
Accepted Manuscript

Spray drying of mixed amino acid: the effect of crystallization inhibition and

humidity treatment on the particle formation

Ruohui Lin, Meng W. Woo, Zhangxiong Wu, Wenjie Liu, Jisheng Ma, Xiao D.

Chen, Cordelia Selomulya

PII: S0009-2509(17)30259-2

DOI: http://dx.doi.org/10.1016/j.ces.2017.04.013

Reference: CES 13547

To appear in: Chemical Engineering Science

Received Date: 22 August 2016

Revised Date: 4 April 2017

Accepted Date: 7 April 2017

Please cite this article as: R. Lin, M.W. Woo, Z. Wu, W. Liu, J. Ma, X.D. Chen, C. Selomulya, Spray drying of

mixed amino acid: the effect of crystallization inhibition and humidity treatment on the particle formation, Chemical

Engineering Science (2017), doi: http://dx.doi.org/10.1016/j.ces.2017.04.013

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



  

1 
 

Spray drying of mixed amino acid: the effect of 

crystallization inhibition and humidity treatment on the 

particle formation 

Ruohui Lin1, Meng W. Woo1, Zhangxiong Wu2, Wenjie Liu3, Jisheng Ma4, Xiao D. Chen2, 

Cordelia Selomulya1 

1Department of Chemical Engineering, Monash University, VIC 3800, Australia 

2 College of Chemistry, Chemical Engineering and Materials Science, Soochow University, 

Suzhou, Jiangsu Province, 215123, P.R. China 

3
Department of Pharmaceutics, School of Pharmaceutical Sciences, Central South University, 

Changsha, Hunan Province, 410013, P.R. China 

4 
Monash Centre for Electron Microscopy (MCEM), Monash University, VIC 3800 Australia 

 

Abstract 

This study focused on the spray drying of mixtures of amino acids by systematically 

investigating the influence of crystallization inhibition between taurine and glycine on 

particle formation. Two well-controlled drying techniques, namely Single Droplet Drying 

(SDD) and Micro Fluidic Jet Spray Drying (MFJSD), were used. An extended nucleation 

time, compared to that of pure amino acid, was first observed in the mixed AA sample dried 
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from SDD, possibly as a result of crystallization inhibition. The spray-dried particles were 

dense microspheres, compactly assembled by numerous fine crystal grains of uniformly 

distributed taurine and glycine. Crystallization inhibition was also confirmed by the presence 

of the unstable polymorphic form of glycine in the spray-dried mixed AA particles obtained 

from MFJSD, and was verified to be strongly associated to the formation of nanocrystals. 

The spray-dried microspheres were likely formed in a two-stage process of rapid nucleation 

followed by inhibited growths of taurine and glycine. The microstructure of mixed AA 

particles, assembled by nanometer-scale grains with the increasing size towards the inner 

particle, was due to the crystallization behavior of amino acids during convective drying. In 

the post-drying humidity treatment, a significant segregation between taurine and glycine was 

in a clear contrast to the uniform distribution in those without treatment.  Such segregation 

was possibly be due to various solubilities of taurine and glycine and their recrystallization in 

the humid condition. The recrystallization mechanism was further validated by a real-time 

observation of the morphological evolution on the particle surface. To the best of our 

knowledge, this is the first work that captured in real time the effects of post-humidity 

treatment on the morphological differentiation in spray-dried mixed amino acid particles. The 

understanding obtained here would advance the design formulation of amino acid particles. 

 

Keywords: crystallization inhibition; spray drying; single droplet drying; amino acids; 

humidity treatment; recrystallization 

1. INTRODUCTION 

There is an increasing interest in studying the formation and crystallization mechanisms of 

amino acid (AA) during convective drying, as AA crystals can be used to form coatings on 

the surfaces of spray-dried drug particles to enhance the aerosolization of particles 
1, 2, 3, 4

. 

The knowledge is required for the design of particles containing AAs and is generally 

deduced from their crystallization and drying behaviors. The involvement of both drying and 
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crystallization processes in spray drying of AAs means that it is challenging to understand 

these behaviors separately 
5, 6

, and has resulted in limited works being done in this area 
7, 8, 9

. 

To study the crystallization process during drying, the well-defined systems of Single Droplet 

Drying (SDD) and Micro Fluidic Jet Spray Drying (MFJSD) at the Monash research group 

were employed to examine the crystallization behaviors of mixed AAs – taurine and glycine 

10, 11
.  Previously, we observed the dissolution and subsequent recrystallization of spray-dried 

glycine that formed “coral-like” α-glycine particles after being subjected to a post-drying 

humidity treatment 
10

; while the surface nucleation process of taurine during a slow 

convective single droplet drying was observed in crystalline taurine particles 
11

.   

Here the crystallization behavior of mixtures of amino acids (AAs) was studied, as generally 

multiple crystalline compounds are formulated in spray-dried food and pharmaceutical 

particles. A comprehensive understanding of the crystallization of such mixtures during spray 

drying has yet to be established. The crystallization of mixed AAs reported to date has been 

mostly through cooling or a slow evaporation processes, whereby the crystallization 

inhibition, caused by a competition between two similarly structured AAs, was found to be a 

common phenomenon 
12

. Glycine of various polymorphic forms could be crystallized from a 

mixed solution of AAs 
13, 14

.  The addition of specific AAs was designed to interfere with the 

nucleation and growth rates of particular polymorphic forms or even to suppress the 

occurrence of crystallization. The morphology of resultant glycine crystals could also be 

modified by controlling their polymorphic forms. Such phenomenon was also reported in 

freeze-drying whereby crystallization inhibition of phenylalanine occurred in a mixture of 

phenylalanine and arginine 
15

, resulting in the amorphous nature of the freeze-dried particles. 

The crystallization behavior of mixtures of taurine and glycine during spray drying was 

studied. Taurine with a crystal space group of P2
1
/c 

16
 and α-glycine of P2

1
/n 

17
 have common 
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features in crystal structures 
18
. Thus it is interesting to note if the crystallization inhibition 

between taurine and glycine also occurs during this rapid convective evaporation. 

The study aimed to investigate the phenomenon of crystallization inhibition in spray drying 

of mixed AA solutions composed of taurine and glycine, and to understand the particle 

formation mechanisms. The study started with an investigation of crystallization behaviors of 

mixed AAs through single droplet drying (a slow convective drying). Subsequently, the 

occurrence of crystallization inhibition was examined in the mixed-AA particles obtained 

from spray drying (a fast convective drying), to provide insights into the relationship between 

the rate of particle formation and the characteristics of mixed AA particles.  

2. EXPERIMENTAL DETAILS 

2.1 Materials and precursor preparation 

The selection of taurine and glycine as model AAs was based on our previous investigation 

on the crystallization behavior of taurine 
11

 and  glycine 
10

 during convective drying.  Taurine 

(≥99 %, T0625-500G, Sigma-Aldrich, Australia) is a sulfur-containing AA (PDF 31-1914) 

with only one polymorphic form 
19

. Glycine (≥99 %, G7126-500G, Sigma-Aldrich, Australia) 

is the simplest amino acid with three distinct polymorphic forms. γ-glycine is the most 

thermodynamically stable form, while α-glycine is the metastable form and β-glycine is the 

most unstable form 
7
. Both taurine and glycine (confirmed in the α-form) were used as 

received without further purification. The AA aqueous solutions with a total solid 

concentration of 8 wt.% (Table 1) were used as the precursors for single droplet and spray 

drying. The standard X-ray powder diffractometry patterns of α-glycine (PDF 32-1702), β-

glycine (PDF 02-0171) and taurine (PDF 31-1914) were extracted by JADE software (MDI 

JADE 6 Materials Data Pattern Processing). 

Table 1. Formulations of precursors for single droplet drying and spray drying 
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                     Sample names 

Particle  

properties 

T4G4 Tau8 Gly8 Tau7Gly1 Tau1Gly7 

Taurine concentration (wt %) 4 8 0 7 1 

Glycine concentration (wt %) 4 0 8 1 7 

 

2.2 Single droplet drying and Micro-Fluidic Jet Spray Drying  

2.2.1 In situ observation, nucleation time and online mass measurement during drying 

AA droplets of 2 μL were hung onto a glass-filament in a drying chamber at 70 °C with air 

velocity of 0.75 m/s. For each run, the particle bulk morphology and the nucleation time was 

determined based on the video recording. The bulk morphology was denoted by the final 

shape of the dried particles, whereas the nucleation time was determined by denoting the first 

appearance of solid in the transparent droplet. The runs for each condition were repeated five 

times, from which the range of nucleation time was determined. The dried AA particles 

detached from the glass filament were collected for further morphological analysis. The mass 

changes of the droplet were determined in triplicate by the displacement of a standard marker 

located in the glass filament through Image J analysis. The weight loss is calculated based on 

the conservation of a standard line of mass plot of displacements
11

. Given that the 

displacement was affected by the recording magnification, the corresponding standard line 

was generated using glass beads of known weights for each run, where a coefficient of 

determination of 0.999 was yielded. Observation of the above-mentioned bulk morphology 

and the nucleation time as well as the online mass measurement of each AA solution were 

described in a previous work in detail
11

. 

2.2.2 Fabrication of microparticles by Micro-Fluidic-Jet-Spray-Dryer (MFJSD) 
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The AA solutions were spray dried at the inlet drying temperatures of 105 and 185 °C. A 

digital SLR camera (Nikon, D90) with a speed light and a microlens was used to take images 

of generated droplets. The images were then used to measure the diameter of the generated 

droplets, referred to as the droplet size. Details of the solution preparation and the spray 

drying process were described previously 
10

. 

2.2.3 Post drying treatment of spray-dried amino acid particles under high humidity 

Small amounts of the spray-dried AA samples were placed in a petri dish sealed with a gas 

permeable film (PARAFILM® M, P7668 Brand, Germany). The samples were stored in a 

humid condition (~76 % RH) created by a saturated sodium chloride solution in the sealed 

desiccator, or in a dry air condition (< 20% RH) created by self-indicating blue silica gel 

beads stored in the desiccator with a room temperature (20 ± 1 °C) . The details are described 

in Lin, et al (2015). 

2.3 Characterization of amino acid particles  

2.3.1 Droplet shrinkage and particle morphology  

The AA particles obtained from SDD and MFJSD were fixed to an aluminum sample stub 

using conducting carbon tape and then sputter-coated with ~3 nm gold-palladium to produce 

a conductive surface for scanning electron microscope (SEM) observation. FEI Nova Nano 

SEM 450 FEG SEM with an accelerating voltage of 2 or 3 kV with the spot size 2–3 and a 

working distance of ~2–5.5 mm was employed. The shrinkage ratio of spray-dried particles 

was calculated according to previous work 
10

, whereas the perfect shrinkage was calculated 

according to Lin and Chen 
20

. 

2.3.2 Taurine distribution in mixed-AA particles  

Taurine is a sulfur-containing amino acid with 25.6 % sulfur (w/w) while glycine does not 

contain sulfur. To determine the taurine distribution in the mixed AA particles, the sulfur 
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element was mapped by the SEM–EDX (energy dispersive X-ray) mapping with an 

accelerating voltage of 4 kV with spot size of 3 and a working distance of ~ 5.0 mm. 

2.3.3 Real-time observation on morphological changes  

 

Uncoated mixed amino acid particles were placed in an aluminum SEM stub that was further 

placed in 76 % RH for 0 h, 1 h, 2 h and 14 h. Surface microstructure was examined at FEI 

Quanta 3D FEG under environmental scanning electron microscope (ESEM) mode, which 

was facilitated with a pressure limited aperture to create a low vacuum environment in the 

specimen chamber. Imaging uncoated mixed-AA particles is thus feasible in the 

environmental SEM mode by optimizing the environmental, operating conditions and 

imaging parameters. A relatively high accelerating voltage of at least 10 kV 
21, 22

 or higher 

with long working distance are generally used in ESEM mode to maintain a strong primary 

beam and boost imaging signals 
23

. However, due to the extreme beam sensitive nature of 

mixed-AA samples, a low accelerating voltage has to be used to preventing specimen from 

beam damage. Several considerations were taken into account for generating sufficient 

signals, avoiding beam damage and reducing charging effects. A relatively high vacuum in 

ESEM vacuum range and a short WD were employed to reduce the scattering of primary 

beam and improve the imaging resolution. A high beam current of 10 nA was selected to 

generate sufficient signals with little damage of the specimen. The reduction of charging 

effects was achieved using frame average filter with 1 µs dwell time during image scanning. 

The optimized operating conditions were as follows. The observation conditions in the FEI 

chamber were set at room temperature with pressure equilibrium achieved at approximately 

300 Pa. Microscope imaging was performed in the working distance of 4.2~4.7 mm with the 

voltage of 3.0 kV and the current of 10 nA. The sample images were acquired at the dwell 

time of 1 μs with a function of the average frame filter. The focus of the images was 
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conducted in the initial contrast of 52.7 with the enhancement of 23.7 and the brightness of 

17.6. 

2.3.4 Polymorphic form determination  

The samples were analyzed by Philips 1130 (Philips, Netherlands) X-ray powder 

diffractometry (XRD) within 30 minutes after spray drying. XRD pattern were obtained with 

Cu Kα radiation (λ=1.5405 Å) at 40 kV and 25 mA. The deliberately crushed particles were 

placed on a single crystal quartz specimen substrate for analysis. Each sample was scanned 

between 10–50 ° in 2 θ at the scanning rate of 2 °/min
−1

 with a step size of 0.02 °. 

2.3.5 Specific surface area measurement and the calculation of particle effective density 

The spray-dried samples and the humidity-treated samples were degassed in a vacuum at 180 

°C for at least eight hours and measured at -195 °C with a Micromeritics ASAP 2020 

analyzer. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific 

surface area by using the adsorption data at p/p
0 

range of 0.05 ~ 0.25. The pore size 

distribution was derived from the adsorption branch by using the Barrett-Joyner-Halenda 

(BJH) model. The total pore volume was estimated from the adsorbed amount at a p/p
0
 value 

of 0.995. The effective density of a particle (
eff )

24
 is defined as the mass of a spray-dried 

mixed-AA particle divided by the volume of this sphere with a diameter of 65 µm, and can be 

calculated based on the pore volume data obtained from ASAP 2020 analyzer. The detailed 

calculations are presented in the Appendix’s sections 7.1 and 7.2. 

3. Results and discussions  

3.1 In situ analysis from single droplet drying 

 

The typical observation of aqueous glycine and mixed AA droplets with an initial 

concentration of 8 wt. % is shown in Figure 1. Initially, the droplet was spherical due to the 

surface tension overcoming gravity 
25

, and as the drying progressed, the droplet started to 
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show rugged edges (Figure 1, A4–C4). The final shapes of both taurine and glycine were 

caused by the formation of large crystals (Figure S1, b). In contrast, the mixed-AA particles 

show a spherical shape in the bottom half (Figure 1, D4–F4), which was due to the formation 

of fine crystals with sizes ranging from 300 to 1000 nm on the particle surface (Figure 2, a). 

Despite the fine crystals on the particle surface, large crystals with varying sizes of 10–400 

µm were dominant in the internal part of the particles (Figure 2, b).  

 

Figure 1. Typical images from in-situ video recording of the crystallization process for glycine and 
mixed-AA (taurine 4wt.% and glycine 4 wt.% ) solution with an initial droplet volume of 2 μL and at 

drying temperature of 70 °C via single droplet drying. 
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Figure 2. SEM images of mixed-AA (T4G4) with an initial droplet volume of 2 μL at 70 °C via single 

droplet drying.  (a–a’) and (b–b’) represent the surface and the internal structure of the dried particle, 

respectively. 

 

Furthermore, the extension of the nucleation time was observed in the mixed-AA particles. 

The nucleation time range of glycine was around 80–97 s, whereas that of mixed-AA was 

around 99–111 s range (Table 2). Compared to the reported nucleation time of taurine droplet 

of 31–42 s 
11

, the nucleation time of mixed-AA was significantly shorter. The presence of 

additives in a liquid-form crystallization system can affect nucleation behaviors considerably, 

by exerting either an inhibiting or an accelerating effect 
12

.  Although the influence of 

additives on crystallization process is varied based on different scenarios, the additives acting 

as inhibitors would generally increase the nucleation period, resulting in a prolonged 

nucleation time 
12

. In view of the identical drying conditions, the evidence of the prolonged 

nucleation time indicates that the incorporation of taurine into the glycine solution would not 

facilitate but suppress the nucleation process. In addition, the mixed-AA particles (~15% 

residual mass) have much higher residual mass than pure taurine (~8% residual mass) or 

glycine (~10% residual mass), as shown in Figure 3, indicating the higher moisture content in 

the mixed-AA particles. 

Table 2. Summary of nucleation times of 8 wt.% mixed-AA and glycine droplets dried at 70 °C. The 

nucleation time was averaged from five runs. 

Sample droplet Nucleation time range(s) Average nucleation time(s) 

Tau4Gly4 99–111 106.7 ± 5.3 

Gly8 80–97 90.0 ± 6.2 

Tau8 
11

 31–42 37.0 ± 3.7 

 

The significant differences in crystallization behaviors including bulk morphologies, nucleation 

time and the residual moisture content between mixed-AA and pure AA samples could be due to 

the proposed crystallization inhibition between taurine and glycine. However, the analysis on the 
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aforementioned behaviors would not provide a sufficient evidence of crystallization inhibition, 

considering single droplet drying is a relatively slow drying process, with a very limited sample 

(one particle) available for analysis such as XRD. Thus spray drying (a fast convective drying) 

was used to produce a sufficient quantity of samples for further analysis. 
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Figure 3. Mass profile of 8 wt% amino acid solution with an initial droplet volume of 2 μL and at a 

drying temperature of 70 °C via single droplet drying. (□) Taurine 8%, () Glycine 8% and (∆) Mixed-

AA (T4G4). 

 

3.2 Crystallization inhibition in the spray-dried mixed-AA particles 

 

The mixed-AA (taurine–glycine mass ratio of 1:1) microspheres were obtained at a drying 

temperature of 185 °C. The resulting microspheres showed uniform spherical morphology 

with a size of 66.4 ± 2.6 µm (Table 3), and were found to be compactly assembled by 

numerous fine crystal grains (Figure 4, a–f). Such assembly of structure for mixed-AA was in 

clear contrast to those of pure AA particles dried under the same circumstances (Figure S2, a 

& c).  Exhibiting a dimple-like shape, both spray-dried taurine and glycine samples show 

hollow structures and contain large crystals internally (20–60 µm).  The increase of the 

crystal size towards the internal structure was clearly observed in mixed-AA samples: on the 

particle surface, the crystal size was approximately 30–50 nm (Figure 4, b); whereas below 



  

12 
 

the surface, the crystal size was observed to be between 300–500 nm (Figure 4, d) and was 

considerably larger toward the core with sizes between 1–2 µm in the particle core (Figure 4, 

f). The phenomenon of “surface nucleation” as reported previously 
11

 could cause the 

increasing crystal size. Supersaturation induces fast nucleation of amino acid on the droplet 

surface in spray drying, forming the ultrafine crystallites on surface. As drying progresses, 

the water evaporation in the droplet center is not as rapid as on the surface, which allows 

more time for the crystals to grow before solidification and causes the formation of larger 

crystals internally.  

Table 3. Properties of spray-dried amino acid particles at various component ratios 

                     Spray-dried   
Samples  

Particle  

properties 

Spray-dried  

Tau4Gly4 
Spray-dried Tau8 Spray-dried Gly8 

Moisture content (%) 4.56 ± 0.9 1.24 ± 0.1 2.74 ± 0.2  

Initial size diameter (μm) 160.5 ± 24.3 175.0 ± 11.1 164 ± 22.1 

Final particle diameter (μm) 66.4 ± 7.6 75.3 ± 5.2 78 ± 5.3 
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Figure 4. Overview SEM images inset in (a) and (a) of mixed-AA (T4G4) microspheres obtained at 

185 °C.  Overview image (c) in the internal structure of an intentionally cracked glycine particle. 

High-resolution SEM images of (b) the surface, (d) the internal structure, (e) a cross-section of a 

cracked particle and (f) the particle core of the mixed-AA microsphere.  The black arrow in (a) 

indicates the presence of peanut shaped particles. 

 

Another interesting observation was the “peanut-like” particles found in mixed-AA samples 

(indicated by a black arrow in Figure 4, a), which were not typically observed in spray-dried 

pure AAs samples (Figure S2). The spray-dried mixed-AA particles contain a higher 

moisture content of 4.56 %, compared to that of pure amino acid particles with moisture 

content below 2.74 % (Table 3). The crystallization of dissolved solid between adjacent 

particles was reported to form the cohesive powders by forming solid bridges 
26

. Similarly, 

the high content of residual water in mixed-AA samples could possibly cause the dissolution 
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of particle boundaries, while a further recrystallization of solid bridge is responsible for the 

formation of peanut-like particles. 

Although the evaporation rate of spray drying is much rapid than that of single droplet 

drying 
27

, the particle formation processes in these two convective drying methods shares 

some common features. In both single droplet drying (slow drying) and spray drying (rapid 

drying), smaller crystals and higher residual moisture content were found in the mixed-AA 

particles, when compared to those of pure AA particles. This indicates that the distinct 

formation of the mixed-AA particles might not be dependent solely on the evaporation rates.  

XRD patterns revealed that the spray-dried mixed-AA particles were the combination of β-

glycine and taurine (Figure 5, a). β-glycine, as the most unstable polymorphic form of 

glycine, was typically not observed in spray-dried pure glycine particles at a temperature 

between 105 °C to 185 °C
 10

; however, β-glycine was found in mixed-AA samples dried at 

185 °C, with the main characteristic peak of 17.8° present in the XRD pattern (Figure 5, a). 

Poornachary et al.
13

 suggested that an indication of crystallization inhibition was the lack of 

formation of a stable polymorphic form, due to the interruption of crystal nucleation. 

Accordingly, the results confirmed that the proposed inhibited crystallization took place 

when the mixture of these two AAs was spray dried. In particular, the inhibited 

crystallization of glycine occurred with an unstable polymorphic form of glycine observed.  
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Figure 5. XRD pattern of (a) spray-dried mixed-AA samples (T4G4) freshly obtained at a drying 

temperature of 185 °C, (b) the same batch of samples stored in <20%RH for one month, and (c) 

stored in 76% RH for one week. (•) unidentified peaks. 

 

3.3 Possible particle formation mechanism(s) derived from crystallization inhibition 

effect 

 

Interestingly, crystallization inhibition might be related to the formation of nanocrystals 

obtained from spray drying. The crystal size would be significantly reduced as a result of the 

suppressed crystal growth caused by the presence of crystallization inhibition 
28

. Under the 

conditions investigated, nanocrystals were obtained for particles with taurine–glycine ratio of 

1:1. The crystallization inhibition of glycine might cause the formation of these nanocrystals. 

To verify this hypothesis, mixed-AA microspheres were spray-dried from mixture solutions 

of taurine and glycine at two other ratios (Table 1). The large block-like crystals with size 

around 20–60 µm were present in both mixed taurine and glycine samples in ratios of 1:7 and 

7:1 dried at 185 °C (Figure 6, a–d). However, the α-form was shown as a predominant 

polymorphic form in glycine (Figure 6, e). Neither the formation of nanocrystals nor the 

presence of β-glycine was observed. These results confirm a direct correlation between the 
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crystallization inhibition of glycine and the formation of nanocrystals in the microspheres 

obtained from taurine-glycine mixed in 1:1 ratio. 

 

Figure 6.  The SEM images of Tau1Gly7 (a–b) and Tau7Gly1(c–d) microspheres obtained at ~185 

°C: overall view in (a) or (c), typical images of the internal large crystals of the microspheres in (b) or 

(d). The unlabeled scale bar is 20 µm. 

 

To further construct the formation mechanisms of the multi-component mixture, the 

elemental sulfur (S) was traced to indicate the location of taurine on the particle. Sulfur was 

shown to be uniformly present both on the outer layer and in the cross-sectional part of the 

particles (Figure 7, a–b’), suggesting a simultaneous formation of taurine and glycine 

nanocrystals.  Although taurine has a lower saturation concentration of 8.08 wt.% at 20 °C 
29

 

than glycine with 18.37 wt.% at 20 °C 
30

, the precipitation of taurine might not occur prior to 

that of glycine when the water continues to evaporate during spray drying.  
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Figure 7.  Elemental distribution maps for the surface and the internal section of spray-dried mixed-
AA (T4G4) microparticles (a–b) and the post-drying humidity-treated microparticles for one week (c–
d).  The SEM images of the particle surface o (a & c) and the internal section (b & d); High-resolution 
SEM images (a’–d’) of the marked areas; and the distribution of sulphur (a’’–d’’) in (a’–d’) areas as 

demonstrated in yellow color. 

 

3.4 Real-time morphological observation and component segregation induced by post-

drying high humidity treatment 

Our previous study 
10

 presented the use of humidity-treatment to tailor the glycine particle 

surface, whereas the recrystallization of dissolved glycine into large crystals was proposed to 

occur under high humidity. To study this morphological evolution, the particle surface of 

mixed-AA particles was observed in situ via SEM at various times ranging from a few hours 
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to one week. The morphological evolution requires an interfacial contact between nano-

crystals and water vapor (high humidity). The gold-palladium coating on the sample surface, 

generally required for observation SEM, is used to create a conductive layer for high 

resolution observation; this layer with a thickness of around 3 nm, however, prevented the 

particle-water contact. Observation of the uncoated samples without a significant loss in 

resolution is thus a determinant of the success of the real-time observation. With recent 

advances in microscopy, the uncoated mixed-AA particles were successfully observed using 

FEI Quanta 3D FEG under environmental scanning electron microscope (ESEM) mode. The 

growth of amino acid into larger crystals on the particle surface could be clearly captured in 

real-time basis as shown in Figure 8.  The subtle changes on the particle surface were initially 

observed in the samples under one-hour humidity treatment, followed by more significant 

changes in the two hour-treated samples, where the protuberances replaced the previous 

smooth surface. The number and size of protuberances increased as the treatment time was 

extended. The morphological changes were more pronounced in the one-week treated 

samples, where a rough surface consists of 300 nm to 5 µm crystals with two prominent 

morphologies observed (Figure 9, c).  By tracing sulfur on the rough surface, small dot-like 

crystals with size of 300–500 nm was determined to be taurine, whereas large block-like 

crystals with sizes of 1–5 µm were confirmed as glycine (Figure 7, b). Furthermore, the 

absence of the peak at 17.8˚ and the presence of peaks at 14.8˚ and 29.8˚ in humidity-treated 

samples provided evidence of the transition of β-glycine into α-glycine during exposure to 

humidity (Figure 5, c).  
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Figure 8. SEM images of morphological changes of target particles or section (as labelled a, b and c) 

being subjected to humidity treatment (76% RH) for 0 h, 1 h, 2 h and 14 h. 

 



  

20 
 

Figure 9. SEM images of coated mixed-AA (T4G4) microspheres exposed to 76% RH for one week: 
(a) the overview of the samples; (b) an individual particle; (c) the high-resolution observation of the 

particle surface.  

Through the real-time observation, the recrystallization of amino acid under humidity was 

shown to be responsible for the morphological evolution of nanocrystals into micron-size 

crystals on the particle surface, in excellent agreement with the mechanisms proposed 

previously 
10
.  Based on these mechanisms, the morphological segmentation is possibly 

caused by the different solubilities of taurine and glycine in condensed water (humidity) in a 

slow process. Amino acid dissolving in humid condition is a premise of recrystallization that 

causes the morphological transformation. Glycine has much higher solubility of 27.6 g/100 g 

water at 25 °C 
31

 than that of taurine with 8.8 g/100 g water at 20 °C 
29
. Large amounts of fine 

glycine crystals would be involved in the dissolution due to the high solubility of glycine, and 

the dissolved glycine would recrystallize into large crystals, as compared to the small dot-like 

crystals recrystallizing from the less soluble taurine. On the other hand, reducing the 

exposure to humidity would prevent the amino acid from dissolving, thus preserving 

morphological stability. The spray-dried mixed-AA samples stored in the low humidity 

condition (< 20% RH) remained stable in terms of polymorphism and morphology for up to 

one month (Figure 5, b and Figure S 3). These findings suggest that the key factor to induce 

the morphological modification is the ability of materials to dissolve in a given environment, 

and that this ability is affected by the nature of the material (solubility) and the humidity level 

of the environment. In other words, various degrees of solubility between multiple 

components on exposure to humidity would contribute to morphological segregation.  

Based on the aforementioned results, the formation mechanisms of microspheres assembled 

from nano- or micro- crystal during fast drying and component segregation on the particle 

surface under the post-drying humidity treatment are proposed (Scheme 1). At an initial stage 

of drying, the mixed taurine and glycine droplet with a size of about 160 µm (Scheme 1a) 

gradually shrink into a size of about 65 µm due to the water evaporation.  Driven by the 
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increase of the solute concentration, the rapid nucleation of both taurine and glycine occurs 

on the surface of the droplet, leading to the formation of the microsphere’s framework with 

homogeneous distribution of these two amino acids (Scheme 1b). Suppressing the crystal 

growth, crystallization inhibition results in the formation of nanometer-scale crystals that are 

ultimately assembled to form the smooth particle surface (Scheme 1c).  Due to the formation 

of the close-packed particle surface, water evaporation in the droplet center is not as rapid as 

on the surface, which allows more time for the crystals to grow internally before 

solidification. The fine-scaled microstructure of the microsphere with increasing crystal size 

towards center is thus formed (Scheme 1d). Under the post-drying humidity treatment, the 

recrystallization of amino acid creates the morphological evolution of nanocrystals into 

micro-size crystals on the particle surface (Scheme 1e).  In particular, the different abilities of 

taurine and of glycine to dissolve in condensed water could be responsible for the segregation 

between small taurine crystal and large crystals.  

Water evaporation Glycine crystals Mixed taurine and glycine aqueous solution Taurine crystals

Surface 30–50 nm

In core 1–2 µm

Below surface 

300–500 nm

a b c

de

Segregation on the surface

Taurine 300–500 nm

Glycine 1–5 μm

 

Scheme 1. The mechanisms of particle formation during spray drying and humidity treatment: a) the 

initial droplet, b) the nucleation of taurine and glycine on the droplet surface, c) the formation of 

nano-crystals that are ultimately assembled to form the smooth particle surface, d) spray-dried 

microsphere with increasing crystal size towards center, and e) the recrystallization of amino acid and 

the segregation on the particle surface under post-drying humidity. 
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3.5 Effect of crystallization inhibition on the characteristics of spray-dried microspheres 

To examine how the crystallization inhibition affects the particle characteristics, we can made 

a comparison to a (theoretical) spherical particle with taurine and glycine solids in 1:1 ratio 

perfectly mixed without any voids and with a diameter of 65 µm. The surface area and 

effective density of this theoretical particle were compared with those of spray-dried 

microspheres assembled by numerous nanocrystals achieved from experimental data or 

calculation, as shown in Table 4. Spray-dried particles had the largest surface area of 

13.18 m
2
/g, which was more than 250 times larger than the assumed dense particles with a 

surface area of 0.05 m
2
/g. The effective density of spray-dried particles with 1.35 g/cm

3
 was 

marginally smaller than the assumed ones with an effective density of 1.67 g/cm
3
. This is in a 

good agreement with the observation of relatively dense spray-dried particles as shown via 

SEM (Figure 4). Additionally, due to the growth of amino acid into larger crystals, the 

specific surface area of the humidity-treated particles was 1.53 m
2
/g. The results indicate that 

crystallization inhibition could exert significant impact on the particle surface area by 

influencing the particle formation process due to the porous structure formed. However, 

within the range of the porosity generated, the density of the particle was only minimally 

affected. 

Table 4. Properties of mixed-AA particles at 1:1 (taurine: glycine) ratio with diameter of 65 μm 

obtained from spray drying, in comparison to assumed particles perfectly packed by taurine and 

glycine without voids. 

Sample names 

Particle 

properties 

Spray-dried 
particles 

Humidity-treated 
particles 

Assumed particles 
without voids 

Specific surface area (m
2
/g) 13.18 1.53 0.05 

The effective density (g/cm
3
) 1.35                   – 1.67 
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4. Conclusions 

The behaviors of taurine and glycine mixture in slow and fast convective drying were 

investigated. The phenomenon of crystallization inhibition in the mixture of taurine and 

glycine was confirmed by the presence of unstable β-glycine in the spray-dried mixed-AA 

particles. The spray-dried mixed-AAs (taurine and glycine in 1:1 ratio) were dense 

microspheres compactly assembled by fine crystal grains. The examination of various ratios 

of mixed components verified the relationship between crystallization inhibition and the 

formation of nanocrystals. The rapid nucleation of taurine and glycine led to the formation of 

a spherical framework, followed by an inhibited growth of both amino acids. Due to the 

slower evaporation rate in the droplet center than on the solidified surface, the nanometer 

scale grains assembled into the microspheres with increasing sizes towards the internal 

microstructures. In the post-drying humidity treatment, the real-time observation of the 

morphological changes on the particle surface validated the recrystallization mechanisms. In 

particular, the morphological segmentation between taurine and glycine was attributed to the 

different abilities of these two amino acids to dissolve under a given humid condition. The 

mixed formulation of taurine and glycine might potentially be used to create a spray-dried 

crystalline coating with large surface areas for pharmaceutical particles.  This formulation 

might also be used as a model formulation to produce spherical and dense particles 

assembled by nanocrystals in co-spray drying crystalline pharmaceutical or functional food 

ingredients.  

5. Supplementary information 

Extended details of the experiments and auxiliary results related to the present study are 

available as supplementary information. 
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7. Appendix  

7.1 Estimation of the specific surface area of assumed mixed-AA particles 

The estimation of specific surface area was undertaken using a mass weighted density for the 

solid non-pore portion of the particle, for a mixture of glycine and taurine. The mass 

weighted density was calculated as: 

1 g t

s g t

x x

  
                                                                                                                (1)   

where 
gx and tx are the fractions of glycine and taurine in the mixed AA samples, 

respectively. 
g  and t  are the densities of pure glycine and pure taurine, respectively. 

Assuming the particle showing in smooth surface, the surface area s  of one mixed AA 

particle is calculated as follows: 

24s r                                                                                                                           (2)   

where the r  is the particle radius. Assuming the particle is dense and solid; the mass of one 
mixed AA particle is calculated as follows: 

34

3
sm r                                                                                                                     (3) 

Therefore, the estimated specific surface area in m
2
/g based on Equation (2) and (3) is shown 

as follows: 

Specific surface area 
3

/
s

s m
r

 


                                                                            (4) 

Therefore, the estimated specific surface of one assumed mixed-AA particle with diameter of 
65 µm is 0.0553 m

2
/g.  The density of taurine and glycine is 1.73 g/cm³  

16
 and 1.61 g/cm³ 

32
, 

respectively.  

 

7.2. Calculation of the effective density of the spray-dried particles 
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The effective density of a particle (
eff ) is defined as the mass of the particle divided by the 

volume of a sphere of diameter of 65 µm.  As the volume of the sphere (particles) includes 

the solid region and the pores, 
eff will be lower than the true solid density s ,  

s
eff

t

m

V
                                                                                                                       (5) 

where tV represents the total volume of the particle given by 34

3
r ; sm  represents the mass 

of one particle, which can be obtained from, 

   sss Vm                                                                                                                        (6) 

where  s  represents the density of mixed-AA and was previously calculated as 1.67 g/cm³ 

from Equation 1; sV  stands for the volume of the solid in the unit of m³ and can be expressed 

as,  

s t pV V V                                                                                                                           (7) 

pV represents the pore volume in the unit of m³ and can be computed via the following, 

making use of the ASAP measurements, 

ZmV sp                      (8) 

Where Z  is the specific pore volume with the unit of m
3
/g, obtained from ASAP results 

(Section 2.4.3).  Combining equation (6), (7) and (8) then leads to the following expression, 

  ssts ZmVm                     (9) 

 Rearranging Equation (9), the following expression for the solid mass can then be obtained, 

1

t s
s

s

V
m

Z








 
                                                                                                                       (10)        

Equation (9) was then used with Equation (1) to calculate the effective density of the 
particles.  Considering the diameter of spray-dried mixed AA particle to be 65 µm, with pore 
volume Z 0.140882 ×10

-6
 m³/g obtained from ASAP results (Section 2.4.3), the solid mass

sm =1.94×10
-7  

g.  This corresponds to an effective spray-dried mixed –AA particle density 

of 1.35 g/cm
3
.  In addition, from the calculated solid mass, the pore volume can be further 

estimated using equation (8) to be 
pV = 2.73 ×10

-14  
m³.  
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9. Supplementary information 

 
Figure S 1. Low-resolution images inserted in (a) or (b) and high-resolution SEM images of 

dried (a) pure taurine and (b) glycine particle dried at 70 °C via single droplet drying. 

 

 

Figure S 2. Overall SEM images inset in (a–b) and in (c–d) of spray-dried (SD) taurine and 
glycine microspheres obtained at a drying temperature of 185 °C, respectively.  The internal 
structure of SD-taurine and SD-glycine were shown in (b) and (d). The SEM images of the 

humidity-treated (HT) taurine (a’–b’) and glycine microspheres (c’–d’) were also shown.   The 
unlabeled scale bar is 100 µm. 
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Figure S 3.  The typical SEM images of spray-dried mixed-AA samples stored in <20 RH% for 
one month were shown unchanged in terms of particle morphology. 

 

 

  



  

30 
 

Graphical abstract 

Water evaporation Glycine crystals Mixed taurine and glycine aqueous solution Taurine crystals

Surface 30–50 nm

In core 1–2 µm

Below surface 

300–500 nm

a b c

de

Segregation on the surface

Taurine 300–500 nm

Glycine 1–5 μm

3 µm

3 µm

500 nm

Surface

Under surface

In core

500 
nm
2 µm

5 µm

Segregation on 
the surface

 

 

  



  

31 
 

 

Highlights 

 

 Mixed AA particles assembled by nanometer-scale grains was formed 

during convective drying 

 Crystallization inhibition was strongly associated to the formation of 

nanocrystals 

 Component segregation between taurine and glycine was induced by the 

post-drying humidity treatment 

 A real-time observation of the morphological evolution on the surface of 

the particles that were exposed to humidity was captured for the first time 

using Quanta Scanning Electron Microscope. 

 


