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A B S T R A C T   

Formulating poorly soluble drugs with polymers in the form of solid dispersions has been widely used for 
improving drug dissolution. Endogenous surface-active species present in the gut, such as bile salts, lecithin and 
other phospholipids, have been shown to play a key role in facilitating lipids and poorly soluble drugs solubi
lisation in the gut. In this study, we examined the possible occurrence of interactions between a model bile salt, 
sodium taurocholate (NaTC), and model spray dried solid dispersions comprising piroxicam and Hydroxypropyl 
Methylcellulose (HPMC), a commonly used hydrophilic polymer for solid dispersion preparation. Solubility 
measurements revealed the good solubilisation effect of NaTC on the crystalline drug, which was enhanced by 
the addition of HPMC, and further boosted by the drug formulation into solid dispersion. The colloidal behaviour 
of the solid dispersions upon dissolution in biorelevant media, with and without NaTC, revealed the formation of 
NaTC-HPMC complexes and other mixed colloidal species. Cellular level drug absorption studies obtained using 
Caco-2 monolayers confirmed that the combination of drug being delivered by solid dispersion and the presence 
of bile salt and lecithin significantly contributed to the improved drug absorption. Together with the role of 
NaTC-HPMC complexes in assisting the drug solubilisation, our results also highlight the complex interplay 
between bile salts, excipients and drug absorption.   

1. Introduction 

Effective drug dissolution in the gut is essential for proper drug ab
sorption and subsequent realisation of the pharmacological effect of oral 
dosage forms [1–3]. The use of polymer-based solid dispersions has been 
shown to be a valid approach to increase the solubilisation of poorly 
water-soluble drugs [4–6] and potentially improve their oral bioavail
ability [7,8]. The fundamental understanding of solid dispersions 
behaviour, including the manufacturing, characterisation and in vitro 
dissolution in, mostly, non-biorelevant media have extensively been 
described in the literature [9–11]. More recently, increasing attention 
has been paid to the physiological parameters that play a role in drug 
dissolution and absorption processes, to design biorelevant in vitro test 
methods and better achieve in vivo /in vitro correlations [9,12–17]. 

Human gut fluids comprise a wide range of surface-active 

compounds endowed with emulsification and solubilisation capacities, 
such as bile salts (BS), lecithin (LT) and other phospholipids, which can 
substantially increase the amount of hydrophobic molecules effectively 
solubilised in the gut [18]. In particular, BS are known to play a primary 
role in facilitating the hydrolysis and solubilisation of lipids during the 
digestion process and to promote poorly water-soluble drugs dissolution 
in the gut [15,19–22]. Given their solubilisation capacity, BS have been 
included, together with phospholipids, as essential components of the 
first biorelevant media, FaSSIF and FeSSIF, developed in 1998 by 
Dressman et al. [23] and Galia et al. [24], and progressively used in all 
the biorelevant media designed in the last decades to mimic physio
logical solubility [25–27]. 

Together with their high solubilisation ability, BS have been reported 
for their tendency to interact with different drug delivery systems, 
influencing their solubilisation and subsequent drug absorption 
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behaviour [15,17,28–33]. It is well know that ionic surfactants, such as 
BS, can have extensive molecular interactions with polymers and other 
surfactants in colloidal systems [34–42] and pharmaceutical polymers 
have been reported to impact the gut solubilisation system [43]. How
ever, in the context of polymer-based solid dispersion formulations, this 
possible solubilisation interplay, in vitro and in vivo, has not been fully 
understood. Previous studies from some of us indicated the occurrence 
of different types of interaction between Hydroxypropyl Methylcellulose 
(HPMC) and Polyvinylpyrrolidone (PVP) with BS [44], and several 
research groups have shown that the use of bio-relevant media con
taining BS affects drug solubilisation and uptake in vivo, when a polymer 
based solid dispersion is used as an excipient or as drug carrier [35, 
45–48]. Thus, it is reasonable to hypothesize that polymer-BS in
teractions may play a role in the solubilisation of poorly water-soluble 
drugs [49]. However, the complex composition of biorelevant media 
makes the study of molecular interactions between the solid dispersion 
polymers and specific species within the biorelevant media highly 
challenging. Therefore, knowledge of the interaction occurring between 
solid dispersions carrier and each key surface-active compound is 
needed to achieve a comprehensive understanding of solid dispersion 
behaviour in biorelevant media. 

In this study, we focused on investigating the interactions of a 
polymeric-based solid dispersions with sodium taurocholate (NaTC), BS 
used in all the biorelevant media designed to simulate the human small 
intestine fluids in the fasted and fed states,[42] and on assessing the 
potential impact on drug absorption using Caco-2 cell culture model. For 
this purpose, model solid dispersions of HPMC and piroxicam (PXM) 
were prepared by spray drying. PXM is a non-steroidal anti-in
flammatory drug (NSAID), classified as BSC class II drug and described 
as practically insoluble in water, with a pH-dependent solubility typi
cally lower than 1 mg/mL [50]. BS have been shown to aid the solubi
lisation of pH-sensitive drugs, preventing their precipitation in the range 
of gut pH conditions [51]. Given its pH-dependent solubility and its 
dissolution-rate limited absorption, we reasoned that PXM could 
represent a good model for assessing the impact of solubilising colloids 
species formed in bio-relevant conditions on the dissolution and ab
sorption of poorly water-soluble drugs. The solubility enhancement of 
PXM by the addition of NaTC alone and the combination of NaTC and 
HPMC was investigated. The impact of HPMC-NaTC interaction on the 
formation of colloidal and solubilising species was probed by dynamic 
light scattering (DLS), nanoparticle tracking analysis (NTA) and cryo
genic transmission electron microscopy (Cryo-TEM). The cellular 
response of Caco-2 cell line was used as the preliminary evidence to test 
the possible influence of non-digestible water-soluble polymers on the 
cellular uptake of poorly soluble drugs in the presence of BS. 

2. Materials and methods 

2.1. Materials 

HPMC K4M as the polymeric carrier was kindly donated by Colorcon, 
Dartford Kent, UK. The model drug, PXM, was purchased from Mole
kula, UK. 75 cm2 flasks, cells scrapers, 6 and 96-well plates were pur
chased from Greiner Bio-One, Austria. All the reagents employed were 
purchased from Sigma-Aldrich unless otherwise stated. Sodium taur
ocholate (NaTC) with 99 % purity and lecithin (LT) from egg yolk were 
purchased from Prodotti chimici e alimentari SPA (Bassaluzzo, Italy) 
and Acros Organics (Geel, Belgium), respectively. Four different model 
intestinal media were used in this study: fasted state simulating intes
tinal fluid with (FaSSIF) and without LT (B-FaSSIF), mimicking the in
testinal condition before meals, and fed state simulating intestinal fluid 
with (FeSSIF) and without LT (B-FeSSIF), to reproduce the intestinal 
environment after meals. The FeSSIF and FaSSIF media were prepared 
by following the method developed by Dressman et al. [23] and 
described by Marques [52]. Briefly, the FaSSIF media was prepared 
using phosphate buffer with a final pH of 6.5, NaTC concentration of 3 

mM and LT concentration of 0.75 mM. FeSSIF was prepared using ace
tate buffer with a final pH of 5, NaTC concentration of 15 mM and LT 
concentration of 3.75 mM, as summarized in Table 1. 

Buffers components concentrations were as follows: for FaSSIF NaOH 
8.7 mM, NaH2PO4 28.6 mM, NaCl 105.9 mM. For FeSSIF NaOH 20.8 
mM, CH3COOH 28.8 mM, NaCl 40.6 mM. For both buffers pH adjust
ment was performed. 

2.2. Solubility studies of model drug in biorelevant media 

The media used in this part of study include pH 6.5 and 5 buffers, B- 
FaSSIF and B-FeSSIF, FaSSIF and FeSSIF. The saturated drug concen
tration in these media were measured by adding excess amounts of drug 
to the test medium until no further drug dissolution could occur. All 
samples were kept under constant magnetic agitation at 37 ºC for 72 h to 
allow the dissolution process to reach equilibrium. After 72 h, samples 
were filtered using a syringe filter with 0.45 µm pore size (Fisher Sci
entific, Loughborough, UK) and, after appropriate dilution, the drug 
concentration was assayed using a UV–Vis spectrometer (Perkin Elmer, 
Waltham, Massachusetts, USA). The wavelength of maximum absor
bance (λmax) used for PXM was 334 nm. The effects of the polymer on the 
solubility of the drug in these media were tested by adding HPMC to the 
media in the range of concentrations, 2–9 mg/mL, prior to adding the 
drug which was used in the concentration 1 mg/mL. Linearity between 
absorbance and concentration was tested using PXM at various con
centrations and the response was linear with a correlation coefficient r2 

= 0.9981 for buffer at pH 6.5 and r2 = 0.9993 for buffer at pH 5. 

2.3. Preparation of physical mixtures and drug loaded solid dispersions by 
spray drying 

HPMC and PXM physical mixtures were prepared by gently mixing 
raw (unprocessed) material powder using mortar and pestle for about 2 
min. For spray drying, PXM in ethanol solution was mixed with HPMC 
dissolved in Milli-Q water, to obtain the spray drying solution for pre
paring the solid dispersions. The spray drying parameters were set as 
follows: inlet temperature 85 ◦C, aspirator setting 100 %, pump setting 5 
% (4 mL/min− 1). The spray dried placebo and drug loaded formulations 
with three different w/w drug: polymer ratios (1:2, 1:4, 1:9) were pre
pared. The outlet temperatures of the spray drying processes of the 
formulations ranged between 49 and 57 ◦C (details can be found in 
Supplementary Material Table S1). 

2.4. Formulation characterisation 

The features of the obtained spray dried solid dispersions were 
studied using a range of solid-state characterisation techniques. 

Table 1 
Media employed in this study.  

Media employed in the study Salt NaTC 
concentration 

LT 
concentration 

Buffer pH 6.5 Phosphate 
buffer 

– – 

Buffer pH 5 Acetate buffer – – 
B-FaSSIF Phosphate 

buffer 
3 mM – 

B-FeSSIF Acetate buffer 15 mM – 
FaSSIF Phosphate 

buffer 
3 mM 0.75 mM 

FeSSIF Acetate buffer 15 mM 3.75 mM 
B-FaSSIF-2 Phosphate 

buffer 
1.5 mM 0.75 mM 

B-FeSSIF-2 Acetate buffer 1.5 mM 0.75 mM 
FaSSIF-2 Phosphate 

buffer 
1.5 mM 0.75 mM 

FeSSIF-2 Acetate buffer 1.5 mM 0.75 mM  
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Scanning electron microscopic (SEM) studies were performed using a 
JSM 4900LV SEM (JEOL Ltd, Tokyo, Japan), fitted with a tungsten 
filament. A 20 kV acceleration voltage and 10 mm working distance 
were used. Powder X-Ray diffraction (PXRD) measurements were per
formed using an Xtra X-Ray diffractometer (Thermo ARL, Thermo Sci
entific, Waltman, MA). The X-Ray tube, composed of copper, was 
operated under a voltage of 45 kV and current of 40 mA. The PXRD 
patterns were recorded from 3◦ to 60◦ 2θ at a step of 0.01◦/min. Dif
ferential scanning calorimetry (DSC) was used to investigate the thermal 
behaviour of raw materials, spray dried solid dispersions and physical 
mixtures. A Q2000 DSC and standard aluminium crimped pans (TA In
strument, Newcastle, USA) were used with a scanning rate of 10 ºC/min 
between − 20 ◦C and 250 ºC. Attenuated total reflectance-Fourier 
transformed infrared spectroscopic (ATR-FTIR) studies were per
formed using a Perkin Elmer Spectrum BXTR-IR (Waltham, Massachu
setts, USA) equipped with an attenuated reflectance (ATR) accessory 
(SPECAC, Orpington, UK). Spectra were collected in absorbance mode 
and 64 scans were collected for each sample, at a resolution value of 2 
cm− 2. All experiments were performed in triplicate (n = 3). 

2.5. Dynamic light scattering (DLS) 

DLS experiments were performed on a Zetasizer Nano ZS, Malvern 
Instrument, (Malvern, Worcestershire, United Kingdom) fitted with a 
633 nm red laser. Sample were prepared by dissolving weighed mate
rials (polymer 0,7 mg, physical mixture 2:1 1 mg, spray dried formu
lation 2:1 1 mg) in 2.5 mL of medium and subsequently left in magnetic 
agitation for 1 h at 37 ◦C. Samples were centrifuged at 2000 g for 10 min, 
in order to remove dust particles from the scattering volume. Approxi
mately 1 mL of sample was transferred in a disposable cuvette (path
length 1 cm) and left to reach equilibration for 15 min. The 
autocorrelation functions were measured at a fixed angle of 173◦ (Back 
Scattering detection). Measurements were performed at 37 ◦C. Each 
measurement was composed of 5 runs of 1 min and was repeated three 
times (n = 3). All final hydrodynamic size distributions (intensity- 
weighted) of the studied aggregates were derived by fitting autocorre
lation functions using the CONTIN algorithm. 

2.6. Nanoparticle tracking analysis (NTA) measurements 

NTA experiments were carried out using a LM10 Nanosight (Nano
sight Ltd - Malvern Instruments Ltd, Malvern Worcestershire, United 
Kingdom), fitted with a 638 nm laser. NTA technique was used to 
visualize the size distribution of polymer, BS and BS-polymer aggregates 
in solution. Sample were prepared by dissolving weighed materials 
(polymer 0.7 mg, physical mixture 2:1 1 mg, spray dried formulation 2:1 
1 mg) in 2.5 mL of medium and subsequently leaving them in magnetic 
agitation for 1 h at 37 ◦C. Samples were then equilibrated and measured 
at room temperature. The temperature of each run was measured and 
taken into consideration when the size calculation was performed by the 
software. Particle tracking analysis was performed using Nano-tracking 
Analysis (NTA) software. All samples were analysed in triplicate (n = 3). 

2.7. Cryogenic-transmission electron microscopy (Cryo-TEM) 

Sample to be imaged by Cryo-TEM were prepared by dissolving 
appropriately weighed (polymer 0,7 mg, spray dried formulation 2:1 1 
mg) solid in 2.5 mL of the studied medium and left in magnetic agitation 
for 1 h at 37 ◦C. Samples were centrifuged at 2000 g for 10 min, to 
remove dust particles, and the supernatant solutions were analysed after 
24 h. Cryo-TEM samples were prepared according to the reported 
routine procedure described briefly as it follows [53]. A small droplet of 
the sample solution was placed under controlled conditions on a 
pre-treated Cu grid of about 20 µm thickness, which was covered by a 
perforated cellulose acetate butyrate film. Excess material was removed 
by a gentle wiping off with a filter paper. The specimen was vitrified by 

being rapidly transferred into liquid ethane. Sample examination was 
performed with a Zeiss 902 A electron microscope operating at 80 kV at 
100 K. 

2.8. Cytotoxicity studies 

For Clonal Caco-2 cells culture see ESI. Cells were cultured in 96-well 
tissue culture plates at culture conditions described in Section 6.3.2 in 
200 µl per well. Once 80 % confluency was reached (approximately 3 
weeks), cells were washed twice using pre-warmed sterile PBS. Subse
quently 200 µL of test solution samples were added and the cells were 
placed in the incubator (Napco 4530 water-jacketed CO2 incubator at 37 
ºC with 5 % CO2 and 95 % air) for two hours. Two type of cytotoxicity 
tests were conducted, lactate dehydrogenase (LDH) cytotoxicity test and 
Cyto-Tox Glo™ test. Samples for uptake studies were prepared using 
autoclaved glassware and buffers. NaTC, LT and spray dried samples 
were dissolved in the autoclaved buffers, using autoclaved buffers and 
incubated at 37 ◦C for 2 h. 

The apical release of LDH enzyme was determined using a colori
metric kit following a previously reported method [54]. After two hours 
of incubation, 100 µL of apical medium was transferred into a clean 
plate. 50 µL of substrate reagent were added to the samples, 30-minutes 
of reaction period was allowed at room temperature and the plates were 
protected from light. After 30 min, 50 µL of stopping solution were 
added. Absorbance was measured at 492 nm. (Hitachi spectrophotom
eter, Hitachi High Technologies America, Schaumburg, USA) LDH con
tent was calculated as % of the total LDH content measured by inducing 
total cell lysing with 0.1 % Triton X-100. The Cyto-Tox Glo™ assay uses 
a luminogenic peptide, the (alanyl-alanyl-phenylalanyl-aminoluciferin) 
AAF-Glo™ substrate, to measure the activity of protease released by the 
dead cells. 100 µL of apical media were transferred into a clean opaque 
well. 50 µL of the assay reagents were added to each well. The samples 
were incubated for 30 min at room temperature. After 30 min, lumi
nescence was measured using a FLUOstar OPTIMA microplate reader 
(BMG Labtech GmbH, Ortenberg, Germany). Meanwhile 100 µL of lysing 
buffer were added to the original plate and left in oscillation for 10–15 
min. 100 µL of apical media were then withdrawn from the original plate 
containing the lysing buffer and transferred to the opaque plate con
taining apical media added with assay reagents. Luminescence was 
measured again after 15 min of oscillation. 

2.9. Cellular drug uptake studies 

Caco-2 cells were grown in 6-well plates until 21 days post conflu
ence. Samples for uptake studies were prepared using autoclaved 
glassware and buffers. NaTC, LT and spray dried samples were dissolved 
in the autoclaved buffers and incubated at 37 ◦C for 2 h. Before per
forming uptake study, confluent cells were washed twice using sterile 
PBS and aspirated. After washing, the cells were treated with 2 mL of 
sample and placed in the incubator for 2 h. For each sample, 5 replicates 
were studied. 1 mL of apical media was withdrawn from each well. Cells 
were then washed twice using sterile PBS and scraped after addition of 
400 µL of sterile water. Apical media and scraped cells were collected in 
sterile eppendorf vials and frozen after addition of 25 µL of ethanol and 
25 µL acetic acid for each vial (sample frozen ≈ 1 mL). Samples were 
later analysed using HPLC analysis. Data analysis was performed by 
dividing PXM (µg) detected in the cells lysate by the total amount (µg) of 
drug detected (lysed cells + apical media content). Absorbed PXM was 
expressed as percentage of total drug load. In this part of the study, all 
FaSSIF and FeSSIF media were prepared using 1.5 mM of NaTC (named 
as B-FaSSIF-2 and B-FeSSIF-2) due to the high cytotoxicity of NaTC. 

2.10. HPLC analysis of cells absorption samples 

Samples collected from absorption and transport studies were firstly 
defrosted and sonicated for 10 min using a sonication bath. Samples 
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were subsequently vortexed and centrifuged for 15 min at 15,000 rpm. 
Supernatant was used for HPLC analysis. In this study, HPLC analysis 
was carried out in reverse phase with a Perkin Elmer (Waltham, Mas
sachusetts, USA) high performance liquid chromatography having a 
Series 200 isocratic pump, equipped with a Series 600 link interface and 
a Series 200 UV–VIS detector. TC-NAV (Perkin Elmer, Waltham, Mas
sachusetts, USA) software was used to collect, integrate and analyse the 
chromatographic data. UV detection was carried out at 314 nm. A C18 
150 × 4.6 mm column Supelco Li-Chrospher, RP18 Sum was used. For 
the analysis, the mobile phase consisted of HPLC grade acetonitrile 
(MeCN) - phosphate buffer (40:60 v/v) adjusted to pH 3 with phosphoric 
acid, at an injection volume of 10 µL and a flow rate of 1 mL min− 1. The 
retention time of PXM was approximately 5.2 min with this system. 
Linearity between absorbance and concentration was tested using 
external standards at various concentrations and the response was linear 
with a correlation coefficient r2 = 0.9959, over the whole range of used 
concentrations. A standard stock solution of PXM (0.7 mg/mL) in the 
mobile phase and a series of dilutions with concentration between 0.28 
and 0.7 µg/mL were prepared. Each sample was prepared in triplicate 
and analysed three times. 

2.11. Data analysis and statistics 

For solubility, drug encapsulation, DSC and DLS results, the standard 
deviation values are calculated using data obtained from 3 replicates. 
For cellular cytotoxicity and uptake studies, the standard deviation 
values calculated using data obtained from 5 replicates are presented. 
Uptake data are presented as mean values with standard deviation (n =
5). Statistical analysis was performed using one-way ANOVA followed 
by a Dunnett’s test. P-values of less than 0.05 were considered statisti
cally significant. 

3. Results and discussion 

3.1. The effect of polymer and NaTC on drug solubility 

The equilibrium solubility of crystalline PXM in different media was 
firstly measured in several media, with and without the presence of 
HPMC and/or NaTC. As shown in Table 2, PXM is more soluble at pH 6.5 
than at pH 5 buffer, in agreement with its pKa1 and pKa2 values reported 
in the literature, which are 1.86 and 5.46, respectively [55]. The addi
tion of HPMC significantly increased PXM solubility in pH 6.5 and pH 5 
buffers by more than 5 and 3 folds, respectively. Such a solubility 
enhancement reveals the drug solubilisation role played by the polymer, 
in agreement with literature data [56–60]. HPMC is known to exhibit 
self-assembling properties and to interact with hydrophobic and poorly 
soluble species, attributing to this surfactant-like behaviour its ability to 
maintain hydrophobic drug molecules at supersaturation [58–62]. 
Notably, drug solubility values did not vary significantly when HPMC 
amount was increased up to 4 and 9 mg/mL, indicating a possible 

saturation of HPMC solubility enhancement effect at concentrations 
higher than 2 mg/mL. 

As previously reported by some of us, CMC value of NaTC in the 
buffers used in this study is approximately 3 mM [44]. Hence, the 
presence of NaTC micelles is expected to be limited for B-FaSSIF (NaTC 
concentration 3 mM), while it is definitely relevant in the case of 
B-FeSSIF (NaTC concentration 15 mM). As seen in Table 2, drug solu
bility values show a higher increase in B-FeSSIF than in B-FaSSIF, with 
respect to the solubility values observed in the buffers. Although the 
presence of NaTC can reduce the fluid surface tension and improve the 
wetting of the drug powder aggregates, this would only affect the rate of 
drug dissolution, but not the equilibrium solubility. Thus, the moderate 
increase of PXM solubility in B-FeSSIF could be attributed to a direct 
solubilisation mechanism of NaTC, which is in agreement with the 
literature [63]. Notably, in the presence of HPMC, PXM solubility in 
B-FaSSIF did not increase significantly (about 10 %) when compared to 
the values observed in buffer (pH 6.5), suggesting that NaTC 3 mM 
might be too low to induce interaction with HPMC and affect the drug 
solubilisation. Differently, in B-FeSSIF, HPMC impact appeared to be 
more significant, with a PXM solubility increase of about 25 % (from 
55.3 to 70.8 µg/mL), indicating that higher NaTC concentration can 
result in the formation of new solubilising species possibly resulting 
from HPMC-NaTC interaction. 

In FaSSIF, with the presence of LT, PXM solubility further raises with 
respect to B-FaSSIF, highlighting a solubilisation effect played by leci
thin on the crystalline drug. However, no significant difference in the 
drug solubility is observed when HPMC is present. Finally, FeSSIF shows 
relevantly lower solubilisation effect than B-FeSSIF on PXM alone and 
PXM with 2 and 4 mg/mL HPMC. When 9 mg/mL HPMC was added, the 
drug solubility in FeSSIF is higher than the one observed in B-FeSSIF. 
Obtained results suggest that, although LT does not promote further 
increase of PXM solubilisation when HPMC is present, it may interfere 
with the BS-polymer interaction. Thus, these finding suggest a possible 
alteration of the media colloidal composition, upon interaction and 
competition between different solubilising aggregates. 

3.2. Physicochemical characterisation of the spray dried solid dispersions 

To better mimic what happens in the gut, spray dried HPMC-PXM 
solid dispersions were prepared to assess the impact of the solid 
dispersion preparation process on the drug solubilisation and HPMC 
interaction with biorelevant media components. Spray dried samples 
were characterised using a range of techniques, in order to establish the 
drug physical state in the formulations. As seen in Fig. 1a, SEM images 
show that spray dried HPMC and HPMC-PXM solid dispersions are 
composed of spherical microspheres with particle sizes in the range of 
2–10 µm. No significant different in size is observed by changing the 
drug to polymer ratios. 

At a low drug loading (HPMC:PXM 9:1), the microspheres appear to 
have smooth surfaces and there is no detectable drug melting by DSC 
(Fig. 1b). For the formulations with higher drug loadings (HPMC:PXM 
2:1 and 4:1), some fine needle-shaped crystalline particles can be 
observed, indicating the likelihood of drug recrystallisation (Fig. 1a). 
This is confirmed by the DSC results in Fig. 1b that shows detectable 
drug melting in spray dried microspheres with polymer:drug ratios of 
2:1 and 4:1 in the range 187–192 ◦C. The presence of the recrystallised 
drug in 2:1 and 4:1 formulations were further confirmed by PXRD and 
ATR-FTIR results (see Supplementary Material Figure S.1). Drug 
recrystallisation in the dispersions with higher drug loadings could be 
attributed to the limited intermolecular interactions between PXM and 
HPMC which led to poor drug-polymer miscibility. Overall, the physical 
characterisation results confirmed that at HPMC:PXM ratio of 9:1, an 
amorphous molecular dispersion was formed, and at 4:1 and 2:1 drug 
recrystallisation occurred. 

Table 2 
PXM solubility values in different media, with and without the presence of 
HPMC at 2, 4 and 9 mg/mL at 37 ◦C. (n = 3).  

Medium PXM apparent solubility values (µg/mL) 

PXM HPMC:PXM 
(HPMC 2 mg/ 
mL) 

HPMC:PXM 
(HPMC 4 mg/ 
mL) 

HPMC:PXM 
(HPMC 9 mg/ 
mL) 

Buffer pH 
6.5 

34.1 ± 0.2 186.2 ± 6.2 233.4 ± 19.5 188.2 ± 3.1 

Buffer pH 5 14.5 ± 0.1 55.3 ± 2.8 54.9 ± 8.1 55.4 ± 4.2 
B-FaSSIF 41.6 ± 3.6 208.8 ± 1.2 203.5 ± 39.0 196.1 ± 8.2 
B-FeSSIF 58.3 ± 8.1 70.8 ± 7.3 77.5 ± 2.3 76.9 ± 2.1 
FaSSIF 206.6 ±

19.1 
211.9 ± 31.2 226.6 ± 10.2 258.2 ± 1.9 

FeSSIF 34.9 ± 3.5 45.2 ± 1.8 45.1 ± 16.2 129.3 ± 2.2  
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3.3. Investigation into the formation of HPMC-NaTC complexes 

Solubility studies indicated the impact of HPMC and HPMC based 
solid dispersion on the solubilisation of PXM, in the presence of NaTC in 
the biorelevant media. Therefore, we hypothesized that the possible 
occurrence of interactions between NaTC, LT and HPMC may facilitate 
the drug dissolution enhancement. DLS and NTA techniques were 
employed to probe the formation of colloidal species that could play a 
role as solubilising aggregates, upon dissolution of the spray dried 
HPMC and formulation HPMC:PXM 2:1 in the employed buffers and 
media. 

First, the self-association behaviour of spray dried HPMC was 
investigated. As shown by Fig. 2a, DLS data for spray dried HPMC in pH 
6.5 buffer show the presence of two populations of aggregates. The 
bimodal distribution is in good agreement with literature data, which 
describe the formation of two populations of HPMC aggregates even in 
highly diluted regimes [64]. The smaller population of HPMC aggre
gates is characterised by a size of 40 ± 9 d.nm, while the bigger popu
lation is 231 ± 45 d.nm in size (Fig. 2a and Supplementary Material 
Table S.5). 

Changing the pH to 5 did not lead to a significant variation in the 
particle population with a smaller size (see Supplementary Materials 
Table S.5), but an increase in the relaxation time could be observed in 
the particle population with a larger size, indicating the formation of 
aggregates having higher hydrodynamic size (Fig. 3a). The two buffers 
present different osmolarity (buffer pH 5 270 mOsmol/Kg, buffer pH 5 
670 mOsmol/Kg) and the salt contents can influence polymer aggrega
tion via salting-in and salting-out effect [65]. This could impact the 
hydration of the polymeric chains, the hydration sphere of polymeric 
aggregates and their hydrodynamic size. 

DLS measurements of the spray dried HPMC in B-FaSSIF yielded two 
populations of aggregates with sizes close to the ones obtained for HPMC 
in pH 6.5 buffer. Such a result shows that the presence of NaTC at a 
concentration of 3 mM did not significantly influence the aggregation 
behaviour of HPMC, suggesting a limited interaction between HPMC 
and NaTC in B-FaSSIF media, as already indicated by solubility studies. 

Fig. 1. (a) SEM images of spray dried HPMC, HPMC:PXM 2:1, HPMC:PXM 4:1, 
HPMC:PXM 9:1 microparticles. Blue arrows indicate PXM crystals. (b) DSC 
thermograms of raw PXM, HPMC:PXM 2:1, 4:1 and 9:1 physical mixtures and 
spray dried HPMC:PXM 2:1, 4:1 and 9:1 samples. 

Fig. 2. Intensity-weighed size distribution obtained by (a) DLS and (b-d) their responding scattering aggregates images acquired during Nanosight analysis (NTA) for 
spray dried HPMC and formulation HPMC:PXM 2:1 samples dissolved in buffer pH 6.5 and B-FaSSIF. 
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However, for HPMC in B-FeSSIF, a more significant decrease in the 
hydrodynamic size of the larger population is seen than the change seen 
in the population with a smaller size. This indicates that with increasing 
NaTC concentration, the NaTC-HPMC interaction may lead to changes 
and/or the formation of mixed surfactant polymer aggregates. 

For the dissolved spray-dried formulation 2:1 in B-FaSSIF, an in
crease in hydrodynamic size was obtained in the bigger population of 
aggregates (333 ± 59 d.nm measured by DLS). The increase may be due 
to the swelling of the aggregates associated with the drug encapsulation 
via solubilisation. Such increases are also observed for all drug loaded 
solid dispersions dissolved in B-FeSSIF. To further study HPMC aggre
gation behaviour with NaTC, NTA studies were also performed. The 
rationale of using NTA as an additional complimentary characterisation 
technique is to be able to direct visualise and study both mono-dispersed 
and poly-dispersed colloidal systems [66]. 

As seen in Figs. 2 and 3, a limited number of aggregates were 
observed for all pH 6.5, pH 5 and B-FaSSIF samples. This result is in 
agreement with DLS data that showed a weak scattering of HPMC 
samples in B-FaSSIF, indicating the presence of a low number of ag
gregates and confirming the limited occurrence of NaTC-HPMC inter
action in this medium. When HPMC dissolved in B-FeSSIF, the 
aggregates with a particle concentration of approximately 5 * 106 par
ticle/mL was observed, which is higher than the results obtained for the 
HPMC dissolved in B-FaSSIF (see Supplementary Materials Figure S.2), 
revealing the formation of more colloidal solubilising species upon in
crease of NaTC concentration, as expected. The dissolution of the spray 
dried solid dispersions led to significant increases in particle concen
tration and swelling in size of the aggregates, observed using NTA 
(Fig. 2). This agrees well with DLS results and indicates that the drug 
solubilisation has an effect on the size of the aggregates. Both DLS and 
NTA data for all the samples analysed showed broad sizes distribution, 
indicating the formation of polydispersed aggregates. The high poly
dispersity is an indication of the formation of a range of nanoscale 
aggregate species, such as polymer aggregates, polymer/NaTC com
plexes and free NaTC micelles, and their dynamic formation processing. 

In the case of FaSSIF and FeSSIF, the presence of LT led to more 
complex composition of the solutions, with dissolved formulations 
resulting in less resolved particle size distribution by DLS measurements 
(as seen in Supplementary Materials Figure S.3). LT and NaTC can 
interact leading to the formation of a variety of nanoaggregates, ac
cording to NaTC concentration [67,68]. In this case, the occurrence of 
interaction between HPMC and NaTC can interfere the NaTC-LT inter
action, yielding an even wider variety of aggregated structures. In 
particular, the dissolution of the spray dried HPMC:PXM in FaSSIF 
formulation led to a wide size distribution, with a peak centred at 330 
± 73 nm (as shown in Supplementary Materials Fig. S3 and Table S.5). 
The high polydispersity reflects the heterogeneity of the scattering from 
the nanoaggregates, which most likely include NaTC-LT vesicles, NaTC 
micelle, HPMC-NaTC monomers complexes and HPMC aggregates. The 
size distribution of the spray dried formulation dissolved in FeSSIF 
presents two peaks, that correspond to two scattering aggregates pop
ulations similar to the ones measured in B-FeSSIF and B-FaSSIF. As 
previously reported, in FeSSIF NaTC-LT micelles are formed [69]. In this 
case, as NaTC is well above its CMC in FeSSIF, the presence NaTC 
monomer is unlikely and the presence of HPMC may lead to the for
mation of HPMC-NaTC-LT micellar complexes. 

The colloidal composition of spray dried HPMC:PXM 2:1 formulation 
dissolved in B-FeSSIF was further studied using Cryo-TEM. The NTA 
data of the formulation in B-FaSSIF indicated a low concentration of 
aggregates (1.4 * 106 particles/mL), which was unsuitable for Cryo- 
TEM imaging (see Supplementary Material Figure S.2). For spray dried 
HPMC dissolved in B-FeSSIF, Cryo-TEM micrographs (Fig. 4 a and b) 
show the presence of globular micelles having a diameter of 10 nm. 
NaTC, as other BS, is characterised by very low aggregation number 
(Nagg = 2–15) and is known to assemble into highly dynamic micelles 
having a few nanometres size, that, although influenced by the presence 
of salts, is usually in the range of 2–3 nm [42]. Given the surface activity 
of HPMC and its ability to interact with NaTC [49,70], we speculate that 
the globular micelles observed in Fig. 4 a and b might be HPMC-NaTC 
complexes that co-exist alongside with NaTC micelles. 

Fig. 3. Intensity-weighed size distribution obtained by (a) DLS and (b-d) their responding scattering aggregates images acquired during Nanosight analysis (NTA) for 
spray dried HPMC and formulation HPMC:PXM 2:1 samples dissolved in buffer pH 5 and B-FeSSIF. 
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For the solution of spray dried HPMC:PXM 2:1 dissolved in B-FeSSIF, 
Cryo-TEM analysis revealed a different colloidal composition with the 
formation of fuzzy aggregates having a diameter of about 25 nm, as 
showed in Fig. 4 c and d, which could possible correspond to the smaller 
population observed in DLS data (hydrodynamic size 52 ± 10 nm). 
Moreover, the sample was characterised by the presence of twisted 
thread-like structures having a length of about 300 nm, that could be 
identified as HPMC thread-like micelles (Fig. 4 e and f), which formation 
by cellulose ethers has already been described in the literature [70]. 
Such nanostructures could be associated with the bigger-sized 

population observed for this sample by DLS (hydrodynamic size 423 
± 70 nm). These results agree well with DLS and NTA results and further 
indicated that the presence of PXM clearly impacted the system 
self-assembly and suggested that the possible drug encapsulation/solu
bilisation within the HPMC-NaTC complexes which might lead to the 
formation of the aggregates with larger size. 

3.4. Drug uptake study using Caco-2 model cell line 

In order to evaluate the impact of polymers and other components in 

Fig. 4. Cryo-TEM micrographs of spray dried HPMC (a and b) and spray dried formulation HPMC:PXM 2:1 (c-f) dissolved in B-FeSSIF. Arrows indicate twisted 
thread-like structures. 
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the biorelevant media on the passively drug absorption [71], PXM up
take from the spray dried solid dispersions was studied using Caco-2 as a 
model cell line. In the existing literature, the use of biorelevant media in 
Caco-2 transport and absorption studies has been recognised as a useful 
part of preclinical and pre-in vivo studies to enable indicative prediction 
of drugs absorption in vivo [72,73]. However, BSs are known to have a 
cytotoxic effect that can cause cell membrane damage. Therefore, in this 
study, in order to establish suitable NaTC concentrations to perform 
Caco-2 cell experiments using modified B-FaSSIF, B-FeSSIF, FaSSIF and 
FeSSIF, cytotoxicity studies were performed in the first instance. Two 
types of assays were used to evaluate the cytotoxicity, LDH and Cyto-Tox 
Glo™ (see Supplementary Material Sections Tables S6-S10). The results 
confirmed the cytotoxicity of NaTC being previously reported [52], and 
the NaTC concentration in the at 1.5 mM showed non-cytotoxic and 
were used in the drug uptake studies. The modified bio-relevant media 
without LT are named as B-FeSSIF-2 and B-FaSSIF-2, while the same 
media in the presence of LT 0.75 mM were labelled FeSSIF-2 and 
FaSSIF-2. 

HPMC did not show any cytotoxicity to Caco-2 cells, which is in 
agreement with the literature [74]. LT was also shown to be compatible 
with Caco-2 cells, as no significant cytotoxicity was observed for the 
solutions with LT concentration of 0.75 mM, which is the same con
centration used in FaSSIF. Patel et al. suggested that BS cytotoxicity 
could be reduced by the presence of LT, as phospholipids have been 
shown to protect cellular membrane from BSs damage [75,76]. How
ever, no decrease in NaTC cytotoxicity was found in the presence of LT in 
this study. Interestingly, the decrease of NaTC cytotoxicity was observed 
in the presence of the spray-dried formulation (see data in Supplemen
tary Materials Tables S.9 and S.10). This reduction may be a conse
quence of the NaTC-HPMC interaction, which decrease the amount of 
free NaTC that can interact with membrane lipids and cause the cellular 
membrane damage. This effect was also confirmed by Cyto-Tox Glo™ 
assay (see data in Supplementary Materials Tables S.9 and S.10). 

As the controls, PXM uptake by Caco-2 was firstly assessed in the 
media containing DMEM, acetate and phosphate buffers. The influence 
of NaTC on PXM uptake was investigated by using acetate (pH 5) and 
phosphate (pH 6.5) buffered NaTC 1.5 mM solutions. The impact of 
spray drying formulation on the drug uptake was studied using spray 
dried HPMC:PXM 4:1 solid dispersions. Solid dispersions were dissolved 
in the acetate and phosphate buffers used in the solubility studies and in 
NaTC buffered solution with and without the presence of LT. The results 
from these experiments are summarised in Fig. 5. It can be seen that 
17.0 ± 0.4 % of PXM in DMEM was absorbed by Caco-2 cells at the end 
of 2 h testing period. No significant change in the drug absorption was 
observed for PXM in acetate (pH 5) and phosphate (pH 6.5) buffers 
(Fig. 5). This result indicates that, despite the higher solubility of PXM at 
pH 6.5 shown by solubility studies (Table 2), in vitro cellular drug uptake 

was not affected by the pH of the media. 
PXM uptake of the spray-dried formulations in buffer pH 6.5 and pH 

5 showed no significant difference. The presence of 1.5 mM of NaTC in 
the solutions (B-FaSSIF-2 and B-FeSSIF-2) did not lead to significant 
uptake increase, indicating the minor role NaTC played in enhancing 
drug absorption by Caco-2 cells at the concentration used. This is not 
surprising as the NaTC concentration was kept significantly lower than 
its CMC and the ones used in the solubility study (due to the cellular 
cytotoxicity issues). This should be taking into consideration when 
analysing the following data on FaSSIF-2 and FeSSIF-2 media. 

The PXM uptakes were further increased when FaSSIF-2 and FeSSIF- 
2 were used as the media. This is in good agreement with steady state 
solubility results that showed the highest PXM solubilisation in FaSSIF, 
confirming the potential contribution of LT in enhancing drug solubility 
and subsequent uptake. Despite the limitation of the compositions of the 
modified media (lower NaTC concentration than the ones used in the 
standard FeSSIF and FaSSIF media) used in the Caco-2 cell studies, the 
results of the cellular uptake studies support the hypothesis that the 
occurrence of HPMC-NaTC aggregation may play a role in the absorp
tion of poorly water-soluble drugs in the gastrointestinal tract. Indeed, 
the highest uptake of PXM was obtained when both polymeric carrier 
and simulated intestinal media were used in the tests. 

4. Conclusions 

This study investigated the impact of polymer, the formation of solid 
dispersion and the presence of NaTC on the solubility and Caco-2 
cellular uptake of a model poorly water-soluble drug, PXM. The addi
tion of HPMC, even as a physical mixture, showed significant impact on 
drug steady state solubility. DLS and NTA studies suggested the possible 
formation of HPMC-NaTC aggregates that may play a role in the model 
drug solubilisation. Significant decrease of NaTC cytotoxic was observed 
with the addition of HPMC. The results of the cellular drug uptake 
studies showed higher PXM uptake from spray dried solid dispersion 
formulation in FeSSIF-2 and FaSSIF-2 which indirectly supported the 
hypothesis of the possible occurrence of the HPMC-NaTC interaction 
having a role to play in drug solubilisation and absorption in vivo for 
polymeric solid dispersions. These findings highlighted the importance 
of biorelevant media in solid dispersion studies and the key role of the 
colloidal species formed during dissolution processes in the drug sol
ubilisation and uptake. Further studies on the colloidal compositions of 
biorelevant media upon dissolution of polymeric solid dispersion will be 
carried out to complete the understanding on the solubilisation process 
of poorly soluble drugs delivered by polymeric solid dispersions. 

Fig. 5. Caco-2 cellular uptake studies results for raw PXM raw and the spray dried solid dispersion formulation (SP Form) HPMC:PXM 4:1 in different media. (n = 5).  
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