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ABSTRACT

The research work focuses on investigating the effects of spacer group (varying aliphatic chain length=n) of co-crystal 
formers (oxalic acid (OA, n=0), (malonic acid (MA, n=1), (succinic acid (SA, n=2), (glutaric acid (GA, n=3), and 
(adipic acid (AA, n=4) on the physicochemical properties and oral bioavailability of praziquantel (PZQ) co-crystals. 
For this purpose, different co-crystals of PZQ with dicarboxylic acid co-crystal formers (OA, MA, SA, GA, and AA) 
were synthesized. These co-crystals were characterized by powder X-ray diffractometry (XRPD), differential scanning 
calorimetry (DSC), Fourier transform infrared spectroscopy (FT-IR), and thermogravimetry (TG) techniques. The 
in-vitro (solubility and dissolution) and in-vivo pharmacokinetic (P.K) studies were performed for PZQ co-crystals. 
Additionally, the effect of polymer hydroxypropyl cellulose (HPC) on the formation of PZQ co-crystals was also 
investigated. According to the study results, PZQ-SA co-crystal showed improved solubility, dissolution, and oral 
bioavailability. Overall, the solubility, dissolution, and oral bioavailability are consistent with each other. The order 
of improved solubility, dissolution, and oral bioavailability is observed as consistent like PZQ-SA > PZQ-AA > PZQ-
GA > PZQ-OA > PZQ-MA > pure PZQ. Concerning HPC polymer effects, PZQ-OA, PZQ-MA, PZQ-GA, and PZQ-AA 
co-crystals were formed successfully in the presence of HPC polymer but the PZQ-SA co-crystal was inhibited. 
Keywords: Co-crystal; pharmacokinetic parameters; physicochemical properties; spacer group

ABSTRAK

Penyelidikan ini memberi tumpuan kepada kajian kesan kumpulan penjarak (pelbagai panjang rantai alifatik=n) 
pembentuk gabungan hablur (asid oksalik (OA, n=0), (asid malonik (MA, n=1), (asid suksinik (SA, n=2), (asid 
glutarik (GA, n=3) dan (asid adipik (AA, n=4) pada sifat fizikokimia dan bioketersediaan oral bersama gabungan 
hablur praziquantel (PZQ). Untuk tujuan ini, gabungan hablur berbeza PZQ dengan pembentuk gabungan hablur asid 
dikarboksilik (OA, MA, SA, GA dan AA) telah disintesis. Gabungan hablur ini dicirikan oleh difraktometri sinar-X 
serbuk (XRPD), kalorimetri pengimbasan pembezaan (DSC), teknik spektroskopi inframerah transformasi Fourier 
(FT-IR) dan termogravimetri (TG). Kajian in-vitro (keterlarutan dan pelarutan) dan farmakokinetik in-vivo (P.K) telah 
dilakukan untuk gabungan hablur PZQ. Selain itu, kesan polimer hidroksipropil selulosa (HPC) pada pembentukan 
gabungan hablur PZQ turut dikaji. Menurut hasil kajian, gabungan hablur PZQ-SA menunjukkan kebolehgunaan 
sol yang lebih baik, pembubaran dan bioketersediaan oral. Secara keseluruhan, keterlarutan, pembubaran dan 
bioketersediaan oral adalah konsisten antara satu sama lain. Urutan keterlarutan, pelarutan dan bioketersediaan oral 
yang lebih baik diperhatikan sebagai konsisten seperti PZQ-SA > PZQ-AA > PZQ-GA > PZQ-OA > PZQ-MA > PZQ 
tulen. Mengenai kesan polimer HPC, gabungan hablur PZQ-OA, PZQ-MA, PZQ-GA dan PZQ-AA telah terbentuk dengan 
jayanya dengan kehadiran polimer HPC tetapi gabungan hablur PZQ-SA telah dihalang.
Kata kunci: Gabungan hablur; kumpulan penjarak; parameter farmakokinetik; sifat fizikokimia
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INTRODUCTION

Co-crystals, a well-known crystalline solid, have drawn 
attention from researchers over the past decades and are 
presently an essential part of the pre-formulation research 
in drug discovery and development. The advantages of 
co-crystals include; enhanced stability of solid-state, 
flow property, compressibility, dissolution pattern, and 
oral bioavailability (Karagianni et al. 2018; McNamara 
et al. 2006; Perumalla & Sun 2013). Pharmaceutical co-
crystals, without covalent modification of the molecule, 
can modify physicochemical properties (Duggirala 
et al. 2016). During drug development, design, and 
discovery, the main issue is selecting an appropriate API 
with optimum physicochemical properties (Aitipamula 
et al. 2012). Poor bioavailability is the most frequently 
encountered problem during product development. 
The most appropriate strategy for enhancing drug 
bioavailability is the use of a solid form of an API with 
higher aqueous solubility. Low aqueous-soluble drugs 
are more prevalent in the pharmaceutical industry, and 
increasing the solubility of low aqueous-soluble drugs 
is a primary challenge for pharmaceutical scientists 
(Savjani et al. 2012). 

Praziquantel (PZQ) is an anthelmintic drug of 
choice in schistosomiasis and is also indicated in a 
variety of cestodes and trematodes infections (Costa 
et al. 2016; Li et al. 2007), and is commonly used in 
veterinary medicine (Dayan 2003). According to the 
biopharmaceutical classification system (BCS), PZQ is 
a BCS class-II drug with low aqueous solubility, so the 
dissolution process affects its efficiency distinctly (Dinora 
et al. 2005; Salazar-Rojas et al. 2020). The chemical 
structure of PZQ lacks the salt-forming groups, so the 
effective technique for optimization of physicochemical 
properties is co-crystallization (Cugovcan et al. 2017). 
PZQ and dicarboxylic acid co-crystal formers have 
the potential to be co-crystallized as the PZQ contains 
two hydrogen bond formation sites as shown in Figure 
1(B) and 1(C) (Espinosa-Lara et al. 2013). As the chain 
length of co-crystal formers changes, the conformation 
also changes, so the crystal structure is changed (Kakkar 
2018). So, the physicochemical properties and oral 
bioavailability may also be influenced by the varying 
chain length of dicarboxylic acid co-crystal formers. 
To the best of our knowledge, the solubility, dissolution 
behavior, and bioavailability of PZQ co-crystals with a 

FIGURE 1. Dicarboxylic acid co-crystal formers used in the study (A), Praziquantel 
(B), Heterodimer synthon (C)
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series of dicarboxylic acid co-crystal formers (COOH)–
(CH2)n–(COOH) as shown in Figure 1(A): oxalic (OA, n = 
0), malonic (MA, n = 1), succinic (SA, n = 2), glutaric (GA, 
n = 3), and adipic (AA, n = 4) have not been investigated. 
It is significant to investigate the relationship of 
physicochemical properties and pharmacokinetic 
parameters (Cmax, Tmax, and AUC) of PZQ co-crystals with 
varying chain lengths of dicarboxylic acid co-crystal 
formers because it would help in the selection of suitable 
co-crystals with improved physicochemical properties 
and oral bioavailability. Moreover, in this research work, 
we also attempted to investigate a polymer effect on PZQ 
co-crystal preparation using the slurry method.

 MATERIALS AND METHODS

PZQ was obtained from Alfa Aesar. The dicarboxylic 
acid co-crystal formers: OA, MA, SA, and AA were 
purchased from Acros Organics, while GA was procured 
from Sigma-Aldrich. Polymer hydroxypropyl cellulose 

(HPC) (average Mw of ~80,000; 20 mesh particle size) 
was also purchased from Sigma-Aldrich (Belgium). 
All analytical grade solvents were purchased from 
commercial sources.

PREPARATION OF PZQ CO-CRYSTALS WITH AND 
WITHOUT HPC POLYMER

PZQ was co-crystallized with dicarboxylic acid co-
crystal formers, namely OA, MA, SA, GA, and AA. PZQ 
co-crystals were prepared by the slurry crystallization 
method. In this method, solvent acetone was added in 
screw-capped glass vials having solid, without reaching 
full dissolution. The mixtures were allowed to stir for 
72 h on a magnetic stirrer at room temperature. For further 
characterization, the resulting powder was rapidly filtered 
and dried. The PZQ co-crystals were also tried to prepare 
in the presence of HPC polymer to investigate the outcome 
of polymer on their preparation. For this purpose, the 
same method was applied. The detail is given in Table 1.

TABLE 1. Detail of PZQ co-crystals preparation with and without HPC polymer

API Co-crystal 
former Polymer Ratio Code

PZQ AA HPC 1: 0.5: 1.2 PZQ-AA-HPC

PZQ GA HPC 1: 1: 1.2 PZQ-GA-HPC

PZQ SA HPC 1: 1: 1.2 PZQ-SA-HPC

PZQ MA HPC 1: 1: 1.2 PZQ-MA-HPC

PZQ OA HPC 1: 1: 1.2 PZQ-OA-HPC

PZQ AA - 1: 0.5 PZQ-AA

PZQ GA - 1: 1 PZQ-GA

PZQ SA - 1: 1 PZQ-SA

PZQ MA - 1: 1 PZQ-MA

PZQ OA - 1: 1 PZQ-OA

PZQ=praziquantel, OA=oxalic acid, MA=malonic acid, SA=succinic acid, GA=glutaric acid, AA=adipic acid, 
HPC=hydroxy propyl cellulose
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CHARACTERIZATION OF PZQ CO-CRYSTALS
POWDER X-RAY DIFFRACTOMETRY

Samples were characterized on a diffractometer 
(Siemens D5000) using Cu as an X-ray source at a current 
of 40 mA and voltage of 40 kV. A monochromator was 
used to permit the selection of the Kα radiation of Cu (λ 
=1.5418 Å). The measurement of samples was performed 
with a scan rate of 0.01°/s from 2 to 50° at 2θ.

FOURIER-TRANSFORM INFRARED SPECTROSCOPY

Samples of approximately 3-7 mg were placed on a 
crystal surface (diamond) to get FT-IR spectra. The 
PerkinElmer FT-IR spectrophotometer was used for this 
purpose. The FT-IR spectral analysis of finely pulverized 
samples was done at a wavelength range of 450–4000 
cm−1. 

DIFFERENTIAL SCANNING CALORIMETRY

DSC measurements of pure PZQ, co-crystal formers, 
and solid materials obtained from slurry crystallization 
were performed on a DSC1 from the Mettler Toledo 
(Switzerland). Before measurements, the DSC was 
calibrated using indium. Samples of around 8-10 mg 
were analyzed using perforated aluminum crucibles. The 
heating rate was set at 10 °C min−1 over a range of 30 to 
250 °C, under a flow rate of about 50 mL min-1.  

THERMOGRAVIMETRIC ANALYSIS

The TGA scans of samples were obtained on the Mettler 
Toledo TGA-SDTA 851e. The TGA thermograms were 
measured at a temperature range between 30 and 450 
°C with a scanning rate of 10 °C min−1 under a nitrogen 
purge of 50 mL min-1. Eight to 10 mg solid samples were 
analyzed using an aluminum oxide crucible.

SOLUBILITY AND in-vitro DISSOLUTION STUDY OF PZQ 
CO-CRYSTALS

Concerning solubility, excess quantities of each co-
crystal were added to the glass vials having water as a 
medium and stirred for 48 h. One mL supernatant was 
collected and filtered immediately and diluted suitably 
for UV analysis.

The dissolution study was conducted for pure PZQ 
and its co-crystals using dissolution apparatus USP-II. 
The medium used was 0.1N HCl having 0.2 mg sodium 
lauryl sulfate (SLS). The purpose of the SLS is to avoid 
the adherence of the API with the paddles as the PZQ is 

hydrophobic. Five mL of the solution was taken at 15, 30, 
45, 60, and 90 min. The aliquot was immediately filtered 
and the concentration of PZQ at each time point was 
obtained by UV-visible spectrophotometer at λmax=263 
(USP 40−NF 35).

in-vivo PHARMACOKINETIC STUDIES OF PZQ CO-
CRYSTALS

By using the protocols for in-vivo pharmacokinetic 
(P.K) studies with the approval of the ‘Research Ethical 
Committee’ Department of Pharmacy, COMSATS 
University Islamabad (CUI), Abbottabad Campus (ref. 
no PHM.Eth/ CS-M01-022-2901), in-vivo P.K parameters 
of samples were investigated after oral administration of 
PZQ and its co-crystals at a dose of 20 mg/kg. Capsules 
were filled manually for in-vivo P.K studies of PZQ co-
crystals. All rabbits of group 1 (control group) were dosed 
with PZQ; while equivalent doses of PZQ-OA, PZQ-MA, 
PZQ-SA, PZQ-GA, and PZQ-AA were administered to 
treated groups (groups 2, 3, 4, 5, 6) via oral route with 2 
mL of water using a syringe. The blood samples (0.3-0.5 
mL) at different time intervals (0 to 12 h) were withdrawn 
and collected in Eppendorf tubes. Then, quickly each 
blood sample was centrifuged at 12,000 rpm for 8 to 10 
min to separate out the plasma. The plasma samples 
were stored at -20 °C until analysis by high-performance 
liquid chromatography (HPLC).

PZQ was quantified in plasma samples as described 
in United States Pharmacopoeia (USP) with slight 
modification, using HPLC (series 200, PerkinElmer 
USA) technique (USP 40-NF 35). The mobile phase was 
freshly prepared daily and is composed of acetonitrile 
and water (70:30). The flow rate and retention time 
were 1 mL/min and 5.30 min, respectively. A 250 × 4.6 
mm Supelco® C18 (5 µm particle size) was used as an 
analytical column. Acetonitrile was added to samples 
and centrifuged to precipitate proteins prior to HPLC 
analysis. A 20 µL supernatant was injected. PZQ 
concentration was measured at λmax 210 nm by a UV 
detector. The detection and quantification limits were 
0.015 and 0.02 µg/mL, respectively. P.K parameters like 
Cmax and Tmax were evaluated for the non-compartmental 
model using PK Solver 2.0 software. The trapezoidal 
rule was employed for the calculation of the area under 
the curve (AUC0→t) from the concentration−time curve. 
ANOVA (one-way analysis of variance) and t−test (p < 
0.05) were used for comparison of P.K parameters and 
statistical analysis of data.
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RESULTS AND DISCUSSION

Co-crystals were prepared with and without HPC 
polymer using the slurry crystallization method. The 
crystalline nature of pure PZQ and PZQ co-crystals was 
assessed using powder X-ray diffractometry. The XRPD 
patterns of PZQ co-crystals are different from that of API 
and respective co-crystal formers, and in good agreement 

with the respective XRPD patterns of each co-crystal in 
CSD as shown in Figure 2. Table 2 enlists characteristic 
peaks of pure PZQ and its co-crystals with respective 
CSD codes.  The perfect agreement of XRPD patterns of 
PZQ co-crystals with their XRPD patterns provided in 
CSD evidenced that PZQ co-crystals have successfully 
been prepared. 

TABLE 2. XRPD characteristic peaks of pure PZQ and its prepared co-crystals

Sample Characteristic peaks CSD code

PZQ 3.8, 5, 6.7, 20 TELCEU

PZQ-OA 7.9, 17.8, 22 TELCOE

PZQ-MA 6.7, 12.1, 19.4 TELDEV

PZQ-SA 8.3, 9.5, 17.6, 20.7 TELDAR

PZQ-GA 7.6, 10.4, 18.6 TELDIZ

PZQ-AA 6.1, 21.1, 21.6 TELCAQ

The important XRPD peaks of pure PZQ that 
appeared at 2θ= 5º, 6.7º, and 20º are in good alignment 
with a study conducted by Qian et al. (2017) confirming 
the purity of the crystalline materials used in the present 
study. The XRPD pattern of PZQ-OA is arranged finely 
in accordance with the powder XRPD pattern of PZQ-OA 
co-crystal listed as TELCOE in CSD. Likewise, X-ray 
diffractograms of PZQ-MA, PZQ-SA, PZQ-GA, and PZQ-AA 
are absolutely overlapped with their X-ray diffractograms 
listed in CSD as TELDEV, TELDAR, TELDIZ, and TELCAQ, 
respectively. 

Concerning FT-IR results, the spectra of PZQ co-
crystals are different from their respective individual 
components (Figure 3). The amide bands (carbonyl 
stretching vibrations) are distinctive for the co-crystalline 
forms of PZQ with corresponding co-crystal formers as 
shown in Table 3. All peaks of PZQ that appeared in FT-
IR spectra of prepared co-crystals indicate drug stability 
and the peaks of pure PZQ are in good alignment with 
that reported in the literature (Andrade et al. 2019). 

The amide groups in PZQ mainly involve the 
carbonyl stretching vibrations (1645 and 1622 cm−1), and 
the shifting in these values shows changes in H-bonding 

patterns in the resulting co-crystals. The two amide 
groups of PZQ involve in hydrogen bond formation and 
the oxygen atoms only act as hydrogen bond acceptors 
(Liu et al. 2006). Figure 1(B) and 1(C) shows that the 
appropriate moieties in PZQ are R2NC(O)CH2N involve 
in the double-bridged heterodimeric synthons formation 
with dicarboxylic acids (Espinosa-Lara et al. 2013). 
In dicarboxylic acid co-crystal formers, the carbonyl 
stretching vibrations range from 1664 to 1697 cm−1 (Pavia 
et al. 2014). In co-crystals, these carbonyl stretching 
vibrations are shifted to a higher wavenumber (Arenas-
Garcia et al. 2010). When co-crystal former is combined 
with a pure drug into co-crystal, the shifting of carbonyl 
stretching vibration to a larger wavenumber requires 
further energy, which is consistent with weaker hydrogen-
bond formation (C−H···O and O−H···O) (Aakeroy 
& Sinha 2018). The co-crystal carbonyl stretching 
vibrations ranges from 1712 to 1742 cm−1 (Stuart 2004). 
The relevant FT-IR bands of co-crystal formers, PZQ, and 
corresponding co-crystals are listed in Table 3. The results 
are well supported by the study conducted previously 
about PZQ co-crystals with a series of dicarboxylic acid 
co-crystal formers (Espinosa-Lara et al. 2013).  
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TABLE 3. FT-IR spectral bands of PZQ and its co-crystals with their respective co-crystal formers

Samples
Frequencies (cm-1)

PZQ (amide) C=O Co-crystals (amide) 
C=O

Co-crystal formers 
(COOH) C=O Co-crystal (COOH) C=O

PZQ 1645/ 1622
PZQ-OA 1593 1664 1719
PZQ-MA 1594 1697 1720/ 1742
PZQ-SA 1607 1682 1712
PZQ-GA 1615 1690 1713
PZQ-AA 1600/ 1630 1686 1712

FIGURE 2. XRPD patterns of pure PZQ, respective co-crystal formers, and co-
crystals with/without HPC polymer
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Thermal stability assessment of drugs is quite 
important, especially melting point (M.P) and thermal 
degradation that can easily be altered by co-crystallization 
(Friscic & Jones 2010; Valdes-Negrin et al. 2022), 
because in a co-crystal, the molecules have non-covalent 

FIGURE 3. FT-IR spectra of PZQ, respective co-crystal formers, and 
co-crystals

interactions that play a prime role in lattice energy and 
ultimately the thermal stability. According to the thermal 
analysis results, the M.P’s of PZQ co-crystals are different 
from their respective individual components. The 
melting event of PZQ was observed at 142.7 °C as shown 
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in Figure 4(a) and the result is supported by reported 
literature (El-Arini et al. 1998; Mishra et al. 2014). In 

DSC analysis, no dehydration, as well as other thermal 
events, was seen after PZQ melting. The Tpeaks of co-
crystal formers and co-crystals are enlisted in Table 4. 

TABLE 4. Peak temperatures (Tpeak) of co-crystal formers, PZQ co-crystals acquired from DSC and literature

Co-crystal formers Crystalline forma Tpeak/ °C DSC Literature data/ °C

Oxalic acid Solid crystal 105 °C, 196 °C 113 °C, 199 °C / Fischer et al. (2015)

Malonic acid Crystalline powder 138 °C 135.6 °C / Wicaksono et al. (2017)

Succinic acid Crystalline powder 187.3 °C 188 °C / Saganowska & Wesolowski (2018)

Glutaric acid Solid crystal 76.9 °C, 99 °C 76.6 °C, 98.2 °C / Saganowska & 
Wesolowski (2018)

Adipic acid Crystalline powder 154.9 °C 155 °C / Butreddy et al. (2020)

PZQ Crystalline powder 142.7 °C Mishra et al. (2014)/ 142 °C

PZQ-OA Solid crystal 159.9 °C -

PZQ-MA Solid crystal 147.7 °C -

PZQ-SA Solid crystal 141.2 °C -

PZQ-GA Solid crystal 126.2 °C -

PZQ-AA Solid crystal 122.9 °C -

a= materials safety data sheet provided by producers

TGA study was performed to know about the % 
mass loss and phase transition of pure PZQ and its co-
crystals. The results have shown in Figure 4(b) and 4(c). 
The first signal of oxalic acid dihydrate appeared at 105 
°C and is further confirmed by 14% mass loss at the same 
temperature in TGA measurement. The second peak of 
oxalic acid in the DSC thermogram indicates the melting 
peak at 189 °C (Onset) and 196 °C (Peak). The result is 
supported by the study conducted by Fischer et al. (2015). 
Similarly, the melting events of all co-crystal formers 
used in the current study are consistent with the reported 
literature as shown in Table 4 and Figure 4(b). PZQ 
co-crystals especially PZQ-SA and PZQ-AA have lower 
M.P’s i.e., 141.2 °C and 122.9 °C, respectively, compared 
to corresponding single components as displayed in 
Figure 4(a) and Table 4. The results are supported by 
the reported co-crystals in the literature like fluoxetine 
HCl−succinic acid (134 °C), and carbamazepine−

(+)-camphoric acid (156 °C), and carbamazepine−benzoic 
acid (113 °C). These co-crystals have lower M.P’s 
compared to their individual components i.e., API and 
respective co-crystal formers (Childs et al. 2008, 2004). 
Similarly, the M.P of PZQ-GA co-crystal (126.2 °C) 
was observed lower compared to the M.P of pure PZQ 
(142.7 °C) and higher than GA (99 °C). In the literature, 
many co-crystals e.g., carbamazepine−benzoquinone 
(170 °C), carbamazepine−terephthalaldehyde (124 °C), 
fluoxetine HCl–benzoic acid (132 °C), and norfloxacin−
isonicotinamide (180-185 °C) further verified the results 
(Basavoju et al. 2006; Childs et al. 2004; Fleischman et al. 
2003). In previous studies, various co-crystals have also 
been reported with higher M.P’s compared to individual 
components, for example, ibuprofen–4,4′-bipyridine 
(117-120 °C) and flurbiprofen–4,4′-bipyridine (155-160 
°C) (Walsh et al. 2003), similar results were observed 
by PZQ-MA co-crystal (147.7 °C) in the present study. 
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Likewise, piroxicam–saccharin (220 °C) (Bhatt et al. 
2005) and indomethacin–saccharin (220 °C) (Basavoju et 
al. 2008) co-crystals have high M.P’s than API and lower 
than co-crystal former further evidenced the M.P of co-
crystal PZQ-OA (159.9 °C) the case herein. Therefore, it 
is evident from the discussion regarding the M.P’s of the 

spacer group of co-crystal formers and co-crystal that a 
consistent effect between the spacer group of co-crystal 
formers and co-crystals was observed, as the number 
of carbons in spacer group (R) increases the M.P of co-
crystal decreases.                            

FIGURE 4. DSC thermograms of pure PZQ and its co-crystals (a), TGA 
thermograms of co-crystal formers (b), TGA thermograms of PZQ and its 

co-crystals (c)

Figure 4 shows the TGA results of PZQ and its co-
crystals. The sample mass of PZQ-MA co-crystal begins 
to decrease at 147 °C, while at 178.6 °C the sample 
mass reduced to about 77.6% of the initial sample mass. 
Similarly, at 163 °C the mass of the PZQ-OA co-crystal 
begins to decrease, and at 212 °C the mass dropped to 

approximately 80% of the initial mass of the sample. 
Likewise, the PZQ-SA co-crystal mass started to decrease 
at 167 °C, and at 261 °C the mass is reduced to 72% 
of the initial sample mass. So, it is evidenced from the 
results that co-crystals PZQ-OA, PZQ-MA, and PZQ-SA 
start to disintegrate at about 163 °C, 147 °C, and 167 °C, 
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respectively. Whereas co-crystals PZQ-GA and PZQ-AA 
are thermally stable and start to decay at 199 °C and 208 
°C, respectively. Moreover, pure PZQ starts to decay at 
248 °C, and 97.8% mass is reduced at 383 °C. Overall, 
the thermal events of PZQ co-crystals in DSC and TGA are 
different from their respective individual components. 
The thermal analysis results further confirm the 
successful formation of co-crystals.  

According to the solubility study results of PZQ co-
crystals, the highest and lowest solubility observed was 
10.5 ± 1.7 and 3.7 ± 1.08 mg/mL, respectively. PZQ co-
crystals showed significantly high solubility compared 
to pure PZQ (0.392± 0.1 mg/mL) as shown in Table 5, and 
the result of pure PZQ is consistent with the reported data 
i.e., 0.381 mg/mL and 0.92 mmol/ L (El-Arini et al. 1998; 
USP 2017). PZQ is a hydrophobic drug with limited 
aqueous solubility and high permeability (Borrego-
Sanchez et al. 2016). The PZQ solubility in different 

solvents is also reported as 3.001 × 10−2 (acetone), 5.964 
× 10−2 (cyclohexanone), 4.379 × 10−2 (n-hexane), 2.896 
× 10−2 (ethyl acetate), and 3.519 × 10−2 mole fraction 
(acetonitrile) (Li et al. 2020). The results of the present 
study showed a substantial improvement in the aqueous 
solubility of PZQ co-crystals. In-vitro dissolution study 
results showed improvement in dissolution by PZQ co-
crystals compared to pure PZQ (24.05% at 90 min). The 
percent dissolution of pure PZQ with respect to time is 
in good agreement with that reported in the literature 
(Dametto et al. 2017). The intrinsic dissolution rate of 
pure PZQ is also reported as 31.2 ± 0.6 μg.cm−2 min−1 
at 37 °C in the literature (Zanolla et al. 2018). The 
descending order of improved dissolution was observed 
by co-crystals at 90 min as PZQ-SA (68%), PZQ-AA 
(57.96%), PZQ-GA (54.05%), PZQ-OA (51%), and PZQ-
MA (46.05%) as shown in Figure 5(a). 

FIGURE 5. Dissolution profile of PZQ and its co-crystals (a), In-vivo drug 
release profile of pure PZQ and its five co-crystals (b)
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TABLE 5. Solubility, % dissolution rate, and pharmacokinetic parameters of PZQ co-crystals

Samples Solubility (mg/mL) 
MeanSD

% Dissolution rate 
(90 min) AUC 0–12 (µg h/mL) Cmax (µg/mL) Tmax (h)

PZQ 0.39 0.10 24.05 10.06 ± 2.51 1.80 ± 0.36 1 ± 0.57

PZQ-OA 4.20 1.10 51.00 17.16 ± 0.93 2.79 ± 0.16 4 ± 1.00

PZQ-MA 3.70  1.08 46.05 15.40 ± 3.65 2.30 ± 0.29 2 ± 1.00

PZQ-SA 10.50  1.70 68.00 33.84 ± 6.05 5.55 ± 1.06 2 ± 1.00

PZQ-GA 6.74  1.40 54.05 21.69 ± 7.15 3.88 ± 1.45 2 ± 1.00

PZQ-AA 7.00  1.05 57.96 27.23 ± 13.51 4.80 ± 2.47 2 ± 1.25

All p values of solubility and AUC are significant (p< 0.05) vs. PZQ 

According to the P.K study results, enhanced oral 
bioavailability was observed by co-crystals compared 
to pure PZQ. PZQ-SA exhibited the highest oral 
bioavailability (33.84 ± 6.05 µg h/mL). While the lowest 
bioavailability showed by PZQ-MA (15.40 ± 3.65) among 
co-crystals. The oral bioavailability of all co-crystals 
was considerably better compared to pure PZQ (10.06 ± 
2.51 µg h/mL) as shown in Figure 5(b). Table 5 enlists 
P.K parameters. The maximum enhanced bioavailability 
observed was approximately 3-fold compared to pure 
PZQ. The study result is consistent with the enhanced 
bioavailability observed in many studies, a 2.49 and 
2-fold increase in bioavailability was observed by 
baicalein–nicotinamide and carbamazepine–succinic 
acid co-crystal, respectively (Huang et al. 2014; Ullah 
at al. 2016). The Cmax is attained by pure PZQ quickly as 
compared to co-crystals. However, the Cmax of co-crystals 
was higher than pure PZQ. In the case of PZQ-SA, the 
bioavailability is much higher than that of pure PZQ 
and the concentration reaches 5.55 μg/ mL in 2 h. The 
concentration achieved just in 1 h by all co-crystals is 
higher as compared to pure PZQ except for PZQ-OA and 
PZQ-MA. Attaining the high concentration quickly is 
quite interesting because, for many treatments, time is 
a critical factor. Higher plasma concentration can often 
be reached by increasing the drug dosage, but earlier 
bioavailability is much harder to achieve. This favorable 
property is shown by all co-crystals except PZQ-OA and 
PZQ-MA. In literature limited oral bioavailability study 
about PZQ has been performed, for example, the oral 
bioavailability of PZQ solid dispersion in comparison 
with a marketed product was observed as 456 ± 75 

μg/L × h and 193 ± 19 μg/L × h, respectively (Liu et 
al. 2018). In another study, solid lipid nanoparticle 
of PZQ was investigated for an in-vivo study, and the 
AUC was observed as 14.03 ± 0.98 μg h/mL (Radwan 
et al. 2019). Improved bioavailability of low soluble 
drugs via co-crystallization technique has been reported 
in many studies, for instance, 168.7%, 10-fold, and 
1.7-fold improved bioavailability was observed by 
6-mercaptopurine–isonicotinamide (Wang et al. 2015), 
quercetin–theobromine dehydrate (Smith et al. 2012), 
and danazol–vanillin co-crystal, respectively (Childs et 
al. 2013). 

The study results evidently exemplify that co-
crystals have the ability to alter the physicochemical 
properties and oral bioavailability of low soluble 
drugs. Moreover, no correlation was observed between 
physicochemical properties/ P.K parameters and the 
spacer group of co-crystal formers. 

Regarding the HPC polymer effect on PZQ co-
crystal formation, the study results showed that the 
presence of HPC polymer did not inhibit the formation 
of PZQ co-crystals like PZQ-OA, PZQ-MA, PZQ-GA, 
and PZQ-AA whereas PZQ-SA was inhibited as shown 
in Figure 2. The absence of an important peak at 2θ= 
13.52º and the presence of a prominent peak at 2θ= 6.98º 
represents the pure PZQ, evidenced by the inhibition 
of PZQ-SA co-crystal formation as shown in Figure 
2(c). Quite limited studies have been performed about 
polymer’s effect on co-crystal preparation, for example, 
the addition of PVP facilitates carbamazepine–saccharin, 
while inhibiting carbamazepine–nicotinamide co-
crystal formation (Zhang et al. 2017), in another study, 
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carbamazepine co-crystals with SA and AA were not 
inhibited while carbamazepine co-crystals with MA and 
GA were inhibited at higher quantities of HPC polymer 
(Wasim et al. 2021).

CONCLUSION

The primary objective of the research work was to check 
the effects of the spacer group of co-crystal formers on 
the physicochemical properties and oral bioavailability 
of praziquantel (PZQ) co-crystals as well as to check 
the hydroxypropyl cellulose (HPC) polymer effect on 
co-crystal formation. The results of solubility, in-vitro 
dissolution, and oral bioavailability of PZQ co-crystals 
are consistent. In other words, the enhanced solubility 
is translated into improved in-vitro dissolution and oral 
bioavailability. No consistency of spacer group effects 
is seen in the physicochemical properties (solubility and 
dissolution) and oral bioavailability of PZQ co-crystals. 
In simple words, increasing hydrophobicity of co-
crystal formers has no regular effect on physicochemical 
properties and oral bioavailability of co-crystals. 
An additional investigation is needed to expand and 
improve the conclusion about the effects of the spacer 
group of dicarboxylic acid co-crystal formers on the 
physicochemical and P.K behavior of low soluble 
drug co-crystals because the properties of co-crystals 
correspondingly change with different APIs and co-
crystal formers as they are complex macromolecules. 
The study results about the effect of HPC polymer show 
that the formation of most of the co-crystals was not 
inhibited except one i.e. PZQ-SA. Based on the limited 
study we cannot draw the final conclusion about the 
polymer effect on co-crystal formation because the 
properties of polymers change with the monomer 
types, molecular weight, and degree of substitution and 
distribution. Therefore, further investigation is needed to 
support and improve the conclusion about the polymer 
effects on co-crystal formation.

In conclusion, better solubility, in-vitro dissolution, 
and oral bioavailability were observed by PZQ-SA 
followed by PZQ-AA, PZQ-GA, PZQ-OA, PZQ-MA, and 
PZQ pure. So the versatility of pharmaceutical co-crystal 
is reasonably clear about modifying the physicochemical 
and pharmacokinetic properties and effectively shows 
the importance of synthesizing ‘co-crystals with a 
purpose’. 
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