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Abstract 48 

Hypothesis 49 

Crystal properties are essential in determining the functionality of final products in 50 

pharmaceutical and food applications. This study hypothesizes that membrane-assisted 51 

antisolvent crystallization (MAAC) can regulate supersaturation profiles to influence 52 

polymorph selection and crystal growth kinetics in glycine crystallization. By using 53 

polyvinylidene fluoride (PVDF) membranes to control ethanol diffusion, it is expected that 54 

MAAC can promote the formation of specific polymorphs, particularly α-glycine, through 55 

modulation of molecular self-assembly pathways. 56 

Experiments 57 

To test this hypothesis, MAAC was implemented with PVDF membranes to generate stable 58 

supersaturation conditions during glycine crystallization. The membrane served as a mass 59 

transfer barrier, enabling controlled ethanol diffusion and allowing for detailed analysis of 60 

crystal size and polymorphic distribution. Experimental crystallization outcomes were 61 

complemented by molecular dynamics (MD) simulations of glycine-water-ethanol systems at 62 

three supersaturation levels (S = 0.74, 1.35, and 2.39). These simulations were used to 63 

investigate the formation of molecular aggregates and hydrogen bonding patterns, and to 64 

quantify nucleation induction times under varying supersaturation conditions. 65 

Findings 66 

MAAC enabled the formation of α-glycine with a narrow chord length distribution and a mean 67 

size of 86 μm. MD simulations revealed that cyclic glycine dimers, precursors to α-glycine, 68 

formed at lower supersaturation, while disordered aggregates associated with β-glycine 69 

dominated at higher supersaturation. Ethanol was shown to modulate hydrogen bonding and 70 

self-assembly, influencing polymorphic outcomes. Induction times decreased significantly with 71 

increasing supersaturation, from 1.9 ns to less than 100 ps, highlighting the kinetic control 72 

enabled by membrane-regulated crystallization. 73 

Keywords – Molecular dynamics; antisolvent crystallization; Hydrogen bonds; Polymorphism; 74 

Membrane-assisted crystallization (MAAC). 75 

 76 

 77 
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1. Introduction 78 

Membrane-assisted crystallization offers a novel interface-driven approach to control 79 

supersaturation during crystallization [1,2]. Unlike bulk antisolvent methods, membrane-80 

assisted antisolvent crystallization (MAAC) enables gradual antisolvent diffusion across 81 

membrane interfaces, creating spatially resolved supersaturation profiles that influence 82 

nucleation and growth kinetics [3]. This controlled mass transfer mitigates supersaturation 83 

spikes, allowing for a more predictable and uniform crystallization process [4].  84 

Polymorphism, affects drug solubility, bioavailability, and stability, making the precise 85 

control over crystallization processes a critical challenge [5]. While antisolvent crystallization 86 

is widely used in pharmaceutical processing, a rapid and uncontrolled mixing can result in high 87 

supersaturation bursts, leading to undesired polymorphic forms or uncontrolled crystal size 88 

distributions [6]. MAAC was then chosen in this study, primarily to establish well-defined 89 

supersaturation conditions for studying solution-phase crystallization. Understanding the 90 

influence of such controlled conditions on nucleation mechanisms and polymorph selection is 91 

essential for optimizing crystallization processes in pharmaceutical and industrial applications 92 

[7,8]. 93 

Glycine, the simplest amino acid, serves as an ideal model system for studying 94 

crystallization due to its well-characterized polymorphism and relevance in pharmaceuticals, 95 

biomaterials, and industrial processes [9,10].  It exists in multiple polymorphic forms (α, β, and 96 

γ), each exhibiting distinct hydrogen bonding arrangements that influence solubility and 97 

stability. Controlling glycine crystallization is critical, as its polymorphic form determines its 98 

bioavailability and functionality in pharmaceutical formulations. Additionally, glycine plays a 99 

key role in biochemical pathways [11,12], further highlighting its significance in material 100 

science and drug development. 101 

Both molecular dynamics (MD) simulations and experimental approaches are essential to 102 

understanding these mechanisms [13–15].  MD simulations offer molecular-scale insights that 103 

are difficult to capture with macroscopic experimental techniques, such as the self-assembly of 104 

glycine molecules, their interactions with solvent molecules, and the transition from solution to 105 

crystalline phases [16].  Prior MD studies have explored glycine crystallization in bulk systems, 106 

showing that solvent composition influences polymorphic selection [17]. For example, Yani et 107 

al., demonstrated that glycine molecules exist as monomers or open dimers in aqueous solutions 108 

[13]. Chen et al., investigated antisolvent crystallization using methanol and found that cyclic 109 
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glycine dimers were more prevalent in methanol-water mixtures, affecting polymorph selection 110 

[18]. However, these studies focused on homogeneous antisolvent crystallization rather than 111 

membrane-regulated. Thus, the impact of membrane-regulated supersaturation on glycine 112 

nucleation remains an open question. 113 

To address this gap, this study combines membrane-assisted crystallization experiments 114 

and MD simulations to explore how controlled supersaturation, achieved through membrane-115 

regulated antisolvent diffusion, influences glycine nucleation and polymorph selection. The 116 

membrane is employed not as a variable under study, but as a tool to achieve a gradual and 117 

spatially controlled antisolvent diffusion, enabling the fine modulation of supersaturation. 118 

Under these controlled conditions, the study aims to clarify how glycine nucleation pathways 119 

and polymorphic outcomes are influenced by the supersaturation profile. Experimentally, the 120 

work focuses on analyzing the effect of membrane-controlled ethanol diffusion on nucleation 121 

mechanisms, crystal growth dynamics, and polymorph selection, supported by in-situ 122 

monitoring (FBRM) and structural analysis (XRD). Molecular dynamics simulations are used 123 

to probe the early-stage aggregation behavior of glycine at the molecular level, revealing how 124 

different supersaturation regimes drive the formation of ordered clusters or disordered 125 

aggregates. By bridging experimental observations with molecular-level insights from MD 126 

simulations, this study aims to establish a clearer mechanistic understanding of crystal 127 

nucleation under controlled antisolvent crystallization conditions. The insights obtained may 128 

inform the design of next-generation membranes and crystallization protocols and could be 129 

extended to more complex pharmaceutical compounds where precise polymorph control is 130 

critical for drug stability and bioavailability.  131 

 132 

2. Materials and Methods 133 

2.1. Material 134 

Glycine (Sigma-Aldrich, Belgium, 99% purity) was dissolved in ultrapure water 135 

(laboratory, 18.2 MΩcm) at a concentration of 20 wt.% to formulate the crystallizing solution. 136 

Pure ethanol (99%) was purchased from VWR (Belgium). Flat sheet membranes made of 137 

Polyvinylidene fluoride with a pore size of 0.2 µm, were purchased from Merck (Belgium). 138 

 139 

 140 
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2.2. Experimental methods 141 

2..2.1. Membrane-assisted antisolvent crystallization  142 

A custom-built experimental setup (Figures 1 and S1) was used to evaluate membrane-143 

assisted antisolvent crystallization (MAAC). A membrane module with an active area of 12×10 144 

cm was provided by DeltaE Srl membrane module (Italy). A model solution was prepared by 145 

dissolving glycine in ultrapure water at a concentration of 20 wt% and a temperature of 25 °C. 146 

This solution was circulated by a gear pump through the lower membrane cell at 100 mL/min 147 

(ColeParmer, Belgium). Pure ethanol was used as antisolvent solution and was circulated 148 

through the membrane module upper cell using the gear pump Verder, Belgium, at 150 mL/min. 149 

The flow rates were selected based on previous optimization studies [19–21] to prevent 150 

undesirable reverse flow across the membrane. When ethanol contacts the hydrophobic PVDF 151 

membrane, its surface properties can change, increasing the risk of water permeation. 152 

Maintaining a slightly higher antisolvent flow rate compared to the crystallizing solution 153 

minimizes this risk and ensures stable, controlled mass transfer during MAAC. The Focused 154 

Beam Reflectance Measurement (FBRM) probe was used to accurately detect the crystal chord 155 

length evolution during experimental operation; meanwhile, a balance continuously recorded 156 

the mass of the antisolvent solution as it permeated through the membrane over time. 157 

 158 

Fig. 1 Schematic of the set-up used to evaluate membrane-regulated crystallization. An 159 
in-line FBRM probe was installed at 45˚ in the crystallizing solution to continuously 160 
track the chord length. 161 

 162 
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Antisolvent permeation was tracked over time to assess the transmembrane mass transfer, 163 

quantified as the net flux (Eq. 1). The ethanol content in the crystallizing solution was 164 

determined from the total solution mass and the ethanol weight fraction measured by gas 165 

chromatography: 166 

𝐽 = !
"
#!"(%#$%)'	#!"(%#)

%#$%'%#
    (Eq. 1) 167 

J designates the net transmembrane flux of the antisolvent ethanol in kg/m2s, A the effective 168 

area of the membrane (0.012 m2), ti the operation time i in s, and was the weight of the 169 

antisolvent in kg. 170 

The ethanol content was measured every 10 minutes over a 2-hour experimental period using a 171 

Thermo Scientific™ TRACE 1300 Gas Chromatograph (GC) equipped with a flame ionization 172 

detector (FID). Samples were taken from both the crystallizing solution and the antisolvent side. 173 

The ethanol concentration in the crystallizing solution was used to assess supersaturation 174 

formation, while change in the antisolvent side was verified to check for the absence of reverse 175 

membrane permeation. Each retrieved sample (0.5 g) was mixed with an equal amount of 0.01 176 

wt.% acetonitrile solution before analysis. Each sample was analyzed at least twice using the 177 

GC, with data interpretation based on the calibration curve shown in Fig. S2. 178 

2.2.2. Characterization of Membranes and Crystals  179 

The membrane morphology was analyzed using a Scanning Electron Microscope 180 

(SEM) (Zeiss, ULTRA). To obtain a clean cross-section, the membrane sample was immersed 181 

in liquid nitrogen. Before SEM imaging, a thin layer of gold was sputter-coated onto the 182 

samples (Balzers Union FL 9460 BALZERS SCD 030) to ensure conductivity. Membrane 183 

surface roughness was analyzed using Atomic Force Microscopy (AFM) with the Dimension 184 

Icon and MultiMode 8 systems (Bruker Corp., USA), operated in PeakForce Tapping®-QNM 185 

mode with a factory-calibrated RTESPA-300–30 probe. AFM scans were acquired at 186 

dimensions of 10×10 and 3×3 µm, with Samples per Line parameter set to 256. The scan rate 187 

and amplitude parameters were respectively set to 0.5 kHz and 20 nm. 188 

Glycine solubility in water-ethanol was obtained from our previous work (Fig. S3) [19]. 189 

Crystals were retrieved from the crystallizing solution after each MAAC experiment and air-190 

dried overnight. To ensure conductivity for characterization, a thin gold coating was applied to 191 

the crystal samples using a sputter coater (BALZERS UNION FL 9460 BALZERS SCD 030) 192 

under vacuum conditions. The crystalline structure of the obtained glycine crystals was 193 
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investigated via X-ray diffraction (XRD), conducted over a 2θ range of 10° to 100° using a 194 

Bruker D8 Advance diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å). Crystal 195 

growth in solution was monitored using a focused beam reflectance measurement (FBRM) 196 

probe (Mettler Toledo, Belgium). This in-line monitoring system enabled real-time tracking of 197 

chord length distribution, capturing measurements every 10 seconds to provide a precise insight 198 

into the crystallization process. 199 

 200 

2.3. Computational methods 201 

Molecular dynamics simulations were conducted to explore the earliest stages of glycine 202 

aggregation under solution conditions representative of those achieved experimentally through 203 

membrane-assisted antisolvent crystallization. While the PVDF membrane was not explicitly 204 

modeled at the molecular level in the main simulations, the focus on bulk glycine-water-ethanol 205 

mixtures at well-defined supersaturation levels allowed us to capture key self-assembly 206 

mechanisms influenced by membrane-controlled ethanol diffusion. Additionally, an optimized 207 

model incorporating PVDF was developed and discussed in Section 3.2.7 to provide further 208 

insight into membrane-specific effects. 209 

Classical MD simulations were carried out on aqueous solutions comprising glycine in 210 

the ethanol-water mixture at a ratio from undersaturated (S=0.74) to supersaturated (S=1.35 211 

and 2.39). The forces were computed in Gromacs 5.1.2 software [22] using the force field opls-212 

aa [23] which has a good library of organic solvents and is optimized for liquid simulations and 213 

validated for glycine simulations [18,24]. Visual Molecular Dynamics (VMD) 1.9.3 software 214 

package was used to visualize the structures [25]. 215 

The glycine molecule was imported from the supplementary files by Terterov et al.[26], 216 

in its zwitterionic form NH3+CH2COO− (Fig. S4), given the solution pH was 7. The 3-point 217 

spc216 model was used for water molecules [27]. Ethanol molecules were modelled using the 218 

OPLS-AA parameters.  219 

Periodic boundary conditions were imposed in all three spatial directions. A cut-off radius 220 

of 1.2 nm was used for both electrostatic and van der Waals interactions, with long-range 221 

electrostatics computed using the Particle-Mesh Ewald (PME) method [28]. All bonds were 222 

constrained with the  LINCS algorithm [29]. Each simulation box has dimensions of 223 

4.5×4.5×4.5 nm, which provides a schematic representation of the molecular study of the 224 

Glycine-Ethanol-Water system used in MD simulations (Fig. S5). The simulations were run on 225 

a 32-core CPU server (CINECA-ISCRA project).  226 
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All systems were equilibrated with an energy minimization using the steepest descent 227 

algorithm until the maximum force on any atom was below 1000 kJ mol⁻¹ nm⁻¹ or a maximum 228 

number of 50000 steps was reached, whichever occurred first. This criterion ensured removal 229 

of any steric conflicts before starting dynamics. Following minimization, each system was 230 

equilibrated in the NPT ensemble (constant pressure, number of molecules and temperature) at 231 

300 K and 0.1 MPa. Equilibration was continued until the box volume and density reached 232 

stable average values, typically within the first 20-30 ns. We monitored the time evolution of 233 

these quantities and ensured that no systematic drift was observed over extended time intervals. 234 

Calculations were carried out with the Nosé–Hoover thermostat (τ = 1 ps) and the Parrinello–235 

Rahman barostat (τ = 3 ps), respectively [30–32]). Production simulations were then run for at 236 

least 500 ns to capture the early stages of glycine aggregation, including dimer formation, and 237 

hydrogen-bond network rearrangements. Test runs indicated that shorter trajectories could miss 238 

relevant aggregation events, particularly at lower supersaturation. The 500 ns window thus 239 

represents a compromise between computational cost and the need to observe statistically 240 

meaningful aggregation behavior. Each simulation run was repeated at least twice to confirm 241 

reproducibility; quantitative uncertainty analysis was not performed. 242 

In this work, supersaturation S is defined as: 243 

𝑆 = )
)"!&

    (Eq. 2) 244 

where c is the concentration of glycine in solution and csat is the solubility of glycine in the 245 

corresponding water–ethanol mixture (taken from our previous experimental solubility 246 

measurements). Values of 𝑆<1 correspond to undersaturated solutions, while 𝑆>1 identify 247 

supersaturated conditions. The three values S = 0.74, 1.35, and 2.39 were chosen to sample: 248 

(i) a clearly undersaturated regime (S = 0.74), 249 

(ii) a moderately supersaturated regime relevant to MAAC experiments (S = 1.35), and 250 

(iii) a highly supersaturated regime representative of fast antisolvent mixing (S = 2.39). 251 

 252 

For each S value, the number of glycine molecules in Table 1 was determined by 253 

converting the target concentration into a discrete number of molecules within the simulation 254 

box. Starting from a cubic box of initial size 4.5 × 4.5 × 4.5 nm3, we first estimated the box 255 

volume and then calculated the number of glycine molecules corresponding to the desired solute 256 

concentration. Water and ethanol molecules were then added to match a realistic liquid density 257 

and to reproduce the target solvent composition at that supersaturation level. The final densities 258 
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obtained after NPT equilibration are consistent with typical values for aqueous ethanol mixtures 259 

at 300 K and 0.1 MPa. Table 1 summarizes the molecular composition of each system. 260 

 261 

Table 1: The composition of the simulation boxes in glycine, ethanol, and water molecules. 262 

 S=0.74 S=1.35 S=2.39 S=1.35 (No Ethanol) 

N. Glycine 27 53 108 108 

N. Ethanol 101 101 101 0 

N. Water 1000 1000 1000 1000 

 263 

The Radial Distribution Function gAB(r) was calculated between NH3+ and COO- groups 264 

to analyze the microstructure of glycine using the g_rdf utility of the GROMACS package. The 265 

pair correlation function gAB(r) describes the probability of finding a pair of particles A and B 266 

separated by a distance r(dr) normalized by the probability expected for a completely random 267 

distribution at the same particle density (Eq. 3): 268 

   (Eq. 3)  

A and B denote two distinct types of particles within a system of volume V, containing NA and 269 

NB particles of type A and B, respectively. NAB represents particles classified as both A and B. 270 

The position vectors rAi and rBj correspond to particles A and B, respectively, and the distance 271 

between them is given by . The term  is assigned a value of 1 if272 

 ≤ dr; meaning, when the deviation between the actual and target distance between 273 

the two particles is less than a tolerance factor dr. The NH₃⁺–COO⁻ radial distribution function 274 

was computed including both intramolecular and intermolecular pairs, providing the total g(r) 275 

that describes all hydrogen-bonding environments of glycine in solution. 276 

The Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm 277 

[33] was employed to detect glycine crystals (defined as clusters). In this context, a cluster 278 

refers to a group of mutually connected glycine molecules, as defined by the DBSCAN 279 

algorithm. The core principle of DBSCAN is to identify regions with high object density 280 

(glycine) that are separated by regions of lower density. This is achieved by considering two 281 
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key parameters: the number of glycine molecules, denoted as η, and the distance ε, which 282 

represents the search radius in each iteration (Fig. S6). The DBSCAN algorithm was applied to 283 

structures extracted from the trajectory every 100 ps. The growth rate of formed crystals at the 284 

Angstrom scale was elaborated for a qualitative study between empirical and MD simulation 285 

approaches. Yasuoka-Matsumoto method was utilized to analyse the temporal evolution of 286 

crystals [34,35].  287 

The orientational order parameter was calculated using two intramolecular reference 288 

vectors (Fig. S7) connecting the two carbon atoms (Ca and Ca) and connecting the Ca carbon 289 

to the nitrogen atom (Ca and N).  290 

Using the same distance cutoff between Ca - Ca atoms employed for DBSCAN, the 291 

orientational order parameter P2 (Eq. 4) was computed for each molecular pair based on the 292 

angle formed between the corresponding vectors of the two glycine molecules (Ca-C/ Ca-C 293 

and Ca-N/ Ca -N). 294 

𝑃* = 〈!
*
(3𝑐𝑜𝑠*	𝜃 − 1〉      (Eq. 4) 295 

where q is the angle formed between the two vectors of two different glycine molecules. P2=1 296 

corresponds to perfect orientational alignment, P2=-0.5 indicates a strictly perpendicular 297 

arrangement, whereas P2=0 reflects an isotropic (random) orientational distribution. 298 

 299 

3. Results and Discussion 300 

3.1. Glycine crystallization under membrane-regulated supersaturation 301 

Our previous work and recent advances in membrane-assisted antisolvent crystallization 302 

(MAAC) have established that gradual, membrane-regulated antisolvent addition enables 303 

precise control over supersaturation profiles, creating tunable and reproducible environments 304 

for glycine crystallization [19–21]. Our previous work and recent advances in MAAC have 305 

established that gradual, membrane-regulated antisolvent addition enables precise control over 306 

supersaturation profiles, creating tunable and reproducible environments for glycine 307 

crystallization [3,6]. In MAAC, the membrane acts as a selective mass transfer barrier, allowing 308 

for the fine modulation of antisolvent flux and, consequently, the supersaturation rate, an 309 

essential parameter for directing nucleation and crystal growth. 310 
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Despite these advances, the fundamental mechanisms by which the membrane influences 311 

crystallization remain incompletely understood. As illustrated in Fig. 2, the spatial location of 312 

antisolvent introduction, whether within the boundary layer (Fig. 2a) or at the membrane 313 

surface/pore interface (Fig. 2b) can dictate distinct nucleation regimes. When antisolvent 314 

transport is limited to the boundary layer, homogeneous nucleation dominates, characterized 315 

by longer induction times and lower nucleation rates, as supported by both experimental and 316 

simulation studies [3,13,18]. Here, process parameters such as solution velocity and antisolvent 317 

permeation rate, which can be tuned via membrane properties or operating conditions, are 318 

critical for controlling crystallization kinetics [19,21]. 319 

Conversely, when nucleation occurs at or within the membrane pores, particularly at the 320 

nanoscale, heterogeneous nucleation is promoted, with the membrane’s cross-sectional 321 

structure, surface chemistry, and the local antisolvent/solvent ratio playing pivotal roles [16,36]. 322 

This duality in nucleation pathways is a unique feature of MAAC and underpins its potential 323 

for selective polymorph control, as recently demonstrated for glycine and other small molecules 324 

[1,4,5,36]. 325 

 326 

Fig. 2 Representation of the boundary layer conditions depending on the antisolvent 327 
transmembrane flux: either nucleation is solely related to the direct contact of the antisolvent 328 
and crystallizing solution (a) or is additionally impacted by the heterogeneous nucleation from 329 
the membrane surface (b). 330 
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In this study, we employed a hydrophobic PVDF membrane with a symmetric sponge-331 

like structure to systematically investigate these regimes. Real-time FBRM monitoring enabled 332 

precise tracking of chord length evolution, while molecular dynamics simulations provided 333 

molecular-level insight into the self-assembly and nucleation mechanisms under different 334 

supersaturation conditions. This integrated approach not only advances the mechanistic 335 

understanding of membrane-regulated crystallization but also aligns with the journal’s 336 

emphasis on fundamental principles and conceptually novel applications in colloid and 337 

interface science. 338 

 339 

3.1.1 Crystal properties  340 

Crystals recovered at the end of each MAAC experiment were characterized by XRD 341 

and focused beam reflectance measurements to determine polymorphic form and chord length 342 

distribution (Fig. 3). The final crystal morphology corresponded to the expected hexagonal 343 

shape of α-Glycine (Fig. 3a). In our previous MAAC study, using L-serine-water-ethanol as 344 

model solution in a polypropylene membrane-based crystallizer, the crystal size grew gradually 345 

from 26 to 110 µm (Fig. S8) with the incremental of antisolvent concentration in the 346 

crystallizing solution. The crystal morphology evolved from hexagonal plates at initial 347 

appearance in solution to an orthorhombic morphology by the end of experiment [20]. 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 
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Fig. 3 Crystal shape and morphology obtained with MAAC (a), crystalline structure (b), FBRM 356 

chord count with time (c), and chord length distribution (d). Values represent mean 357 

measurements from three replicate MAAC experiments. The standard deviation for chord 358 

length was ±10 μm, and for chord count ±8%. 359 

 360 

The diffraction peak at 2θ ≈ 30° (Fig. 3b) confirmed the predominance of the α-glycine 361 

(0 4 0) plane, consistent with previous studies indicating that gradual ethanol diffusion favors 362 

α-polymorph formation. Throughout the experimental duration, the chord count and chord 363 

length distribution were tracked continuously (Fig. 3c). The increased membrane-solution 364 

interface enhances antisolvent contact, compared to conventional stirred-tank crystallizers. This 365 

large surface contact has been known to be advantageous in membrane-based processes. The 366 

convective flow of the antisolvent through the membrane pores into the crystallizing solution 367 

initiates crystallization. As crystals form and grow, they remain in contact with the antisolvent 368 

through the membrane flow channels. The membrane pores create thousands of localized 369 

environments that mimic the behavior of two-jet systems [37].  370 

The mean chord length of glycine crystals was 86 µm, with a narrow, unimodal 371 

distribution, suggesting that membrane-controlled ethanol diffusion minimizes secondary 372 

nucleation events, promoting stable crystal growth. The peak intensity increased over time (Fig. 373 
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3d), meaning more crystals are detected at the dominant size. The width of the distribution did 374 

not change drastically, indicating that crystal size variation was relatively stable. Since the peak 375 

position increased without significant broadening, the system likely experienced growth-376 

dominated crystallization rather than extensive nucleation. If secondary nucleation was 377 

significant, small particle fractions (which was not apparent here) would have been observed.  378 

 379 

3.1.2. Membrane properties and antisolvent mass transfer 380 

While the membrane is not the focus of this study, its structural and functional integrity 381 

was assessed to confirm its suitability as a stable medium for achieving controlled 382 

supersaturation during glycine crystallization. Porous PVDF membranes with a sponge-like 383 

cross-sectional structure (Fig. 4) were used to evaluate glycine crystallization through MAAC. 384 

Our previous work investigated the key parameters involved in crystallization using 385 

polypropylene membranes [21]. The variation of temperature, solution flow rates, and 386 

antisolvent weight fraction impacted antisolvent transmembrane flux. These results were 387 

considered to determine the antisolvent and solution flow rates while operating at room 388 

temperature.  389 

The SEM imaging (Fig. 4) confirmed that the membrane structure remained intact after 390 

the crystallization process, with no significant changes in morphology, neither on the surface 391 

nor on the cross-section. There could slightly be some variation at the surface functional groups, 392 

or presence of nanocrystals at the surface, but can easily be washed with water (solvent). 393 

However, AFM measurements (Fig. S9) revealed a decrease in surface roughness (from Rq= 394 

641 nm to Rq=173 nm), suggesting minor surface modifications due to ethanol exposure or 395 

glycine deposition. This explains why a decrease in the water contact angle was observed in 396 

previous studies.  397 

 398 
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 399 

Fig. 4 SEM surface and cross-sectional images of PVDF membrane before and after 400 

the antisolvent crystallization of Glycine. 401 

The gradual ethanol diffusion facilitated a controlled supersaturation buildup (Fig. 5a), 402 

reducing the likelihood of uncontrolled nucleation events. Supersaturation built up as ethanol 403 

concentration increased, likely promoting nucleation and crystallization. The slowing rate of 404 

supersaturation increase at later stages suggests that crystallization is occurring, consuming the 405 

excess solute. This illustrates that membrane-assisted ethanol diffusion offers a practical and 406 

reproducible strategy to modulate supersaturation buildup, thereby influencing nucleation 407 

kinetics and enabling selective polymorphic outcomes. These insights form the basis for the 408 

subsequent molecular-level investigation through MD simulations.  409 

Based on the current study and previous research on MAAC of small molecules such as 410 

L-serine and glycine, supersaturation values have been reported to range from approximately 411 

0.7 to 2.3 when using hydrophobic membranes like polypropylene or polyvinylidene fluoride 412 

(Fig. 5b). To better understand the molecular mechanisms by which controlled supersaturation, 413 

achieved via membrane-assisted antisolvent crystallization, affects glycine aggregation and 414 

polymorphic selection, MD simulations were conducted at supersaturation values of S = 0.74, 415 

S = 1.35, and S = 2.39. 416 

!"#$% !"#$%

!"#$% !"#$%
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 417 

Fig. 5 (a) Evolution of the transmembrane flux of the antisolvent ethanol and corresponding 418 

supersaturation with time. Values represent mean measurements from three replicate MAAC 419 

experiments. Error estimates correspond to the standard deviation of the three replicates for 420 

each time point. (b) The range of minimum and maximum supersaturation values reported in 421 

the literature for MAAC. 422 

 423 

3.2. Molecular Dynamics simulations  424 

MD simulations were performed to elucidate the earliest stages of glycine aggregation 425 

under solution conditions representative of those created experimentally through membrane-426 

assisted antisolvent crystallization. The PVDF membrane itself was not included in the 427 

molecular model. Instead, the simulations probe bulk glycine-water-ethanol mixtures at 428 

controlled supersaturation levels, enabling us to examine the molecular self-assembly pathways 429 

that are indirectly influenced in the experiments by membrane-regulated ethanol diffusion. By 430 

analyzing how supersaturation modulates dimer formation, hydrogen-bonding networks, and 431 

cluster evolution, these simulations provide mechanistic insight into the nucleation behavior 432 

underlying MAAC. 433 

 434 

3.2.1 Crystal aggregation and growth 435 

To quantify glycine aggregation behavior and distinguish between ordered and disordered 436 

clustering, the DBSCAN algorithm was applied to the alpha-carbons of glycine molecules in 437 

the molecular dynamics simulations (Fig. S6). DBSCAN helps identify distinct molecular 438 

crystals (clusters), enabling tracking of the early-stage organization of glycine molecules across 439 
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different supersaturation levels. This analysis provides insights into whether glycine molecules 440 

form structured pre-nucleation clusters that are potential precursors to stable crystal forms or 441 

remain disordered. The DBSCAN algorithm classifies glycine molecules into clusters based on 442 

two parameters: the maximum distance (ε = 5.58, Å) for molecular connectivity and the 443 

minimum number of molecules (η=4) required to define a cluster. These values were chosen 444 

based on the second peak of the CA–CA radial distribution function, which represents short-445 

range glycine-glycine interactions corresponding to the typical spacing in α-glycine unit cells. 446 

In contrast, β-glycine unit cells contain only two glycine molecules, leading to a different 447 

aggregation behavior [38].  448 

Results from DBSCAN analysis (Fig. S10) revealed that glycine aggregation occurred 449 

rapidly across all simulated supersaturation levels, with shorter induction times at higher 450 

supersaturation (Table 2). At S = 0.74, clustering occurred within 1.9 ns, whereas at S = 2.39, 451 

clustering was nearly instantaneous (<100 ps). This aligns with experimental observations of 452 

FBRM, where higher ethanol concentrations promote rapid glycine self-association, 453 

accelerating nucleation and favoring α-glycine formation. 454 

After initial contact, glycine molecules quickly form a stable hydrogen-bond network, 455 

leading to a plateau in cluster growth. Most clustering occurs within the first two nanoseconds, 456 

after which growth stabilizes. The time to reach this plateau decreases as the number of glycine 457 

molecules increases, reflecting the supersaturation-dependent nature of nucleation kinetics. 458 

Glycine supersaturation strongly influences the induction time (Table 2): as it increases, 459 

the induction time decreases, and the rate at which the plateau is reached increases. The 460 

induction time is inversely proportional to the number of glycine molecules in the simulation 461 

box. When the number of glycine molecules is very high, the induction time becomes 462 

undetectable, meaning that a strong hydrogen-bond network forms rapidly at the start of the 463 

simulation, connecting all the glycine molecules. 464 

Table 2: Induction time deduced from DBSCAN simulations at incremental supersaturations.  465 

S, - N° Glycine Induction time, ns 

0.74 27 1.9  

1.35 53 1.4  

2.39 108 Not detectable (<100 ps) 

1.35 no EtOH 108 Not detectable (<100 ps) 

 466 
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When comparing simulation results with MAAC experimental results, similar trends are 467 

observed in terms of the impact of supersaturation on glycine crystallization. The absolute 468 

timescales differ substantially because ethanol is present from the outset in the simulation box 469 

and does not require diffusion across an interface before interacting with glycine. As a result, 470 

ethanol-glycine organization proceeds much more rapidly in MD than in membrane-regulated 471 

experiments, and the aggregates formed in simulation, typically composed of only a few 472 

molecules, remain far below the size that can be detected experimentally.  473 

Despite these differences, the molecular dynamics analysis provides direct access to the 474 

earliest stages of glycine aggregation under the specific supersaturation conditions considered 475 

in this work. Across all simulated systems, glycine molecules associate on ultrafast timescales, 476 

with detectable clusters forming within picoseconds to a few nanoseconds depending on 477 

supersaturation. Once aggregates containing at least four glycine molecules (the smallest α-like 478 

structural unit) were identified, we examined the point at which the system begins to develop 479 

internal order. To this end, we computed the orientational order parameter P2 for two 480 

intramolecular reference vectors (Fig. S11). DBSCAN identifies clusters based on spatial 481 

proximity but not molecular orientation. The P2 parameter complements this by quantifying 482 

alignment within clusters. 483 

The P2 values for the Cα–C vector, increase significantly at S = 0.74 and S = 1.35, 484 

reaching about 0.6, whereas at higher supersaturation the orientational order remains low. This 485 

behavior indicates that, under moderate supersaturation, glycine backbones partially align 486 

within the aggregates, forming locally ordered domains that can be interpreted as early 487 

precursors of crystalline nuclei. In contrast, the P₂ values associated with the Cα–N vector 488 

remain near zero across all systems, showing that the orientations of the amino groups remain 489 

largely disordered. This suggests that the hydrogen-bonding network characteristic of fully 490 

developed crystal structures has not yet emerged at this stage. 491 

3.2.2 Molecular arrangement 492 

To analyze glycine aggregation patterns in ethanol-water mixtures, three models 493 

containing glycine, water, and ethanol were simulated at supersaturation levels S = 0.74, S = 494 

1.35, and S = 2.39. Additionally, one pure aqueous system (glycine and water only) at S = 1.35 495 

was simulated for comparison. Although the total number of solute molecules stayed the same, 496 

the distribution between the crystalline and solution phases shifted during nucleation events, 497 
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altering the system's chemical potential. While this has little impact in the thermodynamic limit, 498 

it plays a crucial role in influencing nucleation kinetics [39]. 499 

In the undersaturated system (S = 0.74), cyclic hydrogen-bonded glycine dimers were 500 

observed (Fig. 6), forming the building blocks of α-glycine [38,40]. At S = 1.35, dimerization 501 

persisted, reinforcing the idea that moderate supersaturation stabilizes ordered glycine clusters, 502 

promoting α-glycine formation. However, at S = 2.39, cyclic dimers were absent, suggesting a 503 

shift toward disordered aggregation, potentially favoring β-glycine formation. Literature 504 

indicates that different glycine polymorphs often crystallize simultaneously from the same 505 

solution, classifying them as concomitant polymorphs [41]. However, the α-polymorph is 506 

commonly described as the predominant form, spontaneously crystallizing under almost any 507 

experimental condition from pure aqueous solutions [42].  508 

The presence of ethanol as an antisolvent significantly influenced dimer formation and 509 

clustering. In ethanol-water mixtures at S = 1.35, the prevalence of cyclic dimers suggested that 510 

ethanol facilitated ordered glycine assembly, stabilizing α-glycine formation. However, at S = 511 

2.39, the system exhibited a lack of cyclic dimers and an increase in disordered aggregation, 512 

indicating a transition to β-glycine-like structures. Even when the simulation time was extended 513 

to 1000 ns (Fig. S12), no cyclic dimers were detected at S = 2.39, confirming the tendency 514 

toward disordered aggregation. These observations align with experimental findings, where 515 

controlled ethanol diffusion in MAAC promotes α-glycine, while rapid mixing in bulk 516 

crystallization favors the formation of metastable β-glycine. 517 

 518 
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Fig. 6 Arrangement of glycine molecules at 100 and 500 ns, as observed in molecular 519 

dynamics simulations under different supersaturation conditions. 520 

 521 

The influence of solvent composition on glycine aggregation is well-documented. Chen 522 

et al., showed that methanol-water mixtures contained a higher fraction of cyclic dimers than 523 

pure aqueous solutions, although this did not necessarily determine polymorphic selection 524 

between α- and β-glycine [18]. Similarly, in the present ethanol-water system, variations in 525 

hydrogen bonding capacity and polarity appear to modulate solute clustering, influencing 526 

polymorphic selection. In the absence of ethanol, the system at S = 0.74 exhibited α-glycine 527 

alongside open dimers (Fig. S13), while at S = 1.35, open-chain dimers dominated, with no 528 

formation of cyclic dimers, potentially indicating β-glycine nucleation. This observation 529 

supports prior studies suggesting that zwitterionic glycine molecules form either cyclic or open 530 

dimers depending on solvent conditions [23]. The cyclic dimer is frequently considered the 531 

structural unit of α-glycine [43], with the α-polymorph lattice consisting of bilayers of glycine 532 

molecules connected by strong N-H···O hydrogen bonds [23].  533 

!
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Glycine polymorphism has also been linked to size-dependent stability. Parks et al., 534 

proposed that β-glycine nanocrystals dissolve at rates equal to or greater than those of α-glycine, 535 

regardless of particle size, indicating that β-glycine is inherently less stable in nanoscale form 536 

[44,45]. However, recent studies challenge traditional nucleation models based on the cyclic 537 

dimer hypothesis, suggesting that open-chain dimers play a crucial role in the rate-determining 538 

step of glycine nucleation [36]. This alternative molecular pathway shifts the focus from cyclic 539 

dimer stabilization to solvent-mediated nucleation mechanisms, refining our understanding of 540 

glycine polymorph selection under supersaturated conditions. 541 

 542 

3.2.3 Glycine-Glycine Hydrogen bonding interactions 543 

Hydrogen bonding between glycine molecules plays a fundamental role in determining 544 

polymorphic selection. The NH₃⁺–COO⁻ hydrogen bonds are defined by an (C)O–H(N) 545 

distance of ≤ 2.2 Å and an N–H–O(C) bond angle of ≥ 140°, in line with previous computational 546 

studies [46,47]. The g(r) for glycine-glycine interactions (Fig. 7) revealed distinct hydrogen-547 

bonding features across different supersaturation levels. The hydrogen bonds from the second 548 

to fifth peaks in the radial distribution function are depicted in Figure S12, showing distinct 549 

contributions from intra- and inter-dimer hydrogen bonds. 550 

The first peak (r = 1.66 Å) corresponds to inter-dimer hydrogen bonds and was 551 

significantly higher in ethanol-water mixtures, indicating that ethanol promotes cyclic dimer 552 

formation. In contrast, at S = 2.39, this peak was absent, aligning with the disordered 553 

aggregation observed in the molecular arrangement analysis and correlating with the 554 

experimental formation of β-glycine under bulk crystallization conditions. The third peak (r = 555 

2.62 Å) represents intra-molecular hydrogen bonds within individual glycine molecules, while 556 

the inter-dimer hydrogen bonding at r = 3.08 Å and the broader peaks at r = 3.70 Å and 4.38 Å 557 

suggest longer-range hydrogen bonding interactions stabilizing extended glycine networks 558 

(Table 3, Fig. S14). 559 
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 560 

Fig. 7 Radial distribution function between the amine and carboxyl group at various 561 

supersaturations. The first peak represents the H-bonds forming intra- and inter-dimers.  562 

Table 3: Summary of g(r) Peak Positions for Glycine-Glycine Hydrogen Bonds 563 

S                      d(Å) 1st peak 2nd peak 3rd peak 4th peak 5th peak 

0.74 1.66 2.62 3.08 3.70 4.38 

1.35 1.66 2.66 3.1 3.76 4.38 

2.39 1.68 2.62 3.08 3.68 4.38 

1.35 no EtOH 1.64 2.60 3.08 3.66 4.36 

 564 

Previous studies confirm that N–H···O=C hydrogen bonds are the primary stabilizing 565 

force in glycine clustering, with intra-dimer and inter-dimer bonds organizing cyclic dimers, 566 

which act as structural precursors to α-glycine [46]. The absence of ethanol resulted in a lower 567 

g(r) peak height, indicating that hydrogen bonding was weaker and less frequent, leading to 568 

reduced glycine aggregation in pure aqueous solutions. Ethanol's ability to increase cyclic dimer 569 

fractions suggests that ethanol-water mixtures favor α-glycine nucleation over β-glycine 570 

formation (Table S1). 571 

3.2.4 Difference between alfa- and beta-glycine 572 

To quantify structural differences between α- and β-glycine, the radial distribution 573 

function g(r) of Cα–Cα distances was calculated (Fig. 8a). The α-glycine structure is 574 

characterized by closed dimers, which results in a shorter Cα–Cα distance (~5 Å). In contrast, 575 



24 
 

β-glycine, composed of open dimers, exhibits greater molecular separation (>5 Å). At low 576 

supersaturation (S = 0.74), the g(r) exhibited a strong peak at 4.88 Å, indicative of α-glycine-577 

like molecular packing. As supersaturation increased, both peak heights decreased, and at S = 578 

2.39, the second peak at 5.58 Å became dominant, signifying an increase in β-glycine-like 579 

molecular arrangements. 580 

 581 

Fig. 8 Differences between α-glycine and β-glycine: (a) Radial distribution function 582 

(RDF) of α-carbon (Cα–Cα) distances at increasing supersaturation levels, 583 

highlighting structural variations, and (b) Comparative Cα–Cα distances in α- and β-584 

glycine arrangements. 585 

Further comparative analysis with reference α- and β-glycine structures from the 586 

Crystallography Open Database (COD) (Fig. 8b) confirmed that α-glycine maintains a 587 

consistent 5 Å spacing, while β-glycine exhibits progressive Cα–Cα elongation over time, 588 

supporting the disordered aggregation observed in MD simulations. 589 

 590 

 591 
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3.2.5 Glycine-Water Hydrogen bonding interactions 592 

Water molecules serve as structural bridges during glycine crystallization. Radial 593 

distribution function between the amine (-NH₃⁺) and carboxyl (-COO⁻) groups of glycine and 594 

the oxygen in water (Fig. S15) identified three primary hydrogen bonding peaks at 1.7 Å, 3.2 595 

Å, and 5.8 Å (Table 4), consistent with glycine’s solvation behavior in aqueous environments. 596 

Ethanol exhibited similar bonding behavior at 1.7 Å, 3.3 Å, and 6.2 Å but disrupted water 597 

structuring near the glycine hydration shell, promoting desolvation and facilitating 598 

crystallization [48]. The interaction pattern suggests that ethanol partially replaces water 599 

molecules in glycine’s first solvation shell, weakening glycine-water hydrogen bonding and 600 

enhancing glycine-glycine association, promoting crystal nucleation. 601 

 602 

Table 4: Summary of distances where the main peaks from g(r) of 603 

carboxyl and amine group appear between glycine and water 604 

molecules. 605 

S                      d(Å) 1st peak 2nd peak 3rd peak 

0.74 1.74 3.2 5.84 

1.35 1.76 3.26 5.76 

2.39 1.74 3.2 5.72 

 606 

These simulations align with experimental findings, which show that the presence of 607 

ethanol alters hydrogen bonding dynamics, shifting the balance from solvent-mediated 608 

stabilization toward solute aggregation and crystallization [49,50]. Such differences can in turn, 609 

influence hydrogen bonding between solute molecules, playing a crucial role in crystallization. 610 

Noskov et al., reported that hydrogen bonding between water molecules is disrupted near the 611 

hydroxyl group, leading to an overall reduction in water hydrogen bonding within the first 612 

hydration shell. This effect is primarily driven by the structuring of water in the second 613 

hydration shell of ethanol [51].  614 

3.2.6 Glycine-Ethanol Hydrogen bonding interactions 615 

Ethanol plays a dual role in crystallization, acting as both a hydrogen bond donor and 616 

acceptor. At low supersaturation (S = 0.74), glycine-ethanol hydrogen bonds were stronger, 617 
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stabilizing glycine in solution and delaying crystallization. As supersaturation increased (S = 618 

1.35 and 2.39), ethanol’s hydrogen bonding environment shifted, reducing glycine-ethanol 619 

interactions and promoting glycine self-association, facilitating nucleation (Fig. S16). 620 

The radial distribution function for glycine-ethanol hydrogen bonding revealed peaks at 621 

1.76 Å, 3.3 Å, and 6.2 Å (Table 5), indicating hydrogen bonding between ethanol’s hydroxyl 622 

(-OH) and glycine’s amine (-NH₃⁺) groups. The observed trends confirm that ethanol's role as 623 

an antisolvent is concentration dependent. Low ethanol concentrations stabilize glycine in 624 

solution, whereas higher ethanol concentrations promote nucleation by reducing solvation 625 

effects.  626 

Table 5: Summary of distances where the main peaks from rdf of carboxyl and amine 627 

group appear between glycine and ethanol molecules. 628 

S                      d(Å) 1st peak 2nd peak 3rd peak 

0.74 1.76 3.3 6.22 

1.35 1.76 3.3 6.2 

2.39 1.74 3.2 6.26 

 629 

Previous studies have shown that at high ethanol concentrations, water tends to cluster, 630 

disrupting the hydrogen-bonded network [51].  Kitayama et al., further demonstrated that 631 

ethanol-induced dehydration leads to glycine clustering and crystallization, a finding that aligns 632 

well with the simulation results [17]. 633 

3.2.7 Simulation of glycine crystallization under membrane-controlled conditions 634 

Membrane-assisted antisolvent crystallization (MAAC) using a PVDF membrane (Fig. 635 

S5b) [16,52,53], was investigated at S = 1.35 to examine its influence on glycine nucleation. 636 

Molecular dynamics simulations revealed that ordered glycine dimers began to form as early 637 

as 100 ns (Fig. S17), in contrast to the homogeneous bulk crystallization system, where 638 

nucleation occurred more gradually and with a greater proportion of disordered aggregates. 639 

Although the precise role of the membrane surface remains under investigation, the 640 

results suggest that the membrane interface facilitates structured nucleation pathways. This is 641 

supported by the observation that cyclic glycine dimers, key precursors to α-glycine, were 642 

stabilized more efficiently under MAAC conditions than in conventional bulk crystallization. 643 
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Table 6 provides a direct comparison between experimental and simulation results across 644 

different supersaturation regimes, highlighting the correspondence between observed 645 

polymorphs, induction times, crystal sizes, and molecular aggregation behavior. Notably, the 646 

table also summarizes how hydrogen bonding features such as the presence of strong, ordered 647 

inter-dimer hydrogen bonds at lower supersaturation, correlate with the formation of larger, 648 

more uniform α-glycine crystals in experiments. In contrast, at higher supersaturation, the 649 

absence of cyclic dimers and the emergence of disordered hydrogen bonding networks in 650 

simulations are associated with the appearance of β-glycine and broader crystal size 651 

distributions. 652 

The simulations reinforce experimental findings that gradual ethanol diffusion through 653 

the membrane leads to the preferential formation of α-glycine, consistent with XRD and FBRM 654 

data. The observed dimer stabilization is likely a result of the controlled mass transfer of ethanol 655 

through the membrane, which prevents supersaturation spikes and promotes gradual nucleation. 656 

This differs from bulk antisolvent crystallization, where rapid ethanol addition results in high 657 

supersaturation bursts. The absence of significant secondary nucleation in MAAC also suggests 658 

that membrane-controlled ethanol diffusion provides a more predictable crystallization 659 

pathway. 660 

However, this small scale allows us to observe the earliest stages of crystallization in 661 

molecular-level detail, which significantly impacts the structure and properties of the resulting 662 

crystals. The simulated cluster sizes are significantly smaller than those involved in critical 663 

nucleation events, and due to the simulation time constraints, many clusters do not reach the 664 

critical nucleation threshold. Nevertheless, the early-stage molecular interactions observed in 665 

simulations provide valuable insights into solvent-mediated nucleation mechanisms, which 666 

align with experimental observations.  667 

 668 

 669 

 670 

 671 

 672 

 673 
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Table 6: Comparative summary of experimental and simulation results for glycine 674 

crystallization under membrane-assisted antisolvent conditions, including supersaturation, 675 

polymorph outcome, induction time, crystal size, molecular aggregation, and hydrogen bonding 676 

features. 677 

Supersa-
turation 

(S) 

Polymo
rph 

(Experi
ment) 

Polymorph 
(Simulation

) 

Induction 
Time 

(Simulati
on) 

Crystal 
Size 

(Experim
ent) 

Molecular 
Aggregati

on 

Hydrogen 
Bonding 
Insight 

0.74 α-
glycine 

α-glycine 
(cyclic 
dimers) 

1.9 ns - Ordered 
cyclic 
dimers 

Strong inter-
dimer H-bonds 
(r = 1.66 Å); 
supports α-
glycine 
formation 

1.35 α-
glycine 

α-glycine 
(cyclic 
dimers) 

1.4 ns 86 μm Ordered 
cyclic 
dimers 

Stable H-bond 
network; 
supports 
crystal growth 
and size 
uniformity 

2.39 - β-glycine-
like 
(disordered 
aggregates) 

<100 ps - Disordere
d 
aggregates 

Absence of 
cyclic dimers; 
weaker H-
bonding; 
favors β-
glycine 

 678 

4. Conclusions 679 

This study demonstrates that membrane-assisted antisolvent crystallization (MAAC) 680 

offers a robust and tunable platform for controlling supersaturation and polymorph selection in 681 

glycine crystallization. By employing PVDF membranes to regulate ethanol diffusion, we 682 

achieved stable supersaturation profiles that favored the formation of α-glycine with narrow 683 

size distribution and minimal secondary nucleation. Experimental results confirmed the 684 

predominance of α-glycine through XRD and FBRM analysis, while molecular dynamics 685 

simulations revealed that cyclic glycine dimers, precursors to α-glycine, formed under moderate 686 

supersaturation, whereas disordered aggregates associated with β-glycine dominated at higher 687 

supersaturation. 688 

The hypothesis that membrane-regulated mass transfer can modulate molecular self-689 

assembly and polymorphic outcomes was validated through both experimental and 690 
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computational approaches. This work introduces a novel integration of MAAC with molecular 691 

simulations to elucidate early-stage nucleation mechanisms, offering mechanistic insights that 692 

are difficult to capture through conventional crystallization methods. 693 

Compared to previous studies on bulk antisolvent crystallization [3,6,18], this work 694 

provides improved control over supersaturation kinetics and polymorph selectivity. Unlike 695 

rapid mixing systems that induce uncontrolled nucleation, MAAC enables gradual ethanol 696 

diffusion, reducing supersaturation spikes and promoting stable crystal growth [19–21]. The 697 

use of DBSCAN clustering and radial distribution function analysis further advances the 698 

molecular understanding of glycine aggregation, building on prior simulation efforts 699 

[13,18,46]. 700 

Future work will explore the extension of MAAC to more complex pharmaceutical 701 

compounds, where polymorph control is critical for bioavailability and stability. Additionally, 702 

membrane design will be optimized to tailor pore structure and surface chemistry for selective 703 

nucleation, potentially integrating stimuli-responsive materials to dynamically modulate 704 

crystallization environments. 705 

 706 
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All figure captions 881 

Figure_1 Schematic of the set-up used to evaluate membrane-regulated crystallization. An in-882 
line FBRM probe was installed at 45˚ in the crystallizing solution to continuously track the 883 
chord length. [Intended for color production] 884 

Figure_2 Representation of the boundary layer conditions depending on the antisolvent 885 
transmembrane flux: either nucleation is solely related to the direct contact of the antisolvent 886 
and crystallizing solution (a) or is additionally impacted by the heterogeneous nucleation from 887 
the membrane surface (b). [Intended for color production] 888 

Figure_3 Crystal shape and morphology obtained with MAAC (a), crystalline structure (b), 889 
FBRM chord count with time (c), and chord length distribution (d). [Intended for color 890 
production] 891 

Figure_4 SEM surface and cross-sectional images of PVDF membrane before and after the 892 
antisolvent crystallization of Glycine. [Intended for color production] 893 

Figure_5 (a) Evolution of the transmembrane flux of the antisolvent ethanol and 894 
corresponding supersaturation with time (b) The range of minimum and maximum 895 
supersaturation values reported in the literature for MAAC. [Intended for color production] 896 

Figure_6 Arrangement of glycine molecules at 100 and 500 ns, as observed in molecular 897 
dynamics simulations under different supersaturation conditions. [Intended for color 898 
production] 899 

Figure_7 Radial distribution function between the amine and carboxyl group at various 900 
supersaturations. The first peak represents the H-bonds forming intra- and inter-dimers. 901 
[Intended for color production] 902 

Figure_8 Differences between α-glycine and β-glycine: (a) Radial distribution function 903 
(RDF) of α-carbon (Cα–Cα) distances at increasing supersaturation levels, highlighting 904 
structural variations, and (b) Comparative Cα–Cα distances in α- and β-glycine 905 
arrangements. [Intended for color production] 906 
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