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Real-time particle size analysis
using focused beam reflectance
measurement as a process
analytical technology tool

for continuous microencapsulation
process

Muhaimin Muhaimin®*?, Anis Yohana Chaerunisaa® & Roland Bodmeier?

The online real-time particle size analysis of the microencapsules manufacturing process using the
continuous solvent evaporation method was performed using focused beam reflectance measurement
(FBRM). In this paper, we use FBRM measurements to investigate the effects of polymer type

and compare the size distributions to those obtained using other sizing methods such as optical
microscope and laser diffraction. FBRM was also utilized to measure the length-weighted chord length
distribution (CLD) and particle size distribution (PSD) online during particle solidification, which could
not be done with laser diffraction or nested sieve analysis. The chord lengths and CLD data were taken
at specific times using an online FBRM probe mounted below the microparticle. The timing of the
FBRM determinations was coordinated with the selection of microparticle samples for particle size
analysis by optical microscope and laser diffraction calculation as a reference. For all three produced
batches tested, FBRM, laser diffraction, and sieve analysis yielded similar results. Hardening time

for the transformation of emulsion droplets into solid microparticles occurred within the first 10.5,

19, 25, 30, and 55 min, according to FBRM results. The FBRM CLDs revealed that a larger particle size
mean resulted in a longer CLD and a lower peak of particle number. The FBRM data revealed that the
polymer type had a significant impact on microparticle CLD and the transformation process.

Microencapsulation is a typical unit operation used in the production of solid dosage types including tablets, cap-
sules, and sachets. Microparticle friability, microparticle flowability, tablet weight variance, tabletability, micro-
particle bulk density, tablet porosity, and tablet dissolution rate are all important parameters to be considered'>.
The requirement to ensure the manufacture of a repeatable product necessitates the ability to produce micropar-
ticulate particle sizes and distributions within defined limits!'->.

Solvent evaporation method is a popular technique for the encapsulation of drugs within polymeric micro-
particles. Water insoluble polymers are usually used as encapsulation matrix for these microparticles. Micro-
particles have been prepared with a wide range of polymers and polymer blends'?. Various types of polymer
with different physical properties (such as biodegradable, non-biodegradable, permeable, etc.) have been used
in microparticles preparation. They are poly(e-caprolactone), poly(lactic-co-glycolic acid), copolymers of ethyl
acrylate, and ethyl cellulose®*1%-12, Information about the microparticle hardening rate which is an important
factor in determining particle size from these polymers is not available. The solidification rate of polymeric
microparticles is also an important parameter influencing the particle size, the encapsulation efficiency and the
initial burst in microparticulate systems. According to Mehta et al., solubilities of polymers in organic solvents
determine the solidification rate of the polymers during the microparticle preparation process, which in turn
affects microparticle properties such as particle size'’. Thus, it is necessary to know the effect of polymer proper-
ties on the polymeric microparticle hardening time as well as solidification rate.
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When using solvent evaporation techniques to prepare microparticles, the hardening speed of microparticles
is a crucial factor that significantly affects drug release®. Slow hardening of droplets or emulsions causes drug
compound diffusion, resulting in poor encapsulation content>!2'%. The hardening speed of microparticles in
the solvent evaporation cycle is affected by the solubility of the polymer in organic solvents, which impact on
microparticle properties such as particle size, volume of encapsulated drugs, matrix porosity, solvent residues,
and initial drug release!®"'°. Polymers with various physical properties (such as solubility, molecular weight,
reactivity, viscosity, biodegradability, permeability, and so on) have been applied to create microparticles'?-2.

Laser diffraction and sieve analysis are commonly used techniques to measure granule particle size post-
milling. Sieve analysis equipment is relatively inexpensive, and it is still widely used at line and for quality
control purposes. Although sieve analysis is the most common method for granule particle size analysis in the
pharmaceutical industry, the analysis is time consuming and difficult to perform for oily or cohesive powders or
granules with particle sizes of less than 25 um. If the particles retained on any sieve and found to be aggregates,
the method is not easily reproducible. Accordingly, dilution and sampling are used in these processes, which can
result in changes in the droplet/particle size distribution due to break-up/coagulation or coalescence. Sampling
techniques are often non-representative and can be used with caution. The Focused Beam Reflectance Method
(FBRM) technique allows for in-situ measurements to monitor particle/droplet size in real time during the
microencapsulation process**~%. Lasentec invented the FBRM process, which can quantify particle size in the
range of 0.1-1000 pm. This instrument provides data from on-line and real-time measurements, allowing particle
size data and suspension population patterns to be observed. It’s been largely applied to monitor crystallization
processes. This device can also visually track the transformation of emulsion droplets into stable microparticles,
known as hardening time.

Microparticle particle size is measured using laser diffraction and sieve analysis during the solvent evapora-
tion process. Sieve measurement equipment is cheap, and it is still commonly applied on the internet and for
quality monitoring. While sieve analysis is the most common tool for microparticulate particle size analysis in
the pharmaceutical industry, it is time consuming and difficult to conduct for oily or cohesive powders, micro-
particulate, or granules with particle sizes less than 25 um. The process is not readily repeatable if the particles
retained on some sieve are aggregates rather than single particles. The second biggest particle dimension, as
determined by analytical sieving, is affected by particle structure?-*2,

Laser diffraction (LD) can be used as an in-process method or as an off-line method*. A dispersed sample
passes through a beam of monochromatic light causing light scattering, which is measured as a function of
scattering angle by a multi-element detector. In comparison to an analytical sieve apparatus, laser diffraction
instrumentation is still comparatively costly. Inline real-time particle size estimation and input control is an
ideal method of microparticulate size analysis because it reduces human error, reduces analytical time and
expense, reduces manufacturing cycle time, increases material throughput, and improves microparticulate size
control®*2. Recent LD particle size analyzers are based on Mie’s theory***%. It predicts the scattering intensity
induced by particles, irrespective of the fact whether they are transparent or opaque. LD particle size analyzers
that use Mi€’s theory (e.g., Mastersizer) base their particle size calculation on the assumption that particles are
spherical, which is rarely true. This is a solution to deal with the fact that the only shape that can be described by a
single dimension is the sphere. LD results are generally presented as a volume-weighted particle size distribution.

To date very little work has been carried out on the online monitoring of microparticles during their forma-
tion. In a solvent evaporation process, solidification of the emulsion droplets and particle size changes occur after
emulsifying the organic inner phase into the external aqueous phase!*-?2. The transformation of the emulsion
droplets into solid microparticles can be monitored by focused beam reflectance measurement (FBRM) which
offers the advantage of in-line measurement of the chord length distribution (CLD) of dispersed particles inside
a flowing fluid, without the need of installing a pre-dilution side-stream, as required for other online particle
sizing tools. It does not require sampling that could affect the actual particle size distribution due to breakdown
or aggregation. FBRM measures a CLD, which is affected by the geometry, size, and number of particles under
analysis?*~*. FBRM will monitor the mechanism and see which parameters can be tweaked to improve drug
release or encapsulation performance. The calculation of microparticle formation relies on the reflection of
the microparticles and is highly reliant on the particles’ optical properties?®~*2. Without the necessity for a pre-
dilution side-stream, FBRM allows for in-line estimation of the particle size distribution of scattered particles
within a moving fluid. It does not necessitate sampling, which could alter the particle size distribution due to
dissolution or aggregation. The FBRM signal is highly dependent on the surface properties of the sample being
measured, but it is a useful tool for monitoring the phase?*?53>-!, With regard to controlling such a microparticle
preparation process the determination of the rate and time point of conversion from liquid droplets into solid
particles is of great interest.

Crystallization control, flocculation process design, slurry transfer, polymorphic transition tracking, particle
disturbance control, microparticle solidification, protein aggregation and solubility measurements are only a few
of the applications that have been identified using FBRM***>42-8 Despite the fact that several experiments on
FBRM have been published in the literature, no online monitoring of the development of microparticles using
various polymers has ever been published using FBRM. In light of this, the aim of this study was to examine
the ability of FBRM to be used for online monitoring of the shift in the microparticle CLD and detecting the
transformation of emulsion droplets into solid microparticles during the solvent evaporation process, as well as
to measure the particle size of microparticles with results that are as accurate as those measured by other meth-
ods. During the solvent evaporation process, the impact of polymer type on the solidification rate of polymeric
microparticles/microparticle blends and particle size/ particle size distribution of emulsion droplets/hardened
polymeric microparticles was also investigated. Hardening speed of microparticles, particle size and its distri-
bution of emulsion droplets, and hard microparticles/microparticle blends produced by O/W using different
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Particle size mean (um) (+SD)
Polymer FBRM Optical microscope | Laser diffraction
Ethyl cellulose 4 cp 83.24 (+5.28) | 88.78 (+7.64) 84.65 (+6.11)
Eudragit RL 100 73.42 (£6.44) |79.62 (£9.17) 75.37 (£5.75)
Eudragit RS 100 59.36 (£5.21) | 63.96 (£8.92) 60.14 (£ 6.44)
Polycaprolactone (Mw. 10,000) 51.29 (+4.09) |57.86 (+8.12) 53.46 (+5.32)
PLGA (RG503H) 64.08 (£3.18) | 68.15 (£6.95) 65.75 (£4.37)

Table 1. Effect of polymer type on particle size mean of microparticles.

polymers were the parameters examined. Meanwhile, this paper is to study different in-process particle sizing
technique (FBRM) and compare it to acknowledged off-line techniques (laser diffraction (LD) and sieve analysis).

Results and discussion

Real-time particle size and particle size distribution analyses. FBRM measurement on particle size
relatively compared to those obtained using an optical microscope and laser diffraction revealed that there were
no variations in particle size of microcapsules (Table 1). To establish this comparison, three batches of micropar-
ticles having different sizes were measured with the different equipments to which Focused Beam Reflectance
Measurements (FBRM), laser diffraction (LD) and sieve analysis. Particle size analysis using microscopic image
and sieve analysis were conducted on final microparticle after the process.

The results showed that the final particle size measured did not vary as compared to the data collected by
optical microscope and laser diffraction measurement (Table 1). It can be concluded that particle size measure-
ment using the centered beam reflectance measurement (FBRM) method yields the same results with particle
size data and population patterns of particles in suspension from conventional analysis despite its ability in real
time and on-line measurement. The FBRM technique allows for the measurement of parameter processes during
particle forming without destroying the morphology or counts of the process’s formed particles.

Polymeric microparticles had a diameter ranging from 51 to 83 um (FBRM) (Table 1). The mean particle
size of microparticles made with a high viscosity polymer solution was greater than those made with a low vis-
cosity solution. This is due to faster solidification on the surface of embryonic microparticle droplets, resulting
in accelerated microparticle droplet shrinkage. Based on the data, particle size mean which were measured as
the square weighted mean chord lengths determined by FBRM were better estimated than those calculated by
microscopic observation, as shown by the data’s lower standard deviation (Table 1).

Several authors have presented the relationship between particle size distribution (PSD) and chord length
distributions (CLD) since the particle chord length is not identical to the generally used particle size. The easiest
way to convert a CLD into its corresponding PSD is by developing a PSD-CLD model to calculate CLD corre-
sponding to a known PSD and shape and afterward invert it to obtain a PSD from the CLD (CLD-PSD model)*.
In 2001, Langston and Jones presented a method in which for a certain PSD of non-spherical particles, the chord
length probability distribution is determined by simulating random cuts in the particles®. This method is highly
dependent on assumptions made during the calculation, and the resulting data are not accurate. Furthermore,
FBRM can be applied to track the change in CLD at different levels of microparticle ripening in real time. It can
track the shape of microparticles, particle size changes, hardening rate, particle properties, and chord length
distribution. The conversion of a PSD from a CLD is an inversion problem, and the most utilized methods to
solve this problem include the Least Squares and Constrained Least Squares algorithms®'~¢. For most processes,
however, a good precision is often more important than accuracy as the interest relies on the monitoring of
process dynamic changes such as particle shape and/or concentration of the suspensions**.

In microparticulate systems, the solidification rate of polymeric microparticles is a significant parameter that
influences particle size, encapsulation strength, and the initial burst'”. Diffusion of the drug material out of the
droplets and precipitation in the exterior phase will result from a very slow hardening of the emulsion droplets.
The solubility of the polymer in organic solvents influences the hardening speed of microparticles during the
solvent evaporation process, which impacts on microparticle properties including particle size, amount of encap-
sulated drugs, matrix porosity, solvent residues, and initial drug release’®. Microparticles have been created using
a variety of polymers with various physical properties (such as solubility, molecular weight, reactivity, viscosity,
biodegradability, permeability, and so on). Poly(-caprolactone), poly(lactic-co-glycolic acid), Eudragit RS 100,
Eudragit RL 100, and ethyl cellulose microparticles are only a few of the materials accessible*™'°. The microparticle
hardening rate of these polymers is unknown. As a result, it’s important to understand how polymer properties
affect the hardening time of polymeric microparticles.

The solubility of the polymer in the solvent affected the solidification rate of polymeric microparticles. The
solubilities of polymers in dichloromethane were contrasted in this study (Table 2). In dichloromethane, ethyl
cellulose (EC) had the lowest solubility, while polycaprolactone had the highest. As a result, polycaprolactone-
based microparticles hardened at a slower rate than the others. Due to its poor solubility, ethyl cellulose has the
highest hardening rate. In dichloromethane, Eudragit RL 100, Eudragit RS 100, and PLGA (RG503H) is more
soluble than ethyl cellulose®#327-% These properties cause microparticles to solidify at a slower rate than
ethyl cellulose. The solidification of polymers with high solubilities took longer time. They remained in the
semi-solid state for longer, and it scattered more densely before fully solidifying, resulting in denser micropar-
ticles. In dichloromethane, Eudragit RL 100, Eudragit RS 100, and PLGA (RG503H) is more soluble than ethyl
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Polymer Solubility (g/ml) (+SD) | Viscosity (cSt) (+SD) | Hardening time (min)
Ethyl cellulose 4 cp 0.86 (+0.03) 10.31 (£ 1.14) 10.5

Eudragit RL 100 1.04 (£0.04) 4.72 (£0.83) 25

Eudragit RS 100 1.42 (£0.02) 3.84 (£0.39) 19

Polycaprolactone (Mw. 10,000) 1.89 (+0.05) 3.15 (+0.45) 55

PLGA (RG503H) 1.25 (£0.06) 4.36 (£0.52) 30

Table 2. Effect of polymer type on solubility in dichloromethane, viscosity of polymeric solution and particle
size mean of microparticles.

cellulose. These properties cause microparticles to solidify at a slower rate than ethyl cellulose. The solidification
of polymers with high solubilities took longer®. They remained in the semi-solid state for longer, and it scattered
more densely before fully solidifying, resulting in denser microparticles*®®. During solvent evaporation, various
types of polymers applied in the formulation of polymeric microparticles result in different particle size, which
observed as square weighted mean. FBRM initially observed significant droplet sizes of all types of polymers
when the organic polymer solution was emulsified. As a function of time, the square weighted mean chord length
of polymeric microparticles is plotted (Fig. 1a). All of the polymers formed small particles (less than 300 pm).
On both types of polymers, increasing the process time culminated in a decrease in particle size followed by a
plateau size where the particle size remained unchanged. The particle size mean of microparticles when ethyl
cellulose was utilized was greater than the others. The viscosity of the polymer solution has an effect on it. The
high viscosity of Ethyl cellulose emulsion droplets reduced the organic phase’s dispersibility in the aqueous
media, resulting in larger particles.

For both polymers, the droplet shrinkage may be divided into two phases. Within 9 min (EC), 15 min
(Eudragit RS 100), 20 min (Eudragit RL 100), and 25 min (PLGA), the original droplet size shrank dramatically
(RG503H). This was accompanied by a period with no further pronounced shrinkage, known as a discontinued
or sluggish shrinkage phase (Fig. 1a). It shows that in the first (rapid) step, the solvent was rapidly removed, and
that in the second (slow) phase, the embryonic microparticle droplets were transformed into stable microparti-
cles. Polycaprolactone caused the droplet size decrease to occur for another 55 min, meaning that the embryonic
microparticle droplets solidified between 50 and 55 min (Fig. 1a). The start of the plateau process for all polymers
was 10.5 min (ethyl cellulose 4 cp), 25 min (Eudragit RL 100), 19 min (Eudragit RS 100), 55 min (polycaprolac-
tone), and 30 min (PLGA (RG503H) based on FBRM results (Fig. 1b and Table 2).

As EC microparticles are extracted quickly with solvent (Fig. 1), the polymer solidifies quickly on the droplet
surface?™”, resulting in diffuse scattering to some extent. The improvement in the FBRM signal must be inter-
preted as opacification shifts and particle solidification.

As a time function, the chord count or particle counts of polymeric microparticles reveal a curve (Fig. 2).
FBRM initially observed lower chord counts as the organic polymer solution was emulsified; but, as the process
time was increased, the chord counts increased, indicating an increase in particle counts, followed by a plateau
period where the chord counts were stable. During the solvent evaporation process, Eudragit RL 100, PLGA
(RG503H), Eudragit RS 100, and polycaprolactone showed identical chord counts profiles. The particle counts
of ethyl cellulose microparticles is smaller than those of the other microparticles, owing to the processing of
microparticles of the biggest size.

Eudragit RL 100, Eudragit RS 100, and PLGA (RG503H) had smaller particle sizes than ethyl cellulose, result-
ing in higher particle counts. The particle size of polycaprolactone was the lowest, but the particle count was not
the largest. This is due to Polycaprolactone’s particle properties, which create slightly transparent microparticles
as opposed to other polymers.

The formation of microparticles-based polymer materials was clearly supported by real-time particle size
analysis and particle size distribution experiments of all polymeric microparticles with in situ polymerization.
Surprisingly, these findings suggest that, based on the polymer structures, all of the polymer products used vari-
ous microparticle forming mechanisms. At the same concentration, the chord length distributions (particle size
distribution) of various polymers determined by FBRM is different (Fig. 3). Since the number of microparticles
was reduced, larger microparticles resulted in longer chord lengths and a lower peak particle number. In this
case, increasing the viscosity of the polymer solution resulted in a larger square weighted mean chord length
(particle size) and a wider chord length distribution. Polycaprolactone solution (organic phase) had a lower vis-
cosity than other polymers, resulting in smaller microparticles. In comparison to other polymeric microparticles,
this polymer provided narrower square weighted mean chord lengths and narrow chord length distributions.

Figure 4 shows the total volume square weighted chord length distributions of polymeric microparticles made
by the O/W process. Polymeric microparticles with a smaller square weighted mean chord length would possess
more fine and intermediate microparticles in their scale fraction.

Scanning electron microscopy (SEM) studies. Figure 5 shows Optical microscopy pictures (Fig. 5al-
el) and SEM photomicrograph of microparticles produced by the O/W process with the polymers ethyl cellu-
lose (EC), Eudragit RL 100, Eudragit RS 100, polycaprolactone, and PLGA (RG503H) (Fig. 5a2-e2 and a3-e3).
Because of the influence of the form and physical properties of the polymer, as well as its solubility in dichlo-
romethane as a solvent, all microparticles possess varying levels of opacity (Fig. 5al-el). Polymers with a high
dichloromethane solubility took longer time to solidify and remained in a semisolid state. When the polymer
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Figure 1. Effect of polymer type on square weighted mean chord length during microparticle formation
by O/W method (a) whole process and (b) hardening time of microparticle; arrow (|): starting time of
microparticle hardening.

matrix was shrunk for a longer period of time, the polymer matrix becomes thick, and the droplet gradually
shrank into stable microparticles, leaving transparent droplets. When a laser beam strikes a transparent micro-
particle, multiple reflections occur inside the microparticle, illuminating the whole sphere. As a more opaque
microparticle is struck by a laser pulse, the light is dispersed to the detector, resulting in a higher scattering
value®®374160 The backscattered signal is very strong due to the invisible microparticles’ absorbance, resulting in
a high degree of chord length (particle size) and low chord counts (particle counts)®-®. This is in conjunction
with Greaves et al., as well as Sparks and Dobbs, who concluded that only opaque and highly reflective droplets
or microparticles (with microstructure on the surface) provide repeatable and consistent effects*61:62,
Microparticles of ethyl cellulose (EC), polycaprolactone, and PLGA (RG503H) were spherical with smooth
surfaces without aggregation, while those of Eudragit RL 100 and Eudragit RS 100 were spherical, oval, and needle
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FBRM method (O/W) at 4 h stirring time.
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Figure 5. Optical microscopy pictures (1) and SEM pictures of polymeric microparticles (2. at
150 x magnification & 3. at 1000 x magnification) (a) Ethyl cellulose 4 cp; (b) Eudragit RL 100; (c) Eudragit RS
100; (d) Polycaprolactone (Mw. 10,000); (e) PLGA (RG503H).
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shaped (mixture) with smooth surfaces without aggregation, according to the surface of microparticles without
drug prepared by the O/W process. There were no pores on any of the microparticle surfaces (Fig. 5a3-e3).

Conclusion

For all three processed batches analyzed, FBRM, laser diffraction, and sieve analysis revealed identical parti-
cle sizes. The FBRM approach has the advantage of being able to do particle size analysis in real time without
sampling or dilution. During the solvent evaporation process, the FBRM was successfully used as an efficient
process to analyze either quantitative particle size estimation or qualitative online monitoring of the change
in the microparticle particle size distribution. The FBRM detects the transition of emulsion droplets into solid
microparticles and agglomeration by detecting a shift in signal that is caused by particle surface characteristics
and its optical properties.

Experimental section

Materials. All materials were of at least reagent grade and used as received: Ethocel (Standard 4 Premium,
Colorcon Ltd, Kent, UK)); ethyl acrylate methyl methacrylate copolymer (Eudragit RS 100 and Eudragit RL 100,
Evonik Rohm GmbH, Darmstadt, Germany), Poly(D,L-lactide-co-glycolide) (Resomer RG503H, Boehringer-
Ingelheim Pharma GmbH & Co. KG, Ingelheim, Germany), Poly(e-caprolactone) (PCL; Mn approx. 10,000)
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany); polyvinyl alcohol (PVA, Mowiol 40-88, Kuraray Europe
GmbH, Frankfurt, Germany); and dichloromethane (Carl Roth GmbH & Co. KG, Karlsruhe, Germany).

Viscosity measurement. 7.5% w/v solution of Ethocel 4 cP, Eudragit RS 100, Eudragit RL 100, PLGA
(Resomer RG503H) and poly(e-caprolactone) in dichloromethane were analyzed using an Ostwald viscometer
type 50,111/Ia, instrument constant: K=0.05152 mm?/s? (Schott-Gerdte GmbH, Hotheim, Germany) at 25 °C
(n=3). The viscosity were calculated as follows:

v=Kt.

v : kinematic viscosity (mm?/s or cSt).

K : instrument constant (mm?/s?).

t : flow time (s).

Microparticles preparation. The solvent evaporation method based on the formation of O/W emulsion
was used to prepare microparticles. In the O/W-dispersion method, a solution of the polymer in dichlorometh-
ane (7.5% w/v) was dispersed into an external aqueous phase (800 ml 0.25% PVA solution). The emulsion was
stirred for 4 h at 500 rpm with a propeller stirrer (Heidolph Elektro GmbH & Co. KG, Kelheim, Germany). After
4 h, the microparticles were separated from the external aqueous phase by wet sieving followed by washing with
200 ml deionized water, desiccator-drying for 24 h and storage in a desiccator.

Comparison of average particle size by various techniques.  Focused beam reflectance measurements
(FBRM). FBRM probe (FBRM D600T, Mettler Toledo AutoChem, Inc., Redmond, WA, USA) was immersed
and positioned in the emulsification vessel (O/W emulsions). It was placed between the propeller stirrer and
inner side of the emulsion vessel (Fig. 6). This spot can provide good flow of turbulence, hence allowing a rep-
resentative sample of the particle system to be measured. The measurement range of the FBRM D600T probe is
0.25—4000 pum. A propeller stirrer (Heidolph Elektro GmbH & Co. KG, Kelheim, Germany) was set at stirring
speed of 500 rpm for 4 h. The measurements were performed in triplicate every 10 s, during a period of 4 h. The
FBRM D600T use a beam of laser light which rotated with constant speed of 2 ms™as source. The of laser energy
is reflected back into the probe by backscatter from particles next to the sapphire window as an orifice. Figure 6
shows the operating principle of the FBRM probe?¢3063,

A detailed operating mechanism of the FBRM technique is described by Kougoulos et al.** The measured
particle size when a laser beam crosses the particle randomly for spherical, irregular and odd-shaped parti-
cles, shape and orientation will influence the measured particle size is described by Silva et al.* The operating
mechanism of the FBRM technique® and the measuring particle size when a laser beam crosses the particle
randomly® is acknowledged.

Laser diffraction. 'The Mastersizer 2000 laser diffraction instrument with the Hydro 2000S liquid cell (Mal-
vern Instruments Inc., MA, USA) was used to perform the particle size analysis of the polymeric microparti-
cles. During a measurement, scattered light intensity at various scattering angles was first collected, which was
then deconvoluted to a particle size distribution using a vendor proprietary algorithm based on the Fraunhofer
approximation®®. The solid concentration was monitored and controlled by the % obscuration. The obscura-
tion is defined as the percentage of intensity loss of incident light after passing through a scattering medium, in
this case, the polymeric microparticles suspension. The % obscuration is proportional to solid concentration in
diluted region where no multiple light scattering is present.

The measurement principle of FBRM differs fundamentally from other established particle sizing methods. It
is based on determining the time length of a backscattered light impulse which occurs when the spot of a moving
laser beam crosses a particle. Because the velocity of the laser spot is constant the time span of backscattering is
directly proportional to the path length traversed by the spot on the particles projection area. However, as the
laser spot crosses a particle not necessarily at its centre but randomly between two opposite edges, even from
monodisperse particles a broad distribution of different chord lengths is obtained rather than a discrete diameter.
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Figure 6. Schematic drawing of probe positioning relative to the impeller (1. Propeller stirrer; 2. FBRM probe;
3. Processing unit; 4. PC monitoring the particle size distribution on-line) (a), and Examples of the measured
chord length (line) when a laser beam crosses (1) a spherical particle, (2 and 3) an oval particle in different
positions and (4, 5, 6 and 7) an irregular particle in different positions—illustration of the effect of particle
orientation on the obtained chord length (b).

Using an idealised two- dimensional model, the chord length distribution (CLD) of sphe- rical particles can be
calculated according to Eq. (1) (Simmons et al., 1999; Tadayyon and Rohani, 1998).

Sieve analysis. ~ Sieve analysis was performed, in triplicate, on 20 g of sample from each batch. Nine sieves with
mesh sizes of 2000, 1400, 1000, 500, 315, 250, 180, 100, and 50 um were stacked. A collector pan was placed
below the sieve with the smallest mesh size. The samples were placed on the top sieve (2000 pm) and a lid was
placed on it. The assembly was vibrated on an automatic sieve shaker (VE 1000, Retsch, Haan, Germany) for
5 min with an amplitude of 2 mm. Such gentle conditions were chosen to prevent breakage of the polymeric
micropaticles samples. After shaking, each sieve was weighted individually and the mass percentage of material
retained on each sieve was calculated.

Characterization techniques. Optical microscopy. Microparticles were spread on microscope slides and
observed with an optical light microscope (Axiotrop 50, Carl Zeiss AG, Jena, Germany) equipped with an im-
age analysis system (INTEQ Informationstechnik GmbH, Berlin, Germany) consisting of a digital camera (type
MC1) and the software for measuring particles (version 1.4.1). Micropaticles samples after sieving process were
spread individually in water, the data of particle size from sample were collected by manual calculation in mac-
roscope connected into camera.

Scientific Reports |

(2021) 11:19390 | https://doi.org/10.1038/s41598-021-98984-9 nature portfolio



www.nature.com/scientificreports/

Scanning electron microscopic studies. The external morphology of microparticles was analysed by scanning
electron microscopy (SEM). For surface imaging, the microparticles were fixed on a sample holder with double-
sided tape. All samples were coated under an argon atmosphere with fine gold to a thickness of 8 nm (SCD 040,
Bal-Tec GmbH, Witten, Germany) in a high-vacuum evaporator. Samples were then observed with a scanning
electron microscope (S-4000, Hitachi High-Technologies Europe GmbH, Krefeld, Germany).
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