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Abstract: It has been reported that cavitation bubbles (air–liquid interface) by femtosecond laser and
ultrasonic irradiations are effective for metastable phase crystallization in polymorph control. It has
also been noted that cavitation bubbles are generated by mechanical shock when dropping a vial. Here
we describe the crystallization of acetaminophen by drop impact. In the condition where spontaneous
nucleation did not occur, the drop impact produced the metastable form (form II) and trihydrate.
This supports the potency of the air–liquid interface in metastable phase formation. Furthermore,
crystallization by drop impact is a completely new phenomenon, and new developments are expected
in the future.

Keywords: crystal engineering; crystal growth; crystallization; formulation; phase transition;
polymorphism; supersaturation

1. Introduction

Polymorphism, a phenomenon of crystallography where one chemical compound
has different possible crystal structures, is a very important issue in the pharmaceutical
industry due to the different physical and chemical properties, solubility, stability, and
the bioavailability of drug compounds [1]. Polymorph crystals are classified into the most
thermodynamically stable phase (form) and unstable phases, including metastable forms.
The stable form crystallizes more easily and has lower solubility than the unstable forms [2].
In drug development, a stable form is generally used in commercial formulations, but a
search for unstable phases is essential because of a patent strategy and the need to collect
information on functional and cost-effective properties [3,4].

In practical terms, it is a challenge to obtain unstable crystals [5]. From an energy
perspective, the unstable phases form crystal nuclei more readily than those in the stable
phase. In contrast, in normal crystallization operations of solution mixing, the unstable
forms that appear first undergo a phase transition to the stable form that appears later [6–9].
One solution to this problem is to quickly grow an unstable form before the stable form
appears and then reduce the solution concentration to a condition where the stable form is
not able to nucleate. In accordance with this strategy, we have developed selective crystal-
lization methods for metastable phases using forced nucleation techniques, femtosecond
laser irradiation, and ultrasonic irradiation [10–14]. Laser and ultrasonic irradiations into
the solution generate cavitation bubbles (air–liquid interface), which increase the solute
concentration temporarily and locally around the bubble interface, resulting in crystal nu-
cleation [15,16]. After the bubble disappearance, only the nucleated metastable form grows.
In this way, cavitation bubbles are effective in producing the metastable phases. Recently,
it has been reported that cavitation bubbles are generated by mechanical shock due to
dropping a vial of protein solution, resulting in protein aggregation [17,18]. This indicates
that a polymorphic search is possible merely by drop impact, generating cavitation bubbles
without machinery.
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Acetaminophen (paracetamol) is a widely used antipyretic and analgesic drug. Vari-
ous polymorphs of acetaminophen have been reported, form I (stable phase) [19], form II
(metastable phase) [20], and form III (metastable phase) [21]. Three hydrates (monohy-
drate [22], dihydrate [23], and trihydrate [24]) have also been reported. Form I is used in
commercial formulations. To date, it has been shown that acetaminophen crystal nucleation
is promoted by a microflow system [25]. Furthermore, crystallization of the unstable phases
by femtosecond laser and ultrasound irradiations has been reported [11,12,26]. Here, we
tried to crystallize acetaminophen by dropping a vial. It is known that cavitation bubbles
cause protein aggregation when a vial containing a protein solution falls [17,18]. Therefore,
the crystallization of acetaminophen by drop impact can be expected. To our knowledge,
this is the first study to apply crystal growth by drop impact. When a vial contacts a
solid surface after being dropped from a height of 1-m, cavitation bubbles appear within
about 30 µs and disappear at about several hundred µs [17]. Computational fluid dynamic
calculations show that drop impact generates a low-pressure region at the bottom of a vial,
causing cavitation bubbles [17].

2. Materials and Methods

Acetaminophen was purchased from Acros with a purity of 98%. This material was
previously confirmed [27] as being form I by powder X-ray diffraction (PXRD) [28,29].
Acetaminophen solution with a concentration of 30 mg/mL was prepared by dissolving
acetaminophen form I in ultrapure water. The solution was heated at 60 ◦C for 3 h in a
drying oven. After filtration (0.22 µm), 0.5, 1.0, and 4.0 mL aliquots of the solution were
dispensed into 5 mL glass vials. These samples were placed in an incubator at 55 ◦C
for 1 h and then cooled to 0 ◦C at a constant rate of 3 ◦C/h. After the constant cooling,
they were maintained at that temperature for one day. The supersaturation of form x,
σx, was calculated using the formula σx = (C – Cx)/Cx, where C is the acetaminophen
concentration, and Cx is the solubility of form x. The supersaturation of the form I solution
prepared here at 0 ◦C was σI = 3.4. CI, CII and Ctri at 0 ◦C were 6.8, 8.4 and 7.1 mg/mL,
respectively [11,30]. Under this solution condition, no spontaneous crystallization occurred.
Figure 1 shows a schematic drawing of the vial dropping method in this research. The
vial was dropped onto a metal surface through a 1- or 2-m long polyvinyl chloride pipe.
As a control without dropping, the vial was turned over once to move the solution and
allowed to stand. The sample prepared at 0 ◦C was taken out from the incubator to room
temperature, immediately dropped, and returned to 0 ◦C again. After incubation at 0 ◦C
for 1 h, the sample was left at room temperature. The obtained crystals were observed
under an inverted microscope. The polymorphs were identified by PXRD measurements,
as described previously [27,28]. For the PXRD measurements, the obtained crystals were
collected using filter paper, dried, and powdered with a mortar and pestle.
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3. Results and Discussion

When the 0.5 mL solution vials were dropped from a height of 1-m and 2-m, in some
vials, the crystals appeared immediately after dropping. No crystals were observed in the
control vials. As shown in Figure 2, a visual inspection of the obtained crystals revealed
two shapes, prism-like and needle-like. As a result of PXRD (Figure 3), the prism-like
crystals were found to be form II [29], and they remained stable at room temperature for
over a month. The needle-like crystals immediately transitioned to form II (prism-like crys-
tals) at room temperature. Based on polymorphism control research with acetaminophen
to date, it is speculated that the needle-like crystals obtained were trihydrate [30,31]. At
room temperature, the supersaturations of form II (σII) and trihydrate (σtri) of the sample
solutions were σII = 0.75 and σtri = −0.12 (unsaturation), so the trihydrate crystals were
phase-transferred to form II. The present results indicate that the drop impact is effective
for the selective crystallization of metastable phases.
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Figure 3. PXRD pattern of the prism-like acetaminophen crystals.

The supersaturations of form II (σII) and trihydrate (σtri) of the sample solutions at
0 ◦C were σII = 2.6 and σtri = 3.2. Since the supersaturations of form I, form II, and trihydrate
of the sample solutions are sufficiently low, no spontaneous nucleation occurs at 0 ◦C, as
shown in this experiment. The appearance of form II crystals with supersaturation lower
than for trihydrates at 0 ◦C suggests that the drop impact formed a high local concentration
region necessary for the nucleation of form II. The lack of transition of form II to form I
indicates that both trihydrate and form II nucleated, and form I did not crystallize by drop
impact. This is because the nucleation rate of form I is slower than that of form II and



Crystals 2022, 12, 1104 4 of 7

trihydrate [9]. After the drop impact, the high concentration region disappeared before the
nucleation of form I, and then only nucleated form II and trihydrate crystals grew.

The crystallization probability of the 0.5 mL solution vials is shown in Figure 4a. The
crystallization probability was calculated as (ncry/ntotal) × 100, where ncry and ntotal are the
number of samples crystallized, and the number of total samples examined, respectively.
Crystallization was promoted more in the fall from the height of 2-m than from 1-m. This
means that a stronger drop impact, that is, a condition favorable for the generation of
cavitation bubbles (air–liquid interface), contributes to the crystallization of metastable
phases. In protein solution vial dropping, higher fall has been reported to produce more
aggregates [17]. In the present results, crystallization did not necessarily occur in all vials,
and the crystallization probability was somewhat low. The cause is that this condition is
quite severe for the nucleation and subsequent growth of acetaminophen crystals because it
is performed under conditions where natural nucleation does not occur to obtain the effect
of drop impact. Moreover, the configuration of bubbles is not uniform for each experiment
because the contact state between the vial and the interface at the time of dropping is not
constant [17]. In the future, research is required to increase the crystallization efficiency
due to the drop impact.
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Next, the same experiments were performed by increasing the solution volume to
1.0 mL and 4.0 mL. When the solution volume was 1.0 mL, form II was crystallized after a
2-m drop, but no crystallization occurred with a 1-m drop (Figure 4b). This indicates that
a strong drop impact is more effective in generating the metastable phase, whereas the
crystallization probability is lower than for the 0.5 mL solution. Furthermore, no crystal
formation was observed in the 4.0 mL solution (Figure 4c).

As in the cases of laser or ultrasonic irradiations, the cavitation bubbles generated
by drop impact are considered to be involved in the production of metastable phases. In
this work, however, the crystallization probability decreased as the amount of solution
increased (Figure 4). It is known that cavitation bubbles are generated near the bottom of a
vial by a drop impact regardless of the amount of protein solution in the vial [17]. It has
also been found that cavitation bubbles near the air–liquid interface by laser irradiation
shrank asymmetrically, then collapsed toward the interface [10]. After that, many bubbles
(the second bubbles) appeared and then reached a region along the meniscus of the solu-
tion. With the second bubbles, evaporation occurred efficiently, and high supersaturation
was realized locally, resulting in the metastable phase growth of indomethacin [10]. In
the present study, cavitation bubbles alone might not be sufficient for the generation of
metastable phases since the crystallization condition was severe, as noted. The second
bubbles, arising from cavitation bubbles generated at the air–liquid interface with a small
amount of solution, could be crystallization points of the unstable forms. In contrast, when
the amount of solution increased, the cavitation bubbles generated at the bottom of a vial
were far from the air–liquid interface, so the second bubbles were not generated, and the
crystallization conditions could not be obtained. Therefore, a drop impact with a small
amount of solution can trigger crystal nucleation. A detailed analysis of the second bubble
formation and nucleation is anticipated in the future.

4. Conclusions

In this study, it was shown that the vial drop impact is interesting for the crystallization
of the metastable phase of acetaminophen. This presents a simple method for polymorph
search and contributes to the elucidation of the crystallization mechanism by cavitation
bubbles. In addition, if a vial falls accidentally during experiments, it suggests that the
sample should be excluded from further testing due to unexpected molecular association
in the solution.
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