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A B S T R A C T

This study presents an ultrasound-assisted synthesis of β-cyclodextrin/hydroxyapatite composites to be used as 
green and safe auxiliaries in the tanning process. A combination of spectroscopic and non-spectroscopic tech-
niques such as DLS (dynamic light scattering), ZP (zeta potential), XRD (X-ray diffraction), SEM (scanning 
electron microscopy) and ATR-FTIR (attenuated total reflectance-Fourier transform infrared spectroscopy) were 
used to thoroughly characterize the eight composites obtained by varying the ultrasound process parameters. 
While not cytotoxic, all composites had strong antibacterial action against Brevibacterium lines, Staphylococcus 
aureus, Escherichia coli, and Staphylococcus epidermis. All composites underwent lab-scale tanning tests, but only 
those exhibiting the most suitable set of tanning abilities underwent pilot-scale testing. The composites’ inter-
action with the collagen matrix was assessed by micro-DSC (micro-differential scanning calorimetry), TG/DTG/ 
DTA (thermal analysis), 1H unilateral NMR (proton nuclear magnetic resonance), ATR-FTIR, in-situ temperature 
synchrotron-based XRD and standard tests (UNI EN ISO 3380: 2015, UNI EN ISO 2589: 2016, UNI EN ISO 105- 
B02:2014). Thermal stability, dye penetration, thickness, colour fastness, surface appearance and microbiolog-
ical protection were all improved for the leather treated with a small amount of composite added to the wet 
finish float. These findings demonstrate the benefits of β-cyclodextrin/hydroxyapatite composites as safe and 
sustainable tanning additives.

1. Introduction

Since several decades, tannery sector has been called to face the 

challenge of the environmental sustainability [1–5]. According to the 
2020 Social & Environmental Report (SER) of the European Leather 
Industry, tanning industries are still at the top of the most 
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environmentally impacting activities due to the processes and the haz-
ardous chemicals involved in the supply and production chain from raw 
hides to finished leather [6]. The tanning process releases hazardous 
chemicals and wastewater, which makes it very polluting. In 2018, in 
response to the urgent need for environmentally friendly and sustainable 
manufacturing, the Union of Leather Technologists and Chemists Soci-
eties (IULTCS) [7] advocated a substantial reduction in the use of 
harmful chemicals routinely used in the area [8]. For instance, 
aldehyde-based tannins [9] and chromium salts [10,11] were shown to 
cause cancer, whilst bisphenol S-based polymers [12] showed a detri-
mental impact on the endocrine system. Greener and safer alternatives 
are currently being developed as a result of the demand for new tanning 
agents and additives that guarantee high performance of the finished 
product (such as antimicrobial activity, fullness, dye penetration, colour 
fastness, comfortability, smooth surface, flame retardancy, etc.) while 
avoiding potential risks to human health and the environment [13,14].

Recently, hydroxyapatite (HAp) [15], a naturally occurring mineral 
form of calcium apatite with the formula Ca10(OH)2(PO4)6, has been 
proposed as a promising eco-friendly fire-proof agent in the leather in-
dustry [16–19]. Moreover, its high-biocompatibility [20,21] and mod-
erate antimicrobial activity [22] ensure that it poses a negligible danger 
to human health when added to leather. Other studies has documented 
various uses of HAp-based nanoparticles that can be readily manufac-
tured and are used to replace harsh chemicals while simultaneously 
improving the quality of leather [23,24]. A drawback in the use of HAp, 
however, is its propensity to form agglomerates [25] and block the pores 
of the hide (the average hide’s pore diameter is anout 10 μm) [26]. 
Avoiding these agglomerates forces the use of chemical dispersants like 
polyethylene glycole (PEG) or polyethylene imine (PEI) with an increase 
in production price. Accessibility to hides pores is critical for breath-
ability [27], durability and comfortability [28] of leather. On top of that, 
it should be remembered that the diffusion of dyes and finish agents 
through the hides pores plays a key role in leather processing [29]. It has 
been found that using β-cyclodextrins (β-CDs) in hydroxyapatite con-
ventional synthesis may help regulate the size of HAp particles [30,31]. 
CDs are cyclic oligomers of d-(+)-glucopyranose units (six for β-CDs) 
linked through α− 1,4-glycoside bonding and are generally obtained by 
the enzymatic degradation of starch, being thus a renewable resource, 
relatively cheap, biodegradable and produced on an industrial scale [32,
33]. They are water-soluble and able to form host-guest complexes with 
hydrophobic molecules, including dyes [34] and fragrance agents [35,
36]. In addition, CDs have been explored as an auxiliary for the tanning 
process [37–39] since they can help the target molecule permeate better 
into the hide structure [40]. It has also been shown that CDs and HAp 
combination exhibits antifungal and antibacterial activity against 
gram-positive and gram-negative bacteria [41]. Nevertheless, examples 
of β-CD/HAp composites applications in leather are not yet reported in 
the literature. All of this information led us to assume that we could 
employ ultrasound (US) technology to obtain a β-CD/HAp composite 
that would work effectively as green additive in the tanning process.

Use of ultrasounds (US) is a novel green and promising technology 
for promoting interactions among various molecules and biomolecules. 
[42–44]. This technology offers process related and environmental ad-
vantages, including minimizing the use of hazardous chemicals and 
solvents, energy-saving, lower costs and easy workups [45–47]. To the 
best of our knowledge, no previous studies were performed to synthesize 
β-CD/HAp composite using the US technology.

In this study, β-CD/HAp composites were synthesised using different 
US equipment and varying the following process parameters: β-CD/HAp 
ratio, US amplitude and treatment time. The relationship between the 
ultrasound parameters, β-CD/HAp ratio and properties of the resulting 
composites were studied by DLS (dynamic light scattering), ZP (zeta 
potential, XRD (X-ray diffraction), SEM (scanning electron microscopy) 
and ATR-FTIR (attenuated total reflectance - Fourier transform infrared 
spectroscopy). To confirm the safety of the composites, cytotoxicity tests 
were conducted and their antibacterial activity assessed.

The composites’ interaction with the collagen matrix was assessed by 
micro-DSC (micro-differential scanning calorimetry), TG/DTG (Ther-
mogravimetry), 1H unilateral NMR (proton nuclear magnetic reso-
nance), ATR-FTIR, in-situ temperature synchrotron-based XRD and 
standard tests (UNI EN ISO 3380: 2015, UNI EN ISO 2589: 2016, UNI EN 
ISO 105- B02:2014). The most promising composite was added as a 
performance additive in the wet finishing float in a pilot scale test. A 
concentration similar to the concentration of the commercial synthetic 
re-tanning agents was used. Its effect on leather technical performance 
was tested using both conventional spectroscopic and non-spectroscopic 
methods (TG/DTG, ATR-FTIR, SEM and 1H unilateral NMR), and stan-
dard tests (UNI EN ISO 3380: 2015, UNI EN ISO 2589: 2016, UNI EN ISO 
105- B02:2014). In addition, in-situ temperature synchrotron-based 
diffraction measurements were performed to evaluate the collagen- 
composite matrix thermal denaturation.

2. Results and discussion

Ultrasounds are known to facilitate physical and chemical processes 
through several mechanisms [48,49]. Parameters like US amplitude, 
frequency and treatment time can be adjusted to tailor the properties of 
the resulting products. β-CD/HAp eco-composites were obtained via 
US-assisted processing, as reported in materials and methods section, the 
process parameters applied for each eco-additive (ED) being listed in 
Table 1.

2.1. Characterization of β-CD/HAp composites

2.1.1. Composites’ (hydrodynamic) size and surface charge
Average composite size was determined through dynamic light 

scattering (DLS) analyses, and stability of the samples was investigated 
through measuring their zeta potentials. Size distribution and zeta po-
tential based on dynamic light scattering (DLS) became routine methods 
for characterization of charged nanoparticles prior to any applications of 
some charged colloids. Given that the morphology of collagen 3D matrix 
in hide (determined by the fibers’ arrangement, density, and wave 
angle) is non-homogeneous, with pores that can range from micropores 
(diameter < 2 nm) and mesopores (2 nm < diameter < 50 nm) to 
macropores (diameter > 50 nm) according to the classification of pore 
size made by International Union of Pure and Applied Chemistry 
(IUPAC), the dimension of the composites and their stability in sus-
pension are critical for ensuring their permeation in the hide structure 
[24,50]. The composites’ average size and size distribution in water 
suspension, as well as their zeta potential (ZP) were determined by DLS 
(dynamic light scattering) technique. The results are reported in Table 2
and Figure S1.

The impact of the US treatment duration was examined in the ex-
periments that resulted in ED1, ED2, and ED3 composites. The total 
treatment time increase from 30 to 60 min caused a reduction in the 
particles’ average size from about 700 nm to about 400 nm, and a more 
homogeneous polydispersity curve. A further increase of treatment time 
to 90 min determined a steep decrease of particles average size (37 nm), 
accompanied by a significant increase of polydispersity. Furthermore, 
ED3 nanoparticles are extremely unstable since the ZP value is in the 
range of ± (0–10) mV [51,52].

ED2 and ED8 composites results to be best in terms of average sta-
bility, with average dimensions able to penetrate the macropores of 
collagen matrix. It should be mentioned that ZP values were obtained as 
average values. A further examination of the ZP curves in Figure S1 
reveals that all composites exhibit polydisperse behaviour [53].

US amplitude is another process parameter affecting the final size 
and stability of the composites. Another two experiments were per-
formed applying a higher (50 %) and a lower (20 %) amplitude for 60 
min, resulting in ED4 and ED5 composites, respectively. One would have 
been expected a decrease in the average size by increasing this param-
eter. However, the average size of ED4 composite increased to about 640 
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nm, that is 50 % more compared to ED2. This behaviour can be 
explained by the competition between the sonocrystallisation and 
fragmentation/deagglomeration processes during US processing. Pre-
sumably, by increasing the US amplitude, the aggregation prevails over 
fragmentation and deagglomeration [53]; this is also apparent from the 
ZP distribution of ED4, with a PI of 0.57. By reducing the amplitude to 
20 % (ED5), the results are close to those obtained at 35 % amplitude 
(ED2), with a small difference in terms of the polydispersity, which 
seems better for ED2.

The effect of the β-CD/HAp ratio was also tested and resulted to be 
interesting, too. When β-CD is in moderate excess, as for ED6, the 
average particle size tends to decrease (Table 2 and Figure S1). Neither a 
larger excess of β-CD (ED7) nor an excess of HAp (ED8) has significant 
effect on the particles dimension. The ZP values of ED6 and ED7 sus-
pensions could not be measured. Actually, it was found that the ZP 
values of high polydisperse suspensions of nanoparticle aggregates or 
agglomerates were not reproducible across laboratories, which high-
lights the need for improved surface charge test procedures and the 
identification of variability’s causes. Ultrasonication was observed to 
further increase this variability [54]. Additionally, it should be 
mentioned that hide has a 3D porous network, hence the physical, me-
chanical, and organoleptic properties of leather are influenced by the 
tanning agents that fill the hide’s pores and interact with collagen. 
Notably, the majority of hide’s pores fall into the macropore region, 
which the composites developed in this work may readily fill.

2.1.2. Chemical structure, crystallinity and surface morphology of the 
β-CD/HAp composites

The formation and structure of β-CD/HAp composites were investi-
gated by ATR-FTIR spectroscopy and XRD. ATR-FTIR provides infor-
mation related to the presence or absence of specific functional groups, 
as well as the chemical structure of materials. Shifts in the frequency of 
absorption bands and changes in relative band intensities indicate 
changes in the chemical structure of the analysed sample. In our case, 
the ATR-FTIR absorption bands suggestive of the presence of HAp were 
identified in all the composites (Table S1): the absorption bands 

observed at 1450, 1420 and 874 cm− 1, indicative of the presence of 
carbonate anion, and vibrational bands of phosphate anion at 1024, 961, 
607, 560 and 470 cm− 1 [18,55] are present in all composites’ spectra 
(Fig. 1).

The characteristic bands of β-CD, namely the hydroxyl groups at 
3270 cm− 1, the vibrational band of the C–H bond at 2921 cm− 1 and 
those of the C–O bond, visible at 1150, 1001, 525 cm− 1, including the 
stretching vibrations of glucopyranose, visible at 939, 858 and 755 
cm− 1, plus the anomeric band vibration band at 856 cm− 1 [56], were 
also detected in the spectra of all composites. Therefore, the presence of 
both the precursors has been demonstrated for all composites. More-
over, the wavenumber associated to the stretching of O–H bond ex-
hibits a decrease in β-CD/HAp composite, most likely due to hydrogen 
bonding between OH group of β-CD and Ca2+ ions of HAp. It is worth 
noting that the characteristic band of -CH2- in β-CD, corresponding to 
the C6 atom and visible at 2921 cm− 1, is affected by the presence of 
HAp, as can be noted in the spectra of ED1-ED3, which display two 
further signals at 2978 cm− 1 and 2890 cm− 1 (Fig. 1). It should be 
emphasized that the hydrogen bonding between OH group of β-CD and 
Ca2+ ions of HAp, revealed by the intensity decrease of the band at 3270 
cm− 1 assigned to the OH group stretching (Fig. 1), is confirmed by the 
thermal decomposition behaviour of the composites (Fig. 4). In fact, the 
composites with the most pronounced attenuation of 3270 cm− 1 band 
are those with the lowest mass loss - this could thus be attributed to a 
higher density of hydrogen bonds in ED2 and ED8 composites.XRD 
analysis is most suitable for identification of crystallographic structure 
and providing the crystallinity index as well. XRD pattern of the com-
posite ED1, reported in Fig. 2 as an example, reflects the formation of 
β-CD/HAp composites with an average crystallite size ranging from 46 
to 74 nm (Table S2).

The peaks attributable to the β-CD component [57] at 2θ values are 
visible at 9.71◦, 10.6◦, 12.4◦, 15.3◦, 16.04◦, 17.6◦, 18.8◦, 19.5◦, 20.6◦, 
22.6◦ and 27.02◦ for all the composites. HAp diffraction peaks at 25.9◦, 
28.3◦,29.1◦,31.8◦,32.2◦,32.8◦,34.2◦, 39.9◦, 42.1◦, 43.9◦, 45.5◦, 46.7◦, 
48.2◦, 49.6◦, 50.5◦, 51.3◦, 52.2◦ and 53.3◦ are attributed to the (002), 
(102), (210), (211), (112), (300), (202), (310), (311), (113), (203), 
(222), (312), (213), (321), (400), (402) and (004) planes, according to 
the literature [58]. However, the peaks attributable to β-CD become 
broader and flatter between 7◦ and 12◦, and this remains valid for the 
HAp characteristic peaks at 25.9◦ and 31.8◦ This indicates that HAp is 
poorly crystallized when the amount of β-CD increases. A similar trend 
has been reported in the literature, with β-CD becoming part of a dis-
torted HAp-based structure [59].

Scanning Electron Microscopy (SEM) is used to identify and char-
acterize the morphology and structure of composite materials The SEM 
micrographs of β-CD, HAp, and ED1 composite are reported in Fig. 3 for 
comparison. The surface of ED1 composite (Fig. 3a) presents a rough, 
heterogeneous morphology, dominated by numerous agglomerated 
bundles of nanorod-like structures. This dense clustering suggests strong 
intermolecular interactions within the composite, potentially enhancing 
its mechanical stability and surface area. The β-CD sample (Fig. 3b) 

Table 1 
List of the β-CD/HAp eco-composites obtained by US-assisted processing with their symbols and process parameters.

Composite symbola β-CD (g) HAp suspension (g) Energy (J) Timeb (min) Amplitude (%) Ratio 
β-CD:HAp

ED1 4 36 20,235 30 35 1:1
ED2 4 36 11,068 60 35 1:1
ED3 4 36 32,073 90 35 1:1
ED4 4 36 104,774 60 50 1:1
ED5 4 36 40,162 60 20 1:1
ED6 4 36 40,052 60 35 2:1
ED7 8 36 40,154 60 35 3:1
ED8 12 36 39,920 60 35 0.5:1

a Experimental setup: 20 KHz frequency; T = 15 ◦C.
b On-off times: 10 s on and 10 s off.

Table 2 
Average size, polydispersity index (PI) and zeta potential (ZP) of the composite 
particles compared to those of HAp and β-CD.

Sample ZP (mV) Average size (nm) PI

HAp − 23.8 2384 0.786
β-CD − 7.99 178.2 0.481
ED1 − 14.8 716.7 0.468
ED2 − 19.7 407.6 0.402
ED3 − 1.26 36.82 0.781
ED4 − 29.6 641.9 0.572
ED5 − 24.2 445.2 0.478
ED6 Impossible to detect 207.9 0.426
ED7 Impossible to detect 420.0 0.346
ED8 − 25.4 413.9 0.523

I. Quaratesi et al.                                                                                                                                                                                                                               Journal of Molecular Structure 1328 (2025) 141299 

3 



exhibits a contrastingly smooth and flat surface with well-defined 
channels running throughout. This ordered morphology hints at a 
crystalline-like arrangement, which could aid in controlled molecular 
encapsulation or adsorption due to the material’s uniformity. Contrarily, 
the HAp sample (Fig. 3c) displays a distinctive porous morphology, 

characterized by dispersed nanorods across the entire surface. This 
porosity indicates significant internal voids within the material struc-
ture, likely enhancing the material’s capacity for adsorption or inter-
action with external molecules.

2.1.3. Thermal analysis of β-CD/HAp composites
Thermogravimetry is a technique in which the mass of the sample is 

monitored against time or temperature while the temperature of the 
sample, in a specified atmosphere, is programmed. This measurement 
offers data on physical events such as adsorption, desorption, as well as 
chemical phenomena such as chemisorption, thermal breakdown, and 
solid-gas interactions (e.g., oxidation or reduction). The complete set of 
TGA curves for the ED1-ED8 composites are shown in Fig. 4. The results 
of the TG, DTG and DTA curves for HAp, β-CD and ED1-ED8 composites 
are presented in Supplementary Materials (Figure S2-S4).

For β-CD/HAp nanocomposites (Fig. 4), a first step of weight loss (up 
to about 200 ◦C) was due to the evaporation of the absorbed/adsorbed 
water on both HAp and β-CD molecules [60], as well as to NH3, most 
probably arising from the HAp synthesis [17]. Two further main steps of 
mass loss in the 300 – 600 ◦C temperature region, related to the thermal 
degradation (at about 300 ◦C) and oxidation (at about 500 ◦C) of β-CD 
glucose units [61], were observed and are consistent with the data re-
ported by Gowri [42]. A slight weight loss at about 800 ◦C with a release 
of the constitutional water from HAp, following the conversion of HAp 
into oxyhydroxyapatite and further conversion to calcium triphosphate 
[62], was also observed. The main and abrupt mass loss steps attributed 

Fig. 1. Left: ATR-FTIR full spectra of β-CD, ED1-ED8 and HAp; right: expansion of the ATR-FTIR spectra in the region 650–900 cm− 1; top: expansion of the ATR-FTIR 
spectra in the region 4000–2400 cm− 1.

Fig. 2. From bottom to top, XRD spectra of ED1 (blue), Hap (black) and 
β-CD (red).

Fig. 3. SEM images of the a) ED1 composite, b) β-CD sample, and c) HAp sample.
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to thermal degradation at about 300 ◦C occurs at the same temperature 
for all composites (the overlay of TG curves in this region is almost 
perfect), suggesting that the compositional and structural changes didn’t 
induce any alteration of their decomposition temperature. Regardless of 
the ratio β-CD/HAp, β-CD has the greatest contribution to the compos-
ites’ total mass loss (as it is almost totally decomposed at 1000 ◦C), while 
HAp has only a minor contribution (as it loses only 17 % of mass at that 
temperature). Thus, the total mass loss of the composites is mainly 
related to the amount of β-CD and, as expected, the greatest mass loss 
(and the lowest final residue, correspondingly) was found for samples 
ED7 and ED6 (with β-CD:HAp synthesis ratios of 3:1 and 2:1, respec-
tively). It is interesting to note how the trend in composites’ weight loss 
(Fig. 4) follows the trend in their average sizes and ZP values, with the 
exception of ED1 and ED3, which are highly unstable, and ED6 and ED7, 
for which ZP values were not detectable. Composites are less likely to 
undergo significant structural changes the more stable they are. It is also 
worth noting that the hydrogen bonding between OH group of β-CD and 
Ca2+ ions of Hap revealed by the intensity decrease of the band at 3270 
cm− 1 assigned to the OH group stretching (Fig. 1) is confirmed by the 
thermal decomposition behaviour of the composites (Fig. 4). In fact, the 
composites with the most pronounced attenuation of 3270 cm− 1 band 
are those with the lowest mass loss - this could thus be attributed to a 
higher density of hydrogen bonds in ED2 and ED8 composites.

2.1.4. Cytotoxicity and antimicrobial activity of β-CD/HAp composites
Leather contact directly or indirectly with the human skin, making it 

important to evaluate its cytotoxicity, Moreover, leather is a naturally 
hydrophilic material that offers a potential medium for the growth of 
microorganisms, hence it is critical to enhance the material’s long- 
lasting antimicrobial effects by fixing antimicrobial agents in the 
leather structure.

The cytotoxicity test measures the cell death caused by a specific 
material or the percentage of viability before and after exposure to the 
specific material [63]. The cytotoxicity tests conducted on the 
β-CD/HAp composites assessed LDH release (plasma membrane dam-
age) and cell viability (MTT assay). No statistically significant LDH 
release (Figure S5) was observed compared to control after 48 h of in-
cubation. The results of MTT assay (Figure S6) were in agreement with 
the LDH release, since the number of viable cells did not decrease >12 % 

from control, proving the biocompatibility of the HAp-based compos-
ites. The antimicrobial activity against most common bacteria species 
populating human derma is highly desirable. The composites have 
tested and shown a marked antimicrobial activity against Staphylococcus 
aureus, Escherichia coli, Brevibacterium lines and Staphylococcus 
epidermis, as can be seen in Tables S3-S4, most probably due to the 
presence of HAp [64,65]. It should be mentioned that Brevibacterium 
linens is ubiquitously present on the human skin, where it causes foot 
odour. Staphilococcus epidermidis generally resides benignly on the skin, 
with infections arising most commonly in compromised patients, 
including drug abusers, patients on immunosuppressive therapy, pa-
tients with AIDS, premature neonates, and patients with an indwelling 
device such as a catheter or implant. Once systemic, S. epidermidis can 
cause sepsis and a number of other detrimental conditions, including 
native valve endocarditis, or other subacute or chronic conditions in 
susceptible patients. These outcomes are very encouraging, as the 
composites here reported can be potentially incorporated into leather 
that may come into contact with human skin.

2.2. Interaction of newly synthesized composites with collagen matrix: 
laboratory experiments

2.2.1. Effect on collagen matrix thermal stability
Leather thermal stability is one of the most crucial aspects of the 

leather tanning process. It is mainly depending on the type of tannin 
used to tan the hides. This property could benefit from the use of a re- 
tanning agent. We therefore investigated the ability of the new com-
posites to interact with collagen and increase its thermal stability using 
two approaches targeting the microscopic (i.e. fibers) and mesoscopic (i. 
e. fibrils) levels of the well-organized hierarchical multilevel structure of 
collagen.

Micro Hot Table (MHT) method is a method to evaluate the effects of 
tanning substances on collagen fibres’ thermal stability. The stretch- 
induced microscopic fibre movements also called shrinkage activity, in 
relation to temperature increasing, defines the hydrothermal stability 
and structural heterogeneity of collagen fibres. Shrinkage temperature 
Ts is used as a metric to evaluate the quality of the tanning process [66] 
and refers to the starting temperature of the main shrinkage interval, 
while fTs refers to the temperature at which the simultaneous shrinkage 

Fig. 4. Overlay of TGA curves for the ED1-ED8 composites.
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of fibres is observed. Tfirst (Tf) and Tlast (Tl) are defined as the temper-
atures at which the first and last shrinkage activity of an individual fibre 
is observed. In Table 3, the parameters of shrinkage activity for the hide 
powder (HP) treated with the new composites compared with those of 
the not-treated hide powder, are reported.

As expected, the hide powder samples treated with the new com-
posites show higher Ts values compared to the not-treated one. The 
values are in good accordance with the DLS and Z-potential results, 
showing a stronger interaction of collagen matrix with ED2, ED5 and 
ED8 composites, namely those showing the best polydispersity values 
and suspension stability.

Micro-DSC in excess water provides a useful basis for the evaluation 
and description of fibrillar collagen thermal denaturation. It allowed us 
to identify and quantify the different collagen populations with distinct 
thermal stabilities for all hide powder-composite combinations, based 
on the fact that the percentage contribution of each endothermic 
component to the total denaturation enthalpy is proportional to the 
percentage of the corresponding collagen population [67–69]. The 
micro-DSC peak of the not-treated hide powder shows a main denatur-
ation peak at T1 = 54.1 ◦C, with a shoulder at T2 = 61.0 ◦C (Figure S7). 
When compared to hide powders treated with our ED1-ED8 composites 
(Figure S7), we found that the ED2 and ED8 composites produced the 
best results, which were consistent with the MHT results. They exhibit a 
peak around 54 ◦C with a shoulder around 61 ◦C, representing the 
collagen populations of the chemically unmodified collagen within hide 
powder. The increase in the hydrothermal stability is demonstrated by 
the occurrence of a third collagen fraction denaturing at T3 > 63 ◦C, 
representing about 10–14 % of the total collagen. This is the collagen 
which interacted with the composite, with a stabilizing effect on the 
collagen matrix. It is worth noting that of all the combinations, HP-ED2 
and HP-ED8 have the highest denaturation enthalpies, indicating more 
structural stability than the others.

2.2.2. Changes on hide powder surface morphology
The SEM micrographs of the hide powder before and after the 

treatment with the ED8 composite (selected to be used in the pilot-scale 
experiments) are presented in Fig. 5. The not-treated hide powder 
(Fig. 5a) displays a fibrous-like surface morphology, with visible, elon-
gated fibers that suggest a loose, open structure characteristic of natural 
hide material. This fibrous arrangement likely enhances the surface 
area, which could aid in interactions with other substances, but also 
implies lower structural density. Fig. 5b shows that the ED8 composite 
has a specific nanorod structure. After the treatment with ED8 com-
posite, the hide powder’s surface morphology is changed (Fig. 5c). It 
appears more cohesive and the nanorod structures of the composite are 
no longer observed. This indicates that ED8 composite effectively em-
beds into the fibrous structure, better connected them and potentially 
enhancing its properties.

2.3. Interaction of ED8 composite with collagen matrix: pilot-scale test

The composite ED8 was chosen for testing in the wet-white re- 

tanning process based on the following properties: nanoparticles 
average dimension, stability and polydispersity, char formation, proven 
interaction with collagen fibers, antimicrobial activity and lack of 
toxicity. Even though ED2 has demonstrated similar properties, the 
choice fell on ED8 because of its lower cost ensured by a higher con-
centration of hydroxyapatite than the more expensive cyclodextrin.

ED8 was applied during the wet re-tanning process as reported in 
Table S6 and the properties of the leather specimen obtained were 
compared to a leather specimen obtained through a similar technology 
(Table S5), except the adding of ED8. The obvious features that differ-
entiate the two specimens of leather are the colour, feel and appearance 
of the surface as depicted in Fig. 6. The treated leather is "filled" by the 
re-tanning relatively large scale composites and hence looks and feels 
fuller (Fig. 6a) compared to the not-treated leather (Fig. 6b). This 
perceived quality of the ED8-treated leather is most likely due to the 
ability of the composite to improve dye’s penetration and act as a filler. 
Actually, the UNI EN ISO 105- B02:2014 test for the Colour fastness to 
artificial light confirms that the composite improves colour stability. 
This can be easily explained by the presence of the β-CDs, which are 
extensively used as auxiliary agents in dyeing and as a matrix for dye 
adsorption [70]. The filling effect is confirmed by the significant in-
crease in thickness (Table 7). This is most likely due to two reasons: (i) 
cyclodextrins are quite accommodative to water molecules [71] and (ii) 
water molecules form a dense and structured layer around the HAp 
molecules, with small-sized particles posing greater interaction energy 
with water molecules than the large-sized particles [72]. Anyway, in-
crease in thickness is also related to a huge surface binding of compos-
ites. This last contribution can’t be neglected. Indeed, micro-DSC 
measurements show that only 11.8 % of the total collagen in the sample 
interact with ED8, resulting in a higher stability collagen population (as 
from Table 4, last raw and last column, i.e., percent of ΔH3.) Further-
more, the UNI EN ISO 3380: 2015 standard test confirms the collagen 
matrix hydrothermal stabilization by an increase in the shrinkage tem-
perature by 6.5 ◦C, in agreement with the results obtained at laboratory 
scale by MHT method, hinting at a mild penetration of composites inside 
the leather or a different interaction of composites with collagen fibrils 
and fibers (Table 5).

By comparing the micro-morphology of the two specimens of leather 
illustrated in Fig. 7 it appears that the treated leather shows micro- 
cracks (Fig. 7c) and a higher coating power of the surface fibers 
(Fig. 7d). Such micro-cracks could be attributed to the difference be-
tween the mechanical properties of the HAp and collagen fibers which 
can create discontinuities in the collagen-composite matrix structure 
due to temperature and humidity variations experienced during hide 
processing. On the other hands, these micro-cracks may have a benefi-
cial effect on leather breathability.

The NMR Mouse® devices have started to be increasingly used in 
biological and material science [73]. Liquid-phase relaxation times are, 
in fact, susceptible to post-treatment modifications in a porous structure 
[74]. In fact, the transverse relaxation time, T2, can be related to how 
water molecules associate with collagen in different phase, namely 
amorphous and crystalline phases [75]. Specifically, short transverse 
relaxation time (T2A) correlates with the rigid phase of collagen, indi-
cating the structural water which is not influenced by the changes in the 
final structure, while medium and longer relaxation time (T2B, T2C and 
T2D) can be associated with the amorphous state [66,76].

As reported in Fig. 8 and Table 6, the value of T2A doesn’t change too 
much, when we compare the non-treated with the ED8-treated leather. 
Nevertheless, T2B and T2C, strictly related to the amorphous phase of the 
collagen, decreased after the treatment with ED8, suggesting a reduction 
in the molecular mobility due to collagen-ED8 interaction. The presence 
of a further component T2D, could be related to the presence of the 
composite on the leather structure [35].

On the other hand, the increase in T1 apparently might seem to be at 
odds with the increase in thermal stability since artificially ageing ex-
periments demonstrated that an increase of spin-lattice T1 relaxation 

Table 3 
Shrinkage parameters of hide powder treated with the newly synthesized com-
posites compared to those of not-treated hide powder.

Sample Tf ( ◦C) Ts ( ◦C) fTs ( ◦C) Tl ( ◦C)

Hide powder (HP) 40.3 56.4 66.6 78.4
HP-ED1 46.8 58.6 71.6 80.6
HP-ED2 55.5 65.3 73.4 84.0
HP-ED3 43.6 61.6 67.0 75.7
HP-ED4 51.8 63.0 72.0 85.2
HP-ED5 51.2 60.1 72.7 80.1
HP-ED6 52.7 60.2 67.6 77.8
HP-ED7 55.1 62.7 68.7 80.0
HP-ED8 52.2 63.6 73.6 85.9
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time is attributable to the progressive thermal destabilisation of tanned 
collagen [77]. As previously reported by some of us, the T1 value of 
leather is a measure of the strength of water-mediated bonding in the 
collagen matrix, depending on the number of sites capable of strong 
interactions with water, which, in turn, depends on both the chemical 
structure of tannin and the micromorphology of collagen in the animal 
hide [66,77]. In the case of ED8-treated specimen, we are dealing with 
an additional re-tanning agent, with a different chemical structure, 
whose insertion/interaction with the collagen matrix might produce a 
disturbance evidenced by the variation of T1. This explanation is sup-
ported by the fact that we found similar T1 values when HAp was added 
as flame retardant additive in the wet re-tanning process [78].

TG/DTG/DTA analysis was also performed (Fig. 9) to compare the 
thermal stability of the two leather specimens.

From the TG/DTG/DTA curves, three main degradation processes 
can be detected in both samples: i) the first mass loss related to water 
release; ii) the decomposition at about 320  ◦C related to collagen 
matrix thermal decomposition; and iii) a second decomposition at 
around 550 ◦C corresponding to strong thermo-oxidation [79]. Unlike 
the not-treated leather, the ED8-treated leather continued to lose mass 
on heating up to ≈ 800 ◦C, indicating the presence of other thermally 
unstable residues [80], most probably from ED8 composite. Although 
the addition of the composite has little effect on the temperature of 
maximum mass loss of the second process (only 3 ◦C increase), there is a 
slight shift of the third mass loss to higher temperatures (about 20 ◦C), 
indicating a delay of the thermo-oxidation process.

X-ray diffraction is a widely used technique to understand the 
structure of collagen in biomaterials [81]. Small and wide-angle X-ray 
diffraction was used to measure quantitatively the changes induced at 
the nanoscopic and microscopic levels of collagen during manufacture of 
parchment from animal skin [82]. As the first physical and chemical 
processes in parchment manufacturing (i.e. salting and liming) are the 
same as in the process of making leather, such insight could be used as a 
guide for optimising the industrial leather making process. 
Synchrotron-XRD (SXRD) patterns collected at ambient conditions for 
the not-treated and ED8-treated leathers are shown in Fig. 10. Both 
patterns consist of three characteristic peaks located at 2θ ~ 7◦, 20◦ and 
31◦ typical for a collagen structure, corresponding to the intermolecular 
lateral packing of collagen molecules (peak ‘1′), amorphous component 
(peak ‘2′), and periodicity of the axial rise by residual (peak ‘3′) [82]. 

Few faint peaks recognised only in the treated leather SXRD pattern are 
marked with an asterisk symbol. Those peaks might be assigned to minor 
traces of ED8 composites. Nevertheless, it can be concluded that the 
composites presence in the treated leather after the wet-finishing pro-
cess (Table S5-S6) is barely detectable (i.e. at the edge of detection 
limits) by SXRD (< 1 %).

The changes associated with the irreversible thermal denaturation of 
collagen structure in the not-treated and ED8-treated leathers were also 
followed and qualitatively compared employing in-situ temperature 
SXRD measurements. Fig. 11 shows the temperature evolution of 
diffraction patterns for both the not-treated and treated leather speci-
mens during heating and cooling between room temperature and 250 
◦C. Collagen peaks at ~ 7◦ and 31◦ gradually disappear as temperature 
increases, as expected. Denaturation is not a reversible process; there-
fore, these peaks do not reappear when the specimens are cooled back to 
ambient conditions.

To demonstrate it clearly, the normalised peak ‘1′ area was plotted in 
Fig. 12 as a function of temperature for both leather specimens, i.e., ED- 
8 treated and not-treated. The temperature dependence of the two 
curves is remarkably similar, as expected. The peak ‘1′ area remains 
somewhat stable until the temperature roughly reaches 80 ◦C, when a 
significant and steep decrease begins. This decrease considerably slows 
down by around 150 ◦C, and by 250 ◦C, the peak "1″ areas are merely a 
tiny portion of their preheating values. This is consistent with fundings 
from previous studies on collagen thermal denaturation: the collagen 
crystalline phase denatures at temperatures higher than 210 ◦C, while 
the less stable amorphous phase denatures in the range (50 – 120) ◦C, 
depending on the hydration level of the collagenous material [83]. 
Actually, during the SXRD experiment, leather underwent simultaneous 
dehydration and denaturation, in agreement with both thermal analysis 
results, which indicate that first dehydration process takes place in the 
range 80–100 ◦C, and MHT results, which show shrinkage occurring at 
70–80 ◦C. Starting from 80 ◦C, thermal denaturation takes precedence 
over the dehydration process, which is why the area of peak 1 decreases 
very abruptly, until most of the collagen (the less thermally stable, or 
amorphous, fraction) completely denatures. Then, the more thermally 
stable fraction with very low hydration level (the so-called crystalline 
fraction) starts to denature, a process which is completed in the tem-
perature range (220 – 250) ◦C.The peak ‘2′ that reflects the collagen 
amorphous component shifts to lower 2-theta values till 250 ◦C and then 

Fig. 5. SEM images (magnification at 20 kX) of the a) hide powder, b) ED8 composite, c) hide powder treated with ED8.

Fig. 6. Surface aspect of ED8-treated leather (a) compared to that of the not treated leather (b).
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moves back to higher 2-theta because of a thermal expansion/com-
pression. The shape of this peak may alter as a result of the hea-
ting/cooling process, becoming narrower and more symmetric. Again, 
the observed changes are very similar for both not-treated and 
ED8-treated leather specimens. It should be mentioned that collagen 
fibrils in cow hide, are linear arrangements of collagen monomers which 
comprise hundreds of molecules in their cross-section of about 150 nm 
in diameter [84]. The peak related to ED8 composite at ~ 29◦ (Table S7) 
disappear at 200 ◦C. This might be attributed to the fact that ED8 
interact with the amorphous fraction of collagen which is fully denatures 
up to 200 ◦C.

ATR-FTIR analyses were also performed on the leather specimens 
exposed to in-situ heating to evaluate how the heating modified their 
molecular structure. As previously reported by Cappa et al. [85], the 
changes in the amide I (1640 cm− 1), amide II (~1550 cm− 1) and amide 
III (~1340 cm− 1) bands are not so evident even after collagen was dry 
heated at 200 ◦C for 6 h. In fact, no evident shifts of amide bands were 
observed after the heating of both leather specimens (Fig. 13), whereas 
evident changes occurred in the region of carbohydrate (collagen pro-
teoglycans) moieties (C–O stretching and C–O–C stretching) [86], with 
the not-treated leather showing more significant alterations at 1142 and 
1103 cm− 1 (Fig. 13). The increase of these two bands after heating might 
be attributed to the release of proteoglycans as a result of thermal 
denaturation. The spectral features are thus consistent with ED8 ther-
mally stabilizing the collagen matrix.

3. Materials and methods

β-cyclodextrin (β-CD) was purchased from Roquette (Kleptose® GC 
grade ≥ 93 %) and used without further purification. The synthesis of 
HAp particles was performed according to the procedure developed by 
University of Turin and Kemia Tau within the M-Eranet project InSuLa 
Innovative materials and technologies for sustainable leather 
manufacturing for automotive [78]. Industrial grade hydrated lime, 
phosphoric acid 85 % and NH3 solution 33 % were used for the 
synthesis.

The ultrasound experiments were performed with a Sonic Vibracell 
VCX 750 ultrasonic liquid processor equipped with a 13 mm titanium 
probe. The mixing of the two precursors, β-CD and HAp was carried out 
in a glass flask at atmospheric pressure. To avoid the temperature rise in 
the reaction vessel, a cooling mixture of water/glycol at 15 ◦C was 
circulated in the reaction vessel jacket by a Thermo Scientific HAKEE 
G50 refrigerated circulator.

Laboratory tanning tests on hide powder were performed at the 
Leather and Footwear Research Institute (ICPI), the research Branch of 
the National Research and Development Institute for Textiles and 
Leather (INCDTP), Bucharest. The hide powder used was SLTC Official 
hide powder batch B60 purchased from BLC Leather Technology Center 
Ltd., England. T500 mg hide powder was soaked in 7.5 mL distilled 
water in which 60 mg of NaCl was added and stirred for 30 min at 30 ◦C. 
Then, 200 mg of β-CD/HAp composite (ED1-ED8) was added and stirred 
at 30 ◦C for 24 h Finally, the suspension was filtered through a fast filter 
paper and left to dry at room temperature.

Calf hides used for the pilot scale test were made available by the A3 
Leather Innovation Center from University of Lleida (UdL). The study 
was carried out using raw hides processed from the beamhouse to tan-
ning. The selected β-CD/HAp composite was added during the re- 
tanning stage prior to drying and finishing as reported in the Supple-
mentary Materials (Table S5-S6).

3.1. Analyses methods and techniques

A Malvern Nanoseries Zeta Sizer was used to perform Dynamic Light 
Scattering (DLS) and measure the hydrodynamic size of the composite 
particles and the Zetapotential of their suspensions. All the samples were 
diluted with double distilled water (1mg/100 mL) and filtrated before 

Table 4 
Thermal denaturation parameters of hide powder treated with ED1-ED8 com-
posites compared to those of not-treated hide powder measured by micro-DSC in 
excess water.

Sample Tonset ( 
◦C)

Tmax i
a ( 

◦C)
ΔT1/2 ( 
◦C)

ΣΔHi
a 

(J⋅g¡1)
% ΔHi

a

Hide Powder 
(HP)

49.5 T1= 54.1 
T2= 61.0

5.9 35.4 ΔH1=

74.4 
ΔH2=

25.6
HP-ED1 49.3 T1= 53.0 

T2= 60.2
4.9 13.9 ΔH1=

84.1 
ΔH2=

15.9
HP-ED2 50.2 T1= 54.2 

T2= 61.2 
T3= 66.0

5.6 16.3 ΔH1=

77.3 
ΔH2=

12.8 
ΔH3= 9.9

HP-ED3 50.0 T1= 54.1 
T2= 59.8

4.6 10.4 ΔH1=

80.1 
ΔH2=

19.9
HP-ED4 47.9 T1= 52.2 

T2= 59.2 
T3= 65.5

5.7 10.2 ΔH1=

74.4 
ΔH2=

16.1 
ΔH3= 9.5

HP-ED5 48.1 T1= 52.3 
T2= 58.9 
T3= 64.2

5.8 13.1 ΔH1=

70.8 
ΔH2=

14.9 
ΔH3=

14.3
HP-ED6 49.0 T1= 52.9 

T2= 59.3 
T3= 63.7

4.9 8.3 ΔH1=

81.1 
ΔH2=

14.2 
ΔH3= 4.7

HP-ED7 48.6 T1= 52.4 
T2= 59.1

5.4 11.2 ΔH1=

87.2 
ΔH2=

12.8
HP-ED8 50.5 T1= 54.6 

T2= 61.0 
T3= 65.5

5.0 17.6 ΔH1=

73.7 
ΔH2=

14.4 
ΔH3=

11.9

i = 1–3 index of the collagen population with distinct hydrothermal stability.

Table 5 
Results of the standard tests applied to ED8-treated leather and not-treated 
leather.

Sample Not treated 
leather

ED8-treated 
leather

Standard method

Ts
a ( ◦C) 72.0 ◦C 78.5 ◦C UNI EN ISO 3380: 

2015
Thicknessb (mm) 1.66 mm 2.23 mm UNI EN ISO 2589: 

2016
Colour fastnessc (grey 

scale)
2/3 (24 h) 
2/3 (48 h) 
2 (72 h)

3/4 (24 h) 
3/4 (48 h) 
3 (72 h)

UNI EN ISO 105- 
B02:2014 
Xenon arc fading 
lamp test

(a) Ts = Shrinkage temperature: https://www.iso.org/standard/61792.html. (b) 
ISO 2589:2016 specifies a method for determining the thickness of leather. The 
method is applicable to all types of leather of any tannage. https://www.iso.org/ 
standard/68859.html. (c) ISO 105-B02:2014 specifies a method for determining 
the effect on the colour due to the action of an artificial light source represen-
tative of natural daylight (D65): https://www.iso.org/standard/65209.html.
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the measurements. All experiments were performed in triplicate.

X-ray diffraction data (XRD) of the β-CD/HAp composites were ac-
quired in the 2θ range 5◦− 60◦ using a PANalytical X’Pert MPD diffrac-
tometer (40 mA, 45 kV) with the Cu- Ka1 radiation (λ = 1.5406◦A) 
working in the Bragg–Brentano geometry. During XRD measurements 
the 2θ step size was 0.02◦ and the acquisition time was 20 s/step. Data 
processing was performed using HighScore Plus software 4.8 and PDF- 
4+ Database.

The XRD data of β-CD and HAp were analyzed by selecting the peaks 
with the highest intensity for each compound. Further, Scherrer formula 

Fig. 7. SEM images of the not treated leather with a) 5.00 K and b) 10.00 K magnification compared with those of ED8-treated leather with c) 5.00 K and d) 10.00 K 
magnification.

Fig. 8. 1H CPMG transversal relaxation time (T2) distribution calculated with the inverse Laplace transform for not treated (green) and ED8-treated (red) leathers.

Table 6 
NMR MOUSE® relaxometric parameters of not treated and ED8-treated leathers.

Sample T1 T2A T2B T2C T2D

Not treated leather 19.6 0.05 0.52 6.73 –
ED8-treated leather 25.9 0.04 0.26 1.87 21.54
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(1) was used to calculate the dimensions of the crystallites (grains) and 
the lattice strain. 

Dp = (0.94 ∗ λ) / (β ∗Cosθ) (1) 

Where:
Dp = Average Crystallite size,
β = Line broadening in radians (FWHM),
θ = Bragg angle,
λ = X-Ray wavelength.
The Infrared Spectroscopy in Attenuated Total Reflection mode 

(ATR-FTIR) analyses were carried out using an ALPHA spectrometer 
(Bruker Optics) equipped with a Platinum ATR module. The penetration 
depth, depending on the refractive indices of ATR crystal and sample, 
typically amounts to a few microns (ca. 0.5–3 μm). Spectra were 
recorded in the 4000–400 cm− 1 spectral range with a 4 cm− 1 resolution, 
using 32 scans. Opus software (Bruker Optics, Germany) was used for 
the acquisition and elaboration of the spectra.

Simultaneous thermogravimetric (TG), derivative thermogravi-
metric (DTG) and differential thermal analysis (DTA) curves were 
recorded with the STA 409 PC instrument (Netzsch, under synthetic air 
flow (50 mL⋅min− 1), in the temperature range (25–1000) ◦C, at a heating 
rate of 10 ◦C min− 1. The mass of the analysed samples was in the range 
(10–15) mg. The evolved gases from thermal decomposition were ana-
lysed with a coupled Bruker Tensor 27 FTIR spectrometer equipped with 
a TG-IR gas cell. The FTIR spectra were collected continuously during 
measurements in the wavenumber range 4000–650 cm− 1with a reso-
lution of 4 cm− 1. The identification of the evolved species was per-
formed according to the public NIST database [NIST Chemistry 
Webbook Standard Reference Database No 69 (http://webbook.nist. 
gov/chemistry)].

Micro Hot table (MHT) measurements were performed with an 
equipment composed of a Linkam LTS120 micro heating plate (Linkam 
Scientific Instruments) equipped with an automatic heating rate 
adjustment system and a SMZ 745 Nikon stereomicroscope coupled to a 

Fig. 9. TG (full line blue) /DTG (dotted line blue) /DTA(full line black) of not-treated leather (top) and the ED8-treated one (bottom).
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Nikon D90 digital camera. Micro-samples of 10–15 fibres were thor-
oughly wetted and separated in demineralized water, placed on a mi-
croscope slide with a concavity and left 2 min to reach a homogeneous 
hydration level. The hydrated fibres were separated as much as possible 
under the microscope light using a pair of fine needles and then covered 
with a cover glass, placed on the hot table and heated at 2 ◦C⋅min− 1. The 
shrinkage process was digitally recorded, and the various temperatures 
defining the shrinkage activity were visually determined.

Micro-Differential Scanning Calorimetry measurements were carried 
out with a high-sensitivity Micro-DSC III calorimeter (SETARAM), in the 
temperature range (25–85) ◦C, at 0.5 ◦C min− 1 heating rate, using 850 
μL Hastelloy C cells. This low scan rate was applied to provide the quasi- 
equilibrium condition for DSC analysis and accurately measure the 
denaturation parameters. Samples of about (5.0–10.0) mg were sus-
pended in 0.5 M acetate buffer (pH = 5.0) directly in the measure cell 
and left for 30 min to assure their fully hydration and avoid Tmax and 
enthalpy variation with hydration level. Experimental DSC data ac-
quired with the SETARAM SetSoft2000 software were analysed using 
PeakFit 4.1 (Jandel Scientific). DSC multiple peaks of the investigated 

samples were deconvoluted using the PeakFit asymmetric Gaussian fit 
function to improve the fit of the asymmetry in the peaks.

The morphological characteristics of the samples were analysed 
using a Gemini 500 Field Emission Scanning Electron Microscope 
(Zeiss).

The relaxometric behaviour of leather was measured using a 1H 
unilateral NMR device (NMR-MOUSE® PM2, Magritek GmbH) 
controlled by a Kea 2 spectrometer and operating at 27.1 MHz. The 1H 
spin-spin (transverse) relaxation times T2 were measured using the Carr- 
Purcell-Meiboom-Gill (CPMG) pulse sequence (512 echoes) at a depth of 
1 mm. The data obtained applying the CPMG pulse sequence were fit to 
the following function: 

Y = Σn
i=1W1e

− t
T2i (2) 

where n is the number of components used to fit the decay of the 
magnetization, Wi is the spin population of the ith component, and T2i is 
the transverse relaxation time of the ith component.

The proton spin-lattice (longitudinal) relaxation times T1 were 

Fig. 10. SXRD patterns of the not-treated leather (red) and ED8-treated leather specimen with (blue) at ambient conditions before heating/cooling. Labels ‘1′, ‘2′ and 
‘3′ mark the three main peaks related to collagen structure visible in both samples and asterisk labels ‘*’ mark those peaks present only in the treated 
leather specimen.

Fig. 11. In-situ SXRD patterns of the not-treated leather specimen (left) and treated leather specimen (right) collected during heating/cooling between room 
temperature and 250 ◦C. The curve colour reflects the temperature of data collection (colour bar on the right side).
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measured with the saturation-recovery pulse sequence using a Hahn- 
echo (32 echoes). The analysis of the saturation recovery data was 
best performed with the help of a single exponential function. 

A(t) = Aequilibrium

(

1 − exp
(

−
t

T1

))

(3) 

The sum of spin populations was normalized to 100 %.
In-situ synchrotron-based X-ray diffraction (SXRD) measurements 

were carried out at the I12-JEEP beamline [87] at the Diamond Light 
Source UK. As leather specimens were heated from ambient conditions 
to 250 ◦C and cooled down to 50 ◦C with a heating/cooling rate of 10 
◦C/min using a MFS350 Linkam stage, they were illuminated by an 
X-ray beam with an energy of 53.028 keV (corresponding to a wave-
length of 0.23381 Å) and size of 0.5 × 0.5 mm2. X-ray diffraction pat-
terns were continuously collected in transmission mode by an area 
detector Pilatus 2 M CdTe detector [88]. The acquisition time per 
pattern was 30 s resulting in temperature resolution of 5 ◦C per pattern. 
2D diffraction patterns were azimuthally integrated to obtain intensity 
curves using the DAWN software [89]. To simplify a comparison of the 
synchrotron data with laboratory data collected using a Cu anode, the 

synchrotron diffraction data were recalculated into 2θ space corre-
sponding to a wavelength of a Cu Kα line (1.5406 Å).

The cytotoxicity tests were carried out as follow:
Cell cultures: Human keratinocytes HaCaT cells were grown in 

Dulbecco Modified Eagle’s Medium with 10 % fetal bovine serum at 37 
◦C in a humidified atmosphere with 5 % CO2. The cells were seeded at a 
cell density of 4 × 104 cells/ cm2 in 96-well plates and left to adhere 
overnight. The samples were incubated with cells for 48 h.

MTT assay [90]: Cellular viability was measured using the 3-(4, 
5-dimethylthiazol-2-yl)− 2,5-diphenyltetrazolium bromide (MTT; 
Sigma-Aldrich, USA) assay. At the end of incubation period, the culture 
medium was removed, and the cells were incubated with 1 mg/mL MTT 
for 2 h at 37 ◦C. The purple formazan crystals formed in the viable cells 
were dissolved with 2-propanol (99 % purity, Sigma-Aldrich, USA) and 
the absorbance was measured at 595 nm using a plate multireader 
(GENios Tecan).

Lactate dehydrogenase (LDH) released [91] measurements were 
performed according to the following procedure: the culture medium 
was collected after 48 h of exposure, and LDH release was measured 
using Cytotoxicity Detection KitPLUS (Roche, USA) according to 

Fig. 12. Normalised area of the collagen peak ‘1′ as a function of temperature for ED8-treated (blue) and not-treated (red) leather specimens. Figure needs to be 
annotated to show where cooling is presented i.e. the flat lines of no change.

Fig. 13. ATR-FTIR spectra, in the region 1800–750 cm− 1, of the not treated (left) and ED8-treated leather before and after heating at 250 ◦C.
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manufacturer’s instructions. Volumes of 50 µL culture supernatants 
were mixed with 50 µL Reaction mixture of catalyst and dye solution and 
incubated for 30 min in dark place. The absorbance was read at 490 nm 
using a microplate reader (Flex Station 3, Molecular Devices, USA).

The Antimicrobial Assay of composites on isolated microbes was 
performed by agar well diffusion method [92] according to EUCAST 
Guidelines, using MHA (Mueller Hinton Agar) plates [Screening of 
antibacterial potential of the prepared extracts against 1 × 105 CFU/mL 
E. coli (ATCC 11,229), 1 × 106 CFU/mL Staphylococcus aureus (ATCC 
6538), 1 × 104 CFU/mL Staphylococcus epidermis (ATCC 12,228) and 1.5 
× 105 CFU/mL Brevibacterium lines (ATCC 5274)].The total aerobic 
microbial count (TAMC) and total yeast and mould count (TYMC) assays 
were performed using Casein Soya Bean Digest Agar and Sabouraud 
Dextrose Agar. The plates were incubated at (30–35) ◦C for 1–2 days for 
TAMC and at (20–25) ◦C for 3–5 days for TYMC.

4. Conclusions

β-CD/HAp composites were obtained using the ultrasound-assisted 
technology. The use of ultrasound to reduce the size of the hydroxyap-
atite particles (sono-deagglomeration) proved effective, as did the use of 
cyclodextrin to confer the nano-HAp particles greater stability and sol-
ubility. The composites were chemically and structurally characterized 
by ATR-FTIR, TG/DTG, XRD and SEM analyses. The optimal parameters 
for the US treatment were determined based on the particle average size, 
zeta potential, polydispersity index and thermal degradation pattern. 
Treatment period is 30 min, with a 35 % amplitude and a β-CD:HAp ratio 
of 0.5:1. All of the composites exhibited antibacterial activity against 
E. coli, S. aureus, B. linens and S. epidermidis, and were non-cytotoxic. The 
interaction of composites with collagen from hide powder was proved 
by MHT method, micro-DSC and SEM. One composite was selected for 
the pilot scale test based on its particles’ average dimension and stability 
in water suspension, thermal stability, char content and cost reasons. 
The leather specimen obtained by adding the ED8 composite in the re- 
tanning float demonstrated enhanced properties compared to the spec-
imen obtained only with commercial products in terms of colour 
brightness, colour fastness, grain fullness, thickness, thermal stability, 
and breathability. All these enhanced performances of the leather 
treated with ED8 have been explained taking into account the specific 
properties of both β-CD and HAp. Interestingly, the thermal stability 
increase was proven at fiber and 3D-matrix levels (i.e., treated hide 
powder and treated leather in the re-tanning phase), while almost no 
bonds between collagen and ED8 are formed at the fibrillar level, which 
could have been detected by SXRD analysis. This may be due to the 
much larger size of the composite compared to the collagen fibrils. 
Considering all these findings and the green and safe procedures used to 
obtain the β-CD/HAp composites, as well as their lack of cytotoxicity 
and antibacterial activity, we cleared the way for a more sustainable 
leather processing without compromising the technical performance of 
the final product, but rather improving it. Other properties of the 
composite, such as flame retardancy, will be investigated and improved 
next.

Funding

This research was funded by a grant of the Ministry of Research, 
Innovation and Digitalization, CNCS/CCCDI UEFISCDI, Eureka project 
BIOSAFE LEATHER PN-III-P3–3.5-EUK-2019–0236 within PNCDI III. M. 
O., E.B, I.Q and C.P. acknowledge the funding for in-situ synchrotron- 
based X-ray diffraction measurements carried out at the I12-JEEP 
beamline at the Diamond Light Source UK (Experiment MG35634) 
offered by Diamond Light Source UK’s National Synchrotron Science.

CRediT authorship contribution statement

Ilaria Quaratesi: Writing – original draft, Visualization, Project 

administration, Data curation, Conceptualization. Ioan Călinescu: Re-
sources, Methodology, Conceptualization. Petre Chipurici: Resources, 
Investigation. Elisa-Gabriela Dumbravă: Visualization, Validation, 
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