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Abstract: Palbociclib (PAL) is an effective anti-breast cancer drug, but its use has been partly restricted
due to poor bioavailability (resulting from extremely low water solubility) and serious adverse
reactions. In this study, two cocrystals of PAL with resorcinol (RES) or orcinol (ORC) were prepared
by evaporation crystallization to enhance their solubility. The cocrystals were characterized by
single crystal X-ray diffraction, Hirshfeld surface analysis, powder X-ray diffraction, differential
scanning calorimetry, thermogravimetric analysis, Fourier transform infrared and scanning electron
microscopy. The intrinsic dissolution rates of the PAL cocrystals were determined in three different
dissolution media (pH 1.0, pH 4.5 and pH 6.8), and both cocrystals showed improved dissolution
rates at pH 1.0 and pH 6.8 in comparison to the parent drug. In addition, the cocrystals increased the
solubility of PAL at pH 6.8 by 2–3 times and showed good stabilities in both the accelerated stability
testing and stress testing. The PAL-RES cocrystal also exhibited an improved relative bioavailability
(1.24 times) than PAL in vivo pharmacokinetics in rats. Moreover, the in vitro cytotoxicity assay
of PAL-RES showed an increased IC50 value for normal cells, suggesting a better biosafety profile
than PAL. Co-crystallization may represent a promising strategy for improving the physicochemical
properties of PAL with better pharmacokinetics.

Keywords: palbociclib; cocrystal; Hirshfeld surface; solubility; dissolution rate; physical stability

1. Introduction

Improving the solubility of poorly water-soluble drugs is one of the current challenges
facing the pharmaceutical industry [1]. The core of this endeavor underlies the exploita-
tion of different forms of APIs, such as cocrystals, amorphous solids [2], polymorphs [3],
salts [4], hydrates [5], and solvent compounds [6]. Among these, cocrystals have garnered
increasing attention for their pragmatic role in manipulating solid state properties for drug
development and product reformulation [7,8]. Drug cocrystals refer to crystalline sub-
stances composed of two or more different molecules, usually with active pharmaceutical
ingredients (API) and cocrystal formations (“coformers”) in the same crystal lattice [9,10].
Drug cocrystals retain API‘s pharmacological properties and can improve the physical
and chemical properties of the original drug, including the melting point [11,12], solubil-
ity [13–15], dissolution rate [16–19], bioavailability [20,21], stability [22], and mechanical
properties [23,24]. Moreover, different coformers can be selected according to the dif-
ferent properties of drugs to prepare cocrystals, which provides a broader space for the
development of pharmaceutical preparations [25–28].
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Palbociclib (PAL, Figure 1a) is an antitumor drug developed by Pfizer to treat estrogen
(HR)-positive and human epidermal factor (HER2)-negative breast cancer. It is the first
CDK4/6 inhibitor approved for cancer treatment [29]. PAL has also been found to be
effective against non-small cell lung cancer, lymphoma, and multiple myeloma [30–32]. Due
to its effectiveness and high selectivity for CDK4/6, PAL has become a heavyweight clinical
drug for the treatment of breast cancer [33,34]. However, the pH-dependent solubility of
PAL greatly limits its oral absorption and bioavailability [35]. Moreover, the long-term oral
administration of PAL may lead to bone marrow toxicity, neutropenia, infection, fatigue,
nausea, and stomatitis [36,37]. In order to improve the oral bioavailability of PAL and
thus to decrease dosage and toxicity, some methods have been explored, such as adding
excipients, changing the crystal form or preparing co-amorphous drug systems [38–41].
Zhang et al. reported that the co-amorphous PAL-acid systems greatly improved the
solubility and dissolution of PAL [41]. However, there has been no study involving co-
crystallization techniques to enhance the solubility of PAL. Resorcinol (RES, Figure 1b) and
orcinol (ORC, Figure 1c) are two commonly used coformers to form cocrystals with APIs to
improve the solubility and dissolution rate [42–46]. Cho et al. reported that the maximum
aripiprazole concentration of the ARI-RES and ARI-ORC cocrystals were 2.6 mg/L and
6.4 mg/L respectively, which showed that these cocrystals exhibit solubility enhancement
(ARI: 1.6 mg/L) [42]. Bofill et al. reported that the dissolution rate of vitamin D3-RES
cocrystal was about two times higher than that of pure vitamin D3 [46].

Figure 1. Molecular Structures of (a) PAL, (b) RES, and (c) ORC.

In this study, in order to improve the solubility and dissolution rate of PAL, we choose
two water-soluble coformers RES and ORC to prepare cocrystals. The obtained cocrystals
were characterized by various spectroscopic techniques, and their crystal structures and
intermolecular interactions were further analyzed by Hirshfeld surface and molecular
electrostatic potential. The dissolution behaviors of the two cocrystals were studied under
different pH media, and their biopharmaceutical profiles were evaluated through pharma-
cokinetics and cytotoxicity assay. To the best of our knowledge, this is the first report on
improving the solubility, bioavailability, and biosafety of PAL through co-crystallization
techniques, which may represent a promising strategy for improving the physicochemical
properties of PAL with better pharmacokinetics.

2. Materials and Methods
2.1. Materials

Palbociclib (purity ≥ 99%) was obtained from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. (Shanghai, China). Resorcinol (purity ≥ 99%) was purchased from Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). Orcinol (purity ≥ 98%) was supplied
from Energy Chemical Co., Ltd. (Shanghai, China). All the substances were employed
without further purification.
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2.2. Cocrystals Preparation

The cocrystals of PAL-RES and PAL-ORC were synthesized by the slow evaporation
method. PAL (447.5 mg, 1.0 mmol) was dissolved with 100 mL dichloromethane, and
the cocrystal former was dissolved in other solvents (1.0 mmol RES in 4 mL acetonitrile;
1.0 mmol ORC in 4 mL methyl isobutyl ketone). The solution of PAL was filtered through a
0.45 µm PTFE filter into an eggplant-shaped bottle, and then the coformer solution was
also filtered into the same bottle without stirring or shaking. The mixture was placed in the
open air at room temperature (20 ± 5 ◦C, 15 ± 5% RH) for 3–4 days, and the precipitated
cocrystals were washed with heptane for X-ray diffraction analysis.

2.3. Single Crystal X-ray Diffraction (SCXRD)

Under 100 K, the single crystal X-ray diffraction (SCXRD) data of PAL-RES was collected by
XtaLAB PRO diffractometer (graphite monochromatic CuKα radiation, λ = 0.154178 Å) (Riga
Library, Tokyo, Japan). The PAL-ORC Single Crystal X-ray Diffraction (SCXRD) data were
recorded on a Bruker Apex2 CCD diffractometer at 104.15 K (graphite monochromated
MoKα radiation, λ = 0.71073 Å) (Karlsruhe, Germany). The integration and scaling of the
intensity data were performed using the CrystalClear program. The crystal structures were
analyzed by using the direct method in Shelxs-13 and refined using Shelxl-97 [47]. All
non-hydrogen atoms were refined by using the full matrix least squares method.

2.4. Hirshfeld Surface Analysis

The structures of PAL cocrystals were also investigated via the Hirshfeld surfaces
analysis. The 2D fingerprint plots, close contacts contributions, surfaces mapped over
dnorm, and shape index were performed by using Crystal Explorer 17.

2.5. Molecular Electrostatic Potential Analysis

The molecular electrostatic potential (MEP) of the parent compounds and the cocrystals
was computed by the density functional theory (DFT) methods employing the def2-SVP
basis set and B3LYP functional with ORCA 5.0 package [48].

2.6. Powder X-ray Diffraction (PXRD)

The X’PERT POWDER X-ray diffractometer (PANalytical, Holland) was used to collect
the powder X-ray diffraction (PXRD) of samples in the θ/2θ scanning mode with Cu-Kα

radiation (λ = 1.540598Å). The measurements were performed at room temperature, at a
scan rate of 2◦/min over a 2θ range of 4◦ to 50◦. Silicon was used as an external calibrator.
The PXRD of cocrystals were simulated by Mercury 4.3.0 at λ = 1.54056 Å, at a scan rate of
2◦/min over a 2θ range of 5◦ to 50◦.

2.7. Thermal Analyses

Differential scanning calorimetry (DSC) analysis was carried out with Netzsch DSC
200F3 equipment (Netzsch, Selb, Germany), and the samples were heated (10 ◦C /min from
30 to 300 °C) in a N2 atmosphere (flow rate 40 mL/min). For the DSC analysis, a typical
sample weighing 3–5 mg was used.

On the Netzsch TG 209F3 equipment (Netzsch, Selb, Germany), thermogravimetric
analysis (TGA) was performed at a scan rate of 10 ◦C/min at 30 to 300 ◦C under a flow of
nitrogen (20 mL/min). Approximately 4–6 mg of sample was used each time.

2.8. Attenuated Total Reflection Fourier’s Transform Infrared Spectroscopy (ATR-FTIR)

A Fourier transform infrared spectrometer (Vertex 70, Brooke, Billerica, MA, USA)
was used for the infrared spectroscopy. In addition, an attenuated total reflectance (ATR)
accessory was used, and a Zn-Se crystal was used to verify the spectrum compared to the
sample. The scanning range was from 500 cm−1 to 4000 cm−1 with a resolution of 2 cm−1.
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2.9. Scanning Electron Microscopy (SEM)

The morphologies of the crystals were recorded by scanning electron microscopy (SEM)
on a Phenom Pro desktop scanning electron microscope (Eindhoven, The Netherlands). A
sputter coating apparatus was applied to induce electric conductivity on the surface of the
samples using a gold sputter module. The source of the electron beam was CeB6 electron
source, and the vacuum degree was 1.31e−003 Pa. The images were taken by the detector
of back scattered electrons (BSE); the acceleration and probe voltage were set to 5 kV. The
magnifications of the analyses of the samples were PAL-RES in 250×, PAL-ORC in 500×,
PAL in 2000×, RES in 500× and ORC in 200×.

2.10. Intrinsic Dissolution Rate (IDR) Experiments

About 100 mg of the sample was weighed, pressed, and punched into a diameter of
9.0 mm into a compact that did not disintegrate. In the IDR experiment, one side of the
compact was sealed with melted wax, and the other side was not covered to contact with
the solution. The temperature was set to 37 °C, the paddle speed was 100 rpm, the samples
were collected at the corresponding time points (phosphate buffer pH 6.8: 60, 120, 180, 240,
300, 360 min; acetic acid buffer pH 4.5: 1, 2, 3, 5, 7, 10 min; hydrochloric acid solution pH
1.0: 10, 20, 30, 40, 50, 60 s) and supplemented with the same volume of culture base. Filtered
the supernatant (0.22 µm) to remove undissolved particles. The PAL concentration was
measured by an LC-20AD HPLC system (Shimadzu, Kyoto, Japan). At 40 ◦C, an Agilent
ZORBAX Eclipse XDB-C18 column (250 mm × 4.6 mm, 5 µm, Agilent, Santa Clara, CA,
USA) and a UV detector with a wavelength of 356 nm were used to separate the palbociclib.
The mobile phase contained 0.1% acetic acid in methanol and water (80:20, v/v), the flow
rate was 0.8 mL/min, and the isocratic elution was 10 min. The results were stated as the
average of three replicated experiments.

2.11. In Vitro Dissolution Studies

According to the Chinese Pharmacopoeia of the paddle method, the powder was
dissolved on a FADT-1202RC automatic sampling dissolution instrument (Shanghai Fox
Analytical Instrument Co., Ltd., Shanghai, China) in 500 mL pH 6.8 phosphate buffer at
37 ± 0.5 ◦C In the experiment, the stirring speed was 50 rpm. PAL, PAL-RES, and PAL-
ORC were ground and passed through a 200 mesh sieve. In total, 50 mg of PAL or a PAL
equivalent amount of cocrystal were weighed for the powder dissolution experiment. At 5,
10, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360, 480, 600, 720, 1080, 1440 min, taken out 1 mL
of the dissolved sample and incubated with an equal volume of fresh medium in order to
maintain a constant dissolution system. The PAL concentration was measured using the
same method as the IDR part. All the experiments were conducted in triplicate.

2.12. Stability Studies

For the physical stability studies, the powder samples of the cocrystals were exposed
to accelerated condition (YSEI, China) with 40 ◦C/75% RH for three months; subsequently,
the samples were analyzed by PXRD.

The cocrystals were subjected to a high temperature (60 ◦C), high humidity (92.5%
RH), and strong illumination (4500 lx) condition respectively for stress testing experiments.
The samples were analyzed by PXRD to detect possible solid-state transformation at 0, 5,
10 days.

2.13. In Vivo Pharmacokinetic (PK) Experiments

The PK profiles of PAL, PAL-RES and PAL-ORC were determined in adult male
Sprague−Dawley rats (SD rats, 200–250 g), which were commercially obtained from Pizhou
Oriental Breeding Co., Ltd. (Xuzhou, China). All the experiments were approved by
the Ethics and Experimental Animal Committee of Jiangsu Ocean University (Project
identification code: 202100021). The rats were housed in standard cages with constant
temperature and humidity, and a 12 h light−dark cycling condition was set. Before the
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commencement of the studies, all the rats were fasted overnight with free access to water
for 12 h. Fifteen animals were randomly assigned to three groups (n = 5/group) and
intragastrically administrated with PAL, PAL-RES, and PAL-ORC in 0.5% (w/v) aqueous
sodium methyl cellulose solution, respectively. A dose equivalent to 5 mg/kg body weight
of PAL was used to conduct the evaluation. After the oral administration, blood collections
were performed at designated time points (0.5, 1, 2, 4, 6, 8, 12, 24 and 48 h) using centrifuge
tubes containing EDTA-K2. Next, the plasma samples were obtained from the whole blood
by centrifuging at 4000 rpm for 10 min. The plasma samples were prepared for HPLC
analysis by washing with 300 µL methanol, and the PAL concentration was measured
using the same method as described in “2.10. Intrinsic dissolution rate (IDR) experiments”.
Moreover, the PK parameters were calculated by Phoenix WinNonlin 6.0 pharmacokinetic
software package (Certara, Princeton, NJ, USA).

2.14. In Vitro Cytotoxicity Assay

The human umbilical vein endothelial cell line (HUVEC) was a gift from Prof. F Y
Chen (Xiangya Hospital, Changsha, China). The cells were grown in DMEM (Hyclone,
Logan, UT, USA) supplied with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and 1%
penicillin/streptomycin mixture. Furthermore, all the cells were cultured at a 37 °C, 5%
CO2 humidified incubator.

The cytotoxicity activity of compounds PAL, PAL-RES and PAL-ORC for normal
HUVEC cell line was assessed via the MTT assay. The cells were cultured at a density of
8000 cells/well in a 96 well plate. Five different concentrations (0, 0.1, 1, 10 and 100 µM)
of compounds PAL, PAL-RES and PAL-ORC in DMSO were subsequently added to the
wells then incubated under 5% CO2 at 37 ◦C for 48 h; 50 µL of MTT (2 mg/mL) was added
to each well, and the cells were incubated for another 4 h. Next, the liquid in each well
was removed, and DMSO (150 µL) was added. The absorbance (OD values) at 490 nm was
measured by a microplate reader (Biotek, SYNERGY HTX, VT, USA). Each concentration
was tested in triplicate.

3. Results
3.1. Single-Crystal X-ray Diffraction (SCXRD)

By using the mixed solution of dichloromethane with acetonitrile or methyl isobutyl
ketone as the crystallization solvent, we successfully obtained the yellow clustered crystals
of PAL-RES and PAL-ORC. The cocrystal data were collected by SCXRD to obtain the
three-dimensional (3D) structure and the intermolecular interactions of the cocrystals. The
corresponding crystallographic data and refinement details are given in Table 1, and the
hydrogen bond geometry is provided in Table 2.

PAL-RES crystallized in the triclinic space group P-1, with one molecule each of
PAL and RES in the asymmetric unit (Figure 2a). The lattice parameters were as follows:
a = 6.63890 Å, b = 12.4152 Å, c = 18.2788 Å, α = 73.114◦, β = 81.7870◦, and γ = 78.1760◦. The
PAL and RES molecules were connected through an O3-H3·N7 (1.841 Å, 159.12◦) hydrogen
bond to form a dimer. Two further dimers were connected by an O4-H4C· · ·O1 (1.908 Å,
177.59◦) hydrogen bond between the hydroxyl group in RES and the carbonyl group in
PAL. The dimers were held together through an N4-H4·N5 (2.101 Å, 178.20◦) hydrogen
bond between amino groups of neighboring PAL molecules to generate a one-dimensional
(1D) belt (Figure 2b). The belts were further stacked along the a-axis to form a 3D hydrogen-
bonded framework structure (Figure 2c). As shown in Figure 2d, the stacking along the
c-axis formed a 3D hydrogen bond frame structure. Moreover, N-H· · ·π interactions were
observed between PAL-RES molecules (Figure 3).
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Table 1. Crystallographic data for the refinement of the cocrystals.

Compounds PAL-RES PAL-ORC

Empirical formula C30H35N7O4 C31H37N7O4
Formula weight 557.65 571.67
Temperature/K 100.00 (10) 104.15
Crystal system triclinic monoclinic

Space group P-1 P21/c
a/Å 6.63890 (10) 6.5309 (2)
b/Å 12.4152 (2) 16.8792 (4)
c/Å 18.2788 (3) 25.8097 (6)
α/◦ 73.114 (2) 90
β/◦ 81.7870 (10) 92.819 (2)
γ/◦ 78.1760 (10) 90

Volume/Å3 1405.46 (4) 2841.72 (13)
Z 2 4

ρcalcg/cm3 1.318 1.336
µ/mm−1 0.732 0.091

F(000) 592.0 1216.0
Radiation CuKα (λ = 0.154178) MoKα (λ = 0.71073)

2θ/◦ 5.072 to 151.986 2.884 to 58.07
Goodness-of-fit on F2 1.064 1.067

Final R indexes [I ≥ 2σ (I)] R1 = 0.0456, wR2 = 0.1190 R1 = 0.0417, wR2 = 0.1005
Final R indexes [all data] R1 = 0.0537, wR2 = 0.1241 R1 = 0.0553, wR2 = 0.1064

Largest diff. peak/hole/e Å−3 0.30/−0.28 0.26/−0.24
CCDC NO. 2096399 2096409

Table 2. Hydrogen bonding table for the cocrystals.

Compounds D-H·A d(D-H)/Å d(H·A)/Å d(D·A)/Å ∠D-H·A/◦ Symmetry Code

PAL-RES O3-H3 N7 0.84 1.85 2.6455 (18) 157.5
O4-H4C·O1 0.84 1.91 2.7477 (15) 177.8 1 − X, 1 − Y, 1 − Z

PAL-ORC

C7-H7·N6 0.95 2.32 2.9242 (16) 120.6
C11-H11·N31 0.95 2.50 3.2444 (16) 135.4 2 − X, 1 − Y, 1 − Z
C20-H20A·O2 0.99 2.60 3.1118 (18) 112.1
C23-H23A·O2 0.99 2.33 2.9490 (17) 119.3
C25-H25·O1 0.95 2.65 3.3288 (17) 128.7
N2-H2C·O3 0.885 (17) 2.642 (18) 3.4934 (16) 161.9 (15) 2 + X, 1

2 − Y, 1
2 + Z

N4-H4·N5 0.88 2.05 2.9238 (14) 173.0 2 − X, 1 − Y, 1 − Z
O3-H3·O1 0.91 1.82 2.7346 (14) 178.2

O4-H4AB·N23 0.99 1.78 2.7642 (15) 174.1 −3 + X, 1
2 − Y, − 1

2 + Z

PAL-ORC crystallized in the monoclinic space group P21/c, with one molecule each
of PAL and ORC in the asymmetric unit (Figure 4a). The lattice parameters were as follows:
a = 6.5309 Å, b = 16.8792 Å, c = 25.8097 Å, α = 90◦, β = 92.819◦, and γ =90◦. PAL and ORC
molecules were connected through an O3-H3·O1 (1.820 Å, 178.04◦) hydrogen bond to form
a dimer. Two dimers were further formed by N4-H4·N5 (2.048 Å, 173.05◦) hydrogen bond
between amino groups of neighboring PAL molecules. The dimers were held together
through an O4-H4AB·N2 (1.776 Å, 174.11◦) hydrogen bond to generate a one-dimensional
(1D) belt (Figure 4b). The belts were further stacked along a-axis to form a 3D hydrogen-
bonded framework structure (Figure 4c). Figure 4d shows the stacking along the b-axis to
form a 3D hydrogen bond frame structure.
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Figure 2. (a) Asymmetric unit of PAL-RES, (b) 1D hydrogen bonds chain structure of PAL-RES, (c) 3D
hydrogen-bonded frameworks of PAL-RES along a-axis, (d) 3D hydrogen-bonded frameworks of
PAL-RES along c-axis.

Figure 3. N-H· · ·π (2.30 Å) interaction between PAL-RES molecules.

Figure 4. (a) Asymmetric unit of PAL-ORC, (b) 1D hydrogen bonds chain structure of the PAL-ORC
cocrystal, (c) 3D hydrogen-bonded frameworks of PAL-ORC along a-axis, (d) 3D hydrogen-bonded
frameworks of PAL-ORC along b-axis.
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3.2. Hirshfeld Surfaces and 2D Fingerprint Plots

Hirshfeld surface analysis is a tool to investigate the packing modes and the interac-
tions between molecules in crystals [49]. To gain further insight into the intermolecular
interaction of the PAL-RES/PAL-ORC cocrystal, Hirshfeld surfaces (HS) and the fingerprint
plots were plotted by using Crystal Explorer 17. As illustrated in Figures 5 and 6, the red
areas on the surface correspond to the shortest N–H·N, C–H·N, O–H·O, and O–H···N
interactions, while the blue areas on the surfaces represent H···H contacts. Overall, the
HS of PAL-RES and PAL-ORC differ from each other in shape, reflecting the different pro-
portions of intermolecular contacts. For a clearer quantitative comparison, the percentage
contributions of the surface or fingerprints of the main interaction diagrams of PAL-RES
and PAL-ORC were summarized as the histogram shown in Figure 7. The quantitative
analysis (Figure 7) showed that the H···H interactions were the largest contributors to
the total HS for PAL-RES and PAL-ORC compared to other contacts, indicating that the
cocrystal structurally packs loosely, which creates favorable conditions to regulate the
dissolution capability of PAL [50].

Figure 5. Hirshfeld surface and 2D fingerprint plots of PAL-RES.

In addition, the H·O/O·H contacts corresponded to 17.5% of all HS in the PAL-RES
and can be easily identified as two symmetrical spikes. But in PAL-ORC, the H···N/N···H
contacts were the most powerful intermolecular interaction force, accounting for 10.2%
of the dnorm surface. The different contributions of N-H···O/O-H···O and H···H/C···H
in two cocrystals may have been caused by the varied positions of hydrogen bonds and
coformers (Figures 7, S1 and S2). Finally, there were N-H···π (Figure 3, 2.33 Å) and C-H···π
(Figure S3) between PAL-RES molecules, and there were not only C-H···π (Figure S4) but
also π···π (Figure S5) between PAL-ORC molecules.
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Figure 6. Hirshfeld surface and 2D fingerprint plots of PAL-ORC.

Figure 7. Relative contributions to the Hirshfeld surface areas of PAL-RES and PAL-ORC.

3.3. Molecular Electrostatic Potential Analysis

Molecular electrostatic potential (MEP) is a powerful tool to investigate the noncova-
lent interactions of molecules and the distribution of electronic charge within a cocrystal [51].
To gain more information about the nucleophilic or electrophilic regions of PAL-RES/PAL-
ORC, the molecular electrostatic potential surface map was created (Figure 8). The blue-
and red-colored regions indicate the negative electrostatic potential (nucleophiles) and
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positive electrostatic potential (electrophile), respectively. The green region shows neutral
potential. As expected, the negative charges were located on the oxygen atoms, and the
most positive regions of the molecules are the regions where the hydrogen bonded to oxy-
gen and nitrogen atoms are located due to the partial positive charge δ+ on the hydrogens.
The carbonyl group in the PAL molecule formed hydrogen bond interactions with the
hydroxyl group of the RES or ORC, which was consistent with the SXRD analysis and
Hirshfeld surface analysis.

Figure 8. Molecular electrostatic potential maps of PAL, RES, ORC, PAL-RES, and PAL-ORC.

3.4. Powder X-ray Diffraction Analysis (PXRD)

The powder X-ray diffraction characterization of PAL, RES, ORC, PAL-RES, and PAL-
ORC was performed. The results are shown in Figure 9. PAL shows the major characteristic
peaks at 2θ of 10.32◦, 11.71◦, and 22.68◦. The characteristic peaks of RES are at 19.59◦, 20.34◦,
25.44◦, 26.07◦, and 30.06◦, while there are some new featured peaks (5.42◦, 15.19◦, 17.84◦,
18.38◦, 24.53◦, and 26.65◦) observed in the pattern of PAL-RES. The characteristic peaks of
ORC are at 8.64◦, 14.49◦, 19.46◦, 20.95◦, 22.78◦, and 26.01◦, while the characteristic peaks of
PAL-ORC are at 6.28◦, 6.80◦, 11.00◦, 12.47◦, 17.10◦, 23.82◦, and 27.23◦. These characteristic
peaks are basically consistent with those simulated from single crystal data, confirming the
crystalline phase purity of the synthesized cocrystals.

Figure 9. Powder X-ray diffraction (PXRD) patterns of PAL, RES, ORC, PAL-RES (experimental and
simulated) and PAL-ORC (experimental and simulated).

3.5. Thermal Analysis

Thermal analysis technology is usually employed to confirm the formation of pure
solid phases due to its higher sensitivity [52]. To investigate the thermal behavior of PAL-
RES and PAL-ORC in relation to the individual components, DSC and TGA analyses were



Pharmaceutics 2022, 14, 23 11 of 18

performed; the results are presented in Figure 10. The endothermic peak of PAL was at
271.8 ◦C, which corresponds to its melting process. Both RES (113.9 ◦C and 271.2 ◦C)
and ORC (111.7 ◦C and 292.6 ◦C) showed two endothermic events. The former was the
melting endothermic peak while the latter corresponded to the decomposition process. The
endothermic peaks of PAL-RES and PAL-ORC were at 206.2 ◦C and 220.3 ◦C, respectively.
The DSC thermograms of two cocrystals were distinctly different from that of the individual
components, which indicates the existence of a new crystalline solid form. From the
correlation between melting point and structure, this may have been due to molecular
rigidity and intermolecular interactions. Meanwhile, the TG thermograms of PAL-RES and
PAL-ORC showed no weight loss below their melt points and indicated that these two
cocrystals did not contain any solvents in the crystal lattice, which was also evidenced by
the SCXRD analysis.
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3.6. Attenuated Total Reflection Fourier’s Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR is a fast and non-destructive characterization method which can further
identify the intermolecular interactions of functional groups involved by the changes
in their vibrational frequencies [44–46]. PAL showed characteristic peaks at 1695 and
3440 cm−1 (Figure 11), which were assigned to the carbonyl C=O and N−H stretching
vibrations, respectively. The stretching vibration peak of -OH in RES occurred at 3434 cm−1,
and ORC occurred at 3384 cm−1. After the formation of PAL-RES, the C=O stretching
vibrations were observed at 1710 cm−1, and the O−H and N−H stretching shifted to
3420 cm−1. The carbonyl group of PAL-ORC was observed at 1671 cm−1 and the O−H
and N−H stretching were observed at 3422 cm−1. These variations of the characteristic
peaks can be attributed to the new formation of intermolecular interactions of PAL and
RES/ORC. It should be mentioned that these interactions can be described as hydrogen
bonds, because the shifts did not exceed 50 cm−1 [53].

3.7. Scanning Electron Microscopy (SEM) Analysis

The crystal habit of API is an important parameter in the pharmaceutical process,
which affects various pharmaceutical parameters, such as the flow characteristics and
compaction characteristics of the drug powder [54]. In Figures 12 and S6–S8, the SEM
images of PAL, RES, ORC, PAL-RES, and PAL-ORC are shown. The crystals of PAL were
needle-shaped and easily cluster into clusters. While the surface of the RES and ORC
crystals was smooth, the RES crystals were columnar particles, and the ORC crystals were
bulk material. Both PAL-RES and PAL-ORC were cluster particles.
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Figure 11. IR spectra of (a) PAL, RES, and PAL-RES, (b) PAL, ORC, and PAL-ORC.

Figure 12. SEM images of (a) PAL-RES in 250×, and (b) PAL-ORC in 500×.

3.8. Intrinsic DissolutionRate (IDR) Experiments

IDR values are generally used to predict the bioavailability of the investigated sam-
ples [28]. The results of the IDR experiment are shown in Figure 13. In the hydrochloric
acid solution (pH 1.0), the order of the dissolution rate was PAL-RES > PAL-ORC > PAL
(Figure 13a). Compared with PAL, the dissolution rate of PAL-RES and PAL-ORC was
1.2 times faster. In the pH 4.5 acetate buffer, the dissolution rate was PAL-RES > PAL > PAL-ORC
(Figure 13b). The PAL-RES showed only a slight increase in dissolution rate, while PAL-
ORC showed the lowest release rate, at 0.53 mg/min/cm2. In the pH 6.8 phosphate buffer,
the order of dissolution rates was: PAL-RES > PAL-ORC > PAL (Figure 13c). The dissolution
rate of PAL-RES and PAL-ORC increased by three times and two times, respectively.
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Figure 13. IDR curves of PAL, PAL-RES, and PAL-ORC, (a) in hydrochloric acid solution (pH 1.0),
(b) in acetate buffer pH 4.5, (c) in phosphate buffer pH 6.8.

3.9. Powder Dissolution Analysis

PAL has good solubility under acidic conditions and dissolves completely at pH 1.0
or 4.5 within five minutes. Therefore, the powder dissolution analysis of two cocrystals
was only evaluated at pH 6.8. The dissolution profiles of PAL-RES and PAL-ORC are
shown in Figure 14. The rank order of the cumulative amount dissolved of PAL was
PAL-RES > PAL-ORC > PAL. Compared with API, the dissolution of PAL-RES and PAL-
ORC was significantly improved. The equilibrium dissolution of PAL-RES and PAL-ORC
was 60.22% and 49.93%, respectively, while the equilibrium dissolution of PAL was only
20.09%. The results agreed well with the results of the IDR experiment. The dissolution
analysis and IDR results indicated that both PAL-RES and PAL-ORC presented a better
physiochemical property than PAL, which may result in an improved bioavailability.

3.10. Stability

The physical stabilities of PAL-RES and PAL-ORC were investigated under accelerated
stability testing and the stress testing. As illustrated in Figure 15, the PXRD analysis
revealed that the PXRD patterns of PAL-RES and PAL-ORC all remained the same compared
with the corresponding initial cocrystals without phase transformation. This analysis
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indicated that PAL-RES and PAL-ORC were physically stable under accelerated stability
conditions (40 ◦C/75% RH for 3 months). Moreover, the cocrystals of PAL-RES and PAL-
ORC remained unchanged at high temperature (60 ◦C), high humidity (92.5% RH), and
strong illumination (4500 LX), which indicated that they were all physically stable for at
least 10 days under stress testing conditions.

Figure 14. Powder dissolution profile of PAL, PAL-RES, and PAL-ORC in phosphate buffer pH 6.8.

Figure 15. PXRD patterns of PAL-RES and PAL-ORC under stress testing conditions (10 days) and
accelerated conditions (3 months).

3.11. In Vivo Pharmacokinetic (PK) Experiments

The pharmacokinetic profiles of PAL and two cocrystals are shown in Table 3 and
Figure 16. The AUC of PAL-RES (3245.47 ng·h/mL) was higher than PAL (2616.48 ng·h/mL),
but PAL-ORC decreased to 2254.08 ng·h/mL, indicating PAL-RES presented better absorp-
tion in rats than PAL. The relative bioavailability of the cocrystals PAL-RES and PAL-ORC
was found to be 1.24 and 0.86 times, respectively, with respect to the parent drug (Table 3).
As shown in Figure 16, the Cmax of PAL in PAL-RES (371.57 ng/mL) was higher than that
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of PAL (346.69 ng/mL), and the Cmax of PAL in PAL-ORC (233.46 ng/mL) was lower than
that of PAL. Lower Vd value means more of the drug is contained in plasma; by contrast,
higher Vd values means the drug binding more to certain tissues more [55]. The Vd values
of PAL-RES and PAL-ORC were 12.05 and 19.26 L/kg respectively. The results indicated
that PAL-RES showed a better plasma distribution in comparison with PAL and PAL-ORC.

Table 3. Pharmacokinetic parameters of PAL, PAL-RES, and PAL-ORC.

PAL PAL in PAL-RES PAL in PAL-ORC

Cmax (ng/mL) 346.69 371.57 233.46
Tmax (h) 4 4 4
T1/2 (h) 19.89 10.33 17.36

Vd (L/kg) 20.48 12.05 19.26
MRT (h) 5.36 5.73 6.15

AUC0−t (ng·h/mL) 2616.48 3245.47 2254.08
Frel - 1.24 0.86

Figure 16. PK profiles of PAL, PAL-RES and PAL-ORC after single oral dose equivalent to 5 mg/kg
body weight of PAL in SD rats.

The above results of the pharmacokinetic studies coincide with the results of the
in vitro IDR and powder dissolution experiments, showing that the oral bioavailability of
PAL can be indeed improved via the formation of a PAL-RES cocrystal.

3.12. In Vitro Cytotoxicity Study

Considering the potential clinical use of the obtained cocrystal, an in vitro cytotoxicity
study against a normal cell line of HUVEC was performed. The cytotoxicity of both
PAL-RES and PAL-ORC was concentration-dependent. RES and ORC exhibited negligible
cytotoxicity (IC50 > 100 µM) toward HUVEC after culturing the cells with the drugs for
48 h. The calculated IC50 value of PAL-RES was 4.02 ± 0.07 µM, which was higher than
that of PAL (IC50 = 2.40 ± 0.07 µM), suggesting that PAL may feature a better biosafety
profile after forming a cocrystal with RES. Unfortunately, PAL-ORC (IC50 = 0.85 ± 0.13 µM)
had more potent cytotoxicity against HUVEC.
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4. Conclusions

In this study, two novel cocrystals of PAL with RES and ORC were prepared using
the solvent evaporation method. The cocrystals were characterized by single-crystal and
powder X-ray diffraction, differential scanning calorimetry, thermogravimetric analysis,
Fourier transform infrared and scanning electron microscopy. The intermolecular inter-
actions of cocrystals were further analyzed by HS and fingerprint spectra. In the pH 6.8
phosphate buffer, the in vitro dissolution rate of PAL-RES and PAL-ORC increased by three
times and two times, respectively, which may have been due to their rich hydrogen bond
interactions and sandwich structure leading to rapid dissolution and diffusion. Meanwhile,
the cocrystals showed great physical stability in accelerated stability testing and stress
testing. In the in vivo PK and in vitro cytotoxicity experiments, PAL-RES exhibited better
bioavailability and biosafety than PAL. Therefore, PAL-RES may be a potential candidate
with better solubility and bioavailability, and is worthy of further study. The use of the
bio-compatible and non-toxic product as a co-delivery reagent may point to new directions
in pharmaceutical co-crystallization.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/pharmaceutics14010023/s1. Figure S1: (a) C-H· · ·O interaction between PAL-RES
molecules made by Mercury 4.3.0 software, (b) shape-index surface for C-H· · ·O interaction of
PAL-RES through Hirshfeld Surface Analysis, Figure S2: (a) C-H· · ·O and O-H· · ·O interactions
between PAL-ORC molecules made by Mercury 4.3.0 software, (b) shape-index surface for C-H· · ·O
and O-H· · ·O interactions of PAL-ORC through Hirshfeld Surface Analysis. (Yellow circles: C-H· ·
·O; Red circles: O-H· · ·O), Figure S3: C-H· · ·π interaction between PAL-RES molecules, Figure S4:
π· · ·π interaction between PAL-ORC molecules, Figure S5: C-H· · ·π interaction between PAL-ORC
molecules, Figure S6: SEM images of PAL in 2000×, Figure S7: SEM images of RES in 500×, Figure S8:
SEM images of ORC in 200×.
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