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Microporous-structured Poly(L-lactic acid) (PLLA) spheres were fabricated 
using a microfluidic shearing method. Poly(vinyl alcohol) (PVOH) solution 
is used as the continuous phase, and an emulsion containing matrix 
materials (PLLA), stabilizer (polysorbate 80) and pore-forming agents 
(gelatin) dissolved in dichloromethane (DCM) were emulsified to be 
dispersed phase for the generation of droplets, which were eventually 
transformed into microspheres. An ice water bath environment was shown 
to be necessary to produce stable microspheres. In addition, it was found 
that the mechanical stirring emulsification method was more conducive to 
microstructure construction than the ultrasonic emulsification. By 
regulating the amount of pore-forming agent (2.5 wt%, 5 wt%, and 7.5 wt% 
gelatin), three types of micro pores (small: 2.9±0.8 µm, middle: 46.9±14.9 
µm, and large: 127.3±55.3 µm) on surface with different inner structure 
were obtained. Finally, it was demonstrated that the proposed method is 
general enough to prepare various other polymer microspheres such as 
PNAGA (Poly-N-acryloyl glycinamide) and PCL (Polycaprolactone). 
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INTRODUCTION 
 

The regulation of microstructure plays a vital role in the realization of material 

functions. Microstructures such as porous structure (Elsayed et al. 2016; Zeng et al. 2021), 

hollow structure (Deng et al. 2017), and fibrous structure (Wu et al. 2013) can effectively 

increase the specific surface area of materials, thereby enabling the effective transport and 

delivery of substances inside the material structures (Purbia and Paria 2015; Sommer et al. 

2016; Solsona et al. 2019). The main method to fabricate microstructure spheres is the 

thermally induced phase separation method (Barroca et al. 2010; Nie et al. 2017). The 

materials with microstructure facilitate the enormous applications in the fields of 

biomedicine, energy conversion and storage, anti-pollution and purification, and porous 

structure insulation materials to reduce the negative mass in a solid rocket motor. 

Therefore, the regulation of micro/nano structures has attracted the continuous attention of 

researchers in the past years.  

Since the advent of microfluidic technology, it has been shown to have significant 

advantages such as high sensitivity and high accuracy when induced into chemical 

synthesis or physical preparation (Ježková et al. 2022; Liu et al. 2022; Maeki et al. 2022; 
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Zou et al. 2022). The operational accuracy at the microscale or nanoscale level enables the 

preparation based on microfluidic technology to greatly improve the regulation effect and 

the probability of generating target product. Therefore, it is particularly important to 

regulate the preparation process of various structural materials based on microfluidic 

technology, such as the preparation of complex micro- or nano-structured microparticles. 

The existing studies on the use of microfluidic technology for manufacturing microscale 

or nanoscale particles mainly have focused on the regulation of overall size and shape, such 

as microspheres with 100 nm (Li et al. 2021; Zou et al. 2022; Jing et al. 2023) or 

microspheres with the size ranging from 10 to 100 µm (Aghaei et al. 2021; Zhao et al. 

2021b), spherical particles (de Carvalho et al. 2021; Zhao et al. 2021a), rodlike particles 

(Visaveliya and Kohler 2014), Janus particles (Bao et al. 2020; Dai et al. 2021), and star 

shaped particles (Fales et al. 2011). Benefiting from the rapid transfer of mass and energy, 

the products manufactured using microfluidic technology often perform better than those 

prepared from traditional methods. At the same time, microfluidic technology is 

increasingly used to fabricate complex structured particles, such as porous spheres, hollow 

spheres, and stacked structured particles. 

However, the microfluidic preparation used for complex structured particles suffers 

from several challenges. The greatest challenge is the selection of structural regulators. 

Different matrix and structure require different structure regulation agents, and the 

choosing of structure regulation agent in microfluidic technology is much more difficult 

(Wang et al. 2015; Xu et al. 2009). The second challenge is to protect the integrity of the 

prepared particles, as the more complex the structure of micro- and nano-particles are, the 

lower are their structural stability, and thus the higher requirements are needed for ensuring 

the structural stability and non-fragmentation (Geng et al. 2020; Tahira et al. 2020; Joseph 

et al. 2022). In addition, how to ensure the universality of the preparation method and its 

prospects in commercial production is also a challenging task and deserves widespread 

attention (Geng et al. 2020; Zhao et al. 2020; Shoji et al. 2021).  

To tackle the above challenges, this study explored the preparation of poly-L-lactic 

acid (PLLA) porous microspheres as an example of what can be accomplished using a 

comprehensive microfluidic preparation process. PLLA is a polyester synthesized via ring-

opening polymerization of lactide, and PLLA porous microspheres, with their great 

mechanical properties, high porosity and large surface area, have attracted the attention of 

researches in biological applications (Zeng et al. 2021). To prepare such PLLA spheres 

with porous microstructure, several steps should be addressed, including the microfluidic 

preparation of PLLA droplets (Kim et al. 2018; Prasad et al. 2009; Ziemecka et al. 2011), 

solidification process (Shi and Weitz 2017; Werner et al. 2021), and the generation of 

porous microstructure (Nie et al. 2017). In the present work, a preparation method was set 

up that can successfully produce PLLA spheres with different sizes of porous microspheres. 

In the method, PLLA, the stabilizer, together with the pore-forming agent (gelatin) are 

dissolved in dichloromethane (DCM) by the emulsion method of mechanical stirring to 

form a dispersed phase, which is then sheared to droplets by use of a T-junction 

microfluidic shearing device. Droplets were solidified via DCM volatilization in an ice-

water bath (0 °C), followed by the removal of pore-forming agent in a hot-water bath (50 °C) 

to form porous microspheres. Through the experiments, various process parameters, 

including emulsification process, droplet collection environment, pore-forming agent 

dosage, stabilizer (i.e., surfactants), and universality of preparation process were evaluated. 

A reliable microfluidic preparation process for PLLA spheres with small (2.9±0.8 m), 

middle (46.9±14.9 m), and large (127.3±55.3 m) pore structures was identified. Such a 
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microfluidic process is also suitable for preparing porous microspheres with similar 

polymer matrices, such as poly-N-acryloyl glycinamide (PNAGA) and polycaprolactone 

(PCL). In future work, the authors plan to further explore the universality of the present 

method and adapt the method to other polymers such as polyglycolide (PGA), poly lactic-

co-glycolic acid (PLGA), and poly(N-isopropylacrylamide) (PNIPAM), as well as 

biopolymers such as cellulose derivatives. Hopefully, the proposed design strategy could 

be extended to the preparation of more complex structural materials for high-tech 

applications. 

 

 

EXPERIMENTAL 
 
Materials 

The macromolecules used in the microfluidic synthesis included PLLA (molecular 

weight Mn  220 kiloDalton, PCL (Mn  80 kiloDalton), and PVOH (polyvinyl alcohol, Mn 

 31 kiloDalton, 87% hydrolyzed) and PNAGA ( 31 nM k ), which were purchased from 

Shanghai Macklin Biochemical Co., Ltd. Other reagents such as Span 80 (polysorbate 80), 

gelatin, and ethanol were acquired from China National Medicines Co., Ltd., and DCM 

(dichloromethane) and dimethylsilicone oil were purchased from Chengdu Chron 

Chemical Co. Ltd. These chemicals were all used as received without any further 

purification. MilliQ water was prepared using a MilliQ system (Bedford, MA, America). 

 

Microfluidic Devices 
As shown in Scheme 1, the microfluidic reactor consisted of two parts: a 

microreactor and a post-treating module. The micro-reactor is made of a T-shaped channel 

and high precision micro-pumps. All the channels were of equal width W and depth h , 

i.e., 600 μmW h= = , with the size error within 1% and the channel roughness less than 

1.0 μm. The PTFE tube with an inner diameter of 600 µm and an outer diameter of 800 µm 

was used to connect post-treating module. The T-shaped channel contains two inlets used 

to feed emulsion and PVOH solution, which are the dispersed phase and the continuous 

phase, respectively.  

 

 
 

Scheme 1. Illustration of the fabrication process used for various structural microspheres 
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The dispersed phase is composed of matrix materials, appropriate dosage of pore 

forming agent and surfactants. The droplets were generated from the dispersed phase under 

the shear action of the continuous phase and ultimately transformed into micro-spheres in 

the post-treating module. The PTFE tube with inner diameter of 600 µm and outer diameter 

of 800 µm was used to connect the micro-reactor with the post-treating module. The post-

treatments include applying a specific surrounding temperature to collect droplets and 

maintain morphological stability, several hours stewing for DCM volatilization, and hot 

water bath with stirring for achieving specific dissolution of the pore-forming agent and 

thus for pore formation. The final product was obtained by washing multiple times with 

deionized water followed by freeze drying. In the post-treating module, three different 

surrounding temperatures were considered. The temperatures were achieved by leading the 

droplets into a beaker containing liquid nitrogen, ice water, or room temperature water, 

respectively. 

 

Preparation of PLLA Spheres 
As stated above, the droplets are generated in the T-shaped channel and collected 

in the beaker for a certain surrounding temperature, and then the emulsion droplets are 

solidified through the volatilization of DCM in the droplets to obtain the spheres. 

Considering that DCM is the oil phase, and the pore-forming agent is required to be 

insoluble in DCM but completely dissolved in hot water to achieve the purpose of pore 

formation, gelatin was selected as the pore-forming agent in the experiment. According to 

the previous works (Prasad et al. 2009; Ziemecka et al. 2011; Liu et al. 2016; Kim et al. 

2018; Zhou et al. 2021), the flow rate ratio of continuous phase to dispersed phase was set 

to 5:1, corresponding to the flow rates 250 L/min for continuous phase and 50 L/min for 

dispersed phase. About 1.0 g DCM containing 5 wt% PLLA and 7.5 wt% Span 80 and 5 g 

of 1 wt% poly(vinyl alcohol) (PVOH) solution (without gelatin) were mixed in a small 

beaker, and ultrasonic emulsification was used for 30 min to obtain emulsion as dispersed 

phase, which was then loaded into a 10 mL syringe. In addition, 50 mL 1.0 wt% PVOH 

solution, as continuous phase, was loaded into a 50 mL syringe. During the collection and 

solidification process of droplets, the surrounding temperature has a significant impact on 

the product morphology. Therefore, three different surrounding temperatures were tested, 

namely ultra-low temperature (liquid nitrogen bath), low temperature (ice water bath), and 

room temperature (room temperature water bath). 

 
Fabrication of Microspheres with Specific Micro-structure 

Initially 0.05 g PLLA and 0.075 g sorbitan monooleate (Span 80) were dissolved 

in 1.0 g of DCM. Meanwhile, different dosages (0 wt%, 2.5 wt%, 5wt%, 7.5 wt%, 10 wt%) 

of the pore-forming agent gelatin, was dissolved in 5 g deionized water. The resulting two 

solutions were then mixed and emulsified by different methods (ultrasonic emulsification 

with the frequency of 20 kHz for 30, 10, 5, and 1.0 min and high-speed at 2500 rpm 

mechanical stirring for 30 and 5 min), leading to the dispersed phase. The continuous phase 

used was 1.0 wt% PVOH solution. Droplets generated by the micro-reactor were collected 

and imported into a beaker for liquid nitrogen bath, ice water bath, or room temperature 

water bath. After four hours of stewing, the organic reagent DCM totally volatilized, and 

the droplets were transformed into solid spheres in the solution. The hot water bath (50 ℃) 

with continuous stirring was followed to remove pore-forming agent and thus form porous 

structure. Then, the spheres were washed three times with deionized water, and finally 
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dried through freeze-drying. In addition, to show its universality, the present method was 

also extended to the preparation of PCL and PNAGA microspheres.  

 

Characterization 
Scanning electron microscopic (SEM) images were taken using a JEOL 7800F 

scanning electron microscope operated at 3 kV. Fourier transform infrared (FTIR) spectra 

were collected on a Nicolet iS50 FTIR spectrometer. The pore size and size distribution 

were detected and calculated by the open-source software Image J. 

 

 

RESULTS AND DISCUSSION 
 

Effects of the Selected Surrounding Temperature 
Figure 1 shows photographs of the droplets and the SEM images of the final PLLA 

microspheres under three different surrounding temperatures. In the ultra-low temperature 

environment, corresponding to liquid nitrogen bath, the droplets and their surrounding 

continuous phase were rapidly frozen, presenting ice pellets larger than the droplets. The 

freezing of the continuous phase was extremely destructive to the morphology of the final 

PLLA spheres, which can be observed in Fig. 1 (d).  
 

 
 

Fig. 1. Photographs of droplets obtained by (a) liquid nitrogen bath, (b) ice water bath, and (c) room 
temperature water bath, and the corresponding SEM images of the final PLLA microspheres are 
shown in (d), (e), and (f). 

 

After the volatilization of DCM, only irregular porous fragments were obtained, 

rather than PLLA spheres. This is attributed to the rapid freezing, which makes the 

emulsion droplets lose stability and break up during the solidification process (Shi and 

Weitz 2017; Werner et al. 2021). The surface instability and the morphology damage also 

occurred when the surrounding temperature rose to room temperature. As presented in Fig. 

1 (f), no PLLA spheres were observed in the SEM images, instead irregular lumps 
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appeared. This is because of the high surrounding temperature, the volatilization rate of the 

DCM is quite high, and the volatilization can be completed in several minutes, leading to 

the instability of droplet morphology (Hung et al. 2010; Kuehne and Weitz 2011). When 

the surrounding temperature was around zero degrees, corresponding to ice water bath, the 

surface instability could be suppressed. After the steady volatilization of DCM and phase 

separation, the PLLA emulsion droplets were solidified and transformed into spheres. As 

shown in Fig. 1 (b) and 1(e), the droplets collected from the beaker had good sphericity 

and high dispersity. After the DCM volatilization, the droplets underwent stirring in a hot 

water bath, followed by repeated washing and freeze-drying. Finally, the PLLA spheres 

with regular shape were obtained, and the diameter of the spheres was around 250 m. The 

successful fabrication of regular spheres is attributed to the flow stability inside the droplets 

and the slow volatilization of DCM. Therefore, 0 ℃ (ice water bath) would be a proper 

surrounding temperature for the droplet collection and solidification in the fabrication 

process of PLLA spheres. 
 

Emulsification Method Optimization 
Based on the above success, pore-forming agent (gelatin) was introduced so as to 

prepare microporous PLLA spheres. To obtain the desired pore structures and thus to meet 

application requirements, the influence of the dosage of the pore-forming agents was 

explored. The gelatins with the dosages of 2.5 wt%, 5 wt%, 7.5 wt%, and 10 wt% were 

respectively dissolved in the PVOH solution, and then introduced to the emulsion through 

30 min ultrasonic emulsification. The obtained PLLA spheres and the corresponding 

surface structures are presented as SEM images in Fig. 2. As can be observed in Figs. 2 

(a), 2 (c), 2 (e), and 2 (g), despite different dosages of pore-forming agents, all the obtained 

spheres maintained a regular shape with the size of approximately 250 m, similar to those 

obtained without the addition of pore forming agents. This is because in such a microfluidic 

T-junction, the size of the generated droplet is mainly controlled by the T-junction 

geometry, the viscosity ratio, and flow rates of the dispersed phase and continuous phase. 

In the fabrication process, gelatin as the pore-forming agent almost had no effect on the 

droplet generation and the macroscopic morphology of the subsequently formed spheres. 

However, for the micro-structure, different dosages of gelatin led to different outcomes. 

Specifically, as shown in Figs. 2 (b), 2 (d), 2 (f), and 2 (h), when a small dosage of gelatin 

(2.5 wt% or 5 wt%) was introduced into the emulsion, no microporous structures were 

identified on the sphere surface. The failure of pore-forming agents in microstructure 

regulation may be attributed to excessive vibration and energy input caused by ultrasonic 

emulsification (Czekalska et al. 2021; Ge et al. 2016; Huang et al. 2017; Zhang et al. 2020). 

After the volatilization of DCM, the gelatin particles did not penetrate into the sphere, 

resulting in the formation of a complete PLLA shell after the emulsion droplet was 

solidified. The shell prevented the gelatin inside the sphere from dissolving in hot water 

bath, making it impossible to complete the construction of porous structure. When the 

dosage increased to 7.5 wt%, despite excessive vibration and energy input, some gelatin 

particles could penetrate the sphere and were dispersed on the sphere surface, which enable 

the gelatin to obtain the channels dissolving in hot water and thus create porous structure. 

The porous structure observed in Fig. 2 (f) means a successful regulation of microstructure, 

with the pore size of approximately 1.0 m. With further increasing gelatin dosage to 10 

wt%, the pore size was only increased to around 3 m, indicating ineffective regulation of 

pore structure, and at the same time the shape of spheres was no longer maintained, which 

can be seen from the SEM images displayed in Figs. 2 (g) and 2 (h). The little change in 
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pore structure, albeit a significant increase in the dosage of pore-forming agents, may be 

because the function of the pore-forming agents is hindered by the overpowering effect of 

the ultrasonics in the emulsification method. 

 

 
 

Fig. 2. SEM images of PLLA spheres obtained by different amount of pore-introducing agent: (a) 
2.5 wt% gelatin, (c) 5 wt% gelatin, (e) 7.5 wt% gelatin and (g) 10 wt% gelatin, and the corresponding 
magnified images showing the sphere surfaces are (b), (d), (f), and (h), respectively 

 

 
 

Fig. 3. SEM images of PLLA spheres obtained by different methods of emulsification: (a) 30 min 
ultrasonic emulsification, (c) 10 min ultrasonic emulsification, (e) 5 min ultrasonic emulsification, (g) 

1 min ultrasonic emulsification and (i) 30 min high speed mechanical stirring (2500 rpm) for 

emulsification. The corresponding magnified images showing the sphere surfaces are (b), (d), (f), 
(h) and (j), respectively. 
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To verify the assumption that the ultrasonic emulsification for 30 min may provide 

an overpowering effect and thereby impede the pore structure forming, the ultrasonic 

emulsification with shorter time and the emulsification method with lower power 

consumption were explored. The dosage of the pore forming agent gelatin was fixed at 7.5 

wt%, and the post-treatment with surrounding temperature of zero degree (ice water bath) 

to solidification, the volatilization, and the final hot water bath remained unchanged. Four 

different ultrasonic emulsification times, namely T=30, 10, 5, and 1.0 min, were 

considered, and a high-speed mechanical stirring of 30 min, as a representative of the 

emulsification method with lower power consumption, was also used for emulsification. 

Figure 3 shows the morphologies and surface structures of the generated spheres. When 

the ultrasonic emulsification time was reduced from 30 min to 10 or 5 min, the morphology 

of the obtained spheres roughly remained unchanged, typically with the size of around 250 

m and without porous structure, as can be seen from the SEM images in Figs. 3 (a)-(f). 

Upon further reducing the ultrasonic emulsification time to 1.0 min, the size of spheres 

remained, but small pores with diameter of about 1.0 m appeared on the sphere surface 

(see Figs. 3 (g) and 3 (h)). These results can be explained as follows: regardless of the 

emulsification time, the ultrasonic emulsification always has excessive energy, which 

destroys the ability of the pore-forming agent to create microstructure.  

Then, 30 min high-speed mechanical stirring emulsification was adopted instead of 

the ultrasonic emulsification, and the obtained PLLA spheres are shown in Figs. 3 (i) and 

3 (j). Evidently, the size of the spheres remained roughly at 250 m, while the porous 

structure changed dramatically, with a large number of 10 m pores observed on the sphere 

surface. The change in porous structure indicates that the pore-forming function of gelatin 

was not hindered by this emulsification method, which may be attributed to the following 

reasons. The vibrations generated and the input energy induced by the mechanical stirring 

were small, although its speed was up to 2500 r/min. Thus, the gelatin in the emulsion 

could maintain the shape of small particles, and these particles penetrated the sphere after 

solidification (Gallassi et al. 2019). Under this condition, the pore-forming agents could 

fully utilize their pore-forming ability. Therefore, the high-speed mechanical stirring is a 

better choice to regulate the microstructure. 

 

Pore Size Regulation via Gelatin Dosage 
After clarifying the impact of emulsification methods on the pore-forming function 

of pore-forming agents, the dosage of pore forming agent gelatin was adjusted. The goal 

was to explore how it influences the pore structure. In the experiment, 2.5 wt%, 5 wt%, 

and 7.5 wt% gelatin dosages were respectively added into the original solution and 

emulsified with the 5 min high-speed mechanical stirring at 2500 rpm. Figure 4 shows 

SEM images of the PLLA spheres obtained at different dosages of gelatin. When the 

dosage of gelatin was 2.5wt%, regular spheres with the size of 250 m were obtained, and 

numerous small pores of 3 to 5 m were distributed on the sphere surface (Fig. 4 d). As 

the dosage of gelatin was increased to 5 wt%, the regular spheres with the size of around 

250 m were maintained, but small pores with the size of several micrometers were no 

longer observed on the sphere surface (Fig. 4 e). Instead, larger pore structures with 

diameter of 20 to 50 m were clearly seen. When the dosage of gelatin was further 

increased to 7.5 wt%, the regular spheres with size of about 250 m were still obtained. 

However, there were no small pores of several microns (Fig. 4 f), and the pores showing 

abnormally large size (100 m) spread over the sphere surface, leading to a large number 
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of hollow structures inside the sphere. The increase in the size of pore structure was 

probably attributable to the increase in the size of gelatin particles caused by the high 

concentration in the emulsion. From the above results, it is apparent that the change in pore 

size was very sensitive to the dosage of gelatin. This also confirmed the above observation 

that the ultrasonic emulsification method destroys the formation and distribution of gelatin 

particles on the sphere surface, thereby losing the ability to regulate the pore structure 

(Wang et al. 2014; Ma 2019). 

 

 
 

Fig. 4. SEM images of PLLA spheres obtained by different dosages of pore-forming agent: (a) 2.5 
wt% gelatin, (b) 5 wt% gelatin, (c) 7.5 wt% gelatin. The corresponding magnified images showing 
the sphere surface are (d), (e) and (f). High speed mechanical stirring was used for emulsification. 
 

It is indicated in Fig. 4 that when emulsified by the 5 min high-speed mechanical 

stirring, the dosage of the pore-forming agent gelatin almost had no effect on the final 

particle size but that it had a significant impact on the pore size on the sphere surface. To 

quantify the pore size change, the surface pore size distribution was extracted by the Image 

J software from the SEM images. The pore sizes were defined as equivalent circular 

diameters, which were calculated by the surface area, and more than 50 micro-pores were 

selected. Figure 5 exhibits the surface pore size distributions of PLLA spheres obtained 

with different dosages of the pore-forming agent gelatin.  

 

 
 

Fig. 5. Surface pore size distributions of PLLA spheres obtained by different dosages of pore-
forming agent: (a) 2.5 wt% gelatin, (b) 5 wt% gelatin, and (c) 7.5 wt% gelatin. High-speed 
mechanical stirring was used for emulsification.  
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It can be seen that a low dosage of gelatin (2.5 wt%) resulted in small pores sized 

at 2 to 5 m and averaged at 2.9±0.8 m. By contrast, 5 wt% gelatin resulted in larger 

pores sized at 20 to 80 m and averaged at 46.9±14.9 m, and 7.5 wt% gelatin resulted in 

the largest pores sized at 40 to 250 m and averaged at 127.3±55.3 m. Due to the 

limitation of the sphere size, the confidence interval widened when regulating for larger 

pores. 

Optical photographs were taken to monitor the hollow structures inside the PLLA 

spheres in Fig. 6. The pore-forming agent gelatin not only can induce the pore structure on 

the surface of the sphere, but it also can permit light transmission, which may indicate the 

creation of hollow structure inside the sphere. Figure 6 showed the inner hollow structure 

of the small-pore, middle-pore, and large-pore structured spheres obtained by using 

different dosages of gelatin. Clearly, the small-pore structured spheres possessed the lowest 

light transmittance (Fig. 6 a), while the large-pore structured spheres possessed the highest 

light transmittance (Fig. 6 c), indicating that as the surface pore size increases, the hollow 

structure inside the sphere increases. 

 

 
 

Fig. 6. Optical photographs of PLLA spheres obtained by different dosages of pore-forming agent: 
(a) 2.5 wt% gelatin, (b) 5 wt% gelatin, and (c) 7.5 wt% gelatin, corresponding to Fig.4 (a),(b) and 
(c). 

 

In order to better demonstrate the morphology of microspheres with different pore 

structures, the specific surface area of microspheres with different pore structures was 

measured by the BET test. Table 1 lists the measurements of the specific surface area of 

the microspheres with three different pore structures by the adsorption test or the desorption 

test, respectively defined as aS  and dS . It is shown that both aS  and dS  increased with the 

size of the pore structure, which is reasonable since the fact that the appearance of large 

pore structures reduces the variability and the specific surface area of the surface of the 

microspheres. This is consistent with the theory of the relationship between pore structure 

and specific surface area in previous studies (Zhang et al. 2015b; Boyjoo et al. 2016). 

 

Table 1. Specific Surface Area of PLLA Microspheres with Different Pore Sizes 
via BET 

Sample 
2 1/ m gaS −  

2 1/ m gdS −  

PLLA-small pores (2.5 wt%) 0.42156 5.1058 

PLLA-medium pores (5 wt%) 0.26323 3.5032 

PLLA-large pores (7.5 wt%) 0.13602 2.5427 
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Universality Assessment 
In addition to the ability to regulate the morphology of microspheres, the 

universality of microfluidic preparation methods has also received attention. Therefore, an 

attempt to prepare porous microspheres by sequentially replacing the PLLA matrix with 

two other types of polymers, i.e., PNAGA and PCL were undertaken. Like in the 

preparation of porous PLLA microspheres, the 5 min high-speed mechanical stirring was 

used for emulsification, the dosage of pore-forming agent was set as 5 wt%, and the 

surfactants and solvent remained unchanged. The experimental results indicated that the 

other two polymer microspheres, like PLLA microspheres, also could be successfully 

prepared. Figure 7 reveals the morphologies and surface appearances of the PNAGA and 

PCL microspheres. Different from the PLLA microspheres, the PNAGA microspheres 

exhibited elliptical shapes with slightly larger size, and a fibrous structure rather than a 

pore structure was observed on the surface of PNAGA microspheres (see Figs. 7 a and 7 

b). These differences were probably due to the higher viscosity and surface tension of the 

PNAGA solution, which leads to the formation of larger droplets and ultimately to the 

solidification into larger spheres (Liu and Ma 2010; Zhang et al. 2015b). During the 

solidification process of droplets, the high viscosity also induces stronger interactions 

inside the droplets, resulting in stronger entanglement on the surface of the microspheres 

and ultimately leading to a fibrous structure. The morphology of PCL microspheres was 

similar to that of PLLA microspheres, except that the surface pore size was slightly reduced 

(14.3 ± 3.9 μm, see Figs. 7 c and 7 d). Some wrinkles were apparent on the sphere surface, 

which may be caused by different curing shrinkage rates of different components inside 

the droplet during the solidification process (Wang et al. 2019). The successful preparation 

of PNAGA and PCL microspheres with pore structures indicates that the proposed 

microfluidic methods are universal for various preparations. 

 

 
 

Fig. 7. SEM images of (a-b) PNAGA and (c-d) PCL microspheres obtained with the proposed 
microfluidic method 
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CONCLUSIONS 
 

In this study, a microfluidic method for the fabrication of poly(L-lactic acid) 

(PLLA) spheres with specific micropore structure was explored and evaluated.  

1. In this method, poly(vinyl alcohol) (PVOH) solution was used as the continuous phase, 

and an emulsion containing matrix materials (PLLA), stabilizer (sorbitan monooleate) 

and pore-forming agents (gelatin) dissolved in dichloromethane (DCM) were 

emulsified to be dispersed phase for the generation of droplets, such that they were 

eventually transformed into microspheres. The droplets needed to be collected in an ice 

water bath environment to maintain their stability, after which they were solidified into 

complete PLLA microspheres.  

2. Regardless of the dosage of the pore-forming agent, the ultrasonic emulsification 

always hindered the formation of surface pore structures and internal hollow structures. 

This effect was attributed to excessive vibration and high energy input, which would 

make the pore-forming agent in the emulsion fully penetrate the microspheres, thus 

losing the ability to adjust the porous structure in the subsequent droplet solidification 

process. 

3. Mechanical stirring was shown to be a more suitable emulsification method. That 

approach was combined with different amounts of pore-forming agents (2.5wt%, 5wt%, 

and 7.5wt% gelatin) to prepare microspheres with various structures. Three types of 

spheres with different micropore structures (small: 2.9±0.8 m, middle: 46.9±14.9 m, 

and large: 127.355.3 m) were successfully obtained. 

4. The proposed microfluidic method was also applied to prepare porous structural 

spheres of poly(N-acryloyl glycinamide) (PNAGA) and poly(caprolactone) (PCL), 

indicating its universality and application prospects in industrial regulation and 

preparation of various polymer microspheres. This research would lay a solid 

foundation for facilitating the microfluidic fabrication into commercial applications. 
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