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Abstract: This study analyzes the process conditions for maximizing encapsulation efficiency (EE) in the
microencapsulation process using the W1/0/W2 double emulsion method. The analysis results indicate that key
process variables influencing encapsulation efficiency include osmotic pressure, shear stress, and the presence
of reverse micelles. Encapsulation efficiency increases with AL, the osmotic pressure difference across the oil layer.
but decreases after reaching a certain threshold. Additionally, the introduction of reverse micelles significantly
improves encapsulation efficiency compared to the absence of reverse micelles. Since viscosity and mixing
speed also play an important role, shear stress is another crucial factor. Optimization of EE cannot be explained
by a single process variable alone, as all those process variables collectively influence EE. This study proposes a novel
dimensionless number, named “Capsulation number (Cap)”. To achieve maximum EE, the Cap should reach

ISSN 2234-8077(Online)

approximately 300, while satisfying the condition of 0.2 atm < AIl<0.3 atm.

Keywords: encapsulation efficiency, osmotic pressure, reverse micelle, capsulation number.

Introduction

The encapsulation technology using polymers has been
advancing to ensure the stability of various substances and to
create forms suitable for industrial applications. Encapsulation
technology involves wrapping substances in various states with
a thin polymer membrane, forming microparticles on the scale
of a few micrometers." When encapsulating drugs with biode-
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gradable polymers, adjusting the polymer’s shape, size, and
properties can control the degradation time of the microparticles,
thereby regulating the drug release rate.” This not only prevents
the degradation of substances due to temperature, humidity, or
microorganisms but also helps maintain therapeutic concentra-
tions in the body, protects against rapid drug release, and allows
injectable drugs to be converted into oral or mucosal formu-
lations, reducing dosing frequency and side effects.”* Encap-
sulation technology is widely utilized in various fields, including
pharmaceuticals, cosmetics, medicine, agriculture, and food.'
Since polylactic acid (PLA) is relatively hydrophobic in the
body, it has low cell affinity and degrades slowly. As a result, it
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can remain in the body for an extended period and induce
inflammatory reactions during the degradation process.>® In con-
trast, ascorbic acid (AA) minimizes inflammation by down-
regulating the expression of various inflammatory-inducing
substances in the body and enhances antimicrobial effects by
activating phagocytosis.”® Therefore, adding AA before intro-
ducing PLA into the body can help minimize inflammation
caused by PLA.° Additionally, both lactic acid (produced by
PLA degradation) and AA strongly stimulate collagen synthe-
sis, making them useful in the synthesis of cartilage and skin
collagen.*"

In the W/O/W microparticle process of the double emulsion
method, several factors influence the process, including poly-
mer characteristics such as polymer chain length and polymer
concentration in organic solvents, the volume of the internal
aqueous phase (W1) and the continuous phase (W2), the con-
centration of additives such as surfactants or salts in both phases,
homogenization speed, and the molecular weight of substances
in the internal aqueous phase.'> Polymer hydrophilicity varies
depending on the chain length and functional groups, which can
develop pores on the particles, altering degradation and drug
release rates.'> The polyvinyl alcohol (PVA) concentration in
the external aqueous phase does not affect the internal W/O
phase but increases the stability of the W/O/W emulsion as the
external PVA concentration rises.”* Because the solidification
of the emulsion into microparticles occurs through solvent evap-
oration, the PVA concentration in the external phase can influ-
ence the final particle size."

When a surfactant like PVA is added to the internal aqueous
phase, surfactant molecules spontaneously assemble at the inter-
face during the formation of the aqueous-organic membrane,
forming reverse micelles."”” Reverse micelles are spherical aggre-
gates that form spontaneously through self-assembly of surfactant
molecules in nonpolar organic solvents, requiring neither high
energy nor shear conditions. These micelles create a highly flow-
able interface and can contribute to the formation of uniform
particles, making them useful in microparticle production.'®
Therefore, the reverse micelles formed by adding PVA to the
internal aqueous phase prevent droplet coalescence, stabilizing
the primary W/O emulsion and enhancing encapsulation effi-
ciency.'*"” Shim et al. discussed the effect of process variables
on microparticle size and yield, suggesting that the particle size
remains nearly constant below a Reynolds number of 22000,
above which droplet coalescence tends to occur.'®

Combining ionic salts with AA can increase its stability by
forming derivatives that convert to L-ascorbic acid through enzy-
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matic reactions in the body."” Additionally, adding salts to the aque-
ous phase helps prevent damage to the double-layered structure
by reducing the risk of water penetration from the external phase
into the internal phase due to osmotic pressure differences.”
Studies have shown that adding salts in the microparticle pro-
cess significantly influences osmotic pressure, interfacial tension,
and reverse micelle formation, making it an important factor in
microparticle production.’* Yun and Chung discussed the influ-
ence of osmotic pressure on the encapsulation efficiency (EE)
values and specifically demonstrated that the presence of salt
in the internal W1 disrupts the particulate structure.**

There have been efforts to optimize and standardize the dou-
ble emulsion processes. Maa and Hsu explained the formation
of microspheres by a liquid drop fragmentation mechanism

1.25

using hydrodynamic model.” Zhou et al attempted to explain
EE by the Sauter mean diameter of primary emulsion using
several key dimensionless numbers including Reynolds num-
ber and Weber number.*® Yun and Chung explained droplet yield
using the Capillary number and suggested that the EE value
would be governed by thermodynamic equilibrium.?* However,
no model has been proposed to quantitatively implement osmotic
pressure. Most model has been focusing on dynamics param-
eters rather thermodynamic parameters. There is a report that
proposed a thermodynamic model by studying the effect of
interaction energy between each interface on the EE.”’ However,
since EE is a result of the complex interplay of various process
variables, it cannot be simply interpreted based on dynamic or
thermodynamic factors alone. This is because all variables
influence the EE value simultaneously. The encapsulation pro-
cess is a combination of multiple factors. Currently, no model
includes the presence of reverse micelles.

In this study, biodegradable polymer PLA was used to pro-
duce microparticles through a W/O/W double emulsion pro-
cess to protect AA from degradation. The goal was to identify
process conditions that maximize the EE value. The effects of
key process variables on EE of AA were analyzed, and a uni-
versal model integrating these process variables was proposed.
The model proposed in this study encompasses both dynamic
and thermodynamic aspects, and incorporates various process
variables, including the presence or absence of reverse micelles.

Experimental

Reagents and Materials. Two types of natural polymer PLA
(Poly(L-lactic acid)) were used to prepare the microparticles.
PLA with MI =3 g/10 min (measured at 190 C/2.16 kg) was
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purchased from LX575 (Total-Corbion, Netherlands), while PLA
with MI =30 g/10 min was purchased from FY201 (Dreamy
Co., Korea). Since the molecular weight data of PLA was not
provided by the manufacturers, we designate the low-viscosity,
high-flowability FY201 as LPLA and the high-viscosity, low-flow-
ability LX575 as HPLA for convenience. PLA was dissolved in
dichloromethane (DCM, SAMCHUN, 99.5%, Extra pure, Korea)
to prepare the organic phase. Polyvinyl alcohol (PVA, 1500, CP
grade, Daejung Chemicals, Korea) was used as a surfactant. L(+)-
Ascorbic acid (Daejung Chemicals & Metals co., LTD, 99%,
EP, Korea) was incorporated into the microparticles, while sodium
chloride (Daejung Chemicals & Metals co., LTD, 99%, EP, Korea)
was used as a salt, both obtained from Daejung Chemicals. The
reagents for the HPLC mobile phase were NaH,PO, (99%, EP,
Daejung Chemicals, Korea) and ethanol (C,H;OH, 95% EP, Duk-
san Pharmaceutical, Korea).

Microcapsule Preparation. PLA was weighed to achieve
concentrations of 2, 6, 10 wt% and dissolved completely in DCM.
PVA was weighed to 1 wt% of the total mass and dissolved in
distilled water. To prepare the aqueous phase for encapsulation,
AA was dissolved in distilled water at 20 wt% and stirred at
room temperature under light shielding. The solution was freshly
prepared before sample preparation. The solutions were accu-
rately weighed and mixed at 225 rps (round per second) using a
homogenizer (DAIHAN, HG-15A-set A, Korea). The process
including reverse micelle formation was carried out sequentially as
described by Yun and Chung.”® For conditions involving salt,
NaCl was added to W1 and W2 at concentrations ranging from
0~1 wt% for W1 and 0~6% for W2. The resulting W1/0/W2
dispersion was processed by removing the organic solvent and
drying the precipitated microparticles. DCM was evaporated using
a rotary evaporator (Scilab, EV-1001V, Korea) at 40 ‘C for 2 hours
at 5 rpm. The precipitated microparticles were transferred to a
beaker and washed with distilled water. To remove residual organic
solvent and surfactant, centrifugation (Nasco Korea, DT5-2B, Korea)
was performed, followed by vortexing and redistribution into 50
mL tubes. This process was repeated twice. The washed particles
were dried using a freeze dryer (OPERON ADVANTECH,
LYB-8604, Korea). The final dried microparticles were weighed
to determine yield and used for HPLC analysis. The yield of
microparticles was calculated using the following equation:

Mass of particles produced

Yield (%)= x100 (%)

()
Encapsulation Analysis. For encapsulation efficiency (EE)
analysis, 50 mg of microparticles were aliquoted into Eppen-

Mass of initial polymer material + AA

dorf tubes (E-tubes). Each E-tube was filled with 1 mL of dis-
tilled water, vortexed, and centrifuged to remove the supernatant.
This washing process was repeated four times to remove resid-
ual AA on the particle surface, ensuring only encapsulated AA
was measured. After washing, 0.3 mL of DCM was added to
each centrifuge tube to dissolve the PLA, followed by 1 mL of
5% metaphosphoric acid (GR, Kanto Chemical, Japan) to pre-
vent AA degradation. The mixture was vortexed to allow AA to be
extracted into the aqueous layer. After centrifugation, the organic
and aqueous phases were separated. The aqueous phase was fil-
tered through a 0.2 um PTFE-H syringe filter, and AA content
was analyzed by HPLC (HITACHI Primaide PM1000 Series,
Hitachi, Japan) at a wavelength of 265 nm. The HPLC analysis
used a Quasar SPP C18 column (250 mm x 4.6 mm, 0.5 pum, Per-
kin Elmer, N9308955, USA) with a mobile phase of 2.5% eth-
anol + 25 mmol/L NaH,PO, (pH 4.7) at a flow rate of 0.5 mL/min.
The encapsulation efficiency was calculated using the following
equation:

Mass of AA in nanoparticles

EE (%)= x100%)  (2)

Mass of AA in formulation

Before conducting the EE analysis, a preliminary study was
carried out to investigate the degradation of AA due to the heat
generated by the homogenizer. A comparative experiment was
conducted by mixing only the AA aqueous solution with the
homogenizer. Even after operating the homogenizer at its max-
imum allowable limit (400 rps), no decrease in AA concen-
tration was observed. Therefore, one can conclude that the EE
values obtained from this work is purely from the AA con-
centration encapsulated inside the microcapsules.

The shape, size, and surface morphology of the microparticles
were observed using a scanning electron microscope (SEM,
JEOL-6510, Japan) at 500 magnification. Each sample was
tested at least twice to ensure reproducibility, and the average
values were calculated.

Process Parameter Measurement. The viscosity of the
prepared solutions was analyzed to examine its effect on micropar-
ticle formation. The in-situ viscometer and measurement fol-
lowed the method of Yun and Chung.* To assess the interfacial
tension between the W1 and O phases during the initial droplet
formation, a contact angle analyzer (SEO, DCA-200, Korea)
was used. The interfacial tension values for W1 (o7) and W2
(0,) were measured under the same sample compositions as in
the experiment. To quantify the effect of osmotic pressure on
microparticles, the osmotic pressure of the internal and exter-
nal aqueous phases was calculated for each condition. The den-
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sity values used for these calculations were obtained using a
density measurement jig attached to the interfacial tension ana-
lyzer. The osmotic pressure was calculated using equations (3),
(7), (8), while the van 't Hoff factor i for AA was determined
from pH values measured using a pH meter (HORIBA,
LAQUA F-71) and calculated using equations (4)~(6). The i
values for AA were measured to be close to 1, indicating that
changes in i due to AA dissociation are negligible.

I1=iCRT 3)

HA—H + A4 4)

[H]=[4]=a (5)

[HA] = [HA)i—a (6)

_H )[40+ [HA] _atat[HA)—a_ |, a @
[HAJ; [HA]; [HAJ;

Mot = Tap + Mvacy + Tlpyy ®)

In the above equation, IT represents osmotic pressure (atm),
i is the van 't Hoff factor, C is the molar concentration of the
solute (mol/L), R is the gas constant (0.0821 atm-L/mol-K), and
T is the absolute temperature (K). The [HA]; values in equations
(6) and (7) represent the molar concentration of AA solution
(mol/L). In equations (8), the contribution of PVA to osmotic
pressure was almost negligible. According to William et al.,”®
the i value of NaCl can be approximated to be 2 below the
concentration of 1 molality, which corresponds to about 6%
(w/w) for NaCl. Therefore, i value of 2 was adopted to calculate
Iyacr as the concentration of NaCl upto 6% was adopted in
this study.

Results and Discussion

Influence of Process Variables. Figure 1 illustrates the
changes in the EE of LPLA and HPLA microcapsules as the
salt concentration in W2 increases. The legends in Figure 1(a)
are displayed at the top left of the graph. The label "AA10%/
LPLA10%/salt 0~6%," for example, indicates the composition
of the W1/O/W2 system in sequential order. AA10% means
the percentage of AA in W1 phase and the "10%" in LPLA10%
refers to the mass percentage of LPLA in the oil phase. Lastly,
salt 0~6% indicates the NaCl % in W2 phase. If reverse micelles
were introduced into W1, RM is attached after AA percentage
such as "AA10%RM". All samples in Figure 1(a) to (f) have 0%
additional salt in W1, meaning that the primary factor causing
osmotic pressure in W1 is the encapsulated AA inside the
microcapsules.
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Figure 1(a) and (b) compare cases with and without the appli-
cation of reverse micelles for the same composition. It is clearly
observed that applying reverse micelles (b) leads to an increase
in EE values. Additionally, increasing the salt concentration in
the W2 phase further enhances the EE value. An interesting
observation in (b) is that while EE values initially rise with
increasing AII(W2-W1), they start to decrease when osmotic
pressure difference AIl reaches about 0.2. This is likely because,
beyond a certain threshold, ample amount of water in W1
migrates to W2, causing the microparticle structure to start
shrinking and collapsing.

This tendency becomes more pronounced with the introduc-
tion of reverse micelles, which appear to stabilize the W1/0/
W2 structure by enabling it to withstand osmotic pressure dif-
ferences (AII) of less than approximately 0.2. However, beyond
this threshold, the structure seems to collapse. It is presumed
that the reverse micelles help maintain the integrity of the organic
phase surrounding the inner aqueous phase at the W1/O inter-
face, thereby preventing structural disintegration and protecting
the microparticles from damage even under conditions where
an osmotic gradient exists.

Figure 1(c) represents a case where the AA concentration is
reduced to half compared to (b), thereby lowering the osmotic
pressure in W1. As observed in Figure 1(b), the same pattern
is seen in (c), where increasing AIT leads to higher EE values.
However, unlike (b), where EE values decrease from AIT of
0.28, in (c), the decline in EE is observed from approximately
0.18. This suggests that in (c), the osmotic pressure within W1
is lower than in (b), making it unable to withstand high W2 salt
concentrations, leading to an earlier structural collapse. Figures
1(a) to (c) and Figures 1(d) to (f) compare LPLA and HPLA,
representing low-molecular-weight and high-molecular-weight
PLA, respectively. The results show that using HPLA results in
higher EE values. Furthermore, within the same graph, increasing
the concentration of LPLA or HPLA also leads to higher EE
values. This is attributed to higher viscosity of oil phase resulting
in more robust oil layer, preventing the collapse of overall W1/
O/W2 structure.

Intuitively, the W1/O/W2 structure is expected to be most
stable when AIT approaches zero. However, in reality, the highest
EE values are observed in the range of 0.2 atm < AIT < (.3 atm.
This suggests that for higher encapsulation efficiency, the osmotic
pressure of W2 must be slightly greater than that of W1.

From these results, it can be inferred that the key process
variables influencing EE values include:

(1) The introduction of reverse micelles in W1
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Figure 1. EE values at varying AIT (W2-W1): (a) at no reverse micelle using LPLA; (b) with reverse micelle and high AA concentration in
W1 using LPLA; (c) with reverse micelle condition and low AA concentration in W1 using LPLA; (d) at no reverse micelle using HPLA;
(e) with reverse micelle and high AA concentration in W1 using HPLA; (f) with reverse micelle and low AA concentration in W1 using
HPLA.
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Figure 2. Schematic diagram of reverse micelle formation.

(2) The osmotic pressure difference between W2 and W1

(3) The viscosity of the oil phase

So far, these factors seem to play a crucial role in determining
EE values and maintaining the structural stability of the micro-
particles. Regarding first factor above, the contribution of reverse
micelles to the structural stability of the microparticles can be
explained as shown in the schematic diagram, Figure 2.

Regarding the second factor, water layers W1 and W2, sep-
arated by an oil layer, exert osmotic pressure against the oil
layer. The direction of water movement is expected to depend
on the difference between these two values. Before the particles
solidify, in their droplet state, the oil layer exists as a very thin
and unstable membrane. In such a state, it is believed that water
from the inner (W1) and outer (W2) phases can permeate through
the oil layer depending on the osmotic conditions.

Contrary to the expectation that droplets would be most stable
when AIT =0, in Figure 1, the highest encapsulation efficiency
(EE) was observed at slightly positive values of AII In the case
of AT <0, EE was significantly low. This suggests that when
the osmotic pressure of W1 is higher than that of W2, water may
permeate inward through the oil membrane, causing its rupture
and resulting in structural instability of the droplets. On the other
hand, when AIT >0, water tends to move from W1 to W2, which
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Figure 3. Effect of W1 salt concentration on EE: (a) at LPLA with
reverse micelle; (b) HPLA with reverse micelle; (c) HPLA without
reverse micelle.

could exert compressive pressure on the droplets, but does not
appear to cause rupture. In fact, the high osmotic pressure of

W2 may stabilize the droplet structure and offset the stretching
capillary effect induced by surrounding shear forces. Also, as
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mentioned earlier, the introduction of reverse micelles into the
W1 phase is presumed to provide resistance against the strong
osmotic pressure exerted by the outer aqueous phase (W2), thereby
preventing structural collapse and protecting the microparticles
from damage.

Figure 3 examines the changes in EE values due to the dif-
ference in salt concentration between W1 and W2. As shown in
the graph, the EE value decreases sharply as the W1 salt con-
centration increases from 0% to 0.2%. This suggests that as the
salt concentration in W1 rises, the collapse of the oil layer pro-
tecting the W1 aqueous phase accelerates. In the W1/O/W2
structure, W1, which is relatively small in volume and trapped
within the oil layer, seems highly sensitive to osmotic pressure.
When the internal osmotic pressure of W1 increases, water
influx from the external aqueous phase (W2) occurs, causing
the relatively small microdroplets to expand rapidly, ultimately
leading to structural failure.

Figure 4 illustrates the effect of rotational speed on the for-
mation of microdroplets during mixing with a homogenizer.
The rotational speed in rps (rounds per second) was tested at
three points: 180, 225, and 270 rps. At speeds below 180 rps,
dispersion was insufficient due to low shear force, while at speeds
above 270 rps, phase separation occurred. Therefore, experiments
were conducted only under these three conditions. As shown
in Figures 4, both LPLA and HPLA exhibited the highest EE
values at the intermediate speed of 225 rps. This confirms that,
in addition to thermodynamic factors such as osmotic pressure,
dynamic factors also influence EE values. Furthermore, since

10%

W 4% salt in W2
B 5% salt in W2
8% m 6% salt in W2

6%

«h b

180 rps 225 rps 270rps 180 rps 225 rps 270rps

EE (%)

LPLA HPLA

Figure 4. Effect of mixing rotational speed on EE at LPLA and at
HPLA.

10%
W AA10%RM/LPLA10%/salt 5%

B AA10%RM/HPLA10%/salt 5%

1.50%

0.50% 1.00% 1.50%

9%

B%

7%
6%
5%
4%
3%
2%
1%
0%
0.50%

Figure 5. Effect of PVA concentration of W1 and W2 on EE.

EE (%)

1.00%

PVA(%) in W1 PVA(%) in W2

EE values do not show a consistent increasing or decreasing trend
with rps, the introduction of additional variables is necessary
for a more comprehensive explanation.

Figure 5 compares EE values based on the PVA content used
as a surfactant. Comparisons were made at PVA concentrations
0f 0.5~1.5% in W1 and W2 as microdroplet formation was not
well achieved outside this range. As can be seen from the EE
variation for PVA in W1, LPLA and HPLA exhibit different
behaviors. In the case of LPLA, an increase in PVA content leads
to a sharp decline in encapsulation efficiency, whereas for HPLA,
EE remains stable or even increases. On the other hand, PVA
changes in W2 exhibit different tendency from PVA changes in
WI1. PVA of 1% in W2 gives the best EE. As seen in Figure 4,
Figure 5 also does not exhibit a consistent trend. Therefore, EE
is assumed to be influenced by a complex interplay of multiple
variables, which justifies the need to develop a universal model
that integrates all these factors.

Modeling. As discussed in the previous section, the encapsu-
lation efficiency (EE) is significantly affected by process variables
including the osmotic pressure difference (AIl= W, - W), viscos-
ity, mixing speed, and interfacial tension. Figure 6 visualizes
these process variables and their effects around the W1/0/W2
microdroplets. Here, lateral pressure is equivalent to the shear
stress applied to the oil phase. According to the preliminary study
by Yun and Chung,? the droplets elongate and break up due
to capillary action during the formation of W1/0/W2 droplets.
Based on this theory, they demonstrated that the Capillary
number (Ca), a dimensionless parameter combining the Reyn-
olds number (Re) and the Weber number (We), is a critical fac-
tor in the droplet formation process. Among the key physical
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Osmotic
pressure

Lateral ‘
pressure ’

Figure 6. Schematic diagram of process variables affecting EE.

properties involved in calculating the capillary number, inter-
facial tension plays an important role.

The presence or absence of reverse micelles affects the inter-
facial tension, which ultimately influences the interfacial ten-
sion ratio (oi/03) shown in Figure 6. This interfacial tension ratio
is a dimensionless number that seemingly determines the cur-
vature of the oil film and can be defined as a curvature factor,
one of the shape factors. In other words, it can be considered a key
thermodynamic variable in maintaining the shape of the droplet.

The capillary action is directly related to the lateral pressure
in Figure 6. Therefore, one can expect that the lateral pressure
is an important factor for the formation of droplets. For the
case of EFE, as shown in Figure 6, osmotic pressure affects the
oil layer in the perpendicular direction, while shear stress influ-
ences it in the tangential direction, ultimately impacting the EE
value. Such lateral pressure (shear stress) and normal pressure
(osmotic pressure) should be balanced with each other. Main-
taining this balance is crucial for preventing the droplet from
becoming deformed to one side. This ensures that the spherical
structure remains stable, making it an important factor during
a W1/O/W2 droplet formation. The ratio of the two pressures
can be expressed as a dimensionless number, i.e. AIl/(u'n),
which is defined as sphericity factor in this work.

Note that the term sphericity factor does not necessarily refer
to the actual shape of the droplet, but rather implies the recovery
time after the droplet has been more deformed along one axis
due to excessive stress. For example, when the difference between
the two stress values deviates from the optimal point, the recovery
time to a spherical shape should increase.

To integrate all these process variables, a universal model is
proposed in the form of a dimensionless number, which we define
as the Capsulation number, or Cap. This dimensionless num-
ber is formulated based on the ratio of two pressures and inter-
facial tensions.
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Figure 7. Plot of EE vs. Capsulation number.

= viscosity of the fluid

n = rotational speed (s™)

AIT = osmotic pressure difference across the sphere
o, = Interfacial tension between W1/O phases

o, = Interfacial tension between O/W2 phases

Equation (9) consists of osmotic pressure to lateral pressure
ratio and interfacial tension ratio. The interfacial tension ratio
is closely related to the presence of reverse micelles. Introduc-
ing reverse micelles significantly reduces the W1/O interfacial
tension, thereby also decreasing the interfacial tension ratio in
equation (9).

When EE values are plotted as a function of this dimension-
less number, the resulting graph follows a delta function pat-
tern, similar to Figure 7. In Figure 7, EE reaches its peak near
Cap =300. However, all the conditions satisfying Cap ~ 300 do
not necessarily give maximum EE. As explained in Figure 2, opti-
mal conditions for achieving a high EE value must fall within
the range of 0.2 atm < AIl < 0.3 atm. Therefore, both Cap ~
300 and 0.2 atm < AIT < 0.3 atm should lead to maximum EE.

Among the variables that make up the Cap number, osmotic
pressure is approximately 1000 times greater than shear stress.
This indicates that the intensity of osmotic pressure around the
droplet overwhelmingly dominates shear stress, making osmotic
pressure—the thermodynamic factor—a more decisive element
in determining the EE value. However, since the dynamics of
droplet formation also have a significant influence, this factor
cannot be overlooked in modeling as proved in Figure 4. In
Figure 7, the x-axis represents the Cap value divided by 1000
to avoid large numerical notation.

Morphology. Figure 8 compares SEM images of micropar-
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Figure 8. SEM images of microparticles produced at (a) Cap =236
at AIT=0.28 (b) Cap =-630; (c) Cap = 14500.

ticles produced under various process conditions corresponding
to diverse Cap numbers of -630, 240 and 14500. As seen in
Figure 8(a), microparticles produced under optimal condition
close to Cap ~ 300 exhibit robust and stable structure. On the
other hand, microparticles produced under far extreme condi-
tions on both ends, i.e. -630 (Figure 8(b)) and 14500 (Figure 8(c))
exhibit deformed and even ruptured structure. These three con-
ditions showed similar yield values because the obtained par-
ticles exhibited similar mass values regardless of whether they
ruptured or not. As mentioned above, the formation of micro-
particles is determined mostly by dynamics such as shear stress
but it is not the main factor to affect EE. This demonstrates that
desired EE can only be expected by employing optimized pro-

cess conditions, combination of Cap and ATl

Conclusions

This study defines the process variables for maximizing the
EE value in the microparticle manufacturing process using W1/0/
W2 double emulsion and quantitatively analyzes and compares
their effects. First, it was found that the difference in osmotic
pressure acting inside and outside the oil layer is a crucial factor
in encapsulating the water-soluble component, Ascorbic acid.
Additionally, the introduction of reverse micelles was identified as
another key variable. Furthermore, it was discovered that mixing
speed during homogenization and the viscosity of the oil phase
are also important process variables influencing the EE value.
In quantifying these effects, it was observed that osmotic pres-
sure and shear stress competitively influence droplets forma-
tion and EE, while reverse micelles directly affect interfacial
tension. Therefore, the ratio of interfacial tensions (W1/0O and
O/W2) is a critical factor in determining the EE value.

By integrating all these process variables, a novel dimensionless
number was developed, named as Capsulation number (Cap).
The EE vs. Cap relationship exhibits a pattern similar to a delta
function, peaking around Cap = 300. However, achieving a high
EE value is not guaranteed under all conditions near Cap ~ 300; the
additional condition of 0.2 < AIT < 0.3 must also be satisfied. SEM
imaging of actual samples confirmed that microparticles meeting
both conditions exhibit a robust structure, whereas samples with
conditions deviating far from the optimal condition, for example
Cap ~ -600, display unstable and ruptured microparticles.

This new dimensionless number will serve as an important
guideline for process optimization. Instead of testing various
process variables individually to find the optimal conditions for
the highest EE value, we recommend implementing the process
based on the Cap optimum point presented in this study. This
approach is also highly useful for process scale-up, as the
dimensionless number remains consistent regardless of scale.
In other words, there is no need for costly process optimization
experiments when transitioning from lab scale to mass pro-
duction. Ultimately, this eliminates the need for endless trial-
and-error approaches, making it highly practical for real-world
applications in fields such as cosmetics and pharmaceuticals
where encapsulation processes are used.
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