2008; p. 70541I. [CrossRef]

36. Babikian, S.; Li, G.P.; Bachman, M. Integrated Bioflexible Electronic Device for Electrochemical Analysis of Blood. In Proceedings
of the 2015 IEEE 65th Electronic Components and Technology Conference (ECTC), San Diego, CA, USA, 26–29 May 2015;
pp. 685–690. [CrossRef]

37. Duan, W.; Bian, X.; Bu, Y. Applications of Bioadhesives: A Mini Review. Front. Bioeng. Biotechnol. 2021, 9, 716035. [CrossRef]
[PubMed]

38. Li, J.; Yu, F.; Chen, G.; Liu, J.; Li, X.; Cheng, B.; Mo, X.; Chen, C.; Pan, J. Moist-Retaining, Self-Recoverable, Bioadhesive, and
Transparent in Situ Forming Hydrogels to Accelerate Wound Healing. ACS Appl. Mater. Interfaces 2020, 12, 2023–2038. [CrossRef]
[PubMed]

39. Ke, X.; Dong, Z.; Tang, S.; Chu, W.; Zheng, X.; Zhen, L.; Chen, X.; Ding, C.; Luo, J.; Li, J. A Natural Polymer Based Bioadhesive
with Self-Healing Behavior and Improved Antibacterial Properties. Biomater. Sci. 2020, 8, 4346–4357. [CrossRef]

40. Barros Almeida, I.; Garcez Barretto Teixeira, L.; Oliveira de Carvalho, F.; Ramos Silva, É.; Santos Nunes, P.; Viana dos Santos
Márcio, R.; de Souza Araújo, A.A. Smart Dressings for Wound Healing: A Review. Adv. Skin Wound Care 2021, 34, 1–8. [CrossRef]

41. Gopinath, D.; Ahmed, M.R.; Gomathi, K.; Chitra, K.; Sehgal, P.K.; Jayakumar, R. Dermal Wound Healing Processes with Curcumin
Incorporated Collagen Films. Biomaterials 2004, 25, 1911–1917. [CrossRef]
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Abstract: In recent years, sequence-specific clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated (Cas) systems have been widely used in genome editing of various
cell types and organisms. The most developed and broadly used CRISPR-Cas system, CRISPR-
Cas9, has benefited from the proof-of-principle studies for a better understanding of the function of
genes associated with drug absorption and disposition. Genome-scale CRISPR-Cas9 knockout (KO)
screen study also facilitates the identification of novel genes in which loss alters drug permeability
across biological membranes and thus modulates the efficacy and safety of drugs. Compared with
conventional heterogeneous expression models or other genome editing technologies, CRISPR-
Cas9 gene manipulation techniques possess significant advantages, including ease of design, cost-
effectiveness, greater on-target DNA cleavage activity and multiplexing capabilities, which makes
it possible to study the interactions between membrane proteins and drugs more accurately and
efficiently. However, many mechanistic questions and challenges regarding CRISPR-Cas9 gene
editing are yet to be addressed, ranging from off-target effects to large-scale genetic alterations. In
this review, an overview of the mechanisms of CRISPR-Cas9 in mammalian genome editing will be
introduced, as well as the application of CRISPR-Cas9 in studying the barriers to drug delivery.

Keywords: CRISPR-Cas9; blood-brain barrier; intestinal epithelial barrier; drug permeability

1. Introduction

Accumulating evidence has suggested membrane transporter proteins play pivotal
roles in drug permeability across biological membranes and thus determine the efficacy
and safety of drugs [1–6]. Two major transporter superfamilies, namely the ATP-binding
cassette (ABC) and the solute carrier (SLC) transporters, have been identified to modu-
late the drug absorption and disposition. The human ABC transporter family contains
48 members with 7 subfamilies, including several important drug transporters, such as
P-gp (ABCB1), MRP2 (ABCC2) and BCRP (ABCG2). They are widely distributed in various
tissues, functioning to actively extrude pharmacologically diverse substrate drugs out of
cells against the concentration and chemical-potential gradients by using energy derived
from ATP hydrolysis. The SLC transporters include 298 influx transporters responsible
for nutrient intake and drug disposition into various organs. Certain ABC and SLC trans-
porters are co-localised in a specific tissue and play in concert with selective permeability to
specific drugs, excluding circulating drugs and toxic agents but allowing essential nutrients
and other drugs into the tissue. Using endogenous transport pathways may lead to more
effective drug delivery into the pharmacological sanctuaries. However, the contribution
of the transporter(s) to overall drug permeability across a biological membrane is often
unknown or cannot be accurately measured. Although the heterogeneous expression
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systems have been used as valuable tools, the interpretation of results could be complicated
by the presence of endogenous transporters and species differences. With the development
of CRISPR-Cas9 genome editing techniques, it is now possible to efficiently study the func-
tional consequences of genetic mutations and delineate the interactions between membrane
proteins and drugs.

This review elaborates on the principles and application of CRISPR-Cas9 genome
editing techniques with a special focus on drug permeability-related membrane proteins.

2. CRISPR-Cas9 System

The CRISPR-Cas adaptive immune systems are a natural defence mechanism of
bacteria against foreign genetic elements [7]. Some types of these CRISPR-Cas systems
have been repurposed to facilitate precise genome engineering in eukaryotic cells [8,9].
Generally, CRISPR-Cas systems are categorised into two classes (1 and 2), which are further
subdivided into six types (I–VI) based on the structure and function of Cas protein [10,11].
Class 1 CRISPR-Cas systems (type I, III and IV) recruit multi-subunit effectors, in contrast to
the single effector of class 2 (type II, V and VI) [10,11]. CRISPR-Cas9 comprises three major
components, Cas9 nuclease, CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA).

The type II CRISPR-SpyCas9 derived from Streptococcus pyogenes is one of the best devel-
oped and broadly used systems in site-specific genetic engineering of human cells [8,12,13].
SpyCas9 has a bi-lobed architecture formed by a recognition (REC) lobe and a nuclease
(NUC) lobe (Figure 1) [14]. An arginine-rich (R-rich) Bridge helix (BH) connects these two
lobes [15]. In the case of genetic engineering of human cells using the CRISPR-SpyCas9
system, either the hybridised crRNA-tracrRNA duplex combining a 42-nt crRNA and an
80-nt tracrRNA or a modified single 102-nt guide RNA (sgRNA, crRNA fused to tracrRNA)
is loaded onto SpyCas9 to form ribonucleoprotein (RNP) and direct RNP to the target
site bearing a 5′-NGG-3′ PAM (N = A/T/G/C) [14–18]. Notably, the 10-nt PAM-proximal
seed region is critical for the SpyCas9-catalysed DNA cleavage. Some mismatches may be
tolerated in the rest of the gRNA sequence [15].

The NUC lobe of SpyCas9 contains the HNH and RuvC nuclease domains, which
cleave the target and non-target strands of the target DNA through the single-metal and
two-metal mechanisms, respectively [14,15,19–21]. SpyCas9 nuclease thus stimulates a DSB
at the target locus, i.e., normally 3-nt upstream PAM. These DSBs are mainly re-ligated by
one of the two major DNA repair pathways, the error-prone non-homologous end joining
(NHEJ) and the high-fidelity homology-directed repair (HDR) in mammalian cells [22].
NHEJ mediates gene knockouts (KOs) through the formation of indel (nucleotides inser-
tion/deletion) known to facilitate frameshift mutations and premature stop codons [23].
Dual-gRNA-induced multiple DSBs can additionally facilitate more extensive excisions
in the genome [24]. By contrast, the activation of HDR is contingent on the cell type and
state, since it is normally active in dividing cells [25]. HDR can typically knock in a pre-
designed repair template to the open reading frame (ORF) to terminate the transcription
of the target gene. The integrated constructs may comprise genes encoding biomarkers
for screening and probing purposes, such as antibiotic-resistant genes and genes encoding
fluorescent probes.

Aside from the canonical SpyCas9 from Streptococcus pyogenes, many other Cas9
orthologs and the type V CRISPR-Cas12 systems have been uncovered and used for mam-
malian genome editing, as summarised in Table 1 [16,26–40].
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Figure 1. Schematic illustration of DNA recognition and cleavage by CRISPR-SpyCas9. (A) RNA 
duplex is loaded onto SpyCas9 to form ribonucleoprotein (RNP). (B) The PAM-interacting (PI) do-
main of the NUC lobe recognises 5′-NGG-3′ PAM and facilitates the binding of crRNA to the target 
DNA to form R-loop. (C) The REC3 domain of the REC lobe and Bridge helix (BH) sense mis-
matches. (D) The REC2 domain of the REC lobe undergoes a large outward rotation, leading to the 
conformational transition of the HNH domain into an active state. The HNH and RuvC domain of 
the NUC lobe then cleaves the target and non-target strands of the target DNA, respectively. The 
cleavage site is always located at 3- to 4-nt upstream of PAM. Created with BioRender.com. 
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II 
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dsDNA (or 
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PAMmers) 

Yes Yes NGG DSB (blunt end)/SSB 

A St1Cas9 1121 dsDNA Yes Yes NNRGAA DSB (blunt end) 
A St3Cas9 1388 dsDNA Yes Yes NGGNG DSB (blunt end) 
A SauCas9 1053 dsDNA/ssRNA Yes Yes NNAGAAW/- DSB (blunt end)/SSB 
B FnoCas9 1629 dsDNA/ssRNA Yes Yes NGG/- DSB (blunt end)/SSB 
C CjeCas9 984 dsDNA/ssRNA Yes Yes NNNVRYM/- DSB (blunt end)/SSB 

C 
NmeCas

9 1082 dsDNA/ssDNA Yes/No Yes NNNNGATT/- DSB (blunt end)/SSB 

Type 
V 

A Cas12a 1200–
1500 

dsDNA/ssDNA No Yes 

Optimal 5′ T-rich 
and suboptimal 

C-containing 
PAMs/- 

DSB (sticky end with 5-nt 5′-
overhang)/SSB 

B Cas12b 1100–
1300 

dsDNA/ssDNA Yes Yes Optimal 5′ T-rich 
and suboptimal 

DSB (sticky end with 6-nt 5′-
overhang)/SSB 

Figure 1. Schematic illustration of DNA recognition and cleavage by CRISPR-SpyCas9. (A) RNA
duplex is loaded onto SpyCas9 to form ribonucleoprotein (RNP). (B) The PAM-interacting (PI) domain
of the NUC lobe recognises 5′-NGG-3′ PAM and facilitates the binding of crRNA to the target DNA to
form R-loop. (C) The REC3 domain of the REC lobe and Bridge helix (BH) sense mismatches. (D) The
REC2 domain of the REC lobe undergoes a large outward rotation, leading to the conformational
transition of the HNH domain into an active state. The HNH and RuvC domain of the NUC lobe
then cleaves the target and non-target strands of the target DNA, respectively. The cleavage site is
always located at 3- to 4-nt upstream of PAM. Created with BioRender.com.

Table 1. Summary of CRISPR-Cas systems used for genome editing of mammalian cells.

Class 2 Subtype Effector
Nuclease Size (aa) Target TracrRNA

Requirement

Seed
Sequence

Requirement
PAM Sequence Cleavage Product

Type II

A SpyCas9 1368
dsDNA (or

ssDNA/ssRNA
with PAMmers)

Yes Yes NGG DSB (blunt end)/SSB

A St1Cas9 1121 dsDNA Yes Yes NNRGAA DSB (blunt end)

A St3Cas9 1388 dsDNA Yes Yes NGGNG DSB (blunt end)

A SauCas9 1053 dsDNA/ssRNA Yes Yes NNAGAAW/- DSB (blunt end)/SSB

B FnoCas9 1629 dsDNA/ssRNA Yes Yes NGG/- DSB (blunt end)/SSB

C CjeCas9 984 dsDNA/ssRNA Yes Yes NNNVRYM/- DSB (blunt end)/SSB

C NmeCas9 1082 dsDNA/ssDNA Yes/No Yes NNNNGATT/- DSB (blunt end)/SSB

Type V

A Cas12a 1200–1500 dsDNA/ssDNA No Yes

Optimal 5′ T-rich
and suboptimal

C-containing
PAMs/-

DSB (sticky end with
5-nt 5′-overhang)/SSB

B Cas12b 1100–1300 dsDNA/ssDNA Yes Yes

Optimal 5′ T-rich
and suboptimal

C-containing
PAMs/-

DSB (sticky end with
6-nt 5′-overhang)/SSB

E Cas12e <1000 dsDNA Yes Unknown 5′ T-rich PAMs DSB (sticky end with
10-nt 5′-overhang)

F Cas12f 400–600 dsDNA/ssDNA Yes Unknown 5′ T-rich PAMs/- DSB (sticky end with
5’-overhang)

N represents A, T, G and C; V represents A, C, and G; M represents A and C; R represents A and G; W represents
A and T; Y represents C and T.

The common negative effects of CRISPR-Cas9 include the endonuclease activity-
induced cell damage and the off-target effect. The recently developed techniques, such
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as base editing and prime editing, may help minimise the off-target effect of CRISPR-
Cas9 [41–43]. The cleavage efficiency of CRISPR-Cas9 could be influenced by factors in
terms of designing sgRNA and Cas9 constructs (e.g., construction and composition of
sgRNA and Cas9 protein) [33,44], the GC content, secondary structure and nucleotide
preference of sgRNA [44,45], and the primary target sequence [46]. However, emerging
evidence suggests that some more complicated matters may also impact CRISPR-Cas9’s
editing efficiency, such as different chromatin states (i.e., euchromatin and heterochro-
matin) [47], the location of target DNA in the nucleosome [25,47,48], truncated protein
isoforms [47,49], induction of DNA damage responses (e.g., p53 and KRAS) [50–52], and
large-scale gene rearrangements [23].

Chromatin states can affect both Cas9 binding and the repair pathway choice. The rel-
atively unpacked euchromatin is more accessible to Cas9 protein over heterochromatin [47].
It was also reported that the frequencies of long double-stranded donor-based HDR were
higher at heterochromatin compared to euchromatin. In contrast, NHEJ frequencies were
higher in euchromatin [25]. Furthermore, Smits, Ziebell [49] reported that residual protein
expression was found in about one third out of 193 KOs at variable levels from low to origi-
nal. These truncated protein isoforms could remain with their original cellular functions
and presumably involve other unknown roles [53].

Moreover, the Cas9-induced DSBs were found to cause p53-dependent cellular toxicity
and eventually reduce cellular viability [50,52]. Similar to p53, the wild-type KRAS gene
might hamper the growth of KO cells [51]. These findings support the involvement of p53
and KRAS in CRISPR-Cas9-induced DNA damage response (DDR) activation, leading to
the selective advantage of the p53- and KRAS-mutant cells. In addition, large-scale gene
rearrangements, chromosomal translocations, gene inversions or large insertions/deletions
were reported in a comprehensive study of Cas9-induced mutagenesis [23]. Similarly,
chromosome structural alterations, such as micronuclei and chromosome bridges, were
observed in mouse embryos after CRISPR-Cas9 genome editing [54]. These genomic
alterations may induce ectopic expression of other genes.

Despite the potential drawbacks that the CRISPR-Cas9 system has, it is superior to
other genome editing technologies, such as zinc-finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs), considering its ease of design, cost-effectiveness,
greater on-target DNA cleavage activity, multiplexing capabilities, and wide suitability
for diverse cell types and organisms [8,55]. Moreover, as compared to gene knockdown
technologies, such as RNAi (i.e., siRNA and shRNA), CRISPR-Cas9 is thought to present
advantages, including lower off-target activity, stable and heritable complete elimination
of the target gene expression and multiple genome editing potentials [56,57]. These ad-
vantages make CRISPR-Cas9 a reliable and versatile gene-editing approach and enable
advances in molecular biology research for a variety of applications.

3. Application of CRISPR-Cas9 in Drug Delivery Barrier Studies
3.1. Intestinal Barriers to Drug Delivery

In order for orally administered drugs to exert their beneficial effects (other than on
the GI tract itself), they must be delivered to their target organ(s) and tissues by systemic
circulation. Adequate concentrations at the site(s) of action are only achieved by overcoming
several absorption and metabolism barriers, both in the intestine and in the liver. Atypical
absorption kinetics of many drugs suggest their intestinal absorption cannot be simply
predicted from their physicochemical properties, and their interactions with intestinal
ABC and SLC transporters may lead to limited or nonlinear intestinal permeability and
absorption of drugs, resulting in extensive variability in their oral bioavailability and
inadequate plasma concentrations and lack of pharmacological effect.

P-gp (MDR1/ABCB1) is a 170-KDa efflux transporter located on the plasma mem-
brane in many tissues, such as the intestine, liver, kidney and brain. It exerts a critical
barrier role in the intestinal absorption of lipophilic and amphipathic drugs with diverse
pharmacological actions. Indeed, the oral bioavailability of its substrate talinolol in humans

110



Pharmaceutics 2022, 14, 894

can be increased by 34% when co-administered with the P-gp inhibitor, erythromycin [58].
Similarly, coadministration of oral Cys A enhanced the human oral bioavailability of pa-
clitaxel and docetaxel by 7- and 10-fold, respectively, and reduced interpatient variability
in the systemic exposure of docetaxel to that seen in intravenous administration [59,60].
CRISPR-Cas9 gene editing in cell culture and animal models for drug transport has mainly
focused on ABCB1.

3.1.1. Knockout of Abcb1 in MDCK Cells by CRISPR-Cas9

The main in vitro models of intestinal absorption include subcellular fractions, cell
cultures, isolated tissues and membrane vesicles. In recent years, cultured cells, such as
Caco-2 or Madin-Darby canine kidney (MDCK) cells, have been increasingly used to study
drug absorption.

Madin-Darby canine kidney II cells (MDCK) heterogeneously expressing single or
multiple human transport proteins are commonly used models to study polarised drug
transport and identify substrates. However, endogenous canine transporters such as canine
Mdr1/P-glycoprotein (Abcb1) and canine Mrp2 (Abcc2) transport various drugs and com-
plicate the interpretation of directional transport studies [61]. Complete KO of endogenous
canine Abcb1 (cAbcb1) (homozygous disruption) (2) resulted in indistinguishable differences
in directional transport of model human ABCB1 substrates, such as digoxin, labetalol and
quinidine [61,62]. Similarly, a comparison of efflux ratios (ER) between MDCKI wild-type
and gMDCKI (KO of endogenous cAbcb1) showed that out of 135 compounds tested,
38% showed efflux activity in MDCKI wt, while no significant efflux was observed in
gMDCKI cells [63]. Further overexpression of human ABCB1 (MDR1) in those cAbcb1-KO
MDCK cells generated less complicated drug transport models, which enabled substrate
identification and removed the interference from cAbcb1 (Figure 2) [62,63]. The cAbcb1-KO
MDCK cells human overexpressing BCRP (ABCG2) were also generated and used to accu-
rately identify human BCRP substrates, which may be potentially transported by cAbcb1
(Figure 2) [64]. The expression of BCRP and MRP2 transcripts and proteins in the human
small intestine is similar to that of MDR1 [65,66], suggesting these two efflux transporters
also play important roles in regulating the oral absorption of their substrates.Pharmaceutics 2022, 14, x FOR PEER REVIEW 6 of 15 
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Figure 2. Schematic illustration of generating Abcb1 KO MDCK (gMDCK) cells and ABCB1/ABCG2
overexpressing gMDCK cells. After transfection, the target sequence is recognised and cleaved
by the sgRNA-Cas9 complex, followed by the integration of the donor template through the HDR
repair pathway. The expression of Abcb1 is thus disrupted in Abcb1 KO MDCK (gMDCK) cells. To
generate ABCB1/ABCG2 overexpressing gMDCK cells, plasmids encoding human ABCB1 or ABCG2
genes are delivered into gMDCK cells and randomly integrated into the genome, leading to constant
overexpression of ABCB1 or ABCG2 protein. Created with BioRender.com.
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3.1.2. Mdr1a/b Double-Knockout Rat Models

Drug permeability across the intestine can be easily extrapolated across mammalian
species due to the similar composition of the epithelial cell membranes. Laboratory animals
are commonly used to predict oral drug absorption in humans by determining absolute
bioavailability with the comparison of area under the plasma concentration-time curve
(AUC) after intravenous and oral administration. They are also used for the prediction
of potential absorption-based drug interactions by comparing oral bioavailability values
with and without coadministration of another drug. With the manipulations in embryonic
stem cells commonly used to create mouse knockouts, transgenic mice have provided an
appropriate model to investigate the roles of specific drug transporter(s) or metabolising
enzyme(s). For example, intestinal P-gp limits the bioavailability of a wide range of drugs,
including paclitaxel, digoxin, aliskiren, betrixaban, celiprolol, fexofenadine and talinolol, as
shown in P-gp knockout mice [65–67]. However, species differences exist in gastrointestinal
pH, intestinal flora mobility, transit time, and activity and expression level of transporters
and metabolism enzymes. Although rats are empirically superior to mice as models for
intestinal drug absorption, the generation of transgenic rat models was difficult, as rat
genes are much more difficult to manipulate using embryonic stem cells. A novel MDR1
(Mdr1a/b) double-knockout (KO) rat model was generated by the CRISPR/Cas9 system
without any off-target effect detected for compensatory mechanisms (e.g., CYP3A subfamily
and transporter-related genes) [68]. The rate and extent of oral absorption of digoxin, a
typical MDR1 substrate, was significantly increased in Mdr1a/b (-/-) rats compared with
WT. With the high efficient KI and KO via CRISPR genome editing technologies, more
useful in vivo tools (e.g., humanised animal models) would be generated for studying drug
absorption barriers.

3.2. Biological Barriers to Anticancer Drugs

Many anticancer drugs are targeting intracellular DNA or proteins and thereby cause
DNA damage or inhibition of DNA synthesis and inhibition of cell division. The intracel-
lular concentration of some anticancer drugs is vital, and it has been suggested that the
intracellular concentration of a drug is the product of a competition between its passive
or active uptake rate and either an active efflux rate or metabolic rate. However, the
mechanisms whereby some anticancer drugs enter cancer cells and overcome the biological
barriers remain poorly understood. The CRISPR-Cas9 system has provided extra tools to
unfold the underlying mechanisms at the genome-scale and simplified the interpretation
of results.

3.2.1. Knockout and Regulation of ABC Transporter Genes in Cancer Cells by
CRISPR-Cas9

Although the clinical relevance between ABC transporters and multidrug-resistance
(MDR) phenotype is controversial and unclear, extensive in vitro studies strongly support
their potential roles in the cellular pharmacokinetics of substrate drugs [53,69]. The CRISPR-
Cas9 gene manipulation technique has been used to reverse ABC transporter-related MDR
and restore non-malignant phenotype in many types of cancer cell models. It was reported
that KO of ABCB1 significantly enhanced the sensitivity to doxorubicin (aka., Adriamycin
(ADR)) in the ADR-resistant ovarian cancer cell line A2780/ADR [70], breast cancer cell
line MCF7/ADR [71], osteosarcoma cell line KHOSR2 and U-2OSR2 [72]. Similarly, KO
of ABCB1 in two ABCB1-overexpressing multidrug-resistance (MDR) cell lines, KBV200
and HCT-8/V, remarkedly improved the sensitivity and accumulation of ABCB1 substrate
drugs, such as vincristine and doxorubicin. Furthermore, the sensitivity of carfilzomib
(CFZ)-resistant myeloma cell line AMO-CFZ [73] and acute lymphoblastic leukaemia
(ALL) cell line HALO1 [74] to CFZ was recovered after knocking out ABCB1 using the
CRISPR-Cas9 system.

In addition, a CRISPR/Cas9 KO of BEN domain-containing protein 3 (BEND3) upreg-
ulated efflux transporter breast cancer resistance protein (BCRP; ABCG2) and reduced the
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intracellular levels of TAK-243 and induced resistance in acute myeloid leukaemia (AML)
cells [75]. Similarly, silencing ubiquitin-editing enzymes A20 by CRISPR/Cas9 modulated
brentuximab vedotin sensitivity (BV, a drug-conjugated anti-CD30 antibody) in Hodgkin
lymphoma line L428, occurred through NF-kappaB-mediated ABCB1 expression [76]. Tar-
geting NF-kappaB activity synergised well with BV in killing Hodgkin lymphoma cell lines,
augmented BV sensitivity, and overcame BV resistance in vitro and in Hodgkin lymphoma
xenograft mouse models.

Therefore, CRISPR-Cas9-mediated modulation of ABC transporter genes or their
regulator(s) may represent a promising in vitro cancer cell model for substrate identifica-
tion and molecular pathology research that potentially contributes to uncovering novel
therapeutic biomarkers.

3.2.2. Genome-Wide CRISPR-Cas9 Knockout Screen

Historically, genome-wide loss-of-function screening in mammalian cells has em-
ployed the RNA interference (RNAi) gene knockdown technology. However, this method
is limited by incomplete protein depletion and off-target effects-induced false positives [77].
The application of CRISPR-Cas9 in genome-scale functional screening may overcome these
drawbacks of RNAi and simplify the interpretation of the loss of gene function. GeCKO
is the first library of sgRNAs targeting 5′ constitutive exons of 18,080 genes in the human
genome with an average coverage of 3–4 sgRNAs per gene, which was applied to both
negative and positive selection screens in human cells models [78]. The optimised sgRNA
libraries, for the human and mouse genomes, named Brunello and Brie, respectively, have
been created by maximising on-target activity and minimising off-target effects to enable
more effective and efficient genetic screens [79]. Genome-wide CRISPR screens reveal that
expression of the multidrug-resistant gene ABCC1 and the lysosomal transporter SLC46A3
differentially impact tumour cell sensitivity to PCA062, a P-cadherin targeting antibody-
drug (DM1, a maytansine-derived potent microtubule-inhibiting agent) conjugate for the
treatment of multiple cancer types, including basal-like breast cancer [80]. ABCC1 confers
antibody maytansine conjugate resistance [81], and SLC46A3 transports catabolite of anti-
body maytansine conjugate from lysosome to cytoplasm [82,83]. Silencing ABCC1 could
lead to cytoplasmic accumulation of the warhead, while KO SLC46A3 cause lysosomal
accumulation (Figure 3).
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A genome-wide CRISPR/Cas9 knockout screen identified that SLC1A3 confers L-
asparaginase resistance in human prostate cancer PC3 cells [84]. L-asparaginase serves as a
crucial medicine for adolescent acute lymphoblastic leukaemia but is frequently associated
with solid tumour resistance. ASNase stimulates aspartate and glutamate consumption
and decreases their intracellular concentrations. SLC1A3 is an aspartate and glutamate
transporter, and overexpression of SLC1A3 may promote cancer cell proliferation via
“enhanced permeability” of aspartate and glutamate and fueling aspartate, glutamate
and glutamine metabolisms. SLC1A3 inhibition caused cell cycle arrest or apoptosis and
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myriads of metabolic vulnerabilities in the tricarboxylic acid cycle, urea cycle, nucleotides
biosynthesis, energy production, redox homeostasis and lipid biosynthesis.

3.2.3. Novel Mechanisms of Platinum Accumulation in Cancer Cells

The platinum-containing drugs such as cisplatin, carboplatin and oxaliplatin have
been widely integrated into the standard and preferred regimens for various solid can-
cers. Several SLC transporters, such as CTR1 (SLC31A1) and CTR2 (SLC31A2), have been
reported to participate in cisplatin influx in several heterogeneous expression systems
(e.g., yeast and mouse embryonic fibroblast models) [85]. However, complete KO of either
CTR1 or CTR2 in ovarian carcinoma OVCAR8 cells showed indistinguishable differences
in cisplatin sensitivity compared to wild-type cells [86]. A study using CRISPR-Cas9-
mediated gene deletion suggests volume-regulated anion channels (VRACs), configured as
leucine-rich repeat-containing 8 (LRRC8) heteromers, significantly contribute to cisplatin
and carboplatin accumulation in human cells, accounting for 50–70% of total platinum
accumulation under isotonic conditions [87]. Loss of LRRC8D causes resistance to carbo-
platin and cisplatin, but not to oxaliplatin in KBM-7 leukaemia cells [87]. To put this into
perspective, silencing LRRC8D also confers cisplatin resistance in BRCA1-mutated ovarian
cancer cells in a genome-scale CRISPR-Cas9 knockout screen study [88], and a retrospective
analysis of two small cohorts of ovarian cancer patients that received platinum drugs re-
veals that lower expression levels of LRRC8D were correlated with lower survival rates [87].
Further research is warranted to establish greater confidence in supporting experimental
and clinical correlative data and address key gaps in current knowledge.

3.3. Blood-Brain Barriers

Endothelial cells that line the microvasculature of the central nervous system (CNS)
constitute the blood-brain barrier (BBB), selectively excluding circulating drugs and toxic
agents from entering the majority of the central nervous system but allowing essential
nutrients, hormones and certain drugs into the brain. Drug permeability across BBB is
mainly determined by the interactions between their physicochemical characteristics and
the specialised BBB features, including tight intercellular junctions that markedly limit para-
cellular permeability, plus a unique expression of ABC and SLC transporters that determine
the transcellular permeability. The two most abundant ABC transporters in the human
BBB are ABCB1 (MDR1) and ABCG2 (BCRP) [89], which function as pivotal rate-limiting
barriers to drug distribution or access to the brain [90]. Moreover, one attractive approach
to brain drug delivery is to utilise SLC transporters as an efficient vehicle to circumvent
BBB [91]. CRISPR-Cas9 allows cost-effective gene manipulation at more physiologically
relevant levels and readily expands our knowledge of the novel territories.

Solute carrier family 35, member F2 (SLC35F2), is highly expressed in the BBB and
is localised exclusively on the apical membrane of brain microvascular endothelial cells
(BMECs), differentiated from human induced pluripotent stem cells (hiPS-BMECs). Silenc-
ing SLC35F2, by CRISPR/Cas9 mediated knockout, diminished the apical-to-basolateral
transport and intracellular accumulation of its substrate drug YM155 in hiPS-BMECs [92].
By contrast, in studies using an in situ brain perfusion in mice, neither CRISPR/Cas9 KO
of Slc35f2 nor pharmacological perturbation reduced brain uptake of YM155. YM155 is
a substrate of human and mouse SLC35F2 [92], and SLC35F2 is a major determinant of
YM155 antitumour efficacy in xenografted models, comparing the effects of YM155 on
tumour growth between wild-type and SLC35F2 KO SW480 cells [93]. It is suggested
that the limited role of slc35f2 in the distribution of YM155 in mouse brain was due to a
substantial uptake mediated by organic anion transporting polypeptide oatp1a4 [92].

OATP1A2 (SLC21A3) is abundantly expressed in the apical (blood) side of the human
BBB [94–96] and facilitates the transport of analgesic opioids (e.g., [D-penicillamine2,5]
encephalin, deltorphin II), antimigraine triptans (e.g., sumatriptan), levofloxacin and
methotrexate [4]. A mouse line humanised for human OATP1A2 was established by
CRISPR-Cas9 mediated knock-in of the coding region downstream of the mouse Oatp1a4
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promoter [97]. Such a humanised mouse model would be an invaluable tool for studying
the transcellular transport of drug substrates across the blood-brain barrier (BBB). OATP1A2
mRNA in the brain was increased, corresponding to the disappearance of Oatp1a4, and
OATP1A2 was localised on both the luminal and abluminal sides of the BBB. However, in-
complete translation or posttranslational modification of OATP1A2 occurred in the BBB, as
evidenced by the peptide-dependent quantitative levels of OATP1A2, leading to the lack of
functional transport of model substrates across BBB. These examples highlight the fact that
we are still a long way from being able to generate clinic-relevant BBB transporter models.

3.4. Regulation of Transporter Genes

The CRISPR/Cas9 system has been applied to edit non-transcribed DNA sequences,
including DNA methylation tags. DNA methylation, occurring at the 5-carbon position
of cytosine residues located in dinucleotide CpG sites and regions of high CpG density,
called CpG islands (CGIs), has been observed in the promoter regions of 60–70% of genes
in mammals, which are involved in the epigenetic regulation of genes [98]. ABCC3 is
highly expressed in human skin tissues, with its mRNA accounting for 20% of the total
mean transporter mRNA content [99]. The expression of ABCC3 mRNA showed large
interindividual variability (9.5-fold) but cannot be explained by single nucleotide polymor-
phisms. In human skin HaCaT cells, the disruption of the region surrounding a CGI, located
approximately 10 kb upstream of the ABCC3 gene, by CRISPR/Cas9 led to significantly
decreased ABCC3 mRNA levels [99]. Consistently, ABCC3 mRNA was upregulated in
HaCaT cells by the demethylating agent 5-aza-2′-deoxycytidine. A better understanding of
epigenetic regulation of skin transporter genes is important for the design of drug delivery
across this essential barrier.

Multidrug and toxin extrusion protein 1 (MATE1), which is encoded by solute car-
rier 47A1 (SLC47A1), functions as the final excretion step of drugs/toxins into bile and
urine. Its substrates include vitamin thiamine, cimetidine, metformin, guanidine, pro-
cainamide, antiviral agents (e.g., acyclovir and ganciclovir) and antibiotics (e.g., cephalexin
and cephradine) as well as an endogenous substrate creatinine [4]. Some differences in the
pharmacokinetics of MATE1 substrate drugs cannot be explained by genetic variations in
humans. MATE1 mRNA expression levels negatively correlated with methylation levels of
the CpG island in the 27 kb upstream of SLC47A1. The CRISPR-Cas9-induced deletions
in this CpG area significantly lower SLC47A1/MATE1 mRNA expression in HepG2 cells.
This study highlights the importance of epigenetic regulation in pharmacokinetics and the
application of CRISPR/Cas9 for editing non-transcribed DNA targets in human cells.

4. Conclusions

The breathtaking CRISPR-Cas9-based gene-editing technology is undoubtedly an
excellent genetic manipulation method for pharmacology and molecular biology studies.
It provides researchers with a convenient tool to identify gene functions with significant
advantages, including ease of design, cost-effectiveness, greater on-target DNA cleavage
activity, and multiplexing capabilities. The exploitation of CRISPR-Cas9 techniques has
expanded the tools to study biological barriers to drug delivery and generated novel
insights in the field and may lead to the development of promising strategies to overcome
therapeutic failures and minimise drug toxicity. The genome-scale CRISPR-Cas9 KO
screen study also facilitates the identification of novel genes in which loss alters drug
permeability across the biological membrane and thus, modulates the efficacy and safety
of drugs. With the new strategies to enhance KI and KO efficiency via CRISPR genome
editing technologies, more interpretable in vitro and in vivo tools are expected for studying
barriers to drug delivery.
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Abstract: Neurological diseases continue to increase in prevalence worldwide. Combined with the
lack of modifiable risk factors or strongly efficacious therapies, these disorders pose a significant and
growing burden on healthcare systems and societies. The development of neuroprotective or curative
therapies is limited by a variety of factors, but none more than the highly selective blood-brain barrier.
Intranasal administration can bypass this barrier completely and allow direct access to brain tissues,
enabling a large number of potential new therapies ranging from bioactive peptides to stem cells.
Current research indicates that merely administering simple solutions is inefficient and may limit
therapeutic success. While many therapies can be delivered to some degree without carrier molecules
or significant modification, a growing body of research has indicated several methods of improving
the safety and efficacy of this administration route, such as nasal permeability enhancers, gelling
agents, or nanocarrier formulations. This review shall discuss promising delivery systems and their
role in expanding the clinical efficacy of this novel administration route. Optimization of intranasal
administration will be crucial as novel therapies continue to be studied in clinical trials and approved
to meet the growing demand for the treatment of patients with neurological diseases.

Keywords: intranasal; nose-to-brain; CNS; drug delivery; nanocarriers

1. Introduction

Neurological diseases represent a significant and growing disease burden both in
the U.S. and worldwide. Alzheimer’s Disease (AD) currently affects nearly 5 million
Americans, incurring an annual estimated societal cost of >USD 100 billion [1,2]. This
places AD among the most expensive diseases in the U.S., with regards to both the financial
and human toll. This is projected to only increase, with prevalence climbing up to nearly
14 million Americans by 2050.

Despite this massive and growing problem, our treatments for AD and other neurolog-
ical diseases remain incredibly limited, largely due to the anatomy of the central nervous
system (CNS) and the blood-brain barrier (BBB). The BBB helps maintain homeostasis by
severely limiting access to the CNS compartment through a combination of endothelial
cells, intercellular tight junctions, and transport proteins [3,4]. Though lipophilic molecules
can still access the CNS via diffusion, the movement of hydrophilic molecules across the
BBB is reduced by 98–100% [5]. This is shown in many treatments for neurodegenerative
diseases, such as levodopa for Parkinson’s Disease (PD), where <5% of the dose reaches the
CNS. Low bioavailability in the CNS requires the use of larger doses, leading to increased
adverse effects. Therefore, formulations which can improve CNS bioavailability will be
increasingly important for medications to be effective.

Intranasal delivery directly to the CNS offers exciting potential to bypass the highly
selective BBB and deliver a greater variety of therapeutic agents to the brain in greater
concentrations. Intranasally administered bioactive peptides, e.g., insulin, glial-derived
neurotrophic factor, or leptin have been shown to be delivered directly from the nose
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to the brain in rodent models [6]. Though not every study has included the endpoint,
many have shown a response in the animal such as improved cognition with insulin or
decreased feeding with leptin. These thrilling animal model data have not been replicated
in humans, however. Although several studies have demonstrated intranasal delivery
to the brain like the animal models, it appears that a relatively small fraction of the dose
is reaching the CNS [7,8]. Recent studies, such as intranasal oxytocin for autism, have
failed to replicate the effects in humans [9]. Many of these studies were simply using a
saline solution to administer the drug to the nasal cavity, just like in the animal models. It
is becoming more apparent that due to anatomic and physiological differences between
rodents and humans, more optimization is needed for the nose-to-brain pathway to reach
its full therapeutic potential.

The purpose of this review is to discuss the various formulations, additives, and
devices being studied to improve intranasal delivery to the CNS and the evidence for
their potential.

2. Pathways to the CNS and Advantages of Intranasal Drug Delivery
2.1. Nasal Cavity Anatomy and Histology

The nasal cavity presents the most cephalic portion of the respiratory system, and the
normal functions are to condition air for the respiratory system and facilitate olfaction [10,11].
The most anterior portion of the cavity vestibular region is characterized by a large amount
of hair and mucus production, as well as a robust squamous epithelial lining [12,13]. It
emphasizes this region’s role in protection from mechanical irritation, rather than secretory
or sensory which is in the other regions of the cavity (Figure 1).
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Figure 1. Anatomy and histology of the nasal cavity, epithelium, and transport pathway to the
CNS. (A) Drugs administered to the nasal cavity cross the epithelium in either the superior olfactory
region (OR) and move along the olfactory nerve (left arrow) to the olfactory bulb (OB), or the lateral
respiratory regions (RR) and the trigeminal nerve (right arrow) to the pons. (B) From the lamina
propria (LP), drugs are transported to the CNS along the olfactory sensory neuron (OSN, left arrow)
p through the cribriform place (CP). A similar process occurs along the trigeminal nerve. Drugs can
also be lost to systemic absorption via lymphatics (LV) or vasculature (BV). The anterior vestibular
region (VR) is minimally involved in the intranasal route to the brain.

The cavity is bounded by the nasal floor (continuous with the roof of the mouth)
below both the maxillary and ethmoid bones laterally. The conchae are found on the lateral
wall and lined in respiratory epithelia, allowing them to play their role in filtering and
humidifying inhaled air. This is collectively the respiratory region, and is lined with a
single layer of pseudostratified, ciliated columnar epithelial cell also containing goblet cells.
This allows for mucus production and removal, protecting the upper airway from inhaled
irritants or dry air [14].
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The most superior aspect of the nasal cavity is lined by olfactory epithelia, a pseudos-
tratified layer of cells. Contrary to the respiratory epithelia of the rest of the cavity, olfactory
epithelia contain olfactory neurons and Bowman’s glands. Unlike the mucus-secreting
and protective Goblet cells, this function is to wash away odor molecules from the nearby
neurons. Deep and superior to this is the cribriform plate of the ethmoid bone, through
which the olfactory neurons will project to the olfactory bulb and the rest of the CNS.

2.2. Nasal Cavity Vasculature and Innervation

The nasal cavity has a rich vascular supply full of anastomosis that is mostly centered
in areas lined with respiratory epithelia on both the lateral walls and septum. Blood
is supplied by branches of both the internal and external carotid arteries, including the
anterior and posterior ethmoid arteries, the sphenopalatine, and greater palatine arteries.
Small regions are supplied by the superior labial branch of the facial artery as well. Blood
is returned via the facial vein for the anterior portions of the cavity and via the maxillary
or sphenopalatine veins posteriorly into the pterygoid plexus. Lymphatics drain both
anteriorly and posteriorly to the submandibular nodes.

The nasal cavity is innervated by the olfactory nerve (CN I) and trigeminal nerve (CN
V). The olfactory nerve is found in the superior, olfactory region of the cavity and is com-
prised of bipolar neurons projecting through both the surrounding epithelia and cribriform
plate. These axons synapse on the olfactory bulb in the ventral forebrain. These neurons
and the spaces surrounding them are the primary route of intranasal transport to the CNS,
as discussed in greater detail below. The trigeminal nerve innervates the larger remainder
of the cavity via its ophthalmic (V1) and maxillary (V2) branches. General sensation is
the primary function of these portions of the trigeminal nerve; the maxillary (V2) branch
also contains parasympathetic fibers from the facial nerve (CN VII, greater petrosal) which
controls glandular secretions in the cavity, as well as postganglionic sympathetic fibers.

Both the olfactory and trigeminal neurons are surrounded by pseudostratified epithelia
in their respective regions of the nasal cavity. The trigeminal neuronal endings are only
found within the lower regions of the epithelia, meaning they are not directly exposed
to the nasal cavity. In stark contrast, for the olfactory neurons, cell bodies are within the
epithelia and their cilia reach directly into the nasal cavity (Figure 2). This small difference is
crucial for explaining why the smaller olfactory nerve plays a much larger role in intranasal
transport, as detailed below. This point cannot be emphasized enough when considering
how the histology ultimately informs the mechanism of intranasal delivery.

2.3. Mechanisms of Intranasal Transport to CNS

Understanding the various delivery systems used in intranasal-to-CNS therapies first
requires a knowledge of the various routes and their respective mechanisms, since they
dictate all factors from formulation and drug selection to safety and efficacy. Both the
olfactory and trigeminal nerves have been shown to transport intranasally administered
compounds to the CNS, but the olfactory nerve has been more thoroughly described in the
literature. Recalling the different epithelia and vasculatures surrounding the nerves, the
olfactory nerve provides better absorption and CNS transport with less systemic absorption.
Additionally, due to the markedly shorter length of the nerve itself, the olfactory nerve is
a significantly faster nerve than the trigeminal nerve. For the purposes of this article, the
olfactory nerve will be discussed unless otherwise specified.

Several thorough and high-quality reviews are available which detail the exact mecha-
nisms by which intranasal administered drugs reach the brain [6]. Broadly, routes can be
considered either intracellular or extracellular with respect to the neuron and each contains
several mechanisms. Most molecules are transported via a combination of mechanisms
(Figure 3).
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2.3.1. Intracellular Transport Mechanism

The intracellular mechanism of intranasal transport involves internalization of the
drug by the neuron at the site of the epithelium, transport along the axon, and exocytosis at
the other end within the CNS. Intracellular transport of intranasally administered drugs
or therapies to the CNS begins via endocytosis of the administered agent by olfactory (or
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trigeminal) neurons. This can occur via non-specific or receptor-mediated endocytosis,
though the existing literature appears to indicate that non-specific binding and uptake is far
more common [6]. Now bound within an endosome, the substance undergoes trafficking
via the Golgi network and axonal transport to reach the synapse. This is either the olfactory
bulb for the olfactory nerve, or within the pons for the trigeminal nerve. Intracellular
trafficking rate is independent of size and takes 0.74–2.67 h or 3.69–13.33 h for the olfactory
and trigeminal nerves, respectively [16]. Once exocytosed, the agent is moved around the
CNS, via either reuptake or convectional transport. The intracellular transport occurs only
across non-neuronal epithelial cells, transporting the compound from the nasal cavity to
the lamina propria. This is referred to as transcellular transport and requires subsequent
transportation to reach the CNS.

2.3.2. Extracellular Transport Mechanism

Extracellular transport can occur via a variety of mechanisms, which all share the
basic principle of the drug moving through fluid in the spaces along which the neurons
run. Notably this does not require binding and endocytosis by the neuron itself. First,
the drug must cross the nasal epithelia from the nasal cavity. Although there are many
tight junctions (TJs) between the epithelial cells, transient opening of the channels allows
for the movement of molecules into the lamina propria. There are numerous methods
of modifying the opening of TJs, which will be discussed in depth below. Additionally,
olfactory neurons are not permanent like other neurons in the CNS, and they turnover
every 30–60 days [17,18]. Between undergoing apoptosis and eventual replacement, this
leaves a large opening among the surrounding sustentacular cells of the epithelium, which
allows therapies access to the lamina propria.

From the lamina propria, intranasally administered drugs can be translocated to the
brain via the perineural space. As the neurons which make up cranial nerves exit the CNS
into the periphery, they take the layers of the mater ensheathing the nerve bundles [19].
This forms a perineural space with olfactory ensheathing fibroblasts (OEF) around the
nerve filled with cerebrospinal fluid (CSF) that connects the subarachnoid space to the
lamina propria. It is thought that drugs diffuse by bulk flow, pulsatile pressures created by
concurrent arterioles, or to a lesser degree Brownian movement, to migrate into the CNS.

2.3.3. Kinetic Evidence for Mechanisms

Based on limited evidence in murine models, intranasally administered drugs reach
the CNS as early as 5 min post-administration, and more distal regions of the brain by
30 min [20,21]. Peak concentrations of intranasally administered compounds vary by
region of the brain. The olfactory bulb peaks as soon as 10 min post-administration, while
deeper regions such as the striatum take up to 30 min. The most distal locations such
as the midbrain or hypothalamus require 30 min to reach the peak concentration post-
administration [19]. The average peak time for the whole brain has ranged from 30 min to
2 h, depending on the study [20,22]. Since this evidence is from different tracer molecules,
formulations, and model organisms, it is difficult to extrapolate these values for clinical
considerations in humans. Lastly, clearance from the CNS is completed by ~4 h, giving an
early indication of duration of effect for intranasally administered therapies.

Taken together, this evidence indicates that the majority of transport to the CNS
occurs via the extracellular pathway and should be the focus of optimization. Axonal
transport alone via the intracellular pathway would take 0.74–2.67 h for the olfactory nerve
and 3.69–13.33 h for the trigeminal nerve, based on studies of neuronal axonal transport
rate [16,23]. This is without the complexities of internalization and endosomal trafficking.
Simple diffusion is not too different, 0.73–2.3 h and 17–56 h for the olfactory and trigeminal
nerves, respectively. Only the extracellular pathway in combination with the pulsatile
movements of arteriole provides congruent transport times seen above [23,24]. As the
arterioles expand in systole, they compress the fluid in the surrounding sheath and create a
wave which moves at a rate of 214 µm/min in in vitro studies. This “perivascular pump”
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is a very efficient mode of transport, translating to 0.33 h and 1.7 h for the olfactory and
trigeminal nerves, respectively. Though even these fall short of the in vivo evidence in
the literature, it is reasonable to think the absence of skull bone around the channels
allows for greater energy dissipation and slowing of the pathway in vitro. Still, this
extracellular pathway powered by systolic pulsations is the most plausible mechanism with
the in vivo and in vitro radiotracer evidence, and thus should be the primary consideration
for therapeutic design.

2.4. Distribution within the CNS Compartment

Understanding the distribution within the CNS of intranasally administered therapies
is crucial for the ability to produce effective, targeted interventions with minimal off-target
effects. Although there can be distribution within the tissues of the brain via continued
intracellular transport, this is likely not the primary mechanism based on kinetic evidence
and the known inefficiencies of non-specific endocytosis at synapses. Instead, CNS-wide
distribution occurs via a combination of the convective bulk flow and perivascular pump
discussed above. This is supported by evidence in rodents which shows cardiac output
is positively correlated to rate of distribution, providing intranasally-administered com-
pounds reach regions of the brain adjacent to the origins of the olfactory and trigeminal
nerves within 20 min of administration, including the olfactory bulb, striatum, and brain-
stem [25–28]. Other structures in the cortex of the forebrain and midbrain peak afterward.
Discrete pathways are still unclear, though evidence in rodents shows the rostral migratory
stream (RMS) is crucial for distribution beyond the olfactory bulb [29,30], where resection
of the RMS reduces distribution by over 80%. The importance of the RMS in humans is
unclear, as the development of the RMS or analogous structures is not well supported in
the literature. Further research is needed to help elucidate pathways for targeting brain
tissues, though it is clear that at least some portions of intranasal therapies reach all regions
of the brain in some capacity.

The current evidence in the literature indicates that targeting drugs to sites of action
within the brain is a problem that will require further attention. Nonetheless, the advantages
are clear. The olfactory bulb, pons, and adjacent structures have been demonstrated
to receive a markedly high dose of drug when administered intranasally, compared to
intravenous (IV) administration which showed preference for the choroid and adjacent
structure [26,31–33]. Furthermore, bypassing the BBB allows for a more expansive range of
drug or therapy profiles, which will be further discussed ahead.

3. Factors Affecting Intranasal Drug Delivery

Understanding the anatomy of the nasal cavity, the extracellularly-based transport
pathway along the cranial nerves, and how drugs will reach the target tissues of the brain
is crucial when considering the factors salient to effective intranasal delivery (Table 1). We
will now look at those factors more closely and within a more clinically practical context.
Optimization of these factors will be absolutely crucial to the development of an effective
therapy in humans. After all, almost all the evidence discussed so far comes from rodent
model organisms using trained professionals to carefully and precisely administer the drug.
Human anatomy is not a one-to-one comparison with rodents, and our healthcare system
does not have this luxury for administration of widespread, frequently dosed therapies;
especially in patients with limited transportation due to neurological decline.
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Table 1. Description of factors affecting intranasal delivery.

Factor Summary References

Mucus Negatively charged gel reduces movement of large, charged, and
nonpolar molecules [34–37]

Enzymatic degradation Antimicrobial and other enzymes in mucus and epithelial cells
degrade the drug [36]

Ciliary clearance Ciliary turnover of mucus will remove slowly diffusing drugs [38]

Tight junctions Apical proteins greatly restrict drug movement across epithelium
between cells [39–44]

Intrinsic drug characteristics Molecule weight over 1 kDa, polarity, strong charge can affect
absorption [45–60]

Formulation factors pH, buffer capacity, osmolarity, and volume are important for liquids.
Solubility is additionally important for powders [61–63]

Vasculature and Lymphatics drainage Vasculature of lamina propria can drain away drug before transport
into the CNS [64]

3.1. Mucus

The first barrier any therapy will encounter is the mucus coating which protects the
nasal epithelium beneath. Mucus is a gel-like compound composed primarily of mucins
which are mostly bound to membranes in mammals [34–37]. In addition to physically
protecting the epithelium from the dry, harsh air moving through the cavity, mucus contains
other substances with antimicrobial and immunomodulatory effects. There are a variety of
mucin types in the whole family, and these tend to vary in proportion between organisms
and disease states.

Mucin uses a strongly negative net charge to dry in water when forming a gel. While
this is neutralized somewhat by the presence of cations e.g., Ca2+ and H+, this charge must
be considered for formulation. Hydrophobic and charged hydrophilic molecules have been
shown to diffuse poorly through mucus, whereas uncharged hydrophilic molecules are
able to diffuse rapidly through the mesh of mucins nearly the speed of water for smaller
molecules [65–69]. Drugs larger than 500 Da in size will be especially prone to poor mucus
diffusion and becoming stuck, though most drugs will be smaller than 500 Da in size, thus
it is not an important issue [15,70]. Additionally, the thickness of mucus can vary greatly
depending on water content. Nasal mucus is one of the thinnest mucus types in the body;
therefore, this is likely not a significant formulary consideration in most clinical cases [15].
Lastly, the rate of turnover of mucus (see below) must be considered. It appears that the
addition of mucoadhesive coatings can increase absorption. Though this addition can be
useful for increasing bioavailability, it may be limited since the nasal cavity produces a
tremendous volume of mucus (20–40 mL per day) which is quickly turned over by ciliary
propulsion (every 10–20 min) [38]. Even this rate varies in individuals’ nasal passages,
as the left and right passages alternate degrees of congestion throughout the day as a
part of the well-described nasal cycle [71–73]. The olfactory epithelium lacks the motile
cilia responsible for this movement, thus the rate of turnover is slower in the primary
region of interest for intranasal nose-to-brain transport. However, an increase in expression
of P-glycoprotein (P-gp) pumps in olfactory epithelia may negate this effect [74]. More
research in this area will be required in the future to ultimately increase mucus permeation
by intranasally administered therapies.

3.2. The Nasal Cavity Epithelium and Tight Junctions

Any intranasally administered drug must bind or cross the epithelial lining to reach
the lamina propria before it can be transported further into the CNS. Recalling the mucus
coating, presence of TJs and limited proportion of the total cavity this covers, optimizing a
formulation to maximize crossing into the lamina propria will be crucial for any therapy.
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This is especially true since the lamina propria also drains fluids back into either systemic
circulation, local glands for excretion, or via lymphatics to the deep cervical chain of lymph
nodes. It is actually a relatively small fraction which will be carried along the nerves and
to the parenchyma of the brain, thus increasing the total amount arriving to the lamina
propria is crucial for clinical efficacy.

TJs are a protein complex made of occludins, claudins, and more that connect epithelial
cells at the apical surface and typically separate the basolateral sides of cells from the lumen
or cavity. TJs can be modulated to increase or decrease permeability across the membrane
primarily through phosphorylation signaling pathways on occludins. Several compounds
have been used to transiently decrease nasal epithelial TJ tightness and increase intranasal
delivery amounts, including papaverine, poly-L-arginine, 12-O-tetradecanotlophorbol-13-
acetate (TPA), and bisindolylmaleimide [39–44]. Broadly, these compounds either directly
dephosphorylate TJs or inhibit the function of various kinases (especially protein kinase
C to reduce the function of the proteins and increase membrane permeability, ranging
from two- to four-fold. Other options such as chitosan, a chitin derivative, have been
shown to increase epithelial permeability by affecting TJs. When formulated as a cationic
coating for nanostructured lipid carriers, researchers have observed increased delivery
across a membrane and stronger pharmacological response [75–77]. Given the constrictions
imposed by mucus on the types of drugs, this can provide a broad range of drugs access to
this administration route.

Modulation of TJs may not even be absolutely required for effective intranasal delivery.
Olfactory sensory neurons (OSNs), the functional unit of the olfactory nerve that binds to
molecules to transduce the sense of smell, are relatively short lived by neuronal standards
and turnover every 30–60 days [18]. New OSNs actually grow into the same spots in the
olfactory epithelia, meaning there are cell-sized holes in the membrane at any given time.
Since compounds as small as insulin (5.8 kDa) and as large as albumin (65 kDa) have been
successfully delivered to the CNS intranasally in a simple saline solution, crossing these
passages (a process known as persorption) may provide a floor for amounts delivered, even
if most of the paracellular spaces are closed off by TJs [20,78–80]. It should be noted that
this is only true for OSNs; the trigeminal nerve endings terminate in the transcellular space
of the epithelia and do not reach into the nasal cavity.

3.3. Size and Charge Matters

Finally, the very biochemical nature of the drug itself has an impact on intranasal
delivery bioavailability. Small, uncharged, hydrophilic molecules can move most freely
through mucus and the matrix of mucins. For example, a small molecule such as dopamine
(DA, 0.15 kDa) has a five-fold increase in CNS concentrations compared to the much larger
nerve growth factor (NGF, 26.5 kDa) when administered at the same concentration [45,46].
Generally, 0.4 kDa is considered small enough to freely diffuse and pass through the nasal
epithelia; it is only over 1 kDa that a drop off in diffusion is seen. This size limit is not
entirely inhibiting though, as molecules as large as wheat germ agglutinin–horseradish per-
oxidase (80 kDa) and even whole stem cells have been transported to some degree [47–57].

Nonpolar compounds are thought to be transported poorly to the CNS intranasally,
though there is a growly body of evidence that the proper microemulsion formulation can
greatly increase the intranasal brain area under curve (AUC) compared to IV administration
of the compound. Indeed, there is evidence that with some drugs increasing the hydropho-
bicity can increase delivery to the CNS [58,59]. It is known that hydrophobic compounds
cross biological membranes such as the nasal epithelia, blood vessels, or BBB well. This
shows that not only are hydrophobic drugs capable of being administered intranasally with
the correct formulation, but this may be an advantage.

Similarly, nanocarriers and emulsions can be used to help increase the efficient delivery
of highly charged compounds. Though there is existing evidence that strong cations such as
Mn2+ and Co2+ or charged proteins and small molecules can be delivered without special
formulation [60], achieving a desired therapeutic effect will likely require nanocarrier
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utilization, as chronic administration may lead to irritation and discomfort in human
patients. Since many neurological diseases are chronic and without curative therapies
currently, tolerance to preparations with nanocarriers is of the utmost concern.

3.4. Brief Comparative Anatomy and Translational Limits

When considering all of the evidence reviewed thus far, as well as that below, it is
important to distinguish between research conducted on humans and that conducted on
animal models. Both the conditions of the laboratory, with its highly trained workforce and
controlled environment, and the anatomical differences between species play a significant
role in the generalizability of the data. Often, researchers are administering doses as low
as 25 µL but usually closer to 200 µL in size in these experiments; a size selected because
this is the maximum volume of the nasal cavity in the model rodents [61,62]. In humans,
the nasal cavity is 6–7 mL in volume, which is impractical at best [63]. Furthermore,
50% of the rodent nasal cavity is covered in olfactory epithelia, compared to <5% in
humans [81]. This limitation in area will make delivery to the CNS less efficient and adds
emphasis on making sure administered drugs reach the correct region of the nasal cavity.
Animals are also positioned at a 90-degree angle or on their back, which can be difficult
for elderly patients with limited mobility if dosing multiple times a day. Lastly, animals
are typically anesthetized in these studies for administration, which slows the respiratory
rate and drug clearance, leading to an increase in absorption which would not be seen in
fully conscious patients. Evidence of this is limited and unclear, however, as few studies
included unanesthetized control subjects/groups for comparison [82].

4. Types of Intranasal Strategy for Brain Drug Delivery

Strategies to improve intranasal delivery to the CNS include additives to the formula-
tion, nanocarriers or particles which allow for molecules to cross the membrane (such as
lipophilic compounds), or devices that increase the amount of drug that reaches the upper
olfactory region of the cavity (Table 2). Each strategy has its own advantages and disad-
vantages. As this therapy transitions from trained professionals using model organisms
in laboratories to everyday patients (many with a neurological disease), a combination
of strategies will likely be required for therapeutic success. Based on the factors and lim-
itations discussed before, it is seen in that <1% of intranasal administered compounds
typically reach the brain [81]. To avoid irritation of the nasal epithelia, there will be a
maximum tolerable dose, so additional strategies and preparations will be required.

Table 2. Notable additives and strategies for intranasal delivery systems.

Additive or Formulation Summary Examples References

Simple solutions Simplest strategy which has shown to
be possible but likely insufficient PBS or Saline solutions [83–85]

Nasal Permeability enhancers Broad category of agents which disrupt
nasal epithelia to increase absorption

Cyclodextrans, Sodium Hyaluronate,
Cremophor RH40, Chitosan,
Cyclopentyladenosine

[58,86–90]

Enzyme Modulators Disrupt the normal function of
enzymes in the epithelium

P-glycoprotein inhibitors, CYP450
inhibitors, Acetazolamide [91–96]

Vasoconstrictors
Reducing the rich vascular supply
causes less drug to be absorbed into
circulation

Phenylephrine [64]

Mucoadhesives
Increase adherence to mucus and
residence time in cavity for better
absorption

Chitosan, Carbopol®,
Carboxymethylcellulose

[15,97–99]

Ciliostatics
Impaired ciliary movement decreases
mucus clearance increasing
residence time

Chlorbutol, Hydroxybenzoate,
Phenylmercuric acid, Thiomersal [100]
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Table 2. Cont.

Additive or Formulation Summary Examples References

Biogels
Liquid that activates to gel in nasal
cavity, increasing residence time and
absorption

Pluronic/Carbopol gels, Cellulose
derivatives/Paenol gels, Chitosan
derivative gels

[101–107]

Devices
Devices target delivery of broader
formulations to the olfactory region of
the nasal cavity

ViaNase™, OptiNose™, Precision
Olfactory Device®, Mechanical
Spray bottles

[108–111]

US or Magnet guiding
Niche application of US or magnetic
gradients to guide labeled
drug delivery

Ultrasound and Magnetophoresis [112,113]

Nanocarriers

Broad category of organic and
inorganic nanoparticles that enhance
absorption and delivery of bioactive
drugs to brain

Chitosan, PGLA nanoparticles,
Liposomes, Microemulsions,
Solid-Lipid nanoparticles

[114–130]

5. Preparation and Evaluation of Intranasal Drug Delivery Systems
5.1. Solutions Alone

Though likely inadequate for clinically efficacious use, there is mixed evidence for
intranasal administration of a drug in saline or phosphate-buffered saline (PBS) alone,
which warrants discussion. Some studies in rodents have reported increased nose-to-brain
delivery in these simple solutions, such as 5-fjuorouracil (104% increase compared to IV
administration of the drug), remoxipride (50% increase in brain/plasma AUC, or morphine
(30-fold higher brain/plasma AUC compared to IV administration of the drug) [83–85].
Still, others have found no difference between intranasal and IV administrations, such as a
study using a 5-HT1A receptor antagonist UH-301 in rats [86]. This variance in delivery may
ultimately be a product of the chemical natures of the specific drugs, but this emphasizes
the need for optimized formulations. Nonetheless, these results can be viewed as further
proof of concept, as even the least effective intranasal formulation can deliver more to the
CNS than the IV route. Thankfully, there is a broad range of types and specific formulations
to overcome this phenomenon, which will be discussed below.

5.2. Additives to Increase Nasal Barrier Permeability

Though many studies involve administering a compound in a simple saline solution or
even just water, the known poor delivery of these formulations (<1% of total dose reaching
the CNS) will necessitate the addition of substances that increase intranasal absorption. In
principle, most of these additives work to increase the amount of drug crossing the nasal
epithelia into the lamina propria. Though this does not specifically work to increase the
fraction moving along the nerves into the CNS from the lamina propria, it can improve the
AUC in the brain and reduce the amount of dose that simply exits the nasal cavity or is
degraded within mucus.

Permeability enhancers can be defined as any substance which increases the perme-
ability of the nasal epithelial or membrane diffusion. This can take the form of additions
which allowed for greater diffusion across membranes, e.g., surfactants, lipids, and cy-
clodextrans [58,87]. These permeability enhancers are especially useful for the transport of
hydrophilic compounds or macromolecules. A significant disadvantage of these agents is
that the mechanism involves disruption of the nasal epithelia, which can lead to potentially
toxic irritation of the mucosae with time [88]. Such adverse reactions would greatly reduce
the clinical potential for any drug requiring repeated dosing. Some agents, e.g., dextran,
sodium hyaluronate, and Cremophor RH40 appear to be non-irritating and non-toxic. This
list is far from comprehensive [89].

Another method to increase nasal membrane permeability is to modulate the function
of TJs, which can be done via chitosan [90]. Indeed, early evidence shows administration
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of N-cyclopentyladenosine with chitosan microparticles resulted in a 10-fold increase in
brain concentration following intranasal administration, compared to administration of N-
cyclopentyladenosine with mannitol-lecithin [131]. Even transient opening of the TJs allows
a larger and more hydrophilic drug to pass more readily through the paracellular space
and to the lamina propria. Chitosans are also mucoadhesives allowing for more drug to be
held in the nasal cavity adjacent to the membrane, resulting in increased retention time and
absorption. Chitosans are also well-characterized and considered to be safe, non-irritating,
and biodegradable; a strong perk for a chronically administered therapy [132].

Modulation or addition of enzymes has been used to increase permeability and in-
tranasal delivery to the CNS. Several studies have shown that additions of matrix metal-
loproteinases (MMPs) can increase the intranasal delivery of compounds. Several stud-
ies have found fluorescently labelled dextran (10 kDa) to only reach the CNS when co-
administered with an MMP [28,133]. Another study found that the addition of an MMP
doubled the amount of biologically-active enzyme chloramphenicol acyltransferase (75 kDa)
intranasally delivered to the brain [134]. Both authors acknowledged that destruction of
the nasal extracellular matrix will likely be irritating with time, which greatly limits the
application of this formulation in practice. More research will be needed to clarify the
long-term safety of MMPs. Another example of enzymatic-focused options would be to
block epithelial P-gp activity. Though not all drugs are P-gp substrates. The high expression
of P-gp in the BBB, nasal membranes, and olfactory bulb will greatly limit the transport of
drugs which are P-gp substrates. Several studies have shown that transport of verapamil, a
P-gp substrate, to the brain can be increased by either the addition of a P-gp inhibitor, e.g.,
rifampin or cyclosporin A, or the use of P-gp-deficient mice [74,91–93]. For drugs which
are substrates for P-gp, this evidence is very encouraging.

It is important to remember these additives must be tailored to specific medications.
In some instances, these formulations can actually decrease the amount of drug transported
to the brain. In one study, a chitosan nanoemulsion decreased the amount of pralidoxime
delivered to the brain beyond the olfactory bulb compared to administration in a saline
solution [135]. The authors thought this was due to loading efficiency issues. While this is
an exception rather than the rule, it serves as a reminder that more is not always better.

5.3. Other Additives

Vasoconstrictors are other co-administered compounds which have been shown to
significantly increase intranasal transport to the brain. One study used a vasoconstrictor
phenylephrine and found that it increased the brain/plasma AUC ratio for several neu-
ropeptides [64]. By reducing the vascular supply to the mucosa, it seems less drug in the
lamina propria is lost via venous or lymphatic return to systemic circulation, allowing
for more drug to reach the brain. Since the perivascular pump is a potentially significant
contributor to the movement of drugs along the axons, modulation of the vascular system
may decrease transport along both the trigeminal and olfactory nerves as well. Further
research will be required for the mechanism of intranasal delivery to be fully understood.
However, for drugs particularly prone to absorption into the systemic circulation, the use
of a vasoconstrictor remains an option.

Inhibition of enzymes has also been shown to increase intranasal delivery. The nasal
cavity possesses numerous enzymes capable of metabolizing drugs. This protective feature
can greatly limit the intranasal pathway for drugs which are metabolized by these enzymes.
Several studies have shown that inhibition of proteases or cytochrome P-450 enzyme in
the nasal mucosa increases the amount of drug transported from the nasal cavity to the
brain [81,94,95]. This same principle applies to the brain as well. Acetazolamide is a
carbonic anhydrase inhibitor which decreases CSF production in the brain. Pretreatment
with acetazolamide has shown to increase CSF concentration of intranasal drugs in several
studies [83,96]. For drugs which require CSF convection to distribute to their site of action
in the CNS, this presents an interesting option. It should be noted that this effect is only
seen in pretreatment and not co-administration.
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Though much of the evidence is preliminary and in rodent models, there are several
promising additives which can potentially improve intranasal delivery to a level sufficient
for clinical applications without causing adverse reactions that would exclude clinical use.
Due to the design of these studies, few have the health of the animals’ respiratory system
as a measured endpoint. This will need to change before any of them can be thoroughly
studied in humans. For that reason, chitosan in particular seems promising with its robust
body of evidence and well-characterized safety profile, as do the other non-irritating or non-
toxic permeability enhancers. However, intranasal delivery to the brain can be improved
by altering the drug, not just the nasal mucosa.

5.4. Coatings

One major limitation of intranasal drug delivery is the mucus coating and its high
rate of turnover due to the clearance by cilia, as described above. Several strategies have
shown promise for improving the specific changes that muco-ciliary clearance poses. For
large-size drugs which are significantly more prone to becoming stuck in the mucus, this is
especially promising.

Mucoadhesives serve to improve the first step in intranasal transport by better adher-
ing a drug to the mucus, allowing it to be absorbed. There is a broad category of generally
positively-charged molecules, e.g., chitosan (and several derivatives), carboxymethylcellu-
lose, polacrylic acid, etc. [15]. Functionally, they work by increasing the residence time of
the drug to increase absorption. Since the olfactory region’s cilia are non-motile, mucoadhe-
sives may be effective for drugs especially targeting the olfactory nerve over the trigeminal
nerve. The evidence for this method is mixed, with studies finding no significant difference
in the clearance of small peptides [97]. However, this may not be the case with all types
of drugs. Other research has shown that the brain AUC for buspirone in a mucoadhesive
formulation was 2.5 times greater than a simple saline intranasal or IV formulation [98].
Similar results have been seen in other studies that lacked proper administration controls,
thus comparison of results is difficult [86,98,99]. This strategy may be limited to certain
drugs which have uniquely high clearance, such as buspirone (0.4 kDa).

Ciliostatics complement mucoadhesives by slowing the clearance time of mucus, fur-
ther increasing the residence time of intranasal drugs. There is a long list of both reversible
and irreversible ciliostatics and ciliotoxic drugs. Chlorbutol and several hydroxybenzoates
are examples of reversible drugs, while chlorocresol edetate, phenylmercuric acetate, and
thiomersal are irreversible examples [15]. Even chitosan has shown potential as a cilio-
statics. This is far from an exhaustive list, there is limited but long-standing evidence
that the irreversible benzalkonium chloride does not result in morphological changes to
the nasal mucosa or the effective mucus clearance of the cavity [100]. Though this was
used as a treatment for allergic rhinitis, long-term safety and tolerance will be crucial for
any therapy treating neurological or psychiatric diseases. All the ciliostatics listed above
are preservatives, which will be necessary for the stability of some formulations and can
function in both roles.

Whether mucoadhesives and ciliostatics increase intranasal brain AUC by merely
prolonging nasal residence time or some other mechanism is not clear. But more time in the
cavity and mucus means more interaction with the network of intracellular and extracellular
xenobiotic metabolism and proteases. Furthermore, if a patient develops a hypersensitivity
to the drug, this will be less well tolerated. Optimization of these formulations will be
dictated by this balance of absorption and in situ degradation.

5.5. Biogels

Biogels are another strategy for significantly increasing nasal retention time and
absorption. Biogels are defined as solutions which can modulate or tune their viscosity
in response to a physical or chemical stimulus. In intranasal drug administration, this
means increasing loading dose efficiency and potentiation of release times; not unlike
many mucoadhesives. Numerous polymers can serve as biogels, e.g., chitosan, poloxamer,
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derivatives of polyacrylic acid, or cellulose. This is far from an exhaustive list, and many
more examples can be found depending on which trigger is desired.

Early evidence for biogels is promising. One study found the brain AUC of intranasal
rufinamide to be doubled when administered in a xyloglucan-based, heat triggered biogel,
as compared to a simpler suspension [101]. This particular example is an antiepileptic which
when given orally has a poor bioavailability across the BBB, demonstrating the potential of
intranasal administration. Additional studies have shown improved brain AUCs for other
neurologic diseases too: pluronic acid and Carbopol® gels with rivastigmine for AD [102],
poloxamer gels with rasagiline for PD [103], multiple gels with several drugs for treatment
of depression [104–106], or even cellulose derivatives with paeonol for the treatment
of ischemic and hemorrhagic brain injury [107]. While the clinical significance of these
improved CNS bioavailabilities is unclear, biogels have a compelling and growing body of
evidence suggesting that they are a promising strategy for intranasal drug administration
and are worthy of studying in proper clinical trials.

5.6. Devices

Intranasal administration devices are another compelling strategy that will find a role
in the clinical use of intranasal drugs. Recall that the olfactory region is <10% of the entire
nasal cavity and located on the superior aspect as well as the rapid mucus clearance in
the motile respiratory regions. Biology dictates that delivering the highest dose to the
correct area is necessary to achieve meaningful clinical applications. Traditional spray
pumps tend to only reach the anterior and lateral aspects of the nasal cavity, with <3% of
the dose reaching the olfactory region [136] (Figure 4). Other alternatives such as nasal
drops require the patients to precisely position their bodies, which is not suitable for many
patients of all ages. The data listed so far have been conducted by trained professionals
on model subjects positioned optimally in a controlled environment. The need to replicate
this efficient delivery to the olfactory region in particular will be required to see results
translate from labs into clinics. Fortunately, there are solutions for this challenge in the
form of devices. Even these are not a magic solution. Most therapies require the patient
to be conscious and cooperative with the procedure of inserting the device and triggering
the release. While these devices will enable many more drugs to be clinically relevant, this
approach will still pose a challenge for the very young and neurologically impaired alike.

Delivery devices all have the same goal of getting more of the dose to the olfactory
region but do so by a variety of methods. While these methods will be detailed below, it is
important to note that cross-comparisons are difficult as they use different formulations
(liquids vs. powders) and measure different endpoints (or even different definitions of the
same endpoint, such as the olfactory region itself). The advantages and disadvantages of
each system provide an opportunity for optimal pairings, depending on each specific drug
and disease in question.

Several types of devices have been produced and studied to date, though all in a
preclinical context. First are electronic nebulizers, such as ViaNase™. This device has been
used in studies to administer insulin for the treatment of AD, with significant improvement
in cognition noted [108,109]. This is a great example of the untapped potential clinical
improvements of the insulin administration route. These devices require additional research
as there is limited evidence that they actually increase delivery to the olfactory region and
do not release a substantial amount of dose into the lungs, where additional irritation or
damage could occur [110]. There is a nitrogen-propelled version of this system, though
these devices have yet to be studied in humans in a meaningful capacity.

Many powdered devices are available from a wide variety of pharmaceutical compa-
nies. Powdered formulations have the advantage of increased stability and in some cases
improved nasal residence. One example of a powdered device designed for intranasal
nose-to-brain delivery is the Opt-PowderTM, made by the Optinose company [136]. This
device also shows another advantage of powders, as more than six times the powder
was delivered to the upper nasal cavity compared to liquids. This may just be that the
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device is more optimized for powders, there are devices that can deliver both powders
and liquids effectively, such as the Precision Olfactory Delivery (POD®) device from Im-
pel NeuroPharma [111]. Both these devices are powered by the patient simultaneously
exhaling from their mouth. While this forces closure of the soft palate and lessens the dose
accidentally arriving in the lungs, many patients with reduced pulmonary or cognitive
function may struggle to use the device properly.
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Figure 4. Estimation of deposition by nasal spray devices based on human in vivo studies. (A) regions
of nasal cavity including the anterior vestibular (VR), superior olfactory (OR) and large respiratory
regions (RR), as well as the posterior oropharynx (NP). The olfactory nerve is in the olfactory region
and goes to the olfactory bulb (OB), while the trigeminal nerve is found in the respiratory regions
and goes to the pons. (B) distribution of traditional nasal sprays is limited to vestibular and lower
respiratory regions. (C–E) distributions of Vianase™ (C), Optinose Opt-Powder™ (D), and Impel
POD® (E) all demonstrate significantly more dose reaching the olfactory region.

We have detailed the various additives, gels, nasal coatings, and devices that can
be used to increase the brain AUC of intranasal administered drugs. Many appear to be
capable of helping to overcome the obstacles inherent to the nasal cavity tissue and enabling
this delivery route.

5.7. Ultrasound and Magnetophoresis

Though greatly limited in their application by the need of highly trained professionals,
some preliminary research has examined other technologies to improve nose-to-brain
delivery. First is magnetophoresis, whereby the drug is attached to a magnetic particle
and directed to the olfactory region of the nasal cavity to improve the dose reaching the
brain [112]. These authors reported an astounding 64-fold potential increase in delivery,
with nearly a 50% delivery efficiency. In select settings this approach may prove to be a
massively important tool, but not in any form of repeated or self-administered use. Other
researchers have looked at using focused ultrasound sonication to increase localization of a
drug within the CNS. While this method did significantly improve localization, it again
requires trained operators and specialized equipment [113]. Nonetheless, both strategies
provide interesting potential for singular and focused treatments. These strategies are
illustrative of the absolute need for a device that increases the dose reaching the olfactory
region of the nasal cavity. Further replication and research will be required of these
preclinical potential therapies.
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6. Nanocarriers in Brain Drug Delivery via the Intranasal Route

There are many nanocarriers that have been evaluated for their potential use in
intranasal drug delivery, including both organic and inorganic compounds. The exact
strategy used will depend on the specific drug properties. Hydrophobic, large, or strongly
charged molecules have particular difficulty diffusing through the mucus [132]. The same
can be said for drugs which are substrates of various enzymes found along the pathway
while being transported to their target tissue in the brain. While biogels and mucoadhesives
share some of the roles in enhancing drug transport, nanocarriers are unique in that they
function as particulates. This section will explore some of the more common and well-
characterized formulations, as well as the strengths and weaknesses of each formulation.

One important limitation to all types of nanoparticles is size. Particles of 100 nm in
diameter or smaller have been shown to reach the brain, while those of 900 nm in diameter
appear to be too large for any delivery. This upper limit in size will be crucial to the success
of any individual strategy. The charge of the nanoparticle also has a significant role on
the safety and efficacy of the carrier. Positively-charged molecules are more likely to be
cytotoxic and induce lysis, which could result in increased irritation and nasal damage
with time. Meanwhile, negatively-charged carriers are more likely to be phagocytosed,
which would be removed from the nose-to-brain pathway or are transported by the much
less efficient intracellular pathway [137–140]. Inorganic molecules have also been shown to
be more cytotoxic than organics, making them less appealing candidates in the intranasal
setting [137–139].

6.1. Polymer Nanocarrier Formulations

The first major class of nanocarriers are those derived from polymers. Chitosan
and polymer-coupled chitosan derivatives have shown particular promise in recent years.
One study found the use of chitosan nanoparticles allowed for the intranasal delivery of
leucine-5-enkaphalin (LENK, an opioid receptor agonist) to the brain. When administered
as a solution alone it resulted in no transport into the CNS [114]. Several other studies
have replicated this result, showing as much as a five-fold increase in the delivery of
drugs, e.g., rivastigmine, quetiapine, and pramipexole to the brain [115–117]. There is
even evidence of the delivery of functioning siRNAs and plasmids to the brain using
chitosan-derived nanoparticles [118,119,141]. One study using an siRNA targeting the
chemotherapy-resistant gene for galectin-1 in mice demonstrated improved survival on
temozolamide therapy, when given in a chitosan-tripolyphosphate carrier [142]. Not only
can the nucleotides be delivered intact, but clinically significant doses appear possible
even now in the early stages of research. As gene-based therapies continue to advance,
this carrier has the potential to become particularly exciting in future research. Chitosan
nanoparticles have successfully delivered lipid particles containing resveratrol to the CSF
at six-fold greater concentrations than when the lipid particles were administered alone
intranasally. No resveratrol lipid particles were transported to the CSF following IV
administration [143]. For lipophilic drugs which would poorly penetrate the mucus layer
otherwise, this particular evidence is exciting.

The exact mechanism by which these chitosan nanoparticles function is unknown,
and will require additional research to fully elucidate. Though chitosan itself is known
to be both a mucoadhesive and transiently open TJs, the nanoparticles do not always
share this functionality. One derivative, N-palmitoyl-N-monomethyl-N,N-dimethyl-N,N,N-
trimethyl-6-O-glycochitosan (or Nanomerics’ molecular envelope technology) has been
used to successfully deliver LENK as discussed in Section 6, but is known to not affect
the function of TJs [144]. While the platform has exciting early evidence of viability, fuller
characterization will be needed as it translates into human clinical settings.

Another nanoparticle which is known to be safe in humans and can transport either
degradation-prone or hydrophobic drugs is poly(L-lactide-co-glycolide), or PGLA. PGLA
nanoparticles have been shown to improve intranasal delivery of the small molecule
olanzapine 10-fold over a simple solution alone, and further studies have demonstrated that
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this can cause seizure reduction in epileptic rats [120,121]. Though the preliminary evidence
is as promising as chitosan, the mechanism is even less well-characterized; PGLA is not a
known mucoadhesive or permeability enhancer like chitosan. PGLA can be conjugated
with compounds to enhance delivery to target tissues. Various chitosan derivatives and
lectins or ligands specific to the nasal epithelium have been successfully added to PGLA
particles and shown to increase delivery efficiency [122–124]. The chitosan particles were
again found to work the best, and even seemed to have an effect on rate of movement
within the brain. No tissue-level deposition has been studied, so this potential example of
targeting requires further evaluation. Even PLA nanoparticles alone (PGLA without the
polyglycolic acid monomers) have been shown to improve intranasal transport 5.6–7.7-fold
over solutions alone, as seen in wheat germ agglutinin-conjugated poly (ethene glycol)-poly
(lactic acid) (WGA-PEG-PLA) coated coumarin [145].

This is far from an exhaustive list, and more polymer-based nanoparticles are being
studied as the carriers listed above and novel ones are better characterized and developed.

6.2. Lipid Nanocarrier Formulations

Lipid-based nanoparticles have come a long way from their liposomal origin and
now offer several solid lipid nanoparticle formulations which have shown promise for
intranasal administration. Many lipid particles have the benefits of being more stable
during storage and cheaper in mass production compared to their aqueous, polymer-based
counterparts [125]. The composition of lipids must be carefully controlled. Phosphatidyl-
choline, phosphatidylserine, and phosphatidylethylamine are all known P-gp substrates,
and their inclusion would lead to rapid clearance in an untreated nasal epithelium without
reaching the CNS [126].

Microemulsions have been used to increase the delivery of hydrophobic drugs to
the brain, such as the acetylcholinesterase inhibitor tacrine [127]. This formulation not
only increased the brain AUC of tacrine compared to IV administration, but when a
mucoadhesive was added to the emulsion the brain AUC was increased further. This
result for mucoadhesive microemulsions has been repeated in rodents with several other
drugs, e.g., risperidone, paliperidone, and olanzapine [15]. Interestingly, this mucoadhesive
property may be required, as other studies using microemulsions alone found a lower brain
AUC compared to IV administration for almost all regions of the brain. While this may be
specific to the studied drug, nimopidine, the current evidence indicates that microemulsions
are most effective with an increased content of mucoadhesive.

Solid lipid nanoparticles (SLNs) are an increasingly exciting lipid formulation strat-
egy. Even more stable and cheaper to manufacture than microemulsions, SLNs also offer
slower release and stability as a solid (which would be superior for powdered delivery
devices) [125]. Though most research on SLNs is focused on delivery of anticancer ther-
apies, several studies have shown promise for intranasal delivery to the CNS. One such
study showed a 10-fold increase in delivery of the antipsychotic risperidone when carried
by SLNs compared to a simple solution [128–130]. Should powder-based delivery devices
prove more effective than liquids or mists, this nanocarrier strategy may be of particular
interest. The added stability at room temperature in solid form could reduce the chances of
spoilage or contamination. As objects as large as stem cells have been successfully delivered
to the brain intranasally, the risk of CNS infection is far from trivial. Newer forms of SLNs
are also called nanostructured lipid carriers (NLCs) in the literature, and though they have
similar properties, they have not been studied in delivery models.

7. Recent Patents in Intranasal Drug Delivery Systems

Since Dr Frey’s first patent in 1997, hundreds of patents for intranasal delivery ranging
from drugs to nanoparticles to solvents have been filed for approval [6,146,147]. There
are several excellent reviews on this subject, and to list every patent in detail here would
be excessive in length; instead, this section will focus on the larger trends and popular
types of patents. Of note, many FDA-approved intranasal drugs or therapies at the time
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of publication are actually for vaccines, which are absorbed well systemically via the rich
vascular supply of the respiratory mucosa. Since these are not designed to target the
brain, they will not be included in the discussion. Devices which enhance nose-to-brain
administration follow a similar pattern. The Optinose™, ViaNase™, and PODTM devices
discussed above have been specifically evaluated for delivery to the brain, though there are
many other patented devices for delivery to the nasal cavity [147,148]. Nonetheless, their
existence should be acknowledged.

More than 60 different drugs have been patented for intranasal delivery. These include
the synthetic drugs, peptides, and hormones listed above, as well as nucleic acids and many
more signaling molecules. These drugs are targeted for the treatment of neurodegenerative
diseases, psychiatric disorders, headaches/migraines, and traumatic brain injuries as well
as pain, obesity, sleep disturbances, and cancers. Truly this breadth speaks to the wide
potential of this still novel administration route. If even a fraction of the patents make it to
market, many patients will experience a benefit.

Well over 50 patents have been approved for solvents, including both hydrophilics
such as water or glycerin as well as hydrophobics such as various organic oils or hexanes.
Various alcohols, ketones, and fatty acid derivatives have been approved as well [147].
There are over 100 patents alone for surfactants, solubilizers, and gelling agents to add to
these solvents. The candidates most likely to reach market have been mentioned by name
in literature above, but many other options still exist. A similar number of nanoparticle
and lipid coating formulations have been patented. Well-evaluated candidates such as
1-palmitoyl-2-linoleoyl-3-acetyl-rac-glycerol (PLAG), chitosan, and -polyethylene glycol
(PEG) are all on the list, as well as many other polymeric compounds. These are examples
of well-characterized, safe, and seemingly effective nanoparticles. Further research will
be required to prove the superiority of other compounds, or to raise concerns over these
leading candidates. There are several phospholipid, cholesterol, or fatty acid formulations
patented for emulsions or lipid coatings, though the effectiveness of these formulations is
unclear in comparison to SLNs or NLCs. Numerous chelating agents have been patented
too, which would sequester Ca2+ and increase TJ permeability.

As shown across the various studies examined here, there is no one true formulation,
carrier, or method that will work for all intranasal delivery to the brain. Given the variety
of potential drugs, beyond the extensive list of those already patented, this will only be
proven with time. However, the vast number of solvents, nanocarriers, and co-administered
compounds which have been repeatedly shown to improve delivery also show that many
of these drugs have potential for development. Further evaluation will be required to
optimize these specific formulations, but the hope for success is there. Neurological diseases
continue to affect greater numbers of patients every day. To date, our pharmacological tools
to address this problem have been lacking, chiefly due to the restrictive BBB. The intranasal
pathway offers an exciting chance to alleviate a tremendous load of disease burden in
patients of all ages; these formulations may enable many CNS disorders.

8. Clinical Evidence of Intranasal Delivery to the Brain Therapies

Few trials have evaluated intranasal delivery in humans with endpoints assessing
clinical efficacy. The evidence from them currently is insufficient to judge the entire delivery
pathway. Nonetheless, we shall review two notable examples of intranasally administered
drugs in humans and their efficacy.

8.1. Oxytocin

Oxytocin is a reproductive neuropeptide associated with increasing social behavior and
memory in animals. When given to healthy humans, intranasal oxytocin has been shown
to increase trusting behaviors, e.g., social affiliation, altruism, and empathy [11,148,149].
The hope was these findings would benefit patients with autism spectrum disorder (ASD),
which is becoming increasingly prevalent and characterized by hallmark deficiencies in
these and other behaviors. The results of initial studies were promising, as the intranasal
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oxytocin improved symptoms such as emotional recognition and communication skills in
adolescent males with ASD [150,151]. These formulations were a simple aqueous solution
of synthetic oxytocin (Syntocinon®), administered with standard nasal sprays. Subsequent
studies have failed to replicate these results when randomized control groups were added
and more complex and wholistic end points were used for analysis [11,152,153].

Intranasal oxytocin is a complicated case study where the failure is likely more a
reflection of the difficulties in translating results from the laboratory to the clinic than an
indication the administration pathway is not viable. ASD is a very heterogenous disease,
with over 100 genes involved and most unrelated to oxytocin deficiency. It is possible
that oxytocin therapy would only be efficacious for certain patients, which would require
genetic screening to predict efficacy. Furthermore, no trial included concurrent behavioral
therapy, which is well-recognized as an essential component to the treatment plan of any
patient regardless of pharmacologic interventions. Nonetheless, the evidence for intranasal
oxytocin having an effect exists in the early studies. Intranasal oxytocin may still have a
future role as one of many treatments for disorders such as ASD, but the current body of
evidence is clear that the drug treatment will likely not work alone.

8.2. Insulin

Intranasal insulin is perhaps the most storied potential application of intranasal deliv-
ery to the CNS. Insulin resistance in CNS tissues has been observed in patients with AD, as
well as linked to elevated levels of hyperphosphorylated tau and β-amyloid deposition
(both crucial to the pathogenesis of AD) [108,109]. Insulin receptors in the brain have been
well described and implicated in functions beyond simply glucose metabolism [154]. Trans-
port of insulin into the CNS is tightly regulated and saturated [155]. Insulin concentrations
of CSF are dependent on serum concentration, rising only after an increase in serum con-
centration and peaking 30 min later [155]. Insulin concentrations of CSF will also be lower
in magnitude. This shows the potential of intranasal delivery and bypassing the serum;
insulin can be administered and achieve concentrations in the CSF that would otherwise
be limited by massive peripheral effects when administered parenterally. Early studies
showed intranasal insulin preserved cognition and enhanced cerebral glucose metabolism
in patients with AD [109]. Notably, this study used the ViaNase™ device to optimize the
insulin dose reaching the olfactory region of the nasal cavity and therefore the brain. When
the researchers repeated the trial, adding multiple sites and many more patients, they
were unable to replicate the results and instead found no significant difference in either
outcome [156]. This study again started using the ViaNase™ device but switched to the
POD® device early on due to repeated malfunction of the first device. Notably the sub-
group patients in this study who used the same ViaNase™ device did again demonstrate
the preservation of cognition after 12 months. It is possible that the ViaNase™ electric
nebulization was crucial (POD® is a gas-driven atomizer), but this study was not designed
for device comparisons. It is also impossible to assert if the difference is due to the different
device use or the small sample size. It is not an unreasonable thought, since another study
analyzing only the ViaNase™ patients did show a reduction in hippocampal white matter
loss, compared to the placebo group using the device without insulin [157]. However, this
reanalysis is further limited as neither study directly measured CSF insulin concentrations.
Despite the immediate lack of results in the first phase 2/3 clinical trial, intranasal insulin
still holds significant promise as a therapy for AD. A single early trial does not negate
years of evidence in animal and human subjects. Instead, it is a potential reminder that not
all devices or formulations are created equal; which one is used for a given drug should
be considered.

There is also new evidence for insulin specifically that many of the nanocarriers de-
scribed above can improve delivery to the brain, compared to native insulin alone [158].
SLNs, PGLAs and chitosan-coated formulations of both SLNs and PGLAs were tested
and found to be superior for maintaining structural stability, improving nasal absorp-
tion, and prolonging insulin release [158]. This is all while only considering native in-
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sulin: there are several long-acting insulin preparations available that should theoreti-
cally function the same in the CNS. However, more studies will be needed to demon-
strate this phenomenon in vivo. There is considerable evidence for intranasal insulin
treating AD [21,25,79,108,109,154–157]. This evidence also points to the importance of max-
imizing the dose reaching the brain. Whether optimization is achieved by devices, nanopar-
ticles, or a combination, future studies must include these technologies. They may well
be the tools that finally move intranasal administration from the laboratory to patients
in need.

9. Expert Opinion

Intranasal delivery is an exciting technique because it will allow for therapeutic concen-
trations of drugs in the CNS which previously could not be achieved without prohibitory
peripheral side effects via conventional administration routes. Insulin exemplifies this
concept well; a therapeutic dose for brain tissue given parenterally would cause unsafe
blood concentrations before enough crossed the BBB. With intranasal administration one
can bypass the peripheral blood and, therefore, many adverse effects. Clinical studies in
humans have found mixed results so far. However, the broad body of evidence before
makes this appear more of an issue of optimization than viability. The evidence discussed
above demonstrates nanocarriers increase dose fraction delivered intranasally, and dosing
will ultimately decide the viability of this delivery mechanism. Other drug classes, e.g.,
antipsychotics, antiepileptics, and chemotherapies could benefit greatly from bypassing
the periphery as well. Nanocarriers will need to be carefully selected to achieve a stable
brain AUC for these drugs to be viable in the clinical setting.

Bypassing the bloodstream can also improve drugs which would otherwise be de-
graded before reaching the brain. An example used today is levodopa, which requires
coadministration with carbidopa to prevent metabolism. Intranasal delivery can allow
for entirely new classes of drugs never before possible including peptides such as GDNF
and nerve growth factor (NGF), or future siRNAs for gene therapies. Bypassing blood
can mean bypassing pathology too, such as neuro-protective insulin for ischemic strokes.
However, even these fragile peptides may need a nanocarrier that can protect them from
nasal proteases.

Intranasal delivery means rapid, noninvasive access to the brain enabling numerous
novel therapies. However, this is not a panacea, and careful optimization will be needed
for any of these new treatments to reach patients. A major factor will be the formulations
and devices described in this article. Early clinical applications will likely take the form
of intranasally administering already FDA-approved drugs such as antipsychotic, seizure
medications, or even insulin. Then as formulations are optimized with known therapies,
more novel drugs will become available. The potential of intranasal delivery cannot be
emphasized enough; these formulations are key to realizing this route.

10. Conclusions

Intranasal delivery directly to the brain is supported by robust evidence in rodents
and humans that has been replicated for decades with all kinds of therapies. Recent
studies have focused on translating these results from the laboratory into the clinic, but
with mixed results. Undoubtedly, much of this is due to the complexities of treating any
multifactorial disease. However, this technique and administration route is so new that
almost nothing has been done in terms of optimization and efficiency of dosing. The
formulations, additives, and devices reviewed here offer the promise of bridging the gap
between trained technicians in a laboratory setting and ordinary patients in the clinical
world. Many studies have demonstrated the correct nanocarrier can increase the dose
reaching brain tissue by orders of magnitude. After all, even the best drugs cannot work
if they do not reach their target. Future studies are warranted to implement and validate
these advances, as they may be the key in bringing a novel therapy to market.
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Abbreviations

AD Alzheimer’s disease
ASD autism spectrum disorder
AUC area under curve
BBB blood-brain barrier
CNS central nervous system
CSF cerebro-spinal fluid
IV intravenous
LENK leucine-5-enkaphalin
MMP matrix metalloproteinase
NGF nerve growth factor
NLC nanostructured lipid carrier
OEF olfactory ensheathing fibroblast
OSN olfactory sensory neuron
PD Parkinson’s disease
PEG polyethylene glycol
PGLA poly(L-lactide-co-glycolide)
RMS rostral migratory stream
TJ tight junction
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Abstract: Oligonucleotides have shifted drug discovery into a new paradigm due to their ability to
silence the genes and inhibit protein translation. Importantly, they can drug the un-druggable targets
from the conventional small-molecule perspective. Unfortunately, poor cellular permeability and
susceptibility to nuclease degradation remain as major hurdles for the development of oligonucleotide
therapeutic agents. Studies of safe and effective delivery technique with lipid bioconjugates gains
attention to resolve these issues. Our review article summarizes the physicochemical effect of well-
studied hydrophobic moieties to enhance the cellular entry of oligonucleotides. The structural
impacts of fatty acids, cholesterol, tocopherol, and squalene on cellular internalization and membrane
penetration in vitro and in vivo were discussed first. The crucial assays for delivery evaluation
within this section were analyzed sequentially. Next, we provided a few successful examples of
lipid-conjugated oligonucleotides advanced into clinical studies for treating patients with different
medical backgrounds. Finally, we pinpointed current limitations and outlooks in this research field
along with opportunities to explore new modifications and efficacy studies.

Keywords: oligonucleotide; lipid conjugates; LNP; delivery; cholesterol; fatty acid; tocopherol; squalene

1. Introduction
1.1. Background of Oligonucleotide

Oligonucleotide (ON) is a short strand of nucleic acid polymers mostly comprising of
thirteen to twenty-five nucleotides, which can hybridize to targeted DNA or RNA. They are
categorized into classes including antisense oligonucleotides (ASOs), small interfering RNA
(siRNA), microRNA (miRNAs), and aptamer. Watson–Crick base pairing is quintessential
for ON mechanisms to act on targeted mRNA, which leads to the following consequences:
(1) RNase H activity degradation, (2) inhibiting the formation of matured mRNA, and
(3) conjuring steric blockage from ribosome interaction [1]. Therefore, ONs are prefer-
able therapeutic strategies to prevent and treat various disorders via selective inhibition
of deleterious gene expression. It is indeed shifting the era of drug discoveries into an
exciting new field—oligonucleotide therapy. Comparatively, the ease of manufacturing,
base-pairing specificity/sensitivity potential, and its long duration of action give higher
preference than the conventional therapy. Longer duration of action which varies from
weeks to months of post-administration outweighs the technical hitches of being only in an
injectable formulation. Given the knowledge of genes and their role accessibility, incurable
genetic disorders are made possible through this novel approach. Its application is not
merely limited to drug discovery but also pertinent for investigations of the mechanism
and stereochemistry of biochemical reactions, mapping of nucleic acid-protein interactions,
and diagnostic applications [2]. ON therapy is well aligned to play a noteworthy role in
speeding up drug discovery against traditionally undruggable targets. Figure 1 displays
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some pros and cons of oligonucleotide-based drugs versus conventional small molecules.
Hence, ON has gained its deserved attention in research in a wide range of disease indica-
tions from oncology to anti-viral therapy. However, the biggest concern for ON is cellular
membrane penetration. This hurdle is the result of ON’s highly hydrophilic nucleoside
combing of anionic phosphate backbone. Thus, passive transport is not an effective option,
and conquering this issue is not a straightforward task.

Figure 1. Pros and cons comparison of oligonucleotide versus small molecule drugs. Some high-
lighted advantages of oligonucleotide would be inhibitory specificity, expedient manufacture, and
low in drug–drug interaction. Disadvantages of cost, stability, and formulation remained.

The assistance with external delivery systems such as liposomes, nanoparticles, or
micelles were proposed and experimented thoroughly; however, toxicity was frequently
reported due to the immunogenicity caused by polycationic material [3,4]. Alternatively,
chemical conjugation to neutral lipid/hydrophobic moiety can overcome this backlash.
Hypothetically, these naturally occurring biomolecules that are familiarized with the human
system can reduce the risk of toxicity while enhancing cellular penetration and systemic
stability. Different forms of lipid structures were incorporated and evaluated in vivo for
improvement in pharmacokinetic and pharmacodynamic properties. In this review article,
we will summarize the studies of characterizing hydrophobic moiety in the relationship of
improving delivery efficacy. Additional discussion about potential therapeutic application
and future outcomes of lipid-conjugated oligonucleotides will be highlighted.

1.2. Oligonucleotide-Based Drug Mechanism of Action

A comprehensive review composed by Crooke et al. has highlighted the fundamental
aspects of ON mechanism of action. We would like to briefly summarize his work by
discussing in two distinctive groups. Occupancy-only mechanism and occupancy-mediated
degradation as illustrated in Figure 2.
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groups: (1) Occupancy-only and (2) occupancy-mediated degradation. In occupancy only, oligonu-
cleotide would act as steric blocker or inhibitor preventing any upcoming interaction with precedent
targets. Meanwhile, occupancy-mediate degradation activates cleavage the targeted RNA via RNase
or AGO-2.

In the occupancy-only approach or direct inhibition mechanism, ON will bind specifi-
cally to mRNA molecules via Watson–Crick base-pairing, which induces steric block from
any followed-up interaction with proteins, nucleic acids, or transcription factors. In con-
sequence, it can conjure either downregulation (translational arrest or cap inhibition) or
upregulation (splicing modulation or RNA activation) processes. The most utilized, well
studied, and therapeutically beneficial approach would be splicing inhibition. Once tar-
geted mRNA hybridized with ON, a complex of small nuclear ribonucleoprotein (snRNP)
would be sterically blocked from intron binding, thus halting the maturation of mRNA [2].
Splicing inhibition was successfully applied for Duchenne muscular dystrophy treatment,
for which eteplirsen was approved by the FDA. Another plausible mechanism would be
the disruption of RNA structural integrity following by ON hybridization. As result, ab-
normality in three-dimensional conformation interrupted its stability and halted sequential
protein expression. Vickers et al. on disruption of HIV’s TAR element would be a prime
example. This research group implemented an ON to destabilize TAR’s (trans-activating
response sequence) stem loops, which followed by tarnishing HIV replication efficacy [5].

149



Pharmaceutics 2022, 14, 342

On the other hand, occupancy-mediated degradation was often emphasized with
two major mechanisms: RNase or AGO-2 mediated degradation. Both mechanisms can
result in deteriorating targeted mRNA but with slight differences in recruitment algorithms.
For RNase, it is universally well documented as an enzyme responsible for degrading
a single RNA strand, or RNA:DNA hybrid [6]. It has two isoforms (H1 and H2) which
are identified in mammalian cells with expression in the cytoplasm and especially in the
nucleus. RNase H1 participates more enthusiastically in cleavage than H2, though H2 is
more abundant [7]. Recruitment of RNase is accompanied by a gapmer or even a short
tetramer ON. Additionally, binding with an RNA metabolic protein such as P32 can enhance
cleavage specificity which provided a good glimpse for optimizing chimera to accelerate
RNase H1 activity. AGO-2 protein is one of the four argonaute family members, which
facilitates endonuclease cleavage at the targeted RNAs and contains three domains. Mid
and PIWI domains confer catalytic actions and perform simultaneously with Paz domain,
which is responsible for small RNA binding. Being an indispensable component of the
RISC, it operates with highly complementary at the translational or posttranscriptional
level. Thus, it exerts RNA-based silencing mechanisms by altering protein synthesis and
affecting RNA stability. Precise complementarity between guide RNA and the target is
essential for the efficient cleavage of targets. Studies show that mismatches at the 5′ regions
are less tolerated than the 3′region of guide RNA or cleavage site [8,9].

1.3. Biological Barriers That Challenged Druggability/Pharmacokinetic Profile of Oligonucleotide
In Vivo

Dated back in 1998, oligonucleotide was an ultimate breakthrough in the discovery of
a new drug modality. Significantly, Fomivirsen [10], a cytomegalovirus (CMV) retinitis ON-
based treatment for AIDS immunocompromised patients, was recognized and approved
by the FDA. Thus, marked the beginning of its massive emergence in the drug industry.
Accounting in 2021, additional ON-based therapies were introduced into the market for
non-cancerous indications as shown in Table 1; while there are still numerous entries
examined in clinical trials for oncogenic targets [11]. Before approaching this height, the
first unmodified ON was deemed expendable due to its high clearance rate after in vivo
delivery. Agrawal et al. conducted the first report on the ON pharmacokinetic profile
that showed unfavorable properties of unmodified ON after intravenous injection to a
monkey with a dose of 30 mg/kg [12]. Quantification of polyacrylamide gel (PAGE)
determined short systemic retention of approximately 15 min with a half-life of only 5 min.
Structurally, the unmodified ON was identical with the endogenous mRNA in nature. Its
highly polyanionic and hydrophilic characters still hampered the ability to penetrate the
phospholipid membrane with the addition of high renal clearance.

From numerous pharmacokinetic data and mechanistic studies, scientists such as
Juliano et al. [13] outlined four possible biological barriers that instigate unfavorable condi-
tions for the efficacy of ON therapies as illustrated in Figure 3. We begin the discussion
with the first barrier known as nuclease, especially 3′-exonuclease. It is an enzyme that is
widely expressed in plasma and induces hydrolyzing reaction by cleaving phosphodiester
bond at either at 3′ or 5′ ends. It can directly target ON indiscriminately and catalyze
degradation reaction, which leads to complete loss of the therapeutic effect of ON before
reaching the targeted site. The second barrier would be the reticuloendothelial system
(RES) or mononuclear phagocyte system (MPS). It can easily be defined as a homogenous
collection of phagocytotic cells that act as cellular securities to process and clear any form
of alienated particles such as toxins, bacteria, or any xenobiotic. Therapeutic ONs are no
exception as macrophages engulf ON, which endangers its survivability. Once these phago-
cytotic cells fused with the lysosome, therapeutic ON are considered dead. Consequently,
long-term degradation of ON can lead to detrimental effects such as renal tube degradation,
splenomegaly, and elevation of liver transaminase [14]. The third barrier is the thickness of
endothelial tissue. The lining of endothelium must be sturdy to enclose safe blood flow;
however, in the case of therapeutic ON (which is only administered via injection), the wall
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of the endothelium can prevent leakage of ON macromolecules. Thus, most therapeutic
ON still lingers within circulation while an infinitesimal amount can escape from vascular
lumen to interstitial fluid. The final barrier would be the cellular uptake mechanism in
which scientists continued to manipulate for ON delivery. They studied the key concept of
internalization mechanisms such as clathrin-based coated, caveolar, clathrin-independent
carriers (CLIC), or micropinocytosis. As crucial as understanding the uptake mechanism,
we beg a question: “How come the cellular uptake can be posed a challenge?” The answer
lies in the late endosomal stage after ON is encapsulated in the cytoplasm. Late endosomes
are usually fused with the lysosome to break down debris or recycle necessary material;
hence, therapeutic ONs are victims of degradation and required to escape for maintaining
a longer lifespan [15].

Table 1. List of FDA approved oligonucleotide drugs.

Name Type Modification Mechanism Indication/Target FDA Approval

Fomivirsen ASO 21 nt PS DNA RNase H1 Cytomegalovirus
retinitis/CMV UL123 Aug 1998

Pegaptanib Aptamer 27 nt 2′-F/2′-OME
PEGylated Blocking binding

Neovascular age-related
macular

degeneration/VEGF-165
Dec 2004

Mipomersen ASO Gapmer 20 nt PS 2′-MOE RNase H1 Homozygous familial
Hypercholesterolemia/APOB Jan 2013

Defibrotide ssDNA and
dsDNA Mixture of PO

Non single sequence
dependent based

mechanism

hepatic veno-occlusive
disease Mar 2016

Nusinersen Steric block ASO 18 nt PS 2′-MOE Splicing, intron 7 Spinal muscular
atrophy/SMN2 exon 7 Dec 2016

Eteplirsen Steric block ASO 30 nt PMO Splicing, exon 51 Duchenne muscular
dystrophy/DMD exon 51 Sep 2016

Milasen ASO 22 nt PS 2′-MOE Splicing Batten disease/CLN7 Jan 2018

Patisiran siRNA LNP
formulation 19 + 2 nt 2′-OME Ago2

Hereditary
transthyretin amyloidosis,

polyneuropathy-TTR
Aug 2018

Inotersen Gapmer ASO 20 nt PS 2′-MOE RNase H1
hereditary

transthyretin amyloidosis,
polyneuropathy/TTR

Oct 2018

Givosiran Dicer substrate
siRNA

21/23 nt- GalNAc
conjugate Ago2 Acute hepatic porphyria

ALAS1 Nov 2019

Golodirsen Steric block ASO 25 nt PMO Splicing, exon 53 Duchenne muscular
dystrophy/DMD exon 53 Dec 2019

Viltolarsen ASO 21 nt-PMO Splicing Duchenne muscular
dystrophy/DMD exon 53 Aug 2020

Casimersen ASO 22-PMO Splicing Duchenne muscular
dystrophy/DMD Exon 45 Feb 2021

Inclisiran siRNA 21/23 nt- GalNAc
conjugate Ago2 Hypercholesterolaemia/PCSKK9 Dec 2021

As these hurdles tamper ON effectiveness, alternative solution such as direct nucleic
acid modification was applied to overcome exonuclease cleavage. However, it was not
adequate since these nucleic acid derivatives were continuously recognized by the immune
systems to digest and excrete as foreign invaders. Nanoformulation and direct conjugation
(with GalNac, lipid, or antibodies) were strongly recommended to mask ON and avoid
from RES associating clearance. Additionally, both techniques could improve membrane
penetration, which assist ON to permeate through endothelial lining. Enhancement of ON
to escape late endosome-lysosomal degradation remained controversial and not understood
clearly. Co-administration with chemical enhancers to disrupt encapsulating vesicle was
suggested; however, it concurred with high risk of toxicity. Our Table 1 of FDA approved
ON drugs also updated with the modificative modalities to achieve maximal clinical
outcome and to bypass the mentioned challenges.
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Figure 3. Four biological barriers preventing activity of therapeutic oligonucleotide. (A) Endo-
lysosomal entrapment. ON required escape from late endosome before subjected to lysosomal
degradation. (B) Exonuclease cleavage. Initiate hydrolysis of phosphodiester backbone, which
deteriorate ON. (C) Reticuloendothelial system. Digestion of ON by macrophage can terminate its
activity. (D) Endothelium lining. Blockage of transverse ON from vascular lumen to interstitial fluid.

1.4. Early Attempt of Oligonucleotide Chemical Modification

Direct chemical modification was conceptualized to battle the discussed biological
barrier to safely deliver therapeutic ON to its site of action. The earliest attempt was
sulfurization of phosphodiester backbone into phosphorothioate (PS), which altered its
physiochemical properties. With the low electronegative element of sulfur, phosphoroth-
ioate would be less susceptible to be nucleophilic attacked by nuclease. Improvement
from the first-generation phosphorothioate was documented with pharmacokinetic data
showing extension of half-life up to 1 or 2 h. Moreover, the clearance rate was signifi-
cantly decreased with less than 5% ON detected in urine or feces after murine dosing for
12 h [16,17]. This high systemic retention was accompanied by a high affinity to plasma
protein with 95% bound. Even with phenomenal achievement, there is some evidence of
relevant phosphorothioate potential flaws: (1) degradation still can occur via other mecha-
nisms such as transesterification or pyrophosphatase [18] and (2) an excessive amount of
phosphorothioate on ON can negatively impact the binding affinity of targeted RNA. This
first-generation modification is still frequently applied in modern ON synthesis, but it is
incorporated with the second-generation modification at 2′ribose.

For RNA, the 2′ hydroxyl group is a critical component for RNase to recognize and
catalyze hydrolysis. Thus, protection of this group is necessary, which can perform via
methoxylation. Moreover, 2′ ribose modification was reported to diminish unwanted immune
stimulation [19]. Researchers explored this protection technique by starting with naturally
occurring 2′-O-methyl (2′-OMe) RNA, which exudes the improvement of nuclease resistance
and binding affinity. A bulkier group such as 2′-O-methoxylethyl (2′-MOE) emerged as the
most prominent candidate, which can be confirmed via thermal shift assay revealing stronger
binding affinity as ∆Tm increased from 0.9 ◦C to 1.7 ◦C per modification counts. From these
encouraging findings, the third generation was developed by introducing a constraint that
hindered the nucleotide’s conformational flexibility. The first attempt was bridging 2′-oxygen
to 4′-carbon ribose to produce locked nucleic acid (LNA), which showed intense elevation
of binding affinity (increasing of ∆Tm from 4 ◦C to 8 ◦C per modification units binding to
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RNA) [20]. Its derivatives with an additional methyl group, constrained ethyl (cET), were
believed to conduct tighter binding. However, 2′ ribose modification caused therapeutic
ON the incompetency to recruit and facilitate RNase cleavage mechanism due to inability to
identify and covalently bind to 2′-hydroxyl group [21,22]. A clever solution to this drawback is
implementing these second-generation to flank at both sides of the gapmer, an ON consisting
of a central DNA region recruiting RNase H.

Moreover, ribose moiety can be completely substituted with less rotatable structures
such as tricycle DNA (tcDNA) or cyclohexene nucleic acid (CeNA). A fully modified
tcDNA, which is equipped with three extra carbons between C(5′) and C(3′), lifted the
thermal stability up by 1.2 ◦C and 2.4 ◦C per modification while interacting with DNA
and RNA, respectively [23]. Similarly, the replacement of a furanose ring with cyclohexene
also restricts some flexibility while exhibiting superior serum stability from degradation
and enhancing RNase recruitment capability [24]. Nonconventional nucleic acid modi-
fication is illustrated via phosphorodiamidate morpholino oligomer (PMO). The ribose
moiety retains the traditional oxidative oxygen while being re-closed with an additional
ammonia unit. The phosphodiester backbone is replaced with phosphorodiamidate linkage.
This modification demonstrates exceptional degradative resistance either from protease,
esterase, or 13 different hydrolases in serum and plasma. With the uncharged character,
PMO prevents unwanted hybridization with surrounding protein, which exacerbated ON
effectiveness [25]. Figure 4 illustrates the representative variation of ON modification
segregated by their generation.

Figure 4. Three generations of common nucleic acid modifications. First generation replaced phospho-
diester (PO) backbone to phosphorothioate (PS) to enhance degradative resistance. Second generation
includes modification of 2′ ribose into 2′-O-methyl (2′-OMe) and 2′-O-Methoxyethyl (2′-MOE), which
are popular in gapmer synthesis. Third generation restricts conformational flexibility by introducing
a methyl bridge between 2′-O and 4′ of ribose. Locked nucleic acid (LNA) and constraint ethyl (cET).
Ribose moiety would be completely replaced with tricyclic DNA (tcDNA) or cyclohexene (CeDNA).
Alternative modification was phosphorodiamidate morpholino oligomer (PMO). This neutral nucleic
acid was described with an additional amine accompanied with phosphorodiamidate backbone.
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Despite these exciting discoveries, systemic toxicity inherited by nucleic acid modifica-
tion plaque ON therapies as reported in vivo and significantly, clinical trials. For instance,
P.S modification was known for enhancing protein plasma binding, however, excessive
repetition of P.S in a single ON unit impacted the affinity to mRNA and promiscuously
developed off-target toxicity after long-termed exposure [11,21,26]. The second-generation
such as 2′-MOE, are encountered in vivo toxicity in mice reported by Zanardi et al. How-
ever, there were no significant increases in toxicity for longer treatment duration. cET
was the candidate believed to reduce much toxicity compared to other 2′ ribose modi-
fications [27]. Finally, the third generation cannot escape this trauma such as report in
LNA with associating liver toxicity. Therefore, the modification must be considered with
moderation to avoid unwanted adverse effects and needed additional sources of delivery.

1.5. Lipid-Conjugated Oligonucleotides: Method of Delivery and Example of Conjugation
1.5.1. Method of Enhanced Delivery and Lipid-Conjugated Structure

Finding the most optimal and efficient delivery method for therapeutic ON is still an
ongoing campaign for the goal of achieving the maximal clinical outcome. Scientists usually
implement one of the two following popular approaches: (1) external delivery capsules by
utilizing nanoparticles and (2) covalent conjugation of endogenous biomolecules. Naturally
occurring substances are preferable with some exceptions for artificial materials. Among
these, hydrophobic or lipid moieties have gained much-wanted attention. It is abundant
in biological systems and carries out essential functions such as executing signaling trans-
portation. More importantly, it is a body of phospholipid bilayer that can help ON to mimic
the hydrophobic properties.

The first exciting investigation of utilizing lipid nanoparticles as ON delivery was
conducted by Felgner et al. He incorporated plasmid DNA with cationic lipid such as
1,2-O-octade-anyl-3-trimethylammonium propane (DOTMA) and dioleyl phosphatidyl
ethanolamine (DOPE) to induce in vivo transfection into cells. This successful discovery
leads to the use of LNP to be drug delivery carriers for small molecules as well. [28]. Signif-
icantly, there are eight LNP structures approved by the FDA. Patisiran is an example of
ON carried by LNP approved in the market for the treatment of hereditary transthyretin
amyloidosis. As by 2021, the most advanced LNP formulation was applied for deliv-
ery of two mRNA vaccines, BNT162b2/Comirnaty (Pfizer-BioNTech) and mRNA-1273
(Moderna) to counteract the global SARS-CoV-2 pandemic. For formulation of Comirnaty,
ALC-0315 was the main component of this nanoformulation recipe. It was a synthetic
lipid-like substance that has an ethanolamine headgroup along with two biodegradable
branched ester tails. The LNP was formulated via mixture of ALC-0315/cholesterol/DSPC
(Distearoylphosphatidylcholine)/PEG-lipid. In term of mRNA-1273, synthetic lipid SM-102
was selected as primary nanoparticles components. Its structure was similar to ALC-0315
containing an ethanolamine headgroup with difference of one mono and one branched
degradable ester tails. mRNA-1273 was formulated strictly with SM-102/DSPC/cholesterol.
Both synthetic lipids illustrated in Figure 5 were hypothesized to obtain cone-shaped struc-
ture from the branching tails, which boosted the strength of endosomal escape for mRNA
molecules [29]. As advancing to clinical trials, Comirnaty was fully approved for individu-
als 16 years and older while mRNA-1273 is still in the third trial (approved for emergency
use). They both encodes for stabilized full-length spike protein but their mRNA contents
(100 µg and 30 µg for mRNA-1273 and BNT162b2, respectively). A review by Schoenmaker
outlined the abridged and detailed information regarding of dosing and LNP components
for both vaccines [30]. However, some ionizable lipids were feared to produce unwanted
toxicity and in need of continuously monitoring due to the uncontrolled activation of
cytokines after systemic administration [31].
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Figure 5. Chemical structure of two most advanced LNP that assisted in delivery of 2 mRNA COVID
vaccines. ALC-0315 and SM-102 contains similar structure with ethanolamine head (one is shorter
than others). ALC-0315 has two branched degradable ester tail, while SM-102 only has one branched
ester tail.

Alternatively, the second approach by lipid conjugation is plausible. Scientific evidence
suggests a unity of lipid conjugated oligonucleotide (LON) can reduce the risk of immuno-
genesis while can maintain tolerance with a high dose in vivo [32]. Similar to LNP, LON’s
hydrophobicity is enhanced and be more accessible to membrane permeability and higher
rate of internalization. In contrast, LONs are relatively smaller than LNP, which contributes to
a higher leakage rate from endothelial lining and perfuse to various tissue types. However,
the majority of lipid derivatives are highly accumulated in primary excretory organs, liver and
kidney. Administration route is a crucial concept when mentioning LON delivery because it
dictates the targeted tissue. In vivo experiments, either intravenous or subcutaneous injections
can result in LON migration to clearance organ and some miscellaneous (spleen, skeletal
muscle, etc.); while intrathecal or direct cranial injection can occupy parts of the brain [33,34].
Therefore, optimizing delivery location is theoretically a balancing act of hydrophobicity
adjustment and understanding the chemical nature of bioconjugates.

To achieve such a feat, an effective synthesis of LON is required. A fully functional
LON consists of three distinct fragments as illustrated in Figure 6: (1) the designed ON
(ssRNA, siRNA, aptamer, or any forms), (2) attaching linker, and (3) lipid derivatives.
Synthetic LON was produced via either pre-synthetic or post-synthetic approach, which
lipoid conjugate would be introduced in a different fashion. An articulate description of
both LON’s synthetic routes was reviewed by Raouane and Li et al. [2,35]. We would
like to briefly compare two approaches and highlight vital conjugating procedures for
lipoid species. When tackling LON with pre-synthetic approach, it provides more flexible
lipid point of attachment options. Conjugation can occur either at 3′, 5′ or even between
consecutive nucleotides. The most popular and convenient technique is attaching the
hydrophilic group at the 5′ end as presynthesized phosphoramidite. However, 3′-lipoid
attachment can be arduous because bioconjugation is required to be pre-tethered onto a
solid support. For instance, Setsinger premade cholesteroyl solid support via oxidative
phosphoramidation [36], while Nikan et al. built a solid support with a pre-formed amide
bond with docosahexaenoic acid [37]. Some other example [38] using an alcoholic moiety
attaching to a solid support via succinyl linker while bearing another hydroxyl group for
cholesterol to attach. Ueno [39] selected glycerol to bridge lipophilic group and mRNA.
Interchain bioconjugation was attempted through examples of Guzaev and Durand [40,41].
In contrast, the post-synthetic approach requires two completely independent entities of
ON and lipoid conjugation with their complementary reactive group for coupling. Some
available techniques could be the formation of triazole linkers resulting from click chemistry
reaction between dibenzocycloctyne (DBCO) and azido-lipid conjugates [42]. Raoulane
demonstrated the effectiveness of thiol-malamide bridge of RNA and squalene [43].
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Figure 6. General molecular structure of conjugated oligonucleotides including: (1) synthetic oligonu-
cleotide, (2) linkers, and (3) bioconjugates.

1.5.2. Example of Conjugations
A. Cholesterol Conjugates

Covalently attached cholesteryl moiety as non-vehicle delivery for oligonucleotides
was conceptualized as early as the late 1990s [44]. Manoharan’s group claimed 3′- cholesterol-
conjugated ON produced the best silencing effect and continued in unfolding the delivery
mechanism. They observed a 2-fold uptake increase in comparison to naked ON for silenc-
ing murine ICAM-1 and proposed liver uptake mechanism associated with scavenger recep-
tors [45]. Later in the 2000s, scientists from Alnylam synthesized and examined a plethora
of cholesteryl derivatives at two terminals of either sense or antisense strands [46,47],
which confirmed better in vivo efficacy of 3′-cholesterol ON (3′-Chol ON). Wolfrum et al.
expanded Manoharan’s mechanistic notion and elucidated receptor-mediated endocytosis
as a key for ON uptake. The cholesterol-conjugated ON was highly recognized and at-
tached to either LDL (low-density lipoprotein) or HDL (high-density lipoprotein); thus, the
resulting complex docked to scavenger receptors (SR-BI) and proceed to internalization [48].
At the same time, cholesterol conjugates enhanced the hydrophobicity of oligonucleotide,
which ameliorated the drug-like properties. For researching a more feasible pharmacoki-
netic characterization technique, Godinho et al. attested 3′-Chol ON with rapid distribution
phase (t1/2 α = 18–33 min) and slow elimination phase (t1/2 β = 8–14 h) [49].

A complete pharmacokinetic parameter was summarized in Table 2 for intravenous
administration. Nevertheless, it was noticeable that silencing capability can only reach near 50%
efficacy even at a low dosage. It was believed that conjugated ON was sequestered during late
endosome, which coiled the term endosomal entrapment [50]. Hence, chemical enhancers were
used to damage vesicles along the endosomal system to promote escape [51,52]. Additionally,
the delivery scope of cholesterol conjugated oligonucleotide was very limited to hepatic cells
and to some extend pancreatic cells [53].
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Table 2. Pharmacokinetic parameter of Chol-hsiRNA after intravenous injection adapted by Godinho et al.

Parameter (Units) Chol-hsiRNA

k(min−1) 0.0013
t1/2 α(min) 515.8
t1/2 β (min) 33.2

Cmax (µg/mL) 753.4
AUC0–48 h (µg/mL·min) 54,532.5
AUC0-inf (µg/mL·min) 54,807.5

MRT0-inf (min) 156.9
Vz (mL) 6.8

Cl (mL/min) 0.0091

Most studies have demonstrated that cholesteryl conjugated ON was delivered effec-
tively, and specifically to liver tissue. Hence, hepatic-related disorder would be its ideal target.
For an instant, hypercholesterolemia is the excessive circulation of cholesterol in blood, which
caused by either habitual diet or genetic condition. Antisense technology has provided a
therapeutic platform through silencing of PCSK9 [54–56] or hepatic ApoB [57–60]; however,
the unconjugated ASO treatments suffered mild to serious toxicity while giving questionable
efficacy. Henceforth, studies from Wada and Nakajima demonstrated coupling ASO with
cholesterol would enhance liver uptake while improving the degradation efficacy of PCSK9
(−50% silencing and 2 µmol/kg) [61] and ApoB (−85% silencing and 0.5 mg/kg) [62], re-
spectively. Both research groups also pinpointed the cleavage of phosphodiester linkage as
quintessential for liberating ASO, which showed a 3- to 5-fold increase in vivo potency [63].
Furthermore, the application of cholesterol conjugated ON is extended into the realm of
cancer treatment. Liu et al. cholesterol-conjugated let-7a miRNA mimics could downregulate
both transcriptional and translational levels of RAS in vitro, and minimize murine xenograft
tumor in vivo [64]. Chernolovskaya group delved into silencing MDR1 (multidrug resistance
protein), which overexpressed in oncogenic cells to efflux impending drug and amplify re-
sistance [65,66]. 21-mer MDR1 targeting siRNA both as monomer and trimer (63-mer) were
compared in vivo demonstrating monomeric siRNA obtained superior silencing efficacy while
trimeric derivative accumulated highly in tumors [67,68]. Additional examples of other appli-
cable disease would be including Huntington’s disease [37,69,70], diabetes nephropathy [71],
and herpes simplex virus-2 protection [72].

Some cholesterol conjugated ONs were successfully introduced to clinical trials. For
example, ARC-520-HBV was the first RNA interference therapeutic for treatment against
hepatitis B virus (HBV). ARC-520 injection consisted of a pair of synthetic cholesterol-
conjugated siRNAs to augment its delivery to hepatocytes. It also contained polymer-based
excipients such as dynamic polyconjugates that enable endosomal escape [73]. Mecha-
nistically, it reduced all RNA transcripts from covalently closed circular DNA (cccDNA)
leading to the diminishing of both viral antigen and DNA. ARC-520 was at phase II clini-
cal studies with the promising pharmacokinetic profile in a single-dose study in healthy
volunteers. The clinicians found out that IV injection with a dose of 3 mg/kg can increase
the curative effect and reduce the viral antigen level by 81–96%. The dosage regimen was
given 2 mg/kg once every 4 weeks for 3 total doses. As results, the degree of viral decline
and duration of the effect was consistent with the previous animal experiments. Unfortu-
nately, the inclusion of hepatocyte-targeted excipient ARC-EX1 melittin-derived peptide
linked to N-acetylgalactosamine caused detrimental toxicity in nonhuman primates which
rendered the trial to be terminated [74]. In another application, ARO-AAT (SEQUOIA) is
currently in phase II/III of clinical trial for the treatment of Alpha-1 antitrypsin deficiency
(ATTD)-associated liver disease. The subcutaneous dose of iRNA selectively degraded ATT
mRNA caused by Pi*Z mutation. The trial was aimed to determine the safety, tolerability,
and pharmacodynamic effect of the drug by gauging the level of plasma and intrahepatic
Z-AAT levels. iRNA were given in incremental multiple doses and up to 300 mg in a single
shot. It was well-tolerated and resulted in more than 91% serum reduction which was
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sustained for 6 weeks. To understand dosage window in practical term, this iRNA therapy
could be administered four time a year or less to maintain desired silencing effect. The
clinical trial is anticipated to be completed by July 2022 (ARO-AAT2001; NCT03945292).

Apart from this, the cholesterol conjugated ON is broadly used for connective tissue
growth factor (CTGF) to battle against fibrotic disorders. For instance, Hwang et al. reported
a novel application of this modified 2′-OMe phosphorothioate nucleic acid for antifibrotic
skin therapeutics. The drug is composed of a cell-penetrating asymmetric interfering RNA
(cp-asiRNA) known by OLX10010 as shown in Table 3 (cholesterol conjugate). This iRNA
targets the expression of CTGF, and it is currently examined in an ongoing phase 2a clinical
trial [75]. When compared to unconjugated siRNA, 1 mmol/L of cp-asiCTGF achieved
more than 85% silencing knockdown of CTGF at mRNA level without the assistance of
transfection media. The calculated IC50 was 0.315 nM in cell lines (the best efficiency was
observed in keloid fibroblast cell). Hwang et al. also discussed in vivo studies on rat skin to
demonstrate a significant gene-specific silencing capability with 1 mg intradermal injection
of lipid modified siRNA after 72 h. Furthermore, the conjugated siRNA exhibited 10-fold
lower in dosage efficacy as compared to the commercially available siRNA [73]. A recent
study by Choe et al. suggested to co-administrate L-type calcium channel blockers to
further facilitate cellular internalization. As result, silencing of cp-asiRNA was potentiated
without significant adverse effect [76]. Likewise, RXI-109, a cholesterol conjugated siRNA
discovered by RXi Pharmaceuticals’, exhibited a reduction of CTGF during the course
of wound healing followed by keloidectomy. This therapy was applicable for patients
suffering from age-related macular degeneration with high risk of subretinal fibrosis (www.
rxipharma.com/technology/rxi-109, accessed on 15 November 2021). Therefore, targeting
CTGF with conjugated siRNA is a good direction for fibrotic disorders such as hypertrophic
scars and keloids. Moreover, these ONs are anticipated to treat excess collagen from injury
or after surgery which was conventionally treated with less effective silicon sheets with the
application of pressure.

Table 3. A selective example of ON conjugated with lipoid moieties in corresponding with each
bioconjugates section.

Sequences Spacer Conjugates (X) Source

Passenger 5’-CUUACCGACUGGAAGA-3’-X
Guide

3’-CCGGACGGGAGCGCCGAAUGGCUGACCUUCU-5
N/A Cholesterol Hwang et al.

X-5’-TAGGGTTAGACAA-3’ Palmitic acid (16C) Herbert et al.

X-5’-TCAACAATAAATACCGAGG-3’ α-tocopherol Østergaard et al.

Sense X-5’-GGAGGAACUCUCCUGAUGAAU-3’
Anti-sense 5’-UCAUCAGGAGAGUUCCUGCCG-3’ Squalene Massaad-Massade

et al.

Notation: red—2’MOE modification, green—cET modification, underline—PS backbone modification, and
X—bioconjugates.

B. Fatty Acid Conjugates

Like cholesterol, fatty acid is an attractive entity for bioconjugation since it offered
hydrophobicity customization and mimicked the uncanny composition of the phospho-
lipid membrane. Currently, unbranched fatty acids were heavily delved such as the
study conducted by Prakash et al. An array of fatty acid tethered to 16-mer-ASO through
phosphodiester–linked hexaylamino spacer was synthesized. Two structure-activity re-
lationship (SAR) studies were conducted and examined two revolving concepts: carbon
length and degree of unsaturation. The first SAR involved with eight different fatty acids’
lengths (C10 to C22) conjugated to ASO revealed two findings: (1) protein binding property
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with chain length shorter than 16-C was lower than their counterparts showed in Tables 3
and 4) Malat-1 expression was more significantly reduced by ASO with fatty.

Table 4. Adapted protein binding data from Prakash et al. displayed the trends depending on carbon lengths.

Sequence Conjugates
(X = 5’-end)

Albumin
Ki (µM)

LDL
Ki (µM)

HDL
Ki (µM)

GCATTCTAATAGCAGC None 24.00 N/A N/A
X- GCATTCTAATAGCAGC C8 (Octanoyl) 2.20 11.80 5.80
X- GCATTCTAATAGCAGC C10 (Decanoyl) 4.99 3.20 1.70
X- GCATTCTAATAGCAGC C12 (Dodecanoyl) 3.22 1.30 0.75
X- GCATTCTAATAGCAGC C14 (Myristoyl) 1.97 0.36 0.79
X- GCATTCTAATAGCAGC C16 (Palmitoyl) 0.92 0.13 0.79
X- GCATTCTAATAGCAGC C18 (Stearoyl) 0.85 0.17 0.66
X- GCATTCTAATAGCAGC C20 (Eicosanoyl) 0.91 0.22 1.26
X- GCATTCTAATAGCAGC C22 (Docosanoyl) 0.97 0.31 1.30

Fatty acid chain longer than 12 in quadriceps while all remained similar in the
heart [77]. Furthermore, the second SAR delved with 12 different unsaturated fatty acids.
Protein binding to albumin, LDL, and HDL were slightly improved while there was no
significant effect attributed to the double bond position. The activity of the representative
unsaturated ASO displayed significant improvement compared to unconjugated ASO;
however, there was no remarkable difference from their saturated counterparts. An interest-
ing observation was none of the unsaturated moiety could outmatch palmitoyl’s silencing
activity. Hence, palmitoyl conjugated ASO was selected as to be the most efficacious and
subjected for elucidating muscle uptake mechanism in rodent model. Chappel et al. ex-
amined the consequential efficacy of palmitoyl-ASO after injection to endocytosis receptor
knockdown mice (CAV1-/-, FcRN-/- and Alb-/-) [78]. In CAV knockdown mice, ED50 of
palmitoyl ASO in quadriceps decreased by four-fold compared to wild type (9.7 µmol/kg
versus 2.4 µmol/kg). In FCRN -/- mice, attenuation of palmitoyl ASO’s activity was
observed compared to controlled groups with similar outcome (ED50 of 5.5 µmol/kg to
16 µmol/kg). A contrast was observed in Alb -/- mice with unchanged activity in quadri-
ceps (0.73 µmol/kg in Alb -/- and 0.71 µmol/kg in controlled BL6). Thus, muscle uptake of
palmitoyl-ASO was facilitated by caveolin-receptor-mediated endocytosis into endothelium
cells once bound to albumin. Simultaneously, silencing FcRN could weaken the recycling
of albumin into circulation thus impairing the albumin binding of ASO. However, Alb
-/- mice contradicted the hypothesis, which would question if other proteins would be
upregulated in compensation of drastic albumin reduction, and some would exist sufficient
affinity for palmitoyl ASO binding.

Khvorova group compared the pharmacokinetic distribution property of diverse
lipid moiety with emphasis on four fatty acids: myristic (Myr), docosahexaenoic (DHA),
docosanoic (DCA), and eicosapentaenoic (EPA) acid. Length and degree of unsaturation
constituted the hydrophobicity, which resulted in various in vivo distribution outcome.
This study concluded with two premises: (1) more hydrophobic conjugates offered higher
retention and (2) hydrophobicity instituted tissue accumulations [53]. Furthermore, shorter
and less hydrophobic fatty acid such as myristic was synthesized and PK was analyzed
as mono-, di-, or trimer. As discussed, the impact of hydrophobicity was profoundly
shown in different behavior: (i) mono-lipid conjugates was quickly released with high
kidney accumulation, (ii) di-lipid conjugates functioned as in-between showing preferential
liver accumulation while flexibly distributed to other tissue (lung, heart, and fat), and (iii)
tri-lipid conjugates resides at the injection site with no significant systemic exposure [79].

Table 5 summarized the pharmacokinetic parameter of three myristic variants. DCA-
conjugated ON shared similar PK property as dimeric Myr and was able to silence the expression
of myostatin (Mstn) in skeletal muscle after subcutaneous injection at 20 mg/kg dosage. Mstn,
a growth factor expressed in skeletal muscles, negatively modulates muscle mass; hence, its
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inhibition was a potential therapeutic treatment against muscle wasting [80–82] or Duchenne
muscular dystrophy (DMD) [83–85]. Interestingly, the toxicity profile of fatty acid conjugates
was safer compared to cholesterol conjugates showing low activation of cytokine at high dose
(100 mg/kg) [86].

Table 5. Pharmacokinetic parameters of three myristic variants after 7 days period injection adapted
from Biscan et al.

Parameter (Units) Monomeric Myr Dimeric Myr Trimeric Myr

kabs (min−1) 0.0562 0.0213 0.0341
t1/2 abs (min) 12.3 32.5 20.3
kβ (min−1) 0.0218 0.0050 0.0015
t1/2 β (min) 54.1 139.0 465.3
Tmax (min) 60 120 120

Cmax (µg/mL) 21.4 6.1 0.9
AUC (µg/mL*min) 3768.1 3511.1 984.6

MRT (min) 644.7 1534.5 2009.6

Fatty acid would serve as an ideal conjugate to deliver therapeutic ON to muscle
tissue. Currently, two ASO-splicing modulated therapy are approved by the FDA for
muscle-related index such as eteplersen for Duchenne muscular dystrophy (DMD) [87]
and nusinersen for spinal muscular atrophy [88]. Although eteplersen received such
speedy approval with promising application, overall clinical efficacy [87,89] and renal
toxicity from high dose [90] remained controversial. Thus, fatty acids can aspire to be a
delivery platform to ameliorate both therapies for patients in need. Aside from muscular-
related disorder, GRN163L (Imetelstat sodium) currently resides at phase III of clinical
trials as a treatment for myelofibrosis as shown in Table 3 (fatty acid conjugate). It is a
13-mer phosphorothioate ASO with covalently attached palmitic acid at the 5′ terminal that
exuded telomerase inhibitory activity. Observation of telomerase shortening was detected
across multiple cancerous cells derived from glioblastoma [91], multiple myeloma [92],
Barrett’s esophageal adenocarcinoma [93], breast [94], lung [95], and liver [96]. From
in vivo delivery perspective, IC50 values were seven-fold higher [97], and efficacy increased
up to 56% compared to naked counterpart after 24 h followed by intravenous injection
(50 mg/kg) [98]. In follow-up studies, a group of researchers managed to explore the
effects of long-term GRN163L exposure on the maintenance of telomeres and lifespan
of 10 pancreatic cancer cells. They summarized the study with IC50 value was ranged
from 50 nM to 200 nM, and suggested continuous exposure of GRN163L eventually led a
complete loss of viability after several doubling times. Conversely, telomerase reactivation
and elongation were observed in the absence of GRN163L. This observation reinforced that
GRN163L could target the RNA template region of telomerase and proven to produced
outstanding inhibitory effect. Overall, these outcomes demonstrated that the lifespan of
pancreatic tumor cells can be shortened by continuous exposure and can be used in patients
in the future [99]. Additionally, co-administration of GRN163L with trastuzumab revealed
to produce synergistic effect, which GRN163L reversed the resistance of HER 2 + metastatic
breast cancer against trastuzumab.

The clinical application of fatty acid conjugate is extended to ameliorate antibacterial
resistance and antibiotic treatment as well. The attachment of ketal bis C15 and cyanine to
25-mer oligonucleotide at 5′ or 3′ terminal proved the efficient strategies in cell delivery. It
decreased the minimum inhibitory concentration (MIC) of laboratory and clinical resistant
strains to cephalosporin drug (i.e., ceftriaxone) by 25-fold than the naked equivalence.
The decrease of beta-lactamase activity was dose-dependent and 5µM was found to be
efficacious. Furthermore, 3′ lipid modification was less efficient than 5′. The 3’-attachment
could propel the destabilization of heteroduplex structure of mRNA-LON, which enhanced
steric hinderance to prevent RNase cleavage rather than uptaking into the bacteria [100].
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C. Vitamin E (α-tocopherol)

Vitamin E is a group of fat-soluble compounds consisting of either tocopherol or
tocotrienols. Naturally occurring α-tocopherol is an essential dietary supplement so it
would be a safe and interesting selection for chemical bioconjugation. Additionally, its
structure is composed of hydroxyl chromane and a hydrophobic saturated side chain that
potentially enhances ON membrane permeability. Nishina et al. synthesized a 17-mer
gapmer targeting murine hepatic ApoB. Structurally, it consisted of a parent 13-mer gapmer
flanked by two wings of LNA with additional 4-mer modified RNA as the second wing
directly linked to α-tocopherol via a phosphodiester bond. In vivo efficacy examination,
tocopherol 17-mer ON showed −70% ApoB mRNA silencing capability after murine
injection at 0.75 mg/kg [101]. The mRNA silencing potency was heavily dependent on
dosage level (drastic reduction of ApoB expression as dose increased to 1.5 and 3 mg/kg)
and prolonged duration of exposure (maximum response occurs from day 3 to 14). A
followed-up pharmacokinetic study using Alexa Fluor-647 tagged tocopherol 17-mer ON
at 5′-end revealed more than 3.5-fold higher of accumulation in the liver compared to
non-conjugated parent, while tocopherol 17-mer ON also possessed higher serum content
(10,000 µg/L) than naked parent ON (>1000 µg/L) at 5 min after 5 mg/kg dose of injection.
The pharmacokinetic parameter of tocopherol 17-mer ON was summarized in Table 6.
Interestingly, western blot analysis suggested cleavage of full-length tocopherol 17-mer
ON into naked 13-mer unit once arrived at the liver which hypothesized the second wing
tagged tocopherol acting as a delivery enhancer and release the main frame of 13-mer to
initiate RNase-H cleavage mechanism toward targeted ApoB mRNA.

Table 6. Pharmacokinetic parameter of Toc-17-mer ASO.

Parameter Toc-17-mer ASO

AUC (∞) (ug/mL·min) 379 ± 14
CLtot (mL/min/g) 0.0079 ± 0.0005

MRT (min) 32 ± 1
Vdss (mL/g) 0.252 ± 0.023
Kα (min−1) 0.0571 ± 0.0041
Kβ (min−1) 0.00272 ± 0.00137

AUC—area under the serum concentration time curve, CLtot—total body clearance, MRT—mean residence rate
constant, Kα—initial elimination rate constant, Kβ—terminal elimination rate constant, and Vdss—steady-state
volume of distribution.

Another study conducted by Østergaard et al. comparing three different bioconjugates
(cholesterol, tocopherol, and palmitate) ASO duplex targeting dystrophia myotonic protein
kinase (DMPK), which caused myotic dystrophy (DM1) as the product of toxic repetition of
nucleotide in the 3′- untranslated regions [102]. Structure of tocopherol-conjugated ON was
illustrated in Table 3 (tocopherol conjugate). In vivo rat models, palmitate conjugated ASO
responded with more improved silencing potency in skeletal muscle and heart compared to
cholesterol and tocopherol after 10 mg/kg injection dose. However, in the monkey model,
tocopherol conjugated-ASO came as more advantageous than the other two displaying
a lower ED50 value of 7 mg/kg across three different DMPK expressed tissues (heart,
quadriceps, and tibialis) [103]. Additionally, tocopherol moiety displayed tolerable high
dose while cholesterol struggled with toxicity issues (in mice and unable to advance for
primal testing). In plasma pharmacokinetics, tocopherol conjugates tended to co-elute
with HDL and LDL, which displayed from size exclusion chromatography suggesting the
essential of plasma protein binding was essential for receptor-mediated endocytosis. Benizri
et al. disclosed additional pharmacokinetic data showing elevated liver accumulation after
6-h injection at a dose of 3 mg/kg (9–14 µg/g for tocopherol-ON versus 2–5 µg for naked-
ON) [98]. However, tocopherol is remained understudied and required further preclinical
investigation; thus, limited cases of human studies are often acquired.
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D. Squalene

Squalene is a naturally occurring triterpene molecule that is frequently harvested
from shark’s liver and some variety of vegetable oil. It is an important precursor for
human cholesterol synthesis. As hydrophobic moiety squalene is also a candidate for ON
conjugation that can couple either at 3′ or 5′ terminal of the sense strand. Thiol-maleimide
or DBCO via click chemistry are usually generated, and squalene-ON can spontaneously
form nanoparticles. Due to the amphiphilic nature of squalene, these nanoparticles could
assemble in different shapes. Raouane et al. synthesized a 5′ squalene attached mRNA
duplex employing a thiol-maleimide linker. This spherical nanoparticle was characterized
by a drastic increase in lipophilicity while maintaining exceptional stability in serum media
as a negative suspension (zeta potential= −26 mV). Cytotoxicity MTT assay in BHP-10-3
cell lines demonstrated > 95% cell viability at 50 nM maximal concentration of squalene-
ON nanoparticle, while qRT-PCR depicted −80% RET/PTC1 silencing capability in vitro.
Mice implanted with tumor were intravenously administered with a dose of 2.5 mg/Kg
in vivo also demonstrated approximately 80% silencing of RET/PTC1 through qRT-PCR.
Tumor biopsy showed significant shrinkage compared to controlled naked mRNA duplex
after 15 days of the injection [43]. In another oncogenic targeting study, Masaad et al.
investigated the silencing outcome of 5′ squalene attached ON against TMPRSS2-ERG
fusion oncogene. This group employed Cu-free click chemistry to functionalize reactive
DBCO group tethering to the spacer of siRNA duplex to azido squalene. The structure
was shown in Table 3 (squalene conjugate). Nanoformulation of 5′ end was characterized
to be temperature sensitive and degradable at 37 ◦C, while its structure was constricted
to be spherical and quite anionic (zeta = −37 mV). This formulation was subjected to
in vitro inhibitory efficacy test with VCap cells. Wherein, 50 nM of 5′-squalene nanoparticle
showed a similar silencing effect (−50%) as naked siRNA transfected by lipofectamine
after 3 different time points. Additionally, xenografted mice with VCap tumors showed
significant size growth inhibition by −60%. siRNA treated mice were sacrificed and
collected with excretory organs to analyze biodistribution by detecting radioactive 32P
label. The majority of siRNA nanoparticles resided in either liver or kidney; however, it
was interesting to see a significant accumulation directly at prostate tumors [42]. Hence,
squalene conjugation was an exciting concept for ON’s design. Nevertheless, squalene
harvesting can be controversial due to the revolving of endangering the shark population.

2. Conclusions and Future Outcome

Hydrophobic modifications such as cholesterol, fatty acid, α-tocopherol, and squalene
still have room to mature compared to medicinal nanoformulation such as micelle, lipoplex,
or, even, LNP. Of course, the primary goal of bioconjugation is elevating hydrophobic profile
of ON-based therapy but a deeper quantitative understanding of structure related to delivery
efficacy is still underappreciated. As mentioned in Biscan et al., the hydrophobicity profile of
three distinctive lipid conjugates (dimeric Myr, cholesterol, and tocopherol succinate) appear
to be similar as quantified via HPLC (measured in retention time); however, the biodistribution
pathways are concluded to be diverse. Countless observation of multiple lipoid conjugates
is accumulated at large in the secretory organ (liver) but detection at other tissues includes
the spleen, kidney, and, even, skeletal muscle tissue will pave the way to develop novel
delivery techniques to extrahepatic tissues [53]. Some fatty acids, such as docosanoic acid,
had the ability to penetrate to skeletal muscle and, even, in the brain, which required direct
spinal injection (unfavorable for human application) [37]. Aimed with current understanding,
additional structural explorations would lead to better optimization for highly stable and
selective modified ON; thus, current drawbacks in pharmacokinetic and biodistribution can
be properly addressed. Moreover, there were still potential and unexplored lipophilic moiety
both naturally occurred and artificial that can be examined to potentiate the delivery of
ON-based therapy. More so, the profound pharmacokinetic, efficacy, and toxicity data from
the previous conjugation can be utilized to develop a learning-based artificial intelligence
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to predict of other lipid species or even fabricate novel artificial structures in the quest of
advancing ON-based therapy in the new height.

In the future, the hope of better delivery of ON therapy can reduce the need of a large
dose to patients which can significantly cut down the cost of treatment. Currently, the
patient-affordable cost for ON therapy is astronomical for individuals in need. Eteplirsen,
the current treatment for DMD, was marketed in 2017 with the price of $300,000/patient
a year; while nusinersen charges patients up to $750,000 for the first year following with
$350,000 for consecutive years [104]. Such skyscraper cost of therapy can associate to denial
of coverage from insurance companies. Even with approval, the insurance coverage may
increase annually, which will devastate other members within the same insurance network.
Therefore, the work of uncovering the most optimized delivery is not only limited to certain
method but it is a combination effort of both bioconjugation and nanoparticle formulation.
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Abstract: Depression and anxiety are high incidence and debilitating psychiatric disorders, usually
treated by antidepressant or anxiolytic drug administration, respectively. Nevertheless, treatment is
usually given through the oral route, but the low permeability of the blood–brain barrier reduces
the amount of drug that will be able to reach it, thus consequently reducing the therapeutic efficacy.
Which is why it is imperative to find new solutions to make these treatments more effective, safer,
and faster. To overcome this obstacle, three main strategies have been used to improve brain drug
targeting: the intranasal route of administration, which allows the drug to be directly transported to
the brain by neuronal pathways, bypassing the blood–brain barrier and avoiding the hepatic and
gastrointestinal metabolism; the use of nanosystems for drug encapsulation, including polymeric and
lipidic nanoparticles, nanometric emulsions, and nanogels; and drug molecule functionalization by
ligand attachment, such as peptides and polymers. Pharmacokinetic and pharmacodynamic in vivo
studies’ results have shown that intranasal administration can be more efficient in brain targeting
than other administration routes, and that the use of nanoformulations and drug functionalization
can be quite advantageous in increasing brain–drug bioavailability. These strategies could be the key
to future improved therapies for depressive and anxiety disorders.

Keywords: anxiety; blood–brain barrier; brain bioavailability; depression; drug molecule functionalization;
intranasal; nanoemulsions; nanoparticles; nanosystems; nose-to-brain

1. Introduction
1.1. Pathophysiology and Treatment of Depression and Anxiety Disorders: Current Aspects
and Limitations

Anxiety is a central nervous system (CNS) disorder characterized by tension, restless-
ness, and increased effort to concentrate, with a persistent depressed mood and lack of
interest in activities which pleasure was once taken from. We can consider the existence of
several types of anxiety disorders, such as disorders related to separation, social anxiety,
panic, specific phobias, and generalized anxiety disorder. These disorders generally begin
in childhood, adolescence, or early adulthood. The general physiological mechanism by
which these types of disorders arise is related to the γ-aminobutyric acid (GABA), which is
inhibited and, hence, does not fulfill its role in the downregulation of neuronal excitability.
It is estimated to affect millions of people worldwide, leading to a great loss in a person’s
quality of life [1–7].
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In turn, depression is the biggest public health problem, making it a common mental
disorder and one of the world’s leading causes of disability. In 2020, this disease affected
about 16% of the world’s population [8]. The etiology of depression has been related to
stress. It is usually manifested by a loss of interest, feelings of guilt, depressed mood,
sleep disturbance, low energy, and suicidal thoughts and attempts. There are several
theories around the origin of depression, but the most accepted is the monoamine theory,
which is related to a decrease in serotonin, noradrenaline, and dopamine levels in the
CNS. It is caused by decreased excitability on the dopaminergic and/or serotonergic
pathway. The markers of oxidative stress may also indicate depression, such as low levels
of glutathione (GSH) and other antioxidants, and high levels of thiobarbituric acid (TBARS),
F2 isoprostanes, inflammatory cytokines, and reactive oxygen species. Depression has also
been associated with low levels of catalase, an enzyme responsible for the degradation
of hydrogen peroxide into water and oxygen. In depressive situations, this enzyme is in
deficit and, therefore, there is an accumulation of reactive oxygen species and consequently
oxidative stress [6,9–17].

Nowadays, oral and intravenous (IV) administrations are the most used in patients
with depression or anxiety. However, for drugs whose target is the CNS, these routes
have many disadvantages. The oral administration of central-acting drugs results in a low
drug uptake by the brain and high drug distribution in the peripheral tissues. One of the
main reasons for the failure of antidepressants and anxiolytics is the presence of the blood–
brain barrier (BBB) and the existence of efflux pumps in the brain capillaries, endothelial
cells, luminal membranes, and caveolae. As most antidepressant and anxiolytic drugs
are substrates of these transporters, their brain bioavailability is limited, which causes a
decrease in their effectiveness. Additionally, drugs that are administered orally can undergo
chemical and metabolic degradation in the gastrointestinal tract, have drug–drug or food–
drug interactions, have a slower therapeutic action which makes them non-adequate for
emergency situations, and are only suitable for patients with the ability to swallow. On
the other hand, the IV route is best in cases of emergency or when the patient is unable to
swallow. However, it also has many disadvantages, such as invasiveness and the need for
patient hospitalization, and difficulties in delivering the drug to the CNS due to the lack of
penetration of the BBB [12,14,18–21].

The BBB is a physical and metabolic barrier that limits the transport of substances
between the blood and the neuronal tissue and is responsible for maintaining the physio-
logical stability of the brain and protecting the CNS from toxic agents and microorganisms.
It is made of three layers, but it is the innermost layer that poses a greater problem for drug
delivery to the CNS. The BBB is essentially made up of endothelial cells in the capillary
walls and tight junctions that prevent the transport of drugs through the paracellular
pathway between adjacent endothelial cells in the inner layer. The BBB also has a biochemi-
cal layer with high levels of efflux transport proteins, such as P-glycoprotein (P-gp) and
multidrug-resistant protein-1, as well as the expression of many metabolic enzymes, which
limit brain-drug uptake [22,23]. Despite all these limitations, small (molecular weight below
500 Da) and hydrophobic molecules, and some cells (such as monocytes, macrophages, and
neutrophils) can be selectively transported to the brain [21–25].

Additionally, although currently a lot of different treatment strategies exist, including
pharmacological treatments, psychotherapies, and brain stimulation techniques, less than
half of patients achieve a complete remission with the first treatment [17,26,27]. For these
reasons, several solutions have been studied to fight depression and anxiety in a more
effective and safe way.

1.2. Potential Strategies for Enhancing Brain Drug Targeting and Bioavailability
1.2.1. Intranasal Administration

The nasal cavity has three main regions: the vestibular, respiratory, and olfactory
regions. The vestibular region measures approximately 0.6 cm2 and is located directly
at the entrance of the nostrils. It contains nasal hairs (responsible for filtering inhaled
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particles), squamous epithelial cells, and some ciliated cells [28–31]. Next to it is the
respiratory region (Figure 1), which corresponds to the largest nasal area, at 150 cm2 [21,28].
It is the most vascularized region with the greatest variety of cells, containing goblet,
ciliated, non-ciliated, and basal cells [28,31,32]. Goblet cells are responsible for secreting
mucin, water, salts, a small group of proteins and lipids, and, together with some nasal
glands, form the mucus layer. The mucus forms a layer in the respiratory epithelium and
can trap inhaled molecules and send them to the pharynx, where they pass through to
the gastrointestinal tract [21,28,29]. Basal cells are the key cells of the nasal cavity and
have the ability to differentiate into another type of epithelial cell, if necessary. These cells
also help to attach the ciliated and goblet cells to the lamina propria [21,29]. Ciliated cells,
as the name suggests, have cilia that increase their surface area. They help to move the
mucus toward the nasopharynx, resulting in mucociliary clearance [21,32]. Together with a
high degree of vascularization, this makes the nasal respiratory region a site of high drug
transport into the systemic circulation. However, the respiratory region is also innervated
by the maxillary and ophthalmic branches of the trigeminal nerve (V1, V2), which originate
in the brainstem fossa and have been suggested as a possible target for drug transport to
the CNS [28,30].
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Figure 1. Anatomy of the nasal respiratory region (produced with BioRender).

In turn, the olfactory region is made up of olfactory receptors, the olfactory epithelium,
and lamina propria (Figure 2). Olfactory receptors are unmyelinated neurons located in
the nasal epithelium. In the lamina propria, each olfactory receptor forms thick bundles of
axons that become olfactory nerves and innervate the cribriform plate, forming synaptic
connections with the glomeruli of mitral cells in the olfactory bulb. There are two types
of basal cells in this region: horizontal basal cells and spherical basal cells. In addition to
horizontal basal cells, multipotent progenitor cells, and globular basal cells, this region also
contains structural support cells that encase the olfactory receptors in the olfactory region,
maintaining the structural integrity and ionization of the olfactory receptors. Drugs with
small sizes can be transported through the axons, by the olfactory bulb, to the olfactory
cortex, reaching the cerebellum [21,32,33].

Nasal secretions are composed of approximately 95% water, 2% mucin, 1% salts,
1% other proteins (albumin, immunoglobulins, lysozymes, and lactoferrin), and <1% lipids.
They move through the nose at a rate of approximately 5 to 6 mm/min, resulting in particles
being cleared from the nose every 15 to 20 min. In addition, enzymes such as isoforms of
the cytochrome P450 (CYP1A, CYP2A, and CYP2E), carboxylesterases, and glutathione
S-transferases can also be found in the nasal cavity Therefore, the residence time of the
formulation (and, consequently, the drug) in the nasal cavity will also be affected by these
enzymes’ metabolism. To prolong the residence time of the formulation in the nasal cavity,
and consequently increase the amount of drug that will be absorbed, biologically adhesive
(mucoadhesive) excipients such as gelatin, chitosan, carbopol, and cellulose derivatives can
be used [28,34].
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IV drug delivery to the brain is largely influenced by the drug’s plasma half-life, the
extent of the metabolism, the degree of non-specific binding to plasma proteins, and the
permeability of the compound across the BBB and into the peripheral tissues. Due to these
issues, intranasal (IN) administration has been presented as a promising alternative to the
IV route, having gained increasing interest over the past few years. After IN administration,
the drug can take three different routes to the brain: one intracellular route and two extracel-
lular routes (Figures 2 and 3). The intracellular route is activated after drug endocytosis by
the olfactory sensory cells, and the drug is consequently transported through the neuronal
axon to the synaptic clefts in the olfactory bulb, where it is released through exocytosis.
Drugs are delivered by endocytosis to the olfactory sensory neurons and peripheral trigem-
inal neurons, and then transported intracellularly from the olfactory sensory nerve to the
olfactory bulb, and from the trigeminal nerve to the brainstem. This is an extremely slow
pathway and it can take hours for the drug to reach the olfactory bulb [28,33,35,36]. In
the extracellular mechanism (Figure 3), the drug can follow two different routes: it can
cross the gaps between the olfactory neurons and then be transported to the olfactory bulb,
or it can be transported along the trigeminal nerve to avoid the BBB. Once the drug has
reached the olfactory bulb or the trigeminal region, it can be transported to other areas
of the brain by diffusion, which is facilitated by a perivascular pump that is activated by
arterial pulsation [28,32,35].

1.2.2. Nanosystems

The currently marketed nasal preparations exist mainly in the form of solutions or
suspensions, but labile, poorly soluble, poorly permeable, and/or less potent drugs may
require a formulation that promotes drug bioavailability and, preferably, direct delivery to
the brain. To this end, nanotechnology has emerged to fill the existing gaps. All nanosys-
tems are characterized by their small size, which makes them suitable for transporting
drugs to the target tissues and cells, where they are ideally released [20,37,38].
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In terms of nanosystems that are meant to be administered by the IN route, these are
designed to provide a longer residence time in the nasal cavity, overcome nasal mucociliary
clearance, and facilitate rapid drug transport across the nasal mucosa. Independently of
the intended administration route, there are several types of nanosystems (Figure 4), with
the main being: polymeric nanoparticles (NP), which are divided into nanocapsules and
nanospheres; lipid nanoparticles, namely solid lipid nanoparticles and nanostructured lipid
carriers; liposomes; nanometric emulsions, such as nanoemulsions and microemulsions;
and nanoemulgels [20,38–41].

Polymeric Nanoparticles

Polymeric nanoparticles are compact colloidal systems with a variable size range
within the nanometric scale and can be composed of natural or synthetic polymers. They
are composed of a dense core of polymeric matrix, suitable for encapsulating lipophilic
drugs, and a hydrophilic crown that provides stability to the nanoparticles. The drug can
be incorporated into the nanosystem in several ways: dissolved in the matrix, encapsulated
within it, or adsorbed to it [20,39,42].

There are two main types of polymeric NP: nanocapsules (a reservoir system) and
nanospheres (a matrix system). Nanocapsules consist of an oily core in which the drug is
dissolved, surrounded by a polymeric shell that controls the drug release from the core.
Nanospheres are based on a continuous polymeric network, and in these systems the
drug is either retained inside the nanosphere or adsorbed onto its surface. Although NP
can be presented in a variety of ways, they have common characteristics that make them
advantageous formulations, such as biocompatibility, biodegradability, high drug loading,
the possibility of controlled drug release, and stability during storage [43–45].

Several polymers can be used to produce NP for drug delivery. One of these is chitosan,
a linear, natural, and biocompatible polysaccharide derived from the deacetylation of chitin
from crustacean shells. It is a polymer that has some of the properties we need for effective
and direct drug delivery to the brain, since it has the capacity to reduce mucociliary
clearance and transiently opens tight junctions (protein kinase C pathway interaction),
facilitating paracellular drug transport across the nasal mucosa to the brain [21,35,36,46].
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Chitosan is insoluble at neutral and basic pH values, but forms salts with inorganic or
organic acids, such as hydrochloric acid and glutamic acid, which are soluble in water up to
about pH 6.3 (depending on the molecular weight and deacetylation degree and, therefore,
pKa). To further improve the mucoadhesive properties of chitosan, derivatives with thiol
groups have been developed. These groups provide enhanced ciliary mucoadhesion, by
forming covalent bonds between the polymer and the mucus layer that are stronger than
non-covalent bonds [21,35,47].

Pharmaceutics 2023, 15, x  6 of 27 
 

 

 

Figure 4. Main therapeutic nanosystem types (produced with BioRender). 

Polymeric Nanoparticles 

Polymeric nanoparticles are compact colloidal systems with a variable size range 

within the nanometric scale and can be composed of natural or synthetic polymers. They 

are composed of a dense core of polymeric matrix, suitable for encapsulating lipophilic 

drugs, and a hydrophilic crown that provides stability to the nanoparticles. The drug can 

be incorporated into the nanosystem in several ways: dissolved in the matrix, encapsu-

lated within it, or adsorbed to it [20,39,42]. 

There are two main types of polymeric NP: nanocapsules (a reservoir system) and 

nanospheres (a matrix system). Nanocapsules consist of an oily core in which the drug is 

dissolved, surrounded by a polymeric shell that controls the drug release from the core. 

Nanospheres are based on a continuous polymeric network, and in these systems the drug 

is either retained inside the nanosphere or adsorbed onto its surface. Although NP can be 

presented in a variety of ways, they have common characteristics that make them advan-

tageous formulations, such as biocompatibility, biodegradability, high drug loading, the 

possibility of controlled drug release, and stability during storage [43–45]. 
Several polymers can be used to produce NP for drug delivery. One of these is chi-

tosan, a linear, natural, and biocompatible polysaccharide derived from the deacetylation 

of chitin from crustacean shells. It is a polymer that has some of the properties we need 

for effective and direct drug delivery to the brain, since it has the capacity to reduce mu-

cociliary clearance and transiently opens tight junctions (protein kinase C pathway inter-

action), facilitating paracellular drug transport across the nasal mucosa to the brain 

[21,35,36,46]. Chitosan is insoluble at neutral and basic pH values, but forms salts with 

inorganic or organic acids, such as hydrochloric acid and glutamic acid, which are soluble 

in water up to about pH 6.3 (depending on the molecular weight and deacetylation degree 

and, therefore, pKa). To further improve the mucoadhesive properties of chitosan, 

Figure 4. Main therapeutic nanosystem types (produced with BioRender).

Another polymer of interest is alginic acid, a natural polysaccharide found in the cell
walls of brown algae. Alginate (AG) is a derivative of alginic acid, and it is usually used in
formulations in salt form (sodium or calcium). It is a hydrophilic polymer that, when in the
presence of divalent cations, forms a gel that allows a controlled drug release [21,46,48].

Poly lactic-co-glycolic acid (PLGA) is a synthetic polymer that is one of the most
widely used polymers in controlled/directed drug delivery systems. This is due to its
properties, such as biodegradability (hydrolysis to lactic acid and glycolic acid, which
are metabolized by the body through the Krebs cycle), biocompatibility, and the ease of
encapsulation of different types of drugs [21,49,50].

Lipid Nanoparticles

We can consider two categories of lipid nanoparticles: solid lipid nanoparticles (SLN)
and nanostructured lipid carriers (NLC). SLN are matrix nanoparticles made of solid lipids
dispersed in water or an aqueous surfactant solution. They have high physical stability, no
organic solvents used in their manufacture, good biocompatibility and tolerability, and also
allow a controlled drug release and prolong the nasal retention time due to their occlusive
effect and adhesion to the mucosa. Despite these advantages, SLN have some drawbacks.
These include a limited ability to solubilize hydrophilic molecules, low drug encapsulation
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efficiency (due to their crystalline structure), possible drug expulsion during storage due to
the crystallization process, and an undesirable increase in particle size by agglomeration,
which can lead to an immediate and unwanted drug release [33,36,42]. To improve some of
these aspects, such as low stability, surfactants such as polyethylene glycol (PEG) can be
used. PEG is a hydrophilic and biocompatible polymer that stabilizes nanoparticles and
acts as a mucus penetration enhancer [21,51].

In turn, instead of having only solid lipids in their composition, NLC have a mixture
of solid and liquid lipids that form an imperfect crystalline matrix into which drugs
can be incorporated. This imperfect matrix increases the drug-loading capacity of the
system and minimizes/avoids its immediate and undesired release during storage, thus
overcoming these disadvantages of SLN. NLC are biodegradable and generally composed
of physiological lipids, and therefore have low toxicity to the body and good tolerability.
With this nanosystem, it is possible to achieve a higher drug encapsulation efficiency
(compared to SLN), as hydrophobic molecules have a higher solubility in liquid lipids than
in solid lipids. Nevertheless, the solubilization capacity of hydrophilic drugs is still low,
which is a drawback of NLC [20,21,33].

Nanometric Emulsions

Regarding the nature of the external and internal phase(s), we can distinguish four
types of nanometric emulsions: oil-in-water or water-in-oil (two phases) or oil-in-water-
in-oil or water-in-oil-in-water (three phases). Oil-in-water nanometric emulsions, which
are the most common, can solubilize and encapsulate hydrophobic drugs. A nanometric
emulsion can improve drug stability and solubility and provide greater absorption due to
the large surface area created by the small and numerous droplets [40,42,52].

Nanometric emulsions can also be classified according to other characteristics in
microemulsions or nanoemulsions. Microemulsions (ME) are isotropic and thermody-
namically stable colloidal dispersions. They are generally composed of oil, water, and
surfactants, and have droplet sizes between 10 and 100 nm. The IN administration of an
oil-in-water ME may allow direct transport to the brain due to its small droplet size and
lipophilic nature. In turn, nanoemulsions are also colloidal systems of nanometric size,
with droplet sizes between 20 and 200 nm, but they are thermodynamically unstable, which
can lead to poor stability and drug release during storage. Similar to microemulsions, they
also have an oil phase, an aqueous phase, and a surfactant. However, the latter is usually
present in smaller quantities [21,38,41].

Nanogels

Nanogels are non-fluid colloidal or polymeric networks that increase their volume
when in contact with a fluid, producing homogeneous solutions with low viscosity. These
are defined as gel particles with a diameter of less than 100 nm. The use of nanogels is
more effective than free drug administration (solution or other simple dispersion), since
they have reported reduced toxicity, increased drug cellular uptake, high drug loading, and
controlled drug release. This delivery system is effective for brain targeting as it leads to fast
brain-drug absorption and has high biodegradability, biocompatibility, and hydrophilicity.
It offers some advantages over other structures, such as the ability to encapsulate multiple
molecules with different characteristics (both hydrophilic or hydrophobic) in the same
formulation, leading to controlled drug release [53,54].

Liposomes

Liposomes are biocompatible and biodegradable vesicles composed of layers of phos-
pholipids and cholesterol, enclosing one or more aqueous compartments. They may be
unilamellar (smaller size) or multilamellar (larger size). Liposomes can transport hy-
drophilic and hydrophobic molecules due to their structural properties: hydrophilic drugs
can be stored in the aqueous nucleus, whereas hydrophobic molecules can be dissolved in
the lipid membrane. They have an overall good permeation capacity, including through
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the nasal mucosa, and can protect drugs from enzymatic degradation. Nevertheless, im-
munogenicity is a problem that needs to be solved, along with low encapsulation efficiency,
to reduce the need for frequent administration. Compared to bigger liposomes, the smaller
ones (generally neutral or positively charged) have a longer circulation time. Additionally,
unmodified liposomes have a short circulation time and, therefore, are rapidly cleared, via
systemic circulation, by the smooth endoplasmic reticulum cells [33,42,55].

Thus, to improve the circulation time of liposomes, modifications are made to their
surface, such as coating them with PEG chains. In addition to PEG, it is common to
use poloxamers, which are water-soluble, non-ionic polymers consisting of a triblock
copolymer: a hydrophobic polypropylene glycol chain and two hydrophilic PEG chains.
Suitable examples are poloxamer 407 and poloxamer 188, which have a high PEG content.
Additionally, PEG reduces the viscosity of the nasal mucus and increases the penetration
into the mucosa by interacting with lipid membranes and occlusion junctions, which is
quite favorable for intranasal administration [21,42,54].

2. Successful Approaches to Increasing Brain Targeting and Bioavailability of
Antidepressant and Anxiolytic Drugs

In general, the most common strategies for the increased brain targeting and bioavail-
ability of antidepressant and anxiolytic drugs are: delivery via IN route; the use of several
different types of nanosystems; and the complexation of drugs with compounds that allow
them to be delivered more effectively to the desired site of action.

The most commonly studied classes of antidepressant drugs include selective sero-
tonin reuptake inhibitors (SSRI), serotonin and noradrenaline reuptake inhibitors (SNRI),
monoamine oxidase (MAO) inhibitors, and melatonin agonists. The effects of anxiolytic
drugs, such as benzodiazepines, and natural products, antiepileptics, analgesics, and other
drug classes on anxiety and depression have also been studied.

A summary of these molecules and their respective classifications is shown in Table 1,
and a summary of the successful strategies that have been used to increase these drugs’
brain targeting and bioavailability is present in Table 2.

Table 1. Summary of the drug molecules included in this review, including their approved drug
classification and known action mechanism(s).

Drug Name Drug Classification Action Mechanism(s) References

Agomelatine
Antidepressant

Melatonin MT1 and MT2 receptor agonist and a serotonin
5-HT2C receptor antagonist [49]

Selegiline MAO inhibitor [56]

Buspirone
Anxiolytic

Serotonin 5-HT1A receptor agonist [57–59]

Clobazam Partial GABA receptor agonist [60]

Venlafaxine

Antidepressant and anxiolytic

Serotonin and noradrenaline reuptake inhibitor [61–64]

Duloxetine Serotonin and noradrenaline reuptake inhibitor [65]

Paroxetine Selective serotonin reuptake inhibitor [66]

Carbamazepine Antiepileptic Modulation of adenosine-mediated neurotransmitters [67]

Tramadol Analgesic
Opioid agonist and serotonin and noradrenaline
reuptake inhibitor [53]

Edaravone Amyotrophic lateral
sclerosis treatment

Free radical scavenger [68]

Riluzole Glutamate antagonist [69]

Baicalein

Natural product

NA [70]

Icariin NA [71]

Berberine MAO inhibitor [72]

NA—not available.
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Table 2. Summary of the successful strategies that have been used to increase brain drug targeting
and bioavailability in the treatment of depressive and anxiety disorders.

Drug Name General Strategy Nanosystem Type (When Applicable) References

Agomelatine

Nanosystems and intranasal administration
Polymeric nanoparticles

[49]

Selegiline [56]

Buspirone

[58]

Microemulsion [59]

Intranasal administration - [57]

Clobazam Nanosystems and intranasal administration Microemulsion [60]

Venlafaxine
Nanosystems and intranasal administration Polymeric nanoparticles

[61]

[62]

[63]

Drug molecule functionalization - [64]

Duloxetine
Nanosystems and intranasal administration

Solid lipid nanoparticles [65]

Paroxetine Nanostructured lipid carriers [66]

Carbamazepine Nanosystems [67]

Tramadol Nanosystems and intranasal administration Polymeric nanoparticles [53]

Edaravone Nanosystems Liposomes [68]

Riluzole Nanosystems and intranasal administration Polymeric nanoparticles [69]

Baicalein Nanosystems Solid lipid nanoparticles [70]

Icariin
Intranasal administration

- [71]

Berberine - [72]

2.1. Antidepressant Drugs
2.1.1. Agomelatine

Agomelatine is a melatonin MT1 and MT2 receptor agonist and a serotonin 5-HT2C
receptor antagonist. It has low oral bioavailability, a high first-pass effect, and a short
elimination half-life (2–3 h) [49]. The study conducted by Jani et al. [49] aimed to circumvent
these obstacles by producing a polymeric NP using PLGA and poloxamer 407. The PLGA
NP had a size of 116 nm, a PDI of 0.057, and a zeta potential (ZP) of −22.7 mV. In ex vivo
drug permeation studies (goat nasal mucosa), the developed formulation had the highest
permeability, compared to an agomelatine suspension, probably due to its reduced particle
size and high homogeneity. In vivo pharmacodynamic studies were conducted using forced
swim tests. In these tests, it was demonstrated that rats induced with depression were
immobile during the five minutes that they were in the water. In contrast, rats in which
PLGA NP with agomelatine was administered (IN route) showed a significant reduction
in immobility time. Hence, the PLGA NP proved to have therapeutic efficacy, effectively
delivering the drug to the brain.

2.1.2. Selegiline

Selegiline is an MAO inhibitor and is a dose-dependent drug, which means that while
a higher dose inhibits MAO-A and MAO-B, a lower dose only inhibits MAO-B. It has a
high first-pass metabolism, low bioavailability, and a large number of adverse effects [56].
To overcome these problems, Singh et al. [56] developed thiolated chitosan NP (TCN) and
unmodified chitosan NP (CNP) to enhance the intranasal delivery of selegiline. The particle
size, PDI, and ZP of TCN were 215 nm, 0.057, and +17.06 mV, respectively. In terms of
in vitro drug release, it was noted that at an early phase, within the first 2.5 h, the drug
release from CNP was faster when compared to TCN. However, after 13 h, it was shown
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that the TCN had a cumulative release of 80%, whereas for the CNP this was only 68%,
indicating an extended release by the TCN, but also a higher drug release at the end of the
assay. In in vivo assays performed in rats, TCN significantly attenuated oxidative stress
and restored mitochondrial complex activity. In addition, pharmacodynamic studies, which
included immobility and locomotor activity tests, showed that, compared to CNP, which
already resulted in more movement and less immobilized time, TCN had a more significant
effect on improving the condition of the rats. Additionally, the sucrose preference test
revealed that, at the beginning of the treatment, these rats had a decrease in water-with-
sucrose intake, and an increase in intake at the end of the 14 days, during which the TCN
were administered. Thus, the developed TCN seem to be promising candidates for IN
administration in depression treatment.

2.2. Anxiolytic Drugs
2.2.1. Buspirone

Buspirone is a drug that has proven to be effective as an anxiolytic. Nevertheless,
it undergoes extensive first-pass metabolism by the cytochrome P3A4 in the liver and
intestine, resulting in low oral bioavailability (approximately 4%) and a short half-life
(2–3 h). It is currently only available on the market as an oral tablet, and multiple daily
doses are required because only a small amount of the drug reaches the intended therapeutic
site of action [57–59].

Patil et al. [57] investigated whether the intranasal administration of buspirone could
transport the drug directly to the brain, thereby increasing the cerebral bioavailability of
the drug. Therefore, an intranasal buspirone solution was formulated with chitosan and
β-cyclodextrins and compared with the intravenous administration of an aqueous solution
of the drug. This study confirmed the increase in bioavailability and targeted delivery
to the brain with the developed formulation IN delivery (DTP 76%), demonstrating the
efficacy of the nasal route, as well as the incorporation of cyclodextrins and chitosan into
the formulation, which increased not only drug solubility, but also its permeation and
transport to the brain.

In turn, Bari et al. [58], developed TCN for the intranasal delivery of buspirone to
the brain. Comparative studies were performed with CNP, and IN and IV drug solutions.
In vitro drug release studies showed that while the percentage of buspirone release from
the drug solution was almost complete after 2 h, the drug release in that same time from the
CNP and TCN was only 51.8 and 46.6%, respectively. Hence, the developed nanosystems
showed a controlled drug release. Furthermore, the ex vivo drug permeation study (porcine
nasal mucosa) showed that TCN had a higher percentage of drug permeation across the
nasal mucosa than all the other evaluated formulations. These results were probably due to
the increased mucoadhesion capacity of the TCN, derived from the formation of a strong
ionic bond between the amine groups of thiolated chitosan and the negatively charged
sites on mucosal epithelial cell membranes, resulting in the transient opening of the tight
junctions. In vivo behavioral studies were also carried out on rats to assess the formulation’s
anxiolytic activity, namely the maze test, in which part of the maze is exposed to light (open
arm), and the other is not (closed arm). Characteristically, anxious animals tend to remain
in the closed arm (as do anxious people, when they show a desire to be isolated and in
dark places). This study concluded that rats treated with TCN spent more time in the open
arm of the maze when compared to other groups, showing promising therapeutic efficacy.
Furthermore, the brain maximum drug concentration (Cmax) of buspirone after the IN
administration of TCN (797.46 ng/mL) was higher than that obtained with the IN and IV
solution (417.77 ng/mL and 384.15 ng/mL, respectively). Additionally, the drug-targeting
efficiency (DTE%) and direct transport percentage (DTP%) for the IN TCN were 79% and
96%, respectively, and hence brain drug transport was considered to be quite high, which
further proved the developed formulation’s potential.

In another study, by Bshara et al. [59], the aim was to develop a buspirone mucoad-
hesive ME for IN administration, to improve its bioavailability and deliver high drug
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concentrations to the brain. This ME was prepared using chitosan, hydroxypropyl cy-
clodextrin, isopropyl myristate, Tween® 80 (polysorbate derived from sorbitan esters),
propylene glycol, and water. The results showed that mucoadhesive ME are suitable for IN
administration, since the drug’s brain bioavailability in in vivo studies was significantly
increased compared to an IN solution, reaching peak plasma concentrations within 15 min.
The DTE% and DTP% values obtained with the developed IN ME were 86.6% and 88%,
respectively. From these results, it may be concluded that a buspirone mucoadhesive ME
can contribute to a reduction in the dose and frequency of administration and possibly to
an increase in the therapeutic effect in anxiety treatment.

2.2.2. Clobazam

Clobazam is a benzodiazepine derivative with an active metabolite, norclobazam.
Both are partial GABA receptor agonists, meaning they bind allosterically to the GABA-
A receptor. Clobazam is a lipophilic molecule and is highly bound to plasma proteins,
which increases its systemic distribution in fat tissue, causing adverse effects such as
gastrointestinal disturbances, muscle spasms, and an irregular heartbeat. The prolonged
oral use of this drug leads to an accumulation of its active metabolite in the body (10 times
higher) which can cause toxicity. Additionally, it can lead to dependence when used for
prolonged periods of time [60]. Florence et al. [60] aimed to develop and characterize a
mucoadhesive clobazam ME to assess the drug’s transport to the brain, thereby decreasing
the drug’s systemic distribution and consequently its potential to cause adverse effects. The
developed mucoadhesive ME consisted of Carbopol® 940P, Capmul® MCM (glyceryl mono
and dicaprate), Acconan® CC6, Tween® 20 (polysorbate derived from sorbitan esters), and
distilled water. Carbopol was used due to its capacity to increase paracellular transport
by opening tight junctions in apical cells, resulting in higher drug absorption. The non-
mucoadhesive microemulsion had a viscosity value of 7.73 cP, and the mucoadhesive
microemulsion had a viscosity value of 25.8 cP, and hence the addition of Carbopol to
the formulation led to a viscosity increase, which was expected, since, aside from being a
mucoadhesive polymer, Carbopol also has viscosifying properties. The obtained droplet
size was 20 nm, the PDI was 0.181, and the ZP was −15 mV. In the pharmacokinetic
study in mice, the obtained brain/blood ratio was higher with IN administration of the
mucoadhesive ME, with greater and longer drug retention at the site of action when
compared to a clobazam non-mucoadhesive ME (same composition, but no Carbopol). In
addition, the systemic distribution of the drug was generally lower with IN administration,
and there was a higher accumulation in the brain, as intended. Hence, this study showed
that the clobazam ME with the addition of a mucoadhesive agent delivered the drug rapidly
and effectively to the mice’s brains. This could provide an alternative to intravenous
administration in the treatment of anxiety.

2.3. Anxiolytic and Antidepressant Drugs
2.3.1. Venlafaxine

Venlafaxine (VLF) belongs to the SNRI therapeutic class and has low oral bioavailabil-
ity and a short half-life (4–5 h). It is also a P-glycoprotein substrate and is therefore pumped
out of the brain, reducing its bioavailability in this organ. Its effectiveness also depends on
its continuous presence at the site of action for a prolonged period of time [19,61,63].

To overcome these limitations, Haque et al. [61] investigated the usefulness of IN
administration of VLF-loaded QT NP to improve their delivery to the brain, compared to
IV infusion. The VLF nanoparticles were formulated using the ionic gelation technique,
containing QT, tripolyphosphate (TPP), and acetic acid. The obtained particle size was
167 nm, with a PDI of 0.367 and a ZP of +23.83 mV. The VLF in vitro drug release from the
developed NP showed two phases, with an initial burst release, corresponding to 44.3%, in
the first 2 h, followed by a controlled release of the drug, over 24 h. An ex vivo permeation
study, conducted on porcine nasal mucosa, showed that QT VLF NP were able to permeate
the membrane three times more than a VLF solution. In vivo pharmacokinetic studies
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showed the effective brain drug targeting of the NP through the IN route (Figure 5A), when
compared to the IV route (Figure 5B), reaching high DTE% (508.59%) and DTP% (80.34%)
values. This proves that QT-NPs were highly efficient in delivering VLF to the brain when
administered intranasally, which could be greatly due to their mucoadhesive properties.
Additionally, in in vivo pharmacodynamic studies, QT NP significantly increased the total
swimming and climbing time and decreased the immobility time of the mice (compared to
the control groups), which further proved the nanosystem’s therapeutic potential.
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Figure 5. Confocal laser scanning microscopy rat brain images 120 min after IV administration (A)
and IN administration (B) of the developed VLF QT NP, where blue fluorescence represents the
brain cells and red fluorescence represents the drug (adapted from Haque et al. [61], reproduced
with permission from Elsevier (license number 5495991231429)). Brain/blood ratios (C), plasma
concentrations (D), and brain concentrations (E) of VLF after IV administration of a VLF solution
(VLF (i.v.)), IN administration of a VLF solution (VLF (i.n.)), or IN administration of VLF AG NP (VLF
AG NPs (i.n.)); adapted from Haque et al. [62], reproduced with permission from Elsevier (license
number 5497041230698).

The same authors presented another study [62], where they also developed VLF-
loaded NP for IN administration, but this time instead of QT they used AG. These NP
had a particle size of 174 nm, a PDI of 0.391, a pH between 5.7 and 6.12, and a ZP of
+37 mV. It was observed in pharmacokinetic in vivo studies that the drug concentration
in the brain increased when the formulation was administered via IN when compared to
the IV route. The brain/blood ratios (Figure 5C) obtained with the administration of the
IN AG NP were generally higher than those obtained from the IV and IN drug solution,
being equal to 0.1091, 0.0293, and 0.0700, respectively, at the final time point (480 min). The
results also showed that the plasma concentration of VLF (Figure 5D) decreased when the
drug was administered within the NP through IN delivery, showing the promise of higher
safety, and that brain drug levels (Figure 5E) were also substantially higher with the IN
NP when compared to the other groups, showing higher efficacy. The DTE% was almost
double for the VLF AG NP when compared to the IN VLF solution. This proves that the
mucoadhesive nanoparticulate delivery system enables an increased amount of drug to
reach the brain. In vivo pharmacodynamic studies further demonstrated the efficacy of
VLF AG NP delivered via the IN route to treat depression, since in forced swim tests there
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was a significantly reduced immobility time after IN NP administration, proving it to be
more effective than all other groups.

Another study, by Cayero-Otero et al. [63], developed NP composed of PLGA and
polyvinyl alcohol, with a particle size of 206 nm, a PDI of 0.041, and a ZP of −26.5 mV. These
NP showed a higher capacity to reach the brain after IN administration than functionalized
NP, with a specific transferrin receptor agonist peptide on their surface. This was explained
by the fact that functionalized NP are transported to the brain by receptor-mediated endo-
cytosis, which takes longer than simple NP, which are transported by facilitated transport.

In a different study, Zhao et al. [64] developed two solutions containing two different
conjugates: venlafaxine-glucose (VLF-G) and thiamine disulfide system with venlafaxine-
glucose conjugated (VLF-TDS-G). Type 1 glucose transporters (GLUT1) are responsible
for transporting glucose to the brain and are present in the BBB. Therefore, this study
aimed to investigate the binding of VLF to a glucose molecule in order to originate the
drug’s facilitated transport to the brain, through the BBB, after IV administration. A
thiamine disulfide system was introduced into the VLF-G complex to prevent premature
VLF release. In in vivo pharmacokinetics studies, the VLF-TDS-G conjugate significantly
increased the brain VLF concentration, compared to the VLF-G conjugate, demonstrating
good brain targeting. Thus, the VLF-TDS-G conjugate is promising for the brain delivery of
intravenously administered drugs.

2.3.2. Duloxetine

Duloxetine is a drug that belongs to the SNRI class. It undergoes a high hepatic
first-pass metabolism and has low oral bioavailability (only 50%) [65]. To overcome these
problems, Alam et al. [65] developed duloxetine SLN for IN administration. The SLN were
composed of glyceryl monostearate, Capryol® PGMC, bile salts (sodium taurocholate),
Pluronic® F-68, and mannitol. The authors did not characterize the formulation, which at
least raises questions about the homogeneity and particle size of the developed nanosystem,
characteristics that can influence the absorption and bioavailability of the drug. Neverthe-
less, the SLN’s performance was evaluated in in vivo studies. The IN administration of
the developed SLN resulted in a six times higher concentration of duloxetine in the brain
when compared to the IV administration of a drug solution. Hence, drug delivery to the
brain was much lower with IV administration, with only small amounts of the drug being
detected, due to loss in the systemic circulation and the hepatic first-pass effect. On the
contrary, IN administration proved to be quite efficient in making the drug reach the brain,
with the developed duloxetine SLN leading to high DTP (86.80%) and DTE (758%) values.
The developed IN SLN also had a better brain targeting efficiency than an IN drug solution
(DTP 65%, DTE 287%), which further proved the potential of the developed nanosystem
for duloxetine IN brain delivery.

2.3.3. Paroxetine

Paroxetine belongs to the SSRI class, has low oral bioavailability (less than 50%), and
undergoes an extensive first-pass effect. It also has a high potential for drug–drug inter-
actions, especially when used in polytherapy [66]. To overcome some of these problems,
Silva et al. [66] investigated the efficacy of the direct delivery of paroxetine to the brain
in combination with another drug, borneol. Borneol is a natural compound that has al-
ready been shown to be effective in opening channels in the BBB. Therefore, researchers
believe that borneol acts as a modulator of the ABC transporters by competitively inhibit-
ing the P-gp and tight junction proteins, thereby reducing the efflux of drugs that are
their substrates [46,66,73]. It is a reversible process characterized by transient and rapid
BBB penetration. This co-administration of borneol with paroxetine works in a dose- and
time-dependent manner. Thus, paroxetine was incorporated together with borneol into
NLC containing Lauroglycol™ 90, Precirol® ATO 5, Tween® 80, and water. The developed
nanosystem had a particle size of 160 nm, a PDI of 0.273, and a ZP of +11 mV. In vitro per-
meation studies in RPMI 2650 cells (human nasal cells) showed a 2.57-fold increase in drug
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permeation when the developed NLC was compared with a paroxetine suspension. The IN
administration of borneol and paroxetine-loaded NLC to mice allowed the researchers to
obtain a 63% higher brain exposure (as measured by the area under the concentration vs.
time curve, AUC) than an IV injection. Additionally, the administration of a paroxetine IN
solution only increased brain drug exposure by 49%, which further proves the superiority
of the developed NLC. It was also observed that drug encapsulation reduced pulmonary
exposure to the drug, which may contribute to a reduction in adverse effects. Thus, the
developed NLC seem to be a good strategy to increase the IN delivery of lipophilic drugs,
such as paroxetine, to the brain.

2.4. Other Drug Classes
2.4.1. Baicalein

Baicalein (BA) is the most therapeutically active natural flavonoid compound found
in the dried roots of Scutellaria baicalensis georgi, with proven beneficial CNS and immuno-
logical effects [70]. Given these properties, Chen et al. [70] prepared SLN for baicalein
encapsulation, composed of glyceryl monostearate, poloxamer 188, and 1,2-dipalmitoyl-sn-
glycerol-3-phosphocholine. The developed nanosystems were additionally functionalized
with the prolyl-glycyl-proline (PGP) peptide (PGP-BA-SLN) or without (BA-SLN) and had
a ZP between −13 and −14 mV, and a pH of 5.5. The changes in lactate dehydrogenase
(LDH) concentrations were studied in rats after the intraperitoneal administration of the
developed formulations, as depression often involves hormonal changes leading to the
negative regulation of LDH, resulting in the accumulation of lactate in the brain (from
lactic acid fermentation). Both PGP-BA-SLN and BA-SLN enhanced the effect of BA in
reducing LDH release compared to a drug solution. There was no statistically significant
difference between the treatments. Pharmacodynamic tests were also carried out, and the
results showed that both types of SLN reduced immobility time, increased climbing time,
and increased swimming time in rats, with PGP-BA-SLN having a more significant effect
than BA-SLN. Additionally, the brain drug distribution was determined, and the results
showed that BA was found in higher concentrations in the basolateral amygdala after the
administration of the developed SLN, a brain region associated with emotional and psychi-
atric disorders. All these results lead to the conclusion that modifying SLN with PGP may
be beneficial in brain drug targeting, and hence producing effective antidepressant effects.

2.4.2. Icariin

Icariin is the main active constituent of the dried aerial parts of the Epimedium brevicornum
Maxim plant. It has antitumor, cardiovascular, osteogenic, neuroprotective, and antidepres-
sant effects. Nevertheless, it is poorly absorbed after oral administration [71]. To tackle
these problems, Xu et al. [71] developed a thermosensitive nano-hydrogel (icariin-NGSTH)
for the IN delivery of icariin, in order to enhance the antidepressant activity and bioavail-
ability of this drug. A mixture of poloxamer 188 and poloxamer 407 was used to form an in
situ thermosensitive hydrogel (Figure 6A), with the purpose of extending the drug’s release
time and therefore increasing its bioavailability, by giving it more time to be absorbed in
the nasal cavity. The nano-hydrogel was also composed of Tween® 80 and Span® 80. The
formulation had a particle size of 71 nm, a PDI of 0.50, and a ZP of −19 mV. Regarding
pharmacokinetics, the in vivo distribution of the developed icariin nano-hydrogel in the
brain of mice and rats was monitored after IN administration. The rats and mice treated
with the developed IN nanosystem were compared to animals chronically treated with
fluoxetine, an antidepressant of known effectiveness. After the IN administration of the
icariin-NGSTH, fluorescence could be observed in the brain after 5 min, which became
stronger after 30 min (Figure 6B). These results indicate that the drug reached the brain
quickly, therefore producing a potentially fast therapeutic effect. This was further confirmed
by the pharmacodynamic tests, since the IN administration of the developed formulation
reduced the immobility time of the mice as well as other depressive behaviors. Moreover,
the dose of icariin-NGSTH administered was only one-fifth of the dose of fluoxetine, and
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one-tenth of the dose of icariin administered in the form of a solution, demonstrating that
the developed nanosystem indeed had promising antidepressant effects. Additionally, IL-6,
a pro-inflammatory cytokine, is increased in depression because of neuroinflammatory
processes. Hence, it was also observed that the icariin-NGSTH, at a lower dose, reduces the
expression of IL-6 (Figure 6C), and also regulates the level of testosterone (Figure 6D).
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2.4.3. Tramadol

Tramadol is a central analgesic with a low affinity for opioid receptors, but its active
metabolite has a higher affinity for these receptors. It is also characterized by the inhibition
of noradrenaline and serotonin receptors [53]. The study performed by Kaur et al. [53]
aimed to evaluate the efficacy of tramadol NP administered through the IN route. The
developed NP were composed of Pluronic® F-127 and TPP. The obtained particle size was
152 nm, with a PDI of 0.143 and a ZP of +31 mV. Pharmacodynamic tests were performed in
rats, namely the forced swimming, locomotor activity, immobility, body weight variation,
and glucose preference tests. The tests were conducted after the chronic administration of
the developed formulations, and showed a significant decrease in immobility time and an
increase in locomotor activity and body weight in the rats treated with the NP, compared to
the control groups. Biochemical parameters were also measured in the animals’ brains, and
it was concluded that the developed NP could reduce nitrite and malondialdehyde levels
more significantly than a drug solution. Additionally, GSH and catalase levels increased
when the NP were administered.

2.4.4. Edaravone

Edaravone is a neuroprotective drug that scavenges free radicals and protects the
neuronal membranes from oxidative damage. For this reason, it is used to treat amy-
otrophic lateral sclerosis. However, as oxidative processes also play a huge role in depres-
sion and anxiety, it has recently gained interest as a treatment for these pathologies [68].
Qin et al. [68] developed edaravone liposomes modified with the RGD peptide (arginine-
glycine-aspartate), to be administered by intraperitoneal administration (Figure 7A). This
peptide has the advantage of binding to leukocytes and thus penetrating the BBB in cases
of neuroinflammation, which is present in depression. The cyclic RGD peptide (cRGD) has
been shown to have an even higher affinity for the receptors expressed on the surface of
leukocytes. In this study, a bacterial endotoxin (lipopolysaccharide, LPS) was administered
to rats to impair their social behavior, since LPS leads to the production of inflammatory
cytokines, such as IL-6, which causes neuropsychiatric disorders and depression. Three
types of liposomes were prepared: functionalized edaravone liposomes composed of edar-
avone, cRGD, soy phosphatidylcholine, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, and
cholesterol; non-functionalized edaravone liposomes consisting only of edaravone and
cholesterol; and functionalized liposomes with no edaravone, composed of cRGD peptide,
soy phosphatidylcholine, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, and cholesterol.
The results showed that the functionalized edaravone liposomes were more effective
than the other formulations in increasing the mobility of the rats in the forced swim test
(Figure 7B). Notably, this formulation also significantly attenuated the levels and reduced
the secretion of IL-1β (Figure 7C) and IL-6 (Figure 7D), suggesting that edaravone may
suppress the production of pro-inflammatory cytokines by scavenging free radicals.

2.4.5. Carbamazepine

Carbamazepine (CBZ) is an antiepileptic and anxiolytic drug which exerts its anxiolytic
activity by modulating the adenosine-mediated neurotransmitters to modify postsynaptic
ionic currents. Its low aqueous solubility and extensive hepatic metabolism result in
slow absorption after oral administration. Furthermore, the absorption is variable and
depends on the drug’s dissolution rate in the gastrointestinal fluids [67]. To improve CBZ’s
brain delivery, Khan et al. [67] investigated the potential of CBZ NLC by intraperitoneal
administration. The optimized formulation had a particle size of 97.7 nm, a PDI of 0.27,
and a ZP of −22 mV. The in vitro drug release assay showed that, when compared to a
CBZ dispersion, the developed CBZ NLC exhibited a biphasic release profile, with a faster
drug release in the first 4 h (Figure 8A). The achieved CBZ concentration after formulation
administration was also assessed in mice, and the CBZ NLC significantly increased the
AUC of CBZ (520.4 µg.h/mL) in the brain compared to the CBZ dispersion (244.9 µg.h/mL).
Additionally, the administration of the CBZ NLC resulted in higher plasma (Figure 8B) and
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brain (Figure 8C) concentrations at each time point. Furthermore, at the same time points,
the brain concentrations of CBZ-TLNs were higher than their plasma concentrations, which
represents the potential for a favorable efficacy vs. safety profile. The anxiolytic effect of the
CBZ NLC, assessed in in vivo pharmacodynamic studies, was demonstrated and proved
to be higher than that produced with the CBZ dispersion (Figure 8D–F). Additionally, the
CBZ NLC showed better results than diazepam treatment, which is a known effective
anxiolytic drug.
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2.4.6. Riluzole

Riluzole is a drug that works by reducing the release of glutamate in the synaptic cleft,
making it difficult for glutamate receptors to be activated, thus protecting the dopaminergic
neurons. It also helps to reduce oxidative stress and improve memory. All these factors
are related to its potential anxiolytic activity. However, this drug undergoes extensive
first-pass metabolism by CYP1A2, which hinders its clinical efficacy [69]. To circumvent
these problems, Nabi et al. [69] developed chitosan NP, since it is a polymer that has
been described as having the ability to enhance NP mucoadhesive strength and increase
drug absorption, thereby improving drug delivery to the brain. Furthermore, as already
mentioned, chitosan has the ability to facilitate the transient opening of tight junctions, as
well as prevent the degradation of the encapsulated drug. The developed chitosan NP were
also functionalized with transferrin, which allows them to cross the BBB by transcytosis.
This happens because transferrin receptors are widely distributed on the brain capillary
endothelial cells, which are involved in the transcytosis process. Therefore, transferrin
can freely cross the unimpaired regions of the BBB. The developed NP were characterized
and had a particle size of 207 nm and PDI of 0.406. In in vivo pharmacodynamic tests,
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haloperidol was administered to rats included in the study before the administration of any
formulation, to induce anxiety symptoms, as haloperidol leads to neuronal degradation,
which produces oxidative stress. The results showed that, compared to the control groups
(treated with only haloperidol or with haloperidol plus a riluzole IN solution), the rats
treated with IN administration of the developed NP showed a greater improvement in terms
of neurological effects. Additionally, biochemically the group treated with haloperidol
only showed decreased GSH levels and increased malondialdehyde, whereas the treatment
group showed the reverse. In addition, the TBARS levels were found to be lower in the
rats treated with the developed NP, with more significant effects than those provoked by
the administration of a drug solution. Furthermore, in in vivo pharmacokinetic studies the
developed NP led to a higher brain drug uptake by the IN route. The use of transferrin
was shown to be an additional advantage, increasing the efficiency of drug delivery to the
brain. Hence, the developed NP may have a high therapeutic potential for drug delivery
via the IN route.
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2.4.7. Berberine

Berberine is an alkaloid found in various medicinal plants, such as Coptis Chinen-
sis, and is mainly isolated from its bark and roots. It has known medicinal properties,
including antioxidant, anti-inflammatory, and hepatoprotective effects. Several studies
show that berberine can inhibit MAO-A, the enzyme responsible for the degradation of
noradrenaline and serotonin. Despite all these properties, it has low bioavailability [74–77].
Hence, Wang et al. [72] investigated the incorporation of berberine into a thermosensitive
gel, to be administered through the IN route. This gel exhibited properties such as high
fluid absorption and low surface tension, resulting in good biocompatibility and high
drug incorporation capacity. These properties are due to the polymers included in its
composition, namely poloxamers 407 and 188, non-ionic copolymers consisting of a hy-
drophobic polyoxypropylene chain and two hydrophilic polyoxyethylene chains. Before
the preparation of the hydrogel system, the authors improved the solubility of berberine
by using cyclodextrins. Hence, first a drug–cyclodextrin inclusion complex was prepared,
and then this complex was incorporated into the hydrogel. The intermolecular interactions
between the cyclodextrins and the poloxamers P407 and P188 resulted in the formation of
a supramolecular matrix. This formulation was then evaluated in in vivo pharmacokinetic
studies in rats: one group received the inclusion complex incorporated into a thermosen-
sitive hydrogel through the IN route at a lower dose (0.15 mg/kg); and the other group
received the inclusion complex in an aqueous dispersion (no incorporation into a gel)
through the intragastric route at a higher dose (5 mg/kg). The inclusion complex incorpo-
rated into a thermosensitive hydrogel proved to be a more effective and faster treatment
than the inclusion complex in an aqueous dispersion, even though it was administered at
a dose three times lower (higher Cmax and AUC values). Furthermore, in a study where
reserpine was first administered to rats (reserpine is known to exhaust the monoamine neu-
rotransmitters at the synapses, resulting in depression-like behavior), the IN administration
of the hydrogel caused a significant increase in the levels of serotonin, noradrenaline, and
dopamine in the rat hippocampus and striatum, showing superior efficacy compared to all
the other groups.

2.5. General Analysis
2.5.1. Formulation Characteristics

Considering that most surveyed articles opted for drug incorporation into a nanosys-
tem, it is necessary to make a general analysis of the reported formulation characteristics.
These characteristics mostly included the particle size, PDI, ZP, pH, and viscosity.

Most of the articles mentioned the particle size, PDI, and ZP. These parameters are
very important as they influence the absorption and consequently the bioavailability of the
encapsulated drugs. The particle size must be in the nanometer range for more effective
drug delivery. In addition, formulations with a smaller particle size are more likely to be
able to penetrate the mucous membranes [21]. The PDI is directly related to the particle size,
being defined as the standard deviation of the particle diameter distribution divided by the
mean particle diameter [78]. It is usually used to estimate formulation homogeneity, which
is very important in drug pharmacokinetics. A higher value means that the formulation
is heterogeneous, which can lead to pharmacokinetic irregularities and variability in the
therapeutic outcomes. It is usually recommended that the PDI must be less than 0.5, which
was the case in all the articles that analyzed this parameter [20].

The nanosystem’s surface charge can also affect the BBB and nasal mucosa penetra-
tion [46]. It is usually determined by ZP measurement. The nasal mucosa has a negative
charge, so positively charged moieties are more likely to interact with the nasal mucosa
through electrostatic forces, therefore increasing the residence time and the formulation’s
adhesion to the nasal epithelium. For this reason, many nanocarriers are positively charged.
This will lead to a potential increase in the bioavailability of the delivered molecules [21].
Conventionally, nanosystems with a ZP between −10 and +10 mV are considered neutral,
while nanoparticles with a ZP higher than +30 mV or less than −30 mV are considered
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strongly cationic or strongly anionic, respectively. In this review, only two articles presented
formulations with a ZP above +30 mV or below −30 mV, which means that although most
of the formulations were considered neutral, they still managed to permeate the membranes
with some efficiency [79].

Most authors opted for IN administration of the developed formulations. Thus,
these preparations had to meet certain conditions adapted to this specific administration
route, namely a pH between 5.0 and 6.0 (nasal mucosa’s pH) to avoid irritation or harm.
The articles that reported pH values mentioned results between 4.62 and 7.00, which
are appropriate for compatibility with the nasal mucosa’s physiology. Viscosity is also a
relevant factor in IN administration, since the higher a formulation’s viscosity, the longer
the formulation will remain in contact with the nasal mucosa, and hence the drug will
have more time to undergo absorption [28]. Nevertheless, pH and viscosity were the
two characteristics least mentioned in most articles, which may raise the question of the
suitability of the preparations for IN administration.

2.5.2. In Vivo Pharmacokinetics and Pharmacodynamics

In vivo pharmacodynamic and/or pharmacokinetic studies were conducted to evalu-
ate the performance of the developed formulations after administration. The used animal
models were either rats or mice.

Pharmacokinetic studies were performed to quantify the drug that was delivered
to the brain, and also the part that was not. Several different analytical methods were
used to quantify the blood/plasma samples (representative of systemic distribution) and
brain samples (representative of the desired site of action), namely: high-performance
liquid chromatography, liquid chromatography coupled with mass spectrometry, gas
chromatography coupled with mass spectrometry, scintigraphy, and fluorescence. Cmax,
which represents the maximum drug concentration that was reached during the study in
a specific biological tissue, and AUC, which represents the change in drug concentration
over time, are the main parameters that can be assessed in these types of study. From the
brain and blood/plasma AUC values specific ratios can be calculated in order to assess the
brain-targeting efficiency of the developed formulations: DTE% and DTP%. DTE% is a
measure of brain drug transport via IN delivery versus IV delivery. DTE% values above
100% indicate that the drug is more efficiently transported to the brain by the IN route
when compared to the IV route. It can be calculated as follows:

DTE% =

(
AUC brain

AUC plasma

)
IN

(
AUC brain

AUC plasma

)
IV

× 100

DTP% is a similar ratio, in the way that it also compares IN and IV administrations, but
it represents the proportion of the drug that is transported directly to the brain. DTP% val-
ues above 0% indicate that the drug is transported by neuronal pathways (direct pathways).
It can be calculated as follows:

DTP% =
BIN− BX

BIN
× 100 where BX =

BIV

PIV
× PIN

Higher DTE% and DTP% values indicate that the drug’s IN administration has better
brain targeting efficiency than IV administration [20].

As for the performed pharmacodynamic tests, these included the forced swimming,
locomotor activity, and sucrose preference tests. These are the main tests that are performed
for the assessment of depression and/or anxiety. The forced swim test is one of the most
commonly used tests to verify the immobility time of the animal. In general, the depressed
animal has a longer immobility time than the healthy animal. After administering the
various formulations to groups of animals in which depression was induced, a significant
reduction in immobility time was obtained. This allows us to conclude that the adminis-
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tration of the developed formulations was successful in making the drugs reach the brain,
and hence having an antidepressant effect. Another important test, reported in some of
the articles included in this review, is the locomotor activity test. Depressed animals are
more likely to show increased immobility compared to healthy ones, or those receiving
antidepressant/anxiolytic treatment [53]. The third most reported test is the sucrose pref-
erence test, which evaluates sucrose consumption during treatment with antidepressants
or anxiolytics compared to control groups. The results show that sucrose consumption
does not change in treated animals but increases in untreated animals [80]. In general,
all the analyzed studies showed a positive evolution in the animals’ behavior, demon-
strating that the developed treatment is more effective than other administration routes
and/or formulations.

2.5.3. Overview and Future Prospects

After analyzing all the brain targeting strategies of different drugs, we can conclude
that it is imperative to have as much information as possible to achieve a fast and effective
brain drug delivery. In this way, we must know the nanosystem’s characteristics, such as
particle size, PDI, and ZP, as well as the characteristics of the final preparation, such as
pH and viscosity. Among the analyzed articles, the most commonly used nanosystems
were polymeric and lipid nanoparticles, which proved to be more effective in delivering
the drug to the brain through the nasal cavity. Additionally, an IN formulation for the
treatment of depression has already been developed and approved by the United States
Food and Drug Administration in 2019. It is a nasal spray containing esketamine, with
the brand name Spravato®. It is used for the treatment of major depression along with
suicidal ideation when patients demonstrate resistance to oral antidepressants [81–83]. This
can be an open door for the further development and approval of IN antidepressant and
anxiolytic drugs. While there are currently no preparations containing nanosystems for
the treatment of these diseases in the pharmaceutical market, multiple studies have now
proven their efficacy. Hence, further studies still need to be performed in order to assess
the true potential of nanosystems containing antidepressant and anxiolytic drugs for IN
administration, especially regarding their efficacy and safety in clinical trials. Additionally,
the scale-up difficulties that may arise from preparations containing nanosystems should
be assessed and improved, so that one day the reported promising experimental results can
originate a marketed formulation, and these preparations can be an option for improved
depression and anxiety treatment.

3. Conclusions

Drug molecule functionalization has proven to be a promising alternative for antide-
pressant and/or anxiolytic drug modification when systemic administration is required,
since with the right ligands it could lead to increased drug transport through the BBB,
leading to higher brain drug concentrations. Nevertheless, the IN route has proven to be
an excellent alternative to systemic routes, such as oral and intravenous administrations, as
it can allow the drugs to be transported directly to the brain through neuronal transport
without having to pass through the BBB. This administration route has proven to lead to
higher efficacy (increased brain targeting and bioavailability) and safety (a reduction of
systemic drug distribution). Furthermore, formulating drugs into nanosystems has proven
to increase the therapeutic efficacy in animal models of these diseases, being especially
relevant through IN administration. Hence, IN administration of antidepressant and anxi-
olytic drugs has been demonstrated to be a suitable alternative to the treatments currently
available on the pharmaceutical market for the treatment of depressive and anxiety disor-
ders. Hence, it is essential than in the future further studies are conducted, so that these
formulations could one day reach the market and ensure an improvement in the quality of
life of patients suffering from these pathologies.
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Abstract: The blood–brain barrier (BBB) precisely controls brain microenvironment and neural activ-
ity by regulating substance transport into and out of the brain. However, it severely hinders drug
entry into the brain, and the efficiency of various systemic therapies against brain diseases. Modula-
tion of the BBB via opening tight junctions, inhibiting active efflux and/or enhancing transcytosis,
possesses the potential to increase BBB permeability and improve intracranial drug concentrations
and systemic therapeutic efficiency. Various strategies of BBB modulation have been reported and
investigated preclinically and/or clinically. This review describes conventional and emerging BBB
modulation strategies and related mechanisms, and safety issues according to BBB structures and
functions, to try to give more promising directions for designing more reasonable preclinical and
clinical studies.

Keywords: blood–brain barrier modulation; tight junction; active efflux; transcytosis; drug delivery

1. Introduction

The blood–brain barrier (BBB) plays a crucial protective role in maintaining a highly
precise brain microenvironment for neuronal activity by regulating material transport
into and out of the brain. The structural bases of the BBB (Figure 1) are brain capillary
endothelial cells with tight junctions, active efflux transporters, and major facilitator su-
perfamily domain-containing protein 2a (Mfsd2a), which jointly endow the BBB with
extremely low both paracellular permeability and transcellular permeability [1]. Tight
junctions seal endothelial paracellular gaps, leading to high trans-endothelial electrical
resistance and limited paracellular transport. Transmembrane tight junction proteins
include claudins, occludin, and junctional adhesion molecules, which all attach to intra-
cellular actin cytoskeleton by membrane-associated proteins (e.g., zonula occludins-1).
Highly expressed active efflux transporters include P-glycoprotein (Pgp), breast cancer
resistant protein (BCRP), and multidrug-resistance proteins (MRPs). Mfsd2a mediates
unique BBB endothelial lipid composition via transporting lysophosphatidylcholine esteri-
fied docosahexaenoic acid to BBB endothelial cells, to limit formation of caveolae-mediated
transcytotic vesicles [2–4]. In addition, endothelial cells, pericytes, and astrocytes jointly
form the neurovascular unit (Figure 1), and regulate the development and function of
the BBB microcirculation by interacting with each other via secreting several factors [5–7].
These above properties cause the BBB to be constantly and dynamically modulated by both
physiological and pathological factors [8,9].

Despite its protective function, the BBB blocks the entry of therapeutic substances
into the brain. Although various brain diseases can lead to BBB breakdown with impaired
structure and increased permeability [8], BBB around lesion margins or after repairing
(e.g., Pgp upregulation in epilepsy and brain tumor) can still block drug delivery to the
brain [9–12]. Therefore, systemic drug therapy for brain diseases is severely limited by the
BBB. BBB modulation contributes to an increased drug concentration in the brain, and thus
increases the efficiency of various systemic therapies [13]. Crucial proteins and structures in
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formation and regulation of BBB and their changes in brain diseases have been selectively
regulated to improve drug delivery for systemic therapies against various brain diseases.
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This review describes various conventional and emerging strategies for BBB modu-
lation that increase both paracellular permeability and transcellular permeability of the
BBB, and classifies these strategies according to BBB structures and functions including
tight junctions, active efflux, and low transcytosis (Table 1). Furthermore, mechanisms
responsible for increased BBB permeability and safe issues related to various strategies
are also discussed, to try to give more promising directions for designing more reasonable
preclinical and clinical studies.

Table 1. BBB regulation strategies and related advantages and disadvantages.

BBB Modulation
Targets Strategies Advantages Disadvantages

Tight junctions

Osmotic disruption Transient and
reversible

Nonselective, uncontrolled
flow, invasive, anesthesia,

and side effects

Radiation-mediated
disruption Disease-specific

Unclear mechanisms and
acute, subacute, and chronic

dose-dependent toxicity

Activating
bradykinin
B2 receptor

Disease-specific,
rapid and transient

Limited application to only
brain tumor and peripheral

side effects

Direct interference Transient and
reversible Peripheral side effects

Active efflux

Direct Inhibition Transient and
reversible . . .

Tolerability concerns of the
inhibitor, and side effects to

both brain and
peripheral tissues

Targeting regulatory
pathways Disease-specific Slow and side effects

Transcytosis Upregulation of LRP1 Drug-specific Slow and possible
LRP1-associated side effects

Inhibition of Mfsd2a Transient and
reversible

Possible Mfsd2a-associated
side effects

Upregulation of
GLUT1 Efficient Fasting-associated

poor compliance
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2. Modulation of Tight Junctions

Opening BBB tight junctions is supposed to increase paracellular BBB permeability
and facilitate paracellular drug transport into the brain [14]. Ideally, tight junction opening
should be transient and selective in a controlled manner to prevent unwanted accumulation
(and toxicity) in the brain, and also avoid any short- or long-term peripheral side effects [15].
Various tight junction opening strategies have been reported with robust both preclinical
and clinical performance (Figure 2). However, concerns of causing severe toxicity constantly
exist, because the non-specific accumulation of neurotoxic blood components may induce
neuronal degenerative changes and even cognitive impairments [16–18]. Various reported
strategies are discussed here, which may help to promote the emergence of highly efficient
approaches with minimal side effects.
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2.1. Osmotic BBB Disruption

Intra-arterial infusion of 25% hyperosmotic mannitol into the carotid or vertebral
artery can induce vasodilation, endothelial cell shrinkage, and subsequent tight junction
loosening and separation, leading to transient and reversible BBB disruption [15,19]. While
conventional intra-arterial administration increases drug exposure of brain tumors 10-fold,
osmotic BBB disruption can further increase drug exposure by up to 100-fold [20]. This
strategy has been translated into the clinic to increase chemotherapy efficiency for brain
tumors, and the tight junction opening window by osmotic BBB disruption can last for
hours in humans [21]. Other hyperosmotic agents that transiently open tight junctions also
include arabinose, lactamide, saline, urea, and radiographic contrast agents [15]. Osmotic
BBB disruption is generally nonselective with uncontrolled flow into whole brain regions,
such as neurotoxic blood components (e.g., albumin), leading to edema, neurological
toxicity, epilepsy, aphasia, and hemiparesis [15,22–24]. In addition, the invasive nature
and general anesthesia render the technique impractical for drug therapy against chronic
brain diseases [14]. Therefore, the use of osmotic BBB disruption is confined to only clinical
management of brain tumors.

2.2. Radiation-Mediated BBB Disruption

Radiation cannot only induce tumor cell apoptosis, but also disrupt the BBB [7,18,25–31].
Although the underlying mechanisms are still uncertain, BBB disruption induced by
radiation leads to enhanced paracellular diffusion and transcellular transport [7]. Radiation
therapy has been combined with systemic therapies to treat brain tumors. Although some
study suggests that radiation failed to increase intracranial drug concentrations, increased
gefitinib concentration in cerebrospinal fluid was shown with escalating radiation dose
in patients with brain metastases in clinical trials [32,33]. Therefore, further research is
needed to verify whether enhanced drug delivery to the brain can indeed occur after
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radiation and whether it is based on the effects on the BBB [34]. It has been reported
that the disrupted BBB by radiation needs hours to years to recover [27]. Therefore,
irradiation involves acute, subacute, and chronic dose-dependent toxicity [26,27]. For
example, vasogenic edema from vascular damage causes early radiation toxicity syndrome
including headache, nausea, or neurologic deficits [18]. Subacute side effects may appear
around six months post radiation and progress into chronic dysfunction. Chronic side
effects include radiation-induced necrosis, demyelination, leukoencephalopathy, cerebral
atrophy, and neurocognitive deficits, and so on [35,36]. Stereotaxic radiosurgery may be an
alternative approach to reduce radiation-related intracranial side effects and simultaneously
maintain the BBB disrupting effects.

2.3. Activating Bradykinin B2 Receptor

Bradykinin B2 receptor is constitutively expressed on BBB endothelial cells. Its stim-
ulation can rapidly and transiently disengage tight junctions and increase BBB perme-
ability [37]. The expression of bradykinin B2 receptor is upregulated in the blood–tumor
barrier (BTB) in brain tumors [38,39]. Therefore, activating the bradykinin B2 receptor may
selectively modulate the BTB permeability and increase drug delivery to brain tumors.
This strategy may be able to avoid side effects of osmotic BBB disruption towards the
normal brain, owing to targeting effects on the BTB. Nonapeptide RMP-7 can selectively
stimulate bradykinin B2 receptor and possesses longer blood circulation than endogenous
bradykinin [37]. RMP-7 has been shown to be effective in opening BBB tight junctions and
increasing intracranial drug concentrations in normal animal and in brain tumor animal
models after intravenous infusion or intra-arterial injection [40–42].

Bradykinin B2 receptor is also expressed at numerous additional sites, and its activa-
tion at these sites can induce a wide variety of physiological responses including smooth
muscle relaxation (e.g., vasculature) and contraction (e.g., intestine and uterus), inflamma-
tion modulation, pain mediation, and dose-limiting side effects (e.g., hypotension) [37].
The major side effects of intravenously administered tolerable RMP (up to 300 ng/kg
over 10 min) were immediate and transient and included flushing, nausea, headache, and
tachycardia [43–45]. At clinically approved dosage, the effects of intravenously infused
RMP-7 weren’t shown in Phase II clinical trials in patients with brain tumors [38,44–46].
Intracarotid injection rather intravenous infusion has the potential of concentrating RMP-7
to the brain and reducing effects on peripheral tissues. Except for transient decreases in
arterial blood pressure, intra-arterial administration of RMP-7 wasn’t shown to produce
any other side effects, such as apparent cerebrovascular abnormalities and neurologic
deficits in swine [47]. It is to be noted that bradykinin-increased BBB permeability may also
be related with increased vesicular transport [48]. Considering the specific effect of RMP-7
on the BTB and the evidence demonstrated with the U87 glioma model that 7~100 nm
pores in BTB are sufficient to allow the translocation of certain nanoparticles [49], the
possibility of combining RMP-7 with targeting macromolecules or nanomedicine should
be further evaluated.

2.4. Direct Interference of Tight Junctions

Claudins are major components of tight junctions, and claudin-5 dominates the BBB
tight junctions by limiting paracellular penetration of small molecules [50–52]. Knockdown
of BBB endothelial claudin-5 using specific siRNA was also shown to be able to transiently
and reversibly increase BBB permeability to small molecules (MW up to 742) in mice [53].
The BBB opening and increased permeability after claudin-5 siRNA treatment were found
to be size-selective and last for 72 h for small molecules with MW 443 and for 48 h for
small molecules with MWs 562 and 742. It is also noteworthy that BBB opening after
claudin-5 siRNA treatment also contributed to the clearance of water from the brain with
cognitive improvement in mice with focal cerebral edema [54]. Anti-claudin-5 antibody
can specifically recognize and bind with the extracellular loop domain of claudin-5, leading
to impaired BBB tight junctions and increased BBB permeability to small molecules (e.g.,
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sodium fluorescein with MW 376) [55–57]. The 3 mg/kg antibody didn’t induce any liver
and kidney injury, change of plasma biomarkers of inflammation, and behavior change
in cynomolgus monkeys while vasodilation in liver, lung, and kidney, lung hemorrhage,
and brain edema were shown with 6 mg/kg antibody [55]. The side effects of high dose
of anti-claudin-5 antibody can be ascribed to the wide expression of claudin-5 in the
vascular endothelium of peripheral tissues [52]. The narrow window between the tight
junction opening and peripheral side effects should be considered and local delivery of
anti-claudin-5 antibody may be able to prevent the above side effects. Peptide C5C2
can bind with the first extracellular loop of claudin-5 and was shown to internalize and
downregulate claudin-5 [58]. However, in contrary to anti-claudin-5 antibody and claudin-
5 siRNA, the transient and reversible BBB opening mediated by C5C2 was found to allow
brain entry of molecules up to 40 kDa.

Angulin-1 and tricellulin constitute the functional BBB tricellular tight junctions, which
blocking brain entry of macromolecules only [50,59,60]. Angubindin-1 is derived from the
receptor-binding domain of Clostridium perfringens iota-toxin and can bind with angulin-1
of tricellular tight junctions and remove angulin-1 and tricellulin from tricellular tight
junctions, leading to enhanced BBB permeability to macromolecules [61]. Intravenously
injected angubindin-1 disrupted tricellular tight junctions without any overt adverse effect
and increased BBB permeability for transient brain entry of macromolecules [60].

2.5. Other Potential Strategies

There also reported numerous other strategies for opening BBB tight junctions with
enormous potential. For example, as a G protein-coupled receptor, sphingosine 1-phosphate
receptor-1 (S1PR1) plays an important role in the barrier function of the BBB and peripheral
vessels [17]. Knockout or downregulation of endothelial S1PR1 transiently and reversibly
altered distribution of BBB tight junction proteins and allowed increased brain penetration
of small molecules with MW less than 3000 in mice. The opening of BBB tight junctions
by S1PR1 inhibition via FTY720 didn’t show any signs of brain inflammation or injury.
Controversially, FTY720 was also reported to reverse downregulation of S1P1 and S1P3
in retinas of diabetic rats and repair BBB by upregulating claudin-5 and downregulating
VCAM-1 [62,63]. Therefore, further research is needed to verify whether FTY720 can in-
deed open BBB tight junctions and enhance paracellular drug delivery to the brain. The
upregulation of astrocytic S1PR3 was linked to high permeability of brain metastases from
breast cancer [64–66], suggesting contrary pathophysiological effects of S1PR3 to those
of S1PR1. Further studies are also needed to elucidate the respective roles of S1PR1 and
S1PR3 in the BBB.

Intracarotid injection of alkylglycerols was shown to transiently increase paracellular
BBB permeability to small molecules and macromolecules with an efficiency compara-
ble to that of osmotic BBB disruption and higher than that of intracarotid infusion of
bradykinin [67–71]. Although intracarotid administration is an invasive procedure and
the effects of alkylglycerols haven’t been proven clinically, the strategy of alkylglycerol-
mediated BBB opening didn’t reveal any sign of toxicity at the animal level after long-term
in vivo analyses [71]. In addition, intracarotid infusion of oleic acid or linoleic acid was
also found to cause reversible BBB disruption and increase BBB permeability, but with
brain edema, necrosis, and demyelination [72,73].

In theory, selectively disrupting the diseased BBB is more advantageous than nonspe-
cific BBB disruption when systemic therapy of brain diseases is considered, owing to the
absence of unwanted side effects to normal brain regions, e.g., the strategy of activating
the bradykinin B2 receptor in 2.3. Pericytes derived from glioblastoma were reported to
be directly associated with the BTB tight junctions and poor response of glioblastoma to
chemotherapy [74]. Reducing pericyte coverage of the BTB was found to successfully
increase paracellular BTB permeability and then improve chemotherapy efficiency against
glioblastoma [75]. Ibrutinib with the ability of eliminating glioblastoma-derived pericytes
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by inhibiting BMX kinase was proven to be able to selectively impair the BTB tight junctions
to enhance the therapeutic efficacy of drugs with poor BTB penetration [74].

Substance P is an important proinflammatory neuropeptide that functions as an im-
munoneuromodulator in the brain. Notably, substance P is also expressed by breast cancer
and involves in chemoresistance and BBB crossing of breast cancer cells to form brain
metastases [76]. Substance P secreted by breast cancer cells induces BBB endothelial cells
to successively secret tumor necrosis factor alpha (TNFα) and angiopoietin-2 (Ang-2),
which further activate their receptors to reorganize endothelial cytoskeleton and destabi-
lize inter-endothelial adhesion complexes to alter distribution of tight junction proteins
such as claudin-5 [76–79]. In addition, increased BBB permeability by secreted Ang-2 is
also correlated with upregulated caveolin-1 and intensified caveolae-mediated vesicular
transport [80]. Considering the substance P-mediated effects and corresponding specific
expression of TNF receptors in the BTB (brain metastases), substance P, TNFα, Ang-2 and
their derivatives can be used to open tight junctions in the BBB and tumor-associated
BTB, respectively.

3. Modulation of Active Efflux

Active efflux transporters are selective gatekeepers at the BBB and cooperate with
tight junctions to regulate substance transport into and out of the brain. Pathophysio-
logical processes and pharmacological intervention further aggravate the efflux effect
by intensifying expression and activity of these efflux transporters. Therefore, targeting
regulatory pathways of BBB efflux transporters is supposed to be a feasible approach for
efficient drug delivery to the brain [81,82]. BBB efflux transporters include Pgp, BCRP and
MRPs. Although the role of other efflux transporters may be underestimated, Pgp with
multiple binding domains for broad substrate spectrum is thought to be a predominant
BBB efflux transporter [81,82]. Therefore, this section is focused on the modulation of Pgp.
Typical strategies including direct inhibition and inhibiting transcriptional activation are
introduced here. Notably, preserving and restoring their normal expression and activity
after treatment is of specific importance, owing to the protective roles of active efflux.
Many other modulating mechanisms of BBB Pgp expression and activity, such as posttran-
scriptional mechanisms, posttranslational mechanisms, and intracellular and intercellular
trafficking, were not reviewed here, owing to the absence of reported pharmacological
intervention [81].

3.1. Direct Inhibition of Efflux Transporters

Pgp activity can be directly inhibited using specific competitive inhibitors, such as
verapamil (Figure 3) [83,84]. In vivo cerebral microdialysis can be used to directly measure
the concentration of free drug in the brain to study possible drug–Pgp interactions [85].
For example, through brain microdialysis in rats, it has been shown that Pgp inhibition
enhanced the brain concentration of Pgp substrates ceftriaxone and seliciclib [86,87]. Evalu-
ated by intracerebral microdialysis on mice, topotecan penetration in gliomas was enhanced
by modulating Pgp using gefitinib [88]. However, high dosed inhibitors are often used,
owing to their low Pgp binding affinity and greater resistant Pgp inhibition at the BBB than
peripheral Pgp [89], which may lead to tolerability concerns and side effects. In addition,
Pgp inhibition at the BBB can enhance brain concentrations of unwanted substrates, which
could lead to serious intracranial side effects from the unwanted compounds [85]. The
second-generation inhibitors with improved tolerability, including valspodar, possess the
shortcomings of inhibiting cytochrome P450 enzymes, leading to delayed drug clearance
and prolonged systemic exposure of co-administered therapeutic drugs [82]. Thus, the
effects on drug metabolism and pharmacodynamics limit the application of these two
generation inhibitors. Third-generation inhibitors (e.g., elacridar) affect BBB efflux efficacy
by inducing Pgp conformation changes.
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3.2. Targeting Regulatory Pathways of Efflux Transporters

Inhibiting the signal pathways intensifying Pgp expression and activity is supposed to
overcome Pgp-mediated efflux and chemoresistance [90]. A number of “orphan” nuclear
receptors are key transcriptional regulators and their expression at the BBB can upregulate
Pgp, BCRP, and MRPs to respond to potentially harmful compounds. For example, preg-
nane X receptor (PXR) directly participates in Pgp upregulation by anticancer drugs [91–93].
Antagonists of these orphan nuclear receptors, such as ketoconazole, were shown to ef-
fectively inhibit rifampicin- and paclitaxel-induced Pgp upregulation, and sensitize brain
cancers to anticancer drugs [94]. It is to be noted that these Pgp regulating mechanisms at
the BBB likely exist in peripheral tissues. Strategies reversing Pgp upregulation might also
reduce Pgp in other tissues and thereby cause unintended side effects.

The signaling pathway of glutamate/NMDA-R/COX-2/prostaglandin E2 EP1 recep-
tor induces Pgp and BCRP overexpression at the BBB in epileptic brains (Figure 4). MK-801,
an antagonist of N-methyl-D-aspartate receptor (NMDA-R), was proven to effectively
prevent glutamate-induced Pgp upregulation [95]. However, the side effects severely
restrict the development of this approach [96]. COX inhibition using indomethacin and
celecoxib was proven to prevent seizure-induced Pgp overexpression and enhance delivery
of antiepileptic drugs to the brain in epilepsy model with negligible effect on basal Pgp ex-
pression and transport activity [97–99]. Unfortunately, COX-2 inhibitors are also associated
with an enhanced risk of cardiovascular and cerebrovascular events and the controversial
impact on seizure thresholds and seizure severity [100]. Inhibiting the prostaglandin E2
EP1 receptor by SC-51089 was further demonstrated to abolish glutamate-induced Pgp
increases at the BBB, and enhance antiepileptic drug efficacy [82,101]. Neurodegeneration
aggravation after COX-2 inhibition can be attributed to the blocking of EP2, EP3, and EP4
downstream of prostaglandin E2 [102–104]. Therefore, antagonism of the prostaglandin E2
EP1 receptor may be the most promising approach to control Pgp expression and enhance
entry of antiepileptic drugs to epileptic brains. Strategies of reversing Pgp upregulation in
epilepsy can be extended to the application in treating brain ischemia, because the gluta-
mate release and similar Pgp upregulation mechanisms also exists in brain ischemia [105].
In contrary, as a critical factor for intracranial clearance of amyloid β-protein (Aβ), Pgp
expression at the BBB is often downregulated to promote intracranial Aβ accumulation
in Alzheimer’s disease [106–109]. Signaling pathways inducing Pgp upregulation may be
carefully harnessed to treat Alzheimer’s disease. For example, PXR ligands (e.g., hyper-
forin) and EP1 receptor agonists hold the potential for upregulating Pgp to interfere with
Alzheimer’s disease. In addition, strengthening the Wnt/β-catenin signaling may also be
able to increase Pgp to reduce Aβ burden in Alzheimer’s disease [110].
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4. Modulation of Transcytosis

Receptor-mediated transcytosis is often used to mediate transcellular BBB crossing,
owing to the extremely low paracellular BBB permeability controlled by the tight junctions
and active efflux transporters. Receptor-specific ligands can be used to decorate drug
delivery systems (e.g., multifunctional nanoparticles) to initiate transcellular transport
across the BBB [8,49,111–117]. However, the density of these target receptors at the BBB is
much lower than that of nutrient transporters (e.g., glucose transporter) [118]. More impor-
tantly, exclusively expressed Mfsd2a limits formation of caveolae-mediated transcytotic
vesicles and the transcytosis rate at the BBB by regulating BBB endothelial lipid composi-
tion [1–6,119–121]. Therefore, the efficiency of transcellular transport at the BBB should be
modulated to improve brain accumulation of ligand-modified drug delivery systems.

4.1. Upregulation of LRP1

Low-density lipoprotein receptor-related protein 1 (LRP1) is expressed at both luminal
and abluminal sides of the BBB. While abluminal LRP1 is primarily responsible for clearing
Aβ from the brain to blood [122], luminal LRP1 has been extensively studied to mediate
drug delivery to the brain. Inspired by the fact that statins can suppress cholesterol
synthesis and then induce compensatory expression of LRP1 [118,123–126], simvastatin-
loaded nanoparticles were reported in our previous work to upregulate LRP1 at the
BBB and boost LRP1-targeting chemotherapy efficiency against brain metastases from
breast cancer [114]. In addition, LRP1 can respond to astrocytic apolipoprotein E to
maintain the BBB integrity by suppressing the BBB-degrading pathway of activation of
cyclophilin A-matrix metalloproteinase 9 [127,128]. More importantly, the diminishment of
abluminal LRP1 is closely related to intracranial Aβ accumulation in Alzheimer’s disease,
and also to the aggregation ofα-synuclein into Lewy bodies in Parkinson’s disease [127,128].
Therefore, the strategy of upregulating LRP1, a potentially important therapeutic target of
BBB breakdown-related diseases, holds the potential to be used to treat both Alzheimer’s
disease and Parkinson’s disease. In fact, delivery of LRP1 gene to the BBB has been reported
to facilitate Aβ clearance via upregulating LRP1 [127,129].

4.2. Inhibition of Mfsd2a

Reversible inhibition of Mfsd2a holds the potential to temporarily liberate the limited
transcytosis at the BBB [2]. In our previous work, Mfsd2a inhibitor tunicamycin was
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delivered to the BBB and shown to be able to enhance brain accumulation of subsequent
therapeutic nanoparticles and the efficiency in treating brain metastases from breast cancer
in mice [117]. Owing to the crucial role of Mfsd2a in transporting essential fatty acids and
promoting BBB formation and brain development, Mfsd2a knockout induces microcephaly,
Allan-Herndon-Dudley syndrome, and other severe side effects (e.g., BBB breakdown,
neuronal loss, cognitive impairment, intellectual disability, behavioral deficits, spasticity,
and absent speech and so on) [4,121,127,128,130–132]. In clinical practice, the loss of BBB
Mfsd2a is often found in Alzheimer’s disease, traumatic brain injury, stroke, and brain
tumor. Mfsd2a may be a potential therapeutic target for these diseases and remains to be
explored further [130,131]. However, tunicamycin-mediated Mfsd2a inhibition is likely to
be reversible, because the inhibition mechanism is supposed to be just physical binding
and the inhibitor would dissociate from Mfsd2a after entering the brain [2]. Therefore, side
effects associated with Mfsd2a deficiency could be avoided.

4.3. Upregulation of GLUT1

Glucose transporter 1 (GLUT1) at the BBB maintains the continuous high glucose
and energy demands of the brain. Based on its essential role in transporting glucose and
its participation in pathological processes of various brain diseases such as Alzheimer’s
disease, ischemia, and brain tumors, upregulation of GLUT1 has been proposed to treat
hypoglycemic conditions, while its downregulation or inhibition could be used to cope
with hyperglycemic conditions [133]. In addition to being direct therapeutic targets, wide
expression of GLUT1 at the BBB has been extensively used to mediate drug delivery to
the brain. GLUT1 upregulation at the luminal side of the BBB via hypoglycemia and
its migration to the abluminal side were implemented via rapid glycemic increase after
fasting [134]. Then, the brain accumulation of properly configured glucose nanoparticles
was shown to reach 6% dose/g-brain in normal mice with glycemic control. Because
Alzheimer’s disease is characterized by reduced GLUT1 at the BBB and a reduction of
glucose transport [129], this strategy of rapid glycemic increase after fasting holds the
potential to treat Alzheimer’s disease via upregulating GLUT1.

5. Multifunctional Strategies by Multiple BBB Modulation

All the above strategies increase BBB permeability via separately modulating tight
junctions, active efflux, or transcytosis. In fact, there many other multifunctional strategies
were also reported, which can simultaneously modulate multiple controlling factors and
achieve theoretically higher BBB permeability for efficient drug delivery to the brain.

5.1. Focused Ultrasound

Low intensity focused ultrasound is a noninvasive technique that is combined with
intravenously injected gaseous perfluorocarbon-filled microbubbles to transiently and
focally modulate the BBB [135,136]. With the help of stable oscillation of microbubbles,
the BBB is transiently and reversibly disrupted and characterized by (1) disintegration
of tight junctions including claudin-5; (2) fenestration and channel formation; (3) Pgp
suppression; and (4) upregulation of caveolin-1 and caveolae-mediated transcytotic vesi-
cles, which jointly facilitate both paracellular transport and transcellular passage through
the BBB [137–141]. Under the guidance by magnetic resonance imaging, microbubble-
enhanced focused ultrasound can act on specific intracranial areas with negligible toxicity
to adjacent normal brain cells [142–146]. Further, ultrasmall superparamagnetic iron oxide
nanoparticles can be encapsulated into microbubbles and nanobubbles to increase the
BBB disruption efficiency and monitor post-sonication BBB opening and drug delivery
across the BBB [147,148]. Generally, microbubble-enhanced focused ultrasound is less
invasive than BBB disruption induced by osmotic agents with minimal neurotoxicity, in-
flammation, and stroke occurrences in clinical settings [135,149–153]. However, increasing
acoustic energy is associated with increasing risk of side effects including vascular dam-
age, edema, parenchymal damage, microhemorrhage, and over-activation of the immune
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system (e.g., autoimmunity) [137,154,155]. Therefore, adjusting ultrasound parameters
is necessary for reducing risks, especially for repeated treatments and the application of
mediating drug delivery to Alzheimer’s disease owing to Aβ-mediated resistance of BBB
disruption [156,157].

5.2. Activating A2A Adenosine Receptor

A2A adenosine receptor interacts with Gs protein to activate adenylate cyclase and
further increase intracellular cAMP [154]. It is located on platelets, leukocytes, blood
vessels and intracranial regions such as striatum [158]. Its activation can inhibit platelet
aggregation and regulate blood pressure through vasodilation [159]. Its expression can be
altered by pathological conditions, e.g., upregulation on glial cells by hypoxia and inflam-
mation and at the BBB by brain tumors [10,160], to protect against damage via reducing
inflammation [161]. The activation of A2A adenosine receptor at the BBB can increase BBB
permeability by rapid and reversible decrease of tight junction proteins (e.g., claudin-5),
Pgp and BCRP [154,162]. Intravenous injection of clinically used regadenoson was shown
to be able to increase intracranial concentrations of small molecules and macromolecules in
preclinical studies [163–167]. However, regadenoson treatment at FDA-approved doses
in humans (bolus injection of 0.4 mg) was found without increased intracranial concen-
trations of temozolomide in patients with recurrent glioblastoma [168,169], which may
be attributed to the insufficient dose of this strategy for effective BBB modulation, and
warrants the necessity of studies on whether higher dose or different agonists would be
effective [154]. The alternative option of nanomedicine-mediated targeted agonist delivery
holds the potential of not only enhancing selectivity, intensifying the BBB opening effect,
and prolonging the BBB opening time window from up to 50 min to up to 2 h [170–174],
but also avoiding affecting peripheral A2A adenosine receptors to minimize systemic
side effects, e.g., excessive vasodilatation of the peripheral vascular bed, dizziness, and
headaches [154].

5.3. Activating Potassium Channels

Blood vessel endothelium widely expresses potassium channels, especially ATP-
dependent potassium channels (KATP) [175,176]. Activation of KATP can regulate vascular
hyperpolarization, relaxation, dilatation and vessel permeability [175–178], making KATP a
therapeutic target for hypertension. KATP is often upregulated in hypoxic environments
including brain tumors and ischemia [178,179]. The regulatory effects on BTB permeability
by activating the KATP are expected to be more significant than those of the BBB [176,180].
These effects include intensified paracellular diffusion and transcellular transport, which
involve in downregulated tight junction proteins and upregulated caveolin-1 and caveolae-
mediated transcytotic vesicles [176,181,182]. BTB modulation by strengthening the acti-
vation of KATP can be tightly controlled by inhibitors and has been used via minoxidil to
increase Herceptin delivery to primary or metastatic brain tumors [183–186]. Although
minoxidil was found to be nontoxic in both mice and rats [175], nonselective activation of
KATP may induce pericardial effusion, cardiac tamponade, reflex tachycardia, myocardial
necrosis, coronary arteriopathy, degeneration of renal tubules, hypotension, dermatologic
reactions, and hypertrichosis [154,187]. Intracarotid injection rather intravenous infusion
holds the potential of concentrating minoxidil to the brain and reducing effects on periph-
eral tissues. As an alternative approach, in our previous work, minoxidil was delivered by
hyaluronic acid modified nanoparticles to specially intensify the activation of BTB KATP to
enhance specific accumulation of subsequently injected therapeutic nanoparticles in brain
metastases in mice [188].

5.4. Other Potential Multifunctional Strategies

As a key factor in hypertension, diabetes and aging, angiotensin-II can increase BBB
permeability in both paracellular and transcellular manner by altering the distribution
of tight junction proteins, decreasing Mfsd2a, and increasing caveolin-1 [189]. Thus,
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angiotensin-II can be used to open the BBB for increased drug delivery into the brain to
treat various brain diseases. As a surgical technique, laser interstitial thermal therapy has
been widely used to ablate brain tumors [190,191]. Interestingly, increasing data indicate
that thermal therapy can disrupt the BBB via temporarily altering tight junctions and
increasing transcytosis [190]. Although this technique is invasive and requires general
anesthesia, combination of laser interstitial thermal therapy with other systemic therapies
still holds the potential for synergistic therapeutic effect.

6. Conclusions and Future Perspectives

Modulation of the BBB, including tight junctions, active efflux transporters, and
transcytotic vesicles, has been extensively studied to increase drug delivery to the brain.
Although improved intracranial drug concentrations were often shown for almost all
approaches, most of these studies were conducted preclinically and focused on brain
tumors with very few exceptions on epilepsy. Side effects associated with these mod-
ulating strategies need to be carefully handled to extend these technologies to various
brain diseases, including neurodegenerative diseases. First, although any delivery route
can be used including intravenous, intracarotid or stereotactic administration, these BBB
modulation approaches by themselves (e.g., radiation and various modulators) can be
severely toxic. Second, besides the BBB’s protective roles, BBB modulations are likely to
impair the intracranial physiological functions of related targets, e.g., normal physiological
actions of bradykinin B2 receptor, S1PR1, Pgp, Mfsd2a, LRP1, GLUT1, A2A adenosine
receptor, and KATP. Third, increased drug concentrations in normal brain and peripheral
tissues resulting from efflux inhibition or tight junction opening may worsen side effects of
subsequent therapeutic drugs. Fourth, unwanted accumulation of endogenous neurotoxic
blood components and xenobiotics in normal brain regions (even specific accumulation
in diseased regions) may lead to severe neurological complications. Therefore, the mod-
ulation window of various modulation strategies should be carefully investigated for
safe clinical translation, especially those multifunctional strategies that combine multiple
BBB modulations.
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Abstract: Intra-arterial drug delivery circumvents the first-pass effect and is believed to increase both
efficacy and tolerability of primary and metastatic brain tumor therapy. The aim of this update is to
report on pertinent articles and clinical trials to better understand the research landscape to date and
future directions. Elsevier’s Scopus and ClinicalTrials.gov databases were reviewed in August 2021
for all possible articles and clinical trials of intra-arterial drug injection as a treatment strategy for
brain tumors. Entries were screened against predefined selection criteria and various parameters
were summarized. Twenty clinical trials and 271 articles satisfied all inclusion criteria. In terms
of articles, 201 (74%) were primarily clinical and 70 (26%) were basic science, published in a total
of 120 different journals. Median values were: publication year, 1986 (range, 1962–2021); citation
count, 15 (range, 0–607); number of authors, 5 (range, 1–18). Pertaining to clinical trials, 9 (45%) were
phase 1 trials, with median expected start and completion years in 2011 (range, 1998–2019) and 2022
(range, 2008–2025), respectively. Only one (5%) trial has reported results to date. Glioma was the
most common tumor indication reported in both articles (68%) and trials (75%). There were 215
(79%) articles investigating chemotherapy, while 13 (65%) trials evaluated targeted therapy. Transient
blood–brain barrier disruption was the commonest strategy for articles (27%) and trials (60%) to
optimize intra-arterial therapy. Articles and trials predominately originated in the United States
(50% and 90%, respectively). In this bibliometric and clinical trials analysis, we discuss the current
state and trends of intra-arterial therapy for brain tumors. Most articles were clinical, and traditional
anti-cancer agents and drug delivery strategies were commonly studied. This was reflected in clinical
trials, of which only a single study had reported outcomes. We anticipate future efforts to involve
novel therapeutic and procedural strategies based on recent advances in the field.

Keywords: brain tumor; glioma; drug delivery; injection; intra-arterial; chemotherapy; targeted
therapy; immunotherapy; nanoparticles; treatment

1. Introduction

Conventional treatment options for brain tumors rely on surgery, radiotherapy, and
systemic pharmacotherapy. Oral and intravenous drug administration is often associated
with poor brain distribution and bioavailability, limiting therapeutic effect, and contributing
to unsatisfactory clinical outcomes [1–6]. High-grade gliomas, including glioblastoma
and H3K27-altered diffuse midline glioma, with a median survival of approximately
12–15 months after diagnosis, stand a grim example of this failure to develop effective
treatments [7–11]. In this multiomics era of biomedical research, insights into biological
aspects of cancer have allowed us to identify potential targets that could improve the
clinical course of these devastating diseases [12–15]. The first-pass effect and the blood–
brain barrier (BBB), however, remain significant obstacles for therapeutic access to the brain
and hinder novel therapies from unfolding pharmacologic potential [16–20].
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One proposed solution to overcome these hurdles comprises strategies to minimize
systemic drug exposure and modulate the BBB, which could expand the spectrum of usable
drugs and potentially improve therapeutic efficacy and tolerability. Intra-arterial injection
into intracranial vessels is one such strategy, with the potential to increase drug responses to
primary and metastatic brain tumors [21–30]. Intra-arterial infusion of anti-cancer therapies
can be combined with concurrent administration of a variety of agents, including chemical
reagents, penetration drug carriers, or microbubbles for focused ultrasound, to selectively
open the BBB in areas of interest [17,25,31,32]. By accessing intracranial vessels through
peripheral arteries and directly administering BBB-disrupting and therapeutic agents into
the arterial supply to the brain, intra-arterial injection facilitates greatly improved local drug
delivery, increased intra-tumoral concentration, and lowered systemic exposure [33–37].

Since it was first described more than half a century ago, there have been considerable
efforts not only to explore the biological mechanisms behind intra-arterial therapy but
also to evaluate its applicability to a wide range of diseases. To date, multiple research
studies are quoted to have investigated intra-arterial drug administration, yet there has
been little, if any, translational impact observed for brain tumors [31,34,38–43]. Therefore,
it is important to characterize how impactful the literature and previous clinical trials have
been to predict where this drug delivery approach is heading. The aim of this study was to
analyze the bibliometric parameters of available articles and evaluate registered clinical
trials that have incorporated intra-arterial drug injection as a treatment strategy for brain
tumors. This will provide a profile of the most impactful articles and trials to better inform
clinicians of the current research landscape of intra-arterial drug delivery. Furthermore,
this will enable future clinical trials to optimize and justify their design based on previous
experiences to maximize trial discoveries and outcomes.

2. Methodology

The search strategy was designed to capture all possible Scopus-indexed articles
and ClinicalTrials.gov-registered clinical trials referring to intra-arterial therapies for the
treatment of brain tumors. Elsevier’s Scopus facilitates access to peer-reviewed articles
from approximately 22,000 journals. It offers one of the largest scientific literature capture
reaches of biomedical electronic research databases [44]. ClinicalTrials.gov is a database
provided by the US National Library of Medicine that contains referenced clinical trials on
a wide range of conditions and diseases conducted around the world. It has been shown to
have entries on 388,133 research studies from all 50 states of the USA and 219 countries
worldwide [45,46]. Both databases were searched and screened independently by two
investigators (J.S.R. and F.T.). We searched Scopus for referenced articles from its date
of inception to August 2021 using the following string of search terms: (intra-arterial)
AND (therapy OR treatment) AND (brain tumor OR glioma). The ClinicalTrials.gov portal
was searched in August 2021 using “brain tumor”, “glioma”, and “intra-arterial injection”
search terms for Condition or disease and Intervention/treatment, respectively. Any
discrepancies were resolved by discussion until consensus was reached. Publications were
limited to the English language.

To be included in our subsequent analyses, articles and clinical trials were required to
investigate (1) intra-arterial administration of (2) therapeutics as (3) a treatment strategy for
(4) tumors related to (5) the brain. In the case of articles and research studies that explored
intra-arterial injection as a purely diagnostic tool, focused on diseases other than primary
or secondary brain tumors, or investigated tumors of other organ systems, these were not
included due to lack of specificity. Assessment of articles and trials to satisfy these criteria
was performed independently by two investigators (J.S.R and F.T.), with any discrepancies
resolved by discussion. There was no location restriction for eligible database entries.

The following validated article variables were then extracted from the Scopus database:
article title, year, authors, number of authors, country of correspondence of the senior
author, journal, Scopus citations, document type, study type, tumor type, therapy type,
and type of treatment strategy for optimizing intra-arterial administration. Regarding the
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latter variable, 5 categories were defined: (1) nanoparticles, (2) transient BBB disruption,
(3) transient cerebral hypoperfusion or flow arrest, (4) superselective intra-arterial cerebral
infusion, and (5) the combination of imaging techniques with intra-arterial infusion of
contrast agents or labeled therapeutic agents. With respect to study type, articles were
dichotomized to be either basic science (BSc) or clinical (CL). BSc articles were ones primar-
ily describing nonpatient investigations, such as in vitro and in vivo models, whereas CL
articles were ones focusing on patient outcomes, including feasibility, safety, and survival.
Clinical trial outcomes extracted from ClinicalTrials.gov included National Clinical Trial
(NCT) number, title, sponsor, institution of correspondence, country of origin of the corre-
sponding institution, number of institutions involved, involvement of outside countries,
status, availability of results, type of condition, type of primary intervention, primary
and secondary outcome measurements, gender enrollment, age of enrollment, number of
patients enrolled, study phases, study type, start year, completion year, year of the first
release of results, and last updated year [47]. Missing data were denoted as “not reported”.
All data analyses, including the generation of figures and tables, were performed using
Pandas 1.3.2 (i.e., Python Data Analysis Library), an open-source data analysis and manip-
ulation tool that is built on top of the Python programming language [48]. No statistical
comparisons were conducted.

3. Results
3.1. Article Characteristics

A total of 546 articles were retrieved from Scopus after the initial database search.
We screened titles and abstracts to obtain 357 articles not meeting any exclusion cri-
teria. Full-text evaluation yielded 271 articles that were finally included in our study
(Figure 1). A summary of the whole article cohort is provided in Table 1, and detailed
results can be found in Tables S1–S13, Supplementary Materials. We identified 227 (84%) as
original articles and 44 (16%) as review articles. There were 70 BSc articles (26%) and 201 CL
articles (74%). Fifty-four (20%) were published open access, and therefore freely accessible
online (Table S1). The most common articles for intra-arterial drug delivery in brain tumors
were for gliomas (n= 184, 68%), including glioblastoma, gliosarcoma, diffuse intrinsic pontine
glioma and glioma without further specification, brain metastasis (n = 12, 4%), and lymphoma
(n = 5, 2%). Sixty-six articles reported inclusion of multiple tumor types (24%) (Table S2).
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Table 1. Summary of article characteristics.

Parameter Outcome (n = 271 Publications) *

Publication Type
Original articles 227 (84%)
Review articles 44 (16%)
Clinical articles 201 (74%)
Basic science articles 70 (26%)
Open access 54 (20%)

Year of publication
Range in years 1962–2021
Peak year 1986
Number of publications in peak year 17
Median publications per year 5

Citations
Median 15
Most cited publication (n) Primary central nervous system lymphoma (607)

Most cited original article (n)
Safety and efficacy of a multicenter study using intraarterial chemotherapy

in conjunction with osmotic opening of the blood–brain barrier for the
treatment of patients with malignant brain tumors (300)

Most cited review article (n) Primary central nervous system lymphoma (607)

Authors
Median number of authors per publication 5
Most authored publications (n) Neuwelt E.A. (14)
Most first authored publications (n) Nakagawa H. (7)
Most senior authored publications (n) Neuwelt E.A. (8), Boockvar J.A. (8)

Country of correspondence
Total countries involved 20
Countries with most publications

US 135 (50%)
Japan 46 (17%)
Canada 19 (7%)

Contributing journals
Total number of journals involved 120
Journals with most publications

Journal of Neuro-Oncology 48 (18%)
Japanese Journal of Cancer and Chemotherapy 14 (5%)
Neurosurgery 13 (5%)

Tumor type #
Most common

Glioma (combined) 184 (68%)
Multiple (>1 tumor type) 66 (24%)

Therapies #
Chemotherapy 215 (79%)
Targeted Therapy 40 (15%)
Immunotherapy 13 (5%)
Radiosensitizing/neutron capture therapy 17 (6%)
Stem cell therapy 5 (2%)

Treatment strategies #
Number of publications using:

Nanoparticles 17 (6%)
Transient blood–brain barrier disruption 74 (27%)
Transient cerebral hypoperfusion or flow arrest 6 (2%)
Superselective intra-arterial cerebral infusion 27 (10%)
Imaging techniques with contrast or labelled

therapeutic agents 13 (5%)

* Categorical data reported as n (% total). # Does not sum to 271 as studies could report more than one tumor type and therapeutic approach.
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The median citation count was 15 (range, 0–607), with the most-cited article to date
a review by Hochberg et al. [49], published in 1988 with 607 citations (“Primary central
nervous system lymphoma” in the Journal of Neurosurgery). The most cited original article
was the CL study by Doolittle et al. [34], published in 2000 with 300 citations (“Safety
and efficacy of a multicenter study using intraarterial chemotherapy in conjunction with
osmotic opening of the blood–brain barrier for the treatment of patients with malignant
brain tumors” in Cancer). Matsukado et al. [50] published in 1996 the most-cited BSc article
with 151 citations (“Enhanced tumor uptake of carboplatin and survival in glioma-bearing
rats by intracarotid infusion of bradykinin analog, RMP-7” in Neurosurgery) (Table S3).

With regard to contributing authors, the median number of authors for original and
review articles was five (range, 1–18). The most authored article was the original, CL
study by Angelov et al. [51], published in 2009 with 18 authors (“Blood–brain barrier
disruption and intra-arterial methotrexate-based therapy for newly diagnosed primary
CNS lymphoma: A multi-institutional experience” in the Journal of Clinical Oncology).
The highest number of authors for BSc articles was 12: Liu et al. [52] published their
manuscript in 1991 (“Effects of intracarotid and intravenous infusion of human TNF
and LT on established intracerebral rat gliomas” in Lymphokine and Cytokine Research)
whereas the article by Mao et al. [53] was published in 2020 (“Peritumoral administration
of IFNβ upregulated mesenchymal stem cells inhibits tumor growth in an orthotopic,
immunocompetent rat glioma model” in Journal for ImmunoTherapy of Cancer). The
most authored review article was by Aoki et al. [54], published in 1993 with 13 authors
(“Supraophthalmic chemotherapy with long tapered catheter: Distribution evaluated
with intraarterial and intravenous Tc-99m HMPAO” in Radiology). The authors with the
most senior-authored articles overall were E.A. Neuwelt and J.A. Boockvar, who both
contributed eight articles [34,36,37,51,55–66] (Table S4).

All articles were published between 1962 and 2021 (Figure 2), with a median of 5
publications per year. The peak year (median) with most-published articles was 17 (6%)
articles published in 1986. Original articles and reviews peaked with respect to their annual
publication number in 1986 and 2020, respectively. Most BSc articles were published in
1999, while CL articles had their peak year in 1986 (Table S5).

A total of 20 countries were denoted as the location for correspondence of all articles
(Figure 3). The USA was the country with the highest contribution, with 135 articles (50%),
followed by Japan and Canada, with 46 (17%) and 19 (7%), respectively. The USA was the
most common country of correspondence for all document and study types (Table S6).

One hundred and twenty journals contributed to articles of intra-arterial therapy for
the treatment of brain tumors. The most common ones were the Journal of Neuro-Oncology,
with 48 (18%) articles, the Japanese Journal of Cancer and Chemotherapy (n = 14, 5%), and
Neurosurgery (n = 13, 5%). The journal publishing most original studies, review articles,
BSc articles, and CL articles was the Journal of Neuro-Oncology (Table S7).

In terms of therapy types used with intra-arterial delivery, general chemotherapy was
the most common, with 215 (79%) articles, followed by targeted therapy (n = 40, 15%),
and radiosensitizing or neutron capture therapy (n = 17, 6%). The number of articles per
therapy type per year of publication is illustrated in Figure 4. Chemotherapy was the
top therapeutic strategy in all but three years (1973, 2014, and 2017). The most
commonly studied chemotherapeutic agents included i.a. carmustine (n = 29, 13%), i.a.
nimustine (n = 20, 9%), and i.a. cisplatin (n = 23, 11%). Twenty-three articles (11%) men-
tioned the general concept of intra-arterial chemotherapy without further specification
(Tables S8–S12).

At least 1 additional treatment strategy for optimizing intra-arterial drug delivery
was evaluated in 104 articles (Figure 5). The most common strategy was transient BBB
disruption, mentioned in 74 articles (27%). Transient BBB disruption was followed by
superselective intra-arterial cerebral infusion (n = 27, 10%), and nanoparticles (n = 17,
6%). Among BBB-opening modalities, mannitol was the most common one, referenced in
48 articles (65%), followed by bradykinin/RMP-7 (n = 16, 22%) (Table S13).

219



Pharmaceutics 2021, 13, 1885

Pharmaceutics 2021, 13, x FOR PEER REVIEW 6 of 21 
 

 

annual publication number in 1986 and 2020, respectively. Most BSc articles were pub-
lished in 1999, while CL articles had their peak year in 1986 (Table S5). 

 
Figure 2. Distribution of articles about intra-arterial drug delivery for the treatment of brain tumors 
based on the country of correspondence. 

A total of 20 countries were denoted as the location for correspondence of all articles 
(Figure 3). The USA was the country with the highest contribution, with 135 articles (50%), 
followed by Japan and Canada, with 46 (17%) and 19 (7%), respectively. The USA was the 
most common country of correspondence for all document and study types (Table S6). 

 
Figure 3. Distribution of articles about intra-arterial drug delivery for the treatment of brain tumors 
based on the year of publication. 

One hundred and twenty journals contributed to articles of intra-arterial therapy for 
the treatment of brain tumors. The most common ones were the Journal of Neuro-Oncology, 
with 48 (18%) articles, the Japanese Journal of Cancer and Chemotherapy (n = 14, 5%), and 
Neurosurgery (n = 13, 5%). The journal publishing most original studies, review articles, 
BSc articles, and CL articles was the Journal of Neuro-Oncology (Table S7). 

Figure 2. Distribution of articles about intra-arterial drug delivery for the treatment of brain tumors
based on the country of correspondence.

Pharmaceutics 2021, 13, x FOR PEER REVIEW 6 of 21 
 

 

annual publication number in 1986 and 2020, respectively. Most BSc articles were pub-
lished in 1999, while CL articles had their peak year in 1986 (Table S5). 

 
Figure 2. Distribution of articles about intra-arterial drug delivery for the treatment of brain tumors 
based on the country of correspondence. 

A total of 20 countries were denoted as the location for correspondence of all articles 
(Figure 3). The USA was the country with the highest contribution, with 135 articles (50%), 
followed by Japan and Canada, with 46 (17%) and 19 (7%), respectively. The USA was the 
most common country of correspondence for all document and study types (Table S6). 

 
Figure 3. Distribution of articles about intra-arterial drug delivery for the treatment of brain tumors 
based on the year of publication. 

One hundred and twenty journals contributed to articles of intra-arterial therapy for 
the treatment of brain tumors. The most common ones were the Journal of Neuro-Oncology, 
with 48 (18%) articles, the Japanese Journal of Cancer and Chemotherapy (n = 14, 5%), and 
Neurosurgery (n = 13, 5%). The journal publishing most original studies, review articles, 
BSc articles, and CL articles was the Journal of Neuro-Oncology (Table S7). 

Figure 3. Distribution of articles about intra-arterial drug delivery for the treatment of brain tumors based on the year
of publication.

220



Pharmaceutics 2021, 13, 1885

Pharmaceutics 2021, 13, x FOR PEER REVIEW 7 of 21 
 

 

In terms of therapy types used with intra-arterial delivery, general chemotherapy 
was the most common, with 215 (79%) articles, followed by targeted therapy (n = 40, 15%), 
and radiosensitizing or neutron capture therapy (n = 17, 6%). The number of articles per 
therapy type per year of publication is illustrated in Figure 4. Chemotherapy was the top 
therapeutic strategy in all but three years (1973, 2014, and 2017). The most commonly 
studied chemotherapeutic agents included i.a. carmustine (n = 29, 13%), i.a. nimustine (n 
= 20, 9%), and i.a. cisplatin (n = 23, 11%). Twenty-three articles (11%) mentioned the gen-
eral concept of intra-arterial chemotherapy without further specification (Tables S8–S12). 

At least 1 additional treatment strategy for optimizing intra-arterial drug delivery 
was evaluated in 104 articles (Figure 5). The most common strategy was transient BBB 
disruption, mentioned in 74 articles (27%). Transient BBB disruption was followed by su-
perselective intra-arterial cerebral infusion (n = 27, 10%), and nanoparticles (n = 17, 6%). 
Among BBB-opening modalities, mannitol was the most common one, referenced in 48 
articles (65%), followed by bradykinin/RMP-7 (n = 16, 22%) (Table S13). 

 
Figure 4. Different therapy types investigated in articles of intra-arterial drug delivery for the treat-
ment of brain tumors based on the year of publication. 

 
Figure 5. Treatment strategies to optimize intra-arterial drug delivery for the treatment of brain 
tumors in pertinent articles based on the year of publication. 

3.2. Clinical Trial Characteristics 
The initial search of the ClinicalTrials.gov portal yielded 21 clinical trials for screen-

ing. One trial was excluded because it did not investigate intra-arterial drug injection, but 
rather looked at cerebral blood perfusion changes during emergence from general anes-
thesia for craniotomy using an intra-arterial pressure line [67]. Consequently, 20 trials 

Figure 4. Different therapy types investigated in articles of intra-arterial drug delivery for the treatment of brain tumors
based on the year of publication.

Pharmaceutics 2021, 13, x FOR PEER REVIEW 7 of 21 
 

 

In terms of therapy types used with intra-arterial delivery, general chemotherapy 
was the most common, with 215 (79%) articles, followed by targeted therapy (n = 40, 15%), 
and radiosensitizing or neutron capture therapy (n = 17, 6%). The number of articles per 
therapy type per year of publication is illustrated in Figure 4. Chemotherapy was the top 
therapeutic strategy in all but three years (1973, 2014, and 2017). The most commonly 
studied chemotherapeutic agents included i.a. carmustine (n = 29, 13%), i.a. nimustine (n 
= 20, 9%), and i.a. cisplatin (n = 23, 11%). Twenty-three articles (11%) mentioned the gen-
eral concept of intra-arterial chemotherapy without further specification (Tables S8–S12). 

At least 1 additional treatment strategy for optimizing intra-arterial drug delivery 
was evaluated in 104 articles (Figure 5). The most common strategy was transient BBB 
disruption, mentioned in 74 articles (27%). Transient BBB disruption was followed by su-
perselective intra-arterial cerebral infusion (n = 27, 10%), and nanoparticles (n = 17, 6%). 
Among BBB-opening modalities, mannitol was the most common one, referenced in 48 
articles (65%), followed by bradykinin/RMP-7 (n = 16, 22%) (Table S13). 

 
Figure 4. Different therapy types investigated in articles of intra-arterial drug delivery for the treat-
ment of brain tumors based on the year of publication. 

 
Figure 5. Treatment strategies to optimize intra-arterial drug delivery for the treatment of brain 
tumors in pertinent articles based on the year of publication. 

3.2. Clinical Trial Characteristics 
The initial search of the ClinicalTrials.gov portal yielded 21 clinical trials for screen-

ing. One trial was excluded because it did not investigate intra-arterial drug injection, but 
rather looked at cerebral blood perfusion changes during emergence from general anes-
thesia for craniotomy using an intra-arterial pressure line [67]. Consequently, 20 trials 

Figure 5. Treatment strategies to optimize intra-arterial drug delivery for the treatment of brain tumors in pertinent articles
based on the year of publication.

3.2. Clinical Trial Characteristics

The initial search of the ClinicalTrials.gov portal yielded 21 clinical trials for screening.
One trial was excluded because it did not investigate intra-arterial drug injection, but rather
looked at cerebral blood perfusion changes during emergence from general anesthesia
for craniotomy using an intra-arterial pressure line [67]. Consequently, 20 trials were
included in our study, all of which were interventional in nature. Included trials have been
summarized in Table 2, with individual details listed in Tables S14–S24.

Glioblastoma was the most common brain tumor indications for trials involving
intra-arterial drug delivery (n= 13, 65%), followed by anaplastic astrocytoma (n = 8, 40%)
(Table S14). The median commencement year was 2011, with trials reporting start dates
between 1998 and 2019. As for expected completion year, the median was 2022 (range,
2008–2025) (Table S15). As of August 2021, 6 (30%) trials are reported to have completed
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recruiting patients, 8 (40%) are still recruiting, and 2 (10%) are active but not recruiting.
Two (10%) trials are declared as suspended (Table S16).

All trials reported target enrollment sizes between 3 and 60 patients, with the Portland-
based trial “NCT00075387: Combination Chemotherapy With or Without Sodium Thio-
sulfate in Preventing Low Platelet Count While Treating Patients With Malignant Brain
Tumors” [68] targeting the most (n = 60). This trial has an estimated study completion date
in spring 2023 (Table S17). With regard to age of enrollment, the median minimum patient
age was 18 years (range, 1 month–18 years), with 18 (90%) of trials using this threshold.
The median maximum patient age was 99 years (range 17–120 years), with 2 (10%) trials
focusing solely on the pediatric demographic while 18 (90%) also included adult patients
(Table S18).

Table 2. Summary of clinical trial characteristics.

Parameter Outcome (n = 20 Trials) *

Time (expected)
Start year 2011 (1998–2019)
Completion year 2022 (2008–2025)
Results first posted 2015 ˆ
Last updated 2020 (2013–2021)

Status
Current status as of August 2021

Recruiting 8 (40%)
Completed 6 (30%)
Suspended 2 (10%)
Active, not recruiting 2 (10%)
Terminated 1 (5%)
Unknown status 1 (5%)

Study results available 1 (5%)

Cohort
Minimum age of enrollment (years) 18 (0–18)
Maximum age of enrollment (years) 99 (17–120)

Design
Interventional studies 20 (100%)
Phase

Phase 1 9 (45%)
Phase 1 + Phase 2 8 (40%)
Phase 2 3 (15%)

Outcomes #
Primary

Safety and toxicity 11 (55%)
PFS 6 (35%)
OS 5 (25%)

Secondary
PFS 11 (55%)
Safety and toxicity 9 (45%)
OS 8 (40%)
QOL 5 (25%)

Location and funding
Two most common corresponding institutes

Northwell Health 10 (50%)
OHSU Knight Cancer Institute 3 (15%)

Trials per Country
US 18 (90%)
China, Canada 1 (5%) each

Number of sites involved 1 (1–2)
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Table 2. Cont.

Parameter Outcome (n = 20 Trials) *

Therapies #
Number of research studies using:

Targeted Therapy 13 (65%)
Chemotherapy 8 (40%)

Treatment mechanism #
Number of research studies using:

Superselective intra-arterial cerebral Infusion 1 13 (65%)
Transient blood–brain barrier disruption using mannitol 2 12 (60%)

Three most common conditions #
Glioblastoma 13 (65%)
Anaplastic Astrocytoma 8 (40%)
Brain Metastasis 3 (15%)

PFS, progression-free survival; OS, overall survival; QOL, quality of life. * Continuous data reported as the
median (range) and categorical data reported as n (% total). ˆ Only 1 trial. # Does not sum to 20 as trials could
report more than one condition, outcome, and therapeutic approach. 1 Superselective intra-arterial cerebral
infusion into a major tumor feeding artery was performed using neurovascular microcatheter systems under
fluoroscopic guidance to increase the concentration of drug delivered to the tumor while sparing the patient of
systemic side effects. 2 Temporary opening of the blood–brain barrier was achieved by treating patients with
an intra-arterial infusion of the osmotic agent mannitol followed by intra-arterial administration of therapeutic
agents (mannitol 20–25%; 3–12.5 mL over 2 min).

Phase category was reported for all clinical trials included in this study. With 9 (45%)
trials, phase 1 was the most common phase design. Eight (40%) trials were registered as
both phase 1 and 2. A total of 3 (15%) trials were exclusively phase 2. Two phase 2 studies
were randomized. Allocation was non-randomized in 4 phase 1 trials, while allocation
type was not available for all other trials (Table S19).

In terms of the different types of primary intervention, therapeutic drug alone was
the most common, with 14 (70%) trials. Combinations of radiation and drug therapy as
well as therapeutic drug and psychological assessments were applied in 2 (10%) trials
each. Investigations of biological agents alone (n = 1, 5%) and in combination with drug
therapy (n = 1, 5%) were also reported (Table S20). Overall, there were 20 different types
of primary intervention combinations evaluated in clinical trials of intra-arterial therapy
for brain tumors (Table S21). Based on our original classification, targeted therapy was the
therapeutic strategy most commonly investigated (n = 13, 65%), followed by chemotherapy
(n = 8, 40%). Of these, i.a. bevacizumab (n = 5, 25%), i.a. cetuximab (n = 3, 15%), and i.a.
melphalan (n = 2, 10%) were most common (Table S22). Transient BBB disruption was
used in 12 (60%) trials. Thirteen (65%) trials explored superselective intra-arterial cerebral
infusion as a strategy to optimize intra-arterial administration (Table S23).

Feasibility, safety, and toxicity of a treatment or intervention was the most common
primary outcome reported (n = 11, 55%). With respect to other primary outcomes, 6
(35%) trials reported progression-free survival and 5 (25%) reported overall survival. One
study (5%) reported tumor response and intracellular carboplatin accumulation as primary
outcome measurement. The most common secondary outcome reported was progression-
free survival 11 (55%), followed by feasibility, safety, and toxicity (n = 9, 45%) and overall
survival (n = 8, 40%) (Table S24).

As of August 2021, only 1 (5%) trial has posted results (NCT00362817: Carboplatin and
Temozolomide (Temodar) for Recurrent and Symptomatic Residual Brain Metastases) [69].
This study started recruiting patients in 2004 and reported results in 2015. Seventeen
patients older than 18 years, who had all received prior systemic chemotherapy for primary
cancers in parts of the body other than the brain, were enrolled to investigate the use
of intra-arterial carboplatin and oral temozolomide for the treatment of recurrent and
symptomatic residual brain metastases. In terms of primary outcome, the reported response
rate, evaluated by MRI criteria (MacDonald criteria), was approximately 43%. Secondary
outcome measures included 25 weeks overall survival, 23 weeks progression-free survival,
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and no incidence of CNS toxicities or CNS tumor-related deaths. In 7 (41%) cases, systemic
disease progression was determined as cause of death (Table 3).

Table 3. Summary of clinical trial with reported results.

Parameter Outcome

NCT number NCT00362817

Title Carboplatin and Temozolomide (Temodar) for Recurrent
and Symptomatic Residual Brain Metastases

Location Ohio State University, Columbus, Ohio, United States
Start date October 2004

Finish date January 2008
Results first posted May 2015

Enrolment size 17
Age range (years) 18 and older

Primary outcome
Response rate 42.8%

Secondary outcome
Overall survival in weeks 25.2

Time to progression in weeks (mean) 22.6
Incidence of CNS toxicities 0

Cause of death CNS tumor = 0, systemic disease progression = 7

A total of 10 different institutions coordinated all 20 clinical trials on intra-arterial ther-
apeutic delivery to brain tumors. Three different countries were listed as the location for
correspondence of all trials, with the USA contributing 18 (90%) trials. The Lenox Hill Brain
Tumor Center, located in New York City, coordinated the most trials (n = 10, 50%) [70–79].
The only other institution coordinating more than one trial was the OHSU Knight Cancer
Institute in Portland, OR (n = 3, 15%) [68,80,81]. Only two trials had corresponding institu-
tions outside the USA, with the Beijing YouAn Hospital (China) and the Centre hospitalier
universitaire de Sherbrooke (Canada) both coordinating one (5%) trial [82,83] (Table S25).
The median number of institutions involved was one (range, 1–3), with 18 (95%) studies
involving a single institution. All trials were conducted in a single country.

4. Discussion

The intention of this study was to identify and characterize the published literature
and registered clinical trials on intra-arterial drug administration for brain tumor treatment.
We identified 271 articles and 20 trials to meet our inclusion criteria. These numbers are
reflected in the quoted numbers reported by recently published reviews [31,84], even
though this is the first study to offer a precise number of clinical trials involving intra-
arterial brain tumor therapy, highlighting a previously unreported area in the field as to
how many distinct trials have officially been registered and conducted since the technique
was first described in 1950 [85]. The complexity of successfully translating intra-arterial
drug delivery into the clinic is demonstrated by the fact that in the last 20 years, only
6 trials eligible for this review have completed recruitment [69,74,76,77,82,86], and results
of just a single study are publicly available at the ClinicalTrials.gov portal as of August
2021 [69]. Despite these findings, given the discovery of novel biological and molecular
features of brain tumors potentially amenable to therapy [12,13,87,88], we posit that more
tumor-specific intra-arterial interventions will emerge in future trials to add to the current
body of research studies.

The development of intra-arterial technologies was historically driven by the need
to minimize the systemic toxicity of traditional anti-cancer agents and propelled by ad-
vances in endovascular techniques; however, very few studies took into consideration the
pharmacokinetic characteristics underlying intra-arterial drug delivery [89]. Although
the neuro-oncological application of intra-arterial technology has been established by im-
pactful CL articles [34,38,85], accurate and reliable pharmacological models to optimize
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the method, rate, and duration of drug injection for high local extraction and systemic
clearance may be lacking to date [90]. Furthermore, biological hurdles to intra-arterial
therapy of brain tumors, including the vascular heterogeneity within the tumor microen-
vironment, have to be considered in ongoing research efforts and future refinements [91].
The lack of effective therapies to be delivered by the intra-arterial route and reported in BSc
articles could in part explain why CL articles and clinical trials remain without definitive
success. Consequently, we expect to observe an increase in BSc articles in the future as
our understanding of this technology and our ability to modify relevant drug properties
continue to grow.

For those within the field of intra-arterial therapy for brain tumor treatment, it is not
surprising that E.A. Neuwelt and J.A. Boockvar were identified as particularly impactful
authors who pioneered the field and spearheaded recent advances of this drug delivery
technique in terms of preclinical and clinical research. The portfolio of both these authors
was predominantly focused on CL articles and clinical trials based in the USA. When
considering all articles included in this study, E.A. Neuwelt was the author of most with
14 articles overall, of which he senior-authored 8 CL articles [34,51,55–60,92–94]. Through
the Neuro-Oncology Blood-Brain Barrier Program at OHSU, he was also involved in
initiating 3 clinical trials that are currently being conducted at the OHSU Knight Cancer
Institute [68,80,81]. J.A. Boockvar authored 10 articles overall, serving as the corresponding
author of 5 original and 3 review CL articles [35–37,61–66,95]. In his role as vice chair of
neurosurgery at Lenox Hill Hospital, he has also been in charge of 10 clinical trials that
were registered to evaluate intra-arterial brain tumor therapies, including bevacizumab,
cetuximab, trastuzumab, and temozolomide alone or in combination with carboplatin,
radiotherapy, and/or mannitol, for conditions such as glioblastoma, anaplastic astrocytoma,
vestibular schwannoma, and brain metastasis [70–79]. Collectively, the clinical trials
overseen by J.A. Boockvar and E.A. Neuwelt account for more than half of all trials
included in this study. The general focus of both authors on translational research is largely
reflected in the current research landscape of intra-arterial drug delivery for brain tumors,
highlighting their significant impact on the field.

When Perese et al. [96] first proposed the intra-arterial route as a drug delivery strat-
egy for treating patients with malignant brain tumors, they posited that this technology
could be used to deliver large concentrations of a variety of anti-cancer agents to the
brain without causing much systemic reaction. More than a half-century later, based on
this study of pertinent articles and clinical trials, it appears their vision has, in part, been
realized, but new hurdles have emerged. The largest indication for intra-arterial adminis-
tration was chemotherapy, with 215 of 271 articles describing its BSc or CL use. Indeed,
intra-arterial chemotherapy allowed relatively high dosing while minimizing systemic
toxicity [41,59,63,64]. However, articles on chemotherapeutic drugs peaked over three
decades ago, possibly indicating that these therapies were lacking efficacy with intra-
arterial use. Furthermore, several articles alluded to chemotherapy-related safety concerns,
some of which were unique to the intra-arterial delivery route [38,58,60,93]. This could
explain why only a few traditional chemotherapeutics, all of which had previously demon-
strated safety and efficacy in preclinical models and via other drug delivery strategies,
have found their way to clinical trials. The fact that targeted therapy was the most com-
monly used therapy type in clinical trials could suggest a paradigm shift towards novel
therapeutic strategies. Based on exciting developments in modern neuro-oncology, in-
volving precision medicine [97], immunotherapy [98], and stem cell technology [99], we
anticipate an increased number of articles and clinical trials investigating these therapies
with intra-arterial injection in the future [100].

As effective treatment modalities for different types of brain tumors are desperately
needed, it is not surprising that a number of technologies to improve the therapeutic effect
of intra-arterial drug delivery have been proposed [24,30]. BBB penetrance, targeting, and
accuracy of intra-arterial administration are of major interest, which is underscored by
the high number of articles and clinical trials exploring strategies to account for these
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parameters. We found chemical reagents, and mannitol in particular, to be the oldest and
most common approach to open the BBB. However, the capability of mannitol and newer
agents, such as the bradykinin agonist RMP-7, to permeabilize the BBB is limited [50,63,101].
Focused ultrasound is a non-invasive strategy for disrupting BBB tight junctions in a
reversible and controlled fashion and has the potential to be used with intra-arterial
technologies [32,102,103]. The scientific complexity of this concept is underlined by the
fact that of all 271 articles included in this study, only 2 review articles described focused
ultrasound in combination with intra-arterial drug delivery [20,104]. Although mentioned
by only a small proportion of articles, superselective intra-arterial cerebral infusion into
the tumor-feeding arteries was reported in 13 of 20 clinical trials. This possibly indicates
a trend towards using this advanced endovascular procedure to reduce neurotoxic side
effects and ensure targeted intra-arterial therapy [35–37,61,63–65,95]. It is interesting to
observe that several articles published in recent years investigated nanoparticles. The
attraction of nanotechnology for intra-arterial drug delivery is multifold. Various authors
noted these small particles could not only be loaded with different therapies, including
small-molecule inhibitors, gene therapies or siRNAs, but could also be modified to cross
the BBB through a variety of transport mechanisms and remain at the target site for longer
periods of time to allow for a gradual release of loaded therapeutics [23,105–113].

We speculate that future refinements of intra-arterial brain tumor therapy will come
from multiple angles. From a therapeutic perspective, studies to date are using mostly ap-
proved agents, as they are easier to translate; however, certain novel compounds may have
superior pharmacokinetics and be ultimately more useful for intra-arterial drug delivery.
Disease-specific drugs will enhance efficacy and minimize systemic and CNS-related side
effects [87]. Drug modification or loading into nanoparticles can allow for improved BBB
penetration, tumor targeting, and drug-tumor contact time of active compounds [114–116].
Labeled therapeutic agents as well as theragnostic nanoparticles have the potential to be
used with advanced imaging techniques [50,106,109]. From a procedural point of view,
optimizing currently available endovascular technologies and combining them with inno-
vative strategies, such as superselective intra-arterial cerebral infusion or transient cerebral
hypoperfusion/flow arrest, is crucial to ensure procedural safety and effect [31,61,89]. With
regard to clinical trials, it will be important to move from phase 1 and 2 to phase 3 trials and
to evaluate novel drugs and procedures in the context of randomized patient allocations.
This will help to ensure the validity of conclusions not only from a feasibility and safety
perspective but also in terms of efficacy. The inability of the vast majority of clinical trials
to report results suggests that a collaborative approach may be necessary to improve the
fate of future trials. Therefore, we stress the importance of intra- and inter-institutional
collaboration in preclinical and clinical research for progress within the field of intra-arterial
brain tumor therapy.

The intra-arterial therapeutic concept constitutes only one of many technologies to
facilitate drug delivery to the brain and brain tumors. An enhanced understanding of the
BBB physiology has led to the development of a multitude of noninvasive and invasive
strategies to target tumor cells present beyond this barrier. Locoregional invasive tech-
nologies, in particular, are a remarkably fast-evolving segment within the neurooncology
field. These technologies are based on local delivery of therapeutics directly to the brain,
thereby bypassing the BBB entirely and facilitating smaller initial drug dosage and minimal
systemic absorption. They include drug delivery to the cerebrospinal fluid via intrathe-
cal or intraventricular injections and interstitial delivery via biodegradable polymers or
catheters [17]. Diffusion-based approaches such as intracavitary wafers placed at the time
of tumor resection, intrathecal injection using the Ommaya reservoir, and intraventricu-
lar injection via lumbar puncture are limited by the restricted tissue penetrance of most
therapeutic agents into structures not immediately adjacent to the brain surface, hindering
them from reaching deep and infiltrative tumor cells [21,27,117]. However, molecularly
engineered cells, especially chimeric antigen receptor (CAR) T-cells and natural killer
cells, feature enhanced tumor-homing abilities and have shown promise in preclinical and
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clinical investigations of these strategies in various brain tumors [118–126]. In contrast to
locoregional therapies, intra-arterial administration takes advantage of the branched blood
vessel system that is feeding into brain tumors, thereby reaching even distant, infiltrative
tumor cells, and enabling site-directed infiltration of cell-based therapies or diffusion of
macromolecules [127].

Direct interstitial drug infusion to brain tumors is achieved by placing one or multiple
catheters under stereotactic guidance into the bulk tumor. These cannulas can be connected
to osmotic or mechanical pumps and allow for direct, targeted delivery [28,29]. The
former can provide continuous drug delivery at a set infusion rate, whereby the infusion is
driven by an osmotic pressure gradient [128]. Convection-enhanced delivery (CED), which
describes direct interstitial infusion under a mechanical pressure gradient, has further
advantages, including a larger, more homogeneous volume of drug distribution [129].
This technology is currently being used in multiple clinical trials for brain tumors like
glioblastoma and diffuse intrinsic pontine glioma (DIPG) [130–138]. In addition to technical
and procedural challenges, such as catheter design and placement, tracking of infusate
distribution, prevention of reflux along the canula tract, and reduction in edema and
mechanical tissue damage, the success of CED is hampered by the potential requirement of
repetitive infusions [139,140]. Almost 100 clinical trials for DIPG have failed, and it has
recently been shown that the brain half-life of panobinostat, a small molecule inhibitor,
after CED is only 2.9 h [141,142]. Intra-arterial technologies address some of these pitfalls,
allowing for repeated and prolonged therapeutic administration to ensure pharmacologic
effect, but are accompanied by their own constraints, as discussed above. Consequently, a
“one size fits all” approach may not be effective, and a rational combination of therapeutics
and their delivery strategies should be considered. In this way, a comprehensive treatment
regime to attain optimal concentrations in brain tumors over a prolonged period of time
while minimizing off-target effects could be established.

There are certain limitations that are inherent to bibliometric and clinical trials analyses.
First, Elsevier’s Scopus and ClinicalTrials.gov are only two of many databases for articles
and clinical trials, respectively. With both of them being US-based, this may have influenced
the predominance of US-based literature and trials in this study. There is validity to the
argument that our representation of the research landscape of intra-arterial brain tumor
therapy would have been more comprehensive if additional registries would have been
included. Even though both Scopus and ClinicalTrials.gov constitute major databases
in their respective field, holding registrations from journals and institutions around the
world, there is a distinct possibility that this study is an underestimate of all articles and
trials evaluating intra-arterial brain tumor treatments. Second, since our therapy type
and treatment strategy classifications were solely based on the literature and our own
experience, it is unclear whether the presented categories and proportions optimally reflect
the current status and trends of the field. It is possible that more refined categorizations
would have led to a better representation. Finally, article and clinical trial parameters, e.g.,
citation count and number of institutions involved, are regularly updated to rigorously
reflect the current state of affairs. As it is difficult to continue updating these parameters
once they have been extracted, our study represents the status quo and trends of articles
and clinical trials on intra-arterial drug delivery for brain tumor treatment as of August
2021. We anticipate that analyses in the future will confirm whether these were accurate.

5. Conclusions

In this bibliometric and clinical trials analysis, we identified, characterized, and
analyzed available parameters of preclinical and clinical research on intra-arterial therapy
for brain tumors. Overall, 271 articles and 20 clinical trials were sufficiently specific
for inclusion. Among articles, most were CL and chemotherapy was the most common
therapeutic modality. With respect to treatment strategies for optimizing intra-arterial drug
delivery, transient blood–brain barrier disruption using mannitol was the most frequently
studied. These trends were reflected in clinical trials, but unfortunately only a single
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phase 1/phase 2 study has reported outcomes to date. Given the longstanding history of
intra-arterial brain tumor therapy research, our results mandate the consideration of novel
therapeutic and procedural strategies, including precision medicine, nanoparticles, and
superselective intra-arterial cerebral infusion, to foster the preclinical research basis and set
the stage for more robust, systematic clinical trials in the future.
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Abstract: Ultrasound-mediated blood–brain barrier (BBB) disruption has garnered focus as a method
of delivering normally impenetrable drugs into the brain. Numerous studies have investigated this
approach, and a diverse set of ultrasound parameters appear to influence the efficacy and safety
of this approach. An understanding of these findings is essential for safe and reproducible BBB
disruption, as well as in identifying the limitations and gaps for further advancement of this drug
delivery approach. We aimed to collate and summarise protocols and parameters for achieving
ultrasound-mediated BBB disruption in animal and clinical studies, as well as the efficacy and safety
methods and outcomes associated with each. A systematic search of electronic databases helped in
identifying relevant, included studies. Reference lists of included studies were further screened to
identify supplemental studies for inclusion. In total, 107 articles were included in this review, and
the following parameters were identified as influencing efficacy and safety outcomes: microbubbles,
transducer frequency, peak-negative pressure, pulse characteristics, and the dosing of ultrasound
applications. Current protocols and parameters achieving ultrasound-mediated BBB disruption,
as well as their associated efficacy and safety outcomes, are identified and summarised. Greater
standardisation of protocols and parameters in future preclinical and clinical studies is required to
inform robust clinical translation.

Keywords: focused ultrasound; blood–brain barrier opening; therapeutic agent delivery; ultrasound
parameters; ultrasound safety; review

1. Introduction
1.1. The Blood–Brain Barrier and Drug Delivery

The blood–brain barrier (BBB) is a selectively permeable structure that restricts the pas-
sage of solutes from the brain’s microvasculature into its extracellular space. Anatomically,
the BBB is composed of the apical and basal membranes of the cerebrovascular endothe-
lial cells (CECs), an associated basement membrane containing embedded pericytes, and
perivascular foot-like processes of astrocytes ensheathing the abluminal capillary surface
collectively referred to as the neurovascular unit [1] (see Figure 1). The CECs express
a limited range of membrane carrier proteins and numerous membrane efflux pumps
and have a dense number of tight junctions linking them to other CECs. This combined
structural arrangement restricts the movement of most hydrophilic and high molecular
weight molecules (exceeding 400 to 500 Da) [2], inflammatory cells, and pathogens, thereby
providing a vital function in maintaining homeostasis and preventing the entry of harmful
substances into the brain. The BBB, therefore, grants a significant survival advantage, but it
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also poses a disadvantage in its inability to allow most therapeutic agents to penetrate it,
rendering 98% of small-molecule agents and 100% of large-molecule agents unable to enter
the brain parenchyma [3]. As a result, there is a significant limitation to the pharmacological
agents available in the treatment of central nervous system (CNS) conditions, including
brain malignancies, dementias, and other neurodegenerative conditions.
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Figure 1. Schematic representation of the anatomical structure of the blood–brain barrier (BBB) and
the accompanying neurovascular unit. Note the abluminal CEC surface is ensheathed by a basement
membrane embedded with pericytes. (Created with Biorender.com (accessed on 12 March 2022)).

1.2. Ultrasound-Mediated Drug Delivery and the BBB

An approach to overcoming the challenge posed by the BBB is to temporarily induce
BBB disruption, in a controlled and targeted manner, to enhance the uptake of therapeutic
agents into desired target locations in the brain. A minimally invasive strategy that has
been employed to achieve this is via the application of ultrasound. The use of transcranial
ultrasound for enhancing drug delivery in the CNS also extends beyond BBB disruption,
including in functioning as an external trigger to initiate drug release from nanoparticles [4]
at targeted areas of the BBB in diseases such as epilepsy [5]. While the use of ultrasound
in disrupting the BBB was first described in the 1950s [6], it is within the last 20 years [7]
that this technique has garnered significant research interest in improving drug delivery to
the brain. Subsequently, numerous preclinical animal studies, as well as several phase I/II
clinical trials [8–11] (ClinicalTrials.gov identifier numbers: NCT03321487, NCT03322813,
NCT02253212, NCT03608553, NCT03626896, NCT02343991, NCT02986932, NCT03712293),
assessing the feasibility of this drug delivery approach have emerged. While the exact
mechanisms underlying ultrasound-mediated BBB disruption are not yet well defined, the
mechanical bioeffects of ultrasound exposure are thought to predominate. When exposed
to ultrasound, dissolved gas bubbles within the vasculature experience a phenomenon
known as cavitation, where they experience oscillatory changes in their volume, expanding
in volume with rarefactions (low sonic pressure), and contracting with compressions (high
sonic pressure) of the ultrasound waves [7]. Gas bubbles may also experience an acoustic
radiation force, where they gain additional translational movement towards the direction
of the ultrasound beam. These effects together are thought to contribute to the observed
reduction in tight junction proteins between CECs of the BBB [12], the reduced expression
of P-glycoprotein drug efflux pumps along the CEC membrane [13–15], and the increased
formation of transcytotic vesicles across the CECs [16]. To enhance these mechanical effects
ultrasound contrast agents or microbubbles (preformed gas-filled bubbles, typically of
1 to 6 µm in diameter) are co-administered, thereby increasing the number of available
echogenic centres that can induce a mechanical effect within the cerebral vasculature, and
thus reducing the threshold of ultrasound intensity required for BBB permeabilisation.
Furthermore, magnetic resonance imaging (MRI) has been coupled with ultrasound and
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microbubbles, as a way of ensuring precise targeting [17] of the ultrasound beam to specific
regions within the brain, confining drug penetration to these foci only, e.g., tumour sites for
glioma patients.

1.3. Challenges with Ultrasound-Mediated BBB Disruption

Though numerous studies have achieved variable levels of successful ultrasound-
mediated BBB disruption, it has become clear that the extent of BBB disruption is greatly
influenced by the choice of ultrasound parameters, as well as the type and dose of microbub-
bles used alongside each sonication [18]. Unfortunately, ultrasound-mediated BBB disrup-
tion has potential adverse effects, including haemorrhagic change (ranging from sparse
erythrocyte extravasation to gross intracerebral haemorrhaging) [19], oedema [9,20–26],
inflammation [26,27], neuronal ischaemia [28,29], and tissue apoptosis [23,27,28,30–34]. The
occurrence of these adverse effects is theorised to be due to excessive mechanical activity,
where sonicated bubbles within the vasculature experience inertial, non-stable cavitation,
rapidly imploding to exert excessive endothelial force, causing the extravasation of fluid,
erythrocytes, and leucocytes into the surrounding tissue. Additionally, these effects may
contribute to direct neuronal and glial injury. This has precipitated a large body of both
preclinical and clinical studies demonstrating ultrasound-mediated BBB disruption with a
range of sonication parameters, accompanied by a diverse set of reported safety outcomes.
Ultimately, this has made selecting an appropriate sonication protocol that provides both
successful and safe BBB disruption a difficult task. Previous narrative reviews of this body
of evidence have been conducted but only broadly summarise key ultrasound-related pa-
rameters and their associated effects on the efficacy and safety of ultrasound-mediated BBB
disruption. A systematic review of such literature and a published database of individual
sonication paradigms and their consequential safety outcomes has yet to be conducted.
The results of this systematic review will aim to inform future researchers of methods,
sonication protocols, and the parameters that influence BBB disruption, as well as the safety
outcomes associated with each, across a variety of experimental models (rodents, rabbits,
sheep, pigs, non-human primates (NHPs)) and humans.

2. Materials and Methods

The systematic review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guidelines [35,36], PRISMA’s checklist
or PRISMA Flow Diagram for systematic reviews has been completed and is available as
Table S1 in Supplementary Materials. This systematic review was not registered.

2.1. Eligibility Criteria

All studies with (i) clearly outlined sonication protocols (containing the relevant
terms below), where (ii) ultrasound was applied to the brain of in vivo animal or human
participants and where (iii) successful BBB disruption was achieved and confirmed using
a reliable method, were included within this systematic review. Additionally, included
studies had to have conducted appropriate safety assessments and reported any adverse
effects associated with each protocol achieving successful BBB disruption. Only sonication
protocols achieving confirmed BBB disruption, with corresponding safety assessments,
were included within the data collection process. Protocols where the primary aim was
applying ultrasound for cellular, viral, or gene delivery; neuromodulation; stimulation; or
tissue ablation were excluded. Studies not published in English and review papers were
also excluded.

2.2. Information Sources

This systematic review was based on searches from the following online search
databases: PubMed, Medline, and EMBASE. A complete search of databases was con-
ducted on 22 September 2021 to include any subsequent articles published within this
timeframe. Additional articles were identified from reviewing the reference lists of relevant
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articles identified via the initial database search, as well as via Google Scholar alerts from
the date of the initial search. A complete search of databases was conducted by K.G.

2.3. Search Strategy

The following MeSH terms were used to identify relevant articles:

1. ‘Ultrasound’ OR ‘focused ultrasound’ OR ‘MRI-guided ultrasound’ OR ‘MR-guided
focused ultrasound’;

2. ‘Blood brain barrier’ OR ‘BBB’;
3. ‘Disruption’ OR ‘permeabilisation’ OR ‘permeabilization’ OR ‘opening’;
4. ‘Drug delivery’.

2.4. Study Selection

Citations identified from the searches of the three databases were collated into a
combined EndNote (X9) library and were de-duplicated as per a published protocol [37].
All unique citations were then screened for inclusion according to the eligibility criteria.
Citation screening was conducted by K.G. in the following sequence: initially by their titles,
then by their abstracts, and finally by reviewing the entire text. K.G., A.B.-F., and A.B.
independently identified additional studies from Google Scholar alerts and from reviewing
the reference list of relevant articles identified via the database search.

2.5. Data Items and Collection Process

From each included study, the following data items were extracted: (1) species of
in vivo subject; (2) type of ultrasound transducer used; (3) methods for assessing BBB dis-
ruption; (4) methods for assessing safety; (5) microbubbles used (type, dose, administration
protocol); (6) sonication parameters (frequency, peak negative pressure in situ, continuous
or pulsated delivery, sonication duration, number of sonications, interstimulus interval,
number of independent sessions, intersession interval). The extracted data items were then
tabulated (Table S2—Supplementary Materials). Additional summary tables regarding
methods used to assess BBB disruption efficacy Table 1) and safety, as well as microbub-
ble and ultrasound parameters influencing ultrasound-mediated BBB disruption are also
included in this systematic review. K.G. conducted all data extraction and collection.

3. Results
3.1. Included Studies

A total of 1480 citations were identified after the initial literature search from the three
databases (Figure 2). After de-duplication, 882 unique citations were identified and were
subsequently screened, in order, by their title and abstract, and then by a full-text review of
the remaining articles (n = 100). After completing the screening process, a total of 76 studies
were identified and included for data extraction and synthesis. An additional 31 studies
were identified and included from Google Scholar alerts and after screening reference lists
of included studies. Ultimately, a total of 107 studies were eligible for inclusion in our
qualitative comparison and analysis.
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Figure 2. Flowchart highlighting the screening and selection process for studies included within this
systematic review. (Created with Biorender.com (accessed on 12 March 2022)).

3.2. Ultrasound Devices

A range of commercial (e.g., FUS Instruments, Imasonic, Riverside Research Insti-
tute, Sonic Concepts) and in-house manufactured ultrasound devices were utilised in the
included study protocols, with the majority of these being single-element or single piezo-
electric devices. In recent times, multi-element devices have been developed to overcome
associated concerns around ultrasound attenuation and beam defocussing, providing better
transcranial transmission. These devices have been tested in preclinical animal models as
well as in many ongoing and published clinical trials. In addition, we identified a protocol
utilising two single-element transducers in tandem [38], and two that even used diagnos-
tic [39,40], imaging transducers to disrupt the BBB. A comparative figure highlighting
therapeutic ultrasound devices identified amongst included literature is shown in Figure 3.
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3.2.1. Single-Element Ultrasound Devices

While single-element devices are smaller, and more accessible for testing in preclinical
studies, their application in clinical studies has been more limited due to the attenuation
and defocussing resulting from the application of a single ultrasound beam [41]. A strategy
employed [9] to circumvent this issue has been to create a bony window in the calvaria
and apply ultrasound directly through it, thereby reducing attenuation of the ultrasound
beam at the bone interface [42]. Two animal studies directly compared this strategy with
application through intact bone, with one highlighting no difference with the use of a
260 kHz transducer in rabbits [30] and the other highlighting significant improvements
with the use of a 28 kHz transducer in pigs [23]. The SonoCloud-1®, a single-element
device manufactured by CarThera, is one such example that requires implantation via a
burr hole in the skull. Currently, this is the only implantable device we identified amongst
all included protocols, and it has demonstrated efficacy in disrupting the BBB in both
animal [20,43,44] and clinical studies [9]. Dual single-element transducers were employed
in a couple of studies [38,45] to initiate BBB disruption using a lower frequency transducer,
while a higher frequency transducer was employed in an attempt to stimulate the transport
of a therapeutic agent into the brain parenchyma.

3.2.2. Multi-Element Ultrasound Devices

Multi-element array devices confer the benefit of being able to treat multiple, separate
tissue foci simultaneously, as well as providing greater spatial coverage than single-element
devices [46]. Additionally, multi-element phased array devices confer the ability to alter the
phase and amplitude of individual transducers, correcting for aberrations to the ultrasound
beam as it surpasses more complex skull surfaces, such as the human calvaria [46,47]. An
emerging leader in this category of devices is the ExAblate® system (manufactured by
InSightec), a 1024-element phased array device, initially designed for the thermal ablation
of tissue, prior to being applied in rat [48,49], NHP [50], and clinical studies [8,10,11,51–53]
to disrupt and open the BBB. The ExAblate® system functions with a large, stereotacti-
cally positioned helmet that is coupled to an MRI system to help plan sonication targets
and monitor the procedure. A second multi-element phased array system—NaviFUS®

(produced by NaviFUS corporation)—is a 256-element phased array device that has also
demonstrated its ability to disrupt the BBB in a recent clinical trial [54]. While this de-
vice and the ExAblate® share similarities in their appearance, NaviFUS® does not require
stereotactic positioning and relies on traditional, neurosurgical, navigation to help plan
and guide ultrasound beams to sonication targets. The SonoCloud-9® (manufactured by
CarThera) is an iteration of the SonoCloud-1® and functions as an implantable grid of
nine interconnected transducer elements. As yet, no published study has employed the
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SonoCloud-9® for in vivo BBB disruption, but ongoing clinical trials exist (NCT03744026,
NCT04614493, NCT04528680).

3.2.3. Diagnostic Ultrasound Devices

Disruption of the BBB was also achieved using diagnostic ultrasound imaging devices
in mice [39,40], albeit with much broader and less well-defined tissue coverage as compared
to the prior mentioned therapeutic ultrasound devices. This is partly due to the higher
central frequencies (2–10 MHz) that diagnostic devices tend to operate with, often resulting
in greater aberration and defocussing of the penetrating ultrasound beam [39].

3.2.4. Implantable Ultrasound Devices

Nearly all identified ultrasound devices were non-implantable and usually required
precise (e.g., stereotactic, neuronavigation, MRI-guided) positioning over the cranium of
each subject prior to sonication. Implantable devices (SonoCloud® devices) are highly
portable and eliminate the need for repeat repositioning, at the cost of requiring more
invasive, surgical placement. Non-implantable devices have the advantage of being surgi-
cally non-invasive and can be repositioned for targeting multiple sites, at the cost of longer
ultrasound sessions, during which subjects are not ambulatory [55]. A recent review [55]
suggested that non-implantable, extracranial devices were not appropriate for targeting su-
perficial lesions, a claim not supported by findings from identified protocols that achieved
successful and safe BBB disruption in superficial cortical regions (e.g., primary motor
cortex [8,56], primary visual cortex [24], prefrontal cortex [10,57]) using both single-element
and multi-element phased array devices.

3.3. Methods for Assessing Successful BBB Disruption and Opening
3.3.1. MRI

The majority of identified protocols confirmed BBB disruption and its subsequent
opening via contrast-enhanced T1-weighted MRI (CE-T1 MRI). The fundamentals of CE-T1
MRI involve taking T1 images prior to sonication, administering a gadolinium contrast
agent, and then acquiring T1 images post-sonication. The molecular weight (~0.5 to
1.1 kDA) and hydrophilicity of gadolinium contrast agents make them incapable of passing
the BBB in normal circumstances. Therefore, an opening in the BBB will result in visible
extravasation of these agents into the cerebral interstitium, marked by hyperintensity on
a post-sonication T1 image (see Figure 4). MRI quantification methods used in identified
studies can be broadly summarised as follows: (1) T1 mapping to estimate the concentra-
tion and spatial distribution of the contrast agent [58,59]; (2) calculating vascular transfer
coefficients of contrast agents after dynamic contrast-enhanced T1 imaging [60]; (3) or cal-
culating changes in contrast signal enhancement [31]. The ability to observe BBB disruption
in vivo is conferred by CE-T1 MRI, without requiring postmortem histological analysis.
Multiple investigations have shown correlative relationships between the extravasation of
the MRI contrast agent and that of histological tracers [61,62] and some therapeutic agents,
including Herceptin [31], doxorubicin [63], and nanoparticles [23,38]. A few studies have
employed the use of T2/T2* weighted MRI to track the uptake of superparamagnetic iron
oxide (SPIO)-labelled drug molecules into sonicated brain parenchyma. This MRI technique
provides a more sensitive method for assessing drug uptake by allowing the real-time,
direct visualisation [23,64,65] of drug extravasation into the brain, as opposed to the use of
a proxy marker (gadolinium contrast agent). Additionally, studies have used CE-T1 MRI to
track the reversibility of BBB opening after sonication, unsurprisingly concluding that the
duration of BBB opening, and thus the reversal time, increases with the initial degree of
BBB disruption [66].
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3.3.2. Tracer Molecules

Tracer molecules, including Evans/trypan blue (67 kDa when albumin-bound), fluo-
rescein (333 Da), fluorescently labelled dextrans (3 to 2000 kDa), horseradish peroxidase
(44 kDa), and antibodies (either endogenous or exogenously administered), are molecules
incapable of surpassing the BBB and are widely administered to assess its opening. These
molecules are readily available and cheap and can be observed macroscopically (Evans
and trypan blue) or microscopically (fluorescein, dextrans, horseradish peroxidase), and
their cerebral uptake can be quantified to confirm the degree of successful BBB opening.
Additionally, tracer molecules come in various molecular weights, meaning their extrava-
sation can better delineate the size of molecular weight therapeutics that could pass the
disrupted BBB. Rodent studies [67,68] have highlighted differences in the extravasation of
variable-sized dextrans after BBB opening with equivalent parameter sonications, where
lower molecular weight dextrans (3 to 70 kDa) have significant extravasation, while higher
(500 to 2000 kDa) weight dextrans have minimal extravasation. Therefore, the use of vari-
able molecular weight tracer molecules gives an advantage over CE-T1 MRI, the latter of
which only indicates BBB opening to a potential maximum threshold equal to the molecular
weight of the injected gadolinium contrast agent. Due to the tissue analysis required for
assessing tracer uptake, these methods are almost exclusively used in preclinical, animal
studies and are harder to conduct in human trials due to the necessity of a brain biopsy.
Interestingly, one clinical trial [51] did microscopically assess fluorescein uptake into re-
sected, sonicated tumour/peritumoral tissue, reporting a 2.2-fold increase in comparison
to non-sonicated tumour tissue.

3.3.3. Therapeutic Agent Quantification

Another approach in assessing BBB opening is to directly assess the cerebral up-
take of normally impenetrable therapeutic agents, e.g., antibodies and chemotherapeutic
agents. This has been done by quantifying the concentration of therapeutics from tissue
homogenates via high powered liquid chromatography, liquid chromatography–mass
spectrometry, or fluorometry or by labelling therapeutic molecules with fluorescent [38,69],
radioactive, or magnetic markers [23] in order to more sensitively visualise the extent of
tissue penetration and the location of therapeutic accumulation. Ultimately, this latter
approach is the most direct method of ascertaining the clinical efficacy of ultrasound as a
novel technique for enhancing therapeutic delivery to the brain. Only one [11] identified
clinical trial reported any data on quantified therapeutic uptake after BBB disruption. More
of these investigations are required to supplement concurrent CE-T1 MRI assessments
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in human trials to further validate the efficacy of this novel approach to drug delivery.
Furthermore, the timing of drug administration relative to the application of ultrasound
appears to influence drug uptake into the targeted brain region [70,71].

3.3.4. Comparing BBB Disruption between Studies

While a diverse range of reliably proven methods for assessing BBB opening exist, a
standard protocol for conducting each does not, complicating the comparative analysis
of successful BBB opening between studies. Of note amongst included studies was the
variation in dose, administration time, and route of delivery of contrast agents, tracer
dyes, exogenous antibodies, and/or therapeutic agents between studies. Investigations
have noted significant variation in the extravasation of these agents as a response to
altered administration times [37,66] relative to each sonication and to the route of chosen
delivery [72] (e.g., intravenous vs. intraperitoneal). In addition, there exists a range of MRI
parameters and quantification methods for the uptake of contrast and tracer agents utilised
between studies, further complicating the ability to perform external comparisons between
study protocols. As a result of the observed heterogeneity in specific BBB disruption
assessment protocols, the ‘Comparative Degree of Observed BBB Disruption’ column
(Table S2—Supplementary Materials) qualitatively highlights relative differences in BBB
disruption achieved between different parameters investigated within the same study, as
opposed to parameters between different studies. A comparison of methods used to assess
BBB disruption across included protocols is presented in Table 1.

Table 1. Summary of the methods used by included protocols in assessing the extent of BBB disruption.

In Vivo Subject Study and Year Published

Assessments of BBB Disruption and Opening

MRI
Tracer Molecules Quantified Therapeutic

UptakeEB TB Fl FD HRP Antibodies

Mouse

Baghirov et al., 2018 [38] X X (Polymeric
nanoparticles)

Baseri et al., 2010 [73] X X
Bing et al., 2009 [39] X
Chen et al., 2013 [74] X
Chen et al., 2014 [67] X
Choi et al., 2010 [75] X
Choi et al., 2011 [76] X
Choi et al., 2011 [60] X X
Choi et al., 2008 [77] X
Choi et al., 2010 [68] X
Englander et al., 2021 [78] X X X (Etoposide)

Jordao et al., 2013 [61] X X (Anti-endogenous
IgG and IgM)

Kinoshita et al., 2006 [31] X X X (Herceptin)
Kinoshita et al., 2006 [62] X X X (Anti-D4 IgG)
Lapin et al., 2020 [79] X
Liu et al., 2014 [80] X X X (Temozolomide)
McDannold et al., 2017 [81] X
McMahon et al., 2020 [59] X X X (Anti-albumin IgG)

Morse et al., 2022 [82] X (Fluorescently labelled,
unloaded liposomes)

Morse et al., 2019 [83] X X (Anti-albumin IgG)
Olumolade et al., 2016 [84] X
Omata et al., 2019 [85] X X
Raymond et al., 2007 [86] X X

Raymond et al., 2008 [87] X X X X (Anti-amyloid +
anti-endogenous IgG)

Samiotaki et al., 2012 [66] X

Shen et al., 2016 [69] X X (Fluorescently labelled,
unloaded liposomes)

Sierra et al., 2017 [88] X X
Vlachos et al., 2011 [72] X
Wu et al., 2014 [89] X (Liposomal doxorubicin)

Zhang, D. et al., 2020 [43] X X (Paclitaxel—free and
protein-bound)

Zhao, B. et al., 2018 [40] X
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Table 1. Cont.

In Vivo Subject Study and Year Published

Assessments of BBB Disruption and Opening

MRI
Tracer Molecules Quantified Therapeutic

UptakeEB TB Fl FD HRP Antibodies

Rat

Ali et al., 2018 [90] X X X (Doxorubicin)
Aryal et al., 2017 [15] X X
Aryal et al., 2015 [91] X X X (Doxorubicin)
Aryal et al., 2015 [70] X X X (Doxorubicin)

Aslund et al., 2017 [92] X X (Pegylated
macromolecule)

Cho et al., 2016 [14] X X
Chopra et al., 2010 [93] X

Fan et al., 2016 [64] X
X (SPIO-labelled,

doxorubicin-loaded
microbubbles)

Fan et al., 2014 [45] X X (Carmustine loaded
microbubbles)

Fan et al., 2015 [94] X X (Carmustine loaded
microbubbles)

Goutal et al., 2018 [95] X X
Han et al., 2021 [96] X
Huh et al., 2020 [97] X
Jung et al., 2019 [98] X X X (Doxorubicin)
Kobus et al., 2016 [99] X
Kovacs et al., 2017 [27] X X (Anti-albumin IgG)
Kovacs et al., 2018 [100] X
Liu et al., 2009 [65] X X
Liu et al., 2010 [101] X X X (Carmustine)
Liu et al., 2010 [102] X
Liu et al., 2008 [32] X X
Liu et al., 2010 [103] X
Marty et al., 2012 [58] X
McDannold et al., 2019 [48] X X (Carboplatin)
McDannold et al., 2020 [49] X X (Irinotecan and SN-38)
McDannold et al., 2011 [104] X X
Mcmahon et al., 2017 [26] X
Mcmahon et al., 2020 [105] X X
Mcmahon et al., 2020 [106] X
O’Reilly et al., 2017 [107] X
O’Reilly et al., 2011 [108] X
Park et al., 2017 [109] X X X (Doxorubicin)
Park et al., 2012 [71] X X X (Doxorubicin)
Shin et al., 2018 [19] X
Song et al., 2017 [110] X
Treat et al., 2007 [63] X X X (Doxorubicin)
Tsai et al., 2018 [33] X
Wei et al., 2013 [111] X X X (Temozolomide)
Wu et al., 2017 [112] X X
Yang et al., 2013 [113] X X
Yang et al., 2014 [114] X X
Yang et al., 2012 [34] X X
Yang et al., 2011 [115] X X
Yang et al., 2012 [116] X X
Zhang, Y. et al., 2016 [117] X

Rabbit

Beccaria et al., 2013 [20] X X
Chopra et al., 2010 [93] X
Hynyen et al., 2005 [28] X X
Hynyen et al., 2006 [30] X X
McDannold et al., 2006 [118] X
McDannold et al., 2007 [25] X
McDannold et al., 2008 [119] X
McDannold et al., 2008 [120] X
Mei et al., 2009 [121] X X X (Methotrexate)
Wang et al., 2009 [122] X X

Dog O’Reilly et al., 2017 [123] X
Pig Liu et al., 2011 [23] X X X (SPIO nanoparticles)

Sheep Pelekanos et al., 2018 [29] X X (Anti-endogenous
IgG)

Yoon et al., 2019 [124] X

Non-Human
Primate (NHP)

Arvantis et al., 2012 [50] X
Downs et al., 2015 [21,22] X
Goldwirt et al., 2016 [44] X X (Carboplatin)
Horodyckid et al., 2017 [56] X
Marquet et al., 2014 [125] X
Marquet et al., 2011 [24] X
McDannold et al., 2012 [126] X X
Pouliopoulos et al., 2019 [57] X
Wu et al., 2016 [127] X
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Table 1. Cont.

In Vivo Subject Study and Year Published

Assessments of BBB Disruption and Opening

MRI
Tracer Molecules Quantified Therapeutic

UptakeEB TB Fl FD HRP Antibodies

Human

Abrahao et al., 2019 [8] X
Anastasiadis et al., 2021 [51] X X
Chen et al., 2021 [54] X
Gasca-Salas et al., 2021 [52] X
Idbaidh et al., 2019 [9] X
Lipsman et al., 2018 [10] X

Mainprize et al., 2019 [11] X X (Liposomal doxorubicin
and temozolomide)

Park et al., 2020 [53] X

EB: Evans blue; TB: trypan blue; FL: fluorescein; FD: fluorescently labelled dextrans; HRP: horseradish peroxidase.

3.4. Methods of Assessing Safety Outcomes

The safety of ultrasound-mediated BBB disruption is crucial for this technology to
receive mainstream clinical adoption in the treatment of CNS disease; thus, in this review, it
was essential to only include ultrasound protocols with a corresponding safety assessment.
The techniques employed by studies to analyse safety outcomes can be broadly charac-
terised into five categories: macroscopic, histological, biochemical, electrophysiological,
and behavioural safety assessments. Histological and macroscopic assessments have un-
doubtedly been the most extensively conducted techniques amongst included literature,
as they highlight detailed changes in tissue architecture and can be readily conducted in
preclinical animal studies. When comparing safety outcomes between studies employing
different ultrasound protocols and parameters, the time of safety data acquisition is vi-
tal [17]. Studies have highlighted how MRI and histological adverse safety events may
progress or regress with the time interval from sonication to MRI acquisition [32,71] or
tissue extraction [59,88]. For this reason, we have included, when available, the timing
of MRI or histological safety data acquisition from the last sonication, for each included
protocol within this study (Table S2—Supplementary Materials). A detailed summary of
specific safety investigations employed across included studies is presented in Table 2.

3.4.1. Macroscopic Assessments

MRI techniques, most commonly T2, T2*, and susceptibility-weighted imaging (SWI),
have been employed to detect evidence of oedematous (hyperintensities on T2) [21,22]
and haemorrhagic (hypointensities on T2* and SWI) [50] change within the sonicated
brain. Currently, the clinical application of ultrasound-mediated BBB disruption has
relied on MRI, serving as an assessment technique for confirming in vivo BBB opening
(as previously discussed). It also provides the ability to observe changes in tissue health
and to track the progression of any of these changes serially, for hours and days following
sonication [10,21,22,80]. In clinical trials, ultrasound-mediated BBB disruption has been
generally well tolerated, but MRI findings have also shown transient oedematous [8,9] and
microhaemorrhagic change [10], observed in a small subset of patients only. A few rodent
studies [27,103] also utilised T2* MRI to image the extravasation of superparamagnetic-
labelled macrophages into the sonicated tissue when assessing for an inflammatory reaction
to ultrasound-mediated BBB disruption. Thermometry is another macroscopic safety
assessment identified amongst protocols, playing a role in the monitoring of unwanted
thermogenic bioeffects from ultrasound application. Methods of thermometry included
ex vivo calvaria thermometry [29], the use of in situ thermal probes [89,98], and real-time
MR thermometry [8,10,52]. Generally, temperature elevations did not exceed 1.5 ◦C in
most studies employing in vivo thermometry [8,10,52,98]. One study investigated the
application of continuous ultrasound to induce a hyperthermic effect in mice, noting a
temperature elevation of 13 ◦C over a 10 min period of sonication [89]. Positron emission
tomography (PET) scanning has also been conducted in a handful of NHP and clinical
studies, revealing no changes in glucose uptake and metabolism [52,56] in sonicated tissue
following multiple ultrasound sessions. Direct visualisation (without imaging) of gross

245



Pharmaceutics 2022, 14, 833

haemorrhage in brain tissue has been reported with significant BBB disruption in animal
studies [19] after applying more intense (higher pressure) ultrasound or over prolonged
sonication periods.

3.4.2. Histological Assessments

Basic histological stains, most notably haematoxylin and eosin, Cresyl violet/Luxol
fast blue, and Perl’s Prussian Blue, have been readily utilised to confirm microscopic
changes to tissue architecture, haemorrhagic change, and iron deposition. Immunola-
belling of specific proteins has allowed for the investigation of more specific histological
changes associated with ultrasound-mediated BBB disruption, including potential reac-
tive astrogliosis (glial fibrillary acid protein or GFAP), microglial activation (Iba-1), and
neurogenesis (BrdU) macrophage (CD68+) and T lymphocyte (ICAM-1, CD-4, CD-8) infil-
tration. Additionally, immunolabelling of endothelial markers (RECA-1 and CD-31) has
allowed for the screening of direct endothelial damage [14] and assessing tissue vascular
density when comparing BBB opening between sonicated tumour and normal tissue [54].
Major reported histopathological findings include a continuum of haemorrhagic change
within the brain parenchyma [19], oedema [9,20–26], neuronal ischaemia [28,29], tissue
apoptosis [23,27,28,30–34], immune cell infiltration, and gliosis. Reported histopathological
outcomes have been identified at a variety of endpoints, from immediately following [115]
to months after initial sonication [123], highlighting both the potential acuteness and
chronicity at which ultrasound-mediated BBB disruption may exert unwanted biological
effects. Histopathological assessments generally reinforce pathological findings on MRI,
but in some studies [62,92,93], they appear to highlight pathological change in the absence
of any on MRI, despite equivalent timing of data acquisition, suggesting higher sensitivity
for adverse pathological change.

3.4.3. Biochemical Assessments

Biochemical assessments, namely polymerase chain reaction, Western blotting and
enzyme-linked immunosorbent assays, have been employed in a handful of rat investi-
gations [26,27,100,105] to track changes in the expression of proinflammatory genes and
proteins following ultrasound-mediated BBB disruption. Of note, these studies have shown
an upregulation in the transcriptomic expression of proinflammatory genes related to
the NF-kB [26,27] (e.g., Ccl2, Ilα, Ilβ, Selp, Tnf, Icam1) and AkT/GSKβ pathways [27]
with larger doses of administered microbubbles. Furthermore, temporal changes in the
proteomic expression of Iba1 (activated microglia) and GFAP (reactive astrocyte marker)
have been described over a time course of 15 days [61]. Serum biochemical analysis was
employed as a safety assessment in one study, which reported an increase in fibrinogen
levels 8 days after sonication in animals exposed to the highest intensity ultrasound, likely
attributable to the corresponding histological findings [33]. These findings have generated
a link between ultrasound-mediated BBB disruption and subsequent proinflammatory
changes, and further work is required in assessing the significance and potentially deleteri-
ous effect this may have on the health of the sonicated brain.

3.4.4. Electrophysiological Assessments

Electrophysiological investigations following ultrasound-mediated BBB disruption, in-
cluding electroencephalography, electromyography, and somatosensory evoked potentials,
have been occasionally used within the identified literature, appearing in two NHP [21,56]
studies and a clinical trial [8]. One NHP study reported no abnormal electroencephalo-
graphic waveform changes, nor any to the somatosensory evoked potentials from the
median or popliteal nerves, following repeated BBB disruption of the primary motor cortex
over a 15-day period [56]. No differences in electromyographic signals from the temporalis
muscle of NHPs following repeat BBB disruption of basal ganglia structures were noted in
another investigation [21] either. In a clinical trial involving BBB disruption of the primary
motor cortex in ALS patients, electroencephalographic readings also remained unchanged
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after repeat sonications [8]. Although reassuring, these data are generated from a very small
sample size. Given the emerging role of ultrasound in the field of neuromodulation [128],
it is surprising to see the relative lack of neuro-electrophysiological analyses conducted
across current literature.

3.4.5. Physical and Behavioural Assessments

Physical and behavioural assessments have been employed to monitor safety out-
comes following ultrasound-mediated BBB disruption in a range of experimental models,
including in rodent, dog, NHP, and human studies. Adverse motor outcomes in rodents
have been assessed via rotarod and pinch grip tests, as well as via gross motor observations,
and outcomes have included periods of hypoactivity, tremor, and ataxia in rodents [33,84]
that underwent higher intensity sonications. Conversely, glioma-implanted rodents soni-
cated with similar intensity ultrasound and lower microbubble doses have exhibited no
changes in motor coordination or grip strength following ultrasound with lower intensity
ultrasound [78,90]. Other reported motor outcomes include mildly altered reaction times in
one NHP study [21] and reversible, mild upper-limb hemiplegia in another NHP study [24].
Physiological outcomes have been reported, including transient, microbubble-associated
tachycardia [78] and tachypnoea [56] in some rat and NHP studies, but these do not appear
to be corroborated by other preclinical [22] and clinical studies. Detailed neurological test-
ing following sonication in aged canines has also been conducted, yielding no changes in
neurological or mental status [123]. Additionally, long-term cognitive testing in NHPs [22]
via reward-based reaction and visual dot motion tasks has been conducted, revealing
no significant changes to cognitive decision-making abilities, but potentially eliciting a
reduction in motivation. Overall, motor and behavioural changes following BBB disruption
in preclinical models appear to be mild.

In clinical trials, physical findings most frequently included pain associated with
setting up and stabilising the patient’s head into the phased array transducer [8,10,11] or
minimal irritation from connecting the implanted transducer to its electrical supply [9]. In
one trial [9], a single patient experienced a transient facial palsy that occurred immediately
following three separate sonications, resolving within two hours after steroid adminis-
tration. Clinical trials have also incorporated neuropsychological assessments (e.g., Mini
Mental State Exam, Montreal Cognitive Assessment) to assess potential alterations in cog-
nition after BBB disruption in patients with Parkinson’s disease dementia [52], Alzheimer’s
dementia [10], and ALS [8]. In summary, the occurrence of adverse physical and be-
havioural outcomes following ultrasound-mediated BBB disruption in humans has been
infrequent and predominantly transient when present. Once again, these data are limited
due to small patient sample sizes and the lack of sham or control groups. Additionally,
significant patient neurological comorbidity in these trials makes it difficult to directly
attribute adverse events to ultrasound-mediated BBB disruption.

Table 2. Summary of safety assessments conducted by included protocols.

In Vivo
Subject

Study
Reference

Safety Assessments

Macroscopic Histological
Biochemical Electrophysiological Physical/

BehvaiouralMRI PET ∆T Gross H/E TUNEL VF LB CV PB GFAP Iba1 Other

Mouse

[38] X X
[73] X X X
[39] X
[74] X
[67] X
[75] X
[76] X
[60] X X
[77] X X
[68] X
[78] X X X
[61] X X X X (PCR + WB)
[31] X X X X
[62] X X
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Table 2. Cont.

In Vivo
Subject

Study
Reference

Safety Assessments

Macroscopic Histological
Biochemical Electrophysiological Physical/

BehvaiouralMRI PET ∆T Gross H/E TUNEL VF LB CV PB GFAP Iba1 Other

[79] X
[80] X
[81] X
[59] X X
[82] X
[83] X
[84] X X X X
[85] X X

Mouse

[86] X X X
[87] X
[66] X
[69] X
[88] X X X
[72] X X
[89] X X X
[43] X
[40] X X

Rat

[90] X X X
[15] X X
[91] X X
[70] X X
[92] X X
[14] X X X
[93] X X
[64] X
[45] X X X
[94] X
[95] X X
[96] X X X X X (AQP-4)
[97] X
[98] X X X
[99] X X X
[27] X X X X X X (ELISA, PCR, WB)
[100] X X X X X X (WB)
[65] X X X X
[101] X X
[102] X
[32] X X X
[103] X X X
[58] X
[48] X X X
[49] X X
[104] X X
[26] X X X (PCR)
[105] X X X (PCR)
[106] X X X X (ELISA)
[107] X X
[108] X X
[109] X X
[71] X X
[19] X X
[110] X X
[63] X X

[33] X X X X (Plasma
fibrinogen) X

[111] X X
[112] X X
[113] X
[114] X
[34] X X
[115] X
[116] X X
[117] X X X

Rabbit

[20] X X
[93] X X
[28] X X X
[30] X X X
[118] X
[25] X X
[119] X
[120] X
[121] X
[122] X

Dog [123] X X X X X
Pig [23] X X X

Sheep [29] X X X X X
[124] X X X X

NHP

[50] X X X
[21,22] X X (EMG) X

[44] X
[56] X X X X X X (EEG, SSEP) X
[125] X
[24] X X
[126] X X X X X X
[57] X
[127] X

Human

[8] X X X (EEG) X
[51] X X X X
[54] X X X
[52] X X X X
[9] X X
[10] X X X X
[11] X X
[53] X X

PET: positron emission tomography; ∆T: thermometry; H/E: haematoxylin and eosin; TUNEL: terminal deoxynucleotidyl
transferase dUTP nick end labelling; VF: vanadium acid fuchsin; LB: Luxol fast blue; CV: Cresyl violet; PB: Perl’s Prussian
blue; Iba1: ionized calcium-binding adaptor molecule 1; GFAP: glial fibrillary acidic protein; PCR: polymerase chain reaction;
WB: Western blotting; ELISA: enzyme-linked immunosorbent assay; EMG: electromyogram; EEG: electroencephalography;
SSEP: somatosensory evoked potentials

248



Pharmaceutics 2022, 14, 833

3.5. Parameters Influencing Ultrasound-Mediated BBB Disruption

After an extensive review of all protocols identified amongst included studies, the
following parameter domains have been frequently investigated to assess their influence on
the efficacy and safety of ultrasound-mediated BBB disruption: microbubbles, transducer
frequency, peak negative pressure (PNP), pulsed delivery parameters (see Figure 5), the
duration of each sonication, and the dosing of ultrasound application. The transducer
frequency defines the frequency of the generated ultrasound wave, and the PNP reflects
the amplitude or intensity of the wave. Detailed parameters from each included study
are listed in Table S2 (Supplementary Materials), and a summary of the influence of each
parameter domain is listed in Tables 3 and 4.
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Figure 5. Overview of the pulsed delivery paradigm used for US delivery. (Created with Biorender.com
(accessed on 12 March 2022)).

3.5.1. Microbubbles

Five major commercially available microbubble formulations—Definity®/Luminity®,
Optison®, SonoVue®/Lumason®, Sonazoid®, and Usphere®—have been utilised in studies
investigating ultrasound-mediated BBB disruption. For reference, a comparison of these
microbubble formulations, as well as their frequency of use and typical dosing in included
studies, is included in Table 3. In addition, a handful of studies used in-house microbubbles,
some of which were drug-loaded [38,45,64,94], in an attempt to further potentiate localised
mechanical effects to move therapeutics across the BBB. Studies have also demonstrated
the potential of BBB disruption without microbubble administration [65,89]; however, this
was accomplished with a significant thermogenic effect [89] or by using higher intensity
ultrasound waves [65]. Direct comparisons of microbubble administration against no ad-
ministration have shown significant improvements in BBB disruption when microbubbles
are administered, at unifying parameters [90]. Without microbubbles, markedly higher PNP
sonications are required to achieve equitable BBB disruption, at the cost of poorer safety
outcomes [32,65]. A previous review [17] commented on the complexities of assessing
the effect of microbubbles on BBB disruption, referencing the lack of an accepted protocol
for handling and administering microbubbles, as well as the intersubjective differences
in cardiovascular function that result in variable microbubble concentrations at target
locations. While most investigations employing commercially available microbubbles have
cited adherence to manufacturer instructions on handling and preparation of microbubbles,
pre-activation vial temperature [129] and time between decanting/administration [130]
have been shown to alter the size distribution when using Definity® microbubbles. As for
the intersubject variability in cardiovascular function, this holds true for any administered
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agent that relies on the cardiovascular system for transport and accumulation in specific
tissue vasculature and is a variable accounted for across the large number of studies in-
cluded in this review. According to the review of the included literature, current in vivo
evidence suggests the following microbubble-related factors influence the degree of BBB
disruption and its safety: (1) microbubble characteristics, (2) dosing, and (3) timing/method
of administration.

Microbubble Characteristics

A comparison of three commercially available microbubble formulations (SonoVue®

vs. Definity® vs. Usphere™) in rats found comparable BBB opening and safety results
between Definity® and Upshere™, while sonications with SonoVue® yielded significantly
greater BBB opening than the other two microbubble formulations, at the lowest investi-
gated ultrasound intensity [112]. More specific rodent investigations [85] sought to compare
the effect of differing microbubble gas core composition (C3F- vs. C4F10- vs. SF6-filled),
by administering equal doses of in-house microbubbles with identical shell composition
and sizes. C3F8- and C4F10-filled microbubbles yielded significantly greater BBB disruption
than SF6-filled ones, suggesting that microbubble gas composition specifically influences
the ability to induce BBB disruption. These findings correlated with additional compar-
ative findings where Sonazoid® (C4F10-filled) microbubbles yielded significantly greater
BBB disruption than comparably sized SonoVue® (SF6) microbubbles, at unifying doses,
administration timing, and ultrasound exposure parameters. The influence of microbubble
size or diameter has also been investigated across three studies that directly compared
compositionally identical, in-house microbubbles of different average diameters (1 to 2 µm
vs. 4 to 5 µm [75]; 1 to 2 µm vs. 4 to 5 µm vs. 6 to 8 µm [66,72]; 2 µm vs. 6 µm [110]).
Findings concluded that larger diameter microbubbles caused a linear increase in BBB
disruption [72], resulting in more prolonged [66] BBB opening, while only mildly elevating
the potential for tissue damage [72]. This trend was supported by another study [45]
that compared SonoVue® (2.5 µm) with in-house (1.1 µm) microbubbles of similar com-
position. Additionally, increased proinflammatory gene expression has been observed
in one study with the use of larger (4.2 µm vs. 1 to 1.5 µm) microbubbles, albeit with
differing gas compositions [105]. Based on these data, the administration of larger diameter
microbubbles appears to reduce the threshold for achieving BBB opening, requiring lower
PNP sonications. Ultimately, a range of microbubble formulations have been used for safe
ultrasound-mediated BBB disruption with an appropriate selection of sonication param-
eters, but differences in the efficacy of each microbubble formulation do appear and are
likely attributable to variations in microbubble characteristics between formulations. Thus
far, only Definity® [8,131] and SonoVue® [9,54] microbubbles have been used in clinical
trials, likely due to their FDA approval and frequent use in preclinical studies.

Microbubble Dosing

The association between microbubble dosing, BBB disruption, and subsequent safety
outcomes has been studied in numerous investigations with rodent and rabbit subjects [19,
26,33,34,40,62,63,76,79,110,113,120]. The consensus from these findings is that using escalat-
ing microbubble dose only mildly increases the disruption and opening of the BBB, an effect
that is often statistically insignificant when quantified [19,60,120]. Additionally, there seems
to be an upper threshold microbubble dose for which subsequent administration of larger
doses seems to cause BBB disruption to plateau [132] or paradoxically decrease [33,34,79]
in rodents. Aberrations in this trend were noted when a range of microbubble doses were
investigated in combination with (1) non-pulsed, unfocused ultrasound from a diagnostic,
imaging transducer [39]; and (2) pulsed ultrasound, using a focused transducer [63]. In
these studies, a significant positive correlation between microbubble dose and degree of
BBB disruption was established, albeit with extensive tissue damage at higher doses. From
available data, we can conclude that escalating microbubble dose may yield mildly elevated
BBB disruption, usually up to a certain upper threshold dose, and with some heterogeneity
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in this trend observed among a few of the identified investigations. On the other hand,
there seems to be a more consistent relationship between escalating microbubble doses
and the increased risk of adverse safety outcomes reported by these same studies. This
includes numerous reports of significant tissue damage [33,34,79], increased expression
of proinflammatory genes associated with the NF-kB pathway [26], and greater cellular
apoptosis [33,34].

Timing and Method of Microbubble Administration

In all identified protocols, microbubbles were administered via an intravenous route
and were usually administered immediately prior to or at the onset of ultrasound ap-
plication. As per the method of administration, evidence [79,108] has suggested that a
prolonged intravenous infusion across the entire sonication period yields more reproducible
and consistent, but not necessarily greater, BBB disruption when multiple cerebral foci are
targeted [126]. It is theorised these differences can be attributed to the rapidly changing
intravascular concentration of microbubbles attributed to bolus dosing, versus more stable
microbubble availability attributable to infusion dosing [17]. Conversely, one rodent study
assessed the extent of microbubble administration over 30 and 180 s infusion periods,
reporting no significant difference in the extent of BBB disruption [76]. There is also some
evidence to support that an infusion administration may yield less oedematous foci on T2
MRI, as compared to bolus administration [108]. More recent clinical trials have adopted
microbubble infusion protocols continuously throughout the applied sonications [131,133].

Table 3. Comparison of five major commercially available microbubble formulations used in studies
for ultrasound-mediated BBB disruption (information sourced from manufacturer) and typical doses.

Agent Manufacturer Shell
Composition

Gas Core
Composition

Mean Bubble
Diameter (µm)

Bubble
Concentration
(Bubbles/mL)

Use in Identified Studies

Definity®/Luminity® Lantheus Medical
Imaging Lipid C3F8 1.1–3.3 1.2 × 1010

Used in n = 42 preclinical studies
(typical doses: 10–20 µL/kg) and

n = 6 clinical studies
(typical dose: 4 µL/kg)

Optison® GE Healthcare Protein C3F8 3.0–4.5 5–8 × 108
Used in n = 14 preclinical studies
(typical doses: 50–100 µL/kg but

significantly varied in mice studies)

SonoVue®/Lumason® Bracco Diagnostics Lipid SF6 1.5–2.5 1.5–5.6 × 108

Used in n = 29 preclinical studies
(typical doses 25–150 µL/kg) and

n = 2 clinical studies
(typical dose: 100 µL/kg)

Usphere Prime® Trust
Bio-sonics Lipid C3F8 1.0 2.8 × 1010 Used in n = 1 preclinical study

Sonazoid® GE Healthcare Lipid C4F10 2.0–3.0 9 × 108 Used in n = 1 preclinical study

3.5.2. Transducer Frequency

While a range of transducer frequencies, from 28 kHz [23,102] to 10 MHz [45], have
been applied to disrupt and open the BBB, the majority of these protocols have employed
frequencies that fall within a narrower range of 0.2 to 1.5 MHz amongst in vivo subjects.
Among clinical trials, data currently exist for the application of only three ultrasound
frequencies—ExAblate® Neuro (0.22 MHz), SonoCloud-1® (1.05 MHz), and NaviFUS®

(0.5 MHz). In general, lower frequency ultrasound application (e.g., 28 kHz) has been
shown to have greater tissue penetration, but a wider tissue focus, resulting in less targeted,
ill-defined BBB disruption [102]. Conversely, higher frequency ultrasound beams tend to be
more collimated, less tissue penetrative [94], and more likely to undergo tissue attenuation,
resulting in greater beam aberration [134] and thermal energy liberation in the surrounding
tissue, especially at the bony interface of the skull. We identified four preclinical, parametric
studies that directly investigated the effect of altering the central frequency of a single-
element transducer on BBB disruption efficacy and safety outcomes [19,45,94,119].
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McDannold et al. [119] evaluated sonications of a variety of frequencies (0.26 MHz [30,118]
vs. 0.69 MHz [25,28,120] vs. 1.63 MHz [7] vs. 2.04 MHz [119]) from multiple rabbit investi-
gations. In their comparison, escalating frequencies had a higher threshold for BBB opening,
requiring more intense, higher PNP ultrasound to achieve BBB disruption. This led to the
conclusion that the threshold for successful BBB disruption was more appropriately depen-
dent on the mechanical index (MI)—a ratio of the PNP over the square root of the transducer
frequency. An estimated MI of 0.46 was identified as a threshold at which successful BBB
disruption was achieved across all tested frequencies. Following up on this work, subse-
quent investigations comparing sonications with 1 MHz vs. 10 MHz [45,94] and 0.5 MHz
vs. 1.6 MHz [19] ultrasound transducers have been conducted in rats. Findings from these
studies support the notion that significantly higher PNP sonications are required to achieve
BBB disruption with escalating frequencies, further consolidating the idea of an MI-dependent
threshold. However, an MI threshold for BBB disruption was not observed when comparing
1 MHz to 10 MHz sonications [45,94], as was observed between frequencies used in other
studies [19,119], and this may be due to the larger difference in frequencies tested between
these studies. Lower frequency sonications, both at an equivalent MI [45,94] and at equiva-
lent PNPs [19], produced a much larger area of BBB disruption, accompanied by off-target
involvement, upon gross evaluation of Evans blue extravasation. This is believed to be due to
the production of standing waves [135], enhanced reflection of ultrasound waves at the skull,
and re-penetration into the brain’s parenchyma [94].

Despite requiring greater PNPs to achieve BBB disruption, higher frequency sonica-
tions show mild to significantly favourable safety outcomes over lower frequency sonica-
tions, when observed 2–6 h after sonication. After applying higher frequency sonications,
McDannold et al. [119] reported a subtle reduction in microhaemorrhagic damage in tissue
sonicated with 2.04 MHz as compared to 0.26 MHz ultrasound but an increased density of
these red blood cell extravasations relative to the area of tissue region exposed to the ultra-
sound. Fan et al. [45,94] highlighted significantly greater haemorrhagic and oedematous
change on MRI, gross, and microscopic examinations in brains sonicated with frequencies
of 1 MHz than 10 MHz, both when controlling for MI [94] and PNP [45]. It is important
to note that McDannold et al. [119] and Fan et al. [45] both applied ultrasound to rabbits
and rodents via a craniotomy site, thereby reducing the potential of beam defocussing and
attenuation from transcranial application.

3.5.3. Peak Negative Pressure

The effect of PNP has been directly examined in a plethora of studies, including
in rodents [15,19,31–33,45,62,63,65,69,80,81,87,88,93,94,101,112], rabbits [20,25,28,30,118],
sheep [29,124], and even clinical trials [9]. Unfortunately, the accurate determination of PNP
remains challenging [18] as in vivo PNP is difficult to measure; instead, in vitro pressures
are measured and combined with skull attenuation coefficients to provide an estimate of
the in vivo PNP [31]. While this may impede comparisons of PNPs between studies, data
and trends from within studies can be useful in determining optimal parameters for safe
and effective BBB disruption. We found that sonication PNPs at which safe and effective
BBB disruption has been accomplished ranged from 0.2 to 0.5 MPa in most preclinical
animal studies (see Table 4), with some utilising higher PNPs safely with higher frequency
transducers (>1 MHz) [32,45,94,103]. It has been difficult to establish a narrow range of
PNPs routinely used amongst clinical trials, as in their design they each test a range of
PNPs across repeated sonications, ranging from 0.48 to 1.15 MPa [9,54], and 2.5 [10] to
60 W [52] of applied power.

General findings suggest that a threshold PNP is required for a given frequency of
applied ultrasound (threshold MI), after which BBB disruption is achieved [67,88]. There is
then a narrow therapeutic window at which a positive dose–response relationship exists,
where raising the applied PNP improves the degree of BBB disruption, without materially
impacting safety [19,25,32]. After this, continued elevations in PNP confer improvements
in BBB disruption and opening, but also worsen safety outcomes, achieving a state of
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dose-limiting toxicity [65,68,73]. Eventually, a plateau is obtained [32,63], at which further
escalations in PNP cause insignificant improvements to BBB disruption, while continuing
to worsen safety outcomes [25,32]. After surpassing the threshold PNP required for BBB
opening, and prior to this relationship plateauing, preclinical studies have identified linear
relationships with escalating PNP and the volume of BBB opening on MRI [66,72,75], the
extravasation of dextrans [67], and the uptake of therapeutic agents such as Herceptin [31].
Clinical trials in glioblastoma patients have also shown an increasing degree of BBB disrup-
tion with escalating PNP sonications [9,54], albeit with increased incidence of oedema [9].
Interestingly, one study noted that the uptake of a chemotherapeutic agent, BCNU, in-
creased as the sonication PNP was raised from 0.45 to 0.62 MPa, peaked at 0.62 MPa, but
decreased with subsequent elevations in PNP (0.98 and 1.38 MPa), despite an increase in
contrast enhancement on MRI at these higher pressures [101]. The PNP has also been shown
to influence the size [69] and molecular weight [67] of agents capable of passing through
the BBB, with current evidence suggesting that higher, and therefore less safe, PNPs are
required for transporting larger substances. Additionally, sonications of increasing PNP
have been shown to prolong the reversibility or closure time following the disruption and
opening of the BBB [65,66]. Furthermore, one study reported the effect of BBB disruption
produced with PNPs of 0.55 and 0.81 MPa on downregulating the immunohistochemical
expression of a key cerebrovascular drug-efflux pump—P-glycoprotein—for 48 and 72 h
after sonication, respectively [15]. This finding suggests that increasing the PNP of ultra-
sound may go beyond exerting mechanical effects on the BBB and may additionally cause
biochemical changes that favour drug accumulation in the brain.

The increasing presence of adverse safety events associated with escalating PNPs has
been proposed to be due to the increased frequency of inertial cavitation in microbub-
bles. These events are demonstrated by the presence of broad or wide-band acoustic
emissions from sonicated microbubbles, detected via a receiving ultrasound transducer
element [30,45,67,112]. Collectively, this monitoring process is known as passive cavitation
detection or acoustic emissions monitoring and has resulted in a paradigm shift in sonica-
tion delivery, where a dynamic power ramp technique is utilised to determine optimal PNP
as opposed to applying static PNP sonications. Here, power is incrementally escalated to
produce sonications of graduating PNP, and this power is stabilised when ultraharmonic
and subharmonic signals (indicating stable cavitation) are detected, or the power is reduced
if any wide-band emissions (indicating inertial cavitation) are detected. This variable power
ramp delivery protocol has been applied successfully to produce safe BBB disruption in
rodent [26,93], NHP [50,126], and clinical studies [10].

3.5.4. Pulse Characteristics

Amongst identified investigations, ultrasound is typically delivered in a non-continuous,
pulsed manner, with a small minority applying a continuous ultrasound scheme [40,89,121,122].
A pulsed delivery approach has been adopted as a mainstay to limit the exposure time to
ultrasound in delicate brain tissue and has been shown to significantly reduce the thermogenic
effect [89] associated with the continuous application of ultrasound. Of the four studies
that applied a continuous ultrasound paradigm, one study was able to disrupt the BBB
reproducibly, without adverse histopathological events, using a diagnostic, imaging ultrasound
transducer [40]. We identified two primary variables that have intimately influenced the
efficacy and safety of ultrasound-mediated BBB disruption: the length or duration of each
pulse, consisting of one or more excitatory cycles of acoustic pressure waves, and the pulse
repetition frequency, how frequently these series of pulses repeat (see Figure 5). Additionally,
more novel iterations in discontinuous ultrasound delivery have emerged, including the
delivery of ultrasound bursts (consisting of shorter, phasic pulses) over more commonly used
tonic pulses (consisting of a longer pulse) [59,60,83,108].
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Pulse Length

While pulse lengths as low as 0.35 µs [39] and as high as 100 ms [19,23,102] have been
used to disrupt the BBB via pulsed ultrasound, a majority of preclinical studies appear
to use pulses of 10 ms in length. In clinical studies, pulse lengths of 2 to 3 ms [8,10,11,53]
have been used with the ExAblate® Neuro device, and pulse lengths of 10 ms [54] and
23.8 ms [9] have been used with the NaviFUS® and SonoCloud-1® devices, respectively. We
identified six parametric, preclinical studies that directly investigated the efficacy and safety
outcomes of a range of pulse lengths. Escalating pulse length from 0.1 to 10 ms appeared to
consistently increase BBB disruption in all six studies; in two studies, subsequently higher
pulse length appeared to yield no significant improvements in BBB disruption efficacy,
whilst simultaneously worsening safety outcomes [7,76]. Three studies did not corroborate
this plateauing effect with sonications of pulse length >10 ms, highlighting a larger area of
BBB disruption following sonications of 50 [102] and 100 ms [19,102] pulses, respectively.
This effect may be attributable to the use of a diagnostic, imaging transducer, operating at a
lower central frequency (28 kHz), delivering higher MI (MI = 4.78) sonications in two of the
three studies by Liu et al. [23,102]. However, the transducer type and parameters utilised
by Shin et al. [19] were comparable to the two studies that did highlight a plateauing effect
with lengthening pulses >10 ms, making this previously described trend [7,18,120] less
definitive. The threshold PNP required to successfully open the BBB has been shown to
decrease with escalating pulse lengths from 0.1 to 10 ms in one study [120], likely due
to the greater cumulative effect from more prolonged ultrasound pulses. Additionally,
with sonications of pulse lengths ≥10 ms, the spatial distribution of tracers appears more
heterogeneous, with significantly greater accumulation around blood vessels and less even
parenchymal distribution than is observed with pulse lengths <10 ms [76,83]. Nonetheless,
from the currently available literature, it appears that sonications of pulse lengths ≤10 ms
appear to provide the greatest efficacy and safety benefits for ultrasound-mediated BBB
disruption, when controlling for all other parameters.

Phasic vs. Tonic Pulses

More recently, the use of rapid, short pulse sonications or phasic pulses consisting of
bursts (as opposed to more continuous tonic pulses) has been investigated for its potential
to disrupt and open the BBB more homogeneously. Benefits of phasic pulses are theorised
to occur via increased intraburst microbubble transit time, and the reduction in standing
waves afforded with shorter, phasic pulse sequences [60,108]. Reports of ultrasound-
mediated BBB disruption with phasic pulses have explored the use of pulse lengths ranging
from 2.3 to 5 µs in length. Direct comparisons between phasic and tonic pulse sequences
in mice have had mixed results, with some studies [82,83] reporting safer BBB disruption,
with improved homogeneity and improved BBB reversibility, and another [59] reporting
worse safety outcomes, with no improvements in the homogeneity or reversibility of BBB
disruption with phasic pulsed schemes. These conflicting findings may be attributable
to the differences in ultrasound frequency (1 [83] vs. 1.78 MHz [59]), microbubble type,
and administration method (30 s infusion [83] vs. bolus [59]) between these studies. All
studies thus far have exhibited a lower degree of BBB disruption with phasic pulses at
unifying parameters, suggesting this protocol may provide a more conservative opening of
the BBB. The use of phasic pulse regimens could provide safer, better-distributed delivery
of therapeutics into the CNS, but it currently requires further investigation across a broader
set of parameters for more conclusive data.

Pulse Repetition Frequency

Most sonication protocols that we identified utilised pulse repetition frequencies that
fell within a range of 1–10 Hz in preclinical and clinical studies that employed single-
element ultrasound transducers [9,54]. Clinical trials utilising the ExAblate® multi-element,
phased array device appear to utilise pulse repetition frequency of 30 to 31 Hz instead.
The effect of pulse repetition frequency on BBB disruption efficacy and safety has been
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studied in a limited fashion, by five parametric studies that investigated this relation-
ship [19,60,76,108,120]. Evidence from these studies appears to suggest a threshold pulse
repetition frequency, and therefore a minimum number of pulses over a given duration of
sonication, required to achieve successful BBB disruption [76]. After surpassing a relatively
low pulse repetition frequency threshold, the effect of escalating pulse repetition frequen-
cies has been inconsistent. Two studies reported no statistically significant improvement in
BBB disruption minutes following tonic pulsed sonications of pulse repetition frequency
1–25 Hz [76] and 0.5 to 5 Hz [120], respectively. Contrary to these findings, three stud-
ies have reported significantly improved BBB disruption with escalating pulse repetition
frequencies, both with longer, tonic pulsed sonications (pulse repetition frequency 1 to
5 Hz) [19] and with shorter, phasic pulsed sonications as part of a burst sequence (pulse
repetition frequencies 6250 to 100,000 Hz [60] and 1 to 166,666 Hz [108]). Safety outcomes
from escalating pulse repetition frequencies were either mildly improved [108] or showed
no significant differences [19,60,76,120] within hours following the last sonication. These
inconsistencies warrant further parametric study into the effect of using higher pulse
repetition frequency sonications and may help in further optimisation of safer parameters.

3.5.5. Sonication Duration

The sonication duration is another parameter that tends to affect the efficacy and safety
of ultrasound-mediated BBB disruption, as it describes the time of exposure to ultrasound
in one given application. Amongst all the study protocols we reviewed, the majority of son-
ication durations fell between 0.5 and 2 min, and this remained consistent in the protocols
of clinical studies as well. Sonication durations as low as 6 s [121,122], with non-pulsed
ultrasound, and as high as 20 min [93], with pulsed ultrasound, have also been shown to
induce sufficient BBB disruption. From parametric studies, there appears to be a positive
correlation between increasing sonication duration and the degree of BBB disruption, with
the eventual trade-off being worsening safety outcomes following exposure to excessively
long sonications both with pulsed [19,20,102] and continuous delivery ultrasound-mediated
BBB disruption [40,121]. Additional data suggest that eventually a threshold is reached,
where the effect of increasing the sonication duration saturates [93,115], and excessive tissue
damage is observed [93]. Interestingly, one investigation digressed from this trend, where
significant changes in the sonication duration resulted in mild but statistically insignificant
increases in BBB disruption, without any observed histopathological change [76]. The
authors of this study hypothesised that this was due to the fact BBB disruption saturating
potential had already been achieved using the lowest tested sonication duration of 30 s,
and this may be attributed to the higher frequency of pulsed ultrasound used, as compared
to the other parametric studies identified.

3.5.6. Dosing (Number and Frequency) of Ultrasound Applications

In this review, we divided the application of ultrasound into two categories—a son-
ication and a session. A session was defined as an application period, consisting of one
ultrasound sonication or numerous ultrasound sonications separated by an interval of
usually minutes to an hour (intersonication interval). Sessions are usually separated by
a larger interval of time, on the timescale of days to weeks apart (intersession interval).
The partition of ultrasound applications into these categories helps in understanding the
effect of cumulative ultrasound acutely (after multiple sonications) and chronically (after
multiple sessions). Ultimately, multiple sonications, and multiple sessions of ultrasound-
mediated BBB disruption over months to years, would need to be safely tolerated if this
approach is to achieve widescale clinical use for improving drug delivery in patients with
CNS malignancies, dementias, and other neurodegenerative diseases.

Ultrasound Sonications

Repeating an ultrasound sonication once (double sonication) has been shown to
significantly improve the magnitude of BBB duration and duration of BBB opening when
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compared to a single sonication [71,115] at the same target site. Additionally, the choice
of the intersonication interval may influence the penetration and uptake of drugs into
the brain, and specific drug half-lives may need to be considered when determining the
most appropriate intersonication interval [71]. Unfortunately, efficacy data from more
than repeat sonications are non-existent, as no further studies have directly compared the
effect of an equivalent single sonication against more than two repeat sonications. Other
studies, both preclinical and clinical [9,52], have tested a greater range of repeat sonications
but have not adequately reported group-specific data on BBB disruption efficacy. When
directly compared, the safety of double sonications appears to be similar to [71] or slightly
worse than [115] a single sonication. Indirect comparisons from two different studies that
utilised equivalent ultrasound parameters highlighted worsening MRI and histological
safety outcomes after increasing the number of sonications per session from two [48] to
four [49], over three weekly ultrasound sessions. Safety outcomes from other protocols
employing repeat sonications have been generally favourable, but also variable, with
some studies reporting worsening outcomes [33,93] but most reporting no differences in
healthy [84,109], aging [29], and glioma animal models [43,78] and clinical [8,11,54] studies.
Additional evidence also suggests that multiple, lower PNP/MI sonications can produce a
greater area of BBB disruption than a single, higher PNP/MI sonication, with improved
safety outcomes [103].

Ultrasound Sessions

The effect of multiple, repeat ultrasound sessions on the degree of BBB disruption
is unclear, as the few identified studies that directly compared single against multiple
ultrasound session applications did not investigate differences in the efficacy of BBB dis-
ruption between these groups [43,93]. In addition, studies that conducted multiple, repeat
sessions of ultrasound-mediated BBB disruption (Table 4) have not sought to investigate the
potential of a cumulative effect of these sessions on the long-term integrity and permeability
of the BBB. Subsequent ultrasound sessions have been shown to require sonications with
gradually escalating PNPs in order to achieve BBB disruption in animal models [93,99,100].
This is likely attributable to the general growth and the increase in skull thickness observed
in animal models [70,71,99] and has not been a finding corroborated in adult clinical tri-
als [9,53]. Adverse radiographic safety outcomes following long-term, repeat ultrasound
sessions have been generally favourable in NHP [70,84] and clinical studies [9,53]. How-
ever, transient MRI lesions (suggestive of microhaemorrhagic and oedematous change)
have developed following repeat sessions in some NHP [21,22] and human [9,10] subjects.
Long-term behavioural and clinical evaluations appear to be favourable in rodents [84],
NHPs [21,22], and humans [52]. Histopathological investigation of these NHP and human
studies has been limited, and only half of NHP [50,56,126] and no human studies inves-
tigated any histological outcomes following repeat sessions of ultrasound-mediated BBB
disruption. Adverse histological outcomes in NHPs have ranged from minimal to moderate
microhaemorrhagic change and, in one study [126], occurred despite the absence of any
MRI abnormalities. Rodent investigations [99,100] have observed worsening adverse safety
events after numerous, weekly ultrasound sessions. These include permanent structural
changes on MRI (microhaemorrhagic/oedematous lesion, enlarged ventricles), histopatho-
logical evidence of macrophage infiltration, increasing accumulation of phosphorylated
tau [100], and evidence of neurogenesis [100]. Furthermore, one study reported worsening
tissue damage after multi-session ultrasound applications coupled with liposomal doxoru-
bicin delivery in a glioma rodent model [70]. Interestingly, no tissue damage was observed
after multiple ultrasound sessions without liposomal doxorubicin co-administration [70],
suggesting that the repeat co-administration of certain chemotherapeutic drugs may either
directly damage surrounding tissue or lower the threshold for inertial cavitation-induced
ultrasound damage. These study findings, as well as the occurrence of a sparse number of
transient MRI abnormalities in NHP and clinical studies with already limited sample sizes,
highlight uncertainty around the chronic safety of ultrasound-mediated BBB disruption on
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tissue health, challenging the narrative that repeat sessions of ultrasound-mediated BBB
disruption are generally safe, as presented in prior reviews [17,18].

4. Discussion

After an extensive systematic review of currently available literature, we feel we have
comprehensively summarised the parameters used in published protocols of ultrasound-
mediated BBB disruption for enhanced drug delivery, as well as the subsequent effects on
efficacy and safety (Table S2—Supplementary Materials). We have also listed parameter
ranges at which effective BBB disruption has been conducted with the most favourable
safety outcomes (Table 4). The heterogeneity in protocols used to ultrasonically disrupt
the BBB in included studies is apparent; thus, more rigorous standardisation is required,
especially in the setting of clinical trials. In addition, we have identified several areas
related to the procedure itself, as well as the techniques used to analyse its efficacy and
safety, where the body of current knowledge is less established.

Firstly, in relation to the procedure of ultrasound-mediated BBB disruption, an emerg-
ing subset of investigations in this field have proposed the benefit of shorter, phased pulses
of ultrasound over longer, tonic pulsed schemes that have predominated thus far. The use
of phasic pulses may improve the homogeneity and safety of ultrasound-mediated BBB
disruption, at the cost of opening the BBB to a smaller degree. As a result, this ultrasound
pulse protocol may be applicable in frequent sessions of BBB disruption for the delivery of
therapeutics for less aggressive, chronic CNS conditions, but further work is required to
translate these findings beyond the subset of rodent studies currently available. Advances
in microbubbles, namely in designing and testing microbubbles with more optimal charac-
teristics (larger diameters and C3H8 or C4H10 gas filling) may also play a role in enhancing
the efficacy and safety of ultrasound-mediated BBB disruption.

Secondly, the methods used to confirm ultrasound-mediated BBB disruption have
relied upon the visualisation of proxy markers, mainly histological tracers or gadolinium-
based MRI contrast agents. While these tracers have been essential in demonstrating proof
of concept of ultrasound-mediated BBB disruption, they are ultimately not the intended
therapeutic molecules needing to be delivered into the CNS. Studies have identified that
the molecular weight, half-life, and timing of administration [70,71] influence the ability
of a drug to traverse a disrupted BBB following ultrasound, and thus more research is
required to track the uptake and transport of drug molecules not only across the BBB but to
desired target cells.

Thirdly, the type of safety assessments conducted throughout the investigations we
identified have overwhelmingly focused on structural alterations in sonicated neural
tissue, both at gross and microscopic anatomical levels (e.g., haemorrhagic, cellular, and
oedematous change). This has created a gap in our understanding of the physiological
changes that follow ultrasound-mediated BBB disruption and, of note, the possibility of
long-term inflammatory changes persisting after the passing of cerebrovascular contents
through the BBB. Current proteomic and transcriptomic analyses seem to suggest an
upregulation of proinflammatory genes following ultrasound-mediated BBB disruption, but
the effect of this, if any, on neural tissue functioning remains to be seen. Electrophysiological
changes following parameters used for ultrasound-mediated BBB disruption is another
understudied area, particularly as neuromodulation and stimulation is an emerging area
of therapeutic ultrasound research [128]. Surprisingly, none of the studies we identified
sought to assess the impact of ultrasound delivery on the cranial bone and surrounding
soft-tissue structures (skin, connective tissue, galea), even though most protocols involve
ultrasound application transcranially, and the cranium remains the first point of tissue
contact with the ultrasound beam.

After reviewing studies that repeatedly disrupted the BBB over chronic testing pe-
riods, we feel there is insufficient evidence to suggest that ultrasound can be frequently
and chronically applied without exhibiting some degree of damage. NHP and human
studies trialling chronic sessions of ultrasound-mediated BBB disruption have reported
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the presence of some adverse events, mainly transient MRI, and behavioural/clinical ab-
normalities. Conversely, rodent studies have highlighted permanent MRI and histological
adverse changes from chronic exposure. While these differences in safety outcomes may be
attributable to interstudy protocol variability, or anatomical differences between humans,
NHPs, and rodents, a definitive suggestion of repeatably safe ultrasound-mediated BBB
disruption is difficult to make given the limited and conflicting dataset. While some adverse
events, whether transient or permanent, may be an acceptable risk when treating advanced
CNS conditions, the prevalence and long-term impact of any adverse event on pre-existing
neurological morbidity are currently not known in humans. Additionally, current NHP
and clinical evidence is limited, both by small sample sizes (n<10 in most studies) and the
sparsity of histological and biochemical safety analyses. Pharmacological strategies such as
dexamethasone administration in an attempt to attenuate inflammatory response follow-
ing ultrasound-mediated BBB disruption may also play an important role in the clinical
adoption of this technique in treating chronic CNS conditions [106] and therefore represent
another area of further research. Emerging evidence on the benefit of real-time imaging
techniques such as Doppler [136] and photoacoustic imaging [136,137] may provide further
technological advances in the clinical confirmation of ultrasound-mediated BBB opening
without the need for MRI.

5. Conclusions

Greater standardisation of protocols and parameters used in preclinical and clinical
studies investigating ultrasound-mediated BBB disruption is required for advancing clinical
translation. Future studies should strive to further characterise the efficacy of ultrasound-
mediated BBB disruption. This should focus on not only the opening of the BBB to MRI con-
trast agents, but also the delivery of intended drug molecules and their subsequent benefit in
outcomes related to CNS conditions (e.g., reduced tumour progression and improved survival
rates with high-grade cancers, reduced cognitive decline in dementia). Currently, numerous,
larger clinical trials involving CNS cancer [138] (NCT04440358, NCT04528680, NCT04614493,
NCT03744026, NCT04804709) and dementia (NCT04118764) patients are ongoing. The data
from these trials will hopefully provide greater clarity to our overall understanding of the
long-term safety, tolerability, and efficacy of cumulative ultrasound-mediated BBB disruption
and enhanced drug delivery in patients with advanced CNS conditions.

Table 4. Summary of safe and effective parameters used in identified studies and reported relation-
ships between parameter escalation and BBB disruption efficacy and safety outcomes.

Parameter Safe and Effective
Parameters Commonly Used Parameters Compared Reported Effects on BBBD

(Efficacy Outcomes) Reported Safety Outcomes

Transducer Frequency
Preclinical: 0.20–1.50 MHz

Clinical: 0.22, 0.50, and
1.05 MHz

0.26, 0.69, 1.63, 2.04 MHz
[119] Increasing frequency: greater

PNP required to achieve
BBBD [19,45,94,119]; smaller
foci/area of BBBD [19,45,94]

Increasing frequency: increased
density of microhaemorrhagic

activity [119]; decreased
haemorrhagic [19,45,94] and

oedematous activity [45]

1 and 10 MHz
[45,94]

0.5 and 1.6 MHz
[19]

PNP

Preclinical: 0.2–0.5 MPa with
<1 MHz transducers

Clinical: 0.48–1.15 MPa and
2.5–60 W power

0.30, 0.46, 0.61, 0.75, 0.98 MPa
[73]

Increasing PNP: increasing
BBBD after surpassing

threshold PNP [9,15,45,65,73];
eventual saturation point in
BBBD [32]; prolonged BBB
opening [65,66]; prolonged

P-glycoprotein
downregulation [15]

Increasing PNP: increased
haemorrhagic [15,19,65,66,73,93]

and microhaemorrhagic
change [73,93]; neuropil loss;

neuronal loss [73,93] and
necrosis [93]; evidence of
apoptosis [45]; cerebral

oedema [9,45];
hypoactivity/ataxia/tremor [33]

0.55, 0.81 MPa
[15]

0.27, 0.39, 0.59, 0.78 MPa
[93]

0.3, 0.5, 1.0, 1.5, 2.0, 2.5,
4.5 MPa
[45,94]

1.1, 1.9, 2.45, and 3.5 MPa
[65]
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Table 4. Cont.

Parameter Safe and Effective
Parameters Commonly Used Parameters Compared Reported Effects on BBBD

(Efficacy Outcomes) Reported Safety Outcomes

0.45, 0.62, 0.98, 1.32 MPa
[101]

0.55, 0.78, 1.1, 1.9, 2.45, 3.47,
4.9 MPa

[32]

PNP

Preclinical: 0.2–0.5 MPa with
<1 MHz transducers

Clinical: 0.48–1.15 MPa and
2.5–60 W power

0.2, 0.3, 0.6, 1.5 MPa
[19]

0.30, 0.51, 0.89 MPa
[33]

0.4, 0.5 0.8, 1.1, 1.4, 2.3,
3.1 MPa

[28]

0.2, 0.4, 0.5, 0.8, 1.1, 1.8 MPa
[25]

0.78, 0.90, 1.03, 1.15 MPa [9]

PL
Preclinical: 10 ms

Clinical: 2–3, 10, and 23.6 ms

0.1, 0.2, 1.0, 2.0, 10, 20, 30 ms
[76]

Increasing PL: increasing
BBBD with PL 0.1–10 ms;

statistically non-significant
increase in BBBD after

PL > 10 ms [7,76]; decreased
PNP threshold

(PL = 0.1–10 ms) [120];
heterogeneous distribution of

BBBD/greater perivascular
accumulation of tracer [76]

Increasing PL: no
microhaemorrhagic change with
PL ≤ 10 ms [19,120]; significant

haemorrhagic change with
PL = 100 ms [19,23]; evidence of
apoptosis with PL = 100 ms [23]

1, 10, 100 ms
[19]

10, 100 ms
[7]

0.1, 1, 10 ms
[120]

30, 100 ms
[23]

10, 50 and 100 ms
[102]

PRF
Preclinical: 1–10 Hz

Clinical: 1–10 Hz and
30–31 Hz

0.1, 1, 1, 10, 25 Hz[76]

Increasing PRF: no BBBD
with PRF = 0.1 Hz [76];

inconsistent improvements in
BBBD with tonic pulsed
sequences, some being

statistically significant [19]
and others not [76,120];

improvements in BBBD with
rapid, phasic pulses [60,108]

Increasing PRF: no increase in
adverse safety outcomes, via

MRI [108] and
histology [19,60,76,108,120]

0.5, 1, 2, 5 Hz
[120]

1, 2, 5 Hz
[19]

1, 1667, 3333, 16,667,
166,667 Hz

[108]

6250, 25,000, 100,000 Hz
[60]

SD
Preclinical: 30–120 sClinical:

30–120 s; 150–270 s in
one study

30, 660 s
[76]

Increasing SD: improved
BBBD with pulsed [19,93,102]

and continuously [40,121]
applied US; plateauing effect
thereafter [93,115]; one study
reported no improvement in

BBBD [76]

Increasing SD: minimal change in
adverse safety outcomes with

small increases, and significantly
worsening safety outcomes

with excessive
increases [19,40,93,102,121]; no
increase in histopathological
outcomes in one study [76]

240, 360, 480, 600 s
[102]

30, 60, 120, 300 s
[19]

30, 180, 300, 600, 1200 s
[93]

60, 120, 180, 240 s[40]

6, 8 and 10 s
[121]

Dosing (Number and
Frequency) of

Sonications

Preclinical:
1–13 sonications/session

(ISI = 5 min)
Clinical:

1–8 sonications/session (ISI
not stated)

ISIs are listed within brackets

1, 2 (10 min), 2 (120 min)
sonications

[71] Increasing sonication #:
increase in BBBD [71,115];

improved doxorubicin uptake
with shorter ISI [71]

Increasing sonication #: no [71] or
mild [115] histopathological
change (increased neuropil

vacuolation)
1, 2 (20 min), 2 (40 min)

sonications
[115]
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Table 4. Cont.

Parameter Safe and Effective
Parameters Commonly Used Parameters Compared Reported Effects on BBBD

(Efficacy Outcomes) Reported Safety Outcomes

Dosing (Number and
Frequency) of Sessions

Preclinical: 1–27
Clinical: 1–10 sessions

Intersession intervals are listed
within brackets

2–10, 2–6 sessions (biweekly
and monthly)

[84]

Increasing session #: higher
PNP sonications required to
achieve similar BBBD, but
likely due to animal model
growth [84] as not observed
in developed adult clinical

trials [9,11]

Increasing session #: no adverse
safety outcomes [53,123]; transient

MRI changes [9,21,22]; cortical
atrophy, ventricular dilation, and

lesion formation on MRI [100];
increased phosphorylated tau

deposition [100]; increased
neurogenesis [100] no change in

motor and behavioural outcomes
in rodents [84]; increased tissue

damage and macrophage
infiltration with doxorubicin

co-delivery [70,91]; increasing
number of apoptotic cells

(significantly larger microbubble
dose) [33]; mild increase in white

matter vacuolation and mild
neuronal injury (significantly
larger microbubble dose) [43]

1, 8 (3 days) sessions
[43]

1, 4 (weekly) sessions
[123]

1, 6 (weekly) sessions
[100]

1, 3 (weekly) sessions
[93]

1, 3 (weekly) sessions
[70,91]

1, 2 (2 days), 3 (2 days)
sessions

[33]

3 (monthly), 6 (monthly)
sessions

[53]

4–27 (varying intersession
intervals) sessions

[21,22]

1–10 (monthly) sessions
[9]

US: ultrasound; BBBD: blood–brain barrier disruption; PL: pulse length; PRF: pulse repetition frequency; SD: sonication
duration; ISI: intersonication interval.
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