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Abstract

Nanoparticles, typically ranging from 1-100 nm, possess unique physical, chemical, and
biological properties that make them indispensable across medicine, electronics, energy, and
advanced materials. Their growing importance has driven the development of diverse production
methods, each with distinct advantages and limitations. This review provides an overview of
modern nanoparticle synthesis technologies, including Flame Spray Pyrolysis (FSP), Continuous
Hydrothermal Flow Synthesis (CHFS), Spark Discharge Generation (SDG), classical chemical
synthesis, and Pulsed Laser Ablation in Liquid (PLAL). FSP enables large-scale production with
high throughput and uniformity, but faces challenges of aggregation and high infrastructure costs.
CHES offers continuous, “green” synthesis in aqueous environments with fine control over particle
properties, though it requires complex post-processing to ensure purity and sterility. SDG produces
highly pure nanoparticles directly from conductive materials using compact equipment, yet its
productivity remains limited. Traditional chemical synthesis excels in shape and size control and
is cost-efficient, but sterility issues and organic residues hinder biomedical translation. By contrast,
PLAL combines simplicity, compact instrumentation, and the ability to generate sterile, ligand-
free colloidal nanoparticles in solution, eliminating many post-synthesis steps. Comparative
analysis demonstrates that no single approach is universally optimal; instead, method selection
must balance scalability, cost, sterility, and application-specific requirements. Among these, PLAL
emerges as a particularly promising technique for biotechnology and medicine, where rapid, clean,
and scalable nanoparticle production is critical. The review highlights how aligning synthesis
methods with end-use needs can accelerate translational applications in diagnostics, therapeutics,
and advanced material technologies.

Significance statement

Modern nanoparticle production methods strike a balance between scalability, purity, and sterility,
key factors for advancing biotechnological and medical applications. Among these methods, PLAL
combines ligand-free purity, inherent sterility, and inline UV—-Vis/DLS monitoring to deliver
ready-to-use biomedical colloids with minimal post-processing—shortening the bench-to-bottle
path.
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Introduction

Nanoparticles are super tiny particles, usually between 1 and 100 nanometers in size, with unique
physical, chemical, and biological properties that are different from bulk materials. Due to their
high surface-to-volume ratio and the ability to control their composition, they are widely used in
biomedicine for drug delivery, imaging, diagnostics, etc., as well as in electronics, energy, and
materials science. In recent decades, several sustainable approaches have emerged: gas-phase
methods such as Flame Spray Pyrolysis (FSP), Continuous Hydrothermal Flow Synthesis (CHFS),
Spark Discharge Generation (SDG), classical chemical synthesis in solution, as well as physical
approaches based on laser ablation. Each of these solutions has its own advantages and limitations
related to scalability, economics, logistics, equipment, facility, and environmental requirements,
personnel qualifications, and the degree of purity and sterility of the final product. Laser Ablation
is a modern method that opens up enormous prospects in biotechnology, research, and medicine.
The purpose of this review was to compare nanoparticle production methods, weighing their
advantages and limitations to identify options best suited for biotechnological and medical use.

1. Flame Spray Pyrolysis

Chemical synthesis is still widely used in laboratories due to its simplicity and low temperature
requirements. However, FSP was actively developed in the early and mid-2000s as an industrially
applicable alternative to wet chemistry! that stands out for the production of nanoparticles on an
industrial scale in a single step due to its speed, scalability, and ability to produce highly uniform
nanoparticles’. This method uses a sprayed precursor, often a solution of organometallic or salt
origin, which is then ignited in a flame, resulting in the formation of nanoparticles**. The process
is characterized by a single-stage, fast-flowing reaction with a short particle formation zone
ranging from 10 to 50 nm', with a dispersion depending on conditions and reagents, and for the
Liquid-Feed FSP (LF-FSP) method, the spread is already from 15 to 100 nm on average®. However,
the high concentration of the precursor (0.05-0.5 mol/L) leads to rapid agglomeration in the
aerosol, forming fractal structures larger than 100 nm>S. FSP is a gas-phase process, so
nanoparticles are formed immediately without organic stabilizers (ligands)®’. LF-FSP particularly
emphasizes the absence of toxic products, such as HCl. The use of organometallic precursors
instead of chlorides eliminates the need for costly equipment protection and waste neutralization®.
Carbonate or carbon contamination is possible, but it can usually be removed by settling and
drying. This method is highly sterile, as it involves very high temperatures up to =2000°C’.
Sterility is ensured by the thermal destruction of organic contaminants. However, for biomedical
applications, the need for secondary processing (separation, sterilization) must be taken into
account, which leads to longer logistics and increased costs from precursors to the final product®!°,
The positive qualities of the method include scalability and high productivity; flexibility in terms
of materials; and relative “purity” (no ligands)!!. There are also negative qualities, such as
aggregation into agglomerates larger than 100 nm; high dispersion; significant capital and
operating costs for reactors, filters, gases, automation, and safety systems; and contamination with
carbon/carbonates.

Thus, Flame Spray Pyrolysis is a powerful industrially applicable method for producing
nanoparticles. It provides high productivity (grams — kilograms per hour)!!, stable yield, and
relative product purity. FSP is suitable for a wide range of materials, from simple oxides to
complex compositions used in sensors for gas detection, fuel processing, environmental
remediation, battery electrodes, fuel cells, and allows for the production of homogenous Y20s—
MgO nanopowders, biomedical ceramics, and transparent armor for lightweight ballistic
protection'>!*. Its main competitive advantage is its environmental sustainability and cost-
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effectiveness compared to traditional chemical methods. However, the method requires significant
investment in equipment, precise process control to avoid aggregation, and complex engineering
infrastructure. Conclusive sentence. Translational significance. Therefore, for use in
biotechnology or sterile areas, additional processing will be required for cleaning and particle
control, as well as sterility.

2. Hydrothermal Flow Synthesis

Hydrothermal Flow Synthesis (HFS) is one of the most widely used methods for producing
nanoparticles due to its simplicity and versatility!>'®. However, Continuous HFS offers a unique
advantage: continuous production with high throughput and precise control, making it attractive
for industrial production of nanomaterials and catalytic ceramics for the production of
nanostructured oxides for solid oxide fuel cells, growing synthetic quartz and gemstones,
photocatalysis, and green chemistry!’2°,

The first hydrothermal crystal growth dates back to 1845, when Karl Emil von Schathautle grew
microscopic quartz in a pressure cooker. Bunsen and others then refined this technique using sealed
environments. During World War II, a shortage of natural quartz prompted Bell Labs to develop
commercial hydrothermal quartz growth technology in the 1950s?!. Since the 2000s, CHFS
methods using supercritical water have transformed hydrothermal synthesis into a sought-after
method for the continuous production of nanomaterials?>**. High reaction speed and very short
nucleation and growth times allow nanoparticles of uniform size to be obtained without the many
hours of synthesis typical of wet chemistry. The flow process for obtaining nanoparticles can be
scaled up by increasing the flow rate of the pumps and the configuration of the mixers?*.
Laboratory installations have demonstrated tens of grams per hour, while pilot installations have

demonstrated hundreds?>.

HFS is a synthesis method in which a jet of precursor solution is instantly mixed with a jet of
supercritical water (temperature above 370 °C and pressure of about 20-25 MPa), ensuring ultra-
fast nucleation and crystallization of nanoparticles in the aqueous phase!”*. A typical CHFS
assembly includes pumps, heaters for water to SCW, mixers, and a reactor zone. The use of water
as a reagent/solvent avoids the need for organic solvents, and short residence times and immediate
cooling limit crystal growth/aggregation, improving uniformity?’?®. The method also allows the
properties of nanoparticles, such as size, phase, and morphology, to be finely adjusted by changing
the temperature, pressure, pH, and mixing speed?’. However, there are high capital costs for
preparing the premises, high-pressure pumps, heaters, and thick-walled pipe fittings made of
nickel-containing corrosion-resistant alloys. The same applies to operating costs: electricity and
pressure maintenance costs, pump maintenance, seal replacement, salt deposit flushing, and end
product filtration®®. This, in turn, poses risks to sterility.

This method allows for the synthesis of a wide range of nanomaterials: oxides (TiOz, ZrO2, CeO-),
hydroxyapatites and other calcium phosphates for biomedicine, sulfides, phosphates, and even
MOF structures, and ensures purity in terms of organics and organic solvents, so there are no toxic
residues characteristic of colloid chemistry!’. 3°. However, high pressures and temperatures, as
well as alkalis for pH/hydrolysis control, lead to corrosion and leaching of structural materials, as
well as the need for mandatory washing, centrifugation, and lyophilization to remove ions and side
salts®!. The process is initially “clean” in terms of organics and can produce nanoparticles without
ligands and surfactants; however, mineral ions/alkali salt residues and metal traces from equipment
require subsequent washing and sterilization. Biocompatible materials (carbonate/silicate HA) are
successfully produced and positioned for medical applications, but regulatory “sterility” is always
a matter of post-reaction chain validation®?33. Together with excessively long logistics from the
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point of synthesis to the finished product, including cooling, pressure relief, filtration, washing,
drying, sometimes calcination, and sterilization, this lengthens the path from the reactor to
application.

3. Spark Discharge Generation

In the 1960s—1970s, spark discharges were used in physics to obtain metal particles in the gas
phase (mainly as model aerosols for aerial research in the field of health and air pollution). The
technology is based on passing high-voltage spark discharges between two electrodes made of the
target material in a flow of inert gas (usually Ar, N2, or their mixtures)***. As a result of a
microexplosion and local evaporation from the surface of the electrodes, plasma is formed,
condensing into nanoparticles. The particles are carried away by the gas flow and can be collected
by filters, impactors or introduced directly into gas-aerosol systems***°. The method is widely
used in sol studies and for obtaining "reference nanoparticles", as well as a particle generator for
toxicological, medical, and logistical experiments>’.

Typical nanoparticle sizes are usually in the range of 1 to 100 nm, with the most common
distribution modes being those with maxima in the 5 — 20 nm region**>°. Some studies indicate
that particles from 3 to 12 nm can be obtained and their size can be controlled through spark energy,
circuit parameters (capacitance, voltage, discharge frequency), gas flow, and distance between
electrodes®*. The productivity of such installations is relatively low: in standard configurations, it
is milligrams per hour®. The method is suitable for obtaining nanoparticles of virtually any
conductive material — metals (copper, nickel, iron, silver, gold), their alloys, and some conductive
oxides, depending on the available electrodes. The purity of the particles is very high and is mainly
determined only by the quality of the electrodes used and the purity of the supplied gas*!.

The main advantage of spark ablation is the production of high-purity nanoparticles. Since the
process is completely physical, *°. The equipment is compact and relatively inexpensive, which
makes the method attractive for laboratories. In addition, the high plasma temperature ensures
sterility at the time of synthesis, destroying organic matter and microorganisms in the chamber*?.
In terms of costs, capital investments can be estimated as low to medium: only a source of high-
voltage pulses, a gas supply system and a chamber for generating and transporting an aerosol, and
a filtration system are needed®’. Operating costs consist mainly of the cost of inert gas (argon or
nitrogen), electrode consumption, and electricity costs*’. However, low productivity compared to
Flame Spray Pyrolysis, Hydrothermal Flow Synthesis, and Laser Ablation is a serious limitation.
In addition, the particles have a wide size distribution. The diameter can vary from units to
hundreds of nanometers, and the average values change depending on the stability of the
discharge*®**. Electrode erosion over time worsens reproducibility as the shape and composition
of the electrodes change®. A separate problem is the delivery of nanoparticles. The product is
formed as an aerosol, so to obtain a stable powder, it is necessary to go through filtration,
sedimentation, washing, and drying. Each of the processing stages introduces the risk of sterility
violation, despite the fact that the plasma itself initially provides clean conditions, and this
lengthens the path from the reactor to the finished material*®.

4. Chemical synthesis

The first examples of chemical synthesis of nanomaterials can be traced back to the 14th—13th
centuries BC, when the Egyptians and Mesopotamians produced colored glass using metal
nanoparticles—for example, red glass was colored by the presence of copper on the surface, which
emitted plasmon resonance*’. Analyses confirm that artificial nanoparticles (e.g., lead sulfide PbS
with a size of about 5 nm) were already used 4,000 years ago to dye hair*®. Chemical methods,
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such as the Stober process, are classic for the synthesis of spherical silicon nanoparticles with a
distribution of 50 to 2,000 nm*’. **. They allow the size, shape, composition, and morphology of
nanoparticles to be precisely specified, apply to a wide range of materials, and are easily scalable
from laboratory conditions to industrial applications.

In the chemical synthesis of nanoparticles, one of the key tasks is to control their size, shape, and
colloidal stability. To do this, organic molecules—Iligand stabilizers—are used, which adsorb onto
the surface of nascent and growing nanoparticles and prevent aggregation. Since ligands bind to
specific crystallographic faces, slowing or accelerating growth in different directions, this allows
cubes, rods, octahedra, or more complex morphologies to be obtained’!. Despite their important
role in synthesis, the presence of organic stabilizers creates a number of problems associated with
organic residues on the surface. Even after washing, ligands remain on the particles, which
prevents their use in biomedicine, where a “clean” surface is required for interaction with cells or
proteins. Such organic stabilizers have low sterility and biocompatibility®>. Therefore,
nanoparticles obtained by chemical methods are mainly used in the manufacture of optics and
sensors, in energy, and in the production of catalysts and polymer materials. At the same time,
capital costs are relatively low: unlike spark or supercritical installations, chemical synthesis
requires only standard laboratory equipment and time>’. However, sterility remains an important
issue: reactions usually take place at moderate temperatures and in the presence of organic matter,
which does not destroy the microbiota. Therefore, the products obtained require additional
sterilization — autoclaving, filtration, or gamma irradiation>*. Finally, chemical synthesis involves
lengthy purification logistics. Removing by-products requires multiple centrifugation, washing,
and dialysis steps, which lengthens the path from synthesis to finished product and increases the
risk of contamination at each stage.

5. Laser Ablation

Laser ablation is an amazingly simple and versatile tool for quickly producing high-quality
nanoparticles®~®. Lasers were first used in pulsed laser deposition (PLD) to produce thin films in
1960. In 1995, R. Smolli's team (Rice University) first used laser ablation to synthesize carbon
nanotubes—first multilayer, then single-layer—using cobalt/nickel as a catalyst. Later, the method
of Pulsed Laser Ablation in Liquid (PLAL) appeared — a clean, physical method of obtaining
nanoparticles without the use of chemical precursors or stabilizers®’. In its modern form, the PLAL
method has established itself as a “green method”® of nanoparticle synthesis since the 2000s. In
contrast to complex installations requiring vacuum, high temperatures, or chemical reagents,
PLAL requires only a standard pulsed laser, simple optics, and a conventional cuvette with a liquid
medium®. Such equipment is compact and can be used in a normal laboratory room without the
need for expensive ventilation or protective structures. At the same time, it provides access to
sterile, biocompatible nanoparticle preparation—without post-processing, filtration, or additional
purification®>’, A particular advantage of the method is the ability to obtain nanoparticles ranging
in size from 1 to 100 nm directly in a working solution of the desired concentration, suitable for
use86!

Today, the PLAL method is a fast and economical solution for synthesizing nanoparticles,
combining ease of installation with high quality, purity, and sterility of the finished product. It
allows you to obtain pure, sterile, and biocompatible colloidal solutions with controlled
concentration and size, without complex post-processing®?. This promising technology is still
evolving, but its areas of application and bright prospects are already clear. It is suitable for the
production of materials for creating quantum dots, nanowires, carbon nanostructures, and for
creating complex oxide films and conductors in photonics and electronics. However, the best areas
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for PLAL application are undoubtedly medicine and biotechnology®”-%-%_ It is in these areas that
the laser ablation method can fully realize its potential. . The production of high-purity
nanoparticles of the required concentration directly in a functional solution ensures very short
logistics, eliminating additional stages of filtration, purification, distillation, and drying, as well as
sharply reducing the risks of biological and toxicological contamination and ensuring high
sterility®®. Preliminary design shows the possibility of manufacturing a compact desktop PLAL
unit with in-line control of nanoparticle size, dispersion, and concentration, which in turn opens
up wide access to biotechnology and medical centers, educational laboratories, as well as
manufacturers of electronics, optics, and nanomaterials®?.

Conclusion

A comparative analysis of synthesis methods demonstrates that there are no universal solutions
yet: each technology is optimized for its own set of parameters. Gas-phase processes such as FSP
offer record productivity and industrial scalability, but require significant capital investment and
complex engineering infrastructure. CHFS allow the synthesis of a wide range of biocompatible
materials in an aqueous environment and provide high uniformity, but are accompanied by lengthy
post-processing logistics and contamination risks. SDG is simple and produces a clean product,
but has low productivity. Classic chemical synthesis remains the leader in shape control and
scaling, but suffers from ligand contamination and sterility issues. PLAL stands out for its
combination of simple equipment, no need for special facilities, complete biocompatibility, and
the ability to obtain sterile colloids of the desired concentration directly in the working solution
without additional purification. It is this feature that makes PLAL particularly attractive for
personalized medicine and pharmaceutical applications, where speed and purity are critical.
Furthermore, laser ablation in liquid represents a highly promising nanotechnology, with the
potential to drive breakthroughs not only in personalized medicine but also in advanced materials
science, offering new opportunities for diagnostics, therapeutics, and innovative technological
applications.
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Table 1. Summary of methods

Ablation in
Liquid

precise control of nanoparticles is
required, especially in the fields
of photonics and biomedicine

research, quantum dots,
nanowires, carbon
nanostructures, catalysis,
photonics

Nanoparticle Properties/image Applications References
Type
Flame Spray Optimal for high-performance Catalysts, oxides for 1-14
Pyrolysis industrial production of optics and energy
nanoceramics and catalysts
Hydrothermal Indispensable for obtaining high- | Manufacture of synthetic 15-33
Flow Synthesis | quality crystals, especially in quartz, gemstones, and
(HFS) mineralogy and materials science | complex oxides
Spark Discharge | Promising in terms of scalability | Production of metallic, 34-46
Generation and environmentally friendly oxide, and semiconductor
approaches to the production of | nanoparticles for catalysis,
nanoparticles from a variety of environmental, and
electrically conductive materials | toxicological research
Chemical The most versatile and widely Optics, catalysis, coatings, | 47-53
synthesis used in research due to its electronics
simplicity and flexibility
Pulsed Laser Ideal when the highest purity and | Biotechnology, medicine, | 55-66
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