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ABSTRACT: Psilocybin, a serotonergic agonist, was granted a “breakthrough
therapy” status by the Food and Drug Administration for clinical trials involving
major depressive disorder and treatment-resistant depression. The direct
phosphorylation of psilocin to psilocybin that uses a fast crystallization
associated with a kinetically controlled process resulted in a smaller particle size
distribution. Herein, the measurement of the metastable zone width (MSZW)
and nucleation induction enabled a thermodynamically controlled crystallization
process, which leads to the formation of a crystal structure with stronger
interactions, controlled particle size distribution (PSD), and improved impurity
profile. Employing a high-resolution inline microscopy viewer allowed the real-
time monitoring of the crystallization process and the measurement of the
particle size. We also present a comprehensive study of the formation of
polymorph B (trihydrate), polymorph A (anhydrate), and polymorph H
(anhydrate) using water recrystallization, which indicates that the formation of polymorph B (trihydrate) is independent of the
crystallization method. However, polymorphs A and H are dependent on the mode of drying: drying at room temperature under
vacuum gives rise to mainly polymorph A, and when heated even at relatively low temperatures, a mixture of polymorphs A and H
beings to form.

■ INTRODUCTION

The quest for an ideal crystallization process in the past has
been enigmatic but has become a very commonly used
separation process in many different industries, including
materials and pharmaceutical industries.1−4 More than 90% of
active pharmaceutical ingredients (APIs) are synthesized as
crystalline solid products.5,6 The crystal form has become
essential to explore the design of crystal engineering techniques
that anticipate probable intermolecular interactions and
desired new solid forms with required properties.7

In this regard, we aimed to investigate the applicability of a
crystal engineering technique that improves the physicochem-
ical properties of psilocybin API. Psilocybin, consumed by
humans for thousands of years, according to archeological
evidence,8 has demonstrated potential therapeutic utility in
conjunction with an environment of psychological support. In
over 70 registered clinical trials, studies have focused on its
antidepressant effects on patients with cancer, major depressive
disorder, treatment-resistant depression, and other diverse
indications.9−11 The second-generation kilogram-scale syn-
thesis of psilocybin was recently reported, which addresses
several challenges first encountered with the scale-up of
previously described literature procedures.12 The final
purification employed sequential reslurry of API in methanol,

followed by reslurry in warm water to minimize degradation.
The isolated crystalline trihydrate was dried to obtain the
anhydrous polymorphic API that requires sieving during drug
product manufacturing due to agglomerations and the poor
flow property of the powder. Therefore, the aim of our study is
to achieve the following.
First, the determination of the metastable zone width

(MSZW) during the crystallization process.13,14 Given the
known hydrolysis of psilocybin to psilocin, process parameters
such as seeding temperature, cooling rate, stirring speed, and
other parameters require appropriate engineering controls to
achieve consistency and reproducibility of the crystals.
Second, control of polymorphs such that a single desired

polymorph is consistently produced at a large scale had been a
challenge. Herein, we report the systematic evolution of
engineering controls that yield pure anhydrous polymorph A as
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a single reproducible polymorph at a large scale. The control of
polymorphism and particle size is an essential concern to the in
vivo performance and manufacturability of an API. These
important properties can influence key material attributes such
as crystal surface energetics,15 dissolution rate,16,17 and powder
flowability.18−21

Third, there was the need to control the PSD, which is well
known in the industry.22−25 However, an efficient method such
as dry milling using a fluid energy mill or mechanical impact
comes with an increased cost of processing and a potential
decrease in yield. Due to the significant mass loss on
dehydration of the trihydrate polymorph, the anhydrous
polymorph crystal has been observed as fragile. The fragility
of the crystals poses a formidable challenge as process handling
has to be carefully studied. Irrespective of the sizes of the
produced trihydrate crystals, anhydrous crystals will lead to a
small PSD during the process and transport of the API. In a
previous manufacturing campaign, the fine particle size (d50 =
∼10.9 μm) of the API led to an increase in the surface area and
significant agglomeration that had a negative impact during
encapsulation. This also entails a suitable analytical method
such as laser light diffraction that gives specific PSD

determination. Furthermore, the API must meet the targeted
physicochemical properties and specifications that ensure
reproducibility.26

■ RESULTS AND DISCUSSION

Hydrolysis Investigation. Previously reported degrada-
tion of psilocybin to psilocin during synthesis and crystal-
lization had not been fully quantified. To characterize the
MSZW, the hydrolysis process had to be understood and
quantified to enable a consistent purity profile of the
manufactured API. The rate of degradation at various process
temperatures in an aqueous solution was determined, and
samples were collected at 0, 1, 2, 4, and 8 h for each
experiment, as shown in Figure 1. These experiments suggest
the rate of hydrolysis can be approximated as a constant rate,
ranging from 0.14%/h at 60 °C to 0.64%/h at 75 °C. In
addition, the effect of time and temperature surmises that time
is the critical parameter with nearly 3 times higher effect
compared to temperature.27 This indicated that a higher
dissolution temperature, up to a maximum of 75 °C, was
preferable since it reduced the time above the hydrolysis
threshold.

Figure 1. Area % from ultra-performance liquid chromatography (UPLC) for psilocybin and impurity peaks.

Figure 2. Metastable zone width data for psilocybin. Solid blue line: measured MSZW, dotted green line: estimated Tcryst profile, dotted red line:
estimated Tdiss profile.
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Metastable Zone Width (MSZW) Determination.
Having established a predictive relationship between psilocybin
degradation, time, and solution temperature, we set out to
characterize the MSZW using an infrared (IR) transmission
probe. The formation of a nanoscopic small crystal nucleus still
remains a mystery; however, indirect methods to measure
nucleation kinetics have been developed.28 According to
classical nucleation theory (CNT), small concentration
fluctuations in a supersaturated liquid cause the formation of
small and extremely unstable embryos crystals, most of which
will dissolve again, but those in regions of local high
supersaturations can continue to grow and reach the critical
size by overcoming the free energy barrier. Generally, a certain
time elapses between the generation of supersaturation and
detection of the first crystals in the solution, which is the
metastable state. There are two kinetic properties that quantify
the ability of the system to remain in this metastable state, i.e.,
the MSZW and the induction time.29,30 Data from the sample
vials, dissolution, and precipitation events were recorded as the
point of complete transmission of IR and the onset of turbidity
with an IR probe. Experiments were carried out at a fast-
cooling rate (1 °C/min) to determine its effects on the
MSZW. These experiments showed only a slightly lower
crystallization onset temperature (Tcryst) and a much higher
variability of dissolution temperature (Tdiss). The estimated
Tdiss, Tcryst, and MSZW can be seen in Figure 2, and the data
are tabulated in the Supporting Information. As seen in Figure
2, three regions exist: (1) the labile zone (prior to the dotted
green line), which contains the supersaturated region with
spontaneous homogeneous nucleation and growth; (2) the
metastable zone (between the dotted green line and the dotted
red line), which is the supersaturated region with growth and
no homogeneous spontaneous nucleation; and (3) the stable
zone (beyond the dotted red line), which is the undersaturated
region with no crystallization.
A slight increase in the process volume leads to a slight

decrease in the dissolution temperature but could result in a
larger reduction in the seed temperature. To determine the
effect of this increase in volume on product yield, equilibrium
solubility estimations were carried out at 20 and 5 °C by
slurrying for 24 h in water at each temperature. The
concentration was determined by UPLC, and solids were
also isolated from these solubility slurries and analyzed by
XRPD to determine whether there were any changes in form at
the lower temperature. There was no change in trihydrate
(Form B), and the solubility at each temperature was
determined along with solubility estimates, using aliquoted
addition at higher temperatures.31 The use of aliquot addition
as opposed to equilibrium solubility for these higher
temperatures circumvented the hydrolysis of psilocybin since
it would have obscured the measurements for equilibrium
solubility. The established MSZW for psilocybin improves the
design and control of crystallization processes and offers
insights into the mechanism of nucleation.
Control of PSD during Crystallization. A Design of

Experiment (DoE), which consists of two factors and three
levels, was conducted, taking seed temperature and seed
loading as factors and particle size as the response variable.
The initial indication of the fragility of the crystalline solid
necessitated the need to switch the analytical measurement
from laser light diffraction to microscopic analysis. Con-
sequently, using a Keyence VHX-1000E microscope, the
particle size was measured by calculating the diameter of an

equivalent circle (by area) for approximately 1000 particles per
sample and using the average of these measurements. These
results are displayed in Table 1 and are presented as a contour

plot in Figure 3 generated using JMP 15 statistical software.
These data suggest that particle size growth is positively related
to temperature but negatively impacted by seed loading. As
shown in Table 1, there is a steady decrease in particle size as
the seed loading is increased; this is also illustrated in the
contour plot shown in Figure 3. In general, the size and
number of seed particles added determine the available surface
area for crystal growth. If large crystals are desired, then fewer
seed particle loadings are utilized.32 Figure 4 shows the
microscopy images of samples taken to correlate various
seeding temperatures and seed loadings during the crystal-
lization process. The effect of seed loading was lessened as the
seed temperature decreased, possibly due to the fact that the
crystallization likely became nucleation-dominated at lower
seeding temperatures due to a higher supersaturation ratio.
Microscopy images (Figure 4) show the formation of large
crystals, which led to over fourfold improvement in PSD (d50 =
∼47.9 μm) compared to the previous synthesis.

Effect of Powder Bed Density on Drying and
Polymorph Interconversion. Controlling the PSD and
polymorph required the implementation of multiple techni-
ques, such as the use of in situ process analytical technology
(PAT), which aids in a mechanistic understanding of the
crystallization processes and process design. Notably, this work
showcases the importance of studying the impact of drying on
particle properties such as brittleness, polymorphism, cohesive-
ness, and so on. Ostwald’s law of the emergence of
thermodynamically stable crystal forms states that the least
stable crystal form is likely to crystallize first, which is often
governed by controlling crystallization conditions such as
supersaturation, nucleation kinetics, and temperature.33

However, not all crystal forms follow such a natural pattern.
For example, regular table salt (sodium chloride) harvested
from sea water has two stable naturally occurring polymorphic
forms. Only recently, four new polymorphs were experimen-
tally found; however, they were unstable.34 Analogously,
psilocybin has two naturally occurring relatively stable Forms
(trihydrate B and anhydrous A) when isolated from aqueous
media and a Form H isolated at higher temperatures during
drying.35 Psilocybin’s propensity to form solvates with several
solvents and selection of a crystallization system have been
recently evaluated.36,37 The isolation and characterization of
less-stable crystal forms can be quite challenging to
manufacture in a consistent and controlled manner.38 The

Table 1. Particle Size of Form B as Measured with a
Keyence VHX-1000E Microscope

entry
seed temperature

(°C)
seed loading (%

w/w)
diameter of an equivalent

circle (μM)

1 70 0.1 23.2
2 70 0.5 20.1
3 70 1 18.2
4 67 0.1 19.6
5 67 0.5 18.7
6 67 1 17.6
7 64 0.1 14.1
8 64 0.5 15.8
9 64 1 12

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06708
ACS Omega 2022, 7, 5429−5436

5431

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06708/suppl_file/ao1c06708_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


use of in-process analytical tools to gain a better understanding
of the crystallization process proved to be an invaluable
strategy.
It was thought that the bulk density and/or solid depth of

the material during the drying process could facilitate
conditions conducive to pattern H formation. To test this
hypothesis, two crystallization experiments at a 3.0 g scale were
carried out to afford the trihydrate polymorph (Form B).31

Prior to drying, the isolated solid was densely packed into a
PP/nylon (polypropylene, polyester, and nylon) liner with a
cake bed thickness of approximately 25 mm, while the material
from the second experiment was spread out in a borosilicate
glass dish to a bed thickness of approximately 5 mm and placed
into a PP/nylon liner. Both containers were dried under
vacuum at elevated temperatures.
During the drying process, form analysis was carried out by

X-ray powder diffraction (XRPD) on samples taken from the
densely packed sample at two points, i.e., at the core and edge
of the powder mass. XRPD patterns showed complete
conversion from Form B to Form A after only 6 h, but they
also showed trace amounts of pattern H. The samples were

taken from the outer edge of the powder mass, as well as from
the central core of the powder mass. Both samples showed the
same pattern, indicating that the conditions for pattern H
formation are not localized within the powder mass and, at
least at this scale, are consistent throughout. On the other
hand, on the thinly spread sample, XRPD results showed
complete conversion from Form B to Form A, after 6 h;
however, with this experiment, there was no trace of pattern H.
The sample obtained after 25 h also showed Form A with no
trace of pattern H, suggesting that the cake bed thickness is a
critical parameter. Furthermore, a separate sample was dried at
an ambient temperature under vacuum with no N2 flow, which
again showed only Form A after 36 h. Thermogravimetric
analysis exhibited a weight loss of 0.55% w/w, well within the
desired specification for water content. The process of
obtaining consistent and the single desired polymorph A
required significant drying time and the thin spread of the API
during the drying process, which is burdensome to process
operations and handling.
To reduce the drying time and temperature, an acetone cake

wash was added to the isolation protocol to displace as much

Figure 3. Contour plot of the particle size at various seed loadings, equivalent circles, and temperatures.

Figure 4. Microscopy images of samples taken at various seeding temperatures and seed loadings.
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residual water as possible, which should dry faster at the lower
temperatures needed. Previous work during the polymorph
screening indicated that there were no acetone solvates, and a
slurry of Form A in acetone showed no change after 3 days. To
test the hypothesis, a 2.0 g sample of Form A was slurried for 3
h in water and was confirmed to have converted to Form B.
This slurry was then isolated on a sinter and washed with
approximately 3 V water. At this stage, the cake had formed a
wet paste, which retained water readily. Half of the filter cake
was removed, and this was further split into two portions, one
to dry with an N2 bleed in the oven and one without. A small
aliquot sample was also removed at this point and slurried in
acetone overnight to check for any form changes; however, this
remained as Form B. The remaining filter cake was leveled and
washed with 2 x 3 V acetone (Table 2). After the first acetone

wash, the cake was a powder with no sign of the previous paste
behavior, and after the second acetone wash, the cake was
more freely flowing, which suggested a drier powder. The

powders were placed into liners, then dried at 35−40 °C at
ambient pressure overnight to increase humidity, and N2 was
applied. The experiment was also repeated with vacuum and
N2 being applied immediately. The results can be seen in Table
2, and individual XRPD patterns are shown in Figures 5 and 6.
All results showed Form A, suggesting that at this scale, neither
acetone wash, N2 bleed, nor the timing of vacuum application
has any effect on pattern H formation. The acetone wash was
kept in the isolation protocol due to the reduction in residual
moisture and subsequent reduction in the drying time.
In addition, the crystallization process was amenable to scale

up manufacturing. When 121.8 g of input material was
subjected to water crystallization based on the above protocol,
an output of 105.3 g (86.5% recovery) and a d50 of 40.4 μm
were observed.31

Particle size distribution (PSD) has a major effect on the
probability of meeting content uniformity specifications as a
function of formulation dose and a median particle diameter
(d50) and is especially critical for low-dose formulations.39 For
API-encapsulation, a narrower PSD would presumably pass
content uniformity requirements compared to a broad PSD
with a mixture of fine and large particles. Polymorphic crystal
forms have become increasingly important in many industries
as the need exists to search, identify, and attempt to patent
polymorphic forms with favorable properties.40−45

Polymorphs that may form during crystallization when the
internal molecular and structural arrangement will lead to the
diversity of drug crystallinity. This has become increasingly
important in the pharmaceutical industry, where polymorphs
are reported to change the bioavailability, solubility, and solid
stability of the drugs.46−48 For instance, pemafibrate (an
anhydrous drug like psilocybin) selectively activates PPAR α,
and it is well known that the crystal form of this drug has a
great influence on its bioavailability and efficacy.49,50

In the pharmaceutical industry, the polymorphic form of a
drug shall be easily produced, compatible with the excipients
used in the drug product manufacturing process, and remain

Table 2. Drying Conditions and Results for Acetone Wash
Experiment

entry
acetone
wash

N2
bleed

XRPD
form comment

1 no no A overnight hold at drying temperature
but ambient pressure

2 no yes A overnight hold at drying temperature
but ambient pressure

3 yes no A overnight hold at drying temperature
but ambient pressure

4 no yes A overnight hold at drying temperature
but ambient pressure

5 N/A N/A B wet cake sample obtained after acetone
wash

6 no no A vacuum applied immediately
7 no yes A vacuum and N2 applied immediately
8 yes no A vacuum applied immediately
9 yes yes A vacuum and N2 applied immediately

Figure 5. Acetone wash polymorph B dried for 21H and monitored by XRPD.
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unchanged for the duration of the drug’s shelf life.51−53

Consequently, many designs of experiments and screening
methods are applied to generate potentially the best-suited
approaches and stable polymorphs. In bulk crystallization
experiments, various strategies are employed, including differ-
ent solvents,54,55 seeding,56 degrees of saturation, varying
temperature,57 process parameter variation, and so on. We
report for the first time in psilocybin synthesis a metastable
crystallization zone and a drying process that produces a single
stable anhydrous polymorphic form.
Major restrictions were placed on developing an API that is

suitable for Phase III clinical trials. Consequently, critical
material attributes of the API were identified and controlled
prior to commercial manufacture. The Phase II API
manufactured was produced using slurry and precipitation,
and as a consequence, the API demonstrated diminished
flowability, which hampered the encapsulation process.

■ SUMMARY

The goal of determining the MSZW of psilocybin was to
optimize the original crystallization process to allow for
polishing filtration by decreasing the process concentration
that lowers the precipitation temperature and provides a wide
enough MSZW, which circumvents precipitation during
transfer and filtration. Furthermore, the reduction in
concentration also allowed a reduction in seed temperature,
reduction of hydrolysis, and subsequent yield loss.
A DoE approach found that the seeding temperature and

seed loading were significant factors; however, seed loading
had a reduced effect on lower seeding temperatures. In
addition, seed loading displayed an inverse relationship with
the PSD, whereas seeding temperature showed a positive
increase in the PSD. The particle sizes were found to be
significantly impacted by the cooling rate, wherein a slow
cooling rate yielded a large trihydrate particle size.
Furthermore, when the slow cooling rate was combined with
a low stirring speed, a large particle size was isolated. However,
microscopy analysis pre- and post-isolation confirmed severe
particle breakage of the long needle-shaped crystals, which

occurred consistently during the filtration and resulted in a
change of particle habit to shorter particles and a smaller aspect
ratio. Nonetheless, relatively larger particle sizes (d50 = ∼47.9
μm) were obtained in this process compared to the previous
synthesis that gave particle sizes of ∼10.9 μm. Furthermore,
when 121.8 g was subjected to the crystallization process, an
output of 105.3 g and a d50 of 40.4 μm were observed.
Polymorphs A (anhydrous) and B (trihydrate) were found

to be relatively stable and easily formed at lower temperatures
compared to polymorph H. Formation of pattern H occurred
during drying and was found to be correlated with both oven
temperature and drying time.
Laser light diffraction (LLD) was found to be unsuitable for

particle size distribution (PSD) determination due to the
fragility of the particles and subsequent breakage under even
the lowest energy mixing during analysis. The best method for
particle size determination for this material was determined to
be light microscopy.

■ EXPERIMENTAL SECTION

Crystallization Process Development. The crystalliza-
tion experiment was carried out at a gram scale in a HEL
Polyblock reactor system, according to the procedure in Table
3. Psilocybin was synthesized based on the previous
literature.12

X-ray Powder Diffraction (XRPD). XRPD analyses were
performed using a Panalytical Empyrean diffractometer
equipped with a Cu X-ray tube and a PIXcel 1D-Medipix3
detector system. The samples were analyzed at an ambient
temperature in transmission mode and held between low-
density PVC films. The Almac default XRPD program was
used (range 4−40°2θ, step size of 0.01313°, counting time of
92 s, ∼20 min run time). The samples were spun at 60 rpm
during data collection. XRPD patterns were sorted and
manipulated using HighScore Plus v4.9 software.

Particle Size Distribution (PSD). Particle size analysis
(PSA) was carried out using a wet dispersion method with
parameters outlined in Table 4 on a Malvern Master Sizer
3000.

Figure 6. Acetone wash polymorph B dried for 25H and monitored by XRPD.
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