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Liquid-assisted grinding (LAG) and dry ball milling (DBM) have recently been used to obtain diﬀerent physical
forms of drug-amino acid salts with promising dissolution and physical stability properties. In this work, crystalline and co-amorphous naproxen-arginine mixtures were prepared using LAG and DBM, respectively, and
compared with regard to their in vitro and in vivo performance. X-ray powder diﬀraction and Fourier-transformed
infrared spectroscopy showed that LAG led to the formation of a crystalline salt, while DBM led to a co-amorphous salt. These results agreed with the diﬀerential scanning calorimetry proﬁles: a melting point of 230 °C was
determined for the crystalline salt, while the co-amorphous formulation showed a single glass transition temperature at approx. 92 °C. Both solid state forms of the salt showed increased intrinsic dissolution rates (14.8 and
74.1-fold, respectively) and also higher solubility (25.3 and 29.8-fold, respectively) compared to the pure
crystalline drug in vitro. Subsequently, the co-amorphous salt revealed an improved bioavailability in a pharmacokinetic study, showing a 1.5-fold increase in AUC0-t and a 2.15-fold increase in cmax compared to the pure
crystalline drug. In contrast, even though showing a better in vitro performance, the crystalline salt interestingly
did not show an increase in bioavailability in comparison to pure crystalline naproxen.

1. Introduction
Salt formation is the most widely used technique in the industry to
improve solubility and dissolution rate of poorly water-soluble drugs
[1–3]. Basically, crystalline salts are multicomponent crystals containing anionic and cationic atoms or molecules in a stoichiometric
ratio. It is generally accepted that a salt between an acid-base pair can
be obtained when their pKa diﬀerence is greater than 2 [4].
Another technique to enhance solubility and dissolution rate is
amorphization. In the amorphous form, there is no three-dimensional
long-range order to be disrupted upon dissolution, and combined with
its higher internal energy and reactivity, the drug potentially has a
higher apparent solubility, and hence, higher rates of absorption [5,6].
A recent formulation approach to stabilize the inherently unstable
amorphous form of a drug is co-amorphization, where a given drug is
combined with a second low molecular weight component to form a
homogenous amorphous phase [7]. This approach was employed to
stabilize the amorphous form of several poorly water-soluble drugs,
including inter alia indomethacin [8,9], furosemide [10], simvastatin
[11,12], carbamazepine [9], and cimetidine [13].
*

Recently, the co-amorphous formulation technique has been combined with salt formation, especially between acidic drugs and basic
amino acids [14–17]. In a previous study, Kasten and co-workers
(2017) have shown that diﬀerent solid state forms of indomethacinlysine salts could be obtained by varying ball milling techniques [17].
When a solvent drop was added, in a liquid-assisted grinding process,
the product formed was a crystalline salt. However, when a simple dry
ball milling process was employed, the product formed was a coamorphous salt. The authors reported on the inﬂuence of the physical
form of such salts on the dissolution of the drug. The intrinsic dissolution rate of the crystalline salt was 32.7-fold higher compared to
pure crystalline indomethacin, while the co-amorphous salt had a 90fold higher intrinsic dissolution rate. Co-amorphization thus further
enhanced the dissolution rate of indomethacin by 2.8 times compared
to the crystalline salt. Due to the strong intermolecular interactions, the
co-amorphous salt remained amorphous for at least 36 weeks under dry
conditions. Similarly, highly stable co-amorphous systems have been
reported in other studies when strong ionic interactions between the
drug and the co-former were present [15,18,19].
Naproxen (NAP) is a non-steroidal anti-inﬂammatory drug (NSAID)
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above.
In addition, the kinetics of formation of a crystalline salt (or coamorphization) were studied at diﬀerent times of milling. After an initial physical mixing of the compounds for 5 min in the ball mill but
without the stainless steel balls, the latter were added. Thereafter, the
milling process was stopped at predetermined times (1, 5, 15, 30 and
60 min) and approx. 10 mg of powder was collected and analyzed by
XRPD.

used in the treatment of common ailments such as fever, headache and
pain [20,21] by the inhibition of the cyclooxygenase enzyme [22].
Chemically, the drug is a chiral molecule having acidic properties with
a pKa around 4.15 [23], and belongs to class II (low solubility, high
permeability) of the Biopharmaceutics Classiﬁcation System [24].
Crystalline salts of the S and R enantiomers of NAP with the basic
amino acid arginine (ARG) produced by solvent evaporation can be
found in the literature [25]. In addition, a co-amorphous salt between
NAP and ARG has also been reported [15], however, the two physical
forms (crystalline vs co-amorphous) of this salt have not been compared
to each other yet.
In this study, we performed a comparative investigation of the
crystalline and the co-amorphous salts between NAP and ARG in vitro
and in vivo. For this purpose, ‘liquid-assisted grinding’ (LAG) and ‘dry
ball milling’ (DBM) were used as preparation methods. The solid state
properties of the two diﬀerent NAP-ARG salts were investigated by Xray powder diﬀraction, diﬀerential scanning calorimetry, thermogravimetric analysis and Fourier-transformed infrared spectroscopy.
Furthermore, physical stability and in vitro performance (intrinsic dissolution and supersaturation ability) were investigated. Finally, a rat
pharmacokinetic study was performed to assess the translation between
the in vitro performance and in vivo response. Despite the recent interest
in co-amorphous formulations, little on their in vivo performance is
known. In fact, to the authors’ knowledge, this is the ﬁrst study to investigate the potential of crystalline and co-amorphous drug-AA salts in
vivo.

2.2.2. X-ray powder diﬀraction (XRPD)
XRPD analysis was performed on an X́ Pert PRO X-ray diﬀractometer
(PANalytical, Almelo, The Netherlands) with Cu Kα radiation
(1.5418 Å), and an acceleration voltage and current of 45 kV and
40 mA, respectively. The samples were scanned in reﬂectance mode
between 5 and 35° 2θ, with a scan rate of 0.0625° 2θ/s and a step size of
0.026° 2θ. The data was collected and analyzed using the software
packages X’Pert Data Collector and X’Pert Highscore Plus (PANalytical,
Almelo, The Netherlands).
Furthermore, the experimentally obtained diﬀractogram for the
crystalline NAP-ARG salt was compared to the crystalline structures of
NAP-ARG salts deposited in the Cambridge Structure Database (reference codes JASHOB and QANPEB). The respective powder diffractograms were calculated using the Mercury v3.9 software (CCDC,
Cambridge, England).
2.2.3. Thermal analysis
Diﬀerential scanning calorimetry (DSC) measurements were performed using a DSC Discovery (TA Instruments, New Castle, USA)
under a nitrogen ﬂow of 50 mL/min. Powder samples of approx. 1–6 mg
were weighed into Tzero aluminum pans and closed with Tzero lids.
The crystalline salt, physical mixtures and crystalline pure components
were analyzed by DSC in standard temperature mode, with a heating
rate of 10 °C/min, from 25 to 240 °C. The melting points (Tm) were
recorded as the peak onset temperatures of three replicates using Trios
v3.3.0.4055 software (TA Instruments-Waters LLC, New Castle, USA).
Thermal analysis of the co-amorphous salt was conducted in the
modulated temperature mode, with a heating rate of 2 °C/min (amplitude of 0.212 °C and period of 40 s) from -10 °C to 180 °C. The experimental glass transition temperatures (Tg, midpoint) were recorded in
the reversing heat ﬂow signal of three replicates using Trios software.
Thermogravimetric analysis (TGA) was employed to assess the
presence of solvent residue and thermal degradation. Approx. 10 mg of
powder was added to platinum pans in a TGA Discovery (TA
Instruments, New Castle, USA), which were heated from 25 to 300 °C at
a heating rate of 10 °C/min, under a nitrogen ﬂow of 50 mL/min.
Weight loss (in percentage) was determined using Trios software.

2. Materials and methods
2.1. Materials
The acidic drug (S)-naproxen (NAP, Form I, Mw = 230.26 g/mol,
pKa = 4.15) was purchased from Divis Laboratories Ltd. (Florham Park,
NJ, USA) and the basic amino acid L-arginine (ARG, Mw = 174.2 g/
mol, pKa = 9.0 and 12.48) was purchased from Sigma Aldrich (St.
Louis, MO, USA). Potassium dihydrogen phosphate was also purchased
from Sigma-Aldrich, and di-sodium hydrogen phosphate heptahydrate
was kindly donated by Merck (Darmstadt, Germany). All substances
were of reagent grade and used as received. Their chemical structures
are shown in Fig. 1.
2.2. Methods
2.2.1. Preparation of NAP-ARG salts
Liquid-assisted grinding (LAG) was employed to obtain the crystalline salt between NAP and ARG. Brieﬂy, 1.0 g of the powder containing NAP and ARG at an equimolar ratio was transferred to 25 mL
milling jars containing two stainless steel balls of 12 mm diameter each,
with the addition of 50 µL of ultrapure water. The ball mill (Mixer mill
MM400, Retsch GmbH & Co., Haan, Germany) was set at 30 Hz and
placed in a cold room (6 °C). The milling lasted 60 min and the product
was collected for further analysis. After the milling, the solvent was
allowed to evaporate overnight over P2O5 in a desiccator before further
analyses. For the preparation of the co-amorphous salt, a similar milling
process was used, however, no solvent was added, resulting in a dry ball
milling (DBM) experiment. For comparison, 1.0 g of pure NAP and pure
ARG were milled, using the same LAG and DBM conditions described

2.2.4. Fourier-transformed infrared spectroscopy (FTIR)
FTIR analysis was performed on an MB3000 instrument (ABB Inc,
Quebec, Canada), coupled to an attenuated total reﬂectance accessory
with a ZnSe plate (MIRacle Single Reﬂection ATR, PIKE Technologies,
Fitchburg, USA). The infrared spectra of pure NAP and ARG and the
NAP-ARG salts were collected between 4000 and 600 cm−1, and calculated as a mean of 32 spectra with a resolution of 4 cm−1 using New
Horizon MB software (ABB Inc, Quebec, Canada).
2.2.5. Physical stability studies upon storage
For storage studies, dry conditions (relative humidity ∼ 2%) were
obtained in a desiccator at 25 °C using P2O5, and at 40 °C using silica
gel. Humid conditions (relative humidity ∼ 75%) at 25 °C were obtained using a saturated sodium chloride solution. The humidity levels
were continuously monitored by EasyLog EL-USB2 sensors (Lascar
Electronics, Essex, England). The recrystallization tendency was then
investigated by XRPD 1, 2, 4, 8, 20, 36 and 48 weeks after sample
preparation.

Fig. 1. Chemical structures of (a) NAP and (b) ARG.
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2.2.6. Intrinsic dissolution rate (IDR)
The IDR was determined under sink conditions. For this, 150 mg of
powder samples were compressed inside stainless steel cylinders by a
hydraulic press Model IXB-102-9 (Perkin Elmer, Ueberlingen,
Germany) set at 125 MPa for 10 s, resulting in a disc with an area of
0.7854 cm2. The cylinders containing the samples were placed in
900 mL of 10 mM phosphate buﬀer (pH 6.8, 37 °C) and stirred at
50 rpm. Aliquots of 5 mL were withdrawn at predetermined time points
(0.5, 1, 3, 5, 10 and 15 min) and immediately replaced with fresh dissolution media. All intrinsic dissolution experiments were conducted in
triplicate.
HPLC analysis of the dissolution samples was conducted using a
Dionex liquid chromatographer equipped with an UltiMate 3000 pump
and UltiMate 3000 detector (Thermo Scientiﬁc, MA, USA). The mobile
phase consisted of a mixture of methanol and 10 mM phosphate buﬀer
pH 6.8 at a 1:1 ratio (v/v), with ﬂow of 0.8 mL/min. A Kinetex C18
(100 mm × 4.6 mm, 5 µm) column (Phenomenex Inc., California, USA)
was used. The injected volume was 15 µL. The retention time of NAP
was 2.47 min, while each run lasted 5 min. The same standard curve
(0.1–20 µg/mL, R2 = 0.999) was used both for both, NAP and NAPARG samples, at a detection wavelength of 271 nm, as ARG did not
interfere with the UV absorption of NAP at this wavelength.
The IDR was calculated as described previously by Löbmann et al.
[13] determining the slope of the regression line for the release-time
proﬁle of NAP per accessible area (mg·cm−2).

and column oven temperature were maintained at 4 °C and 25 °C, respectively. The injection volume was 20 µL and the retention times of
NAP and IND (IS) were 5.89 and 9.88 min, respectively. The method
was validated as per FDA Bioanalytical methods validation [27] over a
calibration range of 2.5–50 µg/mL, and the quality control samples
were distributed amongst the calibration and pharmacokinetic samples.
Speciﬁcity and selectivity of the method were assessed in the presence
of ARG to rule out the possibility of any interference with the retention
times of either drug or IS.
For the sample preparation, 10 µL of IS (IND 200 µg/mL) was added
to 50 µL of plasma standard or sample followed by 50 µL of phosphate
buﬀer (100 mM, pH 3.2) and vortexed for 15 s. Subsequently, 1.6 mL of
tertiary butyl methyl ether was added to the samples, vortexed for
5 min, and then subjected to centrifugation at 10,000 rpm at 4 °C (Remi
centrifuge Model C-24, Mumbai, India). The supernatant was then separated and evaporated under a stream of nitrogen at 40 °C for 15 min
and reconstituted with 500 µL of mobile phase. Finally, the sample was
transferred to a total recovery vial, and 20 µL was injected into the
HPLC system.
The calculation of pharmacokinetic parameters was made by using a
non-compartmental model and PK solutions 2.0 software (Summit research solutions, Montrose, CO, USA). An ANOVA followed by Tukey’s
post-hoc test was used to determine any signiﬁcant diﬀerences between
the controls and formulations (p < 0.05) with Minitab version 17
software (Minitab Inc., State College, PA, USA).

2.2.7. Powder dissolution
Powder dissolution and supersaturation ability were investigated
under non-sink conditions for 24 h. Brieﬂy, a scaled-down USP2 apparatus consisting of a set of mini glass vessels with rotating mini paddles
(Erweka DT 70, Heusenstamm, Germany) was used [26]. A volume of
150 mL of 10 mM phosphate buﬀer (pH 6.8, 37 °C) was used as medium
and the rotation speed was set to 100 rpm. 5.0g of powder was added to
each vessel and 1 mL samples were collected at 2, 5, 10, 20, 30, 60, 120,
240, 360, 720 and 1440 min of dissolution and immediately replaced
with fresh phosphate buﬀer. The samples were centrifuged in a Heraeus
Megafuge 16R (Thermo Fisher Scientiﬁc Inc., Waltham, MA, USA) for
7 min at 10.000 rpm, and quantiﬁed by UV spectrophotometry at
271 nm (2.5–100 µg/mL, R2 = 0.9994). All experiments were performed in triplicate.

3. Results and discussion
3.1. Solid state characterization
The solid state properties of pure NAP and pure ARG, physical
mixture and milled formulations were assessed by XRPD and DSC, in
order to investigate potential diﬀerences in the physical forms of the
products obtained during saliﬁcation between the acidic drug NAP and
the basic amino acid ARG.
Upon LAG and DBM, the individual compounds, NAP and ARG remained crystalline and did not change their respective crystalline form
compared to the crystalline starting materials (data not shown). When
milled in combination, however, the NAP-ARG mixture turned into a
crystalline formulation by LAG, and into a co-amorphous formulation
by DBM after 60 min of milling. The crystallization and co-amorphization kinetics are visualized for LAG and DBM in Fig. 2a-b, respectively.
The physical mixture presented high crystallinity with sharp reﬂections at ‘0 min’. Upon LAG, a reduction in crystallinity at ‘1 min’ and
‘5 min’ of milling was initially observed followed by a nearly amorphous sample at ‘15 min’. Subsequently, the intensity of the diﬀractions
increased upon further milling as seen in the diﬀractograms after
‘30 min’ and ‘60 min’ of milling (Fig. 2a), with the appearance of new
crystalline reﬂections not present in the starting material (the physical
mixture at ‘0 min’). In contrast, when DBM was applied the initial
physical mixture was transformed gradually into an amorphous form as
indicated by the amorphous halo formation after ‘60 min’ of milling
(Fig. 2b).
Investigating the crystalline salt further, new reﬂections were
formed in the LAG product (as indicated by the red dotted lines in
Fig. 3a), e.g. at 6.0°, 19.7° and 26.6° 2θ, while the black dotted lines
represent reﬂections corresponding to the initial materials, e.g. at 12.6°
and 17.9° 2θ from NAP and 23.1° 2θ from ARG. It is also important to
notice the disappearance of important reﬂections in the new LAG product, such as the reﬂections at 6.6° for NAP and 27.4° 2θ for ARG. Salts
of (S)-Nap-(S)-Arg and (R)-Nap-(S)-Arg were previously obtained by
solvent evaporation [25], and their crystallographic information is reported in the Cambridge Structural Database (CSD) as ‘JASHOB’ and
‘QANPEB’, respectively. Hence, the powder X-ray diﬀraction patterns of
these NAP-ARG salts were calculated with Mercury 3.9 software,

2.2.8. Oral bioavailability studies
In vivo oral bioavailability studies were approved by the animal
ethics committee (IAEC) of Manipal University (protocol number IAEC/
KMC/47/2016). Male albino Wistar rats of 200 g ± 20 g were employed for the pharmacokinetic studies in a parallel design, with 6 rats
in each group. The rats were fasted overnight with free access to water
for at least 12 h. A dose equivalent of 5.0 mg/kg of NAP was suspended
in 25 mM phosphate-buﬀered carboxymethyl cellulose (pH 6.8) and
administered orally by gavage to three groups of rats: group 1 received
crystalline naproxen (NAP), group 2 the crystalline salt (crystalline
NAP-ARG) and group 3 the co-amorphous salt (co-amorphous NAPARG). The administered total volume was 1.0 mL. At predetermined
time points (0.25, 0.5, 1, 1.5, 2, 3, 5, 8 and 12 h) after drug administration, approx. 0.15 mL of blood was collected by retro-orbital
bleeding under diethyl ether anesthesia, transferred into heparinized
tubes and centrifuged at 10,000 rpm for 10 min in a Remi cooling
centrifuge (Model C-24, Mumbai, India). The plasma was separated into
clean tubes and frozen at −70 °C until further analysis.
Plasma analysis was performed on an Alliance Waters 2695 HPLC
(Waters Corporation, Milford, USA) and UV dual lambda absorbance
detector (Waters 2487). A Grace smart C18 (250 × 4.6 mm ID × 5 µm)
column and a mobile phase constituting of a mixture of acetonitrile and
phosphate buﬀer (25 mM, pH 3.2) in a 45:55 (v/v) ratio were used. The
eluent was monitored at 230 nm at a ﬂow rate of 1.0 mL/min, with
indomethacin (IND) being the internal standard (IS). The auto-sampler
194
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Fig. 2. XRPD diﬀractograms of NAP-ARG formulations, showing (a) changes in the crystalline reﬂections during LAG with increasing milling time, and (b) an
amorphous halo formation for DBM after 60 min of milling.

used as starting material however, a (R)-NAP-(S)-ARG salt was obtained. It has previously been reported that such an inversion may
occur with NAP during in vivo drug metabolization [41] or during water
treatment [42,43]. It appears that the presence of the chiral molecule
ARG and water during LAG could have unintentionally induced the
inversion in stereochemistry of NAP. Chiral inversion has also been seen
for other “profen” molecules, such as ibuprofen and ketoprofen, and
this phenomenon requires further investigation.
The formation kinetics of the crystalline NAP-ARG salt (Fig. 2a) are
furthermore in line with reported ﬁndings on the formation of a crystalline salt via an amorphous intermediate step during milling, recently
described for the acid-base pair indomethacin-lysine by Kasten et al.
[17]. Here, the authors discussed that the disorder and increased molecular mobility that occurred during initial amorphization lead to a
crystalline salt product in the presence of water, given that the intensity
of the new reﬂections increased until the end of the milling experiment.
This indicated an enhanced kinetics of crystalline salt formation in the
presence of a solvent, a process that seems to apply also to the NAPARG crystalline salt obtained in this work.
To further investigate the solid state of the milled products, thermal
analysis (DSC) was used. To investigate the formation of a crystalline
salt upon LAG, the crystalline starting materials are compared to the
crystalline LAG product (Table 1). The melting event of NAP
(Tm = 155.4 °C) indicated that the drug is initially present as NAP form
I [28]. Pure ARG presented a melting event at 215.3 °C followed by
thermal degradation. In contrast, the LAG product showed that a new
melting point (Tm = 230.4 °C) that was substantially higher than the
melting points of pure NAP and ARG, suggesting that indeed a new
solid form was created between NAP and ARG. Interestingly, Vayá and
coworkers [25] reported that both (R)-Nap(S)-Arg and (S)-Nap(S)-Arg
salts obtained by solvent evaporation exhibited melting points between
188 and 201 °C and 189–202 °C with degradation, diﬀering substantially from the Tm of 230.4 °C measured in this work.
Furthermore, modulated temperature DSC analysis of the co-amorphous salt showed that a homogenous co-amorphous product was indeed obtained by DBM, as a single Tg was observed [29–30] at 91.9
Fig. 3. (a) XRPD peak analysis for the crystalline NAP-ARG salt product compared to the initial components and a physical mixture between NAP and ARG;
(b) XRPD peak analysis between the CSD salt structures for (S)-Nap(S)-Arg
(‘JASHOB’) and (R)-Nap(S)-Arg (‘QANPEB’), compared to the crystalline NAPARG salt obtained by LAG.

Table 1
Melting points of the crystalline starting materials and crystalline NAP-ARG
prepared by LAG.

normalized, and compared to the crystalline LAG product obtained in
this study (Fig. 3b). The calculated QANPEB diﬀractogram is very similar to the one obtained by LAG, suggesting that indeed a crystalline
salt between NAP and ARG was obtained. Interestingly, a chiral inversion of (S)-NAP to (R)-NAP occurred during LAG, since (S)-NAP was

Sample

Preparation technique

Melting point onset ( ± SD) (°C)

NAP
ARG
NAP-ARG LAG

Starting material
Starting material
LAG

155.4 ( ± 0.0)
215.3 ( ± 0.1)*
230.4 ( ± 0.0)*

* Degradation is observed upon melting as indicated by TGA.
195
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Fig. 4. FTIR spectra of crystalline ARG and NAP, crystalline and co-amorphous
NAP-ARG salts obtained by LAG and DBM, respectively.

( ± 0.2) °C.

3.2. Molecular interactions
Fig. 5. Diﬀractograms of NAP-ARG salt formulations upon storage. (a)
Crystalline salts obtained by LAG after 0 and 48 weeks of storage at 25 and
40 °C, dry conditions; (b) co-amorphous salts obtained by DBM after 0 and
10 weeks of storage at 25 and 40 °C, dry conditions; (c) transition of co-amorphous salt obtained by DBM to crystalline salt (similar to the one obtained by
LAG) when stored at 25 °C, humid conditions.

FTIR was used to conﬁrm the observed salt formation after the LAG
and DBM processes. Generally, the symmetric stretch relative to the free
carboxylic acid group of a given drug is found between 1700 and
1725 cm−1 and the antisymmetric stretch of the corresponding ionized
carboxyl group between 1505 and 1610 cm−1 [11,15,16]. Thus, the
spectral region between 1800 and 1500 cm−1 was selected for analysis
(Fig. 4).
The FTIR spectra of the LAG and DBM products were compared to
those of the crystalline drug and AA used, since their pure amorphous
forms could not be obtained by milling or quench cooling. It is commonly known that peak broadening and/or peak shifts can occur when
comparing crystalline and the respective amorphous form of solids, due
to altered molecular arrangement and near range order in the amorphous form [31], and in that sense, careful considerations should be
made when comparing the spectra of pure crystalline NAP and ARG to
the spectra of LAG and DBM formulations.
Crystalline NAP is an acidic drug and its free carboxylic acid symmetric stretch can be seen at 1726 cm−1. After milling in combination
with ARG, the carboxyl group ionized and the respective vibration
appeared as a new broad peak with high intensity at 1568 cm−1 for the
crystalline formulation, and with lower intensity at 1543 cm−1 for the
co-amorphous formulation. Furthermore, the crystalline salt shows the
vibration of the ARG carbonyl band at 1708 cm−1 [32], which is less
pronounced and part of the broad shoulder at 1679 cm−1 in the spectrum of the co-amorphous salt. Overall, the DBM and LAG spectra are
similar, even though the intensity of the bands of the crystalline salt are
more pronounced, while the bands of the co-amorphous salt are overlapped and less intense. Hence, together with the XRPD analysis,
thermal behavior, and literature ﬁndings, a successful salt formation
between NAP-ARG upon DBM and LAG is suggested.

3.3. Physical stability
The physical stability study aimed to investigate the tendency of
diﬀerent formulations to recrystallize or show polymorphic transitions
when stored at diﬀerent temperatures (25 and 40 °C) and relative humidity (RH) conditions (∼2 and 75% RH).
Under dry conditions, the crystalline salt remained in the same
crystalline form (Fig. 5a) whilst the co-amorphous salt presented small
recrystallization peaks after 10 weeks, at both temperatures (Fig. 5b).
The reﬂections observed at 11.0°, 18.3°, 19.1°, 19.6°, 23.1°, and 27.4°
2θ indicate that the component beginning to recrystallize is the amino
acid ARG, suggesting that the co-amorphous salt did undergo a phase
separation into its individual components.
However, under high humidity (75% RH, 25 °C) the storage of coamorphous DBM samples led to recrystallization within 10 days (in
Fig. 5c the diﬀractogram after 36 weeks of storage in shown due to
higher intensity of crystalline reﬂections). The co-amorphous salt recrystallized into the crystalline salt since its diﬀractogram became similar to that of the LAG crystalline samples. This ﬁnding supports the
fact that the addition of water in the LAG process can induce a (crystalline) salt formation, and it is in line with the ﬁndings previously
reported for co-amorphous and crystalline indomethacin-lysine salts
[17].
3.4. Dissolution studies
The intrinsic dissolution rate (IDR) of the formulations was
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Fig. 7. Powder dissolution of pure crystalline NAP, and NAP-ARG crystalline
and co-amorphous salts.

diﬀractogram showed reﬂections for both, the crystalline salt and pure
NAP, suggesting that the initially co-amorphous salt converted to a
mixture of these two crystalline materials.
In order to study the supersaturation ability given by the fast dissolution rate inherent to amorphous and co-amorphous formulations
[36], non-sink powder dissolution tests were carried out for 24 h. A
comparison between pure crystalline NAP and the crystalline and coamorphous NAP-ARG salts is shown in Fig. 7. Pure crystalline NAP
exhibited a slow increase in concentration in the ﬁrst minutes of dissolution and reached a plateau from 60 min until 24 h, with a maximum
concentration (cmax) of 0.86 ± 0.01 mg/mL of drug dissolved. Salt
formation, on the other hand, promoted a signiﬁcant increase in dissolution, as already seen during IDR above. The crystalline salt formulation showed a 25.3-fold increase in cmax, reaching
21.75 ± 0.33 mg/mL of NAP dissolved, exhibiting a fast spring eﬀect
in the ﬁrst 60 min of dissolution, and then reaching a plateau after
120 min that extended until the end of the experiment. This probably
reﬂects the saturation solubility of the crystalline salt in these conditions. The co-amorphous salt provided an even higher cmax, of
25.58 ± 1.20 mg/mL, this concentration being 29.8-fold higher than
that of pure crystalline NAP and 1.2-fold higher than its crystalline salt
counterpart, supporting the hypothesis that both salt formation and coamorphization can contribute to improved dissolution and solubility of
poorly aqueous soluble drugs, as both samples contained similar
amounts of ARG. Further, no signiﬁcant deviations in pH were observed. Interestingly, in the light of the fast solid state conversation
(< 2 min) observed in the previous IDR experiment, higher concentrations of NAP were reached after 240 min from the co-amorphous
salt compared to the crystalline salt. In addition, the (low degree of)
supersaturation reached by the co-amorphous salt after 360 min was
maintained until the end of the experiment (24 h), which may be
beneﬁcial for achieving an improved bioavailability [36–38].
XRPD was performed on the excess solid phase by the end of the
powder dissolution tests. For pure NAP the initial crystalline polymorph
(NAP Form I) was found, and for the crystalline salt its undissolved LAG
salt form was found (data not shown). The initially co-amorphous salt,
however, was encountered as a mixture of crystalline NAP and the LAG
salt, which is in line with the previous experiments that demonstrated
the eﬀect of water on the conversion of the co-amorphous salt to the
crystalline salt.
The dissolution results point out the great importance of the physical form of drug-AA salt forms: co-amorphization is crucial for the
extent of dissolution and supersaturation achieved during the in vitro
dissolution tests, resulting in the most pronounced increase for the co-

Fig. 6. (a) Intrinsic dissolution proﬁles of crystalline NAP, and crystalline and
co-amorphous salts of NAP-ARG; (b) XRPD of co-amorphous formulations before and after 2 and 15 min of IDR test, and of the crystalline salt before dissolution.

determined for the ﬁrst minutes of dissolution in pH 6.8 buﬀered solution and used to study the inﬂuence of the physical form on the dissolution of the salts obtained by LAG and DBM, i.e. crystalline versus coamorphous salts of NAP-ARG, respectively. The curves and dissolution
rates are shown in Fig. 6a.
Pure crystalline NAP presented a slow dissolution rate
(0.11 ± 0.01 mg·cm2·min−1) whereas the crystalline salt formulation
showed
a
considerably
higher
dissolution
rate
(1.63 ± 0.15 mg·cm2·min−1, 14.8-fold higher than for crystalline
NAP). The dissolution proﬁle of the co-amorphous salt is considerably
higher than the dissolution of the crystalline salt in the ﬁrst two minutes
(8.15 ± 3.32 mg·cm2·min−1), but a change in slope occurred thereafter
due to a fast recrystallization upon contact with the aqueous dissolution
medium [33–35], as shown by the diﬀractograms of the compact’s
surface layer after starting the IDR test (Fig. 6b). The obtained
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that the solubility and dissolution advantage of the co-amorphous salt
formulation was translated into the in vivo experiment.
4. Conclusions
In this work, crystalline and co-amorphous drug-amino acid salts
were prepared by LAG or DBM, respectively, and their performance was
further investigated in vitro and in vivo. The XRPD, DSC and FTIR
analyses indicated the crystalline nature of the LAG formulation as well
as the formation of the co-amorphous salt upon DBM. Physical stability
studies showed that the crystalline salt was physically stable during the
48 weeks storage period assessed under dry and humid conditions. In
contrast, the co-amorphous salt showed recrystallization of ARG after
10 weeks under dry conditions (25 and 40 °C), however, under humid
conditions (25 °C) a crystallization into the crystalline salt already after
10 days was observed. The crystalline salt presented a faster dissolution
rate when compared to crystalline NAP, but the largest advantage was
shown by the co-amorphous salt, which presented a fast initial IDR
(< 2 min) and also a supersaturation ability in vitro. Interestingly, the
high solubility and dissolution of the crystalline salt were not translated
into an enhanced in vivo pharmacokinetic proﬁle. On the other hand,
the co-amorphous salt exhibited a signiﬁcantly higher in vivo bioavailability when compared to pure NAP and crystalline salt.

Fig. 8. Mean plasma concentration–time proﬁle for crystalline NAP, crystalline
salt and co-amorphous salt.
Table 2
Pharmacokinetic parameters after single oral dose equivalent to 5 mg/kg of
NAP for pure crystalline NAP, crystalline salt and co-amorphous salt (n = 6).
Parameter

Crystalline NAP

Crystalline salt

Co-amorphous salt

cmax (µg/mL)
tmax (h)
t½ (h)
AUC(0-t) (µg·h/mL)
Vd (mL)

8.59 ( ± 1.25)
0.5
9.95
69.68 ( ± 13.27)
1029.71

8.82 ( ± 2.20)
0.5
4.34
76.54 ( ± 9.74)
817.79

18.48 ( ± 2.67)*
2.0
2.70
104.62 ( ± 11.86)*
186.09
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