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Abstract

Biological drugs (BDs) play an increasingly irreplaceable role in treating various diseases such
as cancer, cardiovascular, and neurodegenerative diseases. The market share of BDs is
increasingly promising. However, the effectiveness of BDs is currently limited due to
challenges in efficient administration, delivery, and issues with stability and degradation. Thus,
the field is using nanotechnology to overcome the limitation. Specifically, polymeric
nanomaterials are common BD’s carriers due to their biocompatibility and ease of synthesis.
Different strategies are available for BDs transportation, but the use of core-shell

encapsulation is preferable for BDs.

This review discusses recent articles on manufacturing methods for encapsulating BDs in
polymeric materials, including emulsification, nanoprecipitation, self-encapsulation and
coaxial electrospraying. The advantages and disadvantages of each method are analysed and
discussed. We also explore the impact of critical synthesis parameters on BDs activity, such
as sonication in emulsification. Lastly, we provide a vision of future challenges and

perspectives for scale-up production and clinical translation.

Keywords: Polymeric nanoparticles, emulsion, nanoprecipitation, nanomixer, self-

assembly, coaxial electrospraying

Graphical abstract: Different techniques developed for encapsulation of biological drug
within polymeric nanoparticles



1. Introduction

The development of new therapeutic agents expands the range of available biological drugs
(BD) for treating diseases or relieving relevant symptoms. BD is a group of medicines
originating from living organisms with complex structures ' 2. Generally, BDs involve protein
or enzyme-based therapeutics . BD offers advantages over low molecular weight drugs as it
can target more precisely with high potency, resulting in reduced intrinsic toxicity 4. Thus, BD
is widely used for life-threatening diseases such as cancer, cardiovascular diseases, and other
chronic diseases 7. Since peptide-based insulin as the first BD was approved by the U.S.
Food and Drug Administration (FDA) in 1982 to treat diabetes, the FDA has approved 621
BDs up to 2021 8°. In 2020, these BDs contributed to a US$253 billion pharmaceutical market
and were forecasted to double in 2025 °. However, due to its nature, BD has disadvantages
such as poor solubility, permeability, and bioavailability in oral delivery '3, Moreover, for
intravenous administration, BD accumulation in the bloodstream may induce a secondary off-
target effect that could be lethal. For instance, a high administration rate of tPA (the only
approved treatment option for stroke) may lead to tPA accumulation in different organs to
cause haemorrhages such as the intracranial haemorrhage in hyperglycaemia and diabetes
patients '+ '°. Therefore, there is a need to find a solution to overcome these challenges to

make full use of BD, which is beneficial to a broader population .

Nanoparticles (NPs) attract attention from the research community because of its wide range
of applications, including diagnosis, analysis, imaging, and tissue engineering . Moreover,
NPs can act as carriers to deliver therapeutic agents '®. The small size of NPs favours the
permeability through different membranes and blood-brain barrier for a higher efficiency which
has massively enhanced the therapeutic utility of the agents ™. Additionally, applying
appropriate targeting and releasing strategies can further improve the precision also the

uptake rate of the original BD 2.

In terms of availability for use, FDA has approved over 20 NPs for clinical use, mainly inorganic
NPs, liposomes, and polymeric NPs '°. Inorganic NPs such as iron, silica and gold can be
precisely synthesised into nanospheres, nanobundles and nanoshells to carry BD 2'. Inorganic
NPs such as "'In superparamagnetic iron oxide NPs can be employed as theranostic
materials due to their unique radioactive and magnetic properties 2%, However, the
biodistribution and cytotoxicity of inorganic particles are not fully investigated 4. Moreover,
the solubility of inorganic NPs is relatively low #2. Therefore, it is challenging to translate
inorganic delivery systems into clinical use, especially when heavy metals are employed as a

part of the carrier.

Liposome is made up of phospholipids, which mainly form a spherical structure. This spherical



structure can be multilayered and carry hydrophilic, hydrophobic, or even lipophilic drugs 3.
Since the FDA approved the first nano liposomal drugs in 1995, many studies have been
devoted to the use of liposomes in disease treatment “*. However, the drug encapsulation
efficiency (EE) using liposomes as a delivery system is relatively low #°. Besides, liposome
carriers are mainly absorbed by the spleen and kidneys and release the drug in these organs
46 This undoubtedly limited BD nano delivery to some extent. Since inorganic and liposome
have certain disadvantages, other materials should be considered for the transportation and

delivery of BDs.

Polymers are one of the most popular materials currently used for drug-loading nano-systems.
Polymeric materials can be divided into non-biodegradable and biodegradable polymers #’.
Non-biodegradable nanopolymers such as acrylic polymers are generally used for local
injection of antibodies or implant-bone components #’. But their low biocompatibility and
toxicity can lead to irreversible health complications #’. Consequently, scientists focus more
on developing biodegradable polymers such as polylactic acid (PLA) and poly lactic-co-
glycolic acid (PLGA) to deliver drugs. Biodegradable polymeric materials do not produce
harmful and non-biocompatible by-products upon degradation and therefore are generally not
accumulated in major organs to produce cytotoxicity effects *¢. They can also be combined
with inorganic NPs for therapeutic and diagnostic purposes % °°. Degradable polymers have

been explored as candidates for the delivery of targeted BD.

Methods to incorporate BDs to the nanoparticles include adsorption, conjugation and
encapsulation ®'. Adsorption is a method that does not involve the formation of chemical bonds
or the alteration of polymers, relying on van der Waals forces, electrostatic forces and
hydrophobic interactions to anchor the BD to the relevant areas containing the lipophilic
components of the polymer °2. These interactions, such as van der Waals forces, may
aggregate and impact the colloidal stability, thus not supporting the stable transportation of
BD to the target 5% 5. This may cause a reduction in the BD efficiency. The exposed BD
structure may also be altered by temperature and acidity change, thus limiting the usefulness

of this method %°.

Conjugation is generally achieved by forming a covalent bond between the functional groups
of BD and the polymer %. In this case, BD is exposed at the surface of the nanoparticles to
facilitate targeting activity. Although conjugation may not impact chemical drugs, it may lead
to BD denature and thus reduce BD efficacy %-%°. Specifically, BD cannot be freely released
to the target sites, and this binding may impact the conformational change of BD to bind to the

target . It would be helpful to retain BD activity while improving targeting efficacy.

Encapsulation is considered a as more suitable method for BDs transportation. BD can be



encapsulated into polymeric materials without the involvement of covalent bonds to retain its
activity '. Encapsulated BD can also be protected from body environment, pH, ions and
enzymes. BD encapsulation combined with targeting strategies and stimuli-responsive

strategies (e.g. pH or temperature) can enhance the use and efficacy of BD %2,

Each nanoparticle synthesis method offers its unique EE and results in a unique final product
6, Common methods are emulsification, nanoprecipitation, self-assembly, and
electrospraying 4%, Yet, the advantages and disadvantages of these methods have not been
well documented. Therefore, this paper comprehensively reviews and compares methods to
encapsulate BDs such as proteins, enzymes, plasmid deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA), offering better insights and knowledge toward improved nano delivery
systems for BDs. The advantages and disadvantages of each method are analysed and
discussed. We also explore the impact of critical synthesis parameters on BDs activity, such
as sonication in emulsification. Lastly, we provide a vision of future challenges and

perspectives for scale-up production and clinical translation.
2. Emulsification

Emulsification is the process of dispersing two or more immiscible liquids to form a semi-stable
mixture. The emulsification method allows one phase of the liquids to be dispersed in tiny
droplets in another phase to create a non-homogeneous emulsion system. Nano
encapsulation using emulsion consists of a mixture of organic or oil phase and aqueous phase
67. Depending on the continuous phase and the dispersed phase, they are divided into (1) oil-
in-water emulsions, where the continuous phase is oil, and the dispersed phase is an aqueous
solution; and (2) water-in-oil emulsions, where the continuous phase is an aqueous solution
and the dispersed phase is oil . Emulsification is generally classified into single emulsion and

double emulsion for BD encapsulation.

2.1. Single emulsion

Single emulsion is one of the most frequently utilised methods for encapsulating BDss .
Table 1 summarizes single emulsion studies for BD encapsulation in the last 5 years. Usually,
this method utilises an aqueous solution of BDs followed by the addition of an amphiphilic
polymer or a polymer with a stabiliser dispersed in the organic phase by homogenising
techniques such as stirring or sonication. The help of an amphiphilic polymer or stabiliser

allows the polymer to encapsulate protein. The particles solution from the previous step is



processed by solvent evaporation to obtain the final NPs (Figure 1).
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Figure 1. Schematic representation of single emulsion to synthesise core-shell

nanoparticles.

Zamanlu et al. % demonstrated a single emulsion encapsulating protein with smaller particle
sizes. Pegylated PLGA (PEG-PLGA) was employed to encapsulate tPA using single emulsion
solvent diffusion/evaporation method. The size of the NPs was in the range of 200 — 300nm.
The PEGylated PLGA-tPA NPs were 24.93 nm larger, and the EE was 4.83% higher than the
PLGA-tPA group (89.85 +9.71%). Also, the loading capacity (LC) of the PEGylated PLGA-tPA
NPs was higher than the PLGA-tPA group (3.60+0.01% VS. 1.99+0.01%). The cell viability
and thrombolytic activity of the PEGlyated PLGA shell group were also higher than the PLGA
only group. However, the study did not provide the in vitro release profiles for PEGylated-
PLGA-tPA group, PLGA-tPA group and tPA only group. The information about how NPs with
different structures perform in a prolonged period is thus limited. Furthermore, Délen et al. 7
used a single emulsion with sonication for 2 minutes and 2.5% PVA as a surfactant. This study
fabricated a New York esophageal squamous cell carcinoma 1 (NY-ESO-1) peptides mix-
loaded PLGA NP of 227 £ 61 nm (PLGA 10 mg/mL, a-GalCer analog IMM60 at 50 ug/mL, and
three immunogenic cancer germline antigen, NY-ESO-1 mix at 0.33mg/mL). The LC and EE
were not reported. Similar levels of the immune response activated by the encapsulated
IMM60, and NY-ESO-1 were found in vitro and in vivo, which was higher than the response
from free IMM60 and peptide. The use of this NP has moved to phase | clinical trial for safety

and tolerability assessment in humans (NCT04751786) 7'. Notably, the organic solvent used

in this study during the preparation was dichloromethane and dimethyl sulfoxide (DMSO), but

the reactivity of the peptides mix was not impacted.


http://clinicaltrials.gov/show/NCT04751786

NPs synthesised by single emulsion can also be employed for oral administration of BDs.
Feng et al. > used methoxy polyethylene glycol (mPEG)-poly (B-amino ester) [PAE] to
encapsulate bevacizumab (BVZ) with a single emulsion solvent evaporation method. The NPs
size was 132.60 + 0.058 nm, with an EE of 85.50 + 0.33% and a LC of 0.54 £ 0.01%. They
also used single emulsion to prepare a docetaxel-loaded Carboxymethyl chitosan (CMC)-
PLGA NP. The two NPs were physically mixed to form a binary mixture at 132.60 + 0.058 nm
for dual anti-cancer treatments. Compared to the free drug groups in mice, the NPs mixture
group had a higher absorption rate across the small intestine and a higher cytotoxic effect in
non-small cell lung cancer cells. Moreover, the NPs mixture group had a higher plasma

concentration than the free drug group (7.85 ug/ml at 50 min VS. 148.24 ng/ml at 50 min).

The NPs in these studies had a high EE but LC was lower than 10%. The low LC indicates
that the BD cores formed in the core-shell NP structure are small and that the polymer shell
makes up the bulk of the NPs. The low LC of hydrophilic BDs and the difficulty to scale up
have prevented this method from being widely used. Knowing these drawbacks, a modified

emulsion method, double emulsion was used to focus on core-shell encapsulation 2.



Table 1. Summary single emulsion studies for BD encapsulation in the last 5 years.

Surfactant or

Encapsulation

Loading

Encapsulated compounds | Polymer | second Applications | Size o . References
efficiency, % capacity, %
polymer(s)
Proteins  isolated  from LpanUA.27.1860:
L.panamensis. 36.56 ym at 750 | LpanUA.22.1260:
i pg/ml 94.66 + 4.86
Soluble PLGA PVA Vaccine / 7
LpanUA.27.1860 LpanUA.22.1260: LpanUA.27.1860:
- Insoluble 44.97 ym at 750 | 89.03+ 4.91
LpanUA.22.1260 pug/mi
PEG-
tPA / Thrombolysis | 276.20 +27.58nm | 94.78 £ 3.09 3.60+0.01 69
PLGA
BVZ loaded: 82.07
mPEG- t 0.19nm
_ _ BvZ loaded: | BVZ loaded:
BvVZ PAE for |/ Anti-cancer Binary 2
_ 85.50 + 0.33 0.54 + 0.01
BVZ mixture: 132.60 *
0.058 nm
NY-ESO-1 and IMM60 PLGA PVA Anti-cancer | AtPLGA10mg/mL |, / 70
and peptides




content of NPs of
11.4, 13.4, and
11.5 pg/mg: 227 +
61 nm




2.2. Double emulsion

In the early 1980s, Matsumoto et al. ”® introduced the concept of double emulsion. The double
emulsion technique is an expanded version of a single emulsion with two common types,
water-oil-water and oil-water-oil. For instance, in the water-oil-water type, the primary
emulsion solution contains an aqueous phase with BD and an organic phase with the polymer
or stabiliser. Then the primary emulsion solution is added to a second aqueous phase.
Sonication helps the secondary emulsion solution for stable core-shell structure NPs. Finally,
the NPs in the secondary emulsion solution can be collected via solvent evaporation (Figure

2). Table 2 summarizes double emulsion studies for BD encapsulation in the last 5 years.
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Figure 2. Schematic representation of double emulsion to synthesise core-shell

nanoparticles.

2.2.1. Sonication in double emulsion

Most recent studies used the double emulsion method with sonication to achieve better
results. In theory, sonication generates heat that may affect the properties and activity of the
encapsulated BDs "% 7. However, recent studies did not support this view. For instance, Steiert
et al. ® reported a polyethylene glycol-modified lysozyme to encapsulate naive lysosome size
180-220 nm to treat gram-positive Micrococcus luteus (M. luteus). Sonication was an aid in
forming stable emulsion to load the lysosome. Boushra et al. ® also supported this point. They
found that one minute of 50% amplitude sonication under an ice bath for the double emulsion
retains insulin stability. The study employed a hydrophilic polymer PEGeo0o to increase the
entrapment of protein insulin in the internal aqueous phase and reduce its tendency to leak to
the external aqueous phase. The aqueous mixture of PEG and insulin was added to the

organic phase containing PLGA and trimyristin lipid to form a w/o emulsion with insulin and 2
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polymers. The w/o phase was then added to an aqueous phase to from w/o/w double
emulsion. The size of the insulin/PEG loaded PLGA-trimyristin NPs was 85 nm smaller than
the insulin-loaded trimyristin NPs, while EE was 30% higher than the insulin-loaded trimyristin
NPs.

Furthermore, sonication in double emulsion does not influence the activity of small size BDs.
For example, Priwitaningrum et al. & prepared a second mitochondria-derived activator of
caspase (Smac) loaded polymeric NPs with an average diameter of 197 nm for anti-tumour
purposes. The first emulsion solution was formed by 30 seconds of sonication at 10 %
amplitude with the presence of Smac peptide saline solution, MPEG2000-PLGA and PLGA in
an ice bath. PVA was added to the solution, followed by 1-minute sonication at 10% amplitude
to stabilise the NPs. The Smac NPs achieved an EE of 48% and 2.4% LC. Sonication did not
impact the in vitro and in vivo. The in vitro results indicated that after 10% amplitude sonication,
the NPs were still able to induce triple-negative 4T1 mouse breast tumour cells apoptosis

rapidly. Besides, the NPs expressed a synergistic anticancer effect with doxorubicin in vivo.
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Figure 3. Preparation and Characterization of KPV-Loaded Polymeric NPs. (A)
Schematic illustration of the fabrication process of HA-KPV-NPs. (B) Representative TEM

images and the corresponding size distribution of HA-KPV-NPs. Reprinted from Ref. 81,
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copyright (2017), with permission from Cell Press.

Similarly, Xiao et al. 8' utilised a PLGA-PVA-chitosan polymer with hyaluronic acid (HA)
functionalised coating to deliver lysine-proline-valine (KPV) using a double emulsion with
sonication for ulcerative colitis (UC) treatment. KVP was dropwise added to the PLGA
containing organic phase to form the primary emulsion solution for synthesis. Sonication was
applied to the primary emulsion solution 10 seconds for six times with PVA and depolymerised
chitosan. With an average size of 272.3 nm, the NPs remained intact after oral administration
across the stomach and aggregated towards the wound of colonic epithelial cells in a UC
mouse model (Figure 3). Even though the authors previously proved that the therapeutic
efficacy of KPV in the non-functionalised NPs was 12000-fold lower than the free KPV
concentration 8, in this study, they did not directly compare the therapeutic efficacy of the non-
functionalised NPs to the functionalised NPs. Xiao et al. 8! only demonstrated that the tissue
uptakes of the functionalised NPs were higher than not non-functionalised NPs at 4 hours and

18 hours.

Minooei et al. 8 demonstrated that two times sonication (no amplitude showed) in double
emulsion did not reduce the effect of an oxidation-resistant variant of griffithsin, an algae-
derived antiviral BD for defecting human immunodeficiency virus-1 (HIV-1) infection in vitro.
PVA was presence in both primary and secondary emulsion solutions as a stabiliser. The
griffithsin variant was encapsulated in a PLGA core with a size of 98.5 £ 37.2 nm, accompanied
by a 48.9 £+ 12.7 % EE and 48.9 + 12.7 yg/mg LC. Also, the half-maximal inhibitory
concentration (IC50) of the griffithsin variant NP was 4.09-fold lower than its free form (1.1 nM
vs 4.5 nM), which indicated that griffithsin variant NP prevented HIV-1 infection better than the

free griffithsin in vitro.

Double emulsion with sonication was able to load small interfering ribonucleic acid (SiRNA)
84 In the study they used a PEG-PLA with an amphiphilic dendrimer, GO-C14 and paclitaxel
as the shell to load siRNA, for matrix metalloproteinase-rich tumours treatment. A 30 seconds
80 w sonication for the primary emulsion and 2 minutes 100 w sonication for the secondary
emulsion did not impact the binding activity and stability of the siRNA. Later, Zhang et al. %
synthesised a 90 nm NP by double emulsion with ice-bathed about 12% amplitude
ultrasonication to encapsulate siRNA with folic acid (FA)-modified PLGA-thioketal (TK)-PEG.
The NPs with the siRNA had lower tumour volume from day 1 to day 16 than the free siRNA
group and the non-specific siRNA group. It inhibits the translation of the corresponding protein

by binding to the messenger RNA (mRNA) of the target gene.

12
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There are a few studies successfully encapsulating small BDs using sonication in double
emulsion. For example, Lin and his group loaded cyclic diguanylate monophosphate (cdGMP,
0.69kDa) within hollow PLGA NPs (114 nm) for a Middle East Respiratory Syndrome
Coronavirus vaccine 8. A 40 % amplitude (1 minute) for primary emulsion then 30 % amplitude
(2 minutes) for the secondary emulsion for did not impact the activity of cdGMP and able to
achieve 48% EE (Figure 4). Moreover, Ural et al. & did a study using 40% amplitude
sonication twice during double emulsion to load vancomycin (1.45kDa) in PLA-PLGA shell.
The first sonication was done for 15 s to the primary emulsion solution containing vancomycin
and PLA-PLGA solution. Then the solution was added to sodium chloride solution with 0.5%
w/v PVA to form the secondary emulsion. The secondary emulsion solution was sonicated at
the same amplitude for 30 s. The optimised particles had a size of 319 nm, 50 + 7% EE and
23 + 3% LC. However, this study did not explore the in vitro and vivo therapeutic utility of the
NPs. These results suggest that use of sonication can be translated to small BDs

encapsulation.

Liao et al. 8 studied the size and activity of enzyme-loaded polymeric NPs prepared in either
1 wt% cholic/deoxycholic acid (CHA) sodium salt or 1 wt% PVA surfactants under different
sonication conditions for double emulsion. The PEG-PLGA coated catalase NPs with CHA
and sonicated for 15, 30, and 60 seconds were smaller than those with PVA prepared under
the same settings. Their size at 15 s to 30 s and 60s were similar for CHA as well as PVA
groups (~80 nm for CHA and ~120 nm for PVA at 15, 30 and 60 seconds of sonication). For
the catalase activity, the group sonicated for 30 seconds had the highest catalase activity of
about 45 units/ml and 80 units/ml for CHA and PVA, respectively. Further sonication, such as
60 seconds, reduced catalase activity by 30 units/ml compared to those from 30 seconds (for
both CHA and PVA groups). Sonication of less than 30 seconds also reduced the catalase
activity. The 15 seconds sonication results for the CHA and PVA groups were about 10
units/ml and 5 units/ml, respectively, lower than its 60 seconds sonication results. Surprisingly,
sonication for one second did not preserve the catalase activity for both groups but resulted

in the least activity (~5 units/ml and ~40 units/ml for CHA and PVA, respectively).

Although the sonication time of some studies mentioned above was higher than the range
reported by Liao et al. %, the encapsulated BDs, regardless of their sizes, still provided
beneficial effects in various applications. This point is greatly supported by a study
encapsulating gliadin protein with PLGA using a double emulsion with two times of 100%
amplitude sonication to produce a NP at a size of 529 + 6.4 nm . The activity of the protein
to reduce inflammatory and enteropathy response was retained in three different celiac
disease mice models . Notably, a phase | clinical trial and a double-blinded randomised
phase Il trial have been completed for this NP (NCT03486990, and NCT03738475,

14



respectively).

However, we still suggest that low to moderate amplitude sonication (e.g., lower than 50%
amplitude) with an ice bath in the double emulsion is beneficial for preserving BD activity.
Future studies can assess the effect of sonication time on the dispersion of the droplets in
emulsion and the enzymatic activity after the sonication. The impact of prolonged sonication

over an ice bath on BDs activity and structure is also something to consider.
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Table 2. Summary of double emulsion studies for BD encapsulation in the last 5 years.

Encapsulated Polymer Surfactant or | Applications Size Encapsulation | Loading Sonication References
compounds second polymer(s) efficiency, % | capacity, % | settings
15 s followed
~ 180-220 by 30 s onice,
Lysozyme mPEG / Infection 24 4.78 _ &
nm amplitude not
included
80 w, 30s
siRNA, paclitaxel and . _ 140.5+1.67
PEG-PLA PVA as a stabiliser Anti-cancer 91.03+4.21 / followed by | &
G0-C14 nm
100 w, 2 min
50%
Insulin/PEGsooo PLGA / Diabetes 240 nm 50 / amplitude, &
50%, 1 min
30%
amplitude for
8-mer Smac peptide
197~140 30 s followed
and a 14-mer cell | PLGA-mPEGzu0 |/ Anti-cancer 48 2.4 80
nm by 10%

penetrating peptide

amplitude for 1

minute, 3 min
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6 x 10 s,

amplitude not

included, 30 s
Chitosan-coated
KPV/PLGA A HA PVA as a stabiliser Ulcerative colitis | 272.33 nm | 39.7 + 3.6 / followed by | ®
wi
10%
amplitude 1
minute
Oxidation-resistant 48.9 + 12.7
o PLGA PVA as a stabiliser HIV-1 infection 98.5+37.2 |489+12.7 Did not specify | &
griffithsin ug/mg
80w for 2 min
siRNA PLGA-FA-PEG |/ Liver cancer ~90 nm 64.3+ 5.6 / X 2 times, and | 8
10 s x 6 times
For CHA: Sonicated for
58 4-70.8 15, 30, and 60
seconds  for
PVA or CHA as | hm -
Catalase PLGA-PEG __ Neurotherapeutic / / different 88
stabilisers For PVA:
groups,
109.8- amplitude not
113.3 nm

included
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40%

1, 2-Distearoyl-sn- | Middle East amplitude for 1
glycero-3- Respiratory min, followed
cdGMP PLGA . 114.0 nm ~48% / 8
phosphoethanolamine | Syndrome by 30%
-PEG-Maleimide Coronavirus amplitude for 2
mins
40%
amplitude for
15 s for the
Vancomycin PLA-PLGA PVA as a stabiliser Antibacterial 312 nm 53+7 25+3 first emulsion, | &
40%
amplitude for
30s
. . 100%
o ) poly(ethyl Anti-Celiac 529 + 64 .
Gliadin protein PLGA _ / 10.8+1.5 amplitude for | &
methacrylate) or PVA | Disease nm

30 s x 2 times
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2.2.2. Use of emulsifier/stabiliser in double emulsion

In food science, stabilisers or emulsifiers alongside sonication during the emulsion process
favour protein stability °. However, for drug delivery, the stability of BD is questionable during
different emulsion processes. How the stabiliser combined with sonication will affect, BD
remains unknown °'. Some emulsion processes include more than two types of emulsifier and
stabiliser. In addition, sonication produces transient bubbles that may induce reactive free
radicals production, leading to minor side chain changes of the BD 2. Although there is still no
systematic evidence showing that such altered protein structures affect their function, whether
the composition of the stabiliser and the organic phase in the presence of free radicals affect

BD activity also deserves further investigation *°.

Admittedly, emulsion is one of the most established and widely used synthesis methods, with
over 50 % EE in most cases. However, parameters such as the extended exposure period of
the BDs to the solvent in the emulsion also make it debatable whether the BDs can still perform
their function. The current review suggests that a low temperature, amplitude and time of less
than one minute can still keep the BDs functioning. But further exploration of the BDs
secondary and tertiary structure after using sonication and emulsifier/stabiliser is needed to
support this suggestion. Moreover, we suggest that excessive exposure to the organic phase
without rapid emulsion homogenisation during droplet formation may contribute more to BD

denaturation than the effect of energetic sonication waves on BD denaturation.
3. Nanoprecipitation

Nanoprecipitation is one of the first drug encapsulation methods developed by Fessi et al. %
in 1989. At first, it was applied to synthesise polymeric encapsulated particles within 100 to
300 nm. The physicochemical principles of non-protein NPs synthesis using nanoprecipitation,
such as the mixing steps and the solvents, have been thoughtfully investigated %. Moreover,
the path to industrialisation has also been explored, such as modifications on an industrial
scale and the establishment of controlled microfluidic systems %7, Therefore, this method is
considered to have a high expectation for BD encapsulation due to its simplicity of operation
and its ability to avoid exposure to different emulsifiers and surfactants under sonication
conditions. Table 3 summarizes nanoprecipitation studies for BD encapsulation in the last 5

years.
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Figure 5. Schematic representation of simple nanoprecipitation to synthesise core-

shell nanoparticles.

3.1. Simple nanoprecipitation

A homogeneous core-shell nanoparticle is usually made by dropwise addition of the non-
solvent solution of BD to the dissolved BD solution first, followed by the addition of the polymer
in its solvent to the BD particle solution. While the mixture of the BD particles and polymer
solution is stable, the non-solvent of the polymer can be added to the mixture solution under

appropriate conditions such as stirring to form the BD-polymer core-shell NPs (Figure 5).

In 2012, Morales-Cruz et al. ®® employed a two-step precipitation method to encapsulate
lysozyme and a-Chymotrypsin. They demonstrated that acetonitrile could prevent irreversible
denaturation of proteins during the first precipitation process, which might happen when using
DMSO. Also, PLGA is soluble in acetonitrile, so the mixture of both protein precipitated
particles and PLGA are miscible with each other. Later, when the mixture was added to water,
PLGA automatically precipitated and wrapped around the precipitated proteins to form core-
shell NPs. Their results indicated that this method had a theoretical protein LC of about 2% or
5% and achieved an EE of 94 + 5% for lysozyme and 74 £ 4% for a-Chymotrypsin. The size
of the lysozyme-loaded PLGA NPs was 336 + 40 nm, and the a-chymotrypsin-loaded PLGA
NPs were 440 + 16 nm. Two-step precipitation did not impact the residual activity of lysosomes
but influenced a-Chymotrypsin. The residual activity of a-Chymotrypsin decreased to 49%,
while lysosome activity was 100%. They then encapsulated a horse heart cytochrome c (Cyt-

c) with PLGA. After encapsulation, the residual activity was 2% higher than precipitation
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(96%). The particle size was 242 nm with 72 + 2% EE. Although they showed a-Chymotrypsin
NPs were cytotoxic to human cervical cancer cell lines, there was no comparison of the effect

of NPs with the free a-Chymotrypsin and existing anticancer agent.

Nelemans et al. *° recently optimised a drug delivery system to encapsulate BSA and amylase
with PLGA. This study first showed that only acetonitrile could precipitate BSA with a
homogeneous particle distribution while acetone and ethanol caused heterogeneous particle
distribution. They found the particle size of BSA varied linearly when increased it from 10
mg/ml to 25 mg/ml with 5 mg/ml increment (35.2 + 0.2 £ 0.2 nm, 46.2 + 7.4, 54.3 + 1.5 and
67.0 £ 4.1 mg/ml respectively). Only 2 mg/ml amylase was used for precipitating a 133.7 £ 4.2
nm particle. The authors eventually encapsulated amylase with PLGA and 1% Pluronic F68
(Diameter: 147.7 + 4.3 nm, including a 14 nm PLGA shell). However, Nelemans et al. *° only
encapsulated about 24 £ 11.2 % of the amylase into the PLGA NPs. They tested the initially
precipitated proteins for activity by directly dissolving the proteins in PBS. The activity of the
redispersed amylase was 1.1% higher than its stock solution. This result supported the view

that using organic solvents such as acetonitrile to precipitate BDs does not hinder its efficacy.

Queiroz et al. ' reported a different type of nanoprecipitation. Using a whey protein
conjugated chitosan as a shell, they loaded trypsin inhibitor isolated from tamarindo seeds
(TTI). Instead of forming TTI particles first to keep it stable, they combined the TTI with the
shell complex. Then Tween 80 contained ethanol solution was proportionally added to the
solution. A core-shell structure of 109.40 £ 7.53 nm in diameter was formed by homogenising
at 17500 rpm with an EE of 98.5 + 1.95%, and no LC was reported. This work demonstrated
that the use of stabiliser and homogeniser in simple nanoprecipitation might not impact the
performance of NPs. Also, the TTI encapsulated NPs showed higher in vitro antitrypsin activity
than the free TTls at 40°C and 60°C. When the pH was increased from 2.0 to 6.0, the TTI
encapsulated NPs still had better antitrypsin activity than free TTI. However, their fourier
transform infrared spectroscopy results showed several more vibrational bands than free TTI,
suggesting that an underlying chemical reaction has occurred. Overall, such an interaction
may not be sufficient to change the activity profile of TTI, but it is worth exploring whether the

secondary and tertiary structure of TTI after encapsulated within the NP.

Furthermore, it is worth considering the effect of nanoprecipitation on BD activity compared to
other methods. For example, Liao et al. # synthesised catalase-loaded PLGA-PEG NPs using
the double emulsion method with sonication and nanoprecipitation method. Although there
was no significant difference in particle size when comparing NPs prepared by
nanoprecipitation and double emulsion method with sonication, there was a significant
reduction in catalase activity between the group using nanoprecipitation and the group using

emulsion with 30 seconds sonication. Especially for the PVA as surfactant groups,
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nanoprecipitation-prepared NPs were 35 units/ml lower in catalase activity than the NPs
synthesised from double emulsion with 30 seconds of sonication 8. Notably, the precipitation
method that Liao et al. 8 used to compare was a one-step nanoprecipitation that did not
precipitate catalase in NP form before mixing the catalase with the PLGA-PEG/acetone
solution. Combined with the conclusion from Nelemans et al. %, the acetone solution in PLGA

may impact both distribution and activity of catalase.

Taken together, the selection of non-solvent of BDs and polymers during the nanoprecipitation
process contributes to the activity and characteristics of its final product. To gain a more
comprehensive understanding of BDs precipitation, small-sized BDs such as siRNA can be
used for future studies. Following that, the secondary and tertiary structure of the precipitated
large, or small-size BDs can be examined to see whether solvent such as acetonitrile causes
any changes on their active sites. Future studies could also determine the impact of different
organic solvents on BDs structure. In addition to the future suggestions, works reviewed above
on simple nanoprecipitation reported fluctuated EE and did not report their LC. However,
nanoprecipitation is a much simpler process than double emulsion, allowing appropriate size

control of the NPs.

3.2. Flash Nanoprecipitation

Flash nanoprecipitation is used to reduce the effect of non-solvent on BD. While regular flash
nanoprecipitation is used to encapsulate hydrophobic cores, recent studies have utilised a
similar principle to encapsulate hydrophilic cores, particularly BDs, in a process called inverse
flash nanoprecipitation (iFNP) 9193 |n particular, iFNP first dissolves BD and polymer in
solution form, meanwhile adding non-solvents of the polymer and ionic crosslinker to a mixing
chamber such as confined impinging jets (CIJ) or multi-inlet vortex mixer (MIVM) to synthesise
NPs that are more homogenised than the conventional precipitation within seconds (Figure
6) 194195 This method is considered to have a higher loading and EE than emulsification and

conventional nanoprecipitation 7.
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Figure 6. Schematic representation of inverse flash nanoprecipitation(iFNP) to
synthesise simple core-shell nanoparticles. (A) The confined impinging jets (ClJ) and (B)
A multi-inlet vortex mixer (MIVM). The NPs synthesised by iFNP is only a schematic sample,

not the actual size.

Since Pagels and Prud'homme ' introduced the use of iFNP for BD delivery in scaffolds. The
group has intensively investigated the possibility of using iFNP to produce BD-polymer core-
shell. They encapsulated tobramycin, peptide |, tryptophan, lysozyme, vancomycin, and
glutathione separately using a ClJ '®. DMSO was used as a solvent for both the tobramycin
and poly(n-butyl acrylate)-b-poly(acrylic acid), and 5 % H20 was used for better dissolving
peptide-l and vancomycin, while 5% H20 and 5% acetic acid was added to the DMSO for
tryptophan. The non-solvent chloroform for all of the groups except for tobramycin, acetone
was quickly added to the other side of the ClJ. The diameters of the capsulated NPs were all
within 200 nm. The group also used transmission electron microscopy to confirm the core-
shell structure that was hypothesised for NPs prepared by iFNP containing hydrophilic cores

and hydrophobic shell.

In a later study, they also used CIJ to encapsulate vaccine antigen ovalbumin (OVA) with PS-
b-PEG and obtained a 147 + 3 nm NP with 50% LC %2, They also used MIVM for OVA loading
in PS-b-PEG and achieved a size of 115 nm. In addition, a NP using PS-b-PEG to encapsulate
horseradish peroxidase (HRP) was synthesised with a size of 167 nm 30% LC. However, the
authors did not report the EEs for all prepared NPs. Despite that, this design only required 0.2
mg (200 pl of 1 mg/ml) of the BDs for each encapsulation run, while other studies such as
Levit et al. "% need to use at least 0.9 mg of BSA for preparation. Markwalter followed up with

a PLGA - poly(aspartic acid) [PASP] shell to encapsulate polymyxin B, HRP, lysosome, blue
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Dextran, vancomycin, RNA and B-galactosidase '°’. PASP has been employed in numerous
biomedical applications such as drug delivery'®. For both CIJ and MIVM settings, they timely
added solvent and anti-solvent with ion-crosslinker solution to different mixer entries. Later the
primary BD/PLGA-PASP core-shell NPs in its non-solvent were incubated in an aqueous
buffer. The aqueous phase was extracted for EE analysis. The primary NPs in its non-solvent
were heat-treated to evaporate the previous solvent, then a second copolymer, PLA-b-PEG
in tetrahydrofuran, acetone or acetonitrile, was added to be the new solvent. The solution
contained the primary NPs, and the second polymer was injected into a new mixer, and an
aqueous non-solvent stream was added to the other inputs for a second iFNP. The PLA in the
second polymer was self-assembled on the surface of the primary NPs, and the PEG tail
provided a strong stability effect. They also simplified the process by directly using a PASP-b-
PLA-b-PEG triblock polymer, and BDs dissolved in DMSO then acetone as the non-solvent
with an ion-crosslinker. When using a higher molecular weight PLA block, the NPs had sizes
of 119+ 7 nm, 76 + 2, 114 £ 14 nm, 167 + 18 nm, 107 £ 16 nm, 70 £ 6 nm, 130 + 26 nm for
encapsulating polymyxin B, HRP, lysosome, blue Dextran, vancomycin, RNA and pB-
galactosidase, respectively. EE and theoretical LC values were presented in Table 3. This
study offered the idea of a hydrogel as a core polymer followed by crosslink hardening of the
intermediate polymer to sequester BDs in the polymer shell better. The study highlighted the
importance of using a crosslinker during BDs encapsulation. The absence of crosslinker can
sometimes result in a loose shell, which may increase the likelihood of package escape. For
example, they have shown that polymyxin B without the NH3 as a crosslinker was 40 nm
larger than that with the crosslinker. Without the crosslinker, they did not provide EE and LC
results for polymyxin B. Nevertheless, we expect the result to be lower than those with the
crosslinker. Zeng et al. ' also employed MIVM to load insulin with a natural linear polymer,
HA, for oral delivery. lonic surfactant dimethyl-dioctadecyl ammonium bromide (DDAB) was
used to provide a hydrophobic ion pair with insulin for better encapsulation. The team designed
three nanoparticles for 45 nm 9. The nanoparticles obtained an EE of 94.2 + 1.8% and an
LC of 13.2 £ 0.6%. The authors also tested the NPs in a diabetes rat model. The NPs provided
sustained release of insulin within a 9-hour timeframe, thus offering a better blood glucose

concentration reduction than insulin solution and insulin powder capsule in a rat model.

McManus et al. '"° used a CIJ mixer to perform iFNP to load insulin and soybean trypsin
inhibitor with over 98% EE for oral delivery. The study used two flash precipitation steps. The
first was done using a non-degradable polystyrene-b-polyacrylic acid (PS-b-PAA) to load
insulin and soybean trypsin inhibitor. Then, a MIVM was used to form one more layer with
hydroxypropyl methylcellulose acetate-succinate (HPMCAS) polymer and sodium caprate. In

theory, double encapsulation protects the hydrolysis before reaching the target sites, allowing
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for passing the protein through the gastric barrier and stably releasing the encapsulated
protein to reduce blood sugar and the inhibitor to avoid degradation of the NPs in the mucus
barrier. Further in vitro and in vivo studies are required to assess the effect of double-layer

protection.

Overall, flash nanoprecipitation is better at encapsulating BD, and the EE is higher than simple
nanoprecipitation. This is most likely due to the high speed of encapsulation compared to
simple nanoprecipitation. Flash nanoprecipitation allows more precise control of the process
conditions than emulsification, which could be helpful for future large-scale production and
faster translation to clinical use. However, there are similarities between flash
nanoprecipitation, simple nanoprecipitation, and the emulsification method where organic
solvents are used. The effects of organic solvents on BD have been discussed in the previous
section, and future studies should try to carefully examine the effects of organic solvents used

on therapeutic outcomes for each BD.
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Table 3. Summary of nanoprecipitation studies for BD encapsulation in the last 5 years.

Precipitation Encapsulated | Polymer Second Applications Size Encapsulation Loading References
types compounds polymer or efficiency, % capacity, %
stabiliser(s)
sozyme an
Simple ysosy delivery,  specific | 40 nm loaded: 94£5 | Theoretical
_ a- PLGA / . . : %
nanoprecipitation . disease application | g-Chymotrypsin loaded: | a-Chymotrypsin | loading: 5
chymotrypsin o
not specified 440 + 16 nm loaded: 74 + 4
Simple . )
Amylase PLGA Pluronic F68 | Immunotherapeutic | 147.7 + 4.3 nm 24 +11.2 / %
nanoprecipitation
Trypsin
Simol inhibitor Whey protein Obesity related
imple
P o isolated form | conjugated Tween 80 inflammatory 109.40 + 7.53 nm 98.5+1.95 / 100
nanoprecipitation _ ]
tamarindo chitosan response
seeds
For CHA: 58.4—-70.8 nm
Simple )
Catalase PLGA-PEG CHA or PVA | Neurotherapeutic | For PVA: 109.8-113.3 | / / 8

nanoprecipitation

nm
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Improving protein

Flash Ovalbumin or delivery,  specific
o PS-b-PEG |- _ 115 nm / 50 102
nanoprecipitation | HRP disease not
specified
Polymyxin B | Polymyxin B
loaded: 80 + 2% | |paded: 27%
Polymyxin B loaded: HRP loaded: 82+ | HRP  loaded:
119+ 7 nm 4% 18%
HRP loaded: 76 £ 2
Polymyxin B, PLA-b-PEG Lysosome loaded: 114 | loaded: 98 + | |gaded: 19%
HRP, 0
\ysosome PLA-b-PASP | a5 stabilising 14 nm 0.4% biue  Dextran
Flash blue De>;tran or coating when | General delivery blue Dextran loaded: | blue Dextran | joaded: 7% | 1o
nanoprecipitation vancomycin PASP-b-PLA- | using PLA-b- 167 £ 18 nm loaded: 50 £ 5 vancomycin
RNA and B- PEG PASP for vancomycin  loaded: | vancomycin loaded: 2%
encapsulation .
galactosidase P 107 £ 16 nm loaded: 12+£4% | RNA  loaded:
RNA loaded: 70 + 6 nm | RNA loaded: 48 + | 11%
o
B-galactosidase loaded: % B-
130 + 26 nm B-galactosidase | 9alactosidase
reported reported
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Flash

Insulin HA DDAB Diabetes 45 nm 94.2+1.8 13.2+0.6 109
nanoprecipitation
Coated with HPMCAS:
322 £ 6 nm
Insulin and Coated with Chitosan:
Flash soybean HPMCAS, 321 + 17 nm
nanoprecipitation trypsin PS-b-PAA Chitosan, Diabetes Conted with PS.b.PEG: >98 / 10
inhibitor PEG, '
(SBTI) 172 + 8 nm
iINCs/HPMCAS/Zn/C10:
486 + 60 nm
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4. Self-assembly methods

Self-assembly is the spontaneous generation of ordered core-shell structures through local
interactions between a BD core and polymeric shell '''. The interactions include non-polar
linkages such as van der Waals forces, electrostatic forces, hydrogen bonding, 1-1m aromatic
stacking, and hydrophobic forces. Past studies mainly used hydrophobic polymers with
hydrophobic chemicals for self-assembly ''2. Figure 7 shows one of the possible
representative approach for synthesising BD-loaded core-shell nanoparticles 3. Table 4

summarises self-assembly studies for BD encapsulation in the last 5 years.
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Figure 7. Schematic representation of self-assembly method to synthesise core-shell

nanoparticles.

In terms of protein or enzyme encapsulation, Larnaudie et al. "'* designed a drug delivery
system with cyclic peptide CP(CPAETC)2 as the core and poly(2-(diisopropylamino)ethyl
methacrylate) (pDPA) as the shell to form a 14 nm core-shell sphere at physiological pH. The
paper only reported preliminary results and looked at the size and some physical properties
of this new material. Later, Lee et al. "> employed a polysaccharides polymer, dopa-
derivatised HA, to synthesise superoxide dismutase (SOD) loaded spherical NPs. Next,

inorganic ultra-small size calcium phosphate (USCaP) nanocrystals were produced in situ on
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the spherical NP surface for a more efficient uptake in liver injury treatment. The final particles
had an average diameter of 221.1+13.1 nm and 73.4% EE "°. The authors suggested that
the results gave an insight into the future use of different catechol-derivatised hydrophilic
polymers(CDHPs) for surface charge management in different biomedical applications. The
work reported both in-vitro and in-vivo experiments. In this study, the cytotoxicity of the NPs
was evaluated in vitro only without examining whether the NPs would cause damage to organs
in vivo. A limitation of these NPs is that SOD encapsulated HA NPs should not be used in
people with liver diseases. This is because serum HA is an important clinical non-invasive
biomarker of liver fibrosis for chronic liver diseases such as chronic hepatitis infections and
cirrhosis ''6. For example, in cirrhosis or hepatitis C patients, the level of HA is higher than in
healthy humans because of the patients had increased liver fibrosis ' "8, Therefore,
increasing the HA level at this time may obscure the true extent of liver damage of the patient
and mislead clinical management 18120 Mei et al. '?' used mixtures of anionic poly(acrylic acid)
(PAAc) and tPA in combination with cationic poly(ethylene glycol)-b-poly[4-(2,2,6,6-
tetramethylpiperidine-1-oxyl)aminomethylistyrene] (PEG-b-PMNT) di-block amphiphilic
copolymers to form nanoparticles in water using hydrophobic polycations. The copolymer had
4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO) on its side chains, which
controls the reactive oxygen species, to aid the treatment. The team showed that their particles
were effective compared to free tPA in reducing brain infarct volume and improving
neurobehavioral results in a stroke mouse model. Furthermore, the prepared particles also
reduced the area of tPA-induced subarachnoid haemorrhage by about 10% compared to free
tPA, thus demonstrating that the particles could improve the brain haemorrhage previously
caused by the use of tPA. However, the authors also did not report the LC and EE and whether
this method is comparable to other encapsulation methods. Moreover, the representative
images and the infarct volume results of the free tPA and tPA NPs without TEMPO group were
very similar. The particles with TEMPO showed a lower infarct volume compared to the group
with encapsulated tPA without TEMPO. The same happened for the haemorrhage area results
between the two treatment groups. Also, the subarachnoid haemorrhage area of the tPA
without TEMPO groups was not significantly different to the free tPA treatment. Combined
altogether, TEMPO may have a higher therapeutical value than tPA and the redox NP shell.
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Despite that, Zhang et al. '*? also used a self-assembly method to load urokinase (UK) within
an adamantane (ADA) conjugated fucoidan shell. The core contained tirofiban and a loaded
small molecule peptide named LSIPPKA in PLGA beta-cyclodextrin (3-CD) NPs. Then UK
was added to the B-CD, and LSIPPKA modified PLGA aqueous solution. The final core-shell
NPs with ADA-fucoidan shells were formed via the host-guest inclusion interaction of 3-CD
and ADA in an aqueous solution (Figure 8). The size of the nanoparticles was larger (575.6
nm) compared to other studies due to the double layers. LC and EE were reported as 22.89%

and 62.61%, respectively.
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Figure 8. Synthesis route, thrombolytic mechanism and characteristics of UK@Fuc-
TI/PPCD. (A) The synthesis route and drug release mechanism of urokinase UK@Fuc-
TI/PPCD, (B) TEM image of UK@Fuc-TI/PPCD NPs after shearing (1000 dyne/cm?) for
20 min. (C) The sustained release profile of Tl from TI/PPCD cores in PBS medium and free
Tl was used as the control. Reprinted from Ref. 122, copyright (2021), with permission from

Elsevier.

Ma et al. ' employed a novel plant-derived p-hydroxyphenylethyl anisate and 3-
acrylamidophenylboronic acid to form a shell to load insulin for diabetic treatment. Insulin core
was self-assembly encapsulated to the shell. As the NPs had good EE and LC (65% 16%,
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respectively), it indicates that this novel polymer is promising for BD-encapsulated polymeric
transportation. The NPs provided sustained insulin release for up to 28 hours in a diabetic
mouse model. They had good biocompatibility that did not cause histological differences in

major organs and did not show notable in vitro and in vivo toxicity after 14 days of injection.

Levit et al. 1% combined iFNP with self-assembly to encapsulate BSA. They first formed a
BSA-Tannic acid (TA) bound complex in the presence of an amphiphilic block copolymer
stabiliser, polystyrene-b-polyethylene glycol (PS-b-PEG) in a ClJ mixer. They then employed
10 kDa polyethylenimine (PEI) to coat the complex via electrostatic interaction to form a core-
shell NP . They claimed that TA did not affect the size or zeta potential but only helped increase
LC. In BSA-TA-loaded NPs with 10 kDa PEI, the addition of TA increased the EE from 8 + 3%
to 79 £ 7% and LC from 1% to 13 £ 1%. Interestingly, when using a higher Mw PEI (750 kDa),
an aggregate complex formed with a decreased EE by 29% and LC by 5% compared to PEI
at 10 kDa. In this work, TA-BSA complex was formed by hydrogen bonding. The authors did
not assess whether the binding of TA affected BSA. Moreover, it might be an issue if the model
protein BSA is replaced by therapeutic BDs in the future, because hydrogen bonds might be
critical for BD’s functionality. Namely, hydrogen bonds are actively involved in potential
therapeutic targets or receptors of various diseases, such as Severe Acute Respiratory
Syndrome Coronavirus-2 (SARSr-CoV2) infection, Alzheimer disease, and cardiovascular
diseases %4128 So binding TA or other agents with BDs via hydrogen bonds in the future may
need a case-by-case analysis. We suggest that self-assembly may reduce the effect of BD
structure changes that may happen in emulsion methods. However, the EE in this method
may be lower than in those in other methods because the interaction forces between the self-
assembled particles are weaker than those of particles synthesised by other methods. A major
problem with the self-assembled polymeric drug delivery system is that the ionic interactions
affect the NPs stability. The ion strength between the core-shell is heavily impacted by
concentration, and a diluted concentration may cause the structure to collapse '°. Thus,
research has worked on applying other aids to overcome the loading problem in self-assembly.
In particular, the NP developed by Cheng et al. '™° carried insulin with poly(n-
butylcyanoacrylate) for oral delivery. The dispersibility of poly(n-butylcyanoacrylate) was
enhanced by the addition of sodium dodecyl sulfate (SDS), whereas poloxamer 407 was used
to raise the physical stability of the NPs for crossing intestinal mucus layer. Following the
addition of these stabilisers, 3 minutes (2s on and 3 s off) at 200W sonication was used for
better loading the insulin. The authors claimed that stabilisers and sonication did not impact
insulin activity. The size of the NPs was about 140 nm. The study showed a sustainable insulin
release and blood glucose level compared to the free insulin injection group. Future studies

can follow up on the LC and EE of these particles to enrich their profiles and thus increase the
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credibility of using the self-assembly method to synthesise BD-polymer core-shell NPs.
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Figure 9. mRNA nanoparticles to program therapeutic T-cells. (A) Scheme explaining how
cultured T-cells can be programmed to express therapeutically relevant transgenes carried by
polymeric NPs. These particles are coated with ligands that target them to specific cell types,
enabling them to introduce their mMRNA cargoes and cause the targeted cells to express
selected proteins (like transcription factors or genome-editing agents). (B) Design of targeted
mRNA-carrying NPs. The inset shows a transmission electron micrograph of a representative
NP; scale bar, 50 nm. Also depicted is the synthetic mRNA encapsulated in the NP, which is
engineered to encode therapeutically relevant proteins. Reprinted from Ref. 3! copyright

(2017), with permission from Springer nature.

Up-to-date, the potential of the self-assembly method to encapsulate BDs for gene therapy
has been extensively explored for various diseases. For example, Smith et al. '*2 loaded a
negatively charged plasmid with leukaemia-targeted chimeric antigen receptor genes (194-
1BBz) and CD3( cytoplasmic signalling domains to an overall positively charged poly(beta-
amino ester) [PBAE] polymer with microtubule-associated-nuclear localisation peptides. The
primary positively charged complex was covered with a negatively charged polyglutamic acid
shell with a targeting ligand to form a NP with 155 +40 nm diameter. Their show that the
lymphocyte antigen-recognised NPs could be translocated to T cell nuclei to prevent disease
progression. This study also supports the ability of the self-assembly method to effectively

load genetic information compared to the free gene group.

Their group also showed the potential of these carriers in mMRNA delivery via self-assembly '3

(Figure 9). Synthetic mRNA was attached to the positively charged PBAE to form a complex,
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and then the complex was coated with an antibody-functionalised PGA to form an NP at a size
of 109.6 £ 26.6 nm. They demonstrated that their self-assembled NPs had better viability, T-
cell expression, and knock-out efficiency than the conventional electroporation for
transfection. Moreover, the encapsulated mRNA can be encoded with other transcription

factors for anti-tumour purposes and programmed for hematopoietic stem cells self-renewal.

Karlsson et al. '3® used self-assembly method in acidic environment to load systemic siRNA in
modified PBAE with extra disulfide bonds to enhance intracellular release of the siRNA for
brain glioblastoma treatment. The study demonstrated that their self-assembled NPs (~57 nm)
could cross the barrier via vesicular in an in vitro simulated blood-brain barrier model. In
addition, after intravenously injecting the NPs, a significantly higher amount of the NPs was
found in the brain of cancer-bearing mice compared to control, without affecting the integrity
of the blood-brain barrier. Other studies with self-assembly method were also conducted after
this one to deliver mRNA to the brain. Yet, they all used intracerebroventricular injection, a
method to bypass the blood-brain barrier by injecting the NPs directly into the cerebrospinal
fluid (see Table 4 for details of size and other parameters of the studies) 3%, We suspect
this injection method was chosen to avoid the early release of self-assembled NPs due to
ionisation or acid-base conditions. However, intracerebroventricular injections are prone to
infection, bleeding, malposition and increased probability of nosocomial infections due to their
catheter placement in clinical contexts, and should therefore be noted for clinical translation
137 Given that Karlsson et al. 33 have demonstrated that self-assembled NPs at small size can
cross the blood-brain barrier via a transcytosis by a vesicular mechanism, future studies could

try subcutaneous injection of self-assembled NPs for brain diseases.

A recent paper reported a NP at a size of 300 nm using a cationic core consisting of a
hyperbranched cationic polyamide-amine-peptide-amine (HPAA-peptide-Fc) bonded siRNA
complex and coated by an anionic hyperbranched polyglycerol ether (HPG)-modified -
cyclodextrin derivative (CD-HPG) shell for cancer therapy '8. After the core polypeptide
complex formed, the siRNA siPLK1 was dissolved and bound to the complex in a complex
aqueous solution with the help of ultrasonication. The aqueous shell solution was added to
the cationic siPLK1 contained complex for self-assembly NP formation. The particles were
effectively down-regulated Plk1 protein expression in breast cancer cells. However, these
cancer-focused studies did not report the EE and LC of the methods. This raises a further
concern that the method has relatively low loading and also concerns about the stability of the
encapsulated BDs. Double-stranded RNA could also be encapsulated via the self-assembly
method. The RNA was first mixed with an epigallocatechin gallate to form a complex, then
encapsulated by Poly-I-lysine under 30 minutes vortexing and 5 minutes sonication in distilled

water'®. With the aid of the polymer, the release period was extended compared to the free
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RNA group.

In terms of DNA delivery, Gu et al. ''* synthesised a retro-inverso d-peptide (RIF7)-modified
HA/bioreducible hyperbranched poly(amidoamine) (RHB)/plasmid DNA (pDNA) ternary
nanoparticles with a size of 193.1 + 8.72 nm for cancer treatment. The author claimed that the
positively charged RHB coated the negatively charged pDNA via electrostatic interaction at a
5:1 weight ratio to form an RHB/pDNA complex. Due to the overall positively charge of the
complex, a negatively charged RIF7-HA was employed to coat the complex to decrease the
surface charge of the complex for better circulation and targeting effect. Cui et al. *° utilised
electrostatic interactions to synthesise BD-loaded polymeric core-shell for anti-tumour
purposes. The team first mixed a gene called programmed cell death protein 4 (PDCD4) with
a cationic poly(cystamine bisacrylamide)-urea-histamine (PCAH) carrier, which was then
combined with the anionic polymer dextran-G-anhydride (PDA) to form a particle with a
diameter of approximately 110 nm. Compared to the free PDCD4 group, which had a minimum
effect similar to PBS, the encapsulated PDCD4 group could reduce 4T1 tumour cell
proliferation in vitro (100% vs 60%). Consistently, the PDCD4 loaded PCAH NP group had a
lower tumour volume than free gene group. These results indicated the importance of the use
of a carrier for anti-tumour gene therapy. While this work showed that the NPs effectively
increased the transfection efficiency by 5 times as compared to the group without DNA (Mean
fluorescence intensity: 3x10%) at pH 7, they did not include the transfection results of the free

gene group as part of comparison.

Results from studies mentioned above support the idea that self-assembly can encapsulate
different genetic material and allow better targeting through polymeric NP carriers.
Crosslinkers had been used to stabilise the nanoparticles. PEGylated-chitosan NP (110 nm)
was crosslinked by tripolyphosphate to deliver mRNA (miR-206 or miR-223, 60% EE) ''. The
expression of ATP-binding cassette transporters A1 gene in macrophage was reduced both
in vitro and in vivo. As a result, the cholesterol transport to plasma liver and feces in this
crosslinked NP-treated mice were decreased. Furthermore, we suggest that self-assembly
may reduce the effect of BD structure changes that may happen in emulsion methods.
However, the EE in this method may be lower than in those in other methods because the
interaction forces between the self-assembled particles are weaker than those of particles
synthesised by other methods. A major problem with the self-assembled polymeric drug
delivery system is that the ionic interactions affect the NPs stability. The ion strength between
the core-shell is heavily impacted by concentration, and a diluted concentration may cause
the structure to collapse '?°. Thus, research has worked on applying other aids to overcome
the loading problem in self-assembly. In particular, the NP developed by Cheng et al. °

carried insulin with poly(n-butylcyanoacrylate) for oral delivery. The dispersibility of poly(n-
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butylcyanoacrylate) was enhanced by the addition of sodium dodecyl sulfate (SDS), whereas
poloxamer 407 was used to raise the physical stability of the NPs for crossing intestinal mucus
layer. Following the addition of these stabilisers, 3 minutes (2 s on and 3 s off) at 200W
sonication was used for better loading the insulin. The authors claimed that stabilisers and
sonication did not impact insulin activity. The size of the NPs was about 140 nm. The study
showed a sustainable insulin release and blood glucose level compared to the free insulin
injection group. Future studies can follow up on the LC and EE of these particles to enrich
their profiles and thus increase the credibility of using the self-assembly method to synthesise

BD-polymer core-shell NPs.
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Table 4. Summary of self-assembly studies for BD encapsulation in the last 5 years.

Encapsulated Polymer Second polymer or | Applications Size Enc
compounds stabiliser(s) effi
Cyclic peptide )
pDPA / General BD delivery | 14 nm /
CP(CPAETC)2
Treating drug-
Superoxide Dopa-conjugated induced
) / 221.1+£13.1nm | 73.4
dismutase HA hepatotoxicity and
liver injury
1931 + 8.72
Plasmid DNA HA / Anticancer /
nm
PDCD4 PCAH PDA Gene therapy 110 nm /
Enzyme-responsive
polypeptide modified
_ _ CD-HPG HPAA Anti-cancer ~300 nm /
polyamide-amine
(HPAA-peptide-Fc)
tPA PAAc PEG and PMNT Thrombolysis 48 +2nm /
LSIPPKA peptide, beta-
Urokinase PLGA cyclodextrin and | Thrombolysis 575.6 nm 62.¢
fucoidan
p- 3-
Insulin hydroxyphenylethyl | acrylamidophenylboronic | Diabetes 165.37 nm ~65
anisate acid
_ Poly (n- _
Insulin SDS and poloxamer 407 | Diabetes ~140 nm 100
butylcyanoacrylate)
Improving protein | 10 kDa PEIl: | 10}
BSA TA PS-b-PEG and PEI
delivery, not specified | 153 £ 7 nm 7
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microtubule-

associated
sequences (MTAS)
PBAE-447 PGA General gene therapy | 155+40 nm /
and nuclear
localization signals
and plasmid DNA
109.6 + 26.6
Synthetic mMRNA PBAE- PGA General gene therapy /
nm
Systemic siRNA Modified PBAE / Brain Glioblastoma 67 nm /
General
Luciferase mMRNA PASP PEG intracerebroventicular | 34 nm /
delivery
in vitro transcribed
mRNA and Cerebral genome
. PASP / ) ] 100-130 nm /
cotransfected single engineering
guide
CRISPR-associated
_ Cerebral genome
protein 9 mRNA and | PASP / ) ] 649+£51nm |/
_ engineering
guide RNA
Double stranded
Poly-I-lysine / Gene silencing 46.2 £ 8.1 nm /
RNA
Trimethyl
SiRNA HA Anti-cancer 110 nm /
thiolated chitosan
Atherosclerotic
mRNA Chitosan PEG ~110 nm 60 ¢

lesions




Coaxial electrospraying

Coaxial electrospray is a novel method to encapsulate BD improving stability and producing
small NPs Electrospraying technique is already applied in other areas, such as solar cells with
large-scale production settings 44 145,

A coaxial electrospray includes a coaxial nozzle, a positive electrode applied at the tip of the
nozzle, and a negative or ground electrode is connected to the collector to create an electric
field. The syringe pump pushes the core and shell material depending on the requirements.
The potential difference pushes the liquids out to produce nanoscale particles (Figure 10).
This technique shares a similar electrohydrodynamic process as electrospinning 46,
Electrospinning produces different morphologies of nanomaterial, such as nanofiber and
nano-scaffold to encapsulate chemical drugs and BDs "', Due to the morphological
interests, this review only focuses on the electrospraying method for synthesising BD-loaded
polymeric NPs. Table 5 summarizes coaxial electrospraying studies for BD encapsulation in

the last 5 years.

|-

Figure 10. Schematic representation of coaxial electrospraying method to synthesise
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core-shell nanoparticles. The NPs synthesised by coaxial electrospray in the scheme are

only a schematic sample, not the actual size.

Previous studies have focused on micron-sized BD core-shell encapsulation particles.
However, only a limited number of nanoscale BD core-shell encapsulation studies were
reported '92. Yaghobi et al. '3 reported the preparation of streptokinase (SK) loaded PLGA
nanoparticles with a size of 37 £ 12 nm, 90% EE, and 8.2% LC. This is a pioneering study of
BD-polymer core-shell nanoencapsulation. Subsequently, the team used mPEG-PLGA to
encapsulate SK and obtained particles with a size of 194.3 £ 15.9 nm, EE of 83.3 + 3.2% and
LC of 8.2 £ 0.7% . This study demonstrated that NPs prepared by coaxial electrospray did
not impact the bioactivity of BD and blood parameters such as red blood cells as well as
coagulation factors, compared to free SK. The human umbilical vein endothelial cells and
female rats treated with NPs group also had a better result in vitro and in vivo viability than
these in commercial SK. However, the authors did not examine thrombolysis rates, which
would provide better evaluation on whether the synthetic nanoparticles were more effective
than the free SK. Overall, the BD used in these two articles could be heavily loaded into
hydrophobic polymers and form a dense shell. However the synthesised NPs might not be
homogenous as reported by Hasanpour et al. "%, this coaxial electrospraying method yielded
a polydispersity Index of 0.73 + 0.015. Future optimisation may be required to obtain more

homogeneous nanoparticles.

Furthermore, there has been a disagreement on whether coaxial electrospraying can be used
for high throughput production in the industry '*°. This method involves the intervention of
electromagnetic fields and potential differences. For example, without good isolation of the
magnetic field, some nanoparticles with positive charges interact with the surrounding air but
do not drop to the collection plate, reducing the efficiency of coaxial electrospray to produce
BD-loaded NPs "6, It was suggested that using ring electrodes for less distributed cone-jet
sprayed NPs is one of the possible solutions '*’. Further studies can also explore establishing
a large-scale electronic static isolation shield to favour the mass production of the core-shell
NPs.

40



Table 5. Summary of coaxial electrospraying studies for BD encapsulation in the last 5 years.

Encapsulated Polymer Second Applications Size Encapsulation | Loading References
compounds polymer efficiency, % | capacity, %
SK PLGA / Thrombolysis 37 £12 nm 90 8.2 183
1943 + 159
SK PLGA mPEG Thrombolysis 83.3+3.2 8.2+0.7 154
nm
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5. Insights for future directions, perspectives, and translation of biomedical

applications

Manufacturing methods for BD encapsulation summarised in the previous sections have
successfully loaded various BDs such as protein, enzyme, peptide, DNA, mRNA and
siRNA. Typical methods to produce core-shell BD-loaded polymeric NPs include single
emulsion, double emulsion, simple nanoprecipitation, iFNP, self-assembly and coaxial
electrospray. Using polymers to encapsulate BD with a single emulsion method exhibits
a low EE and is challenging to control scale-up production. The double emulsion
improves the low EE issue of the single emulsion method and has been extensively
investigated for various BDs. However, the effects of sonication and organic solvents on
BDs have not been fully explored. The simple nanoprecipitation method shows
fluctuations in EE for different BDs, and this method also involves organic solvents. iFNP
produces core-shell NPs by rapidly introducing a non-solvent of the polymer into the
cavity and mixing rapidly. The shortcomings of normal nanoprecipitation, such as the
contact time of non-solvent to the BDs and polymer are improved by using iFNP. The
self-assembly method also allows for the rapid formation of core-shell structures but can
be affected by the concentration dilution, leading to the breakage of the nanomaterial,
thus compromising its effectiveness. Coaxial electrospray allows precise control of the
variables to achieve high LC and EE. However, coaxial electrospray is susceptible to the
influence of surrounding static electromagnetic fields, leading to sample waste and
poorly distributed sample results (As summarised in Table 6). Therefore, further

optimisation should be carried out to address the shortcomings of these methods.
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Table 6. Summary of the pros and cons of each synthesis method

Synthesis .
EE LC Advantages and disadvantages
methods
v C I d thods that
Single emulsion Low Low ommonly used methods 1ha

allow uniform shape and size

distribution

Use of sonication, stabiliser and
Double emulsion Moderate Low 8

organic solvents may impact

BDs stability
v .
Simple Fast and simple to prepare
nanoprecipitation x  Use of organic solvents
EE and LC are v Reduce the contact/reaction time
impacted by the size between the BDs and non-
of the BDs i
ENP solvent improves NPs
characteristics
x  Unknown mixing mechanism
v" Variety of shape
x Package leakage, and pre-
Self-assembly High Low release of BDs due to

surrounding micro-environment

change

v" High encapsulation efficiency
Coaxial electro-

. High Low x  Waste of sample due to
spraying

collection condition

The combination of microfluidic devices and conventional synthesis methods is a
practical approach in advancing BD-loaded polymeric NPs synthesis. Previously,
microfluidics has mostly been studied at the micron level for BD encapsulation %8 59,
However, the summarised iFNP method section supports the use of microfluidic devices
in BD encapsulation. However, the summarised iFNP method section supports the use

of microfluidic devices in BD nano-encapsulation. Also, there are studies using
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microfluidic devices with self-assembly mechanism to encapsulate siRNA in 7C1 and
PEG2000 polymers NPs and successfully conduct endothelial gene silencing in mice
organs "%, These examples demonstrate the use of microfluidic devices in polymer-
coated BDs encapsulation '8!, Further refinement of the devices maybe achieved via
modifying the structure of the device to reduce BDs and non-solvent contact and also
enhance the mixing ability. For example, the use of Tesla structure in microfluidic device
has been shown to benefit insulin encapsulation in PLGA NPs; primary parameters such
as flow rate and the concentration of PLGA and insulin does not interfere with the
physical characteristics of the produced NPs %2, Whether these could be translated to
general BD-loaded polymeric NPs production with microfluidic devices still needs
investigation. Overall, it is suggested that the combination of conventional synthesis
methods with microfluidic device, can facilitate the use of polymers for BD encapsulation
in the future. The use of microfluidics device is also a potential solution for large-scale
production and better control of the conditions under which the nanoparticles are formed.
If future studies can overcome the disadvantage of slow production yield, microfluidic-

based method will benefit future mass production applications 62

Furthermore, one of the key challenges that BD faces in drug delivery are releasing,
denaturing and clearing before reaching the target site '* %5, Future studies can explore
other biodegradable materials to refine their properties and compare their effects with
the currently available FDA-approved polymers for a more comprehensive
understanding. Specifically, FDA-approved polymers, such as PLGA, may not be a
suitable polymer shell for encapsulating BD in acute disease treatment %6 67, PLGA has
a slow hydrolysis profile in physiological pH and temperature that release encapsulated
molecules after days to months '6¢1%° yet some studies targeting acute disease
treatment are still using PLGA as a carrier.
It is important to explore other novel polymers that can be used for acute and chronic

diseases with minimum modification.

The polymer shell should be modified to tune the hydrolysis rate and drug release profile
corresponding to a specific disease. For example, polymeric shell used in cancer or
diabetes should have slow dissolution or hydrolysis rate to provide long-term sustained
release of the therapeutic compounds. However, in acute diseases such as thrombosis
and stroke, the shell should be hydrolysed or degraded quicker to offer sustained release

over a shorter period '7°,

New type of polymers such as molecularly imprinted polymers (MIPs) can be employed
for targeted drug delivery. MIPs are synthetic materials that contain recognition sites for

specific binding to potential binding sites in the body ''. Based on the required disease’s
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physiological condition, functional and crosslinking monomers are selected based on
their ability to bind to a template molecule via weak non-covalent or reversible covalent
bonds. Cleavage of the bonds between the monomers and template can produce the
required MIPS. MIPs can be degraded in physiological conditions with different
degradation profiles that allow controlled release with the help of temperature and pH.
Also, due to the specificity of the functional monomer, it has a high affinity to the targets
71,172 Several studies have demonstrated the potential use of MIPs for the delivery of
chemical drugs or other therapeutic agents in biomedical applications. 73175 It is worth
to apply different modifications or inventions to the MIPs for different needs. Using MIPs
as novel shells to encapsulate BDs or directly stitching BDs as part of the MIPs into a
more stereospecific polymer cocktail will broaden the utility of synthesis methods and the

application types 7.

As can be seen from the articles reviewed in this paper, the size of the BDs may impact
the efficiency of the encapsulation. For example, in Markwalter et al. " 97 vancomycin
is typically only 1.45 kDa in size, thus can easily escape from the packaging envelope
during the encapsulation process 7. So far, there are only a few studies encapsulating
small molecular weight BDs with polymeric materials. Future explorations can adapt
different production methods and materials, such as introducing MIPs for small molecular
weight BDs encapsulation to achieve better results for drug delivery. This review believes
that the advance of polymeric materials can benefit the established synthesis methods

for nanoparticle synthesis.

Janus structure can be considered for polymeric nanoencapsulation for BDs. Janus-
structured NPs are particles that contain multiple domains to simultaneously load a
combination of drugs for various purposes, such as theranostics and delayed drug
release 7818 Combining the Janus structure with existing production methods is
something that studies have already done. Synergistic analgesia by oral administration
of janus-structured NPs using a double emulsion of najanajaatra venom protein and
resveratrol has been reported ™'. Also, a study used cellulose acetate and
polycaprolactone as carriers to transport sliver NPs and lavender oil 8. Currently, limited
number of studies are using a polymeric carrier to load BDs in a Janus structure. Whether
such a structure can be combined with existing production methods and the use of
microfluidic devices to benefit BD-loaded polymeric NPs delivery is worth to be explored

in the future.

The BD-encapsulated NPs undergoing clinical trials are mainly lipid NPs such as SARSr-
CoV2 vaccines, mRNA-1273, BNT162b2, and NVX-CoV2373 that were tested in phase

[l clinical trials 18318 There are limited number of polymeric BD-encapsulated NPs
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prepared by emulsion methods undergoing clinical trials as discussed in previous
sections. Advanced microfluidic devices appear as a new potential and efficient

approach to encapsulate BDs within polymeric nanoparticles.
6. Conclusion

This review first discussed the advantages and disadvantages of various available
nanomaterials and then discussed the use of polymeric materials for BD encapsulation.
Free BD is not efficiently absorbed in the body and is prone to degradation, clearance or
aggregation, possibly leading to other complications. Using polymers to encapsulate BD,
rather than conjugate BD, allows for better drug delivery by maximising the bioactivity of
BD while increasing efficacy. A core-shell structure is preferred to encapsulate BDs due
to BD characteristics, high LC, EE, controlled release manner and higher stability of core-
shell encapsulation. This review describes the various methods used to encapsulate BD

with polymers in recent years.

The information collected in this review is expected to benefit the development of future
polymeric NPs for BD delivery by facilitating the selection of synthesis method and
suitable polymeric materials. A combination of appropriate improvements to existing
methods and development of novel materials could drive the advancement of drug

delivery.

7. Abbreviations

BD Biological drug

BvZ Bevacizumab

CHA Cholic/deoxycholic acid

ClJ Confined impinging jets

CMC Carboxymethyl chitosan
CP(CPAETC)2 Cyclic peptide

Cyt-c Cytochrome c

DDAB Dimethyl-dioctadecyl ammonium bromide
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

EE Encapsulation efficiency

FA Folic acid

FDA Food and Drug Administration
HA Hyaluronic acid

HA Hyaluronic acid
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HIV-1
HPG
HPMCAS

HRP
IC50
KPV

LC

M. luteus
MIPs
MIVM
mPEG
mRNA
NP
NY-ESO-1

OVA
PAAc
PAE
PASP
PBAE
PCAH

PDA
HPAA
pDNA
pDPA

PEG
PEI
PLA
PLGA
PMNT

PS-b-PAA
PS-b-PEG
PVA

Human immunodeficiency virus-1

Polyglycerol ether

Hydroxypropyl methylcellulose acetate-

succinate

Horseradish peroxidase
Half-maximal inhibitory concentration
Lysine-proline-valine

Loading capacity

Micrococcus luteus

Molecularly imprinted polymers
Multi-inlet vortex mixer

Methoxy polyethylene glycol
Messenger RNA

Nanoparticles

New York esophageal squamous cell
carcinoma 1

Ovalbumin

Poly(acrylic acid)

Poly (B-amino ester)

Poly(aspartic acid)

poly(beta-amino ester)
Poly(cystamine bisacrylamide)-urea-
histamine carrier

Polymer dextran-G-anhydride

Hyperbranched cationic polyamide-amine

plasmid DNA
Poly(2-(diisopropylamino)ethyl
methacrylate)

Polyethylene glycol
Polyethylenimine

Polylactic acid

Poly lactic-co-glycolic acid
Poly[4-(2,2,6,6-tetramethylpiperidine-1-
oxyl)aminomethylstyrene]
Polystyrene-b-polyacrylic acid
Polystyrene-b-polyethylene glycol

Poly(vinyl alcohol)
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RHB Bioreducible hyperbranched poly(amido
amine)

RIF7 Retro-inverso d-peptide

RNA Ribonucleic acid

SARSr-CoV2 Severe Acute Respiratory Syndrome
Coronavirus-2

SiRNA Small interfering ribonucleic acid

SK Streptokinase

Smac Second mitochondria-derived activator of
caspase

SOD Superoxide dismutase

TA Tannic acid

TEMPO Tetramethylpiperidine-1-oxyl

TK Thioketal

uc Ulcerative colitis

UK Urokinase

USCaP Ultra-small size calcium phosphate

B-CD - cyclodextrin
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