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Abstract: The growth of acetaminophen polymorphic crystals and the solution-mediated phase
transition from trihydrate to form II in agarose gel were investigated. The form II crystals grown in
gels, presumably because of the agarose content, dissolved less rapidly at high temperatures and
were more stable than in water. The trihydrate crystals in the gel were also expected to be stabilized
by containing agarose, but in fact the fine morphology resulted in reduced stability. The solution-
mediated phase transition from trihydrate to form II via form II seeding took longer in the gel because
the gel slowed down the dissolution of the trihydrate by hindering the dispersion of the form II seeds
and delayed the growth of form II by reducing the diffusion rate of the molecules dissolved from the
trihydrate. Delays in solution-mediated phase transition and changes in stability for crystals grown
in gels indicate the effectiveness of gels in controlling polymorphisms in pharmaceutical compounds.

Keywords: diffusion; hydrogel; metastable phase; pharmaceutical compound

1. Introduction

The ability of a chemical compound to have more than one crystalline form is known
as polymorphism [1]. Polymorphism is attracting attention in various fields such as phar-
maceuticals, foods, pigments, dyes, and semiconductors, because their physicochemical
properties differ depending on the polymorphs [2]. Polymorph crystals are classified into
the most thermodynamically stable phase (form) and unstable phases including metastable
phases. Stable phases have a more stable formation and lower solubility than unstable
phases [3,4]. In pharmaceuticals, polymorphism has especially direct medical implications
because the dissolution rates depend on the polymorph’s type. Typically, the bioavailability
of the stable phase, because of its lower solubility, is lower than that of other metastable
phases [5]. However, metastable phases readily transform into a stable phase. Therefore,
a stable phase is generally used in commercial formulations of drugs. Suppression of
transitions from metastable to stable phases can facilitate the analysis and handling of the
metastable phase and may change the current stance on the use of the metastable phase in
drug development [6,7].

Recently, it has become clear that protein crystals produced in hydrogels are resistant
to osmotic pressure and mechanical impact [8–10]. The mechanical strength of crystals
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is improved by incorporating gel fibers into protein crystals. Similar effects have been
reported for nanofibers and papers [11,12]. Moreover, hydrogels influence the growth
and phase transition of pharmaceutical compound crystals [13,14]. Therefore, in order
to deepen the understanding of crystallization and phase transition for pharmaceutical
compounds in gels, it is necessary to accumulate further experimental data by various
attempts, such as diverse compounds and a wide variety of conditions.

Agarose gel, owing to its stability and usability, is the most commonly used hydrogel
for protein crystallization [15]. Agarose is a neutral polysaccharide with a strong gelling
power and is the main component of agar extracted from red algae [16]. Gelation of agarose
in solution is thought to occur via a helix formation and is mainly caused by cooling
to approximately 40 ◦C or less [17]. Agarose gel strength at 25 ◦C was almost zero for
concentrations up to 0.4% (w/v) but increased at concentrations higher than 0.4% (w/v) [18].
The pore size of the agarose gel decreases with increasing concentration according to the
power of concentration. At agarose concentrations of 0.5–2.0% (w/v), the pore size is in the
order of hundreds of nanometers to several micrometers, which is significantly larger than
molecules of proteins or pharmaceutical compounds [19]. Thus, although these molecules
can diffuse in gels, the diffusion rate is considered to be lower than that in water [20].

Acetaminophen (paracetamol) is a widely used antipyretic and analgesic drug that is
also employed as a model compound in crystallization research, especially on polymorphic
control [21]. Diverse polymorphs of acetaminophen have been reported: form I (stable
phase), form II (metastable phase), and form III (metastable phase) [22–24]. Three hydrates
(monohydrate, dihydrate, and trihydrate) are also reported [25–27]. Form I is adopted in
commercial formulations. The crystallization of form II and trihydrate unstable phases has
been conducted via, for example, femtosecond laser irradiation, ultrasound irradiation,
stirring-ball method, and microflow systems [28–35]. The resulting metastable crystals
undergo solution-mediated phase transitions via seeding to a more stable form (transitions
of trihydrate to form II and form II to form I) [29,31]. In this study, we attempted to
crystallize acetaminophen polymorphs and transform trihydrate into form II in agarose gel.

2. Experiments
2.1. Sample Preparation

Acetaminophen was purchased from Acros with a purity of 98%. This material was
confirmed as being form I by powder X-ray diffraction (PXRD) (Rigaku, Tokyo, Japan)
previously [29,31]. Acetaminophen solution with concentration of 40.0 mg/mL in a sealed
container was prepared by dissolving acetaminophen form I in ultrapure water. The solu-
tion was stirred at 60 ◦C for 3 h in a drying oven. After filtration (0.22 µm), the solution was
placed in an incubator at 55 ◦C for 1 h, then cooled to 0 ◦C at a constant rate of 3 ◦C/h and
stored. The prepared acetaminophen stock was prepared in ultrapure water to obtain the
desired acetaminophen concentrations. 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. CI (the solubility of form I) was estimated by using the values
obtained from a previous paper [28,32]. The supersaturation of solution prepared here for
form I at 0 ◦C was σI = 4.8. Hereinafter, this is referred to as a supersaturated solution.

We used the SeaPlaque™ agarose from Lonza. Agarose gel was prepared by dissolving
agarose in ultrapure water at 80 ◦C. For crystallization of acetaminophen in agarose gel,
dissolved agarose was mixed at 60 ◦C after filtration of acetaminophen solution to obtain
the desired acetaminophen concentrations. The final concentrations of agarose were 0, 0.25,
0.50, and 1.0% (w/v).

2.2. Diffusion of Coomassie Brilliant Blue in Agarose Gels

Coomassie Brilliant Blue R-250 (CBB) was purchased from Nacalai. CBB solution with
concentration of 2.5 mg/mL was prepared in ultrapure water. After 0 and 30 min of adding
20 µL CBB to the solutions (2.7 mL) in the presence and absence of agarose, the horizontal
color change in the side of the vials (5 mL) was determined by ImageJ [36].
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2.3. Acetaminophen Polymorphic Crystals in Agarose Gels

Acetaminophen form I crystals in 1.0% (w/v) agarose gel were obtained by phase
transition after standing form II crystals (see below) for about one month standing at 0 ◦C.
The polymorphs were identified by PXRD measurements, as described previously [28].
A form I crystal in agarose gel was cut out of the gel to fit their shape and dissolved in
ultrapure water at 75 ◦C.

Acetaminophen form II crystals in the absence and presence (1.0% (w/v)) of agarose
gel were obtained by seeding form II, which was separately prepared in solution using a
polymer (3-mm diameter plastic ball made of polypropylene) in the supersaturated solu-
tions at 0 ◦C [30]. The polymorphs were identified by PXRD measurements, as described
previously [28]. Form II crystals in the absence and presence (1.0% (w/v)) of agarose gel
were taken out and dissolved in ultrapure water at 75 ◦C.

Acetaminophen trihydrate crystals in the absence and presence (0.25, 0.5, and 1.0%
(w/v)) of agarose gel were obtained by seeding trihydrate, which was separately prepared
in solution using a stirring ball in the supersaturated solutions at 0 ◦C [31]. The polymorphs
were identified by Raman spectroscopy, as described previously [33]. Trihydrate crystals in
the absence and presence of agarose gel were dissolved in ultrapure water at 30 ◦C.

2.4. Solubility of Acetaminophen Polymorphic Crystals in Agarose Gels

The solubility of acetaminophen crystals was determined by measuring the weight
of the solute by drying the saturated solutions after removing crystals that have stopped
growing [28]. That is, in the presence and absence of agarose gels, the solubility can
be determined by (MS − M)/V, where MS is the dry weight with the solute including
the container, M is the dry weight without solute including the container, and V is the
sample volume. The experiment was carried out 3 times each, and the average value
was calculated.

2.5. Solution-Mediated Phase Transition from Acetaminophen Trihydrate to Form II in Agarose Gels

For observing trihydrate dissolution by the solution-mediated phase transition, 2.7
and 0.35 mL of the solutions with acetaminophen trihydrate crystals in the absence and
presence (0.25, 0.5 and 1.0% (w/v)) of agarose gel in 5 mL vials were prepared. Then, 20 and
10 µL of solutions including form II were seeded into 2.7 and 0.35 mL of acetaminophen
trihydrate crystals, respectively. For observing form II growth by the phase transition,
0.5 mL of acetaminophen trihydrate crystals in the absence and presence (1.0% (w/v)) of
agarose gel in 10 mL vials were prepared. Then, 5 µL of solution including form II was
seeded into the vials. The solution-mediated phase transition experiments were performed
at 25 ◦C.

3. Results and Discussion
3.1. Diffusion of Coomassie Brilliant Blue in Agarose Gels

Prior to crystallizing acetaminophen in the gel, the state of molecular diffusion in the
gel was observed using a CBB dye, as shown in Figure 1a,b. The molecular weight of CBB
is approximately 826 g/mol, which is larger than that of acetaminophen (approximately
151 g/mol) but smaller than that of protein molecules. In 5 mL vials, 20 µL CBB solution
was added to 2.7 mL solutions with and without agarose. The color changes of the solution
immediately (dark gray curve) and 30 min (light gray curve) after adding 0.5% (w/v)
CBB solution are shown in Figure 1c. Here, the color change represents the migration
of the CBB molecules. The apparent diffusion rates were estimated from the difference
(distance) between the two curves at a gray value of 140. As shown in Figure 1d, the
diffusion rate decreased with increasing agarose concentration. We presumed that this
decrease is because the pore size of the agarose gel becomes smaller and more uniform with
increasing agarose concentration, thereby inhibiting the hydrodynamic molecule diffusion.
The interaction between the molecules and the gel fibers may also affect the diffusion rate.
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Figure 1. Diffusion of Coomassie Brilliant Blue in agarose gels. (a,b) Side views of the vials at
immediately after CBB addition (a) and 30 min later (b). Agarose concentrations of 0, 0.25, 0.5,
and 1.0% (w/v) from the left. (c) The changes in color on the horizontal axis in the presence of
agarose (0.5% (w/v)) at immediately after CBB addition (black circles) and 30 min later (gray circles)
determined using ImageJ. (d) Relationship between agarose concentration and diffusion rate.

A previous study has reported that the diffusion coefficient of lysozyme molecules
in the presence of agarose (1.0% (w/v)) is approximately 8 × 10−11 m2/s. This value is
approximately 50–80% of that without agarose [37]. Furthermore, it has been reported
that diffusion becomes slower with cluster formation in a supersaturated solution of
lysozyme [38]. Although acetaminophen is a smaller molecule than CBB and lysozyme, its
diffusion rate is expected to decrease further with the formation of clusters in a supersatu-
rated solution.

3.2. Acetaminophen Polymorphic Crystals in Agarose Gels

The effect of incorporating agarose into acetaminophen crystals was investigated
using a form I crystal grown in 1.0% (w/v) agarose. Form I was chosen because it is larger
in size and easier to observe than other polymorphs. The PXRD patterns of the crystals
matched well with those of form I [28] (Figure S1a in the Supporting Information). The
shape of form I with agarose was not significantly visually different from that without agarose.
The crystals with agarose were dissolved in ultrapure water at 75 ◦C (Figure 2a–c). Under
these conditions, the agarose gel also dissolved. Agarose gel formation was observed
during the dissolution of the crystal (Figure 2d) because the crystal dissolved faster than
the gel and only gels incorporated in the crystal remained. In other words, when the crystal
cut out according to the crystal shape is dissolved, the gel is observed, which indicates that
the gel is incorporated into the crystal. At this time, it is thought that if the crystal growth
proceeds slowly, the change in crystal shape is unlikely to occur.

Form II and trihydrate also crystallized in agarose (see below; Figures 3 and 4). For
form II, the presence of the gel was visually confirmed during the dissolution experiment
(see below). Unfortunately, owing to the small crystal size of trihydrate, experiments
confirming the incorporation of agarose into trihydrate could not be performed. However,
similar to the cases of form I and form II, it is speculated that agarose is incorporated
into the trihydrate crystals because previous studies have also reported that gel fibers and
protein molecules coexist inside protein crystals [8]. In the future, we will need to prove
the crystal inclusions and analyze the structure by microscopy and other methods [39–44].
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Figure 2. Dissolution of a form I crystal grown in agarose (1.0% (w/v)). (a) Before the experiment.
(b) After two hours. (c) After four hours. (d) After two hours and 40 min. The white dotted line
shows the outline of the crystal being dissolved, and the red dotted line shows the outline of the
agarose gel being dissolved.

Figure 3. Dissolution of form II crystals in the presence (1.0% (w/v)) and absence of agarose. The
average crystal widths as a function of time. Blue and red circles represent the crystals in the absence
and presence (1.0% (w/v)) of agarose, respectively.

In protein crystals grown with agarose, the incorporation of agarose into the crystals
increases the strength of the crystals and decreases the dissolution rate [8,45]. Thus, we
compared the stabilities of form II grown in a solution with agarose (1.0% (w/v)) and
water. Form II formed prism-like structures in both conditions. The PXRD patterns of the
prism-like crystals matched well with those of form II [28] (Figure S1b in the Supporting
Information). Moreover, the XRD data and molecular structures of the hydrogel-grown
protein crystals were almost the same as those of protein crystals without gel [8,9], indicat-
ing that agarose did not affect the molecular orientation and structure. Using seven form
II crystals with similar widths (approximately 0.3 mm), the change of crystal widths was
measured during the melting process (Figure S2 in the Supporting Information). Figure 3
shows the average widths of the crystals grown with and without agarose. The dissolution
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rate of form II crystals grown with agarose was lower than that of those grown without
agarose, suggesting that agarose incorporation improved the stability of form II. As in the
case of form I, agarose was visually confirmed during the dissolution process.

Figure 4. Growth and dissolution of trihydrate crystals in agarose gels. (a–d) After the growth.
Agarose concentrations (% (w/v)) of 0 (a), 0.25 (b), 0.5 (c) and 1.0 (d). (e,f) The growth process.
Agarose concentrations (% (w/v)) of 0 (e) and 0.25 (f). After 10 s (middle) and 20 s (right) from the
left. (g,h) Relationship between agarose concentration and average dissolution time of trihydrate in
2.7 mL (g) and 0.35 mL (h) solutions.

To investigate their stability, trihydrate crystals in the gel were grown via their seeding
(Figure 4a–d). The Raman spectra of the obtained crystals match those previously reported
for trihydrates without the gel [33] (Figure S1c in the Supporting Information). However,
the crystals became smaller and thinner as the agarose concentration increased. Therefore,
the growth processes of the trihydrate were observed (Figure 4e,f). In agarose, during the
crystal elongation process, they branched and became thin and small. This observation
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may be attributed to a fast crystal growth (<5 min) and slow molecular diffusion in the
gel, resulting in a large concentration gradient near the crystals [46]. In other words, in
a situation where the crystallization driving force is high, the corner parts with higher
concentrations of crystal start to grow faster, which is called the Berg effect [47]. Thus, the
crystals grow like trees. With agarose, the growth of form I and form II may not be as fast
as that of trihydrates. Thus, they could maintain crystal shapes similar to those in water.

We performed a dissolution experiment at 30 ◦C to determine the stability of the
trihydrate in the gel. Owing to the small size and small thickness of the trihydrate crystals,
a large number of trihydrate crystals were sealed in the vial to measure the time taken for
them to completely disappear from the vial. The crystals with gels dissolved faster than
those without gel for both 2.7 mL and 0.35 mL solutions in 5 mL vials (Figure 4g,h). This
result differs from those of proteins and form II, although we speculated that trihydrate also
incorporates gel fibers and stabilizes, similarly to proteins, form I and form II. Therefore,
we believe that the morphology of the trihydrates in the gel affects its stability. In particular,
the fine morphology increases the surface area and promotes the dissolution.

3.3. Solubility of Acetaminophen Polymorphic Crystals in Agarose Gels

The solubilities of form I and form II were measured with (1% (w/v)) and without
agarose gel at 40 ◦C (Table 1). Without agarose, form II was more soluble than form I, with
values comparable to those reported previously [28]. There were little changes in both
form I and form II with the addition of agarose. Agarose did not affect the solubility of
acetaminophen crystals, possibly because agarose molecules formed hydrogen bonds with
each other in the gel and did not interact much with water molecules.

Table 1. Solubilities # of acetaminophen form I and form II in the presence (1.0% (w/v)) and absence
of agarose at 40 ◦C.

Form I Form II

Agarose concentration (%(w/v)) 0 1.0 0 1.0
Solubility (mg/mL) 24.5 24.6 25.7 25.7

# The error is less than 0.1 mg/mL.

3.4. Solution-Mediated Phase Transition from Acetaminophen Trihydrate to Form II in Agarose Gels

A solution-mediated phase transition from form II seed crystals to trihydrate was
observed with and without agarose. In this solution-mediated phase transition [32], form
II seed crystals dissolved the trihydrates faster, and form II crystals grew by taking up
the dissolved molecules. Because most of the solutions in the vials were covered with
trihydrate crystals, it was difficult to observe the growth of form II. Thus, the progress of
the solution-mediated phase transition was evaluated by measuring the dissolution time of
the trihydrate instead. Figure 5a,b show the time profiles and trihydrate dissolution time,
respectively, when 20 µL form II solution was added to 2.7 mL trihydrate solution in a
5 mL vial. With agarose, the dissolution of the trihydrate was slower, but the crystals were
fixed in place. Without agarose, the subduction of trihydrate and form II was observed.
While the trihydrate and form II maintained their distance in the presence of agarose,
they were always in contact on the lower part of the vial in the absence of agarose. This
phenomenon may have affected the dissolution time. Next, the amount of trihydrate
solution was reduced (0.35 mL), and the dissolution time of trihydrate was measured in
the same manner (Figure 5c). The results confirm that although the influence of subduction
of trihydrate and form II was reduced, the trihydrate dissolution rate during the solution-
mediated phase transition tends to be lower in the presence of agarose. This result is
different from that in the case of a simple dissolution of trihydrate grown in the gel, shown
above. Therefore, the delay in trihydrate melting during the solution-mediated phase
transition involves factors other than the trihydrate stability in agarose. Next, we will
explore the factors.
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Figure 5. Solution-mediated phase transition from trihydrate to form II by form II seeding in
agarose. (a) The time profiles in 2.7 mL solutions at 0, 10, 20, and 30 h after seeding from the top.
(b) Relationship between agarose concentration and average dissolution time of trihydrate in 2.7 mL
solution. (c) Relationship between agarose concentration and average dissolution time of trihydrate
in 0.35 mL solution. (d,e) Form II crystals after the solution-mediated phase transition in the presence
(1.0% (w/v)) (d) and absence (e) of agarose. The red crosses indicate the seeding sites, and the blue
crosses indicate the size-measured form II crystals. (f) The crystal size shift (long side) of form II
crystals as a function of the distance from the seeding site. Blue and red circles represent the crystals
in the absence and presence (1.0% (w/v)) of agarose, respectively.
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In the solution-mediated phase transition from trihydrate to form II, the effect of
distance from the seeding site on the growth of form II was investigated. A 5 µL solu-
tion including form II was seeded into the center of 0.5 mL of acetaminophen trihydrate
crystals in 10 mL vials in the absence and presence (1.0% (w/v)) of agarose gel. The trihy-
drates dissolved completely after 50 and 100 min with and without agarose, respectively
(Figure 5d,e). Moreover, in the presence of agarose, form II grew around the seeding
site. On the other hand, in the absence of agarose, form II grew over a wide area. These
results suggest that the dispersion of form II seeds was suppressed with the introduction
of agarose, resulting in the growth of small amounts of form II seeds and a delayed dis-
solution of trihydrates located away from the seeding site. This is quite obvious when
comparing the diffusion kinetics of a molecule in a solvent and in a gel. Figure 5f shows the
relationship between the distance from the seeding site and size shift (long side) of form II
at 50 and 100 min for solutions with (1.0% (w/v) and without agarose. Without agarose,
there was not much change in the crystal size with seeding-site distance. In contrast, with
agarose, the crystals became larger as they were farther from the seeding site. The reason
for this behavior is presumed to be as follows. The form II seeds grew via the incorporation
of solute molecules, and the decreased concentration led to the dissolution of trihydrate.
The molecules dissolved from trihydrate were then used for the growth of form II. At
the seeding site, form II competed for the dissolved molecules for their growth. Without
agarose, the solute molecules and molecules dissolved from the trihydrate were already
supplied from afar. With agarose, the diffusion of molecules was suppressed, thereby
depleting the molecules and hindering the growth of form II at the seeding site. Therefore,
although the trihydrates grown with the gel are less stable, the suppressed seed dispersion
and decreased diffusion rate of molecules counteracted the effect of the reduced stability,
resulting in a slower solution-mediated phase transition in the gel.

4. Concluding Remarks

Polymorphic crystals of acetaminophen were prepared in agarose gels. Like protein
crystals, forms I and II grew with the incorporation of agarose fibers, improving the stability
but not affecting the crystal morphology. Meanwhile, for trihydrates grown in the gel, the
combination of fast growth and slow diffusion resulted in finer and less stable crystals.
Our results indicate that hydrogels can make polymorphs more stable or more soluble.

In agarose, form II seeding caused a solution-mediated phase transition from trihy-
drate to form II. The presence of agarose delayed the dissolution of trihydrate and the
growth of form II, slowing the phase transition. This result may be attributed to the sup-
pressed dispersal of form II seeds and the slow diffusion rate of the molecules dissolved in
the gel, as illustrated in Figure 6. Moreover, without the destabilization of the trihydrate
grown in the gel, the phase transition is expected to be slower. This allows the hydrogel to
suppress the phase transition, sustain the duration of the unstable polymorph, and make
its characterization more feasible. With these reasons in mind, the polymorphs grown in
the gel lead to a new stage in the development of pharmaceutical compounds. We believe
that our findings provide useful insights into polymorphism control.



Crystals 2021, 11, 1069 10 of 12

Figure 6. Schematic illustrations of the solution-mediated phase transition from trihydrate to form
II by form II seeding. (a) The absence of agarose. (b) The presence of agarose. The dotted arrows
represent the supply routes of solute molecules to form II crystals.
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