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Abstract 

Background  The present study focused on developing a superior adsorbent carrier (microparticles) to solidify 
the self-emulsifying drug delivery system. The two approaches, solvent evaporation and spray drying, were explored 
to synthesize the microparticles using chitosan (CH) and EDTA disodium. The 32 full factorial design was applied 
to optimize the microparticle process produced by both methods.

Results  The various characterization evaluations of the microparticles revealed amide linkages between the CH 
and EDTA disodium, and XRD results showed that microparticles were amorphous. The SE-CHEM (C2) and SD-CHEM 
(Y1) optimized microparticles were free-flowing and had percentage yield (%), 96 ± 1.2 and 58 ± 1.1, zeta potential 
(mV), 9 ± 0.44 and 4 ± 0.13, and particle size (μm), 3 ± 0.57 and 2 ± 0.4, respectively. SEM images showed uneven 
surfaces with wide void spaces and flaky texture for optimized microparticles Y1 and C2, respectively. The SE-CHEM 
(C2) had an oil adsorption capacity (OAC %) of 46 ± 0.54 and 60 ± 0.77, and oil desorption capacity (ODC %), 38 ± 0.65 
and 56 ± 0.86, for Labrafac and Cremophor RH 40, respectively. The SD-CHEM (Y1) had an oil adsorption capacity (OAC 
%) of 59 ± 0.71 and 68 ± 0.39, and oil desorption capacity (ODC %), 54 ± 0.11 and 65 ± 0.74, for Labrafac and Cremophor 
RH 40, respectively. In the surface free energy components analysis, the SE-CHEM (C2) had an enhanced dispersive 
component [γLW (mJ/m2)] of 32 ± 0.68 and 37 ± 0.47 for Labrafac and Cremophor RH 40, respectively. The SD-CHEM 
(Y1) had an enhanced dispersive component [γLW (mJ/m2)] of 48 ± 0.7 and 52 ± 0.41 for Labrafac and Cremophor RH 
40, respectively. The SE-CHEM (C2) had enhanced dynamic advancing contact angles [θa (°)] of 75 ± 0.19 and 78 ± 0.75 
for Labrafac and Cremophor RH 40, respectively. The SD-CHEM (Y1) had enhanced dynamic advancing contact angles 
[θa (°)] of 74 ± 0.6 and 80 ± 0.21 for Labrafac and Cremophor RH 40, respectively.

Conclusion  All the findings indicate that the microparticles have superior characteristics to serve as the adsorbent 
base for solid self-emulsifying drug delivery systems.
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Background
Solid self-emulsifying drug delivery systems (S-SEDDS) 
are well-proven and known formulation systems. 
They offer many advantages like increased surface 
area (which offers high solubility and bioavailability), 
robustness, high stability, high scalability, ease in han-
dling, high drug loading, better flowability, decreased 
drug precipitation and economical production [1]. 
S-SEDDS can be turned into Self-emulsifying pellets 
and tablets, which are far more stable than SEDDS and 
S-SEDDS powder [2, 3]. Despite the excellent advan-
tages of S-SEDDS, problems like liquid squeezing out, 
low disintegration, inadequate hardness and compac-
tion issues are observed. Because of physicochemi-
cal interactions between the solid carrier, oil base and 
surface-active agents, limited release of the formula-
tion can be a problem [4]. Therefore, a suitable adsor-
bent carrier becomes the most vital part of the stability 
of the S-SEDDS [5]. Different carriers like PVP K-30, 
maltodextrin, magnesium stearate, β-cyclodextrin, 
polyvinyl alcohol, neusilin US2, sodium CMC, dextrin, 
lactose, mannitol, HP-β-CD, aerosil-200, syloid 244FP, 
avicel PH102, syloid XDP 3150 and microcrystalline 
cellulose are used [6].

An ideal solid adsorbent carrier must have high oil 
adsorption and desorption capacity, wide interparticle 
void space and low porosity [7]. Usually, hydrophobic 
carriers have high OAC (oil adsorption capacity) and 
high flowability [8]. A solid carrier with high OAC is 
required less in amount, resulting in a lower dosage 
form [7, 8]. Formulations high in surfactant concen-
tration adsorb well on hydrophobic adsorbents [9]. A 
high concentration of surfactants forms very small-
sized droplets. Hence, an attempt was made to pre-
pare such solid adsorbent carriers (microparticles) of 
chitosan with EDTA disodium by solvent evaporation 
and spray drying. Chitosan produces a clear solution 
with EDTA disodium in acetic acid [10]. This solution 
was subjected to solvent evaporation and spray drying 
to produce microparticles, which should be hydropho-
bic to ensure that the surface of these particles can be 
used for drug adsorption in the lipid phase [11]. The 
amide linkages in microparticles form a hydrophobic 
interpenetrating rough surface [12]. So, the present 
study aims to optimize microparticles by 32 full facto-
rial experimental designs for solvent evaporation and 
spray drying methods. The chitosan–EDTA micropar-
ticles (CHEM) were characterized for their suitable 
hydrophobic surface to act as a good adsorbent base for 
S-SEDDS.

Materials and methods
Chitosan 90% DA (deacylated) was purchased from 
Marine hydrocolloids (Kerala, India). Ethylenediami-
netetraacetic acid disodium (EDTA disodium) was 
purchased from CDH (India). Other chemicals pur-
chased were Acetic acid (Rankem RFCL, India) and dii-
odomethane (TCI, Japan). Cremophor RH 40 (Himedia, 
India). Labrafac™ PG was a gift from Gattefossé (Can-
ada). Other chemicals used were of analytical grade. 
They were used as received.

Design of experiment
To optimize the preparation of blank microparticles 
(CHEM), 32 full factorial design was used. The concentra-
tion ratio of chitosan–EDTA disodium and drying tem-
peratures were observed as the critical factors and were 
two independent variables. Both had three different levels. 
Factors like zeta potential, percentage yield and particle size 
were considered dependent variables. All the responses were 
fitted in the least fit squares regression analysis using JMP 
16 (Trial). Various outcomes of the mathematical model, 
like the actual vs predicted plot, ANOVA analysis, param-
eter estimates, model equation, prediction profiler, response 
surface, contour profilers, Pareto charts and optimization 
desirability, were determined to validate the model [13]. The 
desirability function was used for the selected responses for 
the optimization process. So, Y (practical yield, %) had to be 
maximized, ZP (zeta potential, mV) had to be maximized, 
and PS (Particle size, μm) had to be minimized.

The overall percentage of chitosan–EDTA disodium in 
solution was kept at 2% w/v because its viscosity remains 
adequate for flow at this concentration. Further, as men-
tioned in Table  1, three different ratios of chitosan–
EDTA disodium (40:60, 50:50 and 60:40) were prepared.

Firstly, a weighed amount of chitosan was taken in a 
beaker and dissolved in 1  M (5.72%) glacial acetic acid 
at 800 rpm in a magnetic stirrer for two hours. A sepa-
rate solution of EDTA disodium with double distilled 
water was prepared. EDTA disodium solution was added 
dropwise to chitosan solution under continuous vigor-
ous stirring over 2000  rpm with a mechanical stirrer 
for 25–30 min to get a clear ionic solution [14]. Further, 
these different solutions were subjected to solvent evapo-
ration and spray drying using a 32 full factorial design.

Preparation of Chitosan–EDTA microparticles (SE‑CHEM) 
by solvent evaporation method
All three ratios of chitosan–EDTA disodium solu-
tions were subjected to solvent evaporation in a Rota 
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vacuum evaporator (Micro technologies, India) at a dry-
ing temperature range from 50 to 90  °C for 45–60 min, 
as in Table 2. Then, the dry film was scrapped carefully 
and dried in an oven to remove residual moisture for 
40–50  min at 70  °C. The dried film was converted into 
powder by using a pestle mortar.

Preparation of Chitosan–EDTA (SD‑CHEM) microparticles 
by spray drying
The following overall spray drying specifications were 
used: Inlet temperature 110–150  °C, outlet temperature 
50–70  °C, aspirator speed 1000–2000  rpm, atomization 
pressure 3  kg/cm2 and feed pump at 15  rpm in Spray 
dryer (SprayMate JISL, India). The two ratios of solutions 
(40:60 and 50:50) were easily spray-dried. It was observed 
that the high chitosan ratio solution (60:40) posed a chal-
lenge during spray drying because of high viscosity; it 
clogged the 1  mm nozzle of the spray dryer frequently. 
The operation was stopped to clean the nozzle of the 
spray dryer, and it was not feasible to spray-dry this solu-
tion continuously. So, this solution with a 60:40 ratio of 
chitosan–EDTA disodium was not spray-dried for all 
three drying temperatures. Table  2 shows that only six 
trials were conducted for two ratio solutions.

Evaluation and characterization
Percentage yield
The percentage yield was calculated based on the total 
recoverable and original weight used [15].

Particle size and morphological evaluation
The surface morphology and topography of the parti-
cles were observed by the scanning electron microscope 
(ZEISS Sigma 360, Germany) at 20  kV (EHT) [16]. The 
samples were fixed on the SEM stub and coated with a 
thin layer of gold. Various images were taken at different 
magnifications. ImageJ (NIH) software was used to deter-
mine particle size by analyzing SEM images. The average 
Feret’s diameter was reported.

Zeta potential
100  mg of CHEM prepared by both techniques were 
taken and constantly stirred in 10 ml triple distilled water. 
The resulting suspension was centrifuged for 10  min at 
around 5000  rpm to separate the undissolved particles. 
Further, this mixture was analyzed for zeta potential in 
Zetasizer Nano ZS (at wavelength 638  nm) with a scat-
tering angle of 90° at 25 °C. The study was performed in 
triplicate (Malvern Panalytical, UK) [17].

Table 1  32 Full factorial design for SE-CHEM

*CH-CH:EDTA ratio, DT-drying temp., Y-percentage yield, ZP-zeta potential, PS-particle size

Codes CH (ratio) Level codes DT (°C) Level codes Y (%) ZP (mV) PS (µm)

A1 40:60 1 50 1 79 ± 1.3 0.39 ± 0.13 27 ± 2.1

A2 40:60 70 2 81 ± 0.8 0.43 ± 0.11 16 ± 1.7

A3 40:60 90 3 87 ± 1.1 0.51 ± 0.16 15 ± 1.1

B1 50:50 2 50 1 88 ± 0.4 3.00 ± 0.11 14 ± 0.4

B2 50:50 70 2 90 ± 0.5 3.00 ± 0.24 11 ± 0.17

B3 50:50 90 3 91 ± 0.4 4.00 ± 0.45 6 ± 0.9

C1 60:40 3 50 1 93 ± 0.9 5.00 ± 0.35 4 ± 0.84

C2 60:40 70 2 96 ± 1.2 9.00 ± 0.44 3 ± 0.57

C3 60:40 90 3 94 ± 0.8 5.00 ± 0.85 5 ± 0.78

Table 2  32 Full factorial design for SD-CHEM (mention full form of this formulation)

*CH-CH:EDTA ratio, DT-drying temp., Y-percentage yield, ZP-zeta potential, PS-particle size

Codes CH (ratio) Level codes DT (°C) Level codes Y (%) ZP (mV) PS (μm)

X1 40:60 − 1 110 1 26 ± 0.8 − 3 ± 0.45 5 ± 1.4

X2 40:60 130 2 30 ± 1.2 − 3 ± 0.24 4 ± 0.8

X3 40:60 150 3 37 ± 0.6 2 ± 0.8 4 ± 0.6

Y1 50:50 1 110 1 58 ± 1.1 4 ± 0.13 2 ± 0.4

Y2 50:50 130 2 44 ± 0.9 2 ± 0.5 2 ± 0.9

Y3 50:50 150 3 25 ± 0.7 1 ± 0.7 3 ± 1.1
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Table 3  Least squares fit effect summary

SE-CHEM SD-CHEM

Source LogWorth P value Source LogWorth P value

CH(1, 3) 3.703 0.0002 CH × DT 2.207 0.0062

DT(1, 3) 1.645 0.0226 CH 1.807 0.0155

CH × DT 1.332 0.0465 DT(1,3) 1.614 0.0243

Response R2 R2 Adj RMSE MR Observation

Summary of fit (SE-CHEM)

 Y 0.956 0.9298 1.443 89.188 9

 ZP 0.825 0.7207 1.568 3.553 9

 PS 0.939 0.9025 2.415 11.735 9

Summary of fit (SD-CHEM)

 Y 0.992 0.981 1.704 37.07 6

 ZP 0.913 0.783 1.476 0.62 6

 PS 0.956 0.892 0.348 3.85 6

Response Source DF SS MS F Ratio

Analysis of variance (SE-CHEM)

 Y Model 3 227.42 75.81 36.36

Error 5 10.42 2.08 Prob > F
C. Total 8 237.84 0.0008*

 ZP Model 3 58.15 19.38 7.88

Error 5 12.29 2.45 Prob > F
C. Total 8 70.45 0.0243*

 PS Model 3 450.02 150.009 25.7

Error 5 29.18 5.837 Prob > F
C. Total 8 479.21 0.0018*

Analysis of variance (SD-CHEM)

 Y Model 3 760.41 253.46 87.22

Error 2 5.81 2.91 Prob > F
C. Total 5 766.21 0.0114*

 ZP Model 3 46.01 15.33 7.03

Error 2 4.35 2.17 Prob > F
C. Total 5 50.36 0.127

 PS Model 3 5.38 1.79 14.79

Error 2 0.24 0.12 Prob > F
C. Total 5 5.62 0.064

Response Term Estimate SE t Ratio Prob >|t|

Parameter estimates (SE-CHEM)

 Y Intercept 89.18 0.48 185.32 < 0.0001*

CH(1,3) 5.71 0.58 9.7 0.0002*

DT(1,3) 1.91 0.58 3.25 0.0227*

CH × DT − 1.52 0.72 − 2.11 0.0883

 ZP Intercept 3.55 0.52 6.8 0.0010*

CH(1,3) 3.11 0.64 4.85 0.0047*

DT(1,3) 0.19 0.64 0.3 0.7758

CH × DT − 0.06 0.78 − 0.09 0.9335
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FTIR analysis
After drying the prepared samples (SD-CHEM, SE-
CHEM, CH and EDTA) under vacuum, these were mixed 
and triturated with KBr (1:100 ratio) to form a fine mix-
ture. This fine mixture was pressed to form the pellets in 
the KBr press. After placing these pellets in a sample cell, 
FTIR-ATR analysis was performed (FTIR PerkinElmer 
spectrum two, USA) in the 500–4000  cm−1 spectral 
range at ambient temperature [18].

DSC analysis
The 5–15  mg samples of SD-CHEM (Y1), SE-CHEM 
(C2), CH and EDTA were sealed hermetically in alu-
minum pans. After placing these pans on the sample 
pan holder and empty pans on reference pan holders in 
a Differential scanning calorimeter (DSC-25 TA, USA), 
the thermograms for each sample were recorded from 
a 40–400  °C temperature range with 10  °C per minute 
heating rate in a nitrogen atmosphere.

XRD analysis
After grinding each sample (SD-CHEM, SE-CHEM, CH 
and EDTA) in mortar and pestle, the formed powder was 
placed and pressed in a sample holder to form a compact 
powder and X-ray diffraction patterns of the samples were 
measured using the X-ray diffractometer (XRD Aeris, 
Malvern Panalytical, UK) at a voltage of 45 kV (with incre-
ment size of 0.03° and 0.1 as an increment time).

Flow properties
For all the batches of microparticles, the angle of repose 
was calculated. In it, graph paper was positioned on a 
flat horizontal surface, and a funnel was clamped above 
it with a distance between the paper and the funnel top 
(about 7–8 cm). 2 g of powder samples for each trial of 
SE-CHEM and SD-CHEM were weighed and poured 
into the funnel until the top of the cone-shaped only 
met the funnel’s top. The height (h) and diameter of the 
cone-shaped heap of powder (D) were measured, and the 
angle of repose was calculated with a standard formula 
(tan α = 2  h/D). The flow is said to be excellent when 
the angle of repose is less than 25 degrees; on the other 
hand, the flow is said to be poor when the angle of repose 
is greater than 40 degrees. For bulk density, 2  g pow-
der was weighed and carefully leveled without tapping 
into a graduated glass cylinder. To the closest graduated 
device, the apparent volume before tapping was read as 
untapped volume (USP method). This volume was used 
in the standard formula (Bulk density = Weight/untapped 
volume), and values were calculated. The volume of the 
powder-filled cylinder was measured after 500 tappings. 
The tapping was kept running until the frequency dif-
ference between the two sets of tapping was less than 
0.2 percent. The final volume was noted, and the tapped 
density in g/ml was calculated using the standard for-
mula (Tapped density = Weight/tapped volume). These 
readings were used to calculate Carr’s index (CI) and 

Table 3  (continued)

Response Term Estimate SE t Ratio Prob >|t|

 PS Intercept 11.73 0.8 14.57 < 0.0001*

CH(1,3) − 7.62 0.98 − 7.73 0.0006*

DT(1,3) − 3.18 0.98 − 3.23 0.0233*

CH × DT 3.17 1.2 2.63 0.0466*

Parameter estimates (SD-CHEM)

 Y Intercept 37.07 0.69 53.27 0.0004*

CH 5.51 0.69 7.91 0.0156*

DT(1,3) − 5.36 0.85 − 6.29 0.0243*

CH × DT − 10.76 0.85 − 12.63 0.0062*

 ZP Intercept 0.62 0.61 1.03 0.4118

CH 2.12 0.61 3.53 0.0718

DT(1,3) 0.75 0.73 1.02 0.4152

CH × DT − 2.03 0.73 − 2.76 0.11

 PS Intercept 3.85 0.14 27.13 0.0014*

CH − 0.86 0.14 − 6.07 0.0261*

DT(1,3) − 0.23 0.17 − 1.35 0.3099

CH × DT 0.41 0.17 2.4 0.1382

* It indicates that the p value is significant. The model is significant

DF-Degree of freedom, MR-mean of response, MS-mean of squares, PS-particle size, RMSE-root mean square error, SS-sum of squares, Y-percentage yield, ZP-zeta 
potential
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Hausner’s ratio (HR). {CI = [(Tapped density – Bulk den-
sity/Tapped density) × 100] and HR = Tapped density/
Bulk density}. A Carr’s index of more than 25 indicates 
bad flowability, while if its value is less than 15, it indi-
cates good flowability. Hausner’s ratios below 1.25 sug-
gest greater flow properties than those above 1.25 [19].

Oil adsorbing capacity (OAC) and oil desorbing capacity 
(ODC)
The optimized formulations of SD-CHEM and SE-
CHEM, i.e., Y1 and C2, respectively, were taken for OAC 
and ODC study. The ethanolic solutions of Cremophor 
RH 40 and Labrafac were prepared and mixed with the 

Fig. 1  Actual vs predicted plot of SE-CHEM for the responses A practical yield Y, B zeta potential ZP and C particle size PS. After 32 full factorial 
design was applied and model was run. In all the Actual vs predicted plots both actual and predicted values are quite close to each other. Here, 
the low RMSE (Root Mean Square Error) values in Y, ZP and PS plots indicated the model is significant and fits the data well. The R Squared (R2) 
values in Y, ZP and PS plots predicts the percentage of the relationship between independent variables [CH (chitosan–EDTA ratio) and DT (Drying 
temp.)] and dependent variables (Y, ZP and PS). These plots depicted 96%, 83% and 94% relationship between the independent variables and Y, ZP 
and PS, respectively. P value less than 0.05 showed all the model is statistically significant for Y, ZP and PS
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microparticles (CHEM). These mixtures were gently 
heated at 40 ± 4  °C to evaporate the ethanol. The pure 
weight of adsorbent microparticles ( W a) and the dry 
weight of oil-adsorbed microparticles after the com-
plete removal of ethanol ( W b) were taken to calculate 
the OAC. Only those dried mixtures which showed no 
significant change in physical properties from the pure 
CHEM and were non-sticky, non-greasy and free-flowing 
and were considered for the OAC calculations with the 
following formula [5].

The dried oil-adsorbed microparticles ( W b) were sus-
pended in 10 ml water and gently stirred and stabilized 
for 1  h. This mixture was centrifuged at 3000  rpm for 
10  min. The suspended particles were recovered, dried 
and weighed (W c). The following formula was used for 
ODC [5].

(1)OAC =
Wb−W a

W a
∗ 100

(2)ODC =
Wb−Wc

Wc
∗ 100

Dynamic advancing contact angle analysis and surface free 
energy components analysis
The advanced method was used based on the capillary 
rise and thin column wicking methods to find the sur-
face free energy components of powdered solids devel-
oped by Chibowski and Perea-Carpio [21] for SD-CHEM 
(Y1) and SE-CHEM (C2) [20, 21]. The dynamic advancing 
contact angle and surface free energy components were 
determined before and after oil adsorption for micropar-
ticles. The four probe liquids with known surface tension 
components were used. Out of these, diiodomethane 
(γl

lw = 50.8, γl
+ = 0, γl

− = 0) and n-hexane (γl
lw = 18.4, 

γl
+ = 0, γl

− = 0) were apolar with known liquid apolar sur-
face free energy component. The other two liquids, dime-
thyl sulphoxide (DMSO γl

lw = 36, γl
+ = 0.5, γl

− = 32) and 
water (γl

lw = 21.8, γl
+ = 25.5, γl

− = 25.5), were polar with 
known liquid surface free energy polar components.

In this method, 0.2 g of the samples were weighed out 
in the plastic tips (2 ml, Merck) with outlets blocked by 
nylon swabs to prevent leakage of the solid powder. The 
tip was tapped ten times by hand from a height of 10 cm 
on the laboratory table for uniform packing. The tip was 

Fig. 2  Prediction profiler of practical yield (Y), zeta potential (ZP) and particle size (PS): A SE-CHEM, B SD-CHEM. The prediction profiler depicted 
CH (CH/EDTA ratio) as the most important independent variable, followed by DT (Drying temp.), for any change in responses of Y, ZP and PS (in 
both SE-CHEM and SD-CHEM). For A SE-CHEM, it showed that CH and DT had a positive (or additive) effect on a percentage yield (Y) and zeta 
potential ZP. CH and DT had a negative effect on PS. For B SE-CHEM, prediction profiler showed that CH and DT had a positive (or additive) effect 
on a percentage yield (Y) and zeta potential ZP. CH and DT had a negative effect on PS. With the use of prediction profiler, the variables value can be 
predicted as per needed desirability by dragging the function handles left or right in JMP
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then dipped 3–4  mm into the probe liquid container 
(advancing manner). The tip was weighed for liquid 
retained by the solid powder (ma). After that, some drops 
from the same probe fluid were put onto the bed powder 
top. The liquid was allowed to filter (receding manner), 
and the new weight was measured (mr). The process was 
repeated three times, and the average of three determi-
nations was used. The powdered samples (Y1, C2) under-
went a similar procedure before and after oil adsorption 
for all the probe liquids.

The effective pore radius (Ref.) was calculated by using 
the (mr) of n-hexane probe liquid (surface tension, 
γl = 18.4mN/m) and acceleration due to gravity (g) in the 
following equation.

W = weight of the liquid in the column.
The n-hexane determines the effective radius because 

alkanes completely wet the solid surface. In the following 
equation, the effective pore radius (Ref.), along with (ma) 

(3)W = mrg = 2πRef.γl

Fig. 3  Response surface diagrams of SE-CHEM in relation to CH versus DT A practical yield Y, B zeta potential ZP and C particle size PS. It is clear 
from figure A and B that a high percentage of CH (CH/EDTA ratio) from (40:60) to (60:40) leads to an increase in Y, which means when chitosan 
increases in (CH/EDTA ratio), then Y got increased. Similarly, when DT (Drying temp.) increased, there was an increase in both Y and ZP, which means 
a high drying temp was responsible for it. In the case of C, particle size PS, an increase in CH × DT negatively affects PS (decrease in size)



Page 9 of 21Kumar et al. Future Journal of Pharmaceutical Sciences           (2024) 10:18 	

of water probe liquid, was used for further calculation of 
the dynamic advancing contact angle (θa).

where g = 9.8 m/s2, γl = 72.8 mN/m.
The advancing contact angle here remains different 

from the contact angle on a smooth surface of a similar 
solid. Hence, it cannot be used directly in the Young for-
mula for calculating surface free energy components. The 
three works of adhesion (Wa) values of the used probe 
liquid onto the solid surface were calculated by finding 
out the θa of three probe liquids, diiodomethane, DMSO 
and water (by putting ma values simultaneously in Eq. 4).

Further, by putting these different Wa values simultane-
ously in Eq. 6 of three probe liquids (with known liquid 
surface free energy components, i.e., γl

LW, γl
+, γl

−), the 

(4)1+ cos θa =
mag

2πRef.γl

(5)Wa = γl(1+ cos θa)

different unknown components (γs
LW apolar Lifshitz–van 

der Waals, γs
− electron donor and γs

+ electron acceptor 
interactions) can be solved.

Results
The process was optimized using a factorial experimental 
design (32), the chitosan–EDTA disodium ratio and pro-
cessing temperature varied on three levels. The disodium 
salt was used to increase the solubility of the EDTA, as 
it remains insoluble in the acidic pH. The dropwise addi-
tion of the EDTA disodium into the chitosan–acetic acid 
mixture ensures no precipitation of the solution, which is 
otherwise observed.

In Tables 1 and 2, all the results of percentage yield (%), 
zeta potential (mV) and particle size (µm) are given for 
both SE-CHEM and SD-CHEM.

Optimization
Optimization of Solvent evaporation method by QbD
As per the mentioned method, SE-CHEM were synthe-
sized and analyzed for the response for Y (percentage 
yield %), ZP (zeta potential mV) and PS (particle size 
µm). The independent variables CH (CH/EDTA ratio) 
and DT (drying temp.) were given three levels (1, 2 and 
3), as mentioned in Table  1. All nine experiment runs 
and analyzed responses were put in the least squares fit 
regression analysis using JMP 16 (Trial).

In the effect summary in Table  3, LogWorth and p 
value for CH, DT and CH × DT are mentioned for SE-
CHEM, which indicates CH as the essential variable in 
this model, followed by DT and CH × DT (interaction). 
Actual vs. predicted plots are given in Fig.  1 for all the 
responses, showing that both actual and predicted values 
are quite close. Table  3, for a summary of fit, indicates 
that the R2 values are closer to one, signifying a good 
model fit. In Table  3, ANOVA results are summarized, 
which shows the models are significant (p values less 
than 0.05) for all the responses.

Table  3 (for parameter estimates) and Fig.  2a for pre-
diction profiler depict CH (CH/EDTA ratio) as the most 
important independent variable, followed by DT, for any 
change in responses. The small particle size of the adsor-
bent base powder is essential for a high surface area to 
have high oil adsorption and desorption. It shows that 
CH and DT have a positive (or additive) effect on a per-
centage yield (Y%). The parameter estimates and pre-
diction profiler in Fig. 2a for ZP show that both CH and 
DT have a positive effect on it. It is clear from parameter 

(6)

Wa = 2 γ LW
s γ LW

l

1/2

+ γ+

s γ−

l

1/2
+ γ−

s γ+

l

1/2

Fig. 4  Pareto charts for SE-CHEM A practical yield, B zeta potential 
and C particle size. ZP show that both CH and DT have a positive 
effect on it. It is clear from parameter estimates that the CH × DT 
interaction significantly contributes to the regression model 
for smaller particle size (PS). CH and DT have a negative effect on PS
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estimates that the CH × DT interaction significantly con-
tributes to the regression model for smaller particle 
size (PS). CH and DT have a negative effect on PS. The 
response surface diagrams  (Fig.  3) and Pareto charts 
(Fig. 4) confirm the same results. Pareto charts also show 
the individual effect of each independent variable and 
their interaction on both responses. The fitted equations 
for all the responses are:

For percentage yield (Y):

For zeta potential (ZP):

For particle size (PS):

89.188+ 5.716× (: CH− 2)+ 1.916× (: DT− 2)

+ (: CH− 2)× (: DT− 2)×−1.525

3.553+ 3.106× (: CH− 2)+ 0.1925× (: DT− 2)

+ (: CH− 2)× (: DT− 2)× 0.068

11.735+−7.625× (: CH− 2)+−3.183× (: DT− 2)

+ (: CH− 2)× (: DT− 2)× 3.17625

The optimization of the selected responses was targeted 
with a desirability function. For this purpose, Y and ZP 
were maximized, and PS was minimized. In Fig. 5a (con-
tour plot), the white area shows the design space where 
the Y and ZP will be maximum and PS will be minimum.

So, from these optimization studies, the desirability for 
percentage yield (%) and zeta potential (mV) is always 
more than 84%, 8  mV and for particle size (µm) < 6  µm 
can be obtained with CH/EDTA ratio (60:40) and drying 
temperature (70 °C). So, the C2 formulation in Table 1 is 
the optimized formulation with maximum desirability.

Optimization of spray drying method by QbD
The SD-CHEM were synthesized and analyzed for the 
response for Y (percentage yield %), ZP (zeta potential 
mV) and PS (particle size, µm). The independent varia-
bles CH (CH/EDTA ratio) with two levels (− 1 and 1) and 
DT (drying temp.) were given three levels (1, 2 and 3), as 
mentioned in Table 2. All six experiment runs and ana-
lyzed responses were put in the least squares fit regres-
sion analysis using JMP 16 (Trial).

Fig. 5  Contour plots of practical yield (Y), zeta potential (ZP) and particle size (PS): A SE-CHEM, B SD-CHEM. A In this contour plot, white area shows 
the design space where the Y and ZP will be maximum and PS will be minimum. So, the desirability for percentage yield (%) and zeta potential (mV) 
is always more than 84%, 8 mV and for particle size (µm) < 6 µm can be obtained with CH/EDTA ratio (60:40) and drying temperature (70 °C). B The 
white area of contour plot, shows the design space where the Y and ZP will be maximum and PS will be minimum. So, from these optimization 
studies, the desirability for percentage yield (%) and zeta potential (mV) are always more than 55%, 4 mV and for particle size (µm) < 3 µm can be 
obtained with CH/EDTA ratio (50:50) and drying temperature (110 °C)
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In the effect summary in Table  3, LogWorth and p 
value for CH, DT and CH × DT are mentioned for SD-
CHEM, which indicates CH × DT as the most impor-
tant in the model, followed by CH and DT. Actual vs. 
predicted plots are given in  Fig. 6 for all the responses, 
showing that both actual and predicted values are sig-
nificantly close. Table  3, for a summary of fit, shows 
that the R2 value for all the responses is > 0.90, signi-
fying a good model fit. In Table 3, ANOVA results are 

summarized, which shows the p value of Y is 0.011, 
showing it is a significant model. The p values of ZP and 
PS are 0.127 and 0.064, respectively, which is almost 
significant for PS and not for ZP.

Table 3 (for parameter estimates) and Fig. 2b for pre-
diction profiler depict CH × DT as the model’s most 
important contributor for Y and PS responses. CH is 
the most important contributor to the ZP response. It 
shows on Y (%),  and CH has a positive effect, while DT 

Fig. 6  Actual versus predicted plot of SD-CHEM for the responses A practical yield Y, B zeta potential ZP and C particle size PS. After 32 full factorial 
design was applied and model was run. In all the Actual versus predicted plots both actual and predicted values are quite close to each other. Here, 
the low RMSE (Root Mean Square Error) values in Y, ZP and PS plots indicated the model is significant and fits the data well. The RSq (R2) values 
in Y, ZP and PS plots predict the percentage of the relationship between independent variables [CH (chitosan–EDTA ratio) and DT (Drying temp.)] 
and dependent variables (Y, ZP and PS). These plots depicted 99%, 91% and 96% relationship between the independent variables and Y, ZP and PS, 
respectively. P value less than 0.05 showed the model is statistically significant for Y and ZP and P value 0.06 is very close to statistically significant 
model for PS
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negatively affects it. Both CH and DT positively affect 
ZP and have a negative effect on PS. The response sur-
face diagrams (Fig. 7) and Pareto charts (Fig. 8) confirm 
the same results. The fitted equations for the responses 
are as follows:

For percentage yield (Y):

37.075+ 5.508× : CH+−5.362× (: DT− 2)

+ : CH× (: DT− 2)×−10.762

For zeta potential (ZP):

For particle size (PS):

0.62+ 2.126× : CH+ 0.752× (: DT− 2)

+ : CH× (: DT− 2)×−2.037

3.855+−0.862× : CH+−0.234 × (: DT− 2)

+ : CH× (: DT− 2)× 0.418

Fig. 7  Response surface diagrams of SD-CHEM in relation to CH/EDTA and DT versus A practical yield Y, B zeta potential ZP and C particle size PS. 
From figure A and B that a high percentage of CH (CH/EDTA ratio) from (40:60) to (60:40) leads to an increase in Y, which means when chitosan 
increases in (CH/EDTA ratio), then Y got increased. Similarly, when DT (Drying temp.) increased, there was an increase in both Y and ZP, which means 
a high drying temp was responsible for it. In the case of C, particle size PS, an increase in CH × DT negatively affects PS (decrease in size)
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The optimization of the selected responses was tar-
geted with a desirability function. For this purpose, Y and 
ZP were maximized, and PS was minimized. In Fig.  5b 
(contour plot), the white area shows the design space 
where the Y and ZP will be maximum and PS will be 
minimum.

So, from these optimization studies, the desirability for 
percentage yield (%) and zeta potential (mV) are always 
more than 55%, 4  mV and for particle size (μm) < 3  μm 
can be obtained with CH/EDTA ratio (50:50) and drying 
temperature (110 °C). So, the Y1 formulation in Table 2 is 
optimized with maximum desirability.

FTIR analysis
FTIR spectra of the prepared SE-CHEM and SD-CHEM, 
along with chitosan and EDTA disodium, are shown 
in Figs.  9 and 10, respectively. Chitosan FTIR spec-
tra showed strong absorption bands between 2967 and 
2937 cm−1, which correlated with C–H stretching, a char-
acteristic of a typical polysaccharide group. The presence 
of residual N-acetyl groups was observed at an absorp-
tion peak of 1657 cm−1, which proves that chitosan was 
not fully deacylated. The absorption bands 1587  cm−1, 
1547  cm−1 and 1325  cm−1 confirmed N–H bending of 
primary amine, amide II and C-N stretching of amide 
III respectively [22]. The absorption bands 1437  cm−1, 
1395  cm−1 and 1030  cm−1 corresponded to CH2 bend-
ing, symmetrical CH3 deformation and C–O stretching, 
respectively [23]. The FTIR of EDTA disodium showed 
N–H stretching between bands 3027–2945  cm−1, C–H 
stretching between 2879 and 2793 cm−1. The absorption 

bands 1666–1607  cm−1, 1474  cm−1 and 1394  cm−1 
showed –C=O stretching, CH2 bending and O–H bend-
ing, respectively [24]. The optimized microparticles C2 
(SE-CHEM) and Y1 (SD-CHEM) showed absorption 
bands between 1676–1657  cm−1 and 1693–1667  cm−1 
respectively, representing the amide linkage. Again, the 
optimized microparticles C2 (SE-CHEM) and Y1 (SD-
CHEM) showed absorption bands between 2378 and 
2373  cm−1, which corresponds to free acetate moie-
ties, and indicates that all the acetate moieties were not 
involved in the amide linkage. Similarly, FTIR spectra 
of other SE-CHEMs and SD-CHEMs confirm the same 
results.

DSC analysis
Figure  11 shows the DSC analysis of the samples. The 
thermogram of chitosan, C2 and Y1 showed an endo-
therm transition near 100  °C due to the evaporation of 
moisture or the presence of acetic acid moieties. The 
exothermic transition around 311 °C corresponds to the 
degradation of the chitosan. The melting of the chitosan 
is not observable because of the amorphous regions pre-
sent, so it remains near the degradation point [25]. In 
the EDTA thermogram, the sharp endotherm starting 
at 243.96 °C corresponds to the melting of it. The C2 and 
Y1 thermograms show an endothermic transition around 
240  °C and exothermic transitions near 312–14  °C. This 
analysis confirmed the purity of the synthesized SE-
CHEM and SD-CHEM.

XRD analysis
XRD patterns of the prepared SE-CHEM and SD-
CHEM, along with chitosan and EDTA disodium, are 
shown in Figs.  12 and 13, respectively. The XRD pat-
tern for chitosan showed two diffraction peaks, one 
at 2θ = 20.37°, which indicates the characteristic of 
semicrystalline regions for chitosan and the other at 
2θ = 29.57°, which relates to calcite region [26, 27]. The 
EDTA disodium XRD pattern showed the major diffrac-
tion peaks at 2θ = 21.2°, 2θ = 26.5°, 2θ = 29.8°, 2θ = 34.3° 
and 2θ = 45.4°. All these diffraction peaks correspond to 
the characteristic crystalline region of EDTA disodium 
[28]. The SD-CHEM samples showed broad diffraction 
peaks at 2θ = 21.2°, 2θ = 23°, 2θ = 26.5° and 2θ = 29.8°. 
Similarly, SE-CHEM samples showed that diffraction 
peaks at 2θ = 21.2° and 2θ = 23° almost disappeared, and 
diffraction peaks at 2θ = 26.5° and 2θ = 29.8° were very 
broad and broad, respectively. These results indicate 
that microparticles formed from the two methods are 
amorphous.

Fig. 8  Pareto charts for SD-CHEM A practical yield, B zeta potential 
and C particle size. It shows on Y (%), CH has a positive effect, 
while DT negatively affects it. Both CH and DT positively affect ZP 
and have a negative effect on PS
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Fig. 9  FTIR spectra of chitosan (CH), EDTA disodium (EDTA) and SE-CHEM. The samples with KBr pellet were measured (at ambient temp.) 
for FTIR-ATR analysis in the 500–4000 cm−1 spectral range. The C2 (SE-CHEM) showed absorption bands between 1676–1657 cm−1 and 1693–
1667 cm−1, representing the amide linkage. The absorption bands between 2378 and 2373 cm−1 correspond to free acetate moieties
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Fig. 10  FTIR spectra of chitosan (CH), EDTA disodium (EDTA) and SD-CHEM. The samples with KBr pellet were measured (at ambient temp.) 
for FTIR-ATR analysis in the 500–4000 cm−1 spectral range. The spectra of Y1 (SD-CHEM) showed absorption bands between 1676–1657 cm−1 
and 1693–1667 cm−1, representing the amide linkage. The absorption bands between 2378 and 2373 cm−1 correspond to free acetate moieties
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Surface characteristics
To understand the shape and surface morphology 
of the microparticles, the scanning electron micro-
scope images of the chitosan, EDTA disodium, C2 and 
Y1 (shown in Fig.  14) were taken. In Fig.  14c, the SE-
CHEM (C2) microparticles had a flaky appearance with 
an uneven surface, providing a high surface area for 
the adsorption of liquid SEDDS. Figure 14d shows the 

SD-CHEM (Y1) microparticles, which are much spheri-
cal with uneven surfaces and wide void spaces, leading 
to better oil adsorption and desorption.

Flow properties
The angle of repose (Fixed funnel method), apparent 
bulk density, tapped density, Carr’s index and Hausner’s 
ratio were calculated for the flowing characteristic of 
the microparticles, and the results are shown in Table 4, 
which shows all the parameters were in acceptable limits 
[29]. The angle of repose values for all the microparticles 
were between 9 and 17. Both optimized microparticles, 
C2 and Y1, were free-flowing.

OAC and ODC
Cremophor RH 40 and Labrafac were used for the OAC 
and ODC study; Fig. 15 shows the results. The oil adsorp-
tion for both the microparticles was significant, but Y1 
has it slightly higher than C2 for both Labrafac and Cre-
mophor RH 40. These results relate to the surface mor-
phology analysis, where Y1 showed a much spherical 
structure with wide voids compared to C2, with a flaky 
structure.

Dynamic advancing contact angle and surface free energy 
components analysis
For the adsorption and desorption phenomena to hap-
pen on the microparticle’s surface, the surface free energy 
components, i.e., apolar or dispersive component [γLW 

Fig. 11  DSC graphs of chitosan, EDTA disodium, C2 and Y1. The DSC 
thermograms were recorded in a Differential scanning calorimeter 
from 40 to 400 °C temperature range. The CH, C2 and Y1 showed 
an endotherm transition near 100 °C, 240 °C (C2 and Y1) and for EDTA 
near 243.96 °C. The CH showed exothermic transition around 311 °C 
and C2 and Y1 thermograms showed it at 312–314 °C

Fig. 12  XRD graphs of chitosan (CH), EDTA disodium (EDTA) 
and SE-CHEM samples were measured using the X-ray diffractometer 
at a voltage of 45 kV. The XRD pattern for chitosan showed two 
diffraction peaks, one at 2θ = 20.37° and 2θ = 29.57°, while EDTA 
disodium diffraction peaks were at 2θ = 21.2°, 2θ = 26.5°, 2θ = 29.8°, 
2θ = 34.3° and 2θ = 45.4°. SE-CHEM samples showed diffraction peaks 
at 2θ = 26.5° and 2θ = 29.8°

Fig. 13  XRD graphs of chitosan (CH), EDTA disodium (EDTA) 
and SD-CHEM samples were measured using the X-ray diffractometer 
at a voltage of 45 kV. The XRD pattern for chitosan showed two 
diffraction peaks, one at 2θ = 20.37° and 2θ = 29.57°, while EDTA 
disodium diffraction peaks were at 2θ = 21.2°, 2θ = 26.5°, 2θ = 29.8°, 
2θ = 34.3° and 2θ = 45.4°. SD-CHEM samples showed broad diffraction 
peaks at 2θ = 21.2°, 2θ = 23°, 2θ = 26.5° and 2θ = 29.8°
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Fig. 14  Scanning electron micrographs A chitosan, B EDTA disodium, C C2 and D Y1. C The SE-CHEM (C2) microparticles had a flaky appearance. D 
SD-CHEM (Y1) microparticles were spherical

Table 4  Flow properties

*θ = angle of repose (°), ρb = bulk density (g/cm3), ρt = tapped density (g/cm3), CI = Carr’s index, HR = Hausner’s ratio

Code θ ρb ρt CI HR Flowability

A1 17 ± 1.9 0.93 ± 0.12 0.99 ± 0.23 5.72 1.06 Fair

A2 9 ± 0.5 0.98 ± 0.19 1.12 ± 0.31 12.5 1.14 Free flow

A3 13 ± 1.3 0.76 ± 0.36 0.8 ± 0.27 5 1.04 Free flow

B1 12 ± 0.9 0.91 ± 0.29 1.01 ± 0.41 11.11 1.12 Free flow

B2 16 ± 1.2 0.97 ± 0.31 1 ± 0.22 3 1.03 Fair

B3 14 ± 1.6 1.13 ± 0.28 1.18 ± 0.39 3.89 1.04 Free flow

C1 16 ± 0.8 0.89 ± 0.18 1.04 ± 0.47 13.5 1.15 Free flow

C2 13 ± 1.1 0.91 ± 0.24 1.04 ± 0.29 13.12 1.15 Free flow

C3 11 ± 0.9 0.89 ± 0.37 0.99 ± 0.41 10.5 1.11 Free flow

X1 17 ± 0.5 0.93 ± 0.15 0.99 ± 0.36 5.72 1.06 Fair

X2 9 ± 1.2 0.98 ± 0.45 1.12 ± 0.22 12.5 1.14 Free flow

X3 13 ± 1.7 0.76 ± 0.26 0.8 ± 0.17 5 1.04 Free flow

Y1 11 ± 0.6 0.9 ± 0.33 1.01 ± 0.43 11.1 1.12 Free flow

Y2 16 ± 0.8 0.97 ± 0.18 1 ± 0.33 3 1.03 Fair

Y3 14 ± 1.1 1.13 ± 0.22 1.18 ± 0.24 3.97 1.04 Free flow



Page 18 of 21Kumar et al. Future Journal of Pharmaceutical Sciences           (2024) 10:18 

Fig. 15  Oil adsorbing capacity (OAC) and oil desorbing capacity (ODC) for C2 and Y1. Cremophor RH 40 and Labrafac were used for the OAC 
and ODC study. The OAC of Y1 was slightly higher than C2 for both Labrafac and Cremophor RH 40

Fig. 16  Surface free energy components (dispersive component, γLW and polar component, γP) and dynamic advancing contact angles (θa) for C2 
and Y1. The γLW components of C2 and Y1 were enhanced after oil adsorption (for both Labrafac and Cremophor RH 40). The γP components were 
decreased after the oil adsorptions for both microparticles. The dynamic advancing contact angles (θa) were also significantly increased after the oil 
adsorption
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(mJ/m2)] and polar component [γP (mJ/m2)] are very 
important to understand. The γLW component is related 
to the hydrophobic surface, and the γP component relates 
to the hydrophilic part of the surface.

In Fig. 16, the results of the surface free energy compo-
nents and dynamic advancing contact angles [θa (°)] are 
shown. The γLW components of C2 and Y1 were enhanced 
after oil adsorption (for both Labrafac and Cremophor 
RH 40); this indicates that increased γLW components 
can reduce oil droplet size significantly after reconstitu-
tion of the nanoemulsion from the surface of the adsor-
bent microparticles. In contrast, the γP components were 
decreased after the oil adsorptions for both microparti-
cles. This result is significant in understanding that the 
microparticles can give ample surface free energy for the 
stable nanoemulsion, leading to good oil desorption.

The dynamic advancing contact angles (θa) were also 
significantly increased after the oil adsorption. Increased 
θa indicates the hydrophobicity of the surface, which is 
vital for the development of stable nanoemulsion.

Discussion
The solid adsorbent base with an excellent hydropho-
bic surface, oil adsorption and desorption capacities 
will play a crucial role in developing the S-SEDDS [30]. 
Hence, an attempt was made to develop the micro-
particles of chitosan–EDTA disodium. Such adsor-
bent microparticles will allow the incorporation of 
poorly water-soluble and thermolabile drugs into the 
S-SEDDS [31]. The solvent evaporation and spray dry-
ing techniques were explored to synthesize and char-
acterize SE-CHEM and SD-CHEM microparticles, 
respectively. In the preliminary study, it was evident 
that the chitosan–EDTA disodium ratio and process-
ing temperature in the solvent evaporation and spray 
drying procedures play a crucial role in the various 
properties of the microparticles like water solubility, 
yield, particle size and zeta potential. So, optimization 
was required for the development of the CHEM. The 
process was optimized using 32 full factorial designs, 
which showed a CH/EDTA ratio (60:40) and drying 
temp. 70  °C for solvent evaporation method and inlet 
temp. 110  °C and CH/EDTA ratio (50:50) produced 
SE-CHEM (C2) and SD-CHEM (Y1), respectively, with 
highest yield, zeta potential and lowest particle size. 
The different characterization studies like DSC and 
FTIR analysis for both optimized microparticles con-
firmed the amide conjugation between the CH and 
EDTA and free acetate moieties’ existence. XRD study 
confirmed the broadening of the diffraction peaks for 
both C2 and Y1, suggesting the amorphous character of 
the particles. The high oil adsorption and desorption 

were achieved for both microparticles, confirmed by 
OAC and ODC studies. The ODC is closer to the OAC, 
which signifies that the amount of oil adsorbed by the 
microparticles will be desorbed in a very close quantity 
to adsorption. Surface morphology analysis through 
SEM images confirmed the flaky appearance of C2 
and Y1, showing a spherical shape with voids. Flowa-
bility analysis revealed that both the microparticles 
were free-flowing. The surface free energy component 
analysis before and after oil adsorption revealed the 
enhancement in the dispersive components for both 
microparticles; this property leads to a reduction in 
oil droplet size on reconstitution of S-SEDDS, whereas 
reduced polar components after oil adsorption sug-
gest microparticle’s ability to provide sufficient surface 
free energy for the stability of the nanoemulsion after 
reconstitution. The enhanced dynamic advancing con-
tact angles for C2 and Y1 indicated the hydrophobic sur-
face of the microparticles, which was evident in high 
OAC for both microparticles. All these results suggest 
that both the microparticles can serve as stable adsor-
bent base for solid SEDDS to produce stable nanoemul-
sion after reconstitution.

Conclusion
This study has reported development of superior adsor-
bent carrier (microparticles) by solvent evaporation and 
spray drying techniques. The development of the CH-
EDTA disodium microparticles (adsorbent carriers) by 
the solvent evaporation and spray drying methods is sim-
plistic and practical, with the potential to be adopted at 
an industrial scale. The results of improved OAC, ODC 
and surface free energy components were satisfactory. 
They will prove beneficial for these microparticles to fab-
ricate them with the liquid self-emulsifying drug delivery 
systems. The microparticles developed with both tech-
niques were superior in their qualities as an adsorbent 
base for the solidification of SEDDS. However, if we com-
pare both techniques, the microparticles developed by 
the spray drying technique were better than those from 
the solvent evaporation technique. The SE-CHEM had 
the advantage of a greater percentage yield as no mini-
mal loss occurred during production, while SE-CHEM 
suffered a more significant loss and had a low percentage 
yield during the process. Further, the fabrication of these 
microparticles with SEDDS (of suitable drugs) is required 
to form a solid self-emulsifying drug delivery system, 
whose analysis in in vitro and ex vivo conditions will give 
a clear image of these microparticle’s ability to enhance 
the drug loading, dissolution and bioavailability and to 
form a stable solid self-emulsifying drug delivery system.
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