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Biomacromolecules are attractive in biomedical applications as therapeutic agents and potential drug car-
riers due to their natural active components, good biocompatibility, and high targeting. However, their
large relative molecular weight, complex structure, susceptibility to degradation, and poor stability limit
their usefulness. Nanotechnology can address these issues by improving the therapeutic value, bioavail-
ability, permeability, and absorption of biomacromolecules while regulating their retention time in the
body. Especially, compelling evidence has been reported that supercritical fluid (SCF) technology has
emerged as an alternative that maintains the integrity of biomacromolecules and reduces environmental
contamination. In this review, we highlight a set of unique nanosizing strategies based on SCF technol-
ogy for biomacromolecular nanomedicine, and extensively discuss their characteristics and mechanisms.
In particular, the protein-based, nucleic acid-based, and polysaccharide-based nanomedicine preparations
via SCF technology and their biomedical applications are summarized, and the potential for industrial
production of biomacromolecular drugs is also considered. We further provide perspectives on the op-

portunities and challenges in this excellent field of biomacromolecular drugs nanotechnology.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Biomacromolecules are large molecules composed of various
types of building blocks, such as nucleic acids, proteins, and
polysaccharides. They play vital roles in biological systems, includ-
ing as genetic information, enzymes, structural components and
signaling molecules. In recent years, biomacromolecules have been
increasingly investigated for their potential as therapeutic agents
and drug delivery vehicles due to their high specificity, low tox-
icity, and biocompatibility [1]. Biomacromolecule-based drugs of-
fer several advantages over small molecule drugs, including tar-
geted delivery, increased half-life, and improved pharmacokinetics
[2]. To give an example, functional nucleic acids (FNAs) such as ap-
tamers, DNAzymes, and DNA-based nanomachines (DNMs) serve as
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the most commonly used tools in cancer therapeutics, combining
molecular diagnostics and targeted cancer therapies and facilitat-
ing the transition from conventional medicine to personalized and
precision medicine [3-5].

What is more, in the field of vaccine development, DNA, RNA
and polysaccharide conjugate vaccines have dominated the field
for their safety, ease of construction, and rapid production. Var-
ious messenger RNA (mRNA) vaccines against corona virus dis-
ease 2019 (COVID-19) have been developed, which is a milestone
in the development of nucleic acid vaccines [6]. In addition, sev-
eral polysaccharide conjugate vaccines have been approved for the
prevention of Streptococcus pneumoniae, Neisseria meningitidis, and
Haemophilus influenzae serotype b (Hib), e.g., Pedvax HIB (Merck,
Kenilworth, NJ, USA), Menveol® (Novartis), and Hiberix (Glaxi
SmithKline, Rixensart, Belgium) [7]. Furthermore, monoclonal an-
tibodies can be engineered to recognize and bind to specific pro-
teins on the surface of cancer cells, enabling targeted drug deliv-
ery to the tumor site. Trastuzumab has been used in the clinic to
treat human epidermal growth factor receptor 2 (HER2)-positive
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breast cancer by targeting HER2 receptors on the surface of cancer
cells [8]. Similarly, Bevacizumab, which targets vascular endothelial
growth factor (VEGF), has been applied in the clinical treatment of
various diseases, including colorectal, lung, and kidney cancer [9-
11] and corneal neovascularization [12]. This targeted approach re-
duces off-target effects and increases the therapeutic index of the
drug. Furthermore, small molecule drugs are typically metabolized
quickly and excreted from the body, resulting in a short duration
of action. In contrast, biomacromolecules can be engineered to re-
sist degradation and clearance by the immune system, leading to
longer-lasting therapeutic effects. Such as albumin, which is a nat-
urally occurring protein in the body that has many important func-
tions, including the maintenance of oncotic pressure and the trans-
port of various molecules. One approach to enhancing the ther-
apeutic efficacy of albumin is through the use of albumin-based
drug delivery systems [13,14]. These systems typically involve the
conjugation of a therapeutic agent to albumin, which can protect
the agent from degradation and clearance as well as target it to
specific tissues or cells. Albumin conjugates have been shown to
have improved pharmacokinetic properties compared to free drugs,
resulting in longer half-lives and increased therapeutic efficacy. At
the same time, tissue engineering takes extensive advantage of the
biomacromolecules’ high biocompatibility. For instance, the U.S.
Food and Drug Administration (FDA) has approved 24 distinct va-
rieties of hydrogel wound dressings made of polysaccharides [15].
This is due to the fact that polysaccharide-based hydrogels are
immune-regulating, anti-inflammatory, and have better tissue ad-
hesion, swelling, and water absorption than conventional wound
dressings. Moreover, numerous recent studies have demonstrated
how polysaccharides significantly limit tumor growth while hav-
ing few adverse effects and working in concert with chemother-
apy drugs [16-19]. The increasing interest in biomacromolecules as
therapeutic agents and drug delivery vehicles highlights their po-
tential to transform the field of medicine.

However, the large molecular weight, complex structure, sus-
ceptibility to degradation, and low cell entry efficiency of
biomacromolecules have limited their effectiveness [20]. A possible
strategy to alleviate the inherent limitations of biomacromolecule
medications is nanotechnology, which can modify the size, shape,
and surface features of biomacromolecule drugs to enhance their
pharmacokinetics, biodistribution, and efficacy. Typically, we de-
fine particles created by nanotechnology as nanoparticles whose
longest and shortest axes are not significantly different from one
another and whose external dimensions are all in the nanoscale
(lengths in the range of 1-100nm). In the pharmaceutical sector
and the field of nanodrugs, the definition of nanoparticles is usu-
ally extended to solid objects with a particle size of less than 1-
5um, ie., in the submicron and near-submicron regions. The def-
inition of biomacromolecule nanomedicine considered in this re-
view extends to the submicron and near-submicron regions (i.e.,
particle sizes less than 1-5um) [21]. Cellular uptake and intra-
cellular transport of biomacromolecules will be improved when
they are prepared as nanoparticles [22]. By engineering the sur-
face chemistry and composition of nanoparticles, it is possible to
enhance their endocytosis and transport across the cell membrane,
thereby increasing the bioavailability and therapeutic efficacy of
biomacromolecule drugs. Moreover, nanotechnology offers a ver-
satile platform for the co-delivery of multiple biomacromolecule
drugs, small molecule drugs, and imaging agents, which can syner-
gistically enhance the therapeutic outcomes while minimizing the
adverse effects. By encapsulating or conjugating biomacromolecule
drugs within nanoparticles, it is possible to achieve controlled
release, sustained action, and reduced toxicity, which are criti-
cal factors for the clinical translation of biomacromolecule drugs
[23]. For instance, liposome-based nanoparticle carriers can let nu-
cleic acid vaccines enter the cytoplasm and prevent their enzy-

Chinese Chemical Letters 35 (2024) 109169

matic breakdown for efficient anti-tumor immune activation in
disease diagnostics and treatment [24]. By encapsulating insulin in
nanoparticles, improvements from injectable to oral dosage forms
can be achieved in the treatment of chronic disorders like dia-
betes [25]. In one study, by incorporating insulin nanoparticles
made of poly(lactide-co-glycolide) (PLGA) and Eurdragit® RS into
HPMCP55-coated capsules, the nanoparticle formulation could be
protected from acidic environments, facilitating capsule dissolu-
tion and release of the contents in a small intestinal environ-
ment with a pH greater than 6.0 [26]. Additionally, the difficul-
ties of conventional small and large molecule medications for the
treatment of brain illnesses can be overcome by combining the
benefits of biomacromolecules and nanotechnology. For instance,
the free amino groups on the surface of chitosan nanoparticles
enable chemical alterations for precise targeting of brain tumors
and improve drug penetration through the blood-brain barrier by
influencing tight junctions [27]. While the conventional methods
of nanosizing biomacromolecules, such as precipitation, emulsion,
and spray-drying, still have several bottlenecks that need to be ad-
dressed [28]. One of the major challenges is maintaining the stabil-
ity and integrity of the biomacromolecules during the nanosizing
process. The harsh processing conditions involved in the nanosiz-
ing process can cause denaturation, aggregation, or chemical mod-
ification of the biomacromolecules, leading to a loss of biological
activity and potential toxicity.

Recently, supercritical fluid (SCF) technology has emerged as a
potential alternative to overcome these limitations in the field of
biomacromolecule-based nanomedicine [29]. SCF technology uti-
lizes supercritical fluids, which are fluids at a temperature and
pressure above their critical point, to dissolve and expand the
starting materials, enabling the production of nano-sized particles
without solvent residue or active ingredient loss. The SCF tech-
nology involves mixing a drug solution with a supercritical fluid,
such as supercritical fluid carbon dioxide (SCCO,), and ejecting the
mixture via a nozzle with a tiny orifice to form solid nanoparti-
cles with the rapid vaporization of the supercritical fluid [30]. Re-
searchers are interested in SCF technology for nanoparticle prepa-
ration compared to conventional methods because of its simplicity,
low cost, and use of environmentally friendly solvents that may
produce nanoparticles with high purity without leaving any or-
ganic solvent residues [31,32]. For example, SCCO, antisolvent pre-
cipitation is applied to nanosize the typical hydrophilic drugs dox-
orubicin hydrochloride (DOX) and indocyanine green (ICG) [33-35].
The results revealed no significant differences between the struc-
ture and action of nanoparticles and the original drug, illustrating
an enhanced property than the molecular state, which facilitates
the drugs used in clinic successfully [36-38].

SCF technology also offers significant advantages in the prepa-
ration of biomacromolecule-based drugs. It maintains the stability
and activity of biomacromolecules, which are otherwise prone to
degradation and denaturation during traditional preparation pro-
cesses. SCF technology employs carbon dioxide (CO,) as the sol-
vent, which is nontoxic, non-flammable, and easily removed, thus
reducing the possibility of toxic organic solvent residue in the fi-
nal products. Additionally, SCF technology provides precise control
over the particle size, morphology, and crystal form of biomacro-
molecules [39]. Moreover, SCF technology offers the potential for
industrial-scale production of biomacromolecule-based drugs due
to its easy scalability and reproducibility. SCF technology can be
applied to a wide range of biomacromolecules, including proteins,
nucleic acids, and polysaccharides [21]. For instance, SCF technol-
ogy can be used to produce protein-based nanomedicines with
high purity, excellent biological activity, and high stability. Nucleic
acids can also be prepared using SCF technology, such as plas-
mid DNA and siRNA, which can be used for gene therapy applica-
tions. Polysaccharides, such as chitosan, can be modified using SCF
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Scheme 1. Schematic illustration of three types of SCF technologies applied for
preparing biomacromolecular nanomedicine, including the use of SCF as sol-
vents, antisolvents, co-solvents and auxiliary atomization media. Operating under
mild conditions, SCF technologies reduce the probability of causing damage to
biomolecules, thus offering a promising method for preparing biomacromolecular
nanodrugs. The potential benefits include enhanced drug efficacy, bioavailability,
permeability, and absorption, as well as decreased costs and environmental impact.
Copied with permission [40]. Copyright 2007, Elsevier B.V. Copied with permission
[41]. Copyright 2011, Elsevier B.V. Copied with permission [42]. Copyright 2006,
American Chemical Society. Copied with permission [21]. Copyright 2018, Elsevier
B.V. Copied with permission [43]. Copyright 2022, Oxford University Press. Copied
with permission [127]. Copyright 2008, Elsevier B.V. Copied with permission [44].
Copyright 2018, American Chemical Society. Copied with permission [45]. Copyright
2022, Elsevier B.V.

technology to improve their solubility, bioactivity, and biocompati-
bility for drug delivery purposes.

In this review, we highlight the unique features of SCF tech-
nology for biomacromolecule-based nanomedicine and its po-
tential biomedical applications (Scheme 1). Firstly, the mecha-
nism and characteristics of SCF technology for the preparations
of biomacromolecular drugs were systemically introduced. Specif-
ically, the protein-based, nucleic acid-based, and polysaccharide-
based nanomedicine preparation via SCF technology were sum-
marized, along with their biomedical applications such as drug
delivery, gene therapy, and tissue engineering. Furthermore, we
compared SCF technology with traditional nanosizing techniques,
and discussed the challenges and opportunities for the indus-
trial production of biomacromolecular drugs. The goal of this re-
view is to provide a comprehensive understanding of the advan-
tages and limitations of SCF technology in biomacromolecule-based
nanomedicine and to stimulate further research in this field.

2. Mechanisms and characteristics of SCF technology for the
preparation of biomacromolecular drugs

SCF technology has demonstrated great potential in the field of
biopharmaceuticals, primarily due to its environmentally friendly,
sustainable, safe, and nontoxic properties. Compared to traditional
methods like mechanical crushing and precipitation, employing
this technology for biomacromolecular drug preparation offers nu-
merous advantages [46].
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Firstly, SCF technology can maintain the structural integrity and
biological activity of biomacromolecules, which is critical for their
therapeutic effectiveness [47]. Unlike conventional methods that
involve harsh processing conditions, such as high temperatures, or-
ganic solvents, and shear forces, SCF technology operates under
mild conditions (e.g., low temperature and pressure), thereby min-
imizing damage to biomacromolecules. SCF technology employs
various fluids, including H,0, CO,, and NHs3, among which CO,
is an important component of SCF and exhibits many attributes
suitable for the preparation of biomacromolecular drugs: (1) The
critical temperature is 304.2 K, which saves energy and is ideal for
the granulation of pharmaceuticals that are sensitive to heat, such
as proteins, peptides, and nucleic acids. (2) The critical pressure is
7.37 MPa, which does not necessitate the use of highly specialized
equipment. (3) Safe, nontoxic, stable, affordable and easy to obtain.
Moreover, SCF technology can minimize the contact of biomacro-
molecules with organic solvents, which can cause denaturation, ag-
gregation, and toxicity. Therefore, SCF technology offers a gentle
and effective way to prepare biomacromolecule-based drugs with
high quality and purity.

Secondly, SCF technology can regulate the size, morphology, and
distribution of biomacromolecule-based nanoparticles, which are
crucial for their pharmacokinetics and pharmacodynamics. The size
of nanoparticles plays a significant role in their biological fate, such
as cellular uptake, biodistribution, and clearance [48]. SCF technol-
ogy allows for precise control over the particle size by adjusting
the processing parameters, such as pressure, temperature, and flow
rate [29]. Additionally, SCF technology can produce uniform and
monodisperse nanoparticles with a narrow size distribution, which
is beneficial for reducing batch-to-batch variability and enhancing
reproducibility [21].

Thirdly, SCF technology facilitates the incorporation of
biomacromolecules into various drug delivery systems, such
as liposomes, micelles, and nanoparticles, which can improve their
therapeutic efficacy and safety [39]. For example, SCF technology
can encapsulate biomacromolecules into polymeric nanopar-
ticles or liposomes, which can protect them from enzymatic
degradation, increase their solubility, and enhance their cellular
uptake. Moreover, SCF technology can functionalize the surfaces
of nanoparticles with targeting ligands or stimulus-responsive
moieties, which can improve their specificity and selectivity for
diseased cells or tissues [46].

Given the diverse roles of SCF in the preparation of biomacro-
molecular nanoparticles and the different characteristics of each
process, the technology can be classified into the following three
categories: SCF as solvents, as antisolvents, as co-solvents and aux-
iliary atomization media [49,50].

2.1. SCF as solvents

The rapid expansion of supercritical solution (RESS) uses a su-
percritical fluid to dissolve a solute to form a supercritical solution,
followed by rapid decompression and expansion through a nozzle
[51]. When the pressure suddenly drops, the fluid loses its solu-
bility, leading to solute supersaturation, nucleation and precipita-
tion into a solid form, thereby producing nanoparticles. The RESS
process is appropriate for the manufacture of ultrafine particles of
all compounds that can be dissolved in SCFs. The characteristics
of RESS make it simple to control the size and particle size dis-
tribution of the product, and the resulting particles are completely
dry, solvent-free, and do not need further processing. For instance,
a study illustrated that uniform vanillin particles could be precip-
itated by the RESS process with a 100-fold reduction in particle
size and no significant change in morphology or crystallinity com-
pared to commercial vanillin [52]. Additionally, drug carriers can
be prepared using the RESS method. For example, pH-responsive
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liposomes were encapsulated with a dual coating of chitosan and
B-lactoglobulin using a venturi-based rapid expansion of supercrit-
ical solution for intestinal drug delivery systems. These systems
were equally effective in encapsulating hydrophilic and lipophilic
bioactive substances when compared to the commercially available
pH-responsive polymer Eudragit® $100 (Eu-SL) coating [53].

In general, RESS technology has a simple process and high yield,
leaves no solvent residue and works quickly, but it requires a large
amount of SCF and the particles may aggregate and clog the noz-
zles, making it difficult for industrial production. What is more, the
application of RESS to biomacromolecules is limited by the fact
that biomacromolecules are insoluble in SCF, which cannot meet
the primary conditions for the RESS process.

2.2. SCF as antisolvents

Since SCCO, has poor solubility for the majority of pharmaceu-
ticals in the RESS process, another approach using SCCO, as an an-
tisolvent was devised. The basic principle is that when SCCO, is
dissolved in an organic solvent solution containing a solute, the
solution expands in volume, gets less dense, and the solute’s sol-
ubility in the solvent decreases, eventually precipitating to form
solid particles [54]. The gaseous antisolvent (GAS) process was
first proposed in 1992, employing SCF as an antisolvent [55]. The
mixing unit in the GAS process also functions as a precipita-
tion unit, where the particles are gathered. GAS is an intermit-
tent process in which SCCO, needs to be continuously introduced
after particle precipitation has occurred to avoid a loss of pres-
sure that would cause the solution to regain solubility. In addi-
tion, the GAS process is prone to organic residues. The supercrit-
ical antisolvent (SAS) [54] method and solution enhanced disper-
sion by supercritical fluids (SEDS) [56] are two antisolvent proce-
dures with semi-continuous operation that have been designed to
address drawbacks in the GAS process. The SAS process only re-
quires the selection of a suitable solvent, which greatly compen-
sates for the shortcomings of the RESS method and is well de-
veloped and widely used. For example, SAS-treated gefitinib has
a higher solubility and faster dissolution rate compared with the
original drug, which is conducive to improving its bioavailability,
reducing dose requirements, and lowering the incidence of ad-
verse reactions [57]. Biodegradable nanoparticles were produced
by the SAS method for controlled delivery of paclitaxel. The par-
ticle size was controlled by enhancing the mixing between solvent
and SCCO, through ultrasonic treatment, and the resulting com-
posite particles had homogeneous sizes with high encapsulation
efficiency and a controlled release of paclitaxel for more than 30
days [58]. The SEDS technology is a variant of the SAS method,
which involves nozzle spraying followed by the coaxial nozzle mix-
ing of a solute/drug solution with SCCO,. For improved premixing
conditions, the nozzle typically contains two channels as well as a
mixing length at the end of the nozzle. The SCCO, is typically in-
troduced along the outer channel, while the solute/drug solution is
usually introduced along the inner channel, which decreases dry-
ing time and the chance of particle agglomeration by improving
mass transfer efficiency and solvent elimination [59-62]. There-
fore, the SEDS technique has been widely used for particle for-
mation. For instance, water-soluble and nanoscale (100-200nm)
PVP/astaxanthin inclusion complexes were successfully made uti-
lizing the SEDS technology [62]. It was discovered that the parti-
cle size in the coprecipitates was influenced by the operating pres-
sure, temperature, and PVP/astaxanthin ratio. By maximizing these
parameters, high astaxanthin content and fine, water-soluble parti-
cles can be produced. Moreover, the biological functions of drugs
can be improved after micronization by this technology. In one
study, the SEDS technology was applied to micronize curcumin,
which not only improved its water solubility, but also its bacte-
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riostatic activity against Pseudomonas aeruginosa [63]. Additionally,
using the right organic solvents or adding additives to increase the
inter-solubility of water and SCCO, can micronize various protein
and peptide hydrophilic medications for both SAS technology and
SEDS technique. The application will be covered in more detail in
the following section.

2.3. SCF as co-solvents and auxiliary atomization media

Although semi-continuous antisolvent processes are promising
for the preparation of biomacromolecular particles, shortcomings
such as insufficient solvent removal and nozzle blockage still need
to be overcome. Therefore, continuous processes were developed
in which SCF was used as co-solvents and auxiliary atomization
media. The CO,-assisted nebulization with bubble dryer (CAN-BD)
and the supercritical fluid-assisted atomization method (SAA) are
examples of these models.

The CAN-BD method uses SCCO, mixed with drug solution in a
miniature tee to form a microemulsion, which is ejected through
a capillary throttling device to create atomized droplets that are
heated and dried into solid particles [64-66]. This process uses
the expansion effect of SCCO, to produce ultrafine particles from
aqueous solutions or organic solvents. In addition, the drying tem-
perature can be lower than that of conventional spray drying due
to the fine and uniform droplets, which makes it more suitable for
the micronization of heat-sensitive materials. CAN-BD is a super-
critical micronization technique with special interest that changes
the scope of application of SCF techniques, making it possible to
prepare particles from systems in which water is the single sol-
vent, avoiding organic solvent residues. For instance, Huang et al.
employed this technique to micronize mannitol and myo-inositol
aqueous solutions to produce tiny particles with sizes between
0.9 and 2pum [67]. The results showed that the particle size de-
creased with decreasing solute concentration and increasing SCCO,
to aqueous solution flow rate ratio. Additionally, CAN-BD was uti-
lized to create dried active powders of biopharmaceuticals, includ-
ing the antibiotic rifampin and the antiviral zanamivir, while pre-
serving their bioactivities [40]. However, in the CAN-BD process,
the mixing effect of SCCO, with the solution is the key to its
successful operation. It is challenging to form an emulsion that
reaches thermodynamic equilibrium in a short time with colli-
sional flow mixing and a small throughput because it utilizes a
miniature three-way mixer with a small dead volume. In addition,
the growth of its industrialization is hampered by the use of cap-
illary atomization devices, which are vulnerable to high pressure
drop and blockage, leading to less steady spraying and poor pro-
cess repeatability.

Nevertheless, these shortcomings of the CAN-BD process could
be improved by using a thermostatic saturator instead of a minia-
ture tee, and the proposed SAA process could use a thin-walled
nozzle instead of a capillary nozzle [68]. The design of the satu-
rator increases the contact area between the two phases of SCCO,
and the solution, enabling SCCO, to dissolve more fully in the lig-
uid solution and reach a state close to thermodynamic equilib-
rium. The SAA technology utilizes the secondary atomization of
dissolved CO,. When the liquid stream is ejected from the noz-
zle and the jet is broken by the expansion of undissolved CO,, the
CO, dissolved in the droplet is rapidly released due to pressure re-
lief, breaking the primary droplet into secondary droplets. This re-
sults in very small droplet diameters and a very narrow droplet
size distribution, making the drying process easier and yielding
particles with a narrow particle size distribution. For instance,
the SAA method has been used to handle a number of phar-
maceuticals, including triclabenzadol, dexamethasone, and carba-
mazepine. Additionally, it was feasible to customize particle sizes
with varied medicinal administration routes and targets by chang-
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ing the operational conditions. For instance, Reverchon et al. pro-
duced rifampicin and tetracycline particles with a regulated par-
ticle size for nebulized medication delivery using the SAA ap-
proach [69]. On the basis of the SAA technique, another study re-
fined the original technique by introducing a hydraulic cavitation
mixer (HCM) to boost the convective mass transfer between the
two phases through the hydraulic cavitation, leading to a faster
and better mixing of SCCO, and solution [68]. This design helps
with the handling of thermosensitive materials and lowers the
risk of process failure caused by the pre-precipitation of solutes in
the mixer. Levofloxacin hydrochloride was successfully micronized
by the SAA-HCM approach [70]. As a result, the prepared par-
ticle morphology is better spherical and the particle size distri-
bution is more uniform. This method has also been utilized to
create lysozyme particles while maintaining lysozyme bioactivity
with a controlled particle size distribution in the aerosol delivery
range (0.2-5pm). In short, the main benefit of this approach is
the use of water as a single solvent, which eliminates the organic
solvent residues. Also, the amount of SCF required is relatively
low, the pressure utilized is lower than the pressure needed for
RESS, and it can operate continuously with good yields. The mild
operating conditions and the ability to control the particle size
distribution make it suitable for the preparation of water-soluble
drug particles, including proteins and peptides and have industrial
potential.

3. SCF technology for biomacromolecular nanomedicine
preparation and biomedical application

The SCF technology is an efficient approach to preparing
biomacromolecular drugs that are difficult to formulate using tra-
ditional techniques. The SCF technique can avoid the use of harm-
ful organic solvents and provide an eco-friendly and scalable pro-
cess. The application of SCF strategy to biomacromolecular drugs
has been extensively investigated in recent years. SCF technol-
ogy has been successfully applied to the preparation of various
biomacromolecule-based drugs, including proteins, nucleic acids,
and polysaccharides. It has been reported that SCF-based nanosiz-
ing strategies can improve the stability, solubility, and bioavailabil-
ity of these biomacromolecules, as well as their pharmacokinetics
and therapeutic efficacy. The scalability, high purity, and mild pro-
cessing conditions make SCF approach a highly attractive approach
for the production of biomacromolecular nanomedicine. In addi-
tion, SCF-based nanomedicine has been shown to have potential in
various biomedical applications, such as cancer therapy, gene de-
livery, and tissue engineering.

3.1. Protein nanomedicine produced by SCF technology

Proteins and peptides have seen substantial development as
therapeutic agents over the past two decades [71-74]. Drugs based
on these biomacromolecules, which exhibit a specific mode of ac-
tion and high potency, are indispensable for maintaining healthy
bodily functions and treating numerous diseases. They also have
excellent application prospects for diseases with high prevalence,
such as malignant tumors, hepatitis, hypertension, diabetes, and
acquired immunodeficiency syndrome (AIDS), which pose serious
risks to human health. Unlike small-molecule drugs such as antibi-
otics, proteins have specific amino acid sequences, terminal groups,
peptide chain composition and disulfide bond positions, while the
maintenance of the higher structure that determines their biologi-
cal or pharmaceutical activity depends only on weak non-covalent
bonding interactions. Therefore, proteins and peptides are suscep-
tible to inactivation by various chemical degradation and physical
effects [75].
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However, protein-based therapeutics encounter constraints in
administration routes and are typically administered via injection,
such as intravenous, subcutaneous and intramuscular injections.
Such modes of administration make patient compliance poor, and
as many protein drugs require repeated administration, drug ab-
sorption and duration of action may fluctuate when the injec-
tion site is changed [76]. Researchers and pharmaceutical corpo-
rations have been looking for non-invasive drug delivery meth-
ods due to the insufficiency of injectable drug delivery. Among
them, pulmonary administration is the most promising alternative,
with studies demonstrating the significantly enhanced bioavailabil-
ity and stability of protein drugs administered via the lungs [77].
The following elements contribute to the lungs’ great ability to ab-
sorb protein medicines: (1) A huge absorption area. The 300-400
million alveoli found in adult lungs not only serve as the location
of daily gas exchange, but also provide an area of almost 100 m?
for drug absorption [78]. (2) Drug molecules only need to travel
0.2-1.0pm to enter the circulatory system due to the alveolar re-
gion’s comparatively thin epithelial cell layer [79]. (3) A rich vas-
cular network and blood supply. Adult lungs weigh less than 1kg,
but all the blood output from the heart passes through the lungs,
with a blood flow of up to 5700 mL/min, five times that of the gas-
trointestinal area [80]. (4) Minimizing the effects of hepatic first-
pass elimination [81]. (5) No local adverse reactions or immune
responses [82]. Therefore, the lungs provide significant benefits for
both local and systemic delivery of protein medications. Several
drugs, such as Pulmozyme®, Exubera® and Afrezza® have already
hit the market. The key to the pulmonary delivery of protein-based
drugs lies in the drug micronization technique, however, conven-
tional micronization techniques have a number of problems. For
example, although spray drying technology has the characteristics
of more mature development and simple equipment operation, the
required temperature is high, and when preparing protein parti-
cles, the operating temperature is higher than 100 °C [66], which
is not ideal for the maintenance of protein structure and activity,
such as insulin, growth hormone and other protein aqueous so-
lutions that will be significantly degraded after spray drying [30].
Organic solvents are necessary for emulsion and antisolvent treat-
ments, which have an impact on the protein structure and tend
to leave residues, leading to time-consuming and expensive post-
treatment procedures.

SCF technology has evolved as a new class of green technol-
ogy with numerous successful protein micronization applications
as a result of the difficulties associated with conventional protein
micronization technologies and the requirement for constant in-
novation. The greatest advantage of RESS is the relative simplicity
of the process, but the primary condition is that the substance to
be treated has a certain solubility in SCF. In one investigation, cy-
clomycin particles were prepared for administration as pulmonary
aerosols using the RESS technique [83]. Cyclomycin is a cyclic pep-
tide with a composition of an aliphatic peptide chain and a high
proportion of amino N atoms methylated, making it highly hy-
drophobic and able to achieve a solubility of close to 1% (w/w)
in SCCO,, which satisfies the requirements for RESS microniza-
tion. Since most pharmaceutical proteins are spherical proteins,
which are highly hydrophilic and insoluble in SCCO,, this process
is mostly used in the polymer coating or chemical linkage of pro-
teins, which requires the preparation of proteins by micronization
as a prerequisite. For example, melatonin-loaded liposomes (IMLL)
were successfully prepared using RESS technology and established
an in vitro simulated digestion model to evaluate the release per-
formance of MLL. The MLL prepared as a protein carrier was able
to release melatonin in a controlled and slow manner, with bet-
ter release behavior compared with commercially available mela-
tonin tablets. Moreover, the carrier prepared by the RESS method
was able to tackle the issue of organic solvent residues, which to
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Fig. 1. Supercritical fluid-assisted fabrication of ICG encapsulated SF nanoparticles for dual-triggered cancer therapy. (A) Schematic illustration showing the outline of prepa-
ration of ICG-SF nanoparticles by the SAS process. (B) SEM images of ICG-SF nanoparticles. (C) Statistical analysis illustrating the average particle diameter of ICG-SF nanopar-
ticles (n=200) based on the SEM images and surface charge of the ICG-SF nanoparticles determined by zeta potential measurements. (D) The loading and encapsulation
efficiency of ICG in SF nanoparticles. (E) Infrared thermographic maps in the MCF7 breast tumor-bearing nude mice irradiated by the 808 nm laser. (F) (i) Graphical repre-
sentation of tumor volume with respect to time in days after treatment of ICG-SF nanoparticles and corresponding pictures of excised tumors of mice treated with samples
for 16 days, (ii) saline, (iii) SF nanoparticles, (iv) ICG, and (v) ICG-SF nanoparticles. Copied with permission [44]. Copyright 2018, American Chemical Society.

some extent facilitated the breaking of the barrier to commercial
conversion of liposomes and eliminated some potential dangers in
practical applications [84].

In addition, from the perspectives of greenness, safety and fea-
sibility, subcritical or supercritical water is significantly more ad-
vantageous than SCCO, when used as a solvent to dissolve pro-
teins. Nevertheless, its high critical temperature and critical pres-
sure (647.1K and 22.1 MPa, respectively) prevent its application to
protein drugs with high value, instability, and susceptibility to de-
activation. Overall, although RESS is simple, convenient and more
thoroughly studied, its application in the micronization of protein-
based drugs is greatly constrained.

SCF strategies based on antisolvent and nebulization enhance-
ment have received more research attention in the biopharma-
ceutical processing sector than methods based on solvent. For
example, the GAS technique was used to produce insulin-filled
microspheres in the range of 0.5-2pm as a delivery system for
inhalation therapy by encapsulating polylactic acid (PLA) and
poly(ethylene glycol) (PEG)/PLA [85]. The composite particles have
an insulin loading rate of more than 80%, are capable of slow re-
lease, could extend the duration of the release by up to 2 months,
and retain the same glucose suppressive activity as the raw mate-
rial in diabetic mice.

Proteins can either be loaded into nanocarriers [86] or used
as drug carriers [87] to improve the water solubility and side ef-
fects of hydrophobic drugs. For instance, bovine serum albumin
poly(methyl-methacrylate) nanoparticles could be loaded with the
hydrophobic anticancer drug camptothecin using the SEDS pro-
cess [88]. The results showed that the composite nanoparticles ob-
tained had good biocompatibility and efficient cellular uptake, and
the preparation process was simple and scalable. The nanoparticles
had an enhanced ability to kill cancer cells both in vitro and in vivo
in comparison to the free drug. Besides, a stable, highly biocom-
patible, dual-stimulus-responsive ICG-SF nanoparticle by wrapping
ICG with silk fibroin (SF) protein was produced via an antisolvent
process (Fig. 1) [44].

The method was able to better maintain the biological activity
of SF, which is a drug carrier, completely shield ICG from plasma
proteins and regulate the clearance rate of ICG under physiolog-
ical circumstances. The response of SF to the acidic microenvi-
ronment of tumors led to a conformational shift that facilitated
the release of ICG and improved the efficacy of photothermal
therapy for malignancies. These techniques may make it possi-
ble to deliver biomacromolecules while exerting tight control over
their biological activity and interaction with various targets, such
as the vascular endothelium, cancer cells, or the nucleus, which
enhances targeting, cell internalization, circulation, and off-target
effects [74,89].

Additionally, SCF technology could successfully construct
biomacromolecule-modified scaffolds for tissue engineering
through the supercritical fluid-polymer interaction. For instance,
research has been done to prepare SF nanoparticles using the SEDS
process, which were subsequently added to poly-L-lactide (PLLA),
and the SF/PLLA composite scaffolds were prepared by the phase-
inversion technique in a SCCO, environment [90]. SF nanoparticles
increased the surface strength and hydrophilicity of the PLLA
scaffolds, leading to a high affinity for albumin attachment.
In vitro cytotoxicity assays of SF/PLLA composite scaffolds on 1929
mouse fibroblasts showed good biocompatibility, a better ability
to induce osteoblast-specific marker levels, and more bone matrix
production, which can manipulate cellular behavior during tissue
regeneration and effectively promote osteogenic development and
tissue differentiation.

Although the SAS technology is widely used for the microniza-
tion of proteins and peptides, its biggest drawbacks are the risk
of organic solvent residues and protein structure destruction, and
it complicates the phase behavior with a relatively small through-
put. Therefore, in order to overcome the limitations of SAS technol-
ogy, new SCF micronization techniques must be created that can
systematically study the production of protein-based water-soluble
drug particles or drug-loaded composite particles using pure water
as a single solvent.
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The CAN-BD method is a significant development in the field
of SCF micronization technology since it uses continuous operation
to create ultrafine particles from aqueous solutions. The particle
morphology and size distribution are well controlled, and there
is reduced protein aggregation and biological activity loss. Hep-
atitis B surface antigen (HBsAg) protein vaccines and live atten-
uated measles vaccines in the form of dry powder formulations
were prepared using the CAN-BD process at near ambient temper-
ature conditions. The activity of HBsAg was adequately preserved
when the formulations contained sufficient amounts of alginate.
The powder can be stored at —20 °C or 66 °C for 43 days without
loss of activity [40,91]. It is anticipated that the fine powder for-
mulation of the vaccine obtained using this technique will address
the issue of its loss of potency during transport. Also, more thor-
ough studies were carried out on three proteins, two of which have
therapeutic value: trypsinogen (a model enzyme), anti-CD4 anti-
bodies (for rheumatoid arthritis), o 1-antitrypsin (for cystic fibrosis
and emphysema). The stability and activity of their dry powders
are well maintained to meet inhalation requirements and reach the
deep lungs [92].

The improved SAA and SAA-HCM processes based on CAN-
BD technology have enhanced the mass transfer process between
SCCO, and solution, resulting in increased throughput and good
mixing of SCCO, and solution in a fairly short time, reducing the
possibility of process failure due to pre-precipitation of solutes in
the mixer, and also facilitating the operation of protein-like ther-
mosensitive substances to avoid changes in structure and activity.

The feasibility of preparing biomacromolecular particles such
as proteins by the SAA-HCM process at different levels from
model proteins (lysozyme) [41], pharmaceutical proteins (insulin)
[93], and polymer/pharmaceutical protein composite systems (in-
sulin/chitosan composite particles) was verified [94]. The results
showed that the chemical structure and advanced structure of the
obtained protein particles did not change significantly compared
with the original drug, and the particles could be stored for a long
time under low temperature and low humidity environments. In
contrast to conventional spray drying technology, the thermal sta-
bility of the products prepared by the SAA-HCM process was es-
sentially the same as that of the original drug, but the activity
of the spray-dried samples decreased, and the control of particle
size distribution was not as good as that of SAA-HCM technology.
The SAA technique has high application possibilities since it can
compensate for the drawbacks of conventional micronization pro-
cedures and is suited for the manufacture of heat-sensitive and
water-soluble compounds, including proteins and peptides.

Overall, as a new class of green technologies, SCF technology is
becoming more and more significant in the field of pharmaceuti-
cal particle manufacturing. It is a viable alternative to the present
processes for producing stable pharmaceutical protein powders be-
cause it enables the quick synthesis of large amounts of protein
powder with controlled particle morphology.

3.2. Nucleic acids nanomedicine produced by SCF technology

Nucleic acids have great potential for the treatment of lung-
related diseases, including cystic fibrosis, lung cancer, chronic ob-
structive pulmonary disease, asthma, and respiratory infections
[95,96]. Plasmid DNA (pDNA) and small interfering RNA (siRNA) are
two of the most widely studied nucleic acids for therapeutic devel-
opment. The most direct and effective method of delivering ther-
apeutic nucleic acids to the lungs is local delivery via inhalation
[97]. Compared to intravenous administration, inhalation delivery
is non-invasive and more patient-acceptable. In order to achieve
intrapulmonary delivery of nucleic acids, an effective inhaled for-
mulation must be able to circumvent the clearance and defense
mechanisms of the respiratory system, achieve high lung deposi-
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tion, and prevent early degradation. In inhaled formulation devel-
opment, nucleic acids can be formulated in liquid or dry powder.
The inability to maintain the structural integrity of nucleic acids
in solution, which presents a significant challenge for their trans-
port and storage, has encouraged researchers to select dry powder
formulations [98].

SCF technology offers another possibility for producing dry nu-
cleic acid formulations suitable for inhalation. Compared to tradi-
tional freeze-drying technology, SCF technology produces dry nu-
cleic acid powders with greater stability, controlled particle size,
shorter reaction times, reduced transportation and storage costs,
and without the loss of nucleic acid activity associated with freez-
ing and heating [99-102]. In 2000, the SEDS technique was applied
to produce pDNA dry powder from aqueous solutions using man-
nitol as an excipient for the first time and studied the effect of pa-
rameters on plasmid stability [103]. The results showed that when
the aqueous solution and SCCO, converged at the nozzle, an acidic
solution was inevitably generated, which affected the stability of
the plasmid. The addition of sodium acetate was able to counteract
this effect and restore the DNA supercoil structure. This endeavor
demonstrated that it is feasible to prepare dry nucleic acid pow-
der using SCF technology, and applications for DNA administration
by inhalation or even transdermal distribution are possible. The re-
searchers then conducted additional research, including the devel-
opment of an imaging system to monitor the stability and expres-
sion of nucleic acid dry powder prepared by the SCF technique in
vivo as well as cancer therapy. Besides, inhalable chitosan-plasmid
DNA complex powders were prepared using the SAS method [104].
In the study, chitosan was used as a non-viral delivery vehicle, and
mannitol was used as a swelling agent. An aqueous solution of
a luciferase expression plasmid driven by a cytomegalovirus pro-
moter (pCMV-Luc) was dispersed in the SCCO,/ethanol mixture to
produce the dry powder. Chitosan not only inhibited the degrada-
tion of pCMV-Luc and maintained the stability of p-DNA during
production and storage, but also increased the yield of the pow-
der. In animal experiments, the gene expression mediated by pow-
der through lung administration was verified, and the pDNA dry
powder was able to increase the expression of luciferase activity
with a longer duration of action than the corresponding solution
form. Meanwhile, a mouse model of lung metastasis has been used
by the researchers to successfully demonstrate the therapeutic ef-
ficacy of pDNA powder formulations containing the interferon-f
gene [105]. Furthermore, they developed a new way of gene drug
delivery, demonstrating that the gene powder prepared using SCF
technology is expected to treat lung-related diseases. But the study
was limited by a lack of gas kinetic data for the powder. In addi-
tion, the group has applied the SCF technique to the preparation
of siRNA powder, which can effectively and specifically exert gene
silencing effects on metastatic tumor cells in mouse lungs and has
potential for clinical application [106]. Ion gelation and SAS tech-
niques were used to effectively prepare nanocomposite particles
containing siRNA and paclitaxel for overcoming drug resistance
in cancer therapy [107]. The composite particles showed a better
tumor suppression effect compared to nanoparticles encapsulated
with paclitaxel alone. In another study, they prepared PLLA porous
particles and loaded them with DOX and siRNA-CS nanoparticles
[108]. The composites exhibited excellent aerodynamic properties
and were suitable for inhalation co-delivery, which can overcome
drug resistance in lung cancer. The two studies mentioned above
have developed gene and drug co-delivery systems based on SCF
technology.

What is more, the SCF technology that produces siRNA nanopar-
ticles has been expanded to treat the chronic condition of di-
abetes in addition to cancer treatment [109]. As illustrated in
Fig. 2, SCCO,-assisted precipitation with a compressed anti-solvent
technique decorated the siRNA-incorporated CS nanoparticles over



Y. Zheng, Y. Huang, J. Luo et al.

Chinese Chemical Letters 35 (2024) 109169

A B C
e - Blood stream
siRNA cs 100 :\?
PLLA GLP-1 lonic gelation _RN:Iepatocyte w0l £
P el o Q
@ CS-siRNA - l A = s 8 g
© DDP4 O, - - 5
PCA process — e =
P mRNA  Frotein /6|_p.1T g N 60 £
°o— b | H
NIPMs \ : o 4l w0 8
Dry powder 2 ]
inhalation GLP-1 sensitizes the o 2 2 H
- Insulin release 1 %
j—mao " b7 \InsulinT 0 ) ) Q
“’-'”“““‘ S 5% 7.5% 10% u
p-cell of Pancreas Theoretical amount of GLP-1
D E F
354 3.0
— py 1 E
X 1001 o 301 * ® ) g 2.5
Y 9 ) y k]
a 801 E 25 T 201
T € 2
K £ S
S 60 o 204 S 45
4 I} o P
[+] ° —=— NIPMs co-loaded with siRNA and GLP-1 .2
2 el g 159 e ::::: loaded with SIRNA s 1.04
® Raw GLP-1 2 —— NIPMs loaded with GLP-1 ©
=S - ——5% 2 404 —— Diabetic mice [4
2 2 o ° 10 —+— Normoglycemic mice < 0.5
5 co- S 2 I
3 04 o I R _ £ ool
r T v T T T T T \ o (S >
5 0 5 10 15 20 25 30 35 40 T v v T y y y y y o N A
Tl 0 5 10 15 20 25 30 35 40 o o e,
ime . s
(h) Time (h) ® w W

Fig. 2. Supercritical fluid-assisted decoration of nanoparticles on porous microcontainers for co-delivery of therapeutics and inhalation therapy of diabetes. (A) Schematic
diagram of siRNA nanoparticles-inlaid PMs (NIPMs) for diabetes treatment. (B) SEM images of NIPMs. (C) GLP-1 loading and encapsulation efficiencies in NIPMs at various
theoretical loading amounts. (D) Cumulative GLP-1 release characteristics of NIPMs in phosphate buffered saline (PBS) (pH 7.4). (E) Hypoglycemic efficacy of various com-
binations of NIPMs after administrating through pulmonary route in Type 2 diabetic mice for 36 h. (F) The effect of various combinations of NIPMs on the expression of
DPP-4-mRNA. **P < 0.01. Copied with permission [109]. Copyright 2018, American Chemical Society.

glucagon-like peptide (GLP)—1-dispersed PLLA porous microparti-
cles (PMs) as an inhalation delivery system for diabetes therapy.
This study verified that SCF technology provides a convenient way
to fabricate nanoparticle-microparticle composites for simultane-
ous delivery of a gene and a therapeutic peptide, which has the
potential to be widely used in the pharmaceutics industry.

The application of SCF technology to the development of gene
drugs has large application potential. Nucleic acid stability is guar-
anteed by the mild operating conditions, drying at room tempera-
ture, and high recovery (typically >90%) with minimal losses, mak-
ing them suitable for the production of pricey gene drugs like
pDNA and siRNA. However, SCF technology for gene drug produc-
tion is still in the development stage, and there are significant in-
tergroup differences in experimental results, reducing comparabil-
ity. Besides, research on siRNA is limited, and the majority of stud-
ies are based on gene powders for in vivo imaging to verify trans-
fection effects, with few studies for cancer therapy. Therefore, it is
necessary to investigate the SCF process variables and the aerody-
namic properties of the powder to confirm their suitability for in-
halation and to raise the clinical value of SCF-produced gene pow-
ders.

3.3. Polysaccharides nanomedicine produced by SCF technology

Polysaccharides are macromolecular polymers widely found in
nature, and the main forms of their existence include cellulose and
its derivatives, alginate, agarose, chitosan, etc. Polysaccharide poly-
mers have the advantages of high structural stability, low toxicity,
biocompatibility, and biodegradability [110], and can be used for a
variety of functionalized applications in vivo, including body com-
ponents [111-113], energy storage [114,115], drug delivery [116,117],
and regulation of protein structure and function [118].

Among many polysaccharides, chitosan is the most commonly
used for the preparation of polysaccharide-related drugs by SCF
technology because of its many useful properties, such as biocom-

patibility [119], biodegradability, low toxicity [120], cellular affin-
ity [121], antimicrobial [122], antioxidant activity [123], and low
production cost. The RESS method is an appropriate, novel, and
promising methodology for the manufacturing of polysaccharide-
based medications due to its small particle products, narrow par-
ticle size distribution, solvent-free products, and customizable par-
ticle size [124]. The RESS method was also used to micronize chi-
tosan particles and evaluate the effects of process parameters such
as temperature, pressure, and the effective nozzle diameter on chi-
tosan particle size using the response surface methodology (RSM)
to control the size and particle size distribution of chitosan parti-
cles. The results showed that the size distribution of RESS-treated
particles was narrower and significantly smaller compared to the
original chitosan particles, which had an irregular morphology.
With the increase in pressure and temperature and the decrease
in nozzle diameter, the chitosan diameter decreased as well [125].
The SAA-HCM technique was utilized to create chitosan nanopar-
ticles, extending the technique’s applicability to the production of
nanoparticles from nanosuspensions and offering more examples
for the formation of finely structured particles [126]. However, re-
search on the effects of process parameters on the size and mor-
phology of polysaccharide particles is more prevalent than research
on the application of single-component polysaccharide particles. In
fact, due to polysaccharides’ positive charge, they are able to in-
teract electrostatically with negatively charged mucosal surfaces
to promote transmucosal absorption of drugs and are therefore
widely used as drug carriers for anticancer drugs and vaccines
[127-129]. Utilizing the SAS drying approach, a sodium alginate-
chitosan composite aerogel was established for controlled-release
drug delivery. Levomycin was used as a model antibiotic, and the
products with porous architectures, large surface areas, high wa-
ter absorption, and structural stability were able to postpone the
release kinetics. It has the ability to not only adsorb medications
but also be used to treat wound surfaces and speed up healing
[130]. Another study reported DOX-loaded chitosan nanoparticles
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Fig. 3. Gene silencing in a mouse lung metastasis model by an inhalable dry siRNA powder prepared using the SAS technique. (A) SEM of the siRNA/Chitosan powders. (B)
Integrity of siRNA in the siRNA/Chitosan powders. (C) Time course of lung fluorescence localization derived from Cy5.5 following pulmonary delivery into mice. (D) Optical
image of the fluorescence derived from Cy5.5 in mice following pulmonary delivery. (E) Optical image of lung luminescence corresponding to firefly luciferase activity in
mice bearing colon26/Luc cells. (F) Time course of lung luminescence intensity. Copied with permission [106]. Copyright 2013, The Pharmaceutical Society of Japan.

in one step by the SAA-HCM process [131]. As a drug carrier, chi-
tosan maintains the structural integrity and thermal stability of the
drug. In vitro tumor cytotoxicity experiments showed that the drug
activity was well maintained. This work validated the use of SAA-
HCM technology in drug delivery systems and the efficacy of chi-
tosan as a drug carrier, serving as a benchmark for the develop-
ment of new synergistic drug delivery systems that are both effec-
tive and environmentally friendly.

In addition, polysaccharides can stabilize biomacromolecules
such as proteins, peptides, and nucleic acids to create oral and in-
haled formulations. Using alginate as an excipient, lysozyme pro-
tein powder was constructed by the SAS process and investigated
the impact of the protein-to-polysaccharide ratio on the stabil-
ity of lysozyme [132]. The outcomes demonstrated that the inclu-
sion of alginate was effective in preserving the long-term stabil-
ity of lysozyme. When the protein:alginate ratio was 1:1, lysozyme
exhibited agglomeration, and the polysaccharide content in the
formulation was insufficient to inhibit protein interactions. How-
ever, when the protein:alginate ratio was 1:4, no structural al-
terations occurred in lysozyme. An alternate method for enhanc-
ing the stability of protein powders made by SCF technology is to
optimize the protein-to-polysaccharide ratio. The ideal protein-to-
polysaccharide ratio prevents the polysaccharide matrix from crys-
tallizing as well as structural changes and aggregation of the en-
capsulated protein.

Moreover, polysaccharides may be more effective than viral vec-
tors in gene delivery because they induce lower immune responses
and reduce the degree of inflammation. An inhaled siRNA powder
containing chitosan and mannitol was prepared by the SAS tech-

nique for effective pulmonary gene silencing (Fig. 3) [106]. When
chitosan is not included, the acidic microenvironment generated
by dissolving SCCO, into an aqueous solution leads to poor sta-
bility of siRNA. When chitosan was added, it was protonated in
acidic circumstances to interact electrostatically with the nega-
tively charged siRNA, thereby maintaining its structural integrity
and stability [133]. Chitosan was also used as a cationic carrier and
it was found that chitosan exerted the best stabilization when it
had a molecular weight of 2-5kDa and an N/P ratio of 5 [134]. The
content of nucleic acid and chitosan affects the dispersibility of nu-
cleic acid particles [106]. When powders were prepared using 2%
siRNA and 10% chitosan (total mass), the products were rectangular
in shape and poorly dispersed. When the powders were prepared
using 0.2% pDNA and 0.94% chitosan (total mass), the dispersion
was good [104].

In conclusion, polysaccharides like chitosan primarily serve as
stabilizers and excipients in the field of SCF technology [42], and
the buffer function and complexes created will significantly aid
in the stable long-term preservation of protein powder and gene
powder.

4. Challenges in SCF technology prepared biomacromolecular
nanomedicine

Despite the many advantages of SCF technology for biomacro-
molecular nanomedicine preparation and biomedical application,
there are also several challenges that need to be addressed. One
major challenge is the optimization of process parameters, includ-
ing pressure, temperature, and co-solvent content, to achieve opti-
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mal nanoparticle size and morphology with high drug loading effi-
ciency. The process parameters can significantly affect the proper-
ties of the resulting biomacromolecule-based nanoparticles, includ-
ing drug encapsulation efficiency, drug release kinetics, and parti-
cle stability. Therefore, it is necessary to conduct extensive studies
to determine the optimal processing conditions for different types
of biomacromolecules and drugs.

The lack of a comprehensive understanding of the mecha-
nisms involved in SCF processing also limits the development of
biomacromolecular nanomedicine. Although many studies have re-
ported the successful preparation of biomacromolecular nanopar-
ticles using SCF technology, the mechanisms of particle formation
and the effects of different processing parameters on particle size,
morphology, and stability are still not fully understood. Further re-
search is needed to elucidate the underlying mechanisms and op-
timize the processing conditions to achieve consistent and repro-
ducible results.

Another challenge is the limited scalability of SCF technology
for industrial production. Currently, most SCF-based methods are
limited to laboratory-scale production due to the high cost and
complexity of the equipment required. To enable large-scale pro-
duction of biomacromolecular nanoparticles using SCF technology,
new processing methods and equipment that are cost-effective and
scalable need to be developed.

In addition, the application of SCF technology for the prepara-
tion of biomacromolecular nanoparticles is still in its early stages,
and more research is needed to fully evaluate the safety and effi-
cacy of these particles in vivo. Although SCF technology has been
shown to be effective in maintaining the stability and bioactivity
of biomacromolecules, further studies are needed to evaluate their
biocompatibility, pharmacokinetics, and long-term safety in animal
models and human clinical trials.

Finally, the regulatory approval process for SCF-produced
biomacromolecular nanoparticles may be a challenge due to the
lack of established guidelines and standards for their manufacture
and quality control. It is important to establish clear guidelines and
standards to ensure the safety and efficacy of these particles and
facilitate their regulatory approval for clinical use.

Overall, while SCF technology holds great promise for the
preparation of biomacromolecular nanoparticles for biomedical ap-
plications, further research is needed to overcome the challenges
and optimize the technology for large-scale production and clinical
use.

5. Conclusions and future perspectives

The synthesis of biomacromolecular pharmaceuticals using SCF
technology is reviewed in this study, along with a brief sum-
mary of some noteworthy scientific advancements. We summa-
rized several examples of SCF-processed biomacromolecules im-
proving their performance efficacy and outcomes in recent years
(Table S1 in Supporting information).

By understanding the nature of SCF and the mechanism of
biomacromolecular drug particle formation in SCF, many methods
applicable to biomacromolecular nanosizing can be generated. In
comparison to currently approved techniques, SCF technology for
the production of biomacromolecular drugs has the following ben-
efits: the ability to form fine, smooth particles with a controlled
nanometer or micron size range and a narrow size distribution.
Furthermore, SCF technology allows for the treatment of delicate
biomacromolecules without deterioration in a single step at room
temperature, without the need for chemical modification. The ab-
sence of organic solvent residues and the ability to design com-
posite particles using approved polymers contribute to the envi-
ronmentally friendly and energy-efficient nature of SCF technol-
ogy. Moreover, the SCF method is a desirable alternative for the
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manufacture of biomacromolecular pharmaceuticals because of its
uniform batch size, high yield, long-term stability at room tem-
perature, simplicity of transportation, and preservation. Addition-
ally, water content has a substantial impact on the biomacro-
molecules’ thermal stability and their ability to retain their ac-
tivity [135]. Sensitive biomacromolecules like proteins and nucleic
acids are significantly stabilized by the removal of water to create
dry powders since many of the degradation mechanisms affecting
biomacromolecules are predominantly mediated by water. Com-
pared to conventional dry powder preparation techniques, the uti-
lization of SCF technology allows for rapid solvent/water removal
at much lower temperatures with minimal stress, which not only
maintains the stability of the biomacromolecules but also permits
relative control over the properties of the final product (e.g., parti-
cle size, porosity, morphology, water content), where the residual
moisture of biomacromolecule drugs produced using SCF technol-
ogy is in the range of 5%-10% [136], which meets the requirements
for long-term transportation and storage. Lastly, the scalability of
SCF technology for cGMP production offers an exciting opportunity
for the industrial production of biomacromolecular drugs.

After years of development, SCF technology is currently transi-
tioning from small-scale manufacturing to large-scale production.
Not only is this a chance, but it is also a challenge. Large-scale in-
dustrial production will provide a strong driving force and a broad
market prospect for the in-depth development and application of
SCF technology. At the same time, more challenging topics are on
the agenda, such as whether laboratory experience can be trans-
ferred to large-scale production before it can be scaled up. Asep-
tic pharmaceutical processes, greater yields and lower energy con-
sumption, recovery of CO, and solvents, compliance with operating
parameters, consistency of product quality, and other issues are the
key obstacles in this situation. These issues need to be studied in
depth and addressed one by one through production practice.

In conclusion, the SCF process can offer a powerful platform for
the creation of biomacromolecular particles. These particles can be
used to create new biomacromolecule-based delivery systems as
well as directly prepare biomacromolecules as therapeutic drugs
while maintaining their stability and activity at the nanoscale. The
entire process also adheres to sustainable and green standards. The
SCF procedure is anticipated to develop into a cutting-edge plat-
form for drug delivery.
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