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A B S T R A C T

Polymorphism is a crucial factor in the pharmaceutical industry, as different polymorphs can display different 
physicochemical properties, including stability, solubility, and/or bioavailability. The ultrasonication-enhanced 
supercritical antisolvent recrystallization (UE-SAR) process is a novel investigated approach for producing novel 
polymorphs.This work aimed to generate and characterize doxycycline monohydrate (DOXY⋅H2O forms II, III, 
and IV) polymorphs produced from suspensions of its as received form (DOXY⋅H2O form I) using the UE-SAR 
process. A two-stage Design of Experiments (DoE) analysis was performed to assess the impact of various pro
cessing parameters such as ultrasonication, pressure, temperature, and residence time on the polymorphic 
outcome in each experimental run. The solid state characterization revealed that the produced polymorphs 
(DOXY⋅H2O form II, DOXY⋅H2O form III) have distinct powder X-ray diffraction (PXRD), Raman, Fourier 
Transform Infrared (FTIR) patterns and higher thermal stability. Moreover, the structures of DOXY⋅H2O forms I 
and II were further elucidated by solid state nuclear magnetic resonance (SS NMR) from 13 C and 15 N cross 
polarization (CP) and magic angle spinning (MAS) spectra. Overall, the results from this work highlight that use 
US-SAR method can induce the formation of different supramolecular structures in tetracyclines when they are 
suspended in a supercritical phase, and polymorphic purity can be enhanced by prolonged ultrasonication.

1. Introduction

Polymorphs have the same chemical composition but different 
crystal structures, due to the ability of molecules to assemble into 
different crystal packing arrangements and/or conformations [1,2]. For 
the pharmaceutical industry, one of the main concerns nowadays is 
whether an active pharmaceutical ingredient (API) can crystallize or 
interconvert into different polymorphic forms during processing or shelf 
life, as different polymorphs can display different physicochemical 
properties including stability, solubility, and/or bioavailability [3]. 
Pharmaceutical crystallization processes require ever-greater under
standing and control since polymorphism is one of the primary con
trolling factors that directly affects a drug substance’s processability as 
well as the quality, safety, and efficacy of a drug product [4]. Due to 
their slow nucleation and crystal growth kinetics, conventional crys
tallization methods such as cooling crystallization and solvent evapo
ration take a very long time to form crystals. Antisolvent crystallization 

techniques offer much faster nucleation and crystal growth kinetics, 
usually favoring the formation of metastable polymorphic forms and 
smaller crystals. These techniques involve adding a nonsolvent (typi
cally water) to a saturated solution in order to induce the precipitation of 
the solute. Further filtration and drying procedures are necessary when 
using liquid antisolvent crystallization techniques to remove any 
remaining organic solvent from the final particles [5]. The use of su
percritical CO2 instead of water eliminates the possibility of formation of 
hydrates, and the final product is left solvent-free after the crystalliza
tion process when the residual organic solvent is flushed with CO2 [6]. 
Over the last decade, particle engineering and solid-state chemistry with 
supercritical fluids have been widely described in pharmaceutics [7,8]. 
Moreover, supercritical CO2 (scCO2) has been used in the development 
of new crystalline forms of APIs, due to its miscibility with organic 
solvents, which promotes and enables the assembly of novel crystalline 
structures [9–11].Since solvent removal and recovery in supercritical 
antisolvent recrystallization (SAR) are easier compared to liquid 
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antisolvent processes, SAR is environmentally more acceptable. Conse
quently, in order to make pharmaceutical products on an industrial 
scale, a wash-out procedure by SAR might be required [12]. Although 
extensive research has been carried out on SAR methods [10,13,14], to 
the best of our knowledge no single study in the literature has addressed 
the recrystallization of a novel polymorphic form of an API from a 
suspension (as clear liquid solutions containing the API dissolved are 
typically used in SAR methods), discarding the requirement of the API 
solubility in the selected liquid solvent.

Doxycycline (α-6-deoxyoxytetracycline, DOXY) has been used as a 
model system in this work. It is a broad-spectrum antibiotic of the tet
racyclines class, and within its class, is the most used drug due to the 
efficacy, low side effects and low cost [15,16]. DOXY is available in 
three forms: monohydrate (4 - (dimethylamino) - 1,4,4a,5,5a,6,11,12a - 
octahydro - 3,5,10,12,12a - pentahydroxy - 6 - methyl - 1,11 - dioxo - 2 - 
naphthacenecarboxamide monohydrate) (DOXY⋅H2O form I), hydro
chloride dihydrate (DOXY.HCl⋅2H2O) and hyclate (DOXY.HYC, DOXY. 
HCl⋅(H2O)0.5⋅(C2H5OH)0.5), a hemiethanolate-hemihydrate hydrochlo
ride which is a broad-spectrum antibiotic used worldwide to treat in
fectious diseases. In this work, a novel polymorphic form of doxycycline 
monohydrate (DOXY⋅H2O form II) is reported after being recrystallized 
from suspensions of its as-received form (DOXY⋅H2O form I) in scCO2 
with a co-solvent (e.g., ethanol) by the SAR method. This technique was 
successfully used previously to recrystallize a different antibiotic (e.g., 
minocycline hydrochloride) into a new anhydrous form [17], suggesting 
that scCO2 could be used to remove hydration water from antibiotic 
crystals. The objective of this work is thus to propose a Design of Ex
periments (DoE) approach for screening the pertinent factors that in
fluence the performance of the SAR process. Furthermore, this study also 
reports and investigates a novel ultrasonication enhanced supercritical 
antisolvent recrystallization (UE-SAR) developed in this work, assessing 
the influence of its operational parameters (e.g., pressure, temperature, 
and residence time of crystallization) on the novel polymorph formation 
using a central composite DoE. The process response is only focused on 
the polymorphic outcome of the generated DOXY⋅H2O crystals. The 
generated DOXY⋅H2O crystals were analyzed to compare the effects of 
SAR and UE-SAR processes on the polymorphic purity by using powder 
X-ray diffraction (PXRD). Thereafter, the novel forms of DOXY⋅H2O 
were characterized in-detail by PXRD, differential scanning calorimetry 
(DSC), fourier transform infrared (FTIR) and Raman spectroscopy, 
scanning electron microscopy (SEM), Karl Fischer titration and thermal 
analysis. Specifically, solid-state nuclear magnetic resonance (SS NMR) 
spectroscopy was used to elucidate the crystal structures of forms I and 
II, which is provided in the Supplementary Information.

2. Experimental section

2.1. Materials and methods

Fig. 1. Doxycycline monohydrate (DOXY⋅H2O form I) was sourced 
from Sigma Aldrich (Belgium). Absolute ethanol (99.5 %) was supplied 
by BASF (Germany). Carbon dioxide (99.98 %) pure was supplied by 
BOC (Ireland). Physicochemical properties of DOXY⋅H2O form I are 
described in Table 1.

2.2. Supercritical antisolvent recrystallization (SAR)

The SAR apparatus represented in more detail in Fig. 2 comprises a 
10 cm3 stainless steel high-pressure reaction vessel (where recrystalli
zation occurs) with a borosilicate glass window (Maxos™, Auer Light
ing, Germany), with an inlet and outlet ports. Pressure and temperature 
were measured using, respectively, a pressure transducer (Omega model 
PX603) and a T-type thermocouple assembly (Omega). These vessels 
were placed inside a temperature-controlled air chamber by using a 
controller from Ero Electronic (model LDS) and a T-type thermocouple 
(Omega) to maintain the scCO2 properties and ongoing reaction at the 
set temperature. A borosilicate glass window fitted on the top of the 
high-pressure vessel was used for visualization purposes during the 
experiments.

Doxycycline monohydrate (DOXY⋅H2O form I) and ethanol mixtures 
in a mass proportion of 1:10 (200 mg of DOXY⋅H2O to 2 g of ethanol) 
were loaded in the recrystallization chamber schematically shown in 
Fig. 3. This DOXY⋅H2O suspension was mixed with CO2 until the 
working pressure reached the desired value according to the DoE points 
(1− 9) and for 9 R, changing in a mass proportion of 1:50 (100 mg of 
DOXY⋅H2O to 5 g of ethanol) keeping other parameters constants, rep
resented by Table 2. The mixture was stirred at 400 rpm using a mag
netic stirrer (Selecta, model Agimatic-N) during the experiments. The 
procedure was continued for three different residence time intervals. 
Afterwards, the recrystallization cell was flushed to remove the ethanol 

Fig. 1. Chemical structure of (Left) Doxycycline monohydrate (DOXY⋅H2O form I), along with (Right) tautomer I [19] and rings A and B in another zwitterionic 
tautomers: II (“enol”) and III (“keto”).

Table 1 
Information on the physicochemical properties of Doxycycline monohydrate 
(DOXY⋅H2O form I) used in this study [18].

Properties Value

Chemical class Tetracycline antibiotic
Molecular weight 462.4 g/mol
log P − 0.72
Chemical formula C22H26N209
Melting point 163 ◦C
Stability − 20◦C, 12 h at 25 ◦C, 6 h in solution

S. Nandi et al.                                                                                                                                                                                                                                   Journal of CO2 Utilization 96 (2025) 103082 

2 



with a flow of 2 g/min of fresh CO2 for 25 min duration. Finally, the 
recrystallization cell was slowly depressurized, and the resulting mate
rial was collected and stored in a closed desiccator before solid-state 
characterization.

2.3. Ultrasonication-enhanced supercritical antisolvent recrystallization 
(UE-SAR)

The UE-SAR process is further modified as presented in the schematic 
flow diagram in Fig. 4. DOXY⋅H2O form I and ethanol mixture in a mass 
proportion of 1:50 (100 mg of DOXY⋅H2O to 5 g of ethanol) was stirred 
on a magnetic stirrer for 10 min at 1200 rpm to form a homogenous 
suspension. The sample was then placed under an ultrasonic probe for 
35 minutes at 25 ◦C at an amplitude of 80 %. The Syclon Ultrasonic 
Homogenizer (250 W, 20 kHz, 3 mm probe) was used to generate the 
ultrasound effect. The temperature was controlled using a water bath 
placed below the sample. After that, the fine suspension was loaded in 
the recrystallization chamber and was stirred at 1200 rpm during the 
entire process. Afterwards, the recrystallization cell was flushed to 

remove the ethanol with a flow of 2 g/min of fresh CO2 for 60 min 
duration. This step was repeated three times to ensure complete removal 
of ethanol from the solids. Finally, the recrystallization cell was slowly 
depressurized, and the resulting material was collected and stored in a 
closed desiccator before its characterization. The samples were stored in 
a closed desiccator before solid-state characterization.

2.4. Design of experiments based study

A study using a three-factor two-level full factorial DoE with centre 
points was performed to investigate the influence of the SAR processing 
variables (pressure, temperature, and residence time) on the polymorph 
generation of doxycycline monohydrate crystals. The description of the 
DoE is presented in Table 2. The pressure varied between 90 and 200 bar 
while the temperature varied between 25 and 60 ◦C. The residence time 
for recrystallization varied between 1 and 8 hours. An identical set of 
DoE experiments was also performed using the UE-SAR process to 
investigate the impact of ultrasonication (as indicated in Table 2; Fig. 4). 
The stirring rate (at 400 rpm), API to ethanol mass ratio 1:10, and 

Fig. 2. Schematic diagram of experimental setup for the supercritical antisolvent recrystallization process.

Fig. 3. Process flow diagram of supercritical antisolvent recrystallization (SAR) method for the generation of doxycycline monohydrate (DOXY⋅H2O) polymorphs.
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number of CO2 flushing cycle (once) were kept constant throughout the 
DoE experiments 1–9, whereas for DoE point 9 R (replicate of DoE 9), 
stirring rate increased to 1200 rpm, API to ethanol mass ratio increased 
to 1:50, and number of CO2 flushing cycles increased to thrice. For the 
UE-SAR process, similar stirring rate, API to ethanol mass ratio and 
number of CO2 flushing cycles were kept as mentioned in DoE point 9 R 
for the SAR process. All DoE experiments for both SAR and UE-SAR 
methods were performed in duplicates and DoE point 3 for UE-SAR 
process was repeated thrice. JMP Pro® 17.0 software was used to 
analyze the data.

An additional control study (mentioned as DoE point 10) was per
formed in duplicates where the fine suspension generated after the 
ultrasonication process was kept under a slow evaporation process at 
25◦C and air pressure to monitor the polymorphic form obtained over a 
longer period. Upon completion, the samples were analyzed for detailed 
solid-state characterization.

2.5. Solid state characterization

2.5.1. Powder X-ray diffraction (PXRD)
PXRD was used to identify the solid-state and monitor the degree of 

crystallinity of the samples. PXRD data were collected in a PANalytical 
Empyrean (Malvern PANalytical Ltd., Malvern, UK) diffractometer in 
reflection mode with copper radiation (Cu Kα, λ = 1.5406 Å) and a 
secondary monochromator. The tube voltage and amperage were 40 kV 
and 40 mA, respectively. Each sample was scanned with 2θ between 5 º 
and 40 º with a step increment of 0.026 ◦ 2θ/step and 113 s per step on a 
flat stage that was spinning at 4 rpm. The diffraction data was processed 
using the X’Pert HighScore PlusR software v2.2a (PANalytical BV).

2.5.2. Thermal analysis
Thermal analysis was performed using a Thermal Advantage differ

ential scanning calorimeter (DSC) (Netzsch DSC214 Polyma machine 
equipped with a refrigerated cooling accessory) that was calibrated for 
temperature and cell constants using indium and sapphire. Samples 
(3–5 mg) were weighed, and crimped in non-hermetic aluminium pans 
(30 μl). The samples were equilibrated at 30 ◦C and then scanned at a 
heating rate of 10 ºC/min up to 250 ◦C under a continuously purged dry 
nitrogen atmosphere (with a flow rate of 50 ml/min). The data were 
collected in triplicate for each sample and were analyzed using TA In
struments Universal Analysis 2000 V4.3 A software.

2.5.3. Scanning electron microscopy (SEM)
The SU70 Hitachi (Hitachi, Japan) SEM instruments were used to 

take images of the generated polymorphs and compare them with the 
starting material (DOXY.H20 form I) produced. Each sample was care
fully placed on a carbon tape previously placed on top of a SEM 15 mm 
stub. The samples were then coated with a layer of gold using an Emi
tech K550 (Emitech, UK) device operating at 20 mA for 60 s. After that, 
the coated samples were tested with an average working distance of 
10 mm, an acceleration voltage of 10 kV, and a 30 μm aperture. To 
ensure that the samples were uniform, at least ten pictures were taken.

2.5.4. Fourier transform infrared spectroscopy (FTIR)
In addition, Infrared (IR) spectra of the dry samples of raw material 

(DOXY.H20 form I) and generated polymorphs using the UE-SAR pro
cess were collected using a PerkinElmer, spectrum 100 spectrometer 
fitted with universal ATR accessory (single reflection and diamond/zinc 
selenide material) and lithium tantalate detector. In total, an average 
accumulation of 256 scans was collected per spectrum over the wave 
number range from 400 to 4000 cm− 1 at a resolution of 4 cm− 1.

Table 2 
A central composite Design of experiment (DoE) study for operating conditions 
for the supercritical antisolvent recrystallization (SAR) (DoE points 1 − 9, 9 R), 
and ultrasonication-enhanced supercritical antisolvent recrystallization (UE- 
SAR) processes (DoE points 1 − 9), and for ultrasonication followed by slow 
evaporation (DoE point 10).

DoEpoint Pressure(bar) Temp(◦C) Residence time (h)

1 90 25 1
2 90 60 1
3 200 60 1
4 200 25 1
5 90 25 8
6 90 60 8
7 200 60 8
8 200 25 8
9 150 40 4
9 R 150 40 4
10 1 25 -

For the SAR process, constant parameters (agitation speed 400 rpm, API to 
ethanol mass ratio 1:10, number of CO2 flushing cycles thrice for DoE points 
1 − 9; agitation speed 1200 rpm, API to ethanol mass ratio 1:50, number of CO2 
flushing cycles thrice for DoE point 9 R). For the UE-SAR process, constant pa
rameters (agitation speed 1200 rpm, API to ethanol mass ratio 1:50, CO2 
flushing cycles thrice for DoE points 1–9). DoE point 10 refers to the fine sus
pension sample, generated after the ultrasonication process, being kept under a 
slow evaporation process at 25◦C and under atmospheric pressure.

Fig. 4. Process flow diagram of the ultrasonication-enhanced supercritical antisolvent recrystallization (UE-SAR) method for the generation of doxycycline mon
ohydrate (DOXY.H2O) polymorphs.
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3. Results and discussion

This paper addresses novel polymorph generation of doxycycline 
using a conventional supercritical antisolvent recrystallization (SAR) 
process and a modified SAR process by DoE. As mentioned by Chang 
et al., increasing pressure of CO2 also increases miscibility/solubility of 
the organic solvent in the CO2, and at higher pressure (denser scCO2) 
increases the proportion of organic solvent dissolved in scCO2 [14,20]. 
Before conducting this DoE, preliminary experiments were performed at 
subcritical conditions of compressed CO2 (pressure of 90 bar, 25 ◦C, and 
residence time of 1 h) to ensure that precipitation at these points, the 
least likely to induce crystallization, would occur. The pressure limits 
were set in order to maintain affordable compression expenses. The 
minimum pressure value selected was 90 bar to ensure that CO2 would 

remain in a supercritical state, while 200 bar was selected as the 
maximum pressure value due to the pressure rating of the equipment. 
The minimum temperature setting employed was 25 ◦C to incorporate 
the effect of high-pressure compressed CO2 at subcritical temperatures, 
while the maximum temperature setting was selected to 60 ◦C based on 
the maximum value permitted for the experimental setup. Finally, the 
residence time of crystallization was selected as a process parameter in 
the DoE, as it is known to influence the rate of polymorphic trans
formation [21] but has not been investigated for its impact on novel 
polymorph formation using SAR methods. The residence time of crys
tallization limits was evaluated at both high and low levels to provide a 
significant duration for the polymorphic phase transformation to be 
completed. For rapid mixing, during the SAR processing the contents of 
the high-pressure vessel were subjected to continuous stirring to ensure 
precipitation would occur. The range of temperature and residence time 
of crystallization were selected based on preliminary experiments 
investigating the ability of the process to produce a sufficiently dried 
powdered product covering a broader (high-pressure subcritical and 
supercritical region) working space. All experiments of DoE shown in 
Table 2 were carried out following the same experimental procedure at 
operating conditions (high and low levels of each factor). The work 
presented herein investigates the influence of critical processing pa
rameters as pressure, temperature, and stirring rate using the SAR and 
UE-SAR methods to assess the outcome of DOXY⋅H2O polymorph 
formation.

3.1. Effect of the SAR process on DOXY⋅H2O polymorph generation in 
DoE based study

Supercritical antisolvent recrystallization (SAR) processing, based on 
supercritical CO2, was first explored to obtain new forms of DOXY⋅H2O 
crystals. A DoE approach was taken to investigate the effect of three 
process parameters, pressure, temperature, and residence time of 

Table 3 
Summary of the polymorphic form outcome of DOXY⋅H2O from the Design of 
experiments (DoE) study for the supercritical antisolvent recrystallization (SAR) 
process.

Sample 
Reference

Pressure 
(bar)

Temperature 
(◦C)

Residence 
time 
(h)

Polymorphic 
form

DoE point 1 90 25 1 I + II
DoE point 2 90 60 1 I + II
DoE point 3 200 60 1 I + II
DoE point 4 200 25 1 I
DoE point 5 90 25 8 I + II
DoE point 6 90 60 8 I + II
DoE point 7 200 60 8 I
DoE point 8 200 25 8 I + II
DoE point 9 150 40 4 I + II
DoE point 9 R* 150 40 4 I + II

*For DoE point 9 R, agitation speed increased to 1200 rpm, API to ethanol mass 
ratio increased to1:50, CO2 flushing rate thrice.

Fig. 5. Powder X-ray diffraction (PXRD) patterns of the theoretical DOXY⋅H2O form I from the Cambridge Structural Database (CSD), DOXY⋅H2O as received, and 
DoE samples produced by the supercritical antisolvent recrystallization (SAR) process. Experimental conditions as described in Table 1 (DoE points 1 − 9, and 9 R). 
Orange rectangular boxes and green rectangular markers (DoE point 9 R) indicate the characteristic peaks of the new DOXY⋅H2O form II at 7.71◦, 9.52◦, 11.05◦ and 
12.02◦ 2θ.
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recrystallization, on the solid-state outcome of the DOXY⋅H2O crystals, 
produced by the SAR process.

Table 3 summarized the DoE study along with operating conditions 
and corresponding polymorphic form determined by PXRD and high
lights the resulting polymorphic outcome of the DOXY⋅H2O crystals 
produced at each set of conditions, as also schematically metioned in 
Fig. S.1 diagram.

The PXRD analysis of the SAR processed samples was carried out to 
evaluate the formation of a new crystalline phase. The resulting dif
fractograms were compared with those obtained for the unprocessed as- 
received DOXY⋅H2O and the reference spectra from the Cambridge 
Structural Database (CSD), where the presence of new diffraction peaks 
suggests a new crystalline phase. The solid-state form and polymorphic 
purity of the DOXY⋅H2O samples were also checked by comparing the 
patterns from each sample to the reported DOXY⋅H2O form I by Santos 
et al. [22].

The DOXY⋅H2O form I presents characteristic peaks at 10.45◦, 
13.32◦, 17.64◦, and 19.2◦ 2θ, while the DOXY⋅H2O form II presents 
characteristic peaks at 7.71◦, 9.52◦, 11.05◦, and 12.02◦ 2θ. In the PXRD 
patterns of DoE runs (except DoE runs 4 and 7) presented in Fig. 5, it can 
be observed that the peaks (singlets) at 10.45◦ and 17.64◦ 2θ correspond 
to the DOXY⋅H2O form I and that the singlets at 7.71◦, 9.52◦, and 11.05◦

2θ correspond to the DOXY⋅H2O form II, while only characteristic peaks 
of DOXY⋅H2O form I are found to be present in that of DoE 4 and 7 
samples. It was observed that all the reproducible experiments presented 
the same polymorph outcome (data are shown here).

In the DoE studies conducted for the SAR process, the DOXY⋅H2O 
form I, or a mixture of both DOXY⋅H2O forms I and II, were more pre
dominant at all tested conditions. Nonetheless, for the DoE point 9 R 
run, the peak intensities at 2θ = 7.71◦, 9.52◦, 11.05◦, and 12.02◦ in
crease significantly while the peak related to DOXY⋅H2O form I de
creases simultaneously. In the DoE 9 R run which was carried out with a 
higher solvent mass (increased from 1:10–1:50) and increased stirring at 
1200 rpm (Table 3), there was a predominance of the DOXY⋅H2O form II 
at 40 ◦C independently of the residence time of recrystallization and 
pressure used. Taking into account the experiments conducted for the 
SAR process, the influence of the processing variables (pressure, tem
perature, and residence time) was observed to have a lesser effect than 
the mixing and amount of solvent used. However, after incorporating 
these changes, PXRD pure DOXY⋅H2O form II was unable to be obtained 
from the SAR process. The outcome of the polymorphic purity is chal
lenging to control, as it was experimentally observed in the recrystalli
zation of DOXY⋅H2O by the SAR process.

3.2. Effect of the UE-SAR process on solid-state control of DOXY⋅H2O

Supercritical CO2 antisolvent crystallization typically promotes the 
formation of metastable polymorphic forms of pharmaceutical drugs. 
Our rationale is that using this technological approach in combination 
with the use of ultrasounds can potentially provide further control over 
the final polymorphic form obtained. Ultrasonication would decrease 
particle size, and the suspension would look much ‘thinner’, so easier 
afterwards for all doxy particles (being much smaller) to reconvert into a 
different polymorphic form with the combined action of scCO2 and 
solvent. Ultrasonic waves, when applied to liquids, exhibit a cyclic 
succession of expansion and compression phases. The expansion cycles 
pull the molecules apart while the compression cycles apply a positive 
pressure, pushing the molecules together. In addition, ultrasound waves 
cause cavitation, which amplifies mass transfer. Cavitational bubbles 
form in the phase that experiences the bust reduction of pressure caused 
by ultrasonic waves. The creation, expansion, and eventual collapse of 
microbubbles release a significant amount of energy. A confined hot spot 
with high pressure and temperature is created when a bubble bursts, 
producing strong shock waves. Particles are also broken down by the 
implosion of vacuum bubbles. Consequently, the solvent and solute 
particle intimate mixing is improved [11,23–25]. Applying ultrasounds 

in the precipitation chamber has been explored in the literature to 
enhance the intimate mixing between solute and antisolvent to assist the 
PXRD pure polymorph generation [26]. The supercritical antisolvent 
precipitation with enhanced mass transfer (SAS-EM) method (a different 
supercritical antisolvent method than SAR, where the former uses a 
nozzle to atomize the drug solution into the supercritical CO2 phase) was 
utilized by Jia et al. [27] to regulate the curcumin particle’s morphology 
and particle size distribution. Those authors found that the speed at 
which the liquid and scCO2 mix is accelerated by the ultrasounds [27]. 
By adjusting the ultrasound power, the various morphologies - such as 
needle-like, rod-like, irregular lumpy, and nanospherical particles - were 
produced [5].

Therefore, the SAR process is further modified and refined by the 
addition of a sonication step prior to the SAR processing. The conditions 
for the ultrasonication parameters were optimized by preliminary 
screening experiments and selected based on the visual observation of 
the homogeneity of the generated fine suspension. Thereafter, a similar 
DoE-based approach was performed to understand the effect of the 
ultrasonication-enhanced SAR process on the polymorphic outcome of 
DOXY⋅H2O, as presented in Fig. 6. An additional investigation into the 
polymorph generation through slow evaporation from the fine suspen
sion after ultrasonication (without SAR processing) of the DOXY⋅H2O 
was also undertaken, allowing the precipitated DOXY⋅H2O to remain 
immersed in the media for a prolonged period.

Fig. 6 and Table S.1 illustrate the PXRD patterns of DOXY⋅H2O 
samples obtained from the UE-SAR process, using ethanol as solvent. 
The effect of the ultrasonication-enhanced SAR process on the poly
morphism of DOXY⋅H2O using similar DoE was studied. More than 
30 minutes of probe-sonication were applied in each experimental run 
before the SAR process, as described in Section 2.3.

Fig. 7 shows PXRD diffractograms obtained for the DoE runs 1– 9, 10 
as described in Table S.1. DoE point 10 (ultrasonication followed by 
slow evaporation) refers to the fine suspension sample, generated after 
35 mins of probe sonication process, dried through slow evaporation in 
temperature controlled fumehood at 25◦C and under atomospheric 
pressure. The resulting diffractograms from samples obtained from DoE 
runs using the UE-SAR process were compared to the predicted dif
fractogram of DOXY⋅H2O form I obtained from the CSD and that of 
unprocessed as-received DOXY⋅H2O, where new diffraction peaks sug
gest a new polymorphic form.

Fig. 6. Schematic outcome of Design of experiments (DoE) study, as described 
in Table 2 (DoE points 1 − 9) to assess the impact of pressure, temperature, and 
residence time for crystallization as process variables on the polymorphic 
outcome of DOXY⋅H2O crystals produced by the ultrasonication-enhanced su
percritical antisolvent recrystallization (UE-SAR) process. Green circles indicate 
the DOXY⋅H2O polymorph II, while both colours indicate mixtures of poly
morphs I + II, and yellow circles indicate the DOXY⋅H2O polymorph III.
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The earlier study in Section 3.1 using the SAR process revealed that 
the combination of process variables showed no significant impact on 
the purity of the final DOXY⋅H2O polymorphic form obtained (no soni
cation was applied during DoE screening studies). However, when using 
prolonged sonication in the DOXY⋅H2O ethanolic suspensions, DOX
Y⋅H2O samples produced from the UE-SAR process correspond to form II 
(when using processing conditions of DoE points 1, 2, 4–9) or form III 
(when using processing conditions of DoE point 3). The polymorph 
produced by the UE-SAR process (at DoE points 1,2, 4–9) shows char
acteristic diffraction peaks for a new DOXY⋅H2O form II at 2θ = 7.71◦, 
9.52◦, 11.05◦, and 12.02◦. In Fig. 7, it is observed that prolonged 
ultrasonication promotes the formation of novel PXRD-pure polymorphs 
of DOXY⋅H2O, specifically DOXY⋅H2O forms II and III. The diffracto
grams from the different DoE processing runs, except DoE for point 3, 
are very similar, suggesting that, within the studied conditions, pressure, 
temperature, and residence time of crystallization have no significant 
impact on the type of polymorph produced.

For the processing conditions used for the DoE point 3, a novel and 
stable form of DOXY⋅H2O was accidentally discovered through UE-SAR 
processing. The novel DOXY⋅H2O form III was isolated after exposing 
DOXY⋅H2O suspension to scCO2 at processing conditions of 60 ◦C, 
200 bar and 1 h residence time, having firstly gone through ultra
sonication treatment for 35 mins in the UE-SAR process. The PXRD-pure 
DOXY⋅H2O form III exhibits its highest intensity characteristic singlet 
peak at 4.12◦ 2θ, and triplet peaks at 7.12◦, 7.85◦, and 8.32◦ 2θ, as 
evidenced by the characteristic peaks of the new form not agreeing with 
previously published data [28,29]

By comparing the two sets of DoEs presented in Sections 3.1 and 
3.2, it can be concluded that the incomplete or no transformation for the 
samples from the SAR studies is no longer observed for the samples 

pretreated with ultrasonication, coupled with higher solvent mass and 
intensive mixing, where the DOXY⋅H2O form II was consistently ob
tained in all cases except for DoE point 3. In these experiments by the 
UE-SAR process where ultrasonication was applied, the solid-state 
transformation of DOXY⋅H2O was steered toward the formation of the 
pure DOXY⋅H2O form II or III. Ultrasonication promotes in decreasing 
the doxycycline particle size in suspension, so it facilitates the mediation 
by scCO2 of the solid state transformation of doxycline from form I into 
forms II or III. This fact indicates that there is a significant impact on the 
rate of polymorphic transformation by ultrasonication. Therefore, 
improved polymorphic control is achieved when the UE-SAR is used in 
the experiments. The novel solid forms are presented here to serve as an 
example of the usefulness of the UE-SAR process as a tool in polymorph 
screening.

Moreover, the PXRD pattern of the air dried slow evaporated sample 
(DoE point 10 in Table S 1) reveals another distinct diffraction pattern 
with characteristic singlet peaks at 5.51◦, 8.81◦, 9◦, 10.22◦, and 13.9◦

2θ. This potentially indicates formation of another novel polymorph of 
DOXY⋅H2O (mentioned in this manuscript as form IV) from 
ultrasonication-assisted slow evaporation process.

3.3. Solid state characterization of generated polymorphs

The novel polymorphs of DOXY⋅H2O reproducibly obtained from the 
UE-SAR studies were isolated and analyzed by PXRD, DSC, FTIR, Raman, 
SEM, TGA, and Karl-Fischer titration to identify and characterize their 
physical, chemical, and crystalline properties. The results obtained from 
the diffraction, calorimetric, spectroscopic, and microscopic data 
strongly indicate the formation of multiple novel DOXY⋅H2O forms. Still, 
for unequivocal determination of the polymorphs stoichiometry, allied 

Fig. 7. Powder X-ray diffraction (PXRD) patterns of the theoretical DOXY⋅H2O from the Cambridge Structural Database (CSD), DOXY⋅H2O as received, and DoE 
samples produced by the ultrasonication-enhanced supercritical antisolvent recrystallization (UE-SAR) process (DoE points 1–9) and by ultrasonication followed by 
solvent evaporation (DoE point 10). Experimental conditions as described in Table S 1 (DoE points 1 − 10). Solid black circles indicate the characteristic peaks of the 
DOXY⋅H2O form I at 10.45◦, 13.32◦, 17.64◦ and 19.2◦ 2θ; solid blue rectangles indicate the characteristic peaks of the DOXY⋅H2O form II at 7.71◦, 9.52◦, 11.05◦ and 
12.02◦ 2θ; inverted grey triangles indicate the characteristic peaks of the DOXY⋅H2O form III at 4.12◦, 7.12◦, 7.85◦ and 8.32◦ 2θ; solid green stars indicate the 
characteristic peaks of the DOXY.H2O form IV at 5.51◦, 8.81◦, 9◦, 10.22◦ and 13.9◦ 2θ.
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with complete structural evaluation, advanced crystallographic analysis 
such as solid-state NMR-crystallography (ss-NMR) was applied for 
validation studies specifically for the new DOXY⋅H2O form II [30].

3.3.1. Powder X-ray diffraction (PXRD)
PXRD patterns of DOXY⋅H2O samples from both as-received and 

recrystallized forms are shown in Fig. 8. Diffraction peaks of the as- 
received DOXY⋅H2O form I observed from the PXRD analysis were 

Fig. 8. Powder X-ray diffraction (PXRD) patterns of as-received DOXY⋅H2O and of polymorphs of DOXY⋅H2O using the ultrasonication-enhanced supercritical 
antisolvent recrystallization (UE-SAR) process (DOXY⋅H2O Forms II and III), and using ultrasonication followed by slow evaporation (DOXY⋅H2O Form IV): (a) 
DOXY⋅H2O form I as received, (b) DOXY⋅H2O form II (UE-SAR DoE point 5), (c) DOXY⋅H2O form III (UE-SAR DoE point 3) and (d) DOXY⋅H2O form IV (US + SE DoE 
point 10). US: Ultrasonication, SE: Slow evaporation. Solid red circles indicate the characteristic peaks of the DOXY⋅H2O form I at 10.45◦, 13.32◦, 17.64◦ and 19.2◦

2θ, solid blue rectangles indicate the characteristic peaks of the DOXY⋅H2O form II at 7.71◦, 9.52◦, 11.05◦ and 12.02◦ 2θ, inverted green triangles indicate the 
characteristic peaks of the DOXY⋅H2O form III at 4.12◦, 7.12◦, 7.85◦ and 8.32◦ 2θ, solid grey stars indicate the characteristic peaks of the DOXY⋅H2O form IV at 5.51◦, 
8.81◦, 9◦, 10.22◦ and 13.9◦ 2θ.

Fig. 9. Differential scanning calorimetry (DSC) analysis of the generated DOXY⋅H2O polymorphs using the ultrasonication-enhanced supercritical antisolvent 
recrystallization (UE-SAR) process: (a) DOXY⋅H2O form I as received, (b) DOXY.H2O form II (DoE point 5), (c) DOXY⋅H2O form III (DoE point 3), and (d) DOXY⋅H2O 
form IV (DoE point 10). The melting temperatures are presented at the bottom of each melting peak.
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Fig. 10. (A) Fourier-transform Infrared (FTIR) spectra of the generated DOXY⋅H2O polymorphs using the ultrasonication-enhanced supercritical antisolvent 
recrystallization (UE-SAR) process: (a) DOXY⋅H2O form I as received, (b) DOXY⋅H2O form II (DoE point 5), (c) DOXY.H2O form III (DoE point 3) and (d) DOXY⋅H2O 
form IV (DoE point 10). The characteristic regions of the polymorphs are highlighted by the red rectangular boxes. (B) Zoomed view of the characteristic region for 
aromatic C––O group. (C) Zoomed view of the characteristic region for alkane group and C-O / C-H bending of the generated DOXY⋅H2O polymorphs.
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identical to those observed at diffraction angles of the reference pattern 
for DOXY⋅H2O from the CSD database (previously mentioned), and are 
also in agreement with the results previously reported by Santos et al. 
[22]. Furthermore, the produced samples showed sharp peaks, espe
cially within the characteristic region of the PXRD spectra 4–20◦ 2θ, 
which indicates the crystalline structure of the processed DOXY⋅H2O 
samples. The as-received DOXY⋅H2O form I presents major characteristic 
diffraction peaks at 2θ = 10.45◦, 13.32◦, 17.64◦, and 19.2◦ (as pointed 
by the solid circles in Fig. 8(a)). The UE-SAR process DOXY⋅H2O form II 
(UE-SAR DoE point 5) shows major characteristic diffraction peaks at 2θ 
= 7.71◦, 9.52◦, 11.05◦, and 12.02◦ (as pointed by the solid rectangles in 
Fig. 8(b)), whereas for the DOXY⋅H2O form III sample (UE-SAR DoE 
point 3)) the characteristic peaksy were are at 2θ = 4.12◦, 7.12◦, 7.85◦, 
and 8.32◦ (as pointed by the inverted triangle in Fig. 8(c)). The slowly 
crystallized DOXY⋅H2O sample of UE-SAR DoE point 10) (DOXY⋅H2O 
form IV) show characteristic diffraction peaks at 2θ = 5.51◦, 8.81◦, 9◦, 
10.22◦, and 13.9◦ (as pointed by the stars in Fig. 8(d)).

The new diffraction peaks in the PXRD diffractograms, when 
compared with those of the as-received DOXY⋅H2O form I, suggest the 
generation of novel polymorphic forms. The differences in 2θ in the 
patterns are linked to the variation of molecular arrangements at each 
orientation. The differences observed in the peak positions of the pro
duced crystals may be due to the impact of the process conditions on the 
molecular arrangement and crystal packing during precipitation. Since 
PXRD patterns are "fingerprints" of the crystal structures, indicating the 
d-spacings between lattice planes formed by the molecules that form the 
new crystal lattice, this behavior suggest the formation of three novel 
polymorphs of DOXY⋅H2O.

3.3.2. Differential scanning calorimetry (DSC)
Fig. 9 compares the thermograms of recrystallized DOXY⋅H2O sam

ples with as-received DOXY⋅H2O form I. The DOXY⋅H2O form I presents 
two endothermic peaks at 162.3 ◦C and 173.5 ◦C, before the exothermic 
reaction (decomposition) near 210 ◦C (Fig. 9(a)). In addition, as showed 
by DSC analysis, the first endotherm was observed between 90 ◦C and 
165 ◦C (DSC peak at 162.3 ◦C) and refers to the loss of bound water in 
the DOXY⋅H2O crystal, followed by melting at 173.5 ◦C (having enthalpy 
of fusion, ΔfusH = 192.3 J/g), and a final endotherm when thermal 
decomposition of the sample takes place (DSC peak maximum at 210 
◦C). The thermogram of the as-received DOXY⋅H2O API is similar to the 
one previously reported by Santos et al. [22] and the melting point (peak 
maximum at 162.2 ◦C) of DOXY⋅H2O form I has been previously re
ported by Legendre et al. [29] and others [31]. Regarding the DOX
Y⋅H2O form II (UE-SAR DoE point 5), the thermogram (Fig. 9(b)) shows 
a first endothermic peak maximum at 102.6 ◦C, due to water elimination 
(loss of mass from 60 ◦C to 145 ◦C), followed by a second sharp endo
thermic peak maximum around 182.6 ◦C (ΔfusH = 222.9 J/g) which 
corresponds to the melting of the sample immediately before its 
decomposition near 210 ◦C. In the case of DOXY⋅H2O form III (UE-SAR 
DoE point 3), the thermogram (Fig. 9(c)) shows a first broad endo
thermic peak maximum at 184.4 ◦C, which probably due to elimination 
of bounded water from molecular moiety, possibly corresponding to a 
solid–solid transition from DOXY⋅H2O form II, followed by a second 
sharp endothermic peak maximum around 195.4 ◦C (ΔfusH = 238.7 J/g) 
which corresponds to the melting of the sample, which immediately 
after that decomposition started near 210 ◦C.

Whereas the thermogram of slowly crystallized DOXY⋅H2O form IV 
(UE-SAR DoE point 10) (Fig. 9(d)) shows a first broad endothermic peak 
maximum at 70 ◦C, due to residual ethanol and unbound water elimi
nation (loss of mass from 60 ◦C to 130 ◦C), a second endothermic peak 
maximum at 156.7 ◦C (ΔfusH = 171.4 J/g), which corresponds to the 
melting of the sample, then baseline up to 200 ◦C, and after that 
decomposition started near 210 ◦C. These results are similar to the data 
reported by Bratu et al. [32], when studying new solid forms of nor
floxacin. Bratu et al. also observed the appearance of an additional 
endothermic peak in a recrystallized form corresponding to a solid–solid 

transition before the melting of the sample [32]. Also, Ali et al. showed 
that the transition of forms between polymorphs of sulfathiazole 
observed by DSC thermogram and confirmed by Raman data [33]. The 
comparison of DSC thermograms shows different enthalpy of fusion 
values suggesting them to be different forms. The higher numerical 
value of melting temperature and enthalpy of fusion, ΔfusH, suggests 
that form III is the thermodynamically most stable form. The absolute 
value of enthalpy of fusion along with melting point of DOXY⋅H2O fol
lowed the order: form IV < form I < form II < form III. This indicates 
that the stability hierarchy of the DOXY⋅H2O polymorphs follow similar 
pattern. The DSC results presented herein our manuscript indicate the 
emergence of two new polymorphic forms of DOXY⋅H2O upon 
ultrasonication-assisted recrystallization with supercritical CO2, which 
seems to be thermodynamically more stable than form I due to the 
presence of a higher melting point and subsequently higher ΔfusH 
values, whereas ultrasonication followed by slow evaporation process 
resulted in another new metastable polymorphic form (DOXY⋅H2O form 
IV). This data strongly supports the PXRD findings.

3.3.3. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra obtained for each generated DOXY⋅H2O form are 

shown in Fig. 10. The infrared spectrum of as-received DOXY⋅H2O form I 
is similar to the one previously reported [34]. FTIR analysis was used to 
identify differences in the chemical structure of the generated DOX
Y⋅H2O polymorphs during the applied processes. Since the chemical 
structure of the generated polymorphic forms are essentially the same, 
there are no significant differences in their spectra, as previously 
described by Santos et al. [22]. DOXY⋅H2O retained its molecular 
structure upon processing by the UE-SAR process. The characteristic 
peaks of DOXY⋅H2O are identified at 1663 cm− 1, 1612 cm− 1, 
1576 cm− 1, 1554 cm− 1, 1458 cm− 1, and 1217 cm− 1 corresponding to 
important functional groups in the chemical structure of DOXY⋅H2O. 
DOXY⋅H2O showed strong C–H, N–H, and O–H absorption bands be
tween 3500 and 3000 cm− 1 and C––O and C––C stretches between 1700 
and 1600 cm− 1. The crystallized water molecules are represented by 
bands that appear at around 3550 cm− 1 (υaH2O) and 1600 cm− 1 (δH2O) 
in all four DOXY⋅H2O samples. This indicates the presence of the 
chemical core structure of the doxycycline monohydrate in all obtained 
polymorphs. The fingerprint region below 1200 cm− 1 is almost identical 
for all DOXY⋅H2O forms.

The most notable differences between the DOXY⋅H2O polymorphs 
are observed in the bands arising from carbonyl (υC═O) and aromatic 
C–C bonds (υCCring), which lie in the region from 1700 to 1650 cm− 1, 
1600–1580 cm− 1 (bending vibration, δH2O) and 1460–1440 cm− 1 (C- 
H2 bending), also supported by the results obtained in the Raman 
spectra further below. The broad bands and shoulders with reduced 
intensities between 3500 and 3350 cm− 1, observed in the case of 
DOXY⋅H2O forms II, III, and IV ( wide broad peak), result from the OH 
stretching of the alcohol, enol, and phenol groups [22,34]. The intense 
electronic delocalization comprising several atoms next to the amide, 
ketone, and enol, as well as the abundant amount of hydrogen bonds 
involving these groups, broadens the υC═O bands (in all spectra, they 
are broad and asymmetric). In addition, the decrease in energy of these 
bands reflects the occurrence of inter- and intramolecular hydrogen 
bonds. Several spectral features clearly point to the presence of struc
turally different compounds. For example, the absorption bands 
assigned to stretching O-H at 3600 cm− 1 (possibly non-hydrogen 
bonded OH groups), 1640–1650 cm− 1 (shift and broadening of peaks 
related to δC––O and δC––C) and shift in C-H2 bending (at 1452 cm− 1 

DOXY⋅H2O form I (as received API), at 1450 cm− 1 DOXY⋅H2O form II 
(UE-SAR DoE point 5), at 1445 cm− 1 DOXY⋅H2O form III (UE-SAR DoE 
point 3), and 1456 cm− 1 DOXY⋅H2O form IV (UE-SAR DoE point 10)) are 
only well resolved in structurally different spectra of the same DOX
Y⋅H2O compound. Therefore, the infrared data suggests that the UE-SAR 
process, along with the method used in DoE point 10 (ultrasonication 
followed by solvent evaporation, as referred to in Table 2 and S.1), has 
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generated three distinct new doxycycline forms (DOXY⋅H2O forms II, III, 
and IV) from the as-received DOXY⋅H2O form I.

3.3.4. Scanning electron microscopy (SEM)
Fig. 11 shows scanning electron microscopy images of the crystal 

morphology of the DOXY⋅H2O samples: form I (as received API), forms II 
(DoE point 5) and III (DoE point 3), form IV (DoE point 10) obtained 
from the UE-SAR process, respectively. A wide variation of crystal habits 
can be observed for each polymorph of DOXY⋅H2O.

The untreated as-received DOXY⋅H2O crystals were orthorhombic in 
shape (Fig. 11 (A)). The SEM image of the DOXY⋅H2O form II displays 
small homogenous rectangular tabular-shaped crystals with a smooth 
surface (Fig. 11 (B)), whereas the morphology of DOXY⋅H2O form III 
shows a needle-like crystal (Fig. 11 (C)). DOXY⋅H2O form IV obtained 
after ultrasonication followed by slow evaporation at room temperature 
resulted in elongated thin plate-shaped morphology (Fig. 11 (D)). The 
varied morphologies obtained for different DOXY⋅H2O forms have been 
linked to the variation of molecular arrangement in the solute lattice or 
to its interaction with the growing crystal surface. The application of 
ultrasonication before the SAR process, or before the slow evaporation 
process, resulted in small micron-sized particles.

4. Conclusions

From the DoE studies using the SAR process, either a mixture of 
DOXY⋅H2O forms I and II, or only the DOXY⋅H2O form I, were obtained 
due to partial or no polymorphic conversion. The application of pro
longed ultrasonication and increasing agitation speed, along with 
solvent-to-solids ratio, promoted the formation of pure and new poly
morphs of DOXY⋅H2O. The combination of the highest pressure and 
temperature promoted the formation of DOXY⋅H2O form III, whereas the 
rest of the DoE conditions yielded pure DOXY⋅H2O form II in the case of 
the US-SAR process. Additionally, the slow evaporation process resulted 
in the generation of an additional new form (DOXY⋅H2O form IV). The 
DOXY⋅H2O crystals were characterized by several solid-state techniques 
(PXRD, SEM, DSC, Raman, FTIR, and Karl Fisher), and all data comply 
with the formation of new DOXY forms. The newly discovered DOX
Y⋅H2O forms II and III showed a considerably higher thermostability 
(with a melting point of 182 and 195 ºC, respectively). The structures of 

DOXY⋅H2O forms I and II were further elucidated by ss-NMR from 13C 
and 15N CP/MAS spectra. These findings point out three directions to 
follow-up on in future research articles: one regarding formulation 
development using DOXY⋅H2O forms II and III, structure elucidation of 
forms III and IV using ss-NMR, and further use of the UE-SAR process as 
a route for the exploration of novel polymorphs of other APIs. Overall, 
the findings in this work show that it is possible to skip the requirement 
for an API to fully dissolve in an organic solvent or in scCO2 to perform 
solid-state polymorphic transformation.
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