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Abstract
The current study aimed to see the effects of poloxamer P407 on the dissolution performance of hydroxypropyl methylcel-
lulose acetate succinate (AquaSolve™ HPMC-AS HG)-based amorphous solid dispersions (ASD). A weakly acidic, poorly 
water-soluble active pharmaceutical ingredient (API), mefenamic acid (MA), was selected as a model drug. Thermal inves-
tigations, including thermogravimetry (TG) and differential scanning calorimetry (DSC), were conducted for raw materials 
and physical mixtures as a part of the pre-formulation studies and later to characterize the extruded filaments. The API was 
blended with the polymers using a twin shell V-blender for 10 min and then extruded using an 11-mm twin-screw co-rotating 
extruder. Scanning electron microscopy (SEM) was used to study the morphology of the extruded filaments. Furthermore, 
Fourier-transform infrared spectroscopy (FT-IR) was performed to check the intermolecular interactions of the components. 
Finally, to assess the in vitro drug release of the ASDs, dissolution testing was conducted in phosphate buffer (0.1 M, pH 7.4) 
and hydrochloric acid–potassium chloride (HCl-KCl) buffer (0.1 M, pH 1.2). The DSC studies confirmed the formation of 
the ASDs, and the drug content of the extruded filaments was observed to be within an acceptable range. Furthermore, the 
study concluded that the formulations containing poloxamer P407 exhibited a significant increase in dissolution performance 
compared to the filaments with only HPMC-AS HG (at pH 7.4). In addition, the optimized formulation, F3, was stable for 
over 3 months when exposed to accelerated stability studies.

Keywords amorphous solid dispersions · design of experiments · hot-melt extrusion · HPMC-AS · mefenamic acid · 
poloxamer P407

Introduction

In recent times, enhancing drug solubility has been an active 
area of research. Techniques including solid dispersions 
[1–3], inclusion complexes [4, 5], ultra-rapid freezing pro-
cesses [6], melt sono-crystallization [7], nanocrystallization 
by anti-solvent addition [8], melt granulation techniques [9], 

and micronization by supercritical solvent are being used 
extensively. Among these approaches, hot-melt extrusion 
(HME), a solvent-free, continuous process, has observed 
various advantages [10–13]. The method of extrusion 
involves physically mixing the API with polymeric carriers 
and other excipients, which are then pumped through a bar-
rel at elevated temperature and pressure to get the extruded 
products, usually in the form of filaments or granules [11, 
14, 15]. The unstable materials at higher temperatures may 
cause the process to malfunction and the product to degrade 
[9, 16, 17]. Upon adding specific carriers and plasticizers, 
the thermal stability of an API can be improved to a great 
extent, promoting better extrusion processability while 
decreasing processing temperatures [18].

Advancements in Amorphous Solid Dispersions to Improve Bioavailability
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One such additive to improve the HME process is polox-
amer P407. It is a water-soluble, non-ionic triblock copoly-
mer made up of a hydrophobic residue of polyoxypropylene 
(POP) between the two hydrophilic units of polyoxyethylene 
(POE) [19, 20]. Poloxamer P407 has been previously used as 
a solubility or a dissolution enhancer due to its surface-active 
properties, low melting point, and bio-compatibility [21]. The 
solubility of many hydrophobic drugs can be improved by 
introducing a hydrophilic carrier into the formulation matrix, 
and these might include polyvinylpyrrolidone (PVP) [22], 
hydroxypropyl methylcellulose (HPMC) [23], or Eudragit® 
[24]. Although these polymers’ solubilization capacity might 
be limited, their supersaturation may lead to recrystallization 
of the API [25]. Since HPMC AS HG solubilizes at a pH above 
7, it presented a perfect environment to hinder the drug release 
in acidic media. Some of the options that were considered to 
be used to enhance the solubility of the HPMC AS-MA mix 
were Gelucire 50/13, poloxamer p188, and poloxamer P407. 
Experiments were performed to generate formulations with 
Gelucire 50/13 at different concentrations, and observations 
were made. Literature suggests that poloxamer P407 has been 
more efficient, specifically when the poloxamer concentration 
in a formulation is above 10%. This is because of the higher 
hydrophobicity and lower critical micellar concentration than 
P188. The effect of poloxamer P407 in preventing recrystal-
lization due to supersaturation of the polymer is investigated 
in this research study using HPMC-AS HG as a carrier. Fur-
thermore, P407 also acts as a solubility or dissolution enhancer 
which has a low melting point, surfactant properties and is 
orally safe to be used [26–29].

In this study, the impact of different concentrations of 
poloxamer P407 on the dissolution performance of HPMC-
AS HG-mefenamic acid-based ASDs was evaluated. Using 
the design of experiments (DoE), different formulations con-
taining 20–40% w/w MA, 40–80% w/w HPMC-AS HG, and 
0–20% w/w poloxamer P407 were prepared. These ASDs 
were exposed to thermal, morphological, and performance 
testing. The addition of poloxamer P407 to the formulation 
was observed to significantly influence the performance of 
the extruded filaments under discussion at pH 7.4. An added 
importance of an improved release of a weakly acidic and 
poorly soluble drug, such as MA (solubility: 20 mg/L, pKa: 
4.2 and logP: 5.12), at a higher pH is the circumvention of 
its gastrointestinal side effects, such as bleeding and ulcera-
tion [25].

Materials and Methods

Materials

Mefenamic acid was purchased from TCI America (Port-
land, OR, USA). AquaSolve™ HPMC-AS HG was received 

as a gift from Ashland (Wilmington, DE, USA). Kolliphor 
P407 was received as a gift from BASF SE (Ludwigshafen, 
Germany). Sodium hydroxide and potassium phosphate 
were purchased from Acros Organics (NJ, USA). All other 
chemicals, solvents, and reagents used in this study were of 
analytical grade and obtained from Fisher Scientific (Fair 
Lawn, NJ, USA).

TGA 

TGA (Perkin Elmer, Pyris 1, Shelton, CT, USA) was used 
to ascertain the thermal degradation temperature of MA and 
other components of the formulations [30]. TGA was per-
formed in the heating range of 25–300°C at an accelerated 
rate of 10°C/min. A nitrogen purge was set at 20 mL/min, 
and approximately 10 mg of each sample was weighed in 
the platinum pan and analyzed using the Pyris 1 software.

Designing the Formulations

Design of experiments (DoE) is an essential tool used in 
statistical analysis. It plays a vital role in applying the quality 
by design (QbD) approach in industrial and laboratory-based 
research setting [31]. It has been observed that ever since 
ICH Q8 Guidelines highlighted the use of DoE approaches 
in the scientific and industrial domains, there has been a sig-
nificant rise in the utilization of DoE [32, 33]. Furthermore, 
the availability of various statistical and designing software 
at scientists’ disposal increased the opportunities to exploit 
this approach at a much greater pace [34]. The software used 
in this study was Design Expert 11. The design selection 
was based on the prediction-based optimality criteria [35], 
and the applied approach depended on the drug dissolution 
studies, taking into account the crystallinity of the formu-
lations observed via differential scanning calorimetry. The 
“mixture” DoE methodology was selected, staying as close 
as possible to the abovementioned responses. Within the 
mixture DoE methodology, to minimize the average predic-
tion variance over the experimental region, the I optimal 
criterion was utilized [36].

Following the I optimality criterion, if P1 is considered to 
be the average prediction of the variance of Design 1 and P2 
is considered to be the average prediction of the variance of 
Design 2, then I-efficiency of Design 1 can be stated as; P2/
P1 and vice versa for Design 2. If the value of I-efficiency for 
Design 1 is more significant than 1, it depicts that Design 1 is 
better than Design 2 regarding average prediction variance. 
When D-optimal designs were compared with I-optimal 
designs, it was found that in the case of D-optimal designs, 
the median variance of prediction is about 50% larger than 
that of I-optimal designs. Furthermore, it was observed that 
the I-efficiency of I-optimal designs was higher (1.00) than 
D-optimal designs, which confirmed the effectiveness of the 
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I-optimal mixture design for this study [35–37]. The three 
components of the design were A-HPMC-AS HG, B-MA, 
and C-Kolliphor P407. Each component’s lower and upper 
limits were set so that the mixture components of each run 
would add up to 100. The target profile of the optimized 
formulation is described in Table I.

After the formulations were obtained, the response was 
added to the design. Since the crystallinity of the formula-
tions was not quantified, only one response could be used 
to optimize the formulations, i.e., drug release (%). Further 
optimization was based on the solid-state characterization 
of these formulations. The processing parameters used 
while performing extrusion were based on the results of the 
screening studies described in the previous section.

Hot‑Melt Extrusion

After going through the preliminary formulation data, pro-
cessing parameters for HME were finalized, and the extru-
sion process was carried out. The composition of differ-
ent formulations is listed in Table II. Physical mixtures of 
formulations were prepared by weighing the exact amount 
of the drug and the polymers according to the formulation 
design and blending them using a V-blender (Globe Pharma 
Maxiblend™, New Brunswick, NJ, USA). These blended 
mixtures were then processed using HME. A screw speed 
of 50 rpm with an optimized screw configuration consisting 
of three mixing zones was used for extrusion [38]. A 2.5-
mm die was used, and different temperatures for different 
formulations were set, as mentioned in Table II. The feed 
rate was set at 4% (approximately 1.5 g/min), processing 
temperatures were between 140 and 160°C, and torque was 
carefully observed throughout the process. The extruded 
filament obtained was milled using a laboratory grinder and 
sieved through ASTM #30 mesh. The sieved powder was 
stored in sealed glass vials preserved in a desiccator until 
further analysis.

DSC

DSC (TA Instruments Discovery Series DSC 25, New 
Castle, DE, USA) analysis was conducted to analyze the 
glass transition temperature and the melting point of pure 
ingredients and different formulations [39, 40]. The analysis 
was performed over the temperature range of 25 to 300°C 
at the heating rate of 10°C/min, and the nitrogen purge was 
set at 20°C/min. Samples (5–15 mg) were weighed in an 
aluminum pan and sealed with a hermetic lid. The TRIOS 
software was used to analyze the solid-state characteris-
tics and thermal stability of the pure drug, polymers, and 
formulations.

FT‑IR

An Agilent Technologies Cary 600 Series FTIR Spectro-
photometer (Santa Clara, CA, USA) was used to study the 
interaction between the drug and the polymeric carrier. Sam-
ples of pure drugs, polymers, and formulations were scanned 
over a frequency range of 4000–400  cm−1. The data was 
collected and analyzed using the Resolutions Pro software.

SEM

SEM study was performed to evaluate the surface morphology 
of the pure drug and formulations using JEOL JSM 5600 SEM 
(JEOL, Peabody, MA, USA) at an accelerated voltage of 5 kV 
[41]. Hummer sputtering system (Anatech Ltd., Springfield, 
VA, USA) was used to prepare the sample in a high vacuum 
evaporator. Carbon pads were mounted on an aluminum base, 
and the extrudates were powdered and placed on these adhe-
sive pads. This step was followed by sputter coating with 

Table I  Target Profile

QTPP quality target product profile, CQA critical quality attribute

Element/attribute Target QTPP CQA

Route of administration Oral ✓
Dosage form Capsule ✓
Assay 90–110% ✓ ✓
Content uniformity USP < 905 > ✓ ✓
Strength 100 mg ✓
Stability 3 months acceler-

ated stability
✓

Dissolution 100% (2 h) ✓ ✓
Solid state Amorphous ✓ ✓
Compatibility Excipients ✓ ✓

Table II  Details of Formulations

Formulation % Mefenamic 
acid

% Aquasolve 
HPMC-AS HG

% Kol-
liphor 
P407

F1 20 80 0
F2 20 70 10
F3 20 60 20
F4 30 70 0
F5 30 60 10
F6 30 50 20
F7 35 50 15
F8 40 60 0
F9 40 55 5
F10 40 50 10
F11 40 40 20
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gold. After the gold coating, these samples were put under the 
microscope, and the images were captured.

Drug Content

Milled extrudates equivalent to 50 mg of the pure drug were 
weighed and transferred into 50 mL volumetric flasks, to 
which 40 mL methanol was added. The volumetric flask was 
sonicated for 20 min using a Branson 2800 Ultrasonic Bath 
(Cleanosonic, Richmond, VA, USA) to solubilize the drug 
entirely in the solvent. Once the drug was solubilized, volume 
was made up to the 50-mL mark using methanol. This sample 
solution was diluted appropriately and analyzed for MA con-
tent at a wavelength of 285 nm using a UV–Visible Spectro-
photometer (Genesys 6; Thermo Scientific., USA).

Dissolution Studies

Hanson SR8 Plus Dissolution System (Chatsworth, CA) USP 
Type II (Paddle) Apparatus was used to conduct the in vitro 
dissolution studies. The milled filaments (100 mg MA equiva-
lent) and the pure drug were weighed by the drug load equiva-
lent to 100 mg MA, passed through sieve #30, and filled into 
hard gelatin capsules (standard “00” size). Dissolution studies 
were performed using hydrochloric acid–potassium chloride 
(HCl-KCl) buffer (0.1 M, pH 1.2) and phosphate buffer (0.1 M, 
pH 7.4) for 120 min. These capsules were placed in dissolution 
vessels filled with 900 mL buffer solution using sinkers. The 
water bath temperature was maintained at 37 ± 0.5°C, and the 
paddle speed was set at 50 RPM. Samples (3 mL) were with-
drawn from the dissolution vessels at 15, 30, 45, 60, 90, and 
120 min [42]. The samples were filtrated using a 10-µ Amicon 
filter. The samples were diluted 10 folds and analyzed using a 
UV–visible (UV–vis) spectrophotometer.

Stability Studies

The accelerated stability studies were conducted for 3 months 
for the optimized formulations (F3, F7, F9, F10) at 40°C ± 2°C 
and 75% ± 5% RH [43]. These were further characterized 
using DSC, drug content uniformity, and dissolution studies. 
All parameters used during these studies were kept the same 
as those with initial samples. The similarity factor (f2) and 
dissimilarity factor (f1) were calculated using the formulae 
provided her e[44–46].

(1)f
2
= 50log
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Results

TGA 

TGA was performed to determine the thermal stability of 
MA and all the excipients used in HME processing. TGA 
analysis revealed that the thermal degradation temperature 
of MA was 238 ± 2°C, which aligns with the previous lit-
erature discussing the degradation of MA [47]. In addition, 
both HPMC-AS HG and Kolliphor P407 were stable over 
300°C. Therefore, the processing temperature was set less 
than the degradation temperature of MA, HPMC-AS HG, 
and Kolliphor P407 to prevent any degradation during the 
extrusion process.

Differential Scanning Calorimetry

The DSC thermogram depicted two endothermic peaks of 
MA at 174°C and 231°C, observed because MA exists in 
two polymorphic forms. The first endothermic peak is the 
conversion of MA form 1 to its metastable state, MA form 
2, whereas the second endothermic peak corresponds to the 
melting temperature of MA [48, 49]. MA was found to have 
converted entirely to its amorphous form in the manufac-
tured solid dispersions (F1 through F6). However, the DSC 
thermograms of the extruded filaments having the higher 
drug load of MA retained trace crystallinity.

This can be seen from the low-intensity peaks of MA 
in Fig. 1. In formulations F7 through F11, the crystalline 
peak of MA reduced in intensity and was shifted to lower 
temperatures suggesting the partial conversion of MA into 
its amorphous form (Fig. 2). However, the MA crystals were 
dispersed in the polymeric matrix forming solid crystalline 
dispersions [50].

FT‑IR

The FT-IR spectra of all the samples, shown in Fig. 3, were 
consistent with the IR spectrum of the pure MA [49]. The 
peaks at 1646, 1255, and 889  cm−1 represent N–H amine 
bending, aromatic amine stretch, and aromatic C = C bend-
ing, respectively. Further, the solid dispersions of MA and 
Kolliphor P407 observed no significant difference from 
the reference peak pure MA. However, it was detected 
that the polymer’s ether (R-O-R) vibrations shifted from 
2910  cm−1 to a lower wavenumber of 2860–2870  cm−1. 
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This resulted from the hydrogen bonding between the drug 
and the polymer [51].

SEM

The SEM images of the pure drug indicate that there are 
smaller crystalline particles accumulated on and around 
the enormous crystal in the case of pure MA. However, 
when the amorphous solid dispersions’ SEM images 
were investigated, the smaller crystalline particles were 
utterly absent due to the drug’s and the polymer’s absolute 
mixture at a molecular level (Fig. 4). These observations 
can corroborate the DSC results discussed earlier in this 
manuscript.

Content Uniformity

The drug content uniformity of the formulations was ana-
lyzed, and the results were found to be within the acceptable 
range set by the United States Pharmacopoeia (USP), which 
is 90–110% for MA. The drug content (n = 3) was 90.9 to 
101% for all formulations. It can be seen from Table III that 
even at lower drug loads (F1, F2, F3), the HME process is 
capable of maintaining uniform drug content.

In Vitro Dissolution Studies

The in vitro release profiles of the formulations were studied, 
and it was observed that there was a significant improvement 
in the release of MA from the formulations which contained 

Fig. 1  Representative DSC ther-
mograms of pure components 
and formulations (F1–F6).

Fig. 2  Representative DSC ther-
mograms of pure components 
and formulations (F7–F11).
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poloxamer. It was also observed that there was a decline in 
the drug release of the formulations by increasing the drug 
load. A correlation was also observed between the amount 
of poloxamer and the drug release.

This behavior can be attributed to several physical pro-
cesses occurring during the dissolution of the ASDs under 
discussion. Adding a hydrophilic additive such as polox-
amer P407 can increase the wettability of the hydrophobic 
surfaces of MA-HPMC-AS HG solid dispersions, thereby 
facilitating accelerated drug release [52]. Moreover, the 

hydrophilic carrier also reduces agglomeration and aggre-
gation of the drug particles, facilitating their contact with 
the dissolution medium, which in turn enhances the dissolu-
tion rate and maintains the drug supersaturation [53]. This 
phenomenon could also prevent the recrystallization of the 
drug in the medium as poloxamer behaves as a polymeric 
surfactant and thereby could have stabilized the solubilized 
drug molecule [54]. HPMC-AS HG has a high ratio of 
acetyl:succinoyl substitutions. This chemistry of HPMC-
AS HG is responsible for its pH-dependent solubility (more 

Fig. 3  FTIR of pure mefenamic 
acid and the formulations, rep-
resenting the compatibility and 
interactions between API and 
the polymers used.

Fig. 4  SEM images of the drug (A1–A3) and selected optimized formulation (B1–B3) describe the pure API morphology and the solid disper-
sions in formulation F3.
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significant than pH 6.8) [23]. This would prevent the release 
of MA in an acidic medium (i.e., the physiological pH of 
the stomach) and target it to the intestine. The main rea-
son for the targeted release of MA in the intestine was to 
circumvent its GI side effects [55]. Being a non-selective 
Cyclooxygenase (Cox1 and Cox2) inhibitor, MA inhibits 
Cyclooxygenase 1 in the stomach, which participates in 

various pathways responsible for protecting the GI lining 
from the harsh acidic environment. This unwanted inhibition 
is the source of multiple GI side effects such as abdominal 
pain, constipation, diarrhea, and heartburn [56].

Figure 5 shows a correlation between the increase in drug 
release from the formulation and the increase in poloxamer 
concentration. For formulations F1, F2, and F3, where the 
drug load was set to 20%, an increase in poloxamer concen-
tration was observed in an increase in drug release. This 
phenomenon can be explained by the mechanism mentioned 
above of poloxamer, which increases the dissolution rate and 
the solubilization of the drug in the medium due to its sur-
factant properties. Furthermore, this trend was also observed 
in the formulations F4, F5, and F6, where the drug load was 
set to 30%, and the amount of poloxamer varied from 0 to 
20%. These observations for formulations F1 to F6 suggest 
that 20% of poloxamer can enhance the dissolution rate and 
the solubility (20-fold) of MA-HPMC-AS HG ASDs with 
up to 30% of drug load. For formulation F10 with 40% drug 
load and 10% poloxamer, a superior drug release profile was 
observed compared to F11 with 40% drug load and 20% 
poloxamer. This observation can be attributed to two main 
reasons. First, a higher concentration of surfactant (F11), 

Table III  Drug Content

Formulation (%) Drug content (n = 3)

F1 98.46 ± 3.2
F2 101.00 ± 2.7
F3 100.28 ± 3.6
F4 91.95 ± 4.2
F5 94.83 ± 3.4
F6 90.92 ± 2.2
F7 99.48 ± 3.8
F8 98.61 ± 1.4
F9 95.98 ± 1.2
F10 95.25 ± 4.8
F11 97.63 ± 4.6

Fig. 5  Drug release profiles of a  formulations F1–F3, b  formulations F4–F7, c  formulations F8–F11, and d optimized formulation F3, before 
and after stability study.
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which if above critical micellar concentration (CMC), leads 
to the formation of bigger micelles with a lower surface area 
which hindered drug release as observed by Anderberg et 
al. [57]. Second, poloxamer has the capability of increasing 
the viscosity of the diffusion layer at a higher concentration. 
The increased viscosity of the diffusion layer due to the gel-
forming capability of poloxamer in F11 may be responsible 
for the superior performance of F10. This same pattern can 
be observed with formulations F5, F6, and F7 because of the 
higher drug load and varying surfactant ratios [58]. Formu-
lations F2 and F3 do not follow this trend because of a low 
drug load which is not affected by the hindering property of 
poloxamer 407.

When the dissolution studies were performed with 
selected formulations (pure MA, F3, F7, F10) using pH 1.2 
simulated gastric fluid (enzyme free), less than 0.6% drug 
release was observed after 120 min. Therefore, it could be 
further stated that the site-specificity of the formulations was 
successfully achieved.

Regarding the extrusion parameters, the screening stud-
ies presented some valuable insights employed while decid-
ing on the final parameters. For example, on increasing the 
extrusion temperature above 160°C, it was observed that the 
extrudates started losing their firmness and were further liq-
uefied on increasing the temperature to 190°C. On the other 
hand, when the temperature was decreased below 140°C, 
the torque went beyond the permissible limit, and hence the 
extrusion was not performed below 140°C.

Statistical Interpretations and DoE Discussion

The model F-value from the design was 6.74, which implies 
that the model is significant. There is only a 1.89% chance 
that an F-value this large could occur due to noise. P-values 
less than 0.0500 indicated that the model terms are signifi-
cant. A, B, and AC are significant model terms in this case. 
Values greater than 0.1000 indicate that the model terms are 
not significant. If there are many insignificant model terms 
(not counting those required to support hierarchy), the model 
reduction might improve this model.

Furthermore, a negative predicted R2 implies that the 
overall mean may better predict the response than the cur-
rent model. A higher-order model may also predict better 
precision measures in some cases, thereby giving a bet-
ter signal-to-noise ratio. A ratio greater than 4 is desira-
ble. Here, the ratio of 6.644 indicates an adequate signal 
(Table IV). Thereby, this model can be used to navigate the 
design space.

Furthermore, the coefficient estimate represents the 
expected change in response per unit change in factor value 
when all remaining factors are held constant. The intercept 
in an orthogonal design is the overall average response of 
all the runs. The coefficients are adjustments around that 
average based on the factor settings. When the factors are 
orthogonal, the VIFs are 1; VIFs greater than 1 indicate 
multi-collinearity, and the higher the VIF, the more severe 
the correlation of factors. As a rough rule, VIFs less than 
10 are tolerable. These details for the current study are 
described in Table V.

When the predicted versus residual graph was analyzed, 
it was observed that all the formulations were linear, and 
the variability was uniform all along the axis. There was no 
curvature or outliers; hence, the assumptions of this model 
are believed to be accurate. Furthermore, the variance was 
constant with the mean throughout the graph, and the con-
stant variance assumption was not violated. The regression 
graphs in Fig. 6 describe the relationship between the formu-
lation’s independent and dependent variables. As it can be 
very easily noticed from the actual versus predicted graph, 
there is a positive relationship between the independent and 
the dependent variables in the formulation. The response 

Table IV  Analysis of Variance Source Sum of squares df Mean square F-value p-value

Model 1381.91 5 276.38 6.74 0.0189 Significant
(1)Linear mixture 883.19 2 441.60 10.78 0.0103
AB 37.34 1 37.34 0.9113 0.3766
AC 491.12 1 491.12 11.99 0.0134
BC 132.60 1 132.60 3.24 0.1221
Residual 245.87 6 40.98 - -
Lack of fit 245.87 5 49.17 - -
Pure error 0.0000 1 0.0000 - -
Cor total 1627.78 11 - - -

Table V  Fit Statistics

CV coefficient of variation

Std. dev 6.40 R2 0.8490
Mean 92.96 Adjusted R2 0.7231
C.V. % 6.89 Predicted R2 0.0164
- - Adequate precision 6.6442
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used in this prediction was % drug release, and with the 
help of regression analysis, it could be further confirmed 
that the formulations were significantly influenced by polox-
amer 407. The formulations with 0% poloxamer 407 can 
be seen at the lower end of the graph, while the formula-
tions with some amount of poloxamer 407 are at the top end 
(Table VI).

Figure 7 demonstrates that there could be 42 possible 
formulations within the limits of this design that could give 
a 100% drug release, and the optimized formulation can be 
selected from these 42 formulations. For example, formu-
lation #34 could be selected as an optimized formulation 
because it resembles formulation F3. Furthermore, formula-
tion F3 had the MA completely converted into an amorphous 
form, was compatible with the ingredients, and had accept-
able drug content uniformity.

The thermogram obtained after DSC (Fig. 8) showed no 
recrystallization peak in the case of formulation F3, while 

there appears to be some recrystallization in formulations 
F7, F9, and F10. The drug content uniformity was assessed 
and found to be within the acceptable range by the USP 
(93.18–102.88%).

The optimized formulation was also evaluated for its 
drug release profile by performing dissolution studies, 
and the release profile can be seen in Fig. 5. The simi-
larity factor (f2) and dissimilarity factor (f1) were cal-
culated using the formulae. They were found to be well 
within the range of a stable formulation (f1 = 5.55–9.05, 
f2 = 56.66–64.89). Therefore, as far as the optimized for-
mulation was concerned, only one could be considered an 
optimized formulation.

It could be observed from the release profiles, solid-
state characterization, and stability studies that formula-
tion F3 is the one which had a 100% drug release, had 
converted entirely into an amorphous form, and remained 
stable after 3 months of accelerated stability studies.

Fig. 6  a Predicted vs. actual graph represents the positive relationship between the dependent and the independent variables, and b residual vs. 
predicted graph represents the linearity and uniformity of the formulations with the model.

Table VI  The Coefficient in 
Terms of Coded Factors

CI confidence interval, VIF variance inflation factor

Component Coefficient estimate df Standard error 95% CI low 95% CI high VIF

A-HPMC AS-HG 76.28 1 5.67 62.42 90.15 2.71
B-Mefenamic acid 106.59 1 33.94 23.53 189.64 39.10
C-poloxamer P407 9.26 1 36.18  − 79.27 97.79 36.94
AB  − 60.91 1 63.80  − 217.03 95.21 19.11
AC 223.57 1 64.58 65.55 381.59 16.23
BC 171.81 1 95.51  − 61.90 405.51 27.88
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Conclusion

Solid dispersions of MA (20%, 30%, 35%, and 40% w/w) 
with varying ratios of AquaSolve™ HPMC-AS HG and 
Kolliphor® P407 (0%, 10%, and 20% w/w) were suc-
cessfully prepared using hot-melt extrusion technology. 
The dissolution rate of mefenamic acid from HPMC-AS 
HG solid dispersions was observed to be better than the 
pure drug. Furthermore, the addition of Kolliphor® P407 

enhanced the dissolution rate compared to pure MA. The 
enhanced solubilization can be attributed to the amorphous 
conversion of MA confirmed by solid-state characteriza-
tion techniques, the enhanced wettability of the formula-
tion due to the hydrophilicity of the additive, and finally, 
the surfactant property of the additive, which maintained 
the supersaturation of the drug in the dissolution media. 
The additive concentration depicted a strong correlation 
with the dissolution behavior. However, on increasing the 

Fig. 7  Numerical optimization demonstrates the optimized formulation (F3) as one of the 42 numerically optimized formulations.

Fig. 8  DSC thermograms of 
the formulations after 3-month 
stability study at RH 75% ± 5% 
and temperature 40°C ± 2°C.
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drug load above 20%, it was speculated that poloxamer 
started forming bigger micelles inhibiting the drug release 
after reaching critical micelle concentration (CMC). Sta-
bility studies showed that formulation F3 was stable after 
3 months of accelerated stability study at RH 75% ± 5% 
and temperature 40°C ± 2°C. Therefore, it was confirmed 
that F3 could be considered the optimized formulation. In 
conclusion, this study provides insights into the impact 
of surface-active, hydrophilic carriers on the dissolution 
behavior of ASD and further sheds light on their limita-
tions in terms of drug loads and acceptable concentration 
ranges for preparing a stable formulation with notable 
solubility advantage.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1208/ s12249- 023- 02562-3.
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