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Abstract: Complex-structured polymeric microparticles hold significant promise as advance in

next-generation medicine mostly due to demand from developing targeted drug delivery. However,

the conventional methods for producing these microparticles of defined size, shape and sophisticated

composition often face challenges in scalability, reliance on specialized components such as

micro-patterned templates, or have limited control over particle size distribution and cargo release

kinetics. In this study, we introduce a novel and reliably scalable approach for manufacturing

microparticles of defined structures and sizes with variable parameters. The concept behind this

method involves the deposition of a specific number of polymer layers on a substrate with low

surface energy. Each layer can serve as either the carrier for cargo or a programmable shell-former

with predefined permeability. Subsequently, this layered structure is precisely cut into desired-sized

blanks using a laser. The manufacturing process is completed by applying of heat to the substrate

what results on sealing the edges of the blanks. The combination of the high surface tension of

the molten polymer and the low surface energy of the substrate enables the formation of discrete

particles, each possessing semi-spherical or other designed geometries determined by their internal

composition. Such anisotropic microparticles are envisaged versatile applications.

Keywords: microparticles; scalable manufacturing; laser cutting; drug delivery; complex structures;

composites; core-shell; defined size

1. Introduction

The production of polymeric microparticles of defined size and shape plays a pivotal role in

various industries, encompassing pharmaceuticals, biotechnology, and materials science [1]. These

microparticles serve essential functions in drug delivery, diagnostics, and as functional materials [2,3].

There are numerous techniques proposed so far for manufacturing polymeric microparticles. Obviously,

every of these techniques have advantages and limitations. Broadly, these methods of shape controlled

particle fabrication can be categorized into two main groups: template-free and template-based.

Template-free approaches primarily rely on the surface tension forces of polymer solutions or

suspensions to create spherical-like structures, while template-based methods necessitate the use of

specially crafted molds with surface geometries that dictate the shape and size of the microparticles.

In this concise introduction, we will explore some, though not an exhaustive list, of the common and

well-established techniques for producing polymeric microparticles.

Emulsion/Solvent Evaporation

This is one of the most widely used method for microparticle production [4–6]. It involves

dissolving a polymer in an organic solvent and then emulsifying it in an aqueous phase. Microparticles

are formed as the solvent evaporates, leaving behind solid polymer particles.
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Pros: allows control over microparticle size and morphology; suitable for both hydrophilic and

hydrophobic polymers; can encapsulate a variety of payloads, including drugs and nanoparticles.

Cons: use of surfactants what can be hard to remove; encapsulation efficiency may vary;

batch-to-batch variability can be an issue.

Spray Drying/Electrospray/Electrospinning

A polymer solution or suspension is atomized into fine droplets or thin fibers and dried rapidly

either by using mechanical energy like ultrasound or electrical field energy [7–11]. A core-shell variant

of such techniques allows the increase of encapsulation efficiency. Defined sizes of microcapsules

can be achieved by varying the energy of the atomization and the amount of the polymer in the

solution/suspension. In the case of electrospinning, the fibers are collected as a nonwoven mat or

chopped into microparticles. It offers high surface area and is used in tissue engineering and filtration

applications.

Pros: rapid and continuous production; high encapsulation efficiency for certain materials in the

core-shell variant; suitable for thermally sensitive compounds; scalable for medium to large-scale

production.

Cons: limited control over particle/fiber size distribution; substance dependent encapsulation

efficiency; it can be sensitive to environmental factors, which might affect the repeatability of the

resulted particles/fibers; requires specialized and dangerous equipment, like high voltage sources or

high-energy ultrasonic atomizers.

Microfluidics

Microfluidic devices can precisely control fluid flow to generate monodisperse microparticles.

Continuous and highly controlled production is possible. Resulted particles are suited for drug

delivery and device calibration purposes [12–14].

Pros: high precision and control over microparticle characteristics; allows for the creation of

multifunctional microparticles; suitable for encapsulating delicate payloads.

Cons: requires microfabrication expertise and equipment; complex setup and maintenance; limited

to low production rates; potential clogging issues in microfluidic channels.

Template-based methods

These methods usually utilized hard on semi-hard templates with defined geometry of a given

size and shape to from polymeric microparticels. In some approaches, micro structures like vaterite

particles, micelles or other micro particulates can serve as a template on which polymer coating could

be deposited by the electrostatic or other bonding forces [15–20].

Pros: precise control over microparticle size and shape; can create complex and non-spherical

microparticles; versatile, with various template materials and fabrication techniques available; high

encapsulation efficiency.

Cons: templates can be challenging to remove for specific geometries; production can be

time-consuming, especially for intricate designs; template fabrication may require specialized

equipment.

The manufacturing of polymeric microparticles is a critical step in various applications, and the

choice of method depends on specific requirements. Emulsion-solvent evaporation and spray drying

offer simplicity and scalability but may lack precision. Template-based methods combine control

with versatility but involve template removal challenges and scalability issues. Each method has its

own set of advantages and limitations, highlighting the importance of selecting the most suitable

technique based on the desired microparticle characteristics and production scale. Aim of this study

was to develop a novel method for manufacturing particles on low surface energy substrates (18-20

dynes/cm). At its core, this proposed technique combines the simplicity and natural occurrence of
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microcapsule formation driven by surface tension forces with precise control over their size and shapes

in a deterministic manner.

2. Materials and Methods

Following components were obtained from Sigma-Aldrich: Polycaprolactone (PCL, Mw =

80000 Da), Polyvinylpyrrolidone (PVP, Mw = 55000 Da), Methylene blue, Oil Red O, Ethyl Acetate.

Fluorinated Ethylene Propylene Copolymer sheets (FEP, thickness 100 µm) were purchased from

PLASTPOLYMER company. Trichloromethane (TCM, chloroform) were ordered from EKOS.

2.1. Solutions preparation

A set of blank (cargo-free) solutions were prepared as follows: 0.19 g of PCL were added into a

2.98 g of TCM. In addition to that, a mixture was stained using 0.005 g of Oil Red O to allows for laser

cutting. Solutions were vigorously stirred for 2 hours until complete dissolution of their components.

To prepare solutions containing Methylene blue, its crystals were first grounded in a ball mill for an

hour to reduce their average size. Fine dye powder was added into the blank solutions in quantities

equals to 5, 10 and 15% of the PCL mass and dispersed using ultrasonic homogenizer. To make a

solution for semi-permeable outer layer, a 0.19 g of PCL and 0.19 g of PVP were added into the 2.98 g

of TCM. Same as for blank solution, a 0.005 g of Oil Red O was added for staining superpose. The

mixture was intensively stirred for 12 hours.

2.2. Film application

A house-made film applicator machine was used to create a thin polymer films on the FEP

substrate. The substrate itself was fixed in place using vacuum table. A 100 µL of each solution was

placed at the begging of the substrate using pipette and spreaded with 25 µm gap baker applicator

moving at 20 mm/s. Due to high viscosity of casted solutions and high evaporation rate of the TCM,

the wet film behind the baker applicator dries almost immediately, preventing the solution from

beading on a non-wettable fluorinated substrate.

2.3. Multilayered films for complex structured particles

For complex structure particles it is required to create a master film containing several layers

with distinct properties. For example, a particle may consist of pure PCL baser layer, cargo-loaded

intermediate PCL layer, and semi-permeable outer PCL layer. At its core, each layer is a thin polymer

film formed on a separate FEP substrate. To combine those layers in a single master film, a lamination

technique was utilized. Films were heat-fused together in the right order using commercial laminator

machine at 65°C and feed rate of 3 mm/s.

2.4. Laser cutting

In order to cut a master film into a defined size blank, the high precision laser cutter was used.

The substrate movement in the XY plane with a high accuracy (±1) was achieved by a pair of high

precision linear stage made by STANDA (8MT167M-25BS1 and 8MTL1301-170-LEn1-100). The linear

velocity of the substrate was 5 mm/s. Cutting was performed using Cobolt Tor XS pulsed laser (532

nm, 50 µJ, 1kHz pulse repetition rate). Laser beam was expanded by a pair of lenses to fill the back

aperture of the focusing lens (LOMO micro-objective, x3.5 NA 0.1, estimated spot size 6.5 µm) for

diffraction limited performances.

2.5. Heat application

To finalize the particles manufacturing procedure the substrate with cutted PCL blanks was

placed into the accurate oven (Stegler VAC-24, ±0.1°C) at 90°C for 3 min for melting and beading. The
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temperature inside the oven was deliberately set above the typical melting point of the PCL (60°C) to

reduce its viscosity and speed up the beading process.

2.6. Elution kinetics measurement

The monitoring of cargo elution was assessed by placing the known amount of particles on the

substrate into the 1 mL of saline (0.9% NaCl in water) at 37°C. Each day the substrate was moved into

the fresh volume of the saline. This cycle was repeated for one week. To measure the absolute amount

of Methylene blue eluted each day, an absorbtion spectrum of 150 µL of the corresponding saline

was measured by the TECAN Infinite® 200 Pro M Nano Plus reader. Using the calibration curve, the

absorption value at 664 nm was transformed into the absolute amount of the Methylene blue eluted

each day.

2.7. Surface inspection of the particles

Visual inspection of samples was done using optical transmission microscope Olympus CX-33

and scanning electron microscope (SEM) TESCAN Vega 3.

3. Results

3.1. General description of proposed manufacturing method

The described process involves applying a single layer or multiple layers of a master film onto

the low surface energy substrate. The number of layers, their arrangement, and their properties

collectively determine the internal structure and function of the capsules. Through precise, rapid,

and deterministic laser cutting, an array of uniformly sized blanks can be generated. By utilizing

low-melting-point polymers like polycaprolactone (PCL), a relatively modest increase in temperature,

up to 60+°C, causes the polymer to melt. This enables surface tension forces to rapidly shape the

particles into semi-spherical and other forms, depending on their internal composition and the initial

shape of the blank. This approach facilitates the efficient and precise manufacturing of various

particle types, including single-polymer composites, biopolymers, core-shell structures, and more.

Furthermore, the elution profile of cargo can be finely tuned by adjusting the properties of the outer

layer of the master film. The described approach holds the potential to unlock new opportunities in

highly reproducible, predictable, and customizable particle manufacturing, suitable for applications

ranging from controlled drug delivery to calibration purposes. For a visual representation of the

proposed approach for heat-induced particle synthesis on low surface energy templates, please refer to

Figure 1.
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Figure 1. Illustration of the basic principle of capsule manufacturing on low surface energy substrate.

First, a master film is created on top of the Fluorinated Ethylene Propylene (FEP) substrate 1. Master

film can consist of several layers, for example, it can be made out of bottom layer 2, intermediate or

cargo layer 3, and top protective layer 4. Next, a precise and computer guided laser cutting take place

to split the master film into a desired number of blanks with defined size. A heat is then applied to

melt the polymer, thus reducing its viscosity and allows surface tension forces to make hemispherical

or over-shaped particles. Viscosity of the melt and capsule content affecting the resulting geometries of

the particles.

3.2. Beading of the PCL blanks on the FEP substrate under the heat

To validate the proposed idea for particle manufacturing, a thin master film of PCL was created on

the FEP substrate following the procedures outlined in the second section of the Methods. This master

film was then laser-cut into blanks measuring 70x70 µm, with a measured thickness of approximately 4

µm. Figure 2a displays a time-lapse sequence illustrating the application of heat and the corresponding

beading of PCL blanks. As the substrate temperature approached 60°C, the blanks began to take on a

rounded shape due to melting. A further increase in temperature significantly reduced the viscosity

of the PCL, facilitating efficient beading on the non-wettable FEP substrate. When the temperature

reached 90°C, all blanks were transformed into beads with flat bottoms. By adjusting the cutting

parameters, such as the dimensions of the blanks, it was possible to produce beads of varying sizes.

This is demonstrated in Figure 2b, which showcases beads generated from blanks measuring 25x25

µm, 40x40 µm, and 70x70 µm, respectively.
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Figure 2. (a) – a time-series of frame illustrating the beading process of blanks on the FEP substrate. It

is clearly seen, the after passing the melting point, rectangular blanks under the influence of the surface

tension force quickly forms hemispheres. (b) – SEM images of various size particles produced from

different sized blanks. This figure shows the ability to precise control over the size of particles with

almost zero diameter variance within each batch.

3.3. The influence of crystalline cargo on a beading process

The addition of a crystalline component (Methylene blue) to the polymer is expected to alter the

kinetics of bead formation and their geometry. To investigate this effect, a series of PCL solutions

containing 5%, 10%, and 15 wt.% of Methylene blue crystals relative to the mass of PCL were prepared

following the procedures outlined in the first section of the Methods. These solutions were then applied

to the FEP substrate, as described in the second section, and laser-cut into 70x70 µm blanks. SEM

analysis of these blanks, as presented in Figure 3a, revealed that they all had a consistent thickness of

approximately 4.5 µm, regardless of the Methylene blue content. This observation can be attributed to

the fact that the initial PCL solution, before the addition of Methylene blue, had sufficient viscosity

to ensure a proper application process. Consequently, the addition of cargo microcrystals, which

thickens the solution, resulted in a practically negligible change in the thickness of the resulting film

[21]. Upon the application of heat, a noticeable difference in bead geometry was observed in relation

to the amount of added cargo, as shown in Figure 3b. As the quantity of added cargo increased, it

became more evident that the melted polymer tends to interact more with the wettable cargo crystals

and less with the non-wettable FEP substrate, causing it to lose its ability to form round beads. Figure

3c illustrates a schematic representation of this phenomenon.
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Figure 3. (a) – a laser-cut master single layer PCL film containing 5, 10 and 15 wt.% of Methylene blue.

(b) – particles formed after the heat application. It is clear the the addition of crystalline cargo affects

the beading process. (c) – illustration on potential mechanism of reduced beading in a presence of

crystalline components. Relatively large surface area of the melted polymer interacts with the surface of

cargo crystals, which is apparently wettable by the melt. This interaction interferes with the production

of polymer hemispheres on the substrate, thus forming particles of irregular geometry.

3.4. Multilayered particles

Emanated from single layer blanks enable production of simple polymeric particles the

proposed approach is also capable to go over sophisticated layered structures what then results

on "core-shell"-like particles. While each polymer forming a layer has different characteristics one

can manipulate the properties of each layer in the pre-cut film. Hence, it exerts control over various

aspects of particle behavior, including elution dynamics and hydrophilicity. In order to demonstrate

this capability, two master films were prepared in accordance with the procedures outlined in the

third section of the Methods. The first master film was composed of the following layers (from bottom

to top): a blank PCL layer, a PCL layer loaded with Methylene Blue crystals (10 wt.%), and another

blank PCL layer. The intent was to create a core containing cargo, surrounded by a protective shell

that would impede the elution process until it either biodegrades or is damaged by physical stimuli.

Figure 4a displays 70x70 µm blanks created through laser cutting, while Figure 4b presents the same

blanks after undergoing heat treatment at 90°C for 3 minutes.
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Figure 4. (a) – Multilayered master film consist of plane base PCL layer, cargo carrier PCL layer in the

middle and plane PCL protective layer on top. (b) – changes in the shape of capsules after the heat

application. Because all layers of the capsule are made of the same polymer, after the melt there will be

no mixing of the layers due to different densities. Along with this, the polymer melt is viscous enough

to significantly slow down the process of particles sinking. Based on this, we can propose that in this

way it was possible to create a capsule of the core-shell type, where the “core” means a region of the

capsule with a significantly higher cargo density compared to the “shell”.

The second master film was constructed with a blank PCL layer at the bottom, an intermediate

PCL layer loaded with Methylene Blue (10 wt.%), and an upper layer comprising blended polymers

(PCL:PVP mass ratio at 1:1). Since PVP is water-soluble and immiscible with PCL, it has the ability

to dissolve upon contact with water, creating physical pathways through which cargo can elute into

the environment. In Figure 5a and 5b, we observe 70x70 µm blanks from this film before and after

heat treatment (90°C for 3 minutes). While the high melting point of PVP (180-200°C) prevents it from

melting at the specified temperature, resulting in minimal visual differences before and after heat

treatment at the top of the capsules, the melted PCL effectively seals the cargo inside.

Figure 5. (a) – Multilayered master film consist of plane base PCL layer, cargo carrier PCL layer in

the middle and blended polymers (PCL-PVP, 1:1) protective layer on top. (b) – changes in the shape

of capsules after the heat application. It is clear from the image that there is a complete melt of PCL

components of the master film, but no visual changes in PVP clusters due to large difference in melting

point of these polymers.

3.5. The influence of cargo content and particle structure on elution kinetics

To quantitatively assess the elution kinetics in relation to the cargo amount, a series of simple

particles composed of PCL doped with 5%, 10%, and 15 wt.% of Methylene Blue (MB) were created
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using the proposed approach. Figure 6a displays the day-by-day MB release profiles for each set

of particles. On the first day, an initial elution burst was observed in every group, and this burst

was directly proportional to the amount of loaded Methylene Blue. However, SEM analysis of the

particle’s morphology before and after incubation in saline, as shown in Figure 6b, did not reveal any

significant changes in surface quality. This can be explained as follows: it was observed that some

amount of Methylene Blue dissolves in chloroform during the manufacturing process. As a result,

a certain portion of the cargo exists in the form of large crystals surrounded by the polymer matrix,

while another part consists of water-soluble molecules trapped within the polymer chains. Upon

contact with water, these entrapped molecules rapidly escape from the capsules, likely accounting for

the substantial substance release observed on the first day, without significant erosion of the capsule

surface (Figure 6b). The remaining cargo remains entirely entrapped within the capsules, with no

further elution over the subsequent week. The proposed capsule manufacturing method enables

precise control over the number of particles produced on the substrate. This simplifies the estimation

of the average cargo content in a single particle without the need for sophisticated or less accurate

concentration estimation methods. To determine the average cargo content, four thousand particles

with varying amounts of cargo (5%, 10%, and 15 wt.%) were immersed in 200 µL of distilled water.

Subsequently, 100 µL of ethyl acetate was added to the mixture to dissolve the polymer and extract the

Methylene Blue into the aqueous phase. Carefully collecting 150 µL of the water from the bottom of

the vial, spectroscopic analysis was performed to estimate the absolute amount of the dye. Figure 6c

illustrates the average cargo per capsule for different amounts of Methylene Blue added to the initial

polymer solution. The loading capacities were found to be 0.56±0.1 ng/capsule, 1.02±0.12 ng/capsule,

and 1.57±0.1 ng/capsule, which closely corresponded to the ratios of 5%, 10%, and 15 wt.% of the dye,

respectively.

Figure 6. (a) – Daily elution profile for simple PCL composite particles with different amount of loaded

Methylene blue dye. It is clear from the picture that there is a first day release burst proportional to the

amount of cargo. Almost no elution was detected at the reset of the one week period. (b) – different

in the surface morphology of the above-mentioned capsules before and after the incubation reveals

no major difference besides a small number of pores or crates. (c) – average payload per capsule for

different amount of added dye.
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In Figure 7a and 7b, daily elution profiles and SEM images of particle morphology before and after

one week of incubation in saline are presented for core-shell structured particles with an impermeable

PCL shell. It is evident that the addition of the impermeable shell effectively blocks the elution of the

cargo. This property could be harnessed for on-demand drug release triggered by external physical

stimuli. Achieving such behavior could involve incorporating specific sensitizers into the shell, such

as magnetic or gold nanoparticles, which can convert the energy from alternating magnetic fields or

photons into heat, thereby rupturing the shell for the on-demand therapy [22–24].

Figure 7. (a) – elution profile for a core-shell particles. Practically no release was detected besides a

small leak about 0.35% at the first day. Large amount of errors is due extremely small concentration of a

Methylene blue in the solution, which is hard to distinguish from pure saline. (b) – Typical surface of a

core-shell particle before and after the incubation in the saline. No noticeable difference was visualized..

In order to elaborate formulation with prolonged drug release, we examined test particles with a

semi-permeable PCL-PVP shell. As observed in Figure 8a, the addition of a permeable shell reduced

the initial day’s elution by approximately 10% compared to plain composite PCL particles containing

Methylene Blue crystals. Unlike simple PCL composite particles, there was continuous elution of

Methylene Blue for up to 4 days. Although the elution kinetics are not reflecting normal release

decay curves (Figure 8a) due to a noticeable difference in the amount of cargo eluted on the first day

compared to the rest of the period. By this experiment we demonstrate the capacity to alter the release

profile by modifying the properties of the shell. Figure 8b provides a visual representation of the effect

of PVP addition on the capsule’s surface before and after incubation in saline.

Figure 8. (a) – elution profile for a core-shell particles with permeable outer layer made of blended

polymers PCL-PVP (1:1). The data show a decrease in the release of the substance on the first day and

a systematic release of a small amount of the substance over four days. (b) – SEM images of capsule’s

surface before and after the incubation in the saline. It is clearly seen from this figure the water-soluble

clusters of PVP leave behind a large number of pores and craters through witch a small amount of

substance can diffuse thus allowing a prolonged elution comparted to plane composite particles.
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3.6. Bi-polymer (Janus or asymmetrical) particles

To highlight the versatility of using polymers other than the low-melting-point PCL, we created

a set of asymmetric or Janus particles [25]. These particles were fabricated from a two-layer master

film consisting of PLA and PCL layers. At 90°C, the PLA base of the particles did not melt, but the

PCL top layer completely melted and, due to differences in density, floated to the top. Combination

of unique discrete features (materials) within the single anisotropic particle significantly expands it’s

functionality. Particles of this kind may be in demand not only in the field of targeted drug delivery, but

also in the field of biotechnology, micro-manipulation and other industries where precise control over

the properties of the environment or the amount of substances involved in the reaction is necessary

[26–28]. The authors suggest that the proposed method can significantly facilitate and speed up the

procedure for manufacturing asymmetric particles based on biodegradable thermoplastic polymers,

which in turn will invariably lead to their wider and accelerated implementation for solving various

problems.

Figure 9. Illustrates particles made from two distinct polymers with varying crystallinity, degradation

rates, and numerous other properties. This further underscores the flexibility and simplicity of

the proposed method for producing particles with well-defined structures and properties, while

maintaining minimal defects.

4. Discussion

In this study, we have presented a straightforward yet highly effective approach for producing

an array of particles with predefined structures and properties. The throughput of this method relies

entirely on the linear speed of the translation stages and the pulse repetition rate of the laser. In

our case, the production rate was constrained by the 1 kHz repetition rate of the laser system. To

create four thousand particles, our system required over two minutes to cut the master film. It’s

worth noting that current industrial lasers can reach tens of kHz or even higher repetition rates,

potentially speeding up production by an order of magnitude or more. The authors of this work

envision significant potential for scaling this technique, as it does not require specialized templates or

specific environmental conditions. This process can be carried out continuously using roll-to-roll and

slot-die coating approaches, either with a single-layer master film or multiple layers.

The proposed approach is highly robust because the manufacturing of a simple flat film on

a web substrate is a well-established and predictable method for creating thin films with minimal

defects. By combining several layers with predefined properties, functionally distinct particles can be

easily generated. Additionally, the laser cutting parameters control the size of the resulting particles,

making it possible to create a precise quantity of particles with different sizes and predefined ratios
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on a single substrate. This capability could prove useful for calibration purposes or for studying the

biodistribution of these particles based on their size [29,30].

The minimal adhesion between the low-energy FEP substrate and the master film have to be

considered. During cutting this film with a pulsed laser, micro-explosions occur due to the ablation

phenomenon, attempting to dislodge the blanks from the substrate. In our work, we were unable

to reduce the blank size below 25x25 µm, as doing so resulted in a high number of defective blanks

(turned, flipped, or displaced). In perspective, one can look forward for exploit this technique for

particle formation to extend over different polymers, such as PLA, PLGA, or other commonly used

biopolymers for medical applications. However, their relatively high melting points (180+°C for PLA

and 200+°C for PLGA) raise concerns about the thermal stability of the cargo.
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