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Abstract

The aim of this contribution is to examine the impact of incorporating surfactants into
amorphous solid dispersions on solid state miscibility and aqueous solubility of the antifungal
drug griseofulvin. Spray dried amorphous solid dispersions of griseofulvin (GF) and
hypromellose acetate succinate (HPMCAS) were prepared by spray drying. Three different
surfactants of varying ratios between 1 to 5% were used namely the anionic sodium dodecyl
sulfate (SDS), the cationic dodecyletrimethylammonium bromide (DTAB) and the non-ionic
pluronic (F127). Flory-Huggins model combined with calculations based on Hoffman’s equation
were used to calculate miscibility and predicted solubility of the amorphous form. The results
showed that the prepared solid dispersions exhibited enhanced drug-polymer miscibility
reflected by improved thermodynamics of mixing. The highest miscibility was achieved when
DTAB was incorporated by which the drug-polymer miscibility was enhanced by approximately
1.5 times. The tendency to recrystallize was calculated using reduced recrystallization
parameter and correlated with the measured saturation solubility showing distinct properties
which were dependent on the type of surfactant. Saturated solubility of the solid dispersions
was compared with micellar solubility and was found to be significantly affected by the presence
of the polymer. The glass transition temperature (Tg) decreased significantly upon the addition
of surfactants. However, gravimetric analysis showed that solvent content did not exceed 1%
which suggests that the shifted Tg was not related to plasticizing effect of residual solvent.
Overall, these results suggest potential role for the surfactants in enhancing solid state

miscibility when incorporated into the solid dispersions.

Introduction

Converting crystalline drugs to the amorphous form has been accepted as effective approach to
improve solubility of hydrophobic drugs [1-3]. The favourable amorphous form has a higher
energy manifesting in higher apparent solubility and enhanced dissolution rates compared to
the crystalline form of the drug [4, 5]. Formation of amorphous solid dispersions has been
commonly used to formulate amorphous drugs. However, the amorphous form is
thermodynamically unstable and tend to re-crystallize over a period of time [6]. Recrystallization
can occur during storage (solid-state-mediated) or after administration of the drug (solution-
mediated), or both. Use of solid dispersions in which the drug is molecularly mixed with a

hydrophilic polymer has been successful in preventing recrystallization of the amorphous drug

[7].
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One potential event that can be difficult to predict is whether the drug would remain amorphous
upon exposure to the aqueous medium. This is particularly difficult to measure for fragile glass
formers because of their high tendency to recrystallize [8]. We have shown before that a
memory exists in solid particles where properties (such as formed H-bonds) in the solid state
remained even after the drug has completely dissolved [9]. Hence it is possible to maintain
drug-polymer interactions so that to improve the solubility of the poorly soluble drug. The latter
can be achieved via enhancing drug-polymer solid state miscibility. Apart from amorphous form
formation, incorporation of surfactants in the solid dispersion can be used as additional method
to improve solubility. Previous studies have shown that anionic surfactants had a significant
effect on the binding of GF to the polymer polyethylene glycol [10]. This was attributed to
counterions forming a bridge between the polymer causing the aggregation of anionic surfactant
and GF. This effect will not be seen with a non-ionic surfactant and will be smaller for cationic
surfactants. The impact of the counterion on the properties of the dispersion has been studied
and was shown to vary according to the charge to radius ratio [11]. For example, compared to
K* and Na*, Li* has a larger charge/radius causing it to exhibit greater binding ability between
the polymer and the drug; therefore Li* counterions have greater impact on the properties of the

dispersion [11].

In a more recent study, the anionic surfactant sodium dodecyl sulfate (SDS) was shown to
enhance nucleation of hesperetin crystals but equally slowing down crystal growth [12]. There
are other studies in the literature which have investigated the impact of surfactants on the
interactions of drug and polymer in solid dispersions. For example, impact of crystallization of
itraconazole was studied in solid dispersions that included sodium lauryl sulfate and d-a-
tocopheryl polyethylene glycol 1000 succinate. The authors showed that sodium lauryl sulfate/
Soluplus® improved solid state stability and solubility of itraconazole [13]. In a different study,
surfactants were found to interfere with the crystallization inhibitory efficiency of the polymers in
spray dried amorphous solid dispersions [13].

Despite previous research, we believe that the impact of surfactants on induction/inhibition of
recrystallization of amorphous drugs is still not well understood. This stems from our previous
work in which we have shown that surfactants displayed different behaviour in terms of their
impact on drug polymer miscibility depending on the method of preparation [14]. Here in this
work, we use thermal analysis to measure the impact of surfactants on solid state miscibility of
the drug and the polymer. This approach is based on measuring configurational energy of the

amorphous form and calculate solubility ratio (amorphous/crystalline). We compare the results
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with predictions made using Flory-Huggins model based on analysing physical mixtures of the
drug/polymer/surfactant. The prepared amorphous solid dispersions contain griseofulvin (GF)
as the model drug which is known to exhibit low aqueous solubility while the polymer is
hypromellose acetate succinate (HPMCAS). Three different surfactants were selected to be
incorporated into the amorphous solid dispersions of GF/ HPMCAS which are the anionic
sodium dodecyl sulfate (SDS), the cationic dodecyletrimethylammonium bromide (DTAB) and
the non-ionic pluronic (F127) (Figure 1). The rationale for selecting those surfactants is based
on that SDS and DTAB have similar length of carbon chain (12 carbons) with relatively
comparable critical micellar concentration (CMC). Pluronic F127 is a non-ionic surfactant and
was selected to compare the impact of charge existence on the interaction with GF and acidic
HPMCAS. In addition, these surfactants vary in terms of the critical micellar concentration
(CMC) exhibiting a range between 0.3 to 15 mM [15-17]. This variation in the CMC provides
additional factor for comparing the impact on solubility and the possible involvement of micellar
solubilization in polymer-surfactants interactions. The mass ratio of the surfactants was varied
between 1 to 5% so that to cover a range of concentrations across the CMC. These surfactants
are commonly used excipients for pharmaceutical applications hence there is a need to

understand their impact on drug-polymer interactions.

Figure 1: The chemical structures of griseofulvin, HPMCAS and surfactants.

Experimental section

Materials

GF was purchased from Sigma-Aldrich (Dorset, UK) and HPMCAS obtained from Shin-Etsu
chemical  (Tokyo, Japan). Sodium  dodecyl sufhate (SDS, 99%  purity),
Dodecyletrimethylammonium bromide (DTAB, = 98% purity) and pluronic (F127) were obtained
from Sigma- Aldrich (Dorset, UK). Acetone and NaOH pellets were purchased from VWR
International LTD (UK), and sodium dihydrogen orthophosphate purchased from Fisher Scientific

(Loughborough, UK). All chemicals were used without further purification.

Preparation of Physical Mixtures

Physical mixtures of varying GF:HPMCAS weight ratios which weighed a total of 1g were
prepared by the method of trituration using a pestle and mortar for 10 minutes (Table 1). The first
set of physical mixtures acted as the control for the study containing no added surfactant. The

remainder of the physical mixtures were made up using the same ratios and took into account the
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added surfactant SDS (1%, 2.5% and 5%) and Pluronic F-127 (1%, 2.5% and 5%) and DTAB
(1%, 2.5% and 5%).

The size of the particles (physical mixtures) was controlled using sieving so that a narrow particle
size distribution was chosen (40-90 um). This step is necessary to conduct DSC studies that
were needed for the application of the Flory-Huggins model. Thus, the onsets of the melting
peaks obtained from DSC measurements correspond to the interaction between the API and the

polymer rather than due to different particles sizes of the physical mixtures.

Preparation of GF-HPMCAS and GF-HPMCAS-surfactants solid dispersions

Binary solid dispersions consisting of GF and HPMCAS were prepared at mass ratio 50% GF.
The total amount of dispersion produced was 5 g by which 2.5 g of GF was added to a 500 mL
conical flask with 185 mL of acetone. The mixture was then stirred for 10 minutes until the GF
had completely dissolved. 85 mL of distilled water was added to the conical flask and the solution
was then stirred for further 10 minutes, followed by addition of 2.5 g of HPMCAS. The final mixture
was then stirred for approximately 45 mins until the mixture was completely clear. The solution
was finally spray dried to produce the solid dispersion of drug and polymer, using Niro SD-Micro
spray dryer (Sgborg, Denmark). This was connected to a nitrogen generator (Gateshead, UK),
where the nitrogen gas was used as the chamber and atomizer gas. Parameters which were set
for spray-drying were: inlet pressure temperature of 65°C, outlet temperature of 45°C, chamber
gas flow of 25 kg/h, atomizer gas (nitrogen) flow of 2.5 kg/h, and a fixed nozzle diameter of 0.5
mm.

For preparing GF-HPMCAS-surfactants solid dispersions, different amounts of surfactants were
used to prepare dispersions with fixed amounts of GF and HPMCAS of 50% each. 1, 2.5 and 5%
of each surfactant was used to prepare these dispersions with 50% GF and 50% HPMCAS. The
same procedure was carried out for each percentage of surfactant, for SDS, DTAB and F127.
Similar spray drying conditions were used to prepare the GF-HPMCAS-surfactants. The outlet
temperature was significantly below the Tg of the particles hence the impact of preparation method

on crystallization was minimal.

Thermal analysis of prepared solid dispersions
Differential scanning calorimetry (DSC) was conducted on the prepared solid dispersions, which
consisted of GF-HPMCAS and GF-HPMCAS- surfactants, using DSC 2920 Modulates DSC (TA

instrument, UK). 5-10 mg of samples were accurately weighed into an aluminium pan, and then
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hermitically crimped. The method used to measure the glass transition temperature of solid
dispersions were set at a heating rate of 10°C/min using 20mL/min N2 purge gas, and using empty
pan as the reference. Indium was used as a calibrant which measured an onset melting point of
156.6°C.

Measurement of melting point depression of physical mixtures

5-10 mg of a sample of each physical mixture containing GF and HPMCAS alone and those which
contained surfactants were weighed accurately in an aluminium pan and hermitically sealed. The
method used to measure the onset of melting was first to equilibrate at 80°C, then keep it
isothermal for 10 minutes, and finally to ramp at 5°C/min to 245°C, with an empty pan used as a
reference. All measurements were done in triplicates and the average and standard deviation

values were calculated.

Saturation solubility measurements

Accurately weighed samples which contained amount equivalent to 5 mg of GF were added to
microcentrifuge tubes. 1 mL of phosphate buffer solution (pH 6.8) was added into each of the
microcentrifuge tubes. The tubes were then placed on a Stuart® SB2 mechanical mixer
(Staffordshire, UK) for 72 hours. The tubes were centrifuged using Heraeus Biofuge Pico
(Germany) at 13,000 rpm for 10 minutes. The supernatant was then separated to measure

absorbance using Elmer Perkins UV spectrophotometer (Cambridgeshire, UK) at 295 nm.

Thermogravimetric analysis (TGA)

Residual solvent content was analysed using a Perkin ElImer thermogravimetric analyzer TGA 6
with Pyris 6 TGA software (Perkin EImer Corporation). Nitrogen was used as the purge gas at
20 mL/min, and each sample was heated at 10°C/min from 20°C to 200°C. All measurements

were repeated in triplicates and the average and standard deviation values were calculated.

Fourier Transform Infrared (FTIR)
Infrared spectra were obtained from a Nicolet Nextus 470 FTIR spectrometer, Thermo Electron
Corporation (Massachusetts, USA) which was equipped with a KBr beam splitter. An attenuated

total reflectance accessory was used to obtain the spectra, in the form of a single reflection
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bounce diamond crystal, Golden Gate accessory). A total of 64 scans were collected for each

sample with a resolution of 4 cm™' using a frequency range of 4000 cm' to 550 cm-'.

Measurement of particle size distribution

The size distribution of particles in the physical mixtures and solid dispersions was assessed
using Malvern Mastersizer (Worcestershire, UK). Phosphate buffer solution (pH 6.8) was used to
disperse the particles. Ten consecutive repeat measurements were carried out, each with 2500

sweeps and an interference of 20%.

Scanning Electron Microscopy (SEM)

The sample particles were fixed on to the surface of a conductive double-sided carbon adhesive,
attached to an aluminium stub. The prepared samples were sputter coated with gold, for 3 minutes
at 30 mA, using Emitech K550 (Ashford, UK). The micrographs were collected using a Philips FEI
KL (Eindhoven, Netherlands).

Statistical analysis

Statistical analysis of the data was carried out by one-way analysis of variance (ANOVA) with
Tukey's multiple comparison tests at a significance level of p< 0.05 using SPSS 22 software
(IBM).

Results

Glass transition temperature and thermogravimetric analysis

The glass transition temperature (Tg) is a second order transition event that occurs when the
amorphous glassy state changes to the less viscous supercooled liquid. The non-equilibrium
nature of glassy state will encourage higher molecular mobility leading to relaxation and loss of
excess configurational energy. The impact of adding the surfactants was evaluated by
measuring the Tq4 of the solid dispersions. Lowering in the Tg was observed when the
surfactants were incorporated into the solid dispersions. As can be seen in Figure 2, the Tg
values have been reduced significantly when surfactants were added into the solid dispersions
with maximum lowering was observed when F127 was incorporated. Insignificant statistical
difference between different ratios was observed for dispersions containing SDS. A statistical
difference was only seen for dispersions containing 5% DTAB compared with the 1 and 2.5%
while all ratios of F127 showed significant difference. The average Tg values were significantly

different between F127 and SDS/DTAB while there was no statistical difference between the
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average Tg values for DTAB and SDS dispersions. One possible explanation for the significant
reduction in the Tg is the presence of residual solvents. Hence, to examine this effect,

thermogravimetric analysis (TGA) was performed.

Figure 2: (a) Typical DSC thermogram showing different thermal events when heating GF:
HPMCAS solid dispersions and (b) glass transition temperature values (Tg) for spray dried
amorphous solid dispersions prepared using GF: HPMCAS (50%:50%) containing different
ratios of the surfactants (SDS, DTAB, F127). The dotted line shows the T4 for the GF/HPMCAS
amorphous solid dispersion without surfactants.

As can be seen in Table 2, the amount of residual solvent did not differ significantly between the
various solid dispersions with an average residual solvent content of around 1%. Hence, the
lower Tg values could not be attributed to the presence of solvent but rather due to the effect of

the surfactant on the drug-polymer matrix.

Measurement of melting point (Tm) and heat of fusion of physical mixtures and prediction
of thermodynamics of mixing

Figure 3 shows the onset of melting peak and heat of fusion of physical mixtures. As can be
seen, overall trend showed reduction in both melting point onset and heat of fusion. There were
differences in the extent of this lowering by which SDS containing mixtures were associated
with the sharpest decline in the melting point followed by DTAB whilst minor differences were
observed for mixtures that contained F127 compared to mixtures without surfactants. The heat
of fusion which represents the total enthalpy of the crystalline lattice did not follow the same
trend by which F127 mixtures showed the sharpest reduction compared to other mixtures. ltis
worth mentioning that shifts in thermal events often reflects good miscibility between the drug
and the polymer. These can also happen when non uniform crystalline domains form during
recrystallization. On the other hand, there are examples in the literature where no differences in
terms of the melting point depression could be observed [18]. Due to thermal degradation of

some mixtures, measurement of the heat of fusion was not possible.

Figure 3: (a) onset of melting point of GF in physical mixtures of GF: HPMCAS containing
varied ratios of the surfactants and (b) heat of fusion of the physical mixtures. Some physical

mixtures such as SDS mixtures were not possible to measure due to thermal degradation.
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Flory-Huggins model was used to analyse the shifts in the heat of fusion and melting point
depression of physical mixtures. This modified model takes into account the molecular volume
of the drug in relation to the polymer. The polymer is theoretically divided into voids that are
equivalent to the molecular volume of the drug. Hence, the incidence of interactions between
the polymer and the drug are normalized thus the smaller the molecular volume (and therefore
the voids) of the drug, the highest is the entropy effect. This positive impact on free energy of
mixing is counterbalanced by the enthalpy of mixing which is accounted for through the Flory-
Huggins interaction parameter (x). Using thermal analysis of drug-polymer physical mixtures,
this parameter can be calculated using both depression in the melting point as well as the molar
heat of fusion. Despite some drawbacks associated with the use of this method, it can provide

significant insight on the extent of interactions especially when similar systems are compared.

For the determination of enthalpy, entropy and energy of mixing, the Flory-Huggins model was
applied [18-20]. AGw is the free energy of mixing for ndrug and npoiyner, present at @darug and Ppotymer
volume fractions. The interaction parameter x accounts for the enthalpy of mixing. It can be
calculated from equation (1) and then substituted into (2) to find the free energy of mixing [18,
19].

AGy

RT = ndrug lncpdrug + npolymerlnd)polymer + Xndrug d)polymer

(1)

1 1 -R 1 2
(Tl\r/)[‘tix - Tl\pl)lure) = AHre [In (pdrug + (1 - ;) (ppolymer + X(ppolymer]

(2)

where Ti#*and Th* “are the melting temperatures of the drug in the presence of polymer and
alone, respectively; AHrus is the enthalpy of fusion of pure drug, and m is the ratio of the polymer

to drug volume (calculated as molar volumes derived from true density).

As can be seen in Figure 4, the results showed that physical mixtures that contained DTAB
were associated with the lowest free energy of mixing compared to other mixtures. Thermal
degradation was more pronounced in SDS containing mixtures hence only 1% mixtures were

analysed. There was obvious difference in the extent of mixing by which the surfactants lowered
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the free energy of mixing and ultimately means the miscibility of the drug and the polymer are
enhanced. Consequently, the drug-polymer miscibility was enhanced by approximately 1.3
folds when 2.5% DTAB was incorporated. This approximation is based on free energy of mixing
for mixtures without surfactants of -3.1x10 J/g which was lowered to -4.4x10° J/g for DTAB
mixtures. Due to thermal degradation, mixtures that contained higher ratios of the surfactant,
were not possible to analyse using this method. However, assuming extrapolated effect, the
drug-polymer miscibility will be enhanced by approximately 1.5-2 folds when compared to

mixtures that did not contain any surfactants.

Figure 4: Flory-Huggins analysis of the thermodynamics of mixing using melting point
depression of physical mixtures of GF: HPMCAS and incorporating different ratios of the

surfactants. Some surfactant ratios were not possible to measure due to thermal degradation.

Assessment of GF-HPMCAS miscibility using reduced onset of crystallization of
amorphous solid dispersions

When heating the amorphous dispersion, the drug/ polymer molecules will gain sufficient
molecular mobility that will cause the solid dispersion to move to the rubbery state. Once the
dispersion is in the rubbery state, the molecules will move at significantly faster rate allowing
them to rearrange and recrystallize in the most stable crystalline structure. Additional heating
will lead to fusion event and liberation from the solid state. The onset of these events can be
used as a measure of drug miscibility in the solid dispersion. Here we use a combination of
analytical tools to assess the extent of drug-polymer miscibility which are melting point

depression and reduced onset of crystallization.

While the shifted onset of recrystallization temperature (Tc) can indicate altered kinetics for
recrystallization, the ratio between the T¢, Tg and Tm will be more precise method to predict
miscibility. The rationale for using this ratio is to establish a common scale for different
dispersions regardless of the measurement conditions. As such the minimum point on the scale
is the Tg and the maximum is Tm. This ratio can be described as the ratio of the difference
between onset of recrystallization temperature (Tc) and Tg to the difference between melting
point onset (Tm) and Tg[21].

T, —T,
R, =7
T — T,
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Depending on the onset values of Tm, Tgand Tc, the ratio can be used to predict likelihood for
spontaneous recrystallization. Lower ratios implicate faster rate of recrystallization of

amorphous materials [22].

As can be seen in Figure 5, reduced recrystallization was different among prepared dispersions.
When compared with GF which was found to have recrystallization ratio of 0.32 [22], the
prepared dispersions showed higher values. For example, SDS containing solid dispersions
displayed Rc values between 0.48 to 0.58 with sharp reduction in Rc when the ratio of SDS was
increased to 5%. F127 solid dispersions showed the lowest recrystallization ratios with a range
between 0.44-0.46. Among the three surfactants, only DTAB solid dispersions showed positive
correlation between reduced recrystallization and surfactant ratio in the solid dispersion.
Overall, these results indicate that the extent of recrystallization follows the following trend
SDS>DTAB>F127 at low surfactant ratios and follows the following trend DTAB>SDS>F127 at
high surfactant ratios. Both DTAB and SDS solid dispersions showed higher ratios than the
spray dried amorphous solid dispersion prepared without surfactants. Hence, these results
suggest that incorporating DTAB and SDS (within tested range) may increase physical stability
of the amorphous form. It is worth mentioning that the onset values were used to perform the

analysis; all samples did not exhibit thermal degradation within the onset melting temperature.

Figure 5: Reduced recrystallization of spray dried amorphous solid dispersions of GF:
HPMCAS (50%:50%) containing varied ratios of the surfactants. The x symbol represents the

value for spray dried amorphous solid dispersion without surfactants.

Pearson correlation coefficient (r) values for linear trends in Figure 5 were calculated and
showed that DTAB had r value of 0.84 while SDS and F127 dispersions showed r values of -
0.96 and -0.98, respectively. This analysis indicates strong linear relationship between the
surfactant ratio and the reduced recrystallization values. The positive r indicates that increasing
DTAB ratio in the dispersion increased Rc while the opposite trend was correct for SDS and
F127.

Aqueous saturated solubility measurements
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The saturation solubility of spray dried amorphous solid dispersions and corresponding physical
mixtures was measured in phosphate buffer (pH 6.8). As can be seen in Figure 6, the solid
dispersions of GF and HPMCAS with SDS exhibited higher GF aqueous solubilities than the
corresponding physical mixtures with solubilities in the range of 101-121 yg/mL. This value was
higher than the solid dispersions of GF and HPMCAS prepared in the absence of surfactant that
showed solubility of 88 pg/mL. On the other hand, solid dispersions of GF and HPMCAS with
F127 showed solubility results comparable to or slightly higher than the corresponding physical
mixtures. Increasing the ratio of F127 from 1% to 5% led to lower solubility values of 115 and
84 pg/mL, respectively. Solid dispersions of GF and HPMCAS with DTAB showed even lower
solubility values than SDS and F127 containing solid dispersions. Increasing the ratio of DTAB

from 1% to 5% has led to lower solubility values of 74 and 42 ug/mL, respectively.

Figure 6: Saturated aqueous solubility measurements of spray dried amorphous solid
dispersions (SD) of GF: HPMCAS (50%: 50%) containing varied ratios of surfactants and
compared with corresponding physical mixtures (PM).

Analysis of surfactants micellar solutions showed that SDS achieved significant enhancement in
GF solubility (Figure 7). The micellar solutions were prepared using mass ratio in distilled water
via adding excess amount of GF to determine saturation solubility. Saturation solubility
exceeded 6mg/mL for SDS while for DTAB was around 1.6mg/L and 0.1 mg/L for F127. Itis
interesting to observe that these trends did not correlate with GF solubility when it was
dissolved as a solid dispersion. It is evident from Figure 6 that the cationic DTAB showed
reduced solubility compared with SDS and F127 which could be attributed to forming ionic
interactions with the acidic HPMCAS. It is also interesting to see that F127 solid dispersions
displayed similar solubility to the micellar solutions despite that the F127 content is significantly
less in the solid dispersions. When comparing the critical micellar concentrations (CMC), the
following trends can be seen DTAB>SDS>F127 (DTAB 15 mM, SDS 8.25 mM, F127 0.357 mM)
[15-17]. Hence, it is possible that the low CMC of F127 meant that micelles could be present

when the solid dispersions were dissolved.

Figure 7: Saturated solubility of GF in micellar solutions of different w/v% ratios of SDS, DTAB,
F127.
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Correlation between predicted and experimental solubility

Originally used to calculate solubility ratio of glucose glass to a-glucose crystals, equation 4 has

been widely used to predict solubility ratio between the amorphous/crystalline forms (%) [23],

AGyLg = —RTln‘;—‘zm)

(4)
Where R is the gas constant and AGc-a is the free energy changes associated with the

conversion of the amorphous to the crystalline form.

Prediction of the solubility ratio is based on the assumption that the additional free energy of the
amorphous form is proportional to the increase in kinetic energy leading to enhanced solubility.
A possible theoretical approach to predict the difference in solubility of the amorphous as
compared to the crystalline form is via the use of Hoffman’s equation to calculate the total free

energy change associated from the crystalline to the amorphous form (AGec-a) [24],

AH.T(T,, — T)
m

(5)
By which AH is the enthalpy of fusion and T being the temperature of interest.

As can be seen in Figure 8, the solubility ratio of GF at 298.15 K is approximately 65 with
configurational free energy of 10.4 kdJ/mol. The rapid recrystallization of GF makes it difficult to
experimentally determine the amorphous form solubility hence this method represents a good
approximation of solubility enhancement of fully amorphous GF. As can be seen, the
configurational free energy decreased with increasing the temperature indicating that glass GF
will exhibit maximum solubility around 298.15 K. This value does not take in consideration any
kinetic contributions to increasing the solubility but is purely based on free energy excess of the

amorphous form.

Figure 8: Solubility ratio (amorphous/crystalline) of GF versus configurational energy.
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Experimental solubility measurements of amorphous solid dispersions were used to calculate
the solubility ratios relative to the solubility of crystalline GF (Figure 9). As can be seen, the
solubility ratio of the amorphous solid dispersions (without surfactants) was found to be 8.8.
This is significantly lower than the expected value for amorphous GF which may indicate
possible recrystallization during dissolution. We have shown before that amorphous solid
dispersions exhibited time dependent solubility by which a peak concentration was observed
after 1 hour [25]. The assumption of amorphous form higher solubility should therefore be
evaluated within the same time frame. Maintaining GF as amorphous for 72 hours is not
possible as it tends to crystallize within hours when stored at dry conditions. Practically,
solubility of amorphous GF cannot be determined accurately because recrystallization happens
so fast which makes determination of this value largely hypothetical. The results show positive
impact when SDS was incorporated with a solubility ratio range between 10-12. The lower
solubility of DTAB solid dispersion can be clearly seen with solubility ratios reaching 4 indicating
that the drug solubility was halved when compared with the dispersions that did not contain any
surfactants. Opposite to SDS dispersions, F127 initially enhanced the solubility ratio but was

decreased when the F127 ratio was increased to 5%.

Figure 9: Experimental solubility ratios of GF from amorphous solid dispersions compared with

the experimentally determined solubility of crystalline GF.

As can be seen in Figure 10, reduced recrystallization was lowest for F127 containing solid
dispersions. When the ratio of the F127 was increased from 1% to 5%, reduced
recrystallization decreased which was also associated with lower solubility. This trend was
reversed in the case of DTAB solid dispersions which was associated with reduced solubility
values. SDS solid dispersion showed slightly variable solubility ratio which was affected to less
extent by Rc. These results suggest that the surfactants may affect nucleation and possibly
crystal growth upon exposure to aqueous media. Furthermore, solubility differences between
physical mixtures and spray dried solid dispersions reflect key role for the amorphous form and

the molecular interactions with the polymer.

Figure 10: Reduced crystallization of spray dried amorphous solid dispersions against

experimental solubility ratio.

Spectroscopic analysis of solid dispersions
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FTIR was carried out to identify if there was a possible hydrogen bonding between the GF and
HPMCAS, and to assess whether the presence of surfactants affects this interaction. The
absorbances between 1750 and 1550 cm™ correspond to the C=0 stretch of the benzofuran ring
and cyclohexene, and C=C stretch of the cyclic rings of the structure shown in Figure 11. GF has
two peaks which correspond to the two carbonyl groups, so there are two distinctive peaks; the
first at 1712 cm™' which corresponds to stretching of the C=0 in the benzofuran ring and the
second peak at 1662 cm-! which corresponds to C=0 of cyclohexene. It was shown before that
the presence of HPMCAS caused a broadening of carbonyl peak at 1662 cm~' which is an
indication of hydrogen bonding been present which results in a shift of peak to the right to a lower
frequency [7]. Presence of amorphous GF formation can be confirmed by the disappearance of
peaks at 1220, 1350 and 1580 cm-'. Overall, the presence of the surfactants did not affect the
peaks positions, nor the broadening seen in the GF/ HPMCAS solid dispersions indicating no

alteration of polarity around aforementioned groups.

Figure 11: FTIR spectra showing (a) GF, HPMCAS, GF: HPMCAS solid dispersion (50%:50%)
(SD) and corresponding physical mixture (PM). The arrows indicate peaks that disappeared when
amorphous GF was formed and (b) SD of GF: HPMCAS (50%:50%) with 5% surfactants showing
no difference in peaks positions compared with (GF: HPMCAS) SD.

Particle size and morphology analysis of solid dispersions

Particle size analysis showed that the GF: HPMCAS physical mixtures prepared with different
surfactants ratios had a particle size range between 10-20 ym (Figure 12). It is interesting to
observe that surfactants caused larger particle size distribution when compared with the
GF:HPMCAS mixtures. Such behaviour may suggest bridging the polymer chain through the
surfactant forming larger aggregates. The trend seemed stronger in the following order
SDS>DTAB>F127 reflecting differences in the intermolecular interactions promoting aggregate
formation. Opposite to this trend is the particle size analysis of spray dried solid dispersions which

showed that F127 particles were larger than SDS and DTAB dispersions.

Figure 12: Particle size analysis of GF: HPMCAS physical mixtures prepared with different
surfactants ratios. Also shown is the particle size analysis of amorphous solid dispersions of GF:
HPMCAS (50%:50%) prepared with different surfactants ratios.
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To understand whether the trends observed above were due to the exposure to agueous media
which could have induced aggregations, scanning electron miscopy images were used to analyse
morphology and particle size in the solid state (Figure 13). As can be seen, the particles were
spherical with particle size distribution smaller for F127 solid dispersions suggesting that the

particle size growth was promoted by the aqueous media used when measuring the particles size.

Figure 13: Scanning electron microscopy showing spray dried amorphous solid dispersions of
GF: HPMCAS (50%:50%) with (a) 2.5% DTAB, (b) 2.5% F127, (c) 2.5% SDS and (d) no

surfactants.

Discussion

The results presented in this research showed that surfactants can enhance the solid state
miscibility of the model drug GF with HPMCAS. The enhanced solid state miscibility can be
attributed to lowering the heat of mixing which can interfere with the extent of mixing. The extent
of this lowering was found to be highest when DTAB was used. After spray drying, the drug-
polymer interactions are expected to mirror the interactions observed in the melted physical
mixtures. The main difference would be the impact of the solvent on whether it can hinder or limit
intermolecular interactions. As was seen, it was possible to see a correlation between the
reduced crystallization parameter which represents the difference in glass transition,
crystallization and melting temperatures. It is expected that enhanced solid state miscibility will
be translated as enhanced saturated solubility. This expectation is based on the fact that
HPMCAS is a hydrophilic polymer and enhanced miscibility is a result of increased intermolecular
contacts with the drug and therefore improve the saturated solubility. When surfactants were
incorporated into the solid dispersions, the solubility decreased with a trend that suggests lack of
micellar solubilization. This conclusion was based on comparison with micellar solubility of GF

suggesting that the surfactants chains were molecularly associated with HPMCAS.

The lowest solubility was found in DTAB solid dispersions which could potentially be attributed to
electrostatic interactions with HPMCAS. There were no signs of disruption of the intermolecular
hydrogen bonding of GF with HPMCAS as evident from FTIR analysis hence all events observed
above can be attributed to exposure to the aqueous media. Based on particle size analysis, a

possible explanation would be that the growth of the particle size can be due to gelation
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happening during the dissolution process which was particularly promoted by the polymeric
nature of F127. The intermolecular interactions were clearly very different from the physical
mixtures reflected in different particles size distribution. Overall, these data showed that the role
of surfactant is a complex role and can significantly be altered upon exposure to the dissolution

media.

Miscibility in the solid state can certainly be enhanced but that depends on the nature of
intermolecular interactions. Nevertheless, solid state miscibility may not be a perquisite for a
better dissolution as the presence of water can promote particles aggregation. The type of
surfactant is critical for enhanced miscibility of the drug with the polymer; hence screening can be
used to select the optimum surfactant ratio while preventing possible recrystallization upon
dissolution. While there is no evidence of forming localised regions of amorphous drug within
surfactant aggregates, lowered saturated solubility cannot solely be attributed to recrystallization
of the amorphous drug. Hence, it is possible that the drug is localized within micro amorphous
domains prior to dissolution resembling micellar structures. These structures remain hypothetical

and will be the focus of future research.

Conclusions

The impact of incorporating surfactants on thermodynamic parameters was assessed.
Overall trend showed that DTAB containing solid dispersions had highest miscibility when
compared with other dispersions. However, when comparing saturated solubility, the
impact on solubility was reversed. The findings of this work highlight, for the first-time,
potential correlation between phase transition temperatures and drug polymer miscibility
which can be used to design amorphous dispersions with enhanced properties. While
there was a positive impact in terms of enhancing drug-polymer miscibility, the impact on

saturation solubility requires further investigation.
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Table 1: Mass ratios (expressed as w/w%) of GF, HPMCAS and surfactant (SDS, DTAB or F127) that were used to prepare the

physical mixtures.

Surfactant GF HPMCAS | Surfactant GF HPMCAS | Surfactant GF HPMCAS | Surfactant GF HPMCAS
0 10 90 1 9.5 89.5 25 8.75 88.75 5 7.5 87.5
0 20 80 1 19.5 79.5 2.5 18.75 78.75 5 17.5 77.5
0 30 70 1 29.5 69.5 25 28.75 68.75 5 27.5 67.5
0 40 60 1 39.5 59.5 25 38.75 58.75 5 37.5 57.5
0 50 50 1 49.5 49.5 25 48.75 48.75 5 47.5 47.5
0 60 40 1 59.5 39.5 25 58.75 38.75 5 57.5 37.5
0 70 30 1 69.5 29.5 25 68.75 28.75 5 67.5 27.5
0 80 20 1 79.5 19.5 25 78.75 18.75 5 77.5 17.5
0 90 10 1 89.5 9.5 25 88.75 8.75 5 87.5 7.5




Table 2: Residual solvent content measured using thermogravimetric analysis (TGA) of spray dried amorphous solid dispersions
prepared using GF:HPMCAS (50%:50%) with 5% surfactant.

Surfactant Physical Spray Dried
added Mixture Solid Dispersion
No added 1.1% 1.4 %

surfactant

5% SDS 1% 0.9%

5% PF-127 0.9% 0.9%

5% DTAB 0.8% 1%




