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ABSTRACT: 

 

Purpose 

Industrial implementation of continuous oral solid dosage form manufacturing has been 

impeded by the poor powder flow properties of many active pharmaceutical ingredients 

(APIs). Microfluidic droplet-based particle synthesis is an emerging particle engineering 

technique that enables the production of neat or composite microparticles with precise control 

over key attributes that affect powder flowability, such as particle size distribution, particle 

morphology, composition, and the API’s polymorphic form. However, the powder properties 

of these microparticles have not been well-studied due to the limited mass throughputs of 

available platforms. In this work, we produce spherical API and API-composite 

microparticles at high mass throughputs, enabling characterization and comparison of the 

bulk powder flow properties of these materials and greater understanding of how particle-

scale attributes correlate with powder rheology. 

 

Methods 

A multi-channel emulsification device and an extractive droplet-based method are harnessed 

to synthesize spherical API and API-excipient particles of artemether. As-received API and 

API crystallized in the absence of droplet confinement are used as control cases. Particle 

attributes are characterized for each material and correlated with a comprehensive series of 

powder rheology tests. 

 

Results 

The droplet-based processed artemether particles are observed to be more flowable, less 

cohesive, and less compressible than conventionally synthesized artemether powder. Co-

processing the API with polycaprolactone to produce composite microparticles reduces the 

friction of the powder on stainless steel, a common equipment material. 

 

Conclusions 

Droplet-based extractive solidification is an attractive particle engineering technique for 

improving powder processing and may aid in the implementation of continuous solid dosage 

form manufacturing.   

(249 words) 
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1. INTRODUCTION  

In recent years, the pharmaceutical industry has made considerable advances in active 

pharmaceutical ingredient (API) synthesis via the development of novel chemistry routes[1, 

2] and the implementation of continuous flow chemistry processes.[3, 4] Transitioning to 

continuous manufacturing allows for real-time monitoring and tuning to yield consistently 

high-quality products through an increased understanding of process parameters.[5] 

However, implementation of continuous oral solid dosage form manufacturing has been 

impeded by the poor powder flow properties of many API compounds.[6-8] In this work, we 

harness the combination of a high-throughput emulsification device and an extractive droplet-

based particle synthesis method for the production of microparticles of a model hydrophobic 

API, artemether. By controlling the formulation and process parameters, we achieve scalable 

production of highly flowable API particles suitable for continuous solid dosage form 

manufacturing and gain insights into the relationships between particle attributes and powder 

rheology. 

The pharmaceutical industry traditionally operates manufacturing lines in a batch-wise 

manner, where the product of each unit operation must undergo quality testing before it can 

be released to the subsequent unit operation along the manufacturing line.[5, 9] This leads to 

increased holdup, decreased productivity, and the need to rework or dispose of batches which 

do not meet regulatory specifications.[5, 9-11] Thus there is an increased drive towards the 

adoption of continuous pharmaceutical manufacturing due to the benefits of increased 

process understanding, and real-time tuning and monitoring.[5] Furthermore, the 

implementation of continuous manufacturing results in a smaller operational footprint, as the 

seamless flow of raw materials and products reduces the need for large holding containers 

between unit operations.[5, 9] For continuous solid dosage form production processes to 

function adequately, the flow properties of the API compound are extremely important. Poor 
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flow properties of API compounds may necessitate the use of additional intermediate steps 

such as wet granulation, which increases the degradation risk of moisture-sensitive API 

compounds[12, 13], or roller compaction which increases the risk of heat-induced 

polymorphic transformation.[8] 

The powder flow properties of API compounds are a function of the API’s polymorphic 

outcome[14], particle geometry[15, 16], particle size distribution[16], and composition.[14] 

Microfluidic droplet-based particle synthesis is an emerging particle engineering technique 

that allows for the production of monodisperse particles with the desired morphology, 

chemistry, and porosity.[17, 18] Crystalline neat or composite microparticles with controlled 

proportions of API and excipients[19, 20] can be generated by this technique, allowing for 

control over API polymorphic outcomes[21], and dissolution profiles.[19, 22] The ability to 

directly control particle sizes via microfluidic droplet-based processing also circumvents the 

need for additional particle size alteration steps and minimizes polymorphic transformation 

risks.  There have been reports on the use of co-processing of API and excipient to 

circumvent the poor processibility of API powders.[23-26] However, studies on the powder 

properties of microfluidics-generated API and API-excipient composite particles are limited 

due to the difficulty in scale-up to produce a minimum volume of powder required for flow 

testing.[27]  

In recent work, Fortt and coworkers demonstrated that the use of a high-throughput 

emulsification device enables a 100-fold increase in throughput for the extractive 

crystallization of cabotegravir in droplet-based microfluidic devices via a 40-channel 

parallelization.[28] However, the focus of their work was on the optimization of processing 

parameters for the production of spherical particles with structural integrity suitable for 

downstream processing. In this work, we build upon their demonstration by adopting the 

combination of high throughput emulsification and extractive-based crystallization on a 
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different model hydrophobic API, artemether, and evaluating the observed range of bulk 

powder flow properties within the context of the observed particle attributes due to droplet-

based processing. 

Using a 90-channel emulsification device, we produce particles that are spherical 

agglomerates of neat artemether crystals (referred to as “artemether SA” henceforth) at a rate 

of up to approximately 240 g/day, sufficient for a variety of powder rheology tests. Through 

the incorporation of an excipient, polycaprolactone, we demonstrate control over the 

polymorphic form of artemether, which is a critical quality attribute, and produce these 

composite particles (referred to as “artemether PCL” henceforth) at a rate of approximately 

672 g/day. To facilitate structure-to-rheology understanding, we then characterize the particle 

attributes such as the morphology, particle size distributions, and polymorphic forms of 

particles synthesized via the droplet-based platform, as well as the as-received artemether 

powder (referred to as “artemether raw” henceforth) and particles crystallized in the absence 

of droplet confinement (referred to as “artemether recrystallized” henceforth). Finally, we 

conduct a comprehensive series of industrial standard powder rheology tests including 

aeration, compressibility, shear cell, and wall friction tests to compare the performance of all 

the obtained powders in the context of their observed particle attributes. This understanding 

of how particle attributes influence powder rheology allows for the identification of critical 

particle attributes to be controlled during manufacturing. These results illustrate that droplet-

based extractive solidification is an attractive particle engineering technique for improving 

powder processing and may aid in the implementation of continuous solid dosage form 

manufacturing.   
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2. EXPERIMENTAL SECTION 

Materials:  

Ethyl acetate (HiPerSolv Chromanom) was purchased from VWR chemicals and used as 

received. Ultrapure water (18.3 MΩ) was obtained from a Millipore Milli-Q purification 

system. Artemether (TCI A2190) was purchased from Tee Hai Chemicals and used as 

received. Polycaprolactone (#19561) was purchased from Polysciences and used as received. 

Polyvinyl alcohol (MW ~ 67000) was purchased from Sigma Aldrich and used as received. 

Fluorinated ethylene propylene (FEP) tubing (0.01 in. inner diameter) and 

polytetrafluoroethylene (PTFE) tubing (1mm I.D.)  for the transportation of fluids were 

purchased from IDEX Health & Science LLC.  

 

Methods:   

(i) Synthesis of artemether and artemether composite microparticles  

For the synthesis of artemether SA, artemether was first dissolved in ethyl acetate at a 

concentration of 500mg/mL; this constituted the dispersed phase. The continuous 

phase was composed of 2 wt% polyvinyl alcohol in ultrapure water. The dispersed 

phase and continuous phase were infused at 333 µL/min and 1000 µL/min 

respectively into a multichannel droplet generation module with syringe pumps (New 

Era syringe pump model: NE-4000 purchased from Achema Pte Ltd). The design of 

the multichannel droplet generation chip has been reported by Nisisako and 

coworkers[29] and the fabrication of the multichannel droplet generation module has 

been reported by Fortt and coworkers[28]. The generated droplets were then collected 

into a 1L ultrapure water reservoir in a conical flask to allow for the completion of 

ethyl acetate extraction into the continuous phase. The solid artemether microparticles 
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were then suspended in ultrapure water and underwent Büchner filtration thrice before 

they were dried under vacuum at room temperature for 8 hours.   

The same procedure was repeated for the synthesis of artemether-PCL composites 

with modifications for the dispersed phase and the infusion flow rates for the 

dispersed and continuous phase. Artemether and polycaprolactone were dissolved at 

concentrations of 500 mg/mL and 250 mg/mL, respectively in ethyl acetate; this 

constituted the dispersed phase. The dispersed phase and continuous phase were 

infused at 150 µL/min and 450 µL/min respectively.  

(ii) Recrystallization of Artemether in the absence of droplet confinement  

To evaluate the impact of particle geometry, artemether was recrystallized from ethyl 

acetate in the absence of droplet confinement. This was done following the procedure 

outlined by Xu and coworkers.[30] Artemether was first dissolved in ethyl acetate at a 

concentration of 500mg/mL in a clean and dry 50 mL round-bottom flask, immersed 

in a water bath at 45 °C, on a heated stir plate. Thereafter, ethyl acetate was removed 

using a rotavap (model R-100 purchased from BUCHI Singapore Pte. Ltd.) by 

reduction of the pressure in the system, resulting in the formation of artemether 

crystals. The formed crystals were then vacuum dried at room temperature for 8 hours 

before further characterization.  

(iii) Particle attribute characterization: 

a. Scanning electron microscopy - Field emission scanning electron microscopy 

(FE-SEM) was used for structural characterization of the microparticles. A 

field emission scanning electron microscope (JEOL JSM-6700F) at 5 kV 

accelerating voltage was used to acquire further structural information on the 

microparticles. All samples were prepared on conventional SEM stubs with 

carbon tape and were coated with 10 nm of platinum by sputter coating.  
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b. Polymorphic characterization - The polymorphic forms present in artemether 

Raw, artemether Recrystallized, artemether SA, and artemether PCL were 

determined via Differential Scanning Calorimetry (DSC) analysis and Powder 

X-ray Diffraction (PXRD). Around 5 mg of sample was crimped in a sealed 

aluminum pan and heated at 3 °C/min in the range of 40 to 120 °C with an 

empty sealed pan as a reference in a TA instruments DSC25 apparatus. Dry 

nitrogen was used as purge gas and the N2 flow rate was 50 mL/min. An X-ray 

diffractometer (Bruker, D8 Advance) was operated at 40 kV, 30 mA, and at a 

scanning rate of 0.78 °/min over a range of 2θ from 5−40°, using a Cu 

radiation wavelength of 1.54 Å. 

c. Particle size characterization: 

The particle sizes of artemether Raw and artemether Recrystallized were 

obtained by using the MATLAB function, “regionprops”, on optical 

microscopy images. The obtained area of each particle was converted to an 

area-equivalent diameter and plotted as a histogram. Particle size distributions 

for artemether SA and artemether PCL were obtained via digital image 

analysis (using ImageJ, NIH), in which 100 particles’ area was measured and 

converted into its equivalent diameter for each formulation. The circularity 

was calculated for each particle as, 

𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =
4𝜋𝐴𝑟𝑒𝑎

(𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟)2
   (1) 

(iv) Powder rheology characterization  

The various types of powders were subjected to shear cell, wall friction, 

compressibility, and aeration tests on an FT4 powder rheometer (Freeman 

Technology, UK). For shear cell tests, powders were loaded into a 10 mL cylindrical 

shear cell and conditioned. The powder bed was then pre-consolidated at a normal 
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stress of 3 kPa using a vented piston. Incipient shear stresses for flow were obtained at 

normal stresses of 1, 1.25, 1.5, 1.75, and 2 kPa with a bladed shear head. A yield 

locus was plotted based on the recorded shear stress and normal stress values using 

the inbuilt FT4 analysis software. The wall friction test was conducted similarly using 

a 1.2 µm roughness stainless steel disc rather than the bladed shear head. For 

compressibility tests, powders were loaded into a 10mL cylindrical cell and 

conditioned. The height of the powder bed was recorded for various normal stresses, 

ranging from 1 to15 kPa. The change in powder bed height was converted to volume 

change (%) and plotted against the various normal stresses. For aeration tests, 

powders were loaded into a 35 mL cylindrical cell with an aerated base and 

conditioned thrice. The air velocity was controlled via a mass flow controller 

auxiliary unit. An angled blade traversed downwards into the powder bed as the air 

flowed at air velocities of 2 to 20 mm/s at intervals of 2 mm/s. As the angled blade 

traversed downwards, the forces on the blade were measured and recorded. The force 

was integrated with the distance through which the bed traversed, and the resultant 

energy was plotted against various air velocities.   

3. RESULTS AND DISCUSSION  

3.1 Establishing a high throughput droplet-based extractive solidification process for 

artemether 

We first conducted droplet-based extractive solidification containing artemether or 

artemether-polycaprolactone solutions to yield spherical microparticles with narrow size 

distributions. In our previous works, we have established both microfluidic evaporative and 

extractive droplet-based processing techniques to convert API- or API-excipient-laden 

droplets into spherical microparticles.[20, 22] In this work, we have chosen extractive 

droplet-based processing since it is simpler than evaporative processing and can be applied to 
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heat-labile APIs. Extractive processing is driven by the solubility of the dispersed-phase 

solvent in the continuous phase and requires no heating. For the selection of partially 

miscible solvents, an ethyl acetate-water emulsion system was chosen as previous reports 

have established its use in the creation of API/API-excipient microparticles[22] and polymer 

capsules[31]. Artemether, a heat-labile anti-malarial[32] and one of the APIs listed on the 

world’s health organization list of essential medicines[33], was selected as the model API.  

Polycaprolactone was selected as the model excipient that has been reported to be able to 

control the polymorphic form of some APIs [34] and allowed for a suitably high mass 

throughput (see Section 1 in the Supporting Information for more details).  
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Fig. 1 (a) A schematic of the experimental setup used for generation of spherical artemether and 

artemether-polycaprolactone particles (b) Optical microscopy image of the circled portion in (a) of a 

90-channel chip producing monodisperse Artemether-laden droplets at a flow rate of 333 L/min with 

3 wt% PVA in ultrapure water as the continuous phase at a flow rate of 1mL/min (c) A heap of free-

flowing artemether-polycaprolactone composite powder 

 

To generate sufficient amounts of powders for rheological testing, a platform consisting of 

two modules: droplet generation and solidification, was used as shown in Fig. 1a. An image 

of the experimental setup can be found in the supporting information (See Figure S1 in 
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supporting information for details). For droplet generation, we adopted a palm-sized silicon 

chip microfluidic droplet generator developed by Nisisako and coworkers, which can process 

up to 180 mL/hr of dispersed phase[29]. This device allows droplets to be generated at much 

higher frequencies and mass throughputs compared to single-channel microfluidic devices, as 

shown in Fig. 1b and as demonstrated by Fortt and coworkers[28]. The generated droplets 

flow through the central orifice in the droplet generator into a reservoir of ultrapure water, 

allowing the ethyl acetate to be fully extracted from the droplets and resulting in 

solidification into spherical artemether SA and artemether PCL. These particles were then 

filtered and vacuum dried. To verify that vacuum drying at room temperature for 8 hours was 

an adequate drying time, 1H-NMR was performed to quantify the residual ethyl acetate in the 

particles and the relevant data are included in the Supporting Information (Section 3); briefly, 

the amount of residual ethyl acetate is less than 0.1% w/w and below the ICH guideline of 

0.5%[35]. With this method, we produce artemether SA at a rate of up to approximately 240 

g/day, and artemether PCL at a rate of 672 g/day.  

3.2 Powder particle attributes 

 

Fig. 2 Field emission scanning electron microscopy images of (a-b) as-received artemether (Artemether Raw) 

(c-d) artemether recrystallized via solvent evaporation (Artemether Recrystallized) (e-f) microparticles of 

spherical agglomerates of artemether from droplets containing artemether at 500 mg/mL (Artemether SA), (g-h) 

artemether-polycaprolactone microparticles from droplets containing artemether at 500 mg/mL and 

polycaprolactone at 250 mg/mL (Artemether-PCL) Particles produced from the droplet-based process, 
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Artemether SA and Artemether-PCL, are highly spherical whereas the non-droplet-based particles, Artemether 

Raw and Artemether Recrystallized, are equant shaped.  

 

 

Fig. 3 Particle size distributions of (a) Artemether Raw (b) Artemether Recrystallized (c) Artemether SA and 

(d) Artemether PCL 

To evaluate the effects of droplet-based processing on the morphology of the chosen model 

API, we obtained morphology information from the field emission scanning electron 

microscopy (FESEM) images on each of the obtained artemether powders. Fig. 2 shows the 

FESEM images of all four samples whereas Fig. 3 shows the particle size distributions of the 

samples. The optical images used for particle size analysis are included in the supplementary 

information (See Figure S3 in Section 4 of Supplementary Information).  

The artemether raw particles are equant shaped, and the particle size distribution follows a 

lognormal distribution with a mean of 50 µm and a standard deviation of 40 µm. The 

artemether recrystallized particles have irregular shapes and the particle size distribution 

follows a lognormal distribution with a mean of 144 µm and a standard deviation of 135 µm. 
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On the other hand, particles synthesized via our droplet-based platform, artemether SA and 

artemether PCL, are observed to be spherical and have normal particle size distributions. 

Artemether SA has a mean of 132 µm and a standard deviation of 6 µm, whereas artemether 

PCL has a mean of 175 µm and a standard deviation of 12 µm. Polydispersity index, which is 

taken as the square of the ratio of the standard deviation to the mean, was also calculated for 

all the samples.  The polydispersity indices of artemether raw, artemether recrystallized, 

artemether SA, and artemether PCL were 0.644, 0.868, 0.001, and 0.004. The average 

circularity of artemether raw, artemether recrystallized, artemether SA, and artemether PCL 

were 0.729, 0.634, 0.998, and 0.999 respectively.  Both microfluidic droplet-based 

synthesized artemether SA and artemether PCL were observed to have reduced polydispersity 

and are highly spherical, due to the initial monodispersity of the generated droplets. 

 

Fig. 4 (a) Powder X-ray diffraction (PXRD) spectra of artemether from Artemether Raw, Artemether 

Recrystallized, Artemether SA, and Artemether-PCL. The spectra of the two reported forms of artemether have 

many similar peaks. The spectra of Artemether Raw and Artemether PCL match form A whereas the spectra of 

Artemether Recrystallized and Artemether SA match form B. ● denotes the characteristic peaks of form A 

whereas ■ denotes the characteristic peaks of form B. The PXRD spectrum of Artemether PCL exhibits two 

additional peaks at 21.3 and 23.5 which correspond to neat polycaprolactone particles. The PXRD spectrum of 

neat polycaprolactone particles is provided in Supplementary Information - Section 5. (b) Differential scanning 

calorimetry (DSC) thermograms of Artemether Raw, Artemether Recrystallized, Artemether SA and 

Artemether-PCL. The melting point of artemether in Artemether Raw at 86.8°C corresponds to the form A 

melting point.[30] The melting point of artemether in Artemether Recrystallized and Artemether SA at 87.9°C 

and 89.4°C, correspond to the form B melting point.[30]  The lowered melting point for artemether within 

Artemether-PCL at 83.6°C is likely due to the presence of polycaprolactone, which melts at 54.1°C.  

 



      AUTHOR ACCEPTED MANUSCRIPT     

© 2022 Springer Science+Business Media, LLC, part of Springer Nature 

 

The polymorphic form of an API determines its ability to plastically deform under stress and 

the functional groups that are exposed at the particle surface.[7] This in turn influences the 

powder’s compression and flow behavior.[7] Thus, the polymorphic forms of artemether 

present in the different types of particles were characterized using powder X-Ray Diffraction 

(PXRD) and differential scanning calorimetry (DSC) as shown in Fig. 4. Artemether raw and 

artemether PCL particles were ascertained to contain form A based on their PXRD 

spectra.[36] The DSC thermogram of artemether raw shows a melting point at 86.8°C, close 

to the reported melting point of form A, 86°C [30]. The DSC thermogram of artemether PCL 

shows a depressed melting point at 83.6°C and an additional melting point at 54.1°C due to 

the presence and melting of polycaprolactone[37]. Artemether recrystallized and artemether 

SA particles were ascertained to contain form B based on their PXRD spectra[36]. The DSC 

thermograms of artemether recrystallized and artemether SA shows higher melting points at 

87.9 and 89.4°C respectively, close to the reported melting point of form B at 89°C[30] The 

different polymorphic forms present in artemether raw and artemether recrystallized are 

likely due to the different solvents from which they were crystallized.[30]  

 

3.3 Effects of particle geometry, polymorphic form, composition, and particle size 

distribution on powder rheology 

3.3.1 Shear cell behavior  

Powder flow is a function of the intrinsic material properties of the powder, as well as the 

environmental conditions the powder is subjected to. We characterized the powder flow using 

several standard tests including stability, shear cell, wall friction, compressibility, and 

aeration. All powder samples’ total flow energy remained constant during the stability test, 
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indicating the stability of the particles to mechanical testing. (See Figure S4 in Section 5 of 

the Supporting Information for details)  

 

Fig. 5 (a) Incipient shear stress of powder flow as a function of the applied normal stress at pre-consolidation 

stress of 3 kPa. The inset schematic depicts the test setup with a 10 mL shear cell. (b) Incipient shear stress of 

powder flow as a function of the applied normal stress at pre-consolidation stress of 3 kPa for wall friction tests. 

The shear cell was replaced with a stainless steel disc with a roughness of 1.2 µm. The wall friction angle was 

calculated as the inverse tangent of the gradient.  

 

Table I: Bulk powder properties of the various types of powders as measured in the shear cell and wall 

friction test 

Material Cohesion 
(kPa) 

Unconfined 
Yield Stress 

(kPa) 

Major 
Principal 

Stress 
(kPa) 

Flow 
Factor 

Flow 
Behavior 

Angle 
of 

Internal 
Friction 

(°) 

Bulk 
Density 
(g/mL) 

Conditioned 

Bulk Density 

(g/mL) 

Wall 
Friction 
Angle 

(°) 

Artemether 
Raw 

0.24 1.00 6.63 6.62 Easy-
flowing 

38.21 0.63 0.525 24.44 

Artemether 
Recrystallized 

0.576 2.69 9.61 3.57 Cohesive 43.70 0.52 0.490 24.01 

Artemether 
SA 

0.17 0.74 8.32 11.24 Free-
flowing 

41.88 0.61 0.586 21.81 

Artemether 
PCL 

0.14 0.57 6.61 11.57 Free-
flowing 

37.84 0.57 0.508 14.20 

 

The results of the shear cell characterization are shown in Fig. 5a and Table I. All four 

samples have very similar values of angle of internal friction and  density. The conditioned 

bulk density is measured after the powders have undergone a standard conditioning process 



      AUTHOR ACCEPTED MANUSCRIPT     

© 2022 Springer Science+Business Media, LLC, part of Springer Nature 

on the FT4 rheometer. After conditioning, the powder bed is consolidated at a normal stress 

of 3 kPa to obtain the bulk density measurement. We used 3 kPa as the consolidation stress as 

most pharmaceutical unit operations have consolidation stresses below 6 kPa. [38] Greater 

and smaller Mohr’s circles were fit to the data in Figure 5a to obtain the maximum principal 

stress and unconfined yield stress, the ratio of which is defined as the flow factor (See Figure 

S4 in Supporting Information for details), a numerical representation of flowability.  The 

results show that the non-droplet-based particles, artemether raw, and artemether 

recrystallized, are more cohesive and are less flowable than the droplet-based artemether SA 

and artemether PCL. Artemether recrystallized is the most cohesive (cohesion value of 0.58 

kPa), and the least flowable (flow factor, 3.57) of the four samples. Artemether PCL and 

artemether SA have low cohesion values of 0.14 kPa and 0.17 kPa, and the highest flow 

factors of 11.24 and 11.57 respectively, classifying the powders as “free-flowing”. [39] 

The markedly improved flow factor of artemether SA compared to artemether raw could be 

attributed to the differences in the particle morphology, polymorphic form, and particle-size 

distribution. Although artemether recrystallized and artemether SA were processed using the 

same solvent and resulted in the same polymorphic form, artemether recrystallized is more 

cohesive and has a lower flow factor than artemether SA. This is most likely due to the 

particle morphology. The equant shaped recrystallized artemether particles have numerous 

flat surfaces whereas artemether SA particles are highly spherical, resulting in a smaller 

contact area between artemether SA particles. Furthermore, the higher polydispersity index of 

artemether recrystallized and artemether raw results in more particle interlocking behavior 

and could account for the higher cohesion and lower flowability observed when compared 

against artemether SA and artemether PCL. Therefore, droplet-based extractive solidification 

of artemether can be used as a processing method to control particle attributes and improve 

flowability. 
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We also observed that artemether recrystallized is less flowable and more cohesive than 

artemether raw. This may be due to the lower circularity and higher polydispersity of 

artemether recrystallized, resulting in greater particle interlocking as compared to artemether 

raw.  The difference in polymorphic forms may also result in different functional groups 

being exposed at the particle surfaces and play a role in the lower flowability observed as 

well. [36] 

3.3.2. Wall friction test 

In oral solid dosage form manufacturing, powders frequently flow through hoppers in two 

different modes, mass flow or funnel flow.[40] Mass flow is an ideal flow regime as the 

powder moves consistently in a first-in, first-out manner. In the funnel flow mode, regions of 

the powder that are in direct contact with the hopper remain stagnant and only powder in the 

center flows through the hopper. Several key parameters that control the powder flow regime 

are the powder angle of internal friction, hopper angle, and wall friction angle.[40] Generally, 

the lower the wall friction angle, hopper angle, and powder angle of internal friction, the 

more likely the system will fall into the mass flow regime.[40] The wall friction angle can be 

measured by replacing the shear cell with a disc that is made up of the intended wall material 

and carrying out a similar procedure to that of the shear cell test.  

In this wall friction test, a stainless steel disc with a roughness of 1.2 µm was used as the 

model wall material. Fig. 5b shows the plot of the shear stress required for the powder to flow 

at various normal stresses. The wall friction is calculated from the gradient of the best-fit line 

and is listed in Table I. The wall friction angle of artemether raw and artemether 

recrystallized are similar due to the material’s similarity in both particle shape and 

composition. There is a decrease in wall friction angle from 24° for the non-droplet-based 

particles to 22° for artemether SA and 14° for artemether PCL. The reduction in friction angle 

for artemether SA is likely due to a reduction in surface area in contact with the stainless steel 
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disc as the particles are highly spherical. The further reduction in friction angle to 14° for 

artemether PCL is likely due to the differences in material composition at the particle surface. 

Visually, the surfaces of the artemether PCL particles do not appear substantially smoother 

than the artemether SA particles (Figure 2f,h), therefore the reduction in friction between 

these two spherical particles is likely due to the reduced interaction strength of the PCL 

polymer with the wall material. Thus, co-processing of an API with an excipient during 

particle synthesis is an effective method for ensuring a mass flow regime occurs within 

powder hoppers. 
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3.3.3. Compressibility test  

 

Fig. 6: (a) Compressibility percentage versus applied normal stress. Compressibility is calculated as the 

percentage volume change of the powder bed. The inset schematic depicts the test setup. (b) Aeration test results 

showing the total flow energy of the various powders versus air velocity. The inset schematic depicts the test 

setup. 

Powders are also subjected to compressive stresses under various conditions such as storage 

in intermediate bulk containers and during compaction. Compressibility is a property that 

correlates inversely with the packing efficiency of the powder.[39] It is generally preferable 

for powders to pack efficiently since this allows for the design of smaller holding containers 

and it enables the manufacturing of high dosage API tablets that are smaller and easier to 

swallow.[41, 42] Fig. 6a depicts the powder compressibility as a function of applied normal 

stress. The droplet-based powders, artemether SA and artemether PCL, have lower 
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compressibility than the non-droplet-based powders, indicating that their volume does not 

decrease substantially with applied normal stress. We attribute this to the improved 

monodispersity and spherical shape of the droplet-based particles. The improved morphology 

allows these particles to pack in a random close-packed fashion and are thus already close to 

their maximum bulk density.  

3.3.4. Aeration test  

Air entrainment is also an aspect of powder behavior that influences solid oral dosage form 

manufacturing. For example, fluidization is a common unit operation used to dry powders 

and coat granules.[43] Furthermore, powders may be pneumatically conveyed between 

different unit operations to maintain sterility and reduce the risks of industrial hygiene-

associated illnesses. Fig. 6b shows a plot of total flow energy during aeration–the energy 

required to move an angled blade through the aerated powder bed—as a function of imposed 

air velocity. Except for artemether recrystallized, all of the powders’ aeration energy reduces 

with increasing air velocities and eventually plateau. This suggests that artemether raw, 

artemether SA, and artemether PCL can be fluidized at higher air velocities whereas 

artemether recrystallized is unable to be fluidized.  This also suggests that artemether 

recrystallized is the most cohesive of all samples, which is consistent with our shear cell 

experiments (Section 3.3.1).  

4. CONCLUSIONS  

In this work, we presented a detailed study on the attributes and powder rheology of 

monodisperse spherical crystalline artemether particles and artemether PCL composite 

particles and a comparison of these powders to the conventional non-droplet-based particles. 

The production of sufficient amounts of monodisperse spherical crystalline particles for 

rheological characterization was enabled by adopting a 90-channel droplet generation chip 

and the usage of extractive droplet-based processing technique. This experimental setup can 



      AUTHOR ACCEPTED MANUSCRIPT     

© 2022 Springer Science+Business Media, LLC, part of Springer Nature 

be scaled up even further by increasing the number of channels. One potential device is the 

silicon and glass very large scale droplet integration device, which houses 10,260 droplet 

generators, developed by Yadavali and coworkers. [44] Assuming that the dispersed phase 

flow rate through each channel is kept constant, using Yadavali’s device would allow us to 

achieve a throughput of ~27 kg/day, allowing us to approach the tonne/year throughputs, 

which are typical of small molecule APIs. Although the experimental setup presented was 

semi-batch, a fully continuous form of this system can also be envisioned by having solutions 

infused from a reservoir with the use of HPLC pumps or alternating pressure vessels, the use 

of continuous filtration to isolate particles, and infusion of fresh ultrapure water into the 

solidification unit to ensure sink conditions are continuously maintained. The filtered 

particles could then be dried in fluidized bed dryers or vacuum tumble bed dryers as these 

dryers provide slight agitation to prevent bridge formation between particles and drying to 

occur under minimal heat.  We characterized the bulk powder properties of the droplet 

synthesized particles and the non-droplet synthesized particles, and discussed them with 

consideration of particle attributes. The superior bulk powder properties exhibited by the 

droplet-based spherical particles, and the mass throughputs enabled by this method highlight 

the potential in employing droplet-based crystallization to control particle attributes and 

improve processing ease for downstream pharmaceutical manufacturing.  
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