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Abstract

Seeding involves introducing a pre- formed Carbamazepine-Saccharin (CBZ-SAC) co-crystal into a solution, influenced by seeding
temperature, seed size and seed loading. The primary objective of this research is to explore the effects of seeding temperature, seed size and
seed loading on the production of CBZ-SAC co-crystals. The seeding experiment was done by adding seed crystal at targeted seeding
temperature during the second cooling phase. The experiment was repeated with different seeding temperatures of 20 °C, 25 °C, 30 °C, 35 °C
and 40 °C; seed size of <90, 106-125, 125-160 and 160-180 um; and seed loading of 31.85, 63.70, 95.55 and 127.4 mg. The study reveals that
higher seeding temperature and larger crystal size decrease crystal nucleation rate, while higher seed loading increases it. The optimal seeding
temperature between 25 °C to 30 °C, with the ideal seed size being 125-160 um and seed loading is 63.7 mg. In conclusion, the research
highlights the critical role of seeding temperature, seed size, and seed loading in the production of CBZ-SAC co-crystals. Additional research
focusing on commercialization could involve ADME analysis or solubility test of the co-crystal produced for deeper understanding on the
economic advantages associated with CBZ-SAC co-crystal.
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1. Introduction

In crystallization, seeding in supersaturated solutions is a crucial process where pre-formed crystals are added to facilitate the
formation of the preferred crystalline morphologies in the metastable region. This approach minimizes the need for inclusions,
occlusions, and impurities, which are crucial for the generation of quality co-crystals. Seeding is however not simple, it is an
intricate phenomenon that locates optimal conditions for effective crystallization by balancing multiple considerations like
seed loading, seed size and seeding temperature that play a vital role in controlling both the efficiency and the purity and the
yield from the crystallization [1].

Carbamazepine (CBZ), an anti-convulsant agent utilized for the treatment of epilepsy, acute manic episodes, trigeminal
neuralgia, and bipolar I disorder [2], is classified as BCS II Class agent having low solubility and high permeability [3].
Enhancing its properties through co-crystallization with saccharin, a co-former, can improve its solubility and bioavailability,
potentially reducing side effects [4], [5].

Though promising, there is limited understanding of the aspects governing the crystallization mechanism and the properties of
the resulting co-crystals. In this study, we investigate the impact of seeding temperature, seed size and seed loading on the
production of Carbamazepine-Saccharin (CBZ-SAC) co-crystals to fill this knowledge gap. The aims are to optimize these
parameters and to characterize the newly produced co-crystals in order to improve their solubility and bioavailability.

2. Experimental

2.1 Materials and equipment

Carbamazepine (CBZ) (> 99.0 %) and Saccharin (SAC) (= 98.0 %) were purchased from Sigma Aldrich. Absolute ethanol
(EtOH 99.4%) was used as solvent in co-crystals production. The crystalliser was purchased from Syrris Ltd, which included
a 250 mL Syrris Globe® glass-jacketed reactor. Additionally, the reactor was accompanied by the Globe Reactor Master, a
system for logging data, and PC software that enabled comprehensive control over the reaction parameters.
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2.2 Seed preparation

CBZ and SAC with mole ratio 1:1 which was 3.83 g: 2.97 g were added into 200 ml of ethanol in the vessels. The stirrer was
switched on and the temperature of initial suspension was raised to 60°C for a duration of 20 minutes to guarantee the
complete dissolution of CBZ and SAC compounds in the ethanol solution. Once the mixture was entirely dissolved, it
underwent a gradual cooling process at a rate of 0.8°C/min until crystals was formed, a point determined by turbidity probe.
Then, the mixture was reheated for 20 minutes until the turbidity value decreased to below 30%. The mixture was then cooled
down at rate of 0.8°C/min until nucleation was formed in which the turbidity value was increased to 100%. In addition, the
crystals were drained and filtered 10 minutes after nucleation was formed. The produced seed crystal was dried in room
temperature for 24 hours. Afterward, the seed crystal was collected and sieved using <90 um, 106-125 um, 125-160 pm, 160-
180 pm, and 180-250 um of ASTM standard sieve.

2.3 Seeding experiments

CBZ and SAC with mole ratio 1:1 which was 3.83 g: 2.97 g were added into 200 ml of ethanol in the vessels. The stirrer was
switched on and the temperature of initial suspension was raised to 60 °C for a duration of 20 minutes to guarantee the
complete dissolution of CBZ and SAC compounds in the ethanol solution. After the mixture is completely dissolved, the
mixture was cooled down at a cooling rate of 0.8 °C/min until crystals was formed which was determined by turbidity probe.
Then, the mixture was reheated until the turbidity value decreased and stabilized, signifying the complete dissolution of
crystals. The mixture was then gradually cooled at rate of 0.8 °C/min until it attained the desired seeding temperature. The
seed crystals were added into the solution while adhering to the temperature profile of the solution. The nucleation time and
temperature were recorded. The co—crystals were drained and filtered 10 minutes after nucleation was formed. The produced
co—crystal was dried in room temperature for 24 hours. Lastly, the produced co—crystals were analysed using Inverted
Microscope, Fourier Transform Infrared (FTIR) and Scanning Electron Microscopy (SEM).

2.4 Seed loading
31.85 mg seed crystals of size 125-160 um were used for seed loading experiment. The targeted seeding temperature was
30 °C. The experiment was repeated with different amount of seed crystals which were 63.70 mg, 95.55 mg and 127.40 mg.

2.5 Seeding temperature
31.85 mg seed crystals of size 125-160 um were used for seeding temperature experiment. The targeted seeding temperature
was 20 °C. The experiment was repeated with different seeding temperature which were 25 °C, 30 °C, 35 °C and 40 °C.

2.6 Seed size
31.85 mg seed crystals of size <90 pm were used for seeding temperature experiment. The targeted seeding temperature was
30 °C. The experiment was repeated with different seed size which were 106-125 pm, 125-160 pm, and 160-180 pm.

3. Results and discussion

3.1 Analysis on nucleation rate

3.1.1 Effect of seeding temperature

It is demonstrated from Fig. 1 that as seeding temperature increased, the nucleation time of the co-crystal consistently
increased which is in line with the principle of crystallization kinetics [6]. Seeding at a temperature of 20 °C resulted in a
faster nucleation due to the high supersaturation environment in the solution. Lower temperature often leads to reduced
solubility, resulting in a more supersaturated region that is favourable for crystal nucleation and speeds up the nucleation
process [7]. In contrast, seeding at 40 °C required a longer nucleation time for co-crystal formation. Elevating the seeding
temperature increases crystal component solubility, leading to a less supersaturated solution environment. The system takes an
extended period to reach supersaturation levels favourable for effective nucleation causing a delay in crystal formation.
Additionally, a clear trend was observed, indicating that an increase in supersaturation correlates with an increase in the
nucleation rate. This is in accordance with the finding by Flannigan et al [8].
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Fig. 1. Effect of seeding temperature on nucleation time
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3.1.2 Effect of seed loading

It is showed from Fig. 2 that the graph of the effect of seed loading on the nucleation time in which the nucleation time
decreases with seed loading. When 31.85 mg, 63.70 mg, 95.55 mg and 127.40 mg of seed crystals were added at 30 °C, the
corresponding average nucleation times were 9.6 min, 7.4 min, 4.4 min and 2.1 min respectively. Higher seed loading
accelerates nucleation and potentially reducing processing times. The seed crystals represent the potential nuclei that possess a
lower critical free energy when compared to the spontaneous nucleation in the solution. With an increased presence of seeds,
additional molecules simply need to adhere to the seed crystal, requiring less energy and thereby facilitating the overall
nucleation process. Moreover, the seed provides surface for nucleation to take place. Consequently, higher seed loading
results in greater surface area, thereby accelerating the nucleation process [9]. As a result, nucleation occurs more rapidly with
a seed loading of 127.4 mg.
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Fig. 2. Effect of seed loading on nucleation time

3.1.3 Effect of seed size

Based on the Fig. 3, the studies depict that the nucleation rate is directly proportional to the seed size. The larger seed size,
160-180 um resulted in a slower nucleation rate of 7.5 minutes while the smallest seed size produced a higher nucleation rate
in 2.5 minutes. According to He et al. [10], the size of the seed significantly influences the nucleation rate for the deposition
of the co-crystal molecules onto the surface area of the seed. In general, the larger seed size provides smaller surface area for
the growth. The surface area facets provide the interplanar spacing where lattice energy for the interaction between the central
molecule, other molecule and the attachment energy [11]. The nucleation dominates over the growth process when the surface
areas are small. However, in cases where no surface area available for crystal growth, random crystallization occurs, with
nucleation dominating producing and producing crystal nuclei [12].
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Fig. 3. Effect of seed size on nucleation time

3.2 Analysis on morphology

3.2.1 Effect of seeding temperature

The CBZ-SAC co-crystal's morphology was observed under an inverted microscope, as shown in Fig. 4. Crystals produced at
a temperature of 20 °C revealed smaller crystal sizes, as crystal nucleation dominated over crystal growth at higher
supersaturation levels. Greater supersaturation levels increased nucleation rate, creating a more restricted growth environment,
and resulting in the formation of numerous small crystal nuclei. In contrast, seeding at 40 °C produced greater crystal
diameters compared to those synthesized at other temperatures. High temperature seeding led to a higher growth rate and
larger crystals due to crystal growth dominating in a low supersaturation environment. This expansion of the seed crystal’s
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growth window contributed to the production of larger crystal sizes. In general, the size of the crystal increases when the
supersaturation level decreases [13], [14].

100 pm

Fig. 4. Inverted microscope images of co-crystal produced with seed loading: (a) 31.85 mg, (b) 63.70 mg, (c) 95.55 mg,
(d) 127.4 mg

The SEM results in Fig. 5 showed that the co— crystals produced with seed loading of 31.85 mg, 63.70 mg, 95.55 mg and
127.40 mg have length of 143.0 pm, 149.0 um, 126.0 um and 90.2 um respectively. The size decreases when 95.55 mg and
127.40 mg of seed crystal were added. This can be due to excessive nucleation which had been explained under Inverted
Microscopy analysis. The sizes obtained were not similar to the size obtained by using FTIR due to agglomeration of the co—
crystals. Agglomeration in co-crystals can arise from attractive forces and process conditions. On the one hand, tiny forces
like Van der Waals interactions between co-crystal surfaces can cause loose clinging, known as aggregation [15]. This can be
further cemented into more robust agglomerates by solid bridges formed as liquid bridges from solvent evaporation harden.
On the other hand, external factors like high agitation in the crystallization vessel increase the frequency of crystal collisions,
boosting both aggregation and agglomeration [16], [17].

= o 2024010 NL D3,
Fig. 5. Scanning Electron Microscope images of co-crystal produced with seed loading: (a) 31.85 mg, (b) 63.70 mg, (c)
95.55 mg, (d) 127.4 mg

3.2.2 Effect of seed size
The microscopic image provided in Fig. 6 shows differences between each of the seed sizes. The less than 90 seed shows
small crystal with an average size of a single crystal <100 um and some may agglomerate together. The crystal of 106-125
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pum produce co-crystal with the size of >100 um. The most significant difference in size of the co-crystals produced is with
the seed of 125-160 um. It produced long and thin crystals with a size of >200 pm. The size of the co-crystal produced shows
a trend of increment however the 160-180pum seed shows decrease in crystal size along with the presence of dust particles.
Smaller crystals may exhibit a higher nucleation rate and faster growth, resulting in the formation of numerous smaller
crystals. Larger crystals, on the other hand, may grow more slowly but achieve a greater size before reaching equilibrium [18].
The larger size can also be found smaller due to the mechanical stress applied to the crystals, such as collisions in the
crystallizer's vessel or with the agitator and the attrition between crystals [19].

Fig. 6. Inverted microscope images of co-crystal produced by seed size of (a) less than 90pum (b) 106-125um (c) 125-
160pm (d) 160-180pm.

It is demonstrated in Fig. 7 that, surface morphology of co-crystal produced by 106-125um and 160- 180pm. 106-125um co-
crystal presented rough surface and smooth edges. This may be due to rapid growth of the co-crystallization correlated with
the surface area provided. In contrast, 160- 180pm display smooth with surface crystal along with the breakage. The breakage
of the crystal causes secondary nucleation which also can act as seed that resulting in dust particles or small particles [20].
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Fig. 7. SEM of co-crystal produced by seed size of (a) 106-125pm (b) 160-180pm

3.3 Analysis on functional group present

The FTIR spectrum of carbamazepine as shown in Fig. 8 has double characteristic peaks at 3463.34 and 3154.32 cm-1
corresponding to the stretching of amine (N-H), and a characteristic peak at 1603.77 cm-1 for the stretching of carbonyl
(C=0). The FTIR spectrum of saccharin in Fig. 9 has three characteristic peaks at 3092.25, 1334.65 and 1717.27 cm-1, which
indicates the stretching of amine (N-H), sulfonamide (S=0) and carbonyl (C=0) of saccharin. The FTIR spectrum of CBZ-
SAC co-crystal displayed in Fig. 10, 11, and 12 under various seeding conditions recorded distinct characteristic peaks
compared to the starting material of carbamazepine and saccharin. By comparing to the previous research done by Zhang et al.
[1], the shift in the characteristic peaks suggests the occurrence of hydrogen bonding during the co-crystal’s formation process.

Egypt. J. Chem. 68, No. 8 (2025)



166 K. A. Mohammad et.al.

5

% Tranmbitascy

BEERESRBEE =SS

; =

Wi {1}

% Trassiinasc:

FEEREERSEEL S

74!
T2

kL
B8
4000

Ly

Fig. 9. FTIR spectra of pure saccharin
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Fig. 10. FTIR spectra of CBZ-SAC co-crystal at seeding temperature 30°C
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Fig. 11. FTIR spectra of CBZ-SAC co-crystal at seed loading of 63.7mg
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Fig. 12. FTIR spectra of CBZ-SAC co-crystal produced with seed size of 125-160pm

4. Conclusions

The seeding process influences the nucleation rate of crystallization that gives significant impact on the characteristic of the
co- crystal. The conducted studies reveal higher seeding temperature and larger crystal sizes leads to slowdown in the crystal
nucleation rate. In contrast, higher seed loading amounts increase the nucleation rate. Nevertheless, the morphology through
microscopic analysis displayed a plate-like shape of the crystal. FTIR analysis identified and classified the functional group
via crystal absorption peak which in carbamazepine are amine and carbonyl group while saccharin shows amine, carbonyl and
sulfonamide. Thus, the optimum seeding temperature, seed loading and seed size were determined to be within 25°C to 30°C
for seeding temperature, seed size of 125-160um and seed loading of 63.7mg.

It is ascertained that the studies conducted can be further developed into other studies factors such as different products used
with the use of the same or improvise method. For example, the nonsteroidal anti-inflammatory musculoskeletal drug,
diclofenac that has the same class as carbamazepine, BCS II Class, may be considered to improve it solubility. Diclofenac
tablet is likely to cause stomach ulcer if it is taken for long duration or high dosage. Moreover, the studies also can be refined
for the CBZ-SAC co- crystal with the aim of commercializing by conducting research on the ADME analysis or the solubility
of the co-crystal produced which can strengthen the objective of acquiring better solubility. Furthermore, this research can be
forwarded to the commercial-ready product by considering the patient compliance factors. Patient compliance is the goal of
having patient partner in their treatment instead. These can be achieved through the compression of the co- crystal into a
convenient form such as tablet.
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