
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



  

 

 

A piezoelectric drop-on-demand (DOD) inkjet microchip with its nozzle immersed in organic phase was used 

to generate monodisperse porous polymer particles.  
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Generation of controlled monodisperse porous 

polymer particles by dipped inkjet injection 

Jianmin Yang, Daisuke Katagiri, Sifeng Mao, Hulie Zeng,* Hizuru Nakajima and 
Katsumi Uchiyama* 

A straightforward approach for the preparation of monodisperse porous polymer particles by 

inkjet technology is reported. Uniform droplets of an aqueous polymer solution were ejected 

from an inkjet, the nozzle of which was immersed in an organic phase. The subsequent 

dehydration of the droplets by solvent extraction resulted in the formation of porous polymer 

microspheres. Particles with a narrow size distribution could be obtained using the present 

system in a single step. Parameters for polymer droplet generation in organic phase, 

including polymer properties, organic solvent, and inkjet waveform, were investigated. The 

relationship between the final particle diameter and the initial polymer droplet size was also 

examined. The diameters of particles could be precisely controlled by changing the 

waveform exerted on the inkjet, thus producing particles with diameters in the range of 15 

µm ~ 60 µm with a coefficient of variation (CV) in the range of 2.7% ~ 4.8%. It was also 

possible to produce hollow porous polymer particles by simply decreasing the concentration 

of the polymer solution. The results demonstrate the merit of the inkjet-based method for the 

generation of monodisperse porous polymer particles. The method has the potential for 

producing functional polymer particles via the incorporation of functional or smart 

materials. 

 

Introduction 

With benefit of a large surface area, low density and ease of 

incorporation of functional groups, porous polymer particles have 

great potential for use in coatings, chromatography, catalytic 

supports, sensing, medical imaging, controlled drug release, etc.1-4 In 

particular, porous polymer particles with a uniform size distribution 

have attracted great interest because this represents an enhancement 

in terms of their application. For example, use of monodisperse 

porous polymer particles results in a significant improvement in 

separation efficiency in liquid chromatography.5 It has also been 

reported that drug payloads and release rate kinetics are directly 

dependent on both the morphology and size of these carriers.6-8  

Conventional methods for polymer particle production include 

solid colloid templating, suspension polymerization, spray drying, 

emulsion polymerization, and seeded emulsion polymerization.9-11 

However techniques involve multiple steps, can be time consuming 

and a large size distribution is usually observed. All of these points 

narrow the range of application for such materials. As a result, 

various techniques, mostly based on the fluid dynamics, have been 

explored to generate uniform polymer particles in a simplified and 

more straightforward manner.12-16 Among them, microfluidic-based 

droplet generation methods, in which droplets are ejected in an 

immiscible organic or aqueous phase, have been proved to be the 

most efficient technique for producing monodisperse polymeric 

microparticles.17,18 Polymeric microparticles with controllable sizes 

and shapes have been fabricated on T-junction, flow-focusing, or co-

flow geometry platforms.19-22 Unfortunately, as clearly pointed out in 

some reports,19,23,24 the organic solvent sometimes causes 

poly(dimethyl siloxane) (PDMS) based microfluidic devices to 

undergo swelling and contamination cannot be ignored. Thus, 

alternative materials to PDMS for the microfluidic platform have 

been proposed to address this issue.23,25,26 However, so far, the 

current large scale production of monodisperse microspheres 

utilizing microfluidic or other apparatus still need the accurate 

manipulation technology and complicated supporting device, which 

should be performed by the specialists under strictly controlled 

experimental conditions. 

Recently, inkjet printing has attracted considerable interest in this 

area, because it permits droplets to be manipulated the picoliter level 

for the resulting droplets to be precisely dispersed with spatial and 

temporal control. Taking advantage of easily controlling the droplet 

size and velocity of a fluid by changing the actuation pulse 

waveform, the piezoelectric drop-on-demand (DOD) inkjet, which is 

widely used in both industrial and scientific area settings, represents 

an ideal approach to solving this problem.27-33 In the field of particle 

fabrication, it initially served as an alternative technique to spray 

drying technology which pioneered a new manufacturing technique 

known as inkjet spray drying or jetting technology. The size and 

morphology of controllable particles can be explained by a 

mechano-electrically governed mechanism.34-38 However, it should 

be noted that these particles were usually prepared with the inkjet 

nozzle located above the solvent medium, in which the droplet is 

first released into air. The particle is then formed after the droplet 

falls into the solvent medium. Thus, the force of the collision 

between droplets and the solvent interface resulted in particles with 
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an irregular morphology. Additionally, the size of particles was 

found to be in a narrow adjustable range which resulted from the 

limited injection conditions for ink-jetting in air. To our knowledge, 

the generation of porous polymer particles with a well-defined 

sphere morphology by inkjet technology has never been reported. 

In this paper, a straightforward approach based on inkjet 

technology for the preparation of monodisperse porous polymer 

particles is reported. A DOD inkjet injector with its head immersed 

in an organic continuous phase was used to generate monodisperse 

microparticles. By finely tuning the waveform applied to the 

piezoelectric transducer on the inkjet microchip, an aqueous polymer 

solution was easily ejected from the injector into the organic phase. 

A polymer droplet was subsequently generated in the organic 

continuous phase. Due to the extraction of water from the droplet by 

the organic phase and accompanied by the self-assembling property 

of the polymer molecule, the droplet was transformed into porous 

particle within a short period. By integrating the inkjet technique 

with “droplet-to-particle” synthesis approaches,39-41 uniform porous 

polymer particles were fabricated in a one step procedure, within a 

few minutes. The sizes of particles were precisely controlled from 15 

µm to 60 µm with a coefficient of variation (CV) ranging from 2.7% 

to 4.8%. Additionally, hollow porous polymer particles with various 

dimensions were also produced by the present system through 

changing the concentration of the polymer solution. 

Experimental 

Reagents and solutions 

Sodium poly(styrenesulfonate) (NaPSS, 30 wt% in water) with 

an average molecular weight of 70 kg/mol was purchased from 

Sigma-Aldrich (St. Louis, Missouri, USA). Sodium dodecyl 

sulfate (SDS) and ethanol were purchased from Wako Pure 

Chemical (Osaka, Japan). Serial dilutions of NaPSS (2.5 wt%, 

5 wt%, 7.5 wt%, 10 wt% and 15 wt%) containing 10 mM 

sodium dodecyl sulfate (SDS) were used as the polymer solutions. 

1-Butanol was obtained from Kanto Chemical (Tokyo, Japan) 

and was used as the extraction solvent. The surface tension of 

each solution was measured using a Du Nouy Tensiometer 

(Itoh Seisakusho, Ltd., Tokyo, Japan), and the viscosity was 

analyzed by an Ubbelohde-type viscometer (Sibata Scientific 

Technology Ltd., Tokyo, Japan). Deionized water was obtained 

from a Direct-Q™5 Nihon Millipore ultrapure water system 

(Tokyo, Japan). 

 

Equipment and procedure 

The equipment used for producing porous polymer particles 

formation is illustrated in Fig. 1b. It is composed of a 

piezoelectric DOD inkjet microchip (Fuji Electric, Tokyo, 

Japan) and an extraction solvent-filled glass cell. The nozzle of 

the inkjet microchip was immersed in the extraction solvent 

(about 3 mm depth from the tip). As described in our previous 

reports,42,43 the inkjet microchip with a nozzle diameter of 

about 80 µm was controlled by a laboratory-fabricated circuit 

and software. The polymer solution loaded in the inkjet 

microchip was pressed by the bent piezoelectric ceramic, and 

the droplets were then ejected from the nozzle into the 

extraction solvent. Afterwards, the droplets were gradually 

transformed into porous particles with the water molecules in 

polymer solution diffusing into the extraction phase. Finally, all 

particles sank down on the bottom of the glass cell. Droplet 

sizes were varied by changing the driving voltage and pulse 

width. The particles with extraction solvent were pipetted onto 

a glass slide and dried overnight in a desiccator. 

 

Droplet measurement and particle characterization  

The process of the injections was recorded on a high speed 

camera (Keyence VW-9000, Osaka, Japan). Still images were 

generated from the videos using a VW-9000 Motion Analyzer, 

and the droplet sizes in the still images were analyzed. The 

mean droplet size for each injection condition was calculated 

from measurements of 30 droplets. An optical microscope, 

Olympus system microscope BX53 equipped with a digital 

camera DP73 (Olympus Co., Tokyo, Japan), was used to study 

the diameter of the resulting particles. To determine the size 

distribution of the particles, at least 250 microspheres in each 

sample were measured by the measuring software on the optical 

microscope. The surface and internal morphology of particles 

were examined by means of a scanning electron microscope 

(SEM) system (S-3400N, Hitachi Co., Tokyo, Japan). Particles 

were coated with a gold layer using a sputter coater (SC-701, 

Sanyu Denshi Co., Tokyo, Japan) prior to obtaining the SEM 

images. For the morphology of internal structures, the particles 

were squeezed to split by glass plate before SEM 

characterization. 

Results and discussion 

Generation of monodisperse polymer droplets 

The procedure employed to fabricate porous polymer microparticles 

combined the generation of monodisperse droplets of polymer 

aqueous solution using inkjet microchip, with subsequent mutual 

diffusion to form porous particles. The fabrication of porous 

polymer microparticles was performed by using an inkjet microchip, 

with its nozzle immersed in an organic phase. As schematically 

illustrated in Fig. 1a, porous particles were formed by the generation 

of monodisperse aqueous polymer solution droplets followed by 

their mutual diffusion in an organic phase. Sodium 

poly(styrenesulfonate) (NaPSS), a biocompatible material, has been 

widely used as drug carrier in controlled-release preparations.44-46 

Meanwhile, the high self-assembly properties of NaPSS make it 

convenient for the formation of polymer particles by means of a 

simple process.39 Therefore, an NaPSS aqueous solution was 

selected as a model polymer solution for producing microparticles in 

this work. In order to extract the water in the polymer solution to 

form polymer particles, the extraction solvent should be miscible 

with water and immiscible with respect to NaPSS. However, water-

miscible solvents such as, methanol, ethanol and acetone, failed to 

form spherical particles. The reason for this is that the rapid solvent 

exchange at the interphase hindered particle formation. 

Consequently, 1-butanol, partially miscible in water was chosen as 

the extraction solvent, which permitted robust and well-defined 

spherical particles to be generated. 

Higher ratios of viscosity to surface tension can prevent satellite 

droplet production in ink-jetting. Thus, sodium dodecyl sulfate 

(SDS) was added to the polymer solution to a final concentration of 

10 mM. In this situation, the SDS not only increases fluid viscosity, 

but also reduces surface tension. However, a higher viscosity would 

increase the difficulty of ejection and it would be necessary to apply 

a larger pulse voltage to the actuator. From our experimental results, 

the inkjet failed to inject when the concentration of NaPSS exceeded 

15 wt%, in which the viscosity was 6.8 mPa s. Therefore, aqueous 

NaPSS solutions with concentrations from 2.5 wt% to 15 wt% 

containing 10 mM SDS were used for droplet generation. The 

density, viscosity and surface tension of each fluid is listed in Table 

S1†. 
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Fig. 1 (a) Schematic illustration of the experimental set-up designed to produce monodisperse porous polymer particles. The enlarged 

diagram indicates the porous polymer particle formation mechanism in the extraction solvent. (b) The digital photograph of the 

experimental set-up. The enlarge photograph is the channel structure of inkjet microchip. (c) Typical photograph of monodisperse polymer 

solution droplets jetting into the extraction solvent, droplets sizes ≈ 180 µm. The concentration of NaPSS was 15 wt%. All procedures were 

performed at 25 
o
C. 

 

Fig. 1c shows an image of the droplet of the polymer solution 

ejected into 1-butanol. Monodisperse droplets were obtained one by 

one at a frequency of 5 droplets per second (5 Hz). Details of the 

process can be found in the Supplementary Information Video S1†, 
which was recorded by a high speed camera. The representative 

single polymer droplet generation process in 1-butanol is vividly 

displayed in Fig. 2 in sequential images, and the corresponding 

video can be found in Supplementary Information, Video S2†. The 

polymer solution emerged at the nozzle when the driving voltage 

was applied on the inkjet actuator. The solution then moved forward 

to form a cylindrical pillar followed by the division of the pillar after 

hundreds of microseconds. Finally, a well-defined spherical droplet 

was spontaneously generated by shrinking, which induced by the 

surface tension. And the droplet could remain the most stable 

spherical state. The entire process is complete in 2 ms in the case of 

a high velocity (the initial speed was about 500 mm/s). After that, 

the speed decreased, eventually reaching its sedimentation velocity. 

The sedimentation velocity was detected at 2 mm/s. Since the 

density of the polymer solution was slightly larger than that of 1-

butanol, the droplet sank to the bottom of the glass cell by gravity. 

Unlike the conventional microchip-based microfluidic approaches, 

a carrier phase for droplet generation is not necessary in inkjet 

technology. Herein, the polymer solution is directly injected into a 

continuous phase (or extraction phase) on demand, which minimizes 

the risk of contamination from additional reagents. The frequency of 

droplet ejection was controlled by the inkjet driver. However, due to 

the slow sedimentation velocity driven by gravity, the maximum 

frequency of the method was 10 Hz. Moreover, the snap-off and re-

coil of the polymer solution would entrainment a small amount of 

extraction solvent in to the nozzle of inkjet microchip. However, the 

entrainment effect could be negligible in the dipped inkjet injection 

because the interval of each injection (100-200 ms) was extremely 

short compared to the slow extraction process of solvent.  

 

 
 

Fig. 2 Photos of the aqueous polymer solution droplet generation 

process in 1-butanol. The injection condition set as driving voltage 

was 50 V with 40 μs pulse width, droplet size ≈ 210 µm. The 

concentration of NaPSS was 15 wt%. 

 

Effect of injection condition on droplet size 
The sizes of droplet were mainly depending on the characteristics of 

the fluid, diameter of inkjet nozzle, and the waveform applied to the 
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inkjet actuator. The droplet is generated by the waveform applied to 

the piezo-element on an inkjet microchip. Thus, droplet size is easily 

adjusted via changing the driving voltage and pulse width. Injection 

conditions for monodisperse polymer droplet generation in 1-butanol 

were investigated with the polymer concentration set at 15 wt%. On 

the other hand, the dependence of injection condition on droplet size 

was fitted based on actual measurement data. As can be seen in Fig. 

3, monodisperse droplets were generated in 1-butanol with a driving 

voltage ranging from 15 V to 80 V, and with a pulse width from 15 

µs to 90 µs. Herein, to avoid damage to the inkjet microchip by a 

high voltage, the maximum driving voltage was set as 80 V. As has 

been demonstrated in previous reports,47 the size of the droplet 

injected into air is linearly dependent on the driving voltage, but 

showed a more complicated behaviour with changing pulse width. A 

similar behaviour was observed when the droplet entered the liquid 

phase. Generally, the sizes of droplets increased with increasing 

driving voltage and pulse width, and the size distribution ranged 

from 80 µm to 240 µm. In addition, the injection conditions for 

polymer concentrations ranging from 2.5 wt% to 10 wt% were also 

investigated (Fig. S1† ). The results indicated that both injection 

conditions and the adjustable range of droplet size were significantly 

larger than the monodisperse droplet generated in air (Fig. S2†). 

 
Fig. 3 The scope of injection conditions for monodisperse aqueous 

polymer solution droplet generation in 1-butanol and droplet size 

distribution. The concentration of NaPSS was 15 wt%. Colored 

regions show the possible scopes for monodisperse droplet 

generation. Various colors represent the size distribution of droplet. 

 

Porous particle formation and characterization 

Fig. 4a and b shows SEM images of resulting polymer particles for a 

NaPSS concentration of 15 wt%. Well-defined spherical polymer 

particles with a uniform size distribution and a smooth surface were 

obtained. Particle formation was completed in a single step by the 

“droplet-to-particle” approach. The particle formation process was 

triggered when the NaPSS-water droplet was injected into 1-butanol. 

Due to the extraction of the water from the droplet into 1-butanol, 

the size of the droplet shrank and was subsequently transformed into 

particles by virtue of the self-assembling property of NaPSS 

molecules. Particles with controllable diameters ranging from 20 µm 

to 60 µm were prepared (Fig. S3†). The interior structures of the 

particles were characterized by SEM after crushing the particle with 

a glass slide. Both small (20 µm) and larger diameter (30 µm) 

particles showed a porous structure inside shelled surface (see Fig. 

4c and d). The pore size is about tens to hundreds of nanometers, and 

the density of porosity appears to be slightly increased toward the 

center of the particle. 

 

 
Fig. 4 SEM images of monodisperse polymer particles with diameter 

of (a) 30 μm and (b) 20 μm. The interior structure of particles with 

diameters of (c) 30 μm and (d) 20 μm. The concentration of NaPSS 

was 15 wt%. The injection condition for (a) and (c) the driving 

voltage was 30 V with 30 μs pulse width, for (b) and (d) the driving 

voltage was 20 V with 20 μs pulse width. 

 

The monodispersity of particles was evaluated by the mean 

particle size and the diameter CV. The CV is defined by CV = (σ/µ) 

× 100, where σ is the standard deviation of the diameter, and µ is the 

average diameter. The diameters of the particle were measured after 

the resulting particle was dried overnight in a desiccator. At least 

250 particles in each sample were measured using dimensional 

measurement software on the optical microscope. Fig. 5 shows the 

size distribution of particles with diameters ranging from 15 µm to 

60 µm. All size categories particles have narrow size distributions 

with a CV value in the range of 2.7%−4.8% (Table S2†). The results 

confirm that the monodisperse porous polymer particles were 

successfully prepared using the present method. Meanwhile, from 

the point view of size distribution, the present method is 

significantly superior to previous reports [36-38]. 

 
Fig. 5 Size distribution of the polymer particles. The concentration 

of NaPSS was 15 wt%. 

 

Hollow core−shell structure particles 

Hollow core−shell structures of porous particles were generated by 

varying the concentration of the polymer solution. As shown in Fig. 

Page 5 of 7 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

6, particles produced using a concentration of NaPSS of 2.5 wt% and 

5 wt% had a hollow structure. On the one hand, the volume ratio of 

hollow core to shell was increased with decreasing polymer 

concentration. On the other hand, the average pore size was 

decreased as the initial polymer concentration was increased. 

Meanwhile, a dimple was found on these particles. This is attributed 

to the partial collapse of the surface caused by the hollow structure. 

The mechanism of for hollow core formation can be attributed to the 

diffusion of polymer molecules.48 During the generation of a 

polymer droplet in the extraction phase, polymer molecules in the 

internal droplets diffused to the interface of the droplets and formed 

the shell. As these molecules gradually being adsorbed onto the 

inner surface of shell, a polymer molecule vacant area occurred in 

the center of droplet. And then a hollow core structure was generated 

in the resulting particles. However, the porous internal structure was 

generated as the concentration of the polymer solution was 

increased. The reason is that the increased viscosity of the polymer 

solution with a high concentration inhibited the diffusion of the 

polymer molecules inside the droplet. Therefore, the internal 

structures became porous when the NaPSS concentrations were 

higher than 7.5 wt% and 10 wt% (Fig. S4†). 
 

 
Fig. 6 SEM images of surface and interior structure of particles 

obtain from various polymer concentrations. The polymer 

concentration was (a, c) 2.5 wt% and (b, d) 5.0 wt%. The injection 

condition for (a) and (c) the driving voltage was 20 V with 40 μs 

pulse width, for (b) and (d) the driving voltage was 20 V with 30 μs 

pulse width. 

 

Relationship of droplet size and particle diameter 

The effects of the initial droplet size and polymer concentration on 

the final particle size were also investigated, and the results are 

shown in Fig. 7. An approximately linear relationship between the 

final particle size and the initial droplet size was observed, and the 

slope of the plot varied with a change in polymer concentration. 

Overall, the particle diameter was smaller than the droplet size, 

indicating that the volume shrinkage of the droplets is induced by 

solvent diffusion. The ratios of droplet size to particle diameter were 

6.40 ± 0.14, 6.06 ± 0.17, 5.59 ± 0.08, 5.36 ± 0.13, and 4.09 ± 0.13, 

with the polymer concentrations of 2.5%, 5%, 7.5%, 10%, and 15%, 

respectively. The results suggest that the particle diameter can be 

estimated from the initial droplet size and polymer concentration. 

While, the initial droplet size was dependent on the waveform 

applied to the inkjet actuator. Therefore, the diameter of porous 

polymer particles can be easily controlled with the approach 

described herein. 

 
Fig. 7 Effect of initial droplet size and polymer concentration on the 

diameter of the final particle. The slope is indicated in the inset 

figure. 

Conclusions 

Porous polymer particles with a narrow size distribution were 

directly fabricated by dipped inkjet injection. Particles with 

diameters in the range of 15 µm to 60 µm could be precisely 

controlled by fine tuning the waveform applied to the inkjet 

microchip. In addition, hollow porous polymer particles were 

also obtained when the concentration of the polymer solution 

was decreased. The resulting particles in this size range 

represent be promising candidates for use as functional, optical, 

ultrasound contrast agents, and coating materials. Smaller 

particle could be obtained when an inkjet with a smaller size 

nozzle is used. High-throughput production could be easily 

achieved by fabricating a multi-nozzle inkjet setup via adding 

the number of nozzles and cables.49 We believe that the inkjet-

based approach described here represents a potentially 

universal platform for the production of monodisperse porous 

polymer particles, which could be carried out in common 

laboratory or industrial settings. 
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