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The problems associated with low aqueous solubility and bioavaila-
bility are still not overcome by various active pharmaceutical ingre-
dients. Recently, crystal engineering and pharmaceutical cocrystaliza-
tion have been shown to be beneficial in enhancing pharmaceutical 
properties of compounds, even if their molecular structures remain 
unchanged. The objective of the study was to examine the possibili-
ty of utilizing certain specific organic boronic acids as co-formers in 
cocrystalization of the two most common APIs, namely, paracetamol, 
and amikacin, in search of new compounds that may have more ap-
plications in pharmaceutical use. Organic boronic acids were chosen 
as co-formers based on their distinctive capability to form strong di-
rectional hydrogen bonds via the B(OH)2 group, creating a versatile 
tool to study new crystalline structures with APIs. The crystallization 
process was carried out with a mixture of phenylboronic acids and 
substituted phenylboronic acids in varying stoichiometric propor-
tions and paracetamol and amikacin APIs. Slow solution evaporation 
was used as the basic method of crystallization. The resulting crystals 
were characterized by single-crystal analysis and thermal analysis re-
garding formation verification of cocrystals. It was found that despite 
the presence of various potential acceptor and donor sites in APIs and 
their predicted compatibility displayed by their structures concerning 
boronic acids, no new cocrystals could be prepared under various con-
ditions tested throughout the study. The effect has created a method 
for isolating crystals from original APIs used over time. The obtained 
results indicate that the formation of pharmaceutical co-crystals with 
organic boronic acids is API-dependent and is not necessarily success-
ful when favorable intermolecular interaction is expected. There is 
value in reporting negative results to improve understanding regard-
ing principles for co-crystal designs and future crystal engineering.
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1. Introduction

Organic boronic acids can be defined as oxy-
gen-containing trivalent boron compounds in which 
the boron atom is covalently bonded with one alkyl, 
vinyl, or aryl group in a simple carbon and boron 
(σ C–B) covalent bond. The two valencies of boron 
remain occupied with hydroxyl groups, and these 
groups result in the acidic properties of the boronic 
acid compounds. Moderate Lewis acidity, chemical 
instability, and hydrogen-bonding properties alto-
gether provide a unique combination in boronic ac-
ids and their aqueous solutions, making them prom-
ising reagents in contemporary chemistry. Although 
they were originally known for their applications in 
organic synthesis and their use in medicinal chemis-
try, they were also widely explored in the Suzuki-Mi-
yaura cross-coupling reaction1, 2 and as a basis for a 
glucose-based biosensor for diabetic diagnostics3-6. 
Based on these considerations, it might also be in-
ferred that they can also be explored in pharma-
ceutical crystal engineering. Specifically, the B(OH)2 
moiety acts as a powerful and directional supra-
molecular synthon, offering a versatile platform for 
exploring unconventional hydrogen-bonding motifs 
with drug molecules.

Low aqueous solubility and bioavailability remain 
a major drawback for numerous APIs, resulting in a 
reduction in efficacy and irregular absorption7, 8. The 
advantage of crystal engineering has been realized in 
recent years as an effective strategy in the solid state 
with respect to improving the associated difficulties 
of APIs without modifying their chemical entity9. Of 
these methods, pharmaceutical co-crystallization 
has shown promise in enhancing solubility, related 
dissolution rates, and physicochemical properties of 
APIs10. Recent studies (2020–2023) have integrated 
high-throughput screening and computational pre-
diction tools to accelerate the identification of viable 
co-formers11-13.

Organic acids are some of the most frequently used 
co-formers in co-crystallization in pharmaceuticals 
because of their highly favorable and reliable hydro-
gen bond-donor properties14. Within this context, 
organoboronic acids are recently gaining attention 

as novel, alternative co-formers. Indeed, as revealed 
by experiments and previous investigations in this 
field as well as by our research, it was found that 
4-halophenylboronic acids are able to co-crystallize 
successfully with various pharmaceutical molecules, 
such as acyclovir, caffeine, nitrofurazone, theophyl-
line, and proline, under optimized solvent and sto-
ichiometric conditions15. These results clearly con-
firm that boronic acids are able to act as efficient co-
formers, although it seems to be system-dependent 
in many cases.

Nevertheless, in spite of these encouraging 
cases, the relevance of organic boronic acids as 
co-formers has not been explored adequately in 
relation to a wide range of APIs with significant 
therapeutic value and applications in modern 
health care. Paracetamol and amikacin can be re-
garded as two of the widely prescribed pharma-
ceutical agents, and it has been suggested that 
their therapeutic efficacy could be hampered due 
to unfavorable conditions in their solid states, in-
cluding solubility and bioavailability. Specifically, 
paracetamol exhibits limited compressibility and 
moderate aqueous solubility in high-dose forms, 
while amikacin, a highly polar aminoglycoside, 
suffers from significant hygroscopicity and limited 
membrane permeability16, 17. Though a significant 
number of formulation approaches have been ex-
plored in an attempt to improve the bioavailability 
of amikacin, including permeability and modern 
methods of drug delivery, much work has not been 
carried out based on its potential possibility of 
co-crystallization with a range of organic boron-
ic compounds. Furthermore, reporting negative 
results is increasingly recognized as a significant 
contribution to pharmaceutical sciences, aiding 
the refinement of predictive models and prevent-
ing redundant experimental efforts12. Thus, this 
work proposes to assess the co-crystallization po-
tentiality of paracetamol and amikacin with cho-
sen organic boronic acids while shedding light on 
the underlying factors hindering co-crystallization 
and related aspects of disseminating negative re-
sults in the arena of pharmaceutical crystal engi-
neering.
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2.	 Materials and Methods.

Based on previously reported pharmaceutical 
co-crystals, structures available in the Cambridge 
Structural Database (CSD), and plausible hydro-
gen-bonding interactions predicted by crystal engi-
neering principles, we carried out crystallization ex-
periments using selected active pharmaceutical in-
gredients (APIs) and various organic boronic acids. 
X-ray structural analysis was employed as a primary 
method for the characterization of the obtained co-
crystals. 

2.1.	 Materials.

Paracetamol (of high purity, ≥99%) and amikacin 
sulfate (of high purity, ≥98%) were taken from the 
supplier, Sigma-Aldrich, without processing. The oth-
er organic boronic acids that acted as the co-forming 
materials were phenylboronic acid, 3-carboxyphe-
nylboronic acid, 4-chlorophenylboronic acid, and 
4-carboxyphenylboronic acid (of high purity). Meth-
anol, ethanol, and distilled water of analytical grade 
(Merck) were used as solvents in all crystallization 
experiments. The solvents complied with the stand-
ards of the European Pharmacopoeia (Ph. Eur. Rea-
gent Grade R)18.

2.2.	 Crystallization еxperiments.

The crystallization experiments have been de-
signed based upon the earlier reported pharmaceu-

tical co-crystals, crystal structures documented in 
the Cambridge Structural Database (CSD), and pre-
dicted hydrogen bonding patterns based upon crys-
tal engineering principles.

The active pharmaceutical ingredients and the bo-
ronic acids were prepared with 1:1 and 1:2 ratios. 
These mixtures were dissolved using appropriate 
solvents with constant stirring at room temperature 
until clear solutions were formed.

The co-crystallization attempts were done by the 
slow evaporation method, which ranks as one of the 
most popular methods used in the growth of small 
molecules19. Slow evaporation was specifically prior-
itized over high-throughput or mechanical methods, 
such as slurry conversion or grinding, to facilitate 
the growth of high-quality single crystals suitable 
for definitive structural characterization by SCXRD. 
The resultant solutions were then left to evaporate 
at a stable ambient temperature of 23 ± 2°C for 7 to 
10 days.  These conditions were maintained in or-
der to keep the evaporation rate very slow and un-
disturbed, which might be necessary for the possible 
nucleation of co-crystalline phases. The control ex-
periment aimed at crystallizing each API separately 
under similar conditions. 

2.3.	 Methods.

Single crystal X-ray diffraction (SCXRD) was used, 
to check for the possibility of co-crystal formation. 
Differential scanning calorimetry (DSC) was used to 
look for thermal phenomena that would signal the 

Table 1. Summary of experimental co-crystallization conditions and outcomes.
API Co-former Ratio (API:CF) Solvent Method Outcome

Paracetamol

PBA, 
3-CPBA, 
4-CPBA, 
4-ClPBA

1:1, 1:2 MeOH, EtOH Slow Evap. 
(RT)

Starting 
Materials

Amikacin

PBA, 
3-CPBA, 
4-CPBA, 
4-ClPBA

1:1, 1:2 H2O, H2O/
MeOH mixture

Slow Evap. 
(RT)

Starting 
Materials

Note: PBA: phenylboronic acid; 3-CPBA: 3-carboxyphenylboronic acid; 4-CPBA: 4-carboxyphenylboronic 
acid; 4-ClPBA: 4-chlorophenylboronic acid; MeOH: methanol; EtOH: ethanol; RT: room temperature.
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existence of new crystalline forms. All the experi-
ments were performed in triplicate to ensure their 
repeatability. Under the experimental conditions 
mentioned, no co-crystals of paracetamol/amikacin 
and the studied organic boronic acids could be iso-
lated, as revealed by SCXRD and DSC analysis.

3.	 Results and Discussion.

A systematic screening for potential pharmaceu-
tical co-crystals of paracetamol and amikacin with 
selected organic boronic acids was performed under 
various conditions, the results of which are summa-
rized in Table 1.

3.1.	 Paracetamol.

Paracetamol was selected due to its widespread 
use and relevance in pharmaceutical applications. 
Two potential hydrogen-bonding interaction sites 
with organic boronic acids were considered (Fig.1), 
but only crystals of the starting material were ob-
tained. 

The search on the Cambridge Structural Database 
(CSD) yielded a large set of paracetamol crystal 
structures, including HUMJEE, HXACAN04, HXA-
CAN08, and HXACAN29, to name a few. If the dupli-
cates are considered, the number of records is nearly 
doubled. For example,  HUMJEE is a monohydrate20, 
while HXACAN04, HXACAN08, and HXACAN29 rep-
resent polymorphic forms crystallizing in the space 
groups P2₁/a (or P2₁/n), Pca2₁, and Pbca, respec-
tively21-23. Comparison of intermolecular interac-
tions among these polymorphs shows conservation 
of classical hydrogen bonds, whereas the observed 
π-interactions (Fig. 2) correspond to three of the 
four interaction types predicted (Fig. 3).

3.2.	 Amikacin. 

Considering the large number of potential hydro-
gen-bond donor and acceptor sites present in the 
amikacin molecule (Fig. 4), together with the avail-
ability of only a single reported crystal structure 
in the Cambridge Structural Database (GABFOE)24, 
amikacin was selected as a particularly challenging 

 
 

(API:CF) 

Note:

3.1 Paracetamol:

Figure 1. Potential donor–acceptor interactions in the paracetamol molecule. 

groups P2₁/a (or P2₁/n), Pca2₁, and Pbca, respectively [
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observed π

Figure 2. Observed intermolecular interactions in the paracetamol molecule across the four polymorphic 

modifications. 

Figure 3. Possible different geometries of weak C–H...π and π...π interactions. 

 

3.2 Amikacin:  

 
 

observed π

Figure 2. Observed intermolecular interactions in the paracetamol molecule across the four polymorphic 

modifications. 

Figure 3. Possible different geometries of weak C–H...π and π...π interactions. 

 

3.2 Amikacin:  
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active pharmaceutical ingredient for co-crystalli-
zation studies. Although two plausible interaction 
motifs were predicted based on crystal engineer-
ing considerations, experimental crystallization at-
tempts resulted exclusively in crystals of the starting 
material.

3.3.	 Organic boronic acids.

On the ground of known reproducibility of hydro-
gen bonding and other weak intermolecular interac-
tions commonly observed in carboxylic acids, boron-
ic acids and related organic fragments the plausible 
interaction patterns with the selected boronic acids 
were predicted (Fig. 5). The phenylboronic acid, 
3-carboxyphenylboronic acid, 4-carboxyphenylb-
oronic acid and 4-chlorophenylboronic acid were 
studied as co-formers. Among them the phenylbo-
ronic acid is one of the best known systems and its 
crystal structure has been described in the litera-
ture25, 26. In its solid state, it shows a number of ex-
pected weak interactions, such as CH…π.

3.4.	 Analysis of intermolecular interactions 
and co-crystallization challenges.

Despite the expected intermolecular interactions 
and dedicated attempts in terms of experimental 
screening, no new co-crystals could be isolated under 
the tested conditions for both paracetamol and ami-
kacin. Several underlying factors likely contribute to 
these negative outcomes. Firstly, steric and electron-
ic factors must be considered; the bulky phenyl rings 
of the organic boronic acids may impose significant 
steric hindrance, preventing the efficient molecular 
packing required for a stable heterosynthon with 
paracetamol or amikacin12, 13.

Secondly, competitive crystallization kinetics 
and solvent effects play a decisive role. In our ex-
periments using methanol and ethanol, the strong 
self-association of boronic acids via B(OH)2 homo-
synthons (dimers) appears to be thermodynamically 
more favorable than the formation of co-crystal lat-
tices. This is further complicated by the robust lat-
tice energy of the pure APIs, which outcompetes the 

 
 

Figure 4. Potential donor–acceptor interactions in the amikacin molecule. 

3.3 Organic boronic acids:  

weak interactions, such as CH…π.
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а)

Figure 5. Representation of potential interactions in the organoboron acids used. 

Figure 6. Observed CH…π weak interactions in phenylboronic acid. 

3.4 Analysis of intermolecular interactions and co-crystallization challenges: 
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