The effect of freeze drying on the nano and micro structures of sugars  
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ABSTRACT 

	Aims: Crystallization during freeze-drying (FD) play essential role for creating high-quality sugar products and optimizing production processes in the sugar and   pharmaceutical industry. The primary objective of this study is to examine the impact of the FD process on the nanoscopic nucleation stage of monosaccharides (glucose, galactose and fructose) and disaccharides (sucrose and lactose) during the crystallization process.   
Study design:  Experimental and employs software for modelling.
Place and Duration of Study: Department of Food Engineering (METU) and Department of Physics Engineering (Hacettepe University), National Synchrotron Radiation Research Center, between 2022 and 2024.
Methodology: The 3D nanoscopic structures of the sugars were established by SAXS-WAXS (Small and Wide-Angle X-ray scattering) methods for the first time. Attenuated Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR) was used to examine the molecular structural changes and behavior of water molecules surrounding of sugar molecules.
Results: Crystallographic unit cells, lattices of the nano-nucleation and nano morphologies were determined. The uniform distribution and well-defined compact morphology were found for FD-lactose. Marked spectral differences in ATR-FTIR spectra between FD and control samples of glucose and sucrose were observed.  
Conclusion: The findings of the study suggest that the freeze-drying process may potentially result in an enhancement of the molecular and nanoscopic stability of sugars.
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1. INTRODUCTION 

Freeze-drying (FD) is a technique used for removal of the solvent without crystallization of the solute for amorphous solids, which is widely used in food/pharmaceutical manufacturing processes [1-3].  Freeze-dried foods provide a number of advantages over fresh foods. 
Various changes in the physical, chemical and biological properties of food can occur during processing, storage and distribution [4]. Therefore, engineering optimization during the FD process is of vital importance. In particular, the process must be carefully managed to preserve product sensory properties such as taste and odor.
FD can be further improved in order to maintain the quality parameters of food products [5] and it  is capable of providing comprehensive dehydration compatible with long-term storage [6].  This technique is considered a standard method in the biotechnology sector, as it enables the production of high-quality and stable products.
FD significantly extends the shelf life of products by effectively removing moisture [7]. In addition, it provides advantages in transportation and storage costs by reducing product weight.  The FD method preserves the unique melting and stickiness properties of different types of sugar, preventing these products from being damaged during processing.  Moreover, this low-temperature process allows the development of innovative and light desserts while preserving the nutritional value and functionality of the products [8].  
The FD process consists of three main stages: freezing, sublimation and secondary drying. This process enables the production of products with high rehydration capacity. However, the low energy efficiency and high cost requirements of this method limit its economic viability. The FD will be more economical in future due to energy efficiency and equipment performance developments.

In many processes, the sugar crystallinity is critical to the acceptance of the final product [9-12]. Glucose, fructose, galactose, sucrose and lactose are common sugars (Fig. 1), which are found in dairy products such as fruits, vegetables or processed foods.
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                 Fig.1. The chemical structure of monosaccharides and disaccharides.

Glucose, fructose and lactose were used for the growth medium to examine the heat tolerance and survival during storage of FD foods [13-16].  There are also multiple possible mechanisms in FD process such as the water replacement and glass transition [17].
One of the main challenges in industrial manufacturing of crystallized products is the control of crystal properties of sugars. The crystal structures of fructose and sucrose and polycrystalline structures of all other sugars are known [18,19].  Sugars used in this study have the tendency to develop clusters due to their high water-retaining abilities, coming from their hydroxyl groups [19-21]. 
It was expected and predicted that the electron densities, the sizes and morphologies of the crystallites/nano formations and their distributions would change after FD process.  The most important process of the sugar crystallization is nano-nucleation and the nanoscale crystallite (aggregation sizes, morphologies and distributions). 
SAXS and WAXS methods are X-ray based  metrology that has been recently attempted in the food industry to determine the size, electron density and morphology of nanoparticles as well as for the investigation of different phases in multiple component systems such as milk [22-24]. SAXS structural characterization can reveal a more complete structural information (size, shape, conformation distribution and inner/interface properties) of the nano formations in liquid, gel and solid forms.
ATR-FTIR spectroscopy is noninvasive and rapid tool for structural characterization of molecules. Mid IR spectroscopy is the very sensitive tool for probing hydrogen bonds [25].
In this study, the nano- and micro-structural characterization of FD sugars (glucose, fructose, galactose, sucrose and lactose) was carried out using SAXS-WAXS and ATR-FTIR spectroscopy techniques, respectively.

2. material and methods 
2.1. Materials 
Commercial crystal sucrose (beet sugar) and lactose were purchased from a local market with the brand name Altın Küp (Turkey) and LAB M (United Kingdom), respectively. 
D(+)-glucose monohydrate (grape sugar), referred as Glucose-1, and anhydrous D(+)-glucose, referred as Glucose-2, were both purchased from Merck KGaA (Darmstadt, Germany). To make a systematic comparison with other sugars, glucose defined as Glucose-1 is used in this study. 






2.2. Sample preparation 

The glass transition temperature (Tg) of sugars is key to manufacturing processes and post-production stability. The focus of this study is Tg of fructose, glucose, sucrose, galactose and lactose, affected by hydration levels and processing conditions. 
Among the sugars analyzed, lactose exhibited the highest Tg limit (-17°C), while fructose demonstrated the ability to undergo the glass transition at the lowest temperature (-45°C).  Freezing was carried out under controlled conditions at approximately -18°C, -31°C, -33°C, -34°C and -43°C for fructose, glucose, galactose, sucrose and lactose, respectively, to preserve their structural and physicochemical properties.
To obtain amorphous sugars, lactose (disaccharide milk sugar), galactose (monosaccharide milk sugar) fructose (fruit sugar), glucose, and sucrose were freeze-dried following dilution. Freeze drying of glucose, galactose, sucrose (50% w/v), and lactose (10% w/v) were carried out using a vacuum freeze dryer (LGJ‐10, Beijing Songyuan Humxing Tech. Co. Ltd., Beijing, China) for 48 hours. The hygroscopic fructose sample (gel form) could not be dried effectively due to the limitations of the equipment used.
2.3. Optical microscope images

A conventional optical microscope (Bausch & Lomb) was employed to examine the structural characteristics of the control and freeze-dried (FD) sugar samples immediately following their preparation. Preliminary surface topology information was obtained through direct optical imaging, yielding the initial visual representations of the materials, as depicted in Fig. 2. The microscope provided a variable optical magnification range of 7x to 30x. The circular images in Fig. 2 correspond to a diameter scale of 3 mm.
2.4. SAXS and WAXS measurements
Two-dimensional (2D) experimental scattering profiles were obtained at the 23A SAXS beamline of NSRRC (National Synchrotron Radiation and Research Center), Taiwan. Monochromatic X-rays with 10 keV energy were used in measurements. Sample detector distance was determined as 4555.4 mm. The 2D scattering images were recorded with a Dectris Pilatus 1MF 2D pixel detector for SAXS and a Hamamatsu C10158 DK flat panel detector for WAXS. Multi-mode measurements were performed for both SAXS and WAXS analyzes. The sample permeability coefficient was 66.03 % and the permeability of the empty sample chamber was 88.32 %. 

Scattering intensity, I(q) is plotted against q- magnitude of the scattering vector ( q = 4-1sin    where  is the wavelength of X-ray and 2 is the scattering angle). Since this measurement contains reciprocal space information, Fourier Transforms of the scattered intensities and the amplitudes must be performed for passing mathematically to real space. The radius of gyration (RG) and maximum dimensions were calculated using  Igor Pro software [ 26 ].  3D  ab-initio morphologies were performed using the program DAMMIN [27]. 
RG2    is the average electron density weighted squared distance of the scatters from the object’ center [28, 29], may be defined as follows:

[bookmark: _Hlk24320828]                                                       RG2                               (1) 

where r is radial distance and P(r) is pair-distribution function P(r), which is a histogram of all inter-electron distances in the scattering particle.
[bookmark: _Hlk24320755]Scattering intensity (Equation 2) can be obtained by employing the Guinier approximation  (q0)  and the scattering data in the Guinier region
                                                        I(q)= I(0) exp                                     (2)
The region of about q= 0.005 to 0.05 Å-1 is known as the middle q region or Fourier Region. The scattering data of this order gives information about the shape, distribution and maximum size of the electron densities. The scattering data of all the sugar samples were modelled by Igor Pro software. Poly Core model [ 30 ] was  fitted to the data with  different parameter values and different ranges of data for the  control group and the FD group of sugar samples. 

2.5. ATR-FTIR spectra
ATR-FTIR spectroscopy (Perkin Elmer Spectrum One  with PIKE Gladi ATR accessory) is performed at room temperature in the range between 4000–450 cm–1. The samples were ground in an agate mortar. The spectra were collected as a result of 32 running scans at a resolution of 4 cm−1. Three individual spectra were recorded for each sample.


3. results and discussion

3.1. Microscopic imaging
At both macroscopic and microscopic length scales, different structural features of the studied sugars were observed. (Fig. 2).
[image: ]
Fig. 2. Light microscopy images (10x) of sugar samples. Control  (top) and the FD forms (bottom). 

A detailed examination of Fig. 2 reveals the following observations about the surface topologies of the samples: FD sucrose exhibits a higher density and improved quality of crystallites compared to its untreated counterpart, indicating that the FD  process significantly enhances crystallite formation. In the case of galactose, glucose, and lactose, a greater abundance of crystallites is observed in their untreated forms. However, the optical microscope images clearly suggest a decrease in crystallinity in the FD variants of these sugars. The FD lactose sample shows the most pronounced transition from crystalline to amorphous structure based on visual analysis.

3.2.  SAXS and WAXS  analyses.
Fig. 3 represents 2D scattering profiles related to SAXS and WAXS measurements. The nano structural parameters such as RG and maximum length scale (maximum range in the pair distance distributions (PDDs) of control and FD groups of studied sugars are listed in Table 1. 
     
[image: ]
  
Fig. 3. SAXS and WAXS images of control (top rows) and FD sugars by ALBULA software. (The 2D images taken with the Pilatus 1MF SAXS detector and the WAXS Hamamatsu flat panel detector). 



When galactose, glucose, and lactose structures were processed by the  FD method, crystallite formations were reduced, as shown in Fig. 3, resulting in characteristic powder diffraction patterns with ring structures in the 2D WAXS profiles. In particular, Fig. 3 highlights the two thick circular traces in the outer diffraction ring of lactose, indicating the existence of nanoscopic clusters, albeit irregularly distributed. This visual evidence complements the structural observations of lactose transitioning to a powdered form during the FD process.













    Table 1. Calculated gyration radii values and maximum size of sugar nano aggregations
	Sugars

	Control RG (nm)
	Maximum Size (nm)
	Freeze-dried (FD)
RG (nm)
	Maximum Size (nm)

	Glucose 
	28.3 ± 0.5
	95.5
	59.7 ± 3.4
	211.6

	Sucrose 
	33.4 ± 0.6
	120.3
	53.8 ± 3.8
	180.9

	Galactose  
	39.7 ± 0.4
	128.7
	54.5 ± 1.0
	183.5

	Lactose 
	42.5 ± 2.3
	165.5
	64.9 ± 3.1
	218.3



For monodispersed nano systems, during the coupling of two nano particles by touching, they behave as a new collective aggregation. The maximum size of this collective aggregation may be indicated by addition of diameters of the particles.
3.3.  3D modelling of the nano aggregations 
Unlike other sugars, fructose control sample was analyzed by interpolation of the observed peaks  in the large q region (Fig. 4) and the nanocrystalline structure was determined as cubic phase by indexing q1, q2, q3 and q4 peaks with the ratio of q/q0 [ 31 ].
[image: ]
Fig. 4. SAXS profile and fitting curve for fructose (control) with Poly Core model

SAXS profiles and the fitting curves of control and FD sugar samples except fructose are presented in Fig 5A and 5B, respectively. A poly-core model well fit the scattering data of all sugar samples.  There is a distinct tendency to form nano crystals in control monosaccharide groups for glucose and galactose (Fig. 5A). 
[image: ]
      Fig. 5. SAXS profiles of control sugar groups (A) and FD sugar groups (B). 

The prominent change of nano crystalline structure and increase amorphous fractions in FD samples of monosaccharides were found   (Fig. 5B).  The more intense scattering data in small q range and the disappearing peak in Fig. 5B can be considered  to the crystal alignment dispersed by dilution and drying [32]. 
In contrast, the crystalline formations in disaccharides due to FD can be seen  in high q range in  Fig. 5B. The central torsion angle of C-C-O-C may be effective on more planar and crystalline arrangement in FD samples.  The known and expected irregular shaped crystal nucleation and clumped arrangements of lactose structure can transform to the more stable structure in FD-lactose which is more preferable during the interaction with other food constituents in food technology [ 12,18,33 ].
The 3D ab-initio (DAMMIN) morphologies of the nanoparticles in samples and pair distance distribution function patterns are presented in Figures. 6 and 7, respectively. 

[image: ]
 Fig. 6.  Control and FD groups for all studied sugar samples modelled by 3D DAMMIN.

The effects of freeze-drying (FD) were particularly prominent in sucrose, where a significant enhancement in nanocrystallinity was observed. Sucrose demonstrated more stability, exhibiting a nearly spherical nanocrystallite morphology. Additionally, these spherical formations were found to aggregate in an organized manner, leading to the development of nanocrystalline clusters.

Recent research has further deepened our understanding of the microscopic and nanoscale properties of sucrose. This has provided valuable insights into its structural and functional properties [34-36]. Notably, these studies have explored the role of sucrose’s molecular arrangement at the nanoscale, highlighting attributes such as high solubility [35]  and the significance of its glycosidic bond and molecular structure in applications ranging from nanotechnology to food science [36]. The nanoscopic results obtained in our current study support and build on these more recent findings, particularly in relation to sucrose.
Fructose has  more clustered structure then the other sugars [37] . The crystallization behavior of fructose samples was different from expectation after the FD process and it is still the dense gel phase. As can be seen from Fig. 7, control fructose has the largest nanoparticles and globular (volume like) structure and clustering is minimal. 
[image: ]
   Fig. 7. Pair Distance Distribution Function histograms for studied sugars. Control (left) and  FD (right) groups. The biggest range in horizontal axis (D) indicates maximum size of the big globules and maximum distance between small nano aggregations.

The aggregation and globular size of sugars increases in FD-sugars except fructose (Table 1). As it is known, when white crystal sugars are stored in silos after processing and drying, the caking problem arises. In order to solve this frequently encountered problem, rational research should be carried out with the aim of examining the structure (size: radius of gyration -surface area: indented morphologies) and dehumidification states of sugar nano-crystallites.  Roge et al. examined this relationship in 2000 [38]. In this study mentioned, the water content of sucrose crystals of different sizes was investigated and an attempt was made to establish a relationship between particle size and moisture retention in order to solve the caking problem. 

The conclusion reached in this study is that it would be better not to have small sized crystallites in the structure to prevent caking. In other words, when the dimensions of globular structures increase after FD, this is a desired situation in terms of not retaining moisture. As can be seen from the 2D-WAXS profiles (Fig. 3), the spot-shaped diffraction peaks (which were observed in WAXS profiles of control groups) turn into continuous ring-shaped diffraction peaks after FD process.

FD can reduce crystallinity in foods, to keep better the original food textures after defrozen. The crystalline structure (inside of the nano aggregations) reaches a less crystalline form with the FD as seen in Fig.3 WAXS patterns (including diffraction rings). In general, the molecular crystalline aggregations were observed for all control and FD sugars except FD lactose.  We found that FD lactose particles have a more globular shape, which might be advantageous in creating extreme functionality.  1D-WAXS profiles are shown for comparative purposes (Figure S1).   The reduced crystalline features shown in the 1D profile and 2D -WAXS pattern for the FD lactose, with respect to that of the lactose and other samples, may explain the presence of stereoisomers in the structure of lactose. As it is known, lactose has two stereoisomers (α-lactose and β-lactose) based on mutarotation of the glucose part (the disaccharide consisting of glucose and galactose) [39, 40].  The α/β-lactose co-crystals were identified in XRD analysis on lactose  [ 21, 41,42].
The more broadened crystalline peaks including the fingerprints of the mentioned stereoisomers revealed from the WAXS result, clearly shown the FD processing effect on reducing the crystallization tendency of lactose. In contrast, FD-glucose samples (Glucose-1 and Glucose-2) preserved their initial form of D-glucose. The crystalline structures of Glucose-1 and Glucose-2 are almost identical, while the control samples of them are different. In the galactose, the intensity of some low peaks increased but the indices of the peaks (dependently unit cell parameters) did not changed. Therefore, it can be said that the number and size of existing crystallites in FD galactose increased, as supported by the best-enhanced SAXS intensities (Fig. 5) of FD galactose sample. 
.
Structural models were performed using SAXS/WAXS data (Fig.8) The overall size (Rg) develops with FD in all samples. The increase in RG values (Table 1) ​​indicates the size growth of nano-aggregates.
[image: ]
                         Fig. 8. Ordering and clustering of nano aggregates for sugars.


The fact that the X-ray powder rings in the WAXS profile (Fig.3) became more isotropic and less powder rings than those in the control groups also qualitatively supports the information that the crystallinity of sugars can be effectively reduced by FD processing. In addition, the generally much reduced diffraction spots and maximum distance values ​​to large values ​​in PDDs graphs also (Fig.7), suggest that sugar aggreagte more with less crystallization as expected. 
The molecular-scale crystallinity increase in glucose is better than in galactose, as supported by sharper and more distinct circular lines in the WAXS profile. In the lactose structure, nanoscopic crystallinity develops with the effect of FD. The widening of the diffraction rings in the WAXS profile and the prominence of the rings at small angle values indicate this. The decrease in the area under the PDDs graph is also an indication that the crystallite size increased but the number of scattering nano-formations (crystallite) decreased.
The most interesting one among the examined samples is the sucrose structure. In this example, spherulite-like nanostructures and nanonucleation appear with the FD effect. The presence of cruciform diffraction traces in the WAXS profile (Fig.3) supports this finding.
In addition, approximately 3-fold increase in the area under the PDDs graph compared to the control group, as alsos revealed from consistent increase in other structural parameters (the projection of the peak peak value and the maximum distance value).


3.3.  ATR-FTIR spectral analysis
3.3.1. ATR-FTIR spectra of control sugars
Average ATR -FTIR spectra of control samples for   glucose, galactose, lactose and sucrose are shown in Figure S2   and observed wavenumbers (cm-1) and assignment of the observed fundamental bands are given in Table S1.
The observed bands in  all spectra in the  3600 and 2800 cm-1 region  were due to the stretching vibrations of -OH,  and  -CH groups. The fingerprint region, which covers the range of approximately 1500 to 800 cm-1,  is complex showing a series of sharp overlapping absorption bands arising from CO stretching, CC stretching, and COH bending vibrations
 [ 43]. 
The hydroxyl (-OH) groups in sugars can participate in chemical reactions to link molecules together, and their tendency to form hydrogen bonds increases solubility which is very important in biochemistry  [44-46]. In principal, the position of the O-H stretching vibration band represents the state of hydrogen bonds associated with sugar molecules, including their strength and degree of formation.
There is a broad, strong O-H stretching envelope in the ATR-FTIR spectrum of glucose with three bands at 3404, 3302 and 3254 cm-1 indicating that there are different alcohol groups in molecule.  The band at 3404 cm-1 from the secondary alcohols present, and the others from the primary alcohol present. The broadened feature of the O–H stretching mode indicates very strong intermolecular hydrogen bonds between sugar molecules.
There is only one hydrogen attached to a carbon in glucose (saturated) therefore C-H stretching vibration will be observed below 3000 cm-1 [47]. The saturated ethers in ring have a C-O stretching band from 1140 to 1070 cm-1, secondary alcohols have one from 1150 to 1075 cm-1, and in primary alcohols this band appears between 1075 and 1000 cm-1, making for a potentially complex C-O stretching region.  
The main difference between glucose and galactose is the position of each hydroxyl group in the 4th carbon.  Clear differences in in the ATR-FTIR spectra were identified for these molecules. No band observed in the  850-950 cm-1 region    for  galactose, and the intensity of the bands in the finger print region  are opposite compared to  glucose. The band at 915 cm -1 of glucose disappears and new bands appears in the spectrum of galactose. 
Sucrose consists of a glucose ring attached via a saturated ether linkage to a five-membered fructose ring. There are multiple and more O-H and C-O stretching bands in the ATR-FTIR spectrum of sucrose than in the spectrum of glucose. 

[bookmark: bbib19]Two absorption bands at 3326 and 3383 cm−1, and one isolated sharp band at 3561 cm−1 were observed in the region of OH-stretching. It is suggested that the band at 3561 cm−1  arises from weakly bonded O-H⋯O system [47,48 ]. The band at 1640 cm−1 , which arise from OH-bending (in plane) mode of sucrose.
 The observed band at 3522 cm-1  for lactose related to the O–H stretching while the band at 1648  cm−1 is  related to the distortion of the OH groups  in water molecule [49].   This observation confirmed that lactose sample is not anhydrous.

3.3.2. The spectral differences between control and FD samples

The ATR-FTIR spectra of control samples were  compared with the corresponding spectra of the related FD samples The O-H, C-O and C-C stretching vibrations could be used to monitor changes in the physical state of sugar samples. There are no marked differences in     finger print region   of control galactose and lactose and those of FD samples    (Fig. S3).  One of the regions of a particular interest is between in the 3600-3000 cm-1 region, which depicts behavior of water molecules. The amount of water molecules decreasing in freeze-dried lactose compared with control sample.  
The most clearly visible changes are marked for O-H stretching of glucose (Fig.  9A)  and sucrose (Fig 9B).     The band at 3404 cm-1 of weak hydrogen bonded O-H groups and the other O-H stretching bands are disappeared and one strong broad band at 3238 cm-1  was 
observed in the spectrum of glucose-FD compared with control sample ( Fig. 9A ).  The shift of the O-H stretching band to a lower wavenumber is often attributed to the strengthening of the hydrogen bonding interaction. Additional intramolecular hydrogen bonding may stabilize the structure.
The 1200-700 cm−1 region, which is dominated by C-O, C-C stretching and C-O-H deformation vibrations is sensitive to the physical (amorphous/crystalline, glassy/rubbery) state of the sugars [48-51].  
The clear change in the shape and wavenumber of the C-O stretching band was observed for freeze-dried glucose/sucrose samples compare with those of control samples (Fig. 9). ATR-FTIR spectrum of control glucose shows two bands at 1020 cm-1 and 994 cm-1, however a single and relatively broad band at 1007 cm-1 and the new band at 513 cm-1 appears in glucose-FD.  The new band at 581 cm-1 appears in the sucrose-FD and the changes were observed in the 1100-950 cm−1 indicating that these bands was influenced by hydrogen bonding. These results reveals that the recrystallization of sucrose and glucose. 

[image: ]

        Fig. 9.   Comparison of average ATR-FTIR spectra in the range 4000 cm-1 - 450 cm-1  for  control and frieze dried  glucose (A) and sucrose (B). Asterisks show the most differences in spectral bands in spectra. 

4. Conclusion

The FD method has the advantage of preventing stability disturbances, both physical and chemical, that occur when sugar nanoparticles are exposed to moisture during long-term storage. The effect of the FD process could be successfully monitored by nanoscale SAXS analysis, a very important and widely used technique to obtain the desired particle size and properties. It was found that the FD was responsible for the formation of large aggregation sizes in nano-nucleation for all samples. The increase in large aggregation structure with less crystallinity may improve the ability to retain less moisture and water, which may provide an alternative solution to the problem of sugar caking. Larger sizes may also be good for different applications, as water retention and hygroscopicity, as well as binding properties, have been altered to affect the long-term stability of the colloidal nanoparticles. The fructose sample remained in the non-dried gel phase after the FD process.  Nanocrystalline cubic packing appeared in the fructose FD sample.  The reason for this nanocrystalline cubic phase may be the presence of a chiral centre in the fructose molecular structure.
The structures formed much larger clusters and the nanostructures were arranged in tighter packages in the glucose samples. The fact that the samples in the monosaccharide group consist of a hexagonal ring causes a decrease in crystallinity at the molecular level with the effect of FD. The bonding of the OH and C-OH groups in the fructose structure from the same C atom to the hexadecimal ring creates a chiral center at this C atom position. This chiral center causes the formation of different nanocrystalline arrangements with cubic symmetry. As the samples belonging to the disaccharide group are molecularly composed of two main groups, a different development of nanoformations is expected. In line with this expectation, more compact (close to spherical and ellipsoidal) nanocrystalline morphologies were determined in lactose and sucrose structures under the effect of FD. 
In conclusion, the nucleation of sucrose crystallites with spherical morphology, especially by freeze-drying (FD), to nanocrystalline arrangement provides a solid basis for innovative methodologies. The precise and efficient application of this process is crucial for the production of high quality and stable products.
The ATR-FTIR spectra of control galactose and lactose did not differ from those of the FD samples.  The differences at the microscopic level were more pronounced for glucose and sucrose due to hydrogen bonding after frieze drying. Combining FTIR and SAXS-WAXS methods for average structural finding over a wide range of length scales show a complementary approach to conventional structural studies in these food systems.
This study has shown that it is possible to freeze-dry different sugars on a laboratory scale and to study this process from the molecular scale to the macroscale, including the nanoscopic scale.
In the pharmaceutical industry, this information may be needed to stabilize sugar-based formulations and preserve the structure and activity of biomolecules during long-term storage. In food technology, in the development of powdered food products, in preserving taste, color and aroma, in controlling crystallinity and with structural arrangement information at the nano scale, rehydration capacity can be increased and food products can maintain their organoleptic properties even in powder form. Even in its simplest form, the information obtained in this study can also be guiding when producing light desserts with high stability, less stickiness and longer shelf life.
In addition, the FD method preserves the melting and stickiness properties of various types of sugar, allowing the production of different and unique, light and crispy desserts. Thus, the development of innovative candies is facilitated. With this study, nanoscopic structure information that can form the basis for the transition to innovative designs has been taken to the next level and detailed.
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                   Fig. S1.   1D-WAXS patterns of control and FD sugars  
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Fig. S2   Average ATR -FTIR spectra of control samples in the range 4000 cm-1 - 450 cm-1    glucose, galactose, lactose and sucrose 
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Fig. S3. ATR-FTIR spectra in the range 4000 cm-1 - 450 cm-1  of  control galactose and 
lactose and those of freeze - dried samples.


















Supplementary Table (Table S1)
	Table S1           Observed infrared band wavenumbers( cm-1) and the tentative assignments for    control (C) and freeze-dried  (FD)   sugar samples*

	Assignments
	Glucose
     C
	Glucose 
FD
	Galactose 
C
	Galactose 
FD
	Sucrose 
C
	Sucrose 
FD
	Lactose 
C
	Lactose
FD

	Weak hydrogen bonded (O-H)
	3404
	
	3383
	3384
	3561
	
	3522
	3524

	(O-H)
	
	
	3366
	3366
	3383
	3382
	
	

	(O-H)
	3304
	
	
	
	3326
	3309
	3324
	3330

	(O-H)
	3254
	3238
	3196
	3197
	
	3250
	3198
	3197

	
	
	
	3121
	3121
	
	
	
	

	(CH2)
	
	
	
	
	2991
	2995
	
	2994

	(CH2)
	
	2968
	
	
	2970
	
	
	

	(CH2)
	2944
	2938
	2940
	2940
	2939
	2938
	2932
	2934

	(CH2)
	2913
	2903
	2915
	2915
	2913
	2910
	2899
	2900

	(C-H)
	2890
	2884
	2864
	2844
	
	
	
	

	(OH)
	
	
	
	
	
	
	1648
	1657

	
	
	
	1565
	1563
	
	
	
	1541

	
	
	
	1494
	1495
	
	
	
	

	(CH2)+ (OH)
	1457
	
	1450
	1450
	1460
	1459
	
	

	(OC)+ (CH)
	1442
	1426
	1423
	1423
	1428
	1427
	1422
	1424

	
	
	
	
	
	
	
	1385
	1387

	(CO)+(OCH)
	1377
	1374
	1358
	1358
	1369
	1370
	1361
	1362

	(CH) +(COH)
	1338
	1332
	
	
	1345
	1345
	
	

	
	
	
	
	
	1322
	1324
	1339
	1340

	(CH) +(COH) 
	1294
	
	1298
	1298
	1279
	1278
	1299
	1299

	(CH2)+ ν (C-C) 
	1224
	1248
	1245
	1245
	1237
	1237
	1258
	1259

	(OCC) +ν (C-O) 
	1202
	1208
	
	
	1208
	1208
	1219
	1220

	ν (C-O) Glycosidic
	
	
	
	
	
	
	1201
	1201

	ν (C-O)+ ν (C-C) 
	1147
	1154
	1151
	1151
	1166
	1156
	1167
	1167

	ν (C-O) Glycosidic
	
	
	
	
	
	
	1138
	1140

	 (C-OH) +ν (C-O)  
	1108
	1110
	1103
	1103
	1121
	1110
	1115
	1116

	ν (C-O) Glycosidic
	
	
	
	
	
	
	1090
	1091

	 (C-OH )
	1079
	1071
	1063
	1063
	1066
	1067
	1066
	1068

	








Table S1 (Continue)

	Assignments
	Glucose
     C
	Glucose 
FD
	Galactose 
C
	Galactose 
FD
	Sucrose 
C
	Sucrose 
FD
	Lactose 
C
	Lactose
FD

	ν (C-O) 
	1020
	1007
	
	
	1008
	1008
	
	

	ν (C-O)+ ν (C-C) 
	994
	
	994
	995
	988
	988
	987
	988

	ν (C-O)+  (C-OH
	
	
	975
	974
	
	
	
	

	(C-OH)+ ν (C-C) 
	
	
	954
	954
	942
	942
	
	

	ν (C-OH)+  ν (C-C) 
	915
	915
	
	
	909
	911
	915
	915

	 ν (C-O-C)
	
	
	
	
	
	
	898
	899

	(CH2)+ (CCO)
	
	
	
	
	867
	865
	874
	875

	(CH2)+ (OCH)
	838
	852
	837
	837
	849
	850
	
	

	
	
	
	794
	794
	
	
	
	

	(CH2)
	774
	768
	763
	764
	
	768
	745
	772

	(CH2)
	730
	715
	
	
	729
	
	
	

	
	
	
	706
	707
	
	718
	672
	678

	δ (C-C-O)
	
	
	651
	652
	678
	681
	
	

	δ (C-C-O)
	
	649
	
	
	640
	639
	628
	630

	δ (C-C- C)
	615
	602
	
	602
	
	
	600
	603

	
	
	
	
	
	581
	
	569
	570

	δ (O-C-O)
	555
	559
	
	
	552
	551
	547
	550

	
	540
	
	531
	532
	
	
	
	

	 (C-O)
	
	513
	500
	501
	523
	521
	
	

	C-C-O / Glycosidic
	
	
	
	
	
	469
	464
	



*Vibrational modes:  , stretching; , deformation   torsion
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