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ARTICLE INFO ABSTRACT

Keywords: Sustainability of leather lies in how the hide, a sustainable, naturally renewable, raw material, is processed.
Bio-based Ch.emicals Tanning chemistry has been a limiting factor for leather sustainability. In this study, a host-guest synthesis
p-cyclodextrin strategy was selected to modify one of the most widely used tanning polymer, MIDA DD, and obtain a new hybrid

Side-chain Poly[2]pseudorotaxanes
Tanning processes
Sustainability

tanning system containing f-cyclodextrin, and leather drastically less impactful on the earth and people. Poly[2]
pseudorotaxane Side-Chain Complexes (PSCCs) have been obtained by threading f-cyclodextrin units onto the
side-chains of the commercial MIDA DD. The formation of PSCCs in aqueous solution was investigated by using
1D NMR, ATR-FTIR and TGA experiments. The ability of PSCCs to stabilize the collagen matrix was tested at
laboratory and industrial pilot scale by micro-DSC, ATR-FTIR and solid-state NMR techniques. The physical and
mechanical performance of the obtained crust leather was determined by standard tests used in tanning industry.
Side-chain poly[2]pseudorotaxanes showed better tanning performances than the fossil-based MIDA DD, the
most effective supramolecular tannins being obtained by mixing #-CD and MIDA DD in ratios close to 1/1 (w/w).
The new tanning mixtures allow for significantly reducing both the amount of fossil-based MIDA-DD polymer in
the current tanning processes (by 45%) and the free bisphenol content in leather crust (by more than 80%) due to
the presence of bio-based f-CD in the composition of the new supramolecular tanning agents. The findings
disclosed here pave the way for the CDs’ employment in improving the sustainability of tanning processes.

1. Introduction the leather-making industry for the past 100 years [1,2]. Chrome tan-
ning, faster and cheaper than vegetable tanning, which takes more skill

Europe counts for over 25% of the world leather production and and labor, has dominated the leather-making industry for the past 100
stands out for possessing one of the largest and most active consumer years [1,2]. However, the potential oxidation of Cr(III) to Cr(VI), which
marketplaces for leather goods. Chrome tanning, faster and cheaper is recognized as a human carcinogen [3-6], represent a significant risk
than vegetable tanning, which takes more skill and labor, has dominated for human health as well as water, land, air and their ecosystems [7-9].
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Consequently, chrome-free leather has become more and more appre-
ciated by consumers and in increasing demand [10]. The use of
organic-based tannins has therefore been considered a significant step
toward more eco-friendly leather processing. On the other hand, the
most commercially successful organic tannins are derived from
non-renewable fossil sources [1,2,11,12]. Increasing the sustainability
of tanning process depends on the partial or total substitution of
fossil-based materials. Hybrid tannage does not require changing the
current processing technology or replacing the equipment, being easily
and quickly transferred to the industry.

Built on this premise, the selective complexation (molecular recog-
nition [13]) of organic molecules, inside the hydrophobic cavity of
water-soluble macrocycle such as cyclodextrins [14,15], could be a
suitable method to synthetize a hybrid tannin and thus reduce the
fossil-based tannin quantity in both leather and water and solid wastes.
Molecular recognition in water [16] is the central topic of supramolec-
ular chemistry, and the complexation of anionic and cationic guests
[17], and organic pollutants has been intensively studied in environ-
mental sciences. Cyclodextrins (CDs) [14,15] are water-soluble macro-
cyclic hosts which are able to host hydrophobic guests in their internal
cavity and form inclusion complexes, improving water solubility of
organic molecules and providing a wide range of industrial (i.e., food,
pharmaceuticals, chemistry) and environmental applications [18-22].
CDs are cyclic oligosaccharides composed of six (a-CD), seven ($-CD) or
eight (y-CD) a-1,4-linked glucose units with a toroidal shape charac-
terized by hydrophilic exterior rims and a hydrophobic cavity (Fig. 1). It
was reported that CDs thread into the side-pendants of polymers bearing
side-chains groups (Fig. 1) and form poly[2]pseudorotaxane architec-
tures (side-chain poly[2]pseudorotaxanes, Fig. 1) [23,24]. Such supra-
molecular architectures have recently gained increasing interest due to
inherent mechanical and physical properties, i.e. self-healing and
stimuli-responsiveness [23-25].

In this paper, we studied the way in which MIDA DD, belonging to
the dihydroxy diphenylsulphone compounds (Fig. 1) and one of the most
widely used tannin at present, could be complexed by -CD to obtain a
hybrid tannin agent with significantly lower environmental impact.

MIDA DD consists of a water-soluble blend of fossil-based oligomers
bearing sulfonated 4,4-dihydroxydiphenyl sulphone moieties [26] as
side chains (Fig. 1). It may therefore release bisphenol S (BPS) in leather.
Bisphenol S is the most common bisphenol analog marketed as a
bisphenol A-free product since BPA was restricted by several EU regu-
lations and directives such as: REACH, Toy Safety Directive and Plastic
Food Contact Materials Regulation. Bisphenols mainly enter the human
body through contaminated food or water or by contact (i.e. with
thermal paper in the form of sales receipts or with the leather goods).
Recently, BPS was also shown to be toxic to the reproductive system and
was to hormonally promote certain breast cancers at the same rate as
BPA [27,28]. These are strong arguments to regulate BPS in exactly the
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same manner as BPA. It is expected that in the immediate future, the
companies producing BPS-based organic tannins will have to comply
with safety standards for BPS, too. The MIDA DD structure makes it a
potential candidate for the synthesis of side-chain poly[2]pseudorotax-
anes (Fig. 1) with s-CD as host. To achieve our purpose, we synthetized a
side-chain poly[2]pseudorotaxane by threading f-CD macrocycles onto
the sulfonated 4,4-dihydroxydiphenyl sulphone pendants attached on
the main chain of MIDA DD. The five different mixtures obtained by
increasing the quantity of p-CD were fully characterized by 'HNMR,
ATR-FTIR and TG analysis. Their ability to interact with collagen and act
as a tannin, i.e. to improve the hydrothermal stability of the chemical
matrix collagen-tannin, was characterized by micro-DSC, NMR MOUSE
and ATR-FTIR. The mechanical and physical properties of leather tan-
ned with MIDA DD@p-CD side-chain poly[2]pseudorotaxane were
tested using the standard test methods used in leather tanning industry
and the results obtained proved its performing characteristics compared
to standard leather obtained using MIDA DD. The new hybrid-tanning
complex exploits the synergy between MIDA DD and p-CD allowing
for substantially reducing both the amount of MIDA DD in the tanning
process and of residual BPS in leather.

2. Experimental section
2.1. Materials

B-Cyclodextrin (-CD) was purchased from Roquette (Kleptose® GC
grade >93%) and used without further purification. 2DS basico, MIDA
DD and sodium sulphate were provided by BI-QEM Specialties S.P.A.
The mixture of dicarboxylic acids was purchased from BASF (commer-
cial name: Sokalan® DCS. CAS number: 68603-87-2).

The sheep hides used for tanning tests on the laboratory scale were
from Leather and Footwear Research Institute (ICPI) of the National
Research and Development Institute for Textiles and Leather (INCDTP),
Bucharest. Sodium chloride was purchased from Chimreactive S.R.L.

The calf hides, reagents (i.e., sodium chloride, IDROSIN JK®,
HCOONa and ECOGRIN 30LR®) used in industrial pilot tanning process
scale were provided by FGL International S.P.A., Italy.

2.2. Side-chain poly[2]pseudorotaxane mixtures preparation

Side-chain poly[2]pseudorotaxane mixtures, henceforth referred to
as PSCCs, were obtained by mixing the MIDA DD precursor (2DS basico)
and B-CD in weight ratios (Table 1) at 85 °C, under stirring, for 15 min.
The mix of dicarboxylic acids (10%, w/w) and sodium sulphate (15%,
w/w) was then added (in the same percentages used for the marketed
MIDA DD tanning agent) and the mixture was further stirred until
complete dissolution. The final product was dried in the oven at 80 °C.
The pH of the 20% (w/w) solution of PSCC in distilled water was (4.5 +
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Fig. 1. (Left side) Cartoon representation of the side-chain poly[2]pseudorotaxane complex (PSCC) formation by complexation equilibrium between p-cyclodextrin
(B-CD) molecules onto the side-chain units of MIDA DD polymer. (Right side) H NMR spectra (400 MHz, 298 K, D,0) of: a) -CD (coloured in blue); b) free PSCC1
(coloured in red) and c¢) MIDA DD (coloured in black).”. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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Table 1
Percentage weight composition (%) of the five PSCC mixtures.
MIDA PSCC1 PSCC2 PSCC3 PScc4 PSCC5
DD
p-Cyclodextrin - 17.5 27 33.5 52.5 61.4
2DS basico 75 57.5 48 41.5 22.5 13.6
p-CD:2DS basico - 0.3/1 0.6/1 0.8/1 2.3/1 4.5/1
weight ratio (w/
w)
NaySO4 15 15 15 15 15 15
Dicarboxylic acids 10 10 10 10 10 10
0.5).

2.3. Characterization and test methods

Liquid state NMR was used to characterize the PSCC mixtures, while
the collagen-PSCCs matrices were characterized by solid state NMR. 1D
NMR spectra of PSCCs mixtures, MIDA DD and p-CD were recorded on
600 MHz [600 (1H) and 150 MHz (13C)], 400 MHz [400 (1H) and 100
MHz (13C)], and 300 MHz [300 (1H) and 75 MHz (13C)] spectrometers.
The observed chemical shifts are reported relative to the residual solvent
peak.

Thermogravimetric analysis (TGA) of PSCC mixtures, MIDA DD and
-CD was carried out with a TGA Q500 thermobalance (TA Instruments)
with 1 pg resolution. Samples of about 7 mg were placed in open plat-
inum pans and run under nitrogen purge (100 cm®/min), in the tem-
perature range (25-900) °C, at 10 °C min~* heating rate.

Infrared Spectroscopy in Attenuated Total Reflection mode (FTIR-
ATR) analysis was carried out for characterizing both the PSCC mixtures
and PSCC-tanned leathers. Spectra were recorded with an ALPHA
spectrophotometer (Bruker Optics) equipped with a Platinum ATR
module, in the 4000-400 em™! spectral range, with a 4 em ™! resolution,
using 32 scans. Opus software (Bruker Optics, Germany) was used for
the acquisition and elaboration of the spectra.

Micro-Differential Scanning Calorimetry (micro-DSC) was employed
to characterize the stability of collagen-PSCCs matrices against thermal
denaturation. Measurements were carried out with a high-sensitivity
Micro-DSC III calorimeter (SETARAM) and were performed in the
(25-90) °C temperature range, at 0.5 °C min ™! heating rate, using 850 pl
stainless steel (Hastelloy C) cells. The very low scan rate provides the
quasi-equilibrium condition for DSC analysis and allow an accurate
measurement of the denaturation parameters. Samples of about 5.0 mg
were suspended 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
denaturation temperature and enthalpy variation with hydration level.
Experimental DSC data acquired with the SETARAM SetSoft2000 soft-
ware were analyzed using PeakFit 4.1 (Jandel Scientific). DSC multiple
peaks were deconvoluted using the PeakFit asymmetric Gaussian fit
function to improve the fit of the asymmetry in the peaks.

13C CP-MAS NMR spectra of leather samples were obtained using a
Bruker Avance III spectrometer operating at 100 MHz. The spin rate was
12 kHz. Leather samples were finely cut and packed into 4-mm zirconia
rotors with an available volume reduced to 25 pl and sealed with Kel-F
caps. Standard MIDA DD and p-CD were analyzed as received. '3C CP-
MAS spectra were acquired using a contact time for the cross polar-
isation of 1.5 ms, the recycle delay of 3 s and the 1H n/2 pulse width of
3.5 ps. The cross polarisation was achieved applying the variable spin-
lock sequence RAMP-CP-MAS. The RAMP was applied on the 1H
channel and, during the contact time, the amplitude of the RAMP was
increased from 50% to 100% of the maximum value. Spectra were ac-
quired with a time domain of 1024 data points with zero filled and
Fourier transformed with a size of 4.096 data points applying an expo-
nential multiplication with a line broadening of 32 Hz.

Both laboratory and industrial pilot scale tanning tests were per-
formed using a wet-white technology, as reported in the SI.
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The shrinkage temperature of leather samples was measured using a
Giuliani Shrinkage Tg tester IG/TG, according to the standard method
ISO 3380:2015 [IULTCS/IUP 16]. The physical-mechanical character-
istics of leather samples as well as their colourfastness to light were
determined according to the specific standard tests used in the tanning
industry [UNI EN ISO 3380:2015, UNI EN ISO 2589: 2016, EN ISO
3376:2020, UNI EN ISO 3378: 2005, UNI EN ISO 3379: 2015, UNI EN
ISO 105- B02:2014]. The content of free bisphenol S in crust leather was
determined by liquid chromatography-mass spectrometry (LC-MS)
after extraction with MeOH at 60 °C for 1 h [ISO/DIS 11936].

3. Results and discussion

3.1. Characterization of MIDA DD@p-CD side-chain poly[2]
pseudorotaxanes

The formation of MIDA DD@p-CD side-chain poly[2]pseudorotaxane
complex was demonstrated by a combination of investigations,
including 'H NMR spectroscopy, FTIR spectroscopy and TGA analysis.
Previously, we showed that f-CD macrocycles can form endo-cavity
complexes with 4,4-dihydroxydiphenyl sulphone (4,4-BPS) and 2,4
dihydroxydiphenyl sulphone (2,4-BPS) [29]. Investigations by
isothermal titration calorimetry (ITC) and NMR indicated the formation
of BPS@B-CD complexes with 1:1 stoichiometry by an
enthalpically-driven inclusion process, which was accompanied by an
unfavorable entropy change [29]. Based on these insights, the formation
of MIDA DD@p-CD poly[2]pseudorotaxanes was studied by 'H NMR
spectroscopy (Fig. 1a—c), focusing on the complexation induced shifts
(C.IS., A6 = Scomplex — Ofree) €xperienced by the H-atoms of the $-CD
(Fig. 1a—c). The 'H NMR spectrum of the PSCC1, obtained by mixing
B-CD:MIDA DD precursor in a 0.3:1 (w/w) ratio, illustrated in Fig. 1b,
shown significant upfield shifts of the $-CD signals: H3 and H6 protons,
shown a C.LS. of —0.1 ppm, while H5-atom, shown a C.LS. of —0.3. This
result indicates the inclusion of sulfonated 4,4-BPS side-chains inside
the cavity of f-CD with a fast complexation equilibrium. Smaller C.LS.
were observed for H1, H2, and H4 protons of $-CD, namely —0.04,
—0.027, and 0.02 ppm (Fig. 1). 'H NMR spectra of PSCC2-PSCC5 mix-
tures are reported in SI (Fig. S1). Differently, the signals of MIDA DD
were very little influenced by the formation of the pseudorotaxane
motif.

The ATR-FTIR spectra of the five PSCCs mixtures were compared to
those of the free host and guest and reported in Fig. 2 and Figure S2, SL
The spectra of PSCCs mixtures show the specific bands of MIDA DD, -
CD, sodium sulphate (619 and 1043 cm’l) and dicarboxylic acids (1711
and 2946 cm™!). The ATR-FTIR spectrum of -CD shows the charac-
teristic bands of the OH-groups at 3278 cm ™, the C-H stretching vi-
brations at 2923 cm ™! and the C-O stretching vibrations at 1151, 1022,
997, 942 and 575 em ! [30]. The anomeric band at 858 cm ™ essentially
consists of Ci-H deformation coupled to other motions [31]. All these
bands are present in the spectra of PSCCs mixtures, some showing sig-
nificant shifts i.e., the C-O stretching bands at 1151 and 1022 cm ™! are
displaced at 1143 and 1027 cm_l, respectively (Fig. 2 in red). The MIDA
DD specific bands are visible at: 3233 cm ™! (OH stretching on the aro-
matic rings), 1585 em™! (C-C stretching of the aromatic rings), 1135
cm ! (stretching signal of S-0), 695 em~! (S-C stretching) and 833
em! (C-C bending of the aromatic ring) [32]. All these bands are
present, slightly shifted, in the five PSCCs. This confirm that the inter-
action between MIDA DD and $-CD is H-bond based, as it doesn’t affect
the monomeric unit of the polymer.

The thermogravimetric analysis (TGA) was previously used by some
of us [25,29] and other [33] to characterize inclusion complexes of -
CD. As expected, the thermograms of free f—CD indicate the occurrences
of mass loss in three endothermic processes: mass loss due to the
evaporation of water associated with the macrocycle at T < 100 °C (mass
loss of about 10 %); significant mass loss related to f—CD degradation at
T ~ 321 °C and a slow decomposition between 350 °C and 420 °C due to
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Fig. 2. (Left side) ATR-FTIR spectra of MIDA DD, PSCC1 and -CD. (Right side) The zooming in of the (1200-900) cm ! region highlights the MIDA DD and $-CD

bands’ shift as a result of their interaction to form PSCCI.

the thermal degradation of its “chair conformation” (Fig. 3) [34].
MIDA-DD also features three mass loss processes: the first, due to the
presence of dicarboxylic acid, occurs at T =~ 196 °C, the second is a slow
degradation occurring between 200 °C and 500 °C, followed by a fast
decomposition at 630 °C (Fig. 3 and Fig. S3, SI).

As reported in Fig. 3, a reduction in mass loss due to superficial and
internal water is observed as a result of host-guest complex formation in
PSCC1. The enthalpy-rich water molecules filling the hydrophobic
cavity of f-CD are released in the bulk upon guest inclusion. Interest-
ingly, the water loss significantly decreases from PSCCl to PSCC3
(characterized by f—CD/MIDA DD weight ratios of 0.3/1, 0.6/1 and 0.8/
1), while for PSCC4 and PSCC5 (with f-CD/MIDA DD weight ratios of
2.3/1 and 4.5/1, respectively) this behaviour is much more toned down
due to the excess of f—CD which no longer form inclusion complexes
with MIDA DD (Fig. S3 and Fig. S4, SI). As expected, PSCC1-3 show
thermal stability close to that of MIDA DD, while PSCC4-5 are less
thermally stable. It is worth noting that PSCC1 is the only mixture

showing higher thermal stability compared to MIDA DD: it degrades
around 681 °C, while the degradation of the free polymer occurs at
638 °C.

3.2. Tanning properties of ;~-CD@MIDA DD side-chain poly[2]
pseudorotaxanes

The strength and density of the interactions between the tannin
molecules and collagen determine leather’s hydrothermal stability
[35-39], which is generally assessed by measuring the shrinkage tem-
perature using the standard test UNI EN ISO 3380: 2015. However,
temperature is an intensive parameter, which cannot explain the
mechanism of the shrinkage temperature increasing. We used the
micro-Differential Scanning Calorimetry (micro-DSC) technique to
characterize the thermal denaturation [40,41] of the chemical
collagen-tannin matrix and obtain a simultaneous qualitative and
quantitative evaluation of the collagen-tannin interaction.
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Fig. 3. TG thermograms of p-CD, PSCC1 and MIDA DD.
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It is worth noting that a very good relationship between denaturation
temperature and shrinkage temperature was previously reported by
some of us [40]. The typical thermal denaturation peak of fibrous
collagen within hide shown by micro-DSC is a narrow and symmetric
endothermic peak, whose temperature of maximum heat flow, Tpax,
occurs in the range (50-60) °C (Fig. 4a), depending on animal species,
age and on the anatomic part of the hide, i.e., shoulder, belly and butt
[40,41]. For symmetrical peaks, corresponding to very homogeneous
collagen materials (e.g., collagen solutions), Tpax has been assumed as
the denaturation temperature of collagen according to a statistical
process [42]. However, collagen stabilization through tanning is most
often a heterogeneous process since the tanning penetration into leather,
a heterogenous porous material, is of a heterogeneous nature, too.
Therefore, leather frequently exhibits broad and/or markedly asym-
metric denaturation DSC peaks for which Ty« does not reflect the
denaturation temperature across the full scan. (Fig. 2b-h). Conse-
quently, the temperature at the beginning of denaturation Typst was
considered more suitable to evaluate thermal stability of leather in such
conditions [40]. The width at half height AT; /5 of the DSC endothermic
peak provides a measure of the range of molecular thermal stabilities
dispersion: its increase reflects the increase of thermal heterogeneity,
suggesting the presence of various collagen populations with distinct
thermal stability [41-46]. The experimental enthalpy of thermal dena-
turation, AH (J/g), measured as the area under the endothermic peak,
represents the amount of energy needed to induce the denaturation of
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collagen matrix by disrupting the interactions that stabilize the triple
helix, fibrillar and fibrous hierarchical structures. It therefore depends
on both the hydration level and tannin type [41,47].

The deconvolution of broad asymmetric DSC peaks of leather tanned
with the PSCC mixtures (Fig. 2d-h), allowed us to identify and quantify
the various collagen populations with distinct thermal stabilities by
assuming that the percent contribution to the overall denaturation
enthalpy of each component of the endotherm is proportional to the
percentage of the corresponding collagen population [40,48,49]. The
denaturation parameters of collagen-PSCC1-5 matrices obtained by
peak deconvolution are reported in Fig. 4 and Table 2 together with
those for not-treated hide and MIDA DD- and p-CD-tanned hides.

The micro-DSC thermogram of the hide treated with -CD shows a
main denaturation peak at T; = 54 °C, as in the case of not tanned hide
(Fig. 4a), with a shoulder at T, = 61 °C (Fig. 4b) representing the
denaturation of the collagen fraction (about 32%) which interacted with
p-CD. The remaining collagen (about 68%) is in a chemically unmodified
state (not tanned). The denaturation peak of L-MIDA DD (Fig. 4c) shows
the presence of two components corresponding to two thermally stabi-
lized (chemically modified) collagen populations denaturing at T3 =
65 °C (53%) and T4 = 73 °C (47%), respectively. The micro-DSC dena-
turation peaks of the hides tanned with side-chain poly[2]pseudor-
otaxanes PSCCs (Fig. 4d-h) exhibit distinct denaturation patterns
depending on the #-CD/MIDA DD ratio, as expected. Even though all are
characterized by the presence of the thermally stabilized collagen
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Fig. 4. Thermal denaturation peaks obtained by micro DSC in excess water at a heating rate of 0.5 K-min~for: (a) not tanned hide (H), (b to h) hide tanned with
B-CD (1-B-CD), MIDA DD (L-MIDA DD); PSCC1 — PSCC5 mixtures (L-PSCC1 - L-PSCC5). For multi-component denaturation peaks, deconvolution into component
peaks was applied.
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Table 2
Micro-DSC parameters of thermal denaturation of collagen matrix within not-
tanned hide and hides treated with -CD, MIDA DD and PSCC1-5.

Sample/symbol? Tonset T (°C) ATy, SAHE % AH{
qo) 0 Ug™h

Not-tanned hide 49 T; = 8.0 44.7 AH, =
(H) 54 100

1-p-CD 50 T; = 8.3 39.6 AH; =
54 68.3

Ty = AHy =
62 31.7

L-MIDA DD 62 T; = 12.8 37.1 AH; =
65 53.0

T, = AH, =
73 47.0

L-PSCC1 62 T; = 15.5 36.2 AH; =
65 19.8

Ty= AHy =
74 53.9

Ts = AHs =
78 26.3

L-PSCG2 62 T; = 15.1 38.5 AHj3 =
65 28.0

T, = AH, =
73 41.0

Ts = AHs =
77 31.0

L-PSCC3 62 T; = 14.7 36.4 AHj3 =
65 26.5

Ty = AH, =
74 38.0

Ts = AHg =
78 35.5

L-PSCC4 62 T, = 15.6 26.6 AH, =
62 12.9

T3 = AHz =
66 27.5

Ty = AH, =
74 28.6

Ts = AHs =
78 31.0

L-PSCC5 54 T; = 20.5 29.9 AH, =
60 37.9

T; = AH5 =
66 27.6

Ts= AH, =
74 34.5

populations present in L-MIDA DD, a collagen population showing
higher denaturation at about 77-78 °C was identified in L-PSCC1-4,
while a less stable collagen populations with denaturation temperature
lower than 62 is present in L-PSCC4-5. The most thermally stable pop-
ulation denaturing at 77-78 °C could easily be assigned to the interac-
tion of collagen with the macrocycle side-chain poly[2]pseudorotaxane
MIDA DD@p-CD. The percentage of its enthalpy increases as the -CD/
MIDA DD ratio increases and approaches 1/1, then decrease for L-PSCC-
4 and becomes zero for L-PSCC5. These findings suggest that a f-CD/
MIDA DD ratio closer to 1/1, as for PSCC2 and PSCC3, significantly
improves the hydrothermal stability of the chemical collagen-matrix. On
the other hand, when the -CD/MIDA DD ratio is higher than 1/1, the
ability of PSCC4 and PSCCS5 to stabilize the collagen matrix decreased
due to the excess of #-CD, as clearly indicated by the peak component
corresponding to collagen-$-CD population occurring at 62 °C in L-
PSCC4 and at 60 °C in L-PSCC5 (Fig. 4g-h and Table 2). In addition, the
most stable collagen population denaturing at about 78 °C is no longer
present in the L-PSCC5 denaturation pattern. The micro-DSC results
demonstrate that PSCC1-4 side-chain poly[2]pseudorotaxane mixtures
have a superior thermal stabilization effect compared to MIDA DD since
about (26-36) % of collagen reaches a more stable conformation upon
denaturation. From the analysis of thermal denaturation patterns it
follows that the optimal yield for the synthesis of PSCC host-guest
complex is reached for the p-CD:MIDA DD weight ratio of 1/0.8,
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which corresponds to the PSCC3 mixture.

Interestingly, the denaturation temperature of leathers tanned with
MIDA DD and PSCC1-3 ranges from 75 to 85 °C, similar to that of
vegetable-tanned leather, while the denaturation enthalpy is higher
compared to that of vegetable-tanned leathers (which ranges from 20 to
30 J g1, but still much lower compared with chrome-tanned leather
(which reaches 50 J g~1) [40,41,45,46]. It is therefore very likely that
MIDA DD@p-CD poly[2]pseudorotaxanes interact with collagen
through multiple hydrogen bonding due to its hydrogen bond donor
groups, i.e., phenol and alcohol groups of MIDA DD and f-CD, respec-
tively. Because of their flexibility, the phenolic hydroxyl of PSCCs’ side
chains are more likely to interact with the side chains of collagen
polypeptide chains.During these linking phase, poly[2]pseudorotaxanes
displace the interfibrillar water molecules [37,39] while the bulky cy-
clodextrins threaded along the sidechain of MIDA DD are wrapped into
the interfibrillar space. Since water fills the inter-fibrillar spaces and
bulges them, expanding the lattice, the accommodation of the PSCC
guest-host complex seems to reduce the ability of collagen to be inflated
by the action of water. According to Covington “link-lock tanning
mechanism” [37], both MIDA DD and MIDA DD@p-CD poly[2]pseu-
dorotaxanes tanning gives the hides moderate thermal stability due to
the labile interactions that occur through the formation of hydrogen
bonds between the phenolic/hydroxil groups of tannins and the poly-
peptide chains of the protein. This “link tanning mechanism” illustrated
in Fig. 5 is in agreement with the polymer in a box model which
demonstrated that cross-linking collagen causes an increase in its
denaturation temperature due to a decrease in the degree of hydration
which, in turn, determines the reduction of the size of the lattice, that is,
the size of the box of the polymer model in a box [49].

Solid-state NMR and ATR-FTIR spectroscopy were also performed to
characterize the interaction between the side-chain poly[2]pseudor-
otaxanes (PSCC) and collagen, and support the conclusions of the micro-
DSC analysis.

3.3. ATR-FTIR characterisation of leather samples L-PSCCs

The FTIR-ATR spectra of the leather samples (L-PSCC1-5) tanned
with the five PSCC1-5 mixtures are reported in SI, Fig. S5. All spectra
present both the main bands of collagen and PSCCs (previously dis-
cussed and illustrated in Fig. 2). The FTIR-ATR spectrum of L-PSCC1
together with the spectra of raw hide and PSCC1 are presented in
Fig. 6a—c, where the PSCC fingerprint region (1000-1800) cm™! is
highlighted and further processed using the second derivative method
(Fig. 6d-f). The enhanced resolution of absorption peaks in the second
derivative spectra allowed us to better separate the overlapping peaks
(Fig. 6d-f).

The spectrum of leather tanned with PSCC1 (L-PSCC1) shows the
typical signals of PSCC1 i.e., 1588 cm ™! (C-C stretching of the phenolic
rings), 1142 cm ! (S-O stretching) and 835 cm ! (C-C-C bending) and
the sharp peak at 1027 cm™! (C-O stretching). The same bands were
observed in L-PSCC2-5 leathers (Fig. S5, SI), confirming the penetration
of PSCCs in the leather structure. It’s worth noting that L-PSCC5 (Fig. S5,
SI) spectrum shown very attenuated bands at 833 and 1586 cm™!. This
very well correlates with the micro-DSC results that indicated L-PSCC5
as having the lowest linking ability for collagen.

3.4. NMR solid state characterisation of leather samples L-PSCCs

The solid-state 13C CP-MAS NMR technique is a powerful tool for
characterizing solid materials, and collagenous material.[51-53] It was
shown that the 13C CP-MAS spectrum of leather provide a ‘fingerprint’
of the solid component of collagen, while allowing for tannin-type
identification and the assessment of tanning process.53 Due to the
aromatic/polysaccharide nature of tanning agents, there is essentially
no overlap between the resonance bands of tannins and collagen signals
when compared to ATR-FTIR. In Fig. 7, we report the 13C CP-MAS
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Fig. 5. a) Proposed model of hydrogen bonds and water bridges [37] involving the hydroxyl group of hydroxyproline Hyp and carbonyl groups in collagen poly-
peptide chains [49,50]. (b) Cartoon representation of a “linking” [36] pattern involving hydrogen bond donor groups of p-CD@MIDA DD side-chain poly[2]pseu-

dorotaxanes and side chains of collagen.
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Fig. 6. (Left side) ATR-FTIR spectra of (a) PSCC1, (b) L-PSCC1, and (c) raw hide (H) and the zoom in of the PSCC fingerprint region (1000-1800) cm-1. (Right side)
ATR-FTIR second derivative spectra in the PSCC fingerprint region (1000-1800) cm-1 for: (d) PSCC1, (e) L-PSCC1, (f) raw hide (H).

spectra of the sheep hides tanned with p-CD (Fig. 7b), MIDA DD
(Fig. 7e) and PSCC3 (Fig. 7c¢) compared with those of raw hide (Fig. 7d)
and the two precursors of PSCC3, i.e., standard $-CD (Fig. 7a), and MIDA
DD (Fig. 7f). The spectrum of raw hide was assigned based on previously
reported data.53 Resonances in the range 0-70 ppm (peaks from 6 to 20)
are attributable to some functional groups of major amino acid residues.
In detail, the peak at 71 ppm was assigned to the C-4 carbon atom of
hydroxyproline (peak 6), the overlapped signals at 60 ppm were
attributed to the C-2 carbon atoms of both hydroxyproline and proline,
and the sharp peak at 43 ppm was attributed to the C2 of glycine. Other
signals observed in Fig. 7d, are most probably attributable to the two
common polyforms of CaCO3, namely, aragonite, at 171 ppm, and
calcite, at 168.7 ppm.53 CaCO3 is used in hide liming, one of the main
steps carried out during leather production in the tannery. In Fig. 7b and
e, the spectra of the hides tanned with $-CD (1-p-CD) and MIDA DD
(L-MIDA DD) are reported. They show the absorption bands corre-
sponding to both the raw hide and tanning agent, easy to identify since
they appear in distinct regions compared to raw hide fingerprint region,
i.e. B-CD, in the range 70-110 ppm (Fig. 7b), and MIDA DD, in the range
110-160 ppm (Fig. 7e). The spectra of leathers tanned with PSCC3
(Fig. 7¢), PSCC1 (Fig. S6a, SI), PSCC5 (Fig. Sé6c, SI) show the charac-
teristics NMR signals of both the raw hide and the two precursor of
PSCCs, i.e., p—CD and MIDA DD, thus confirming thus confirming the
presence of PSCCs molecules inside the hide structure and their

interaction with collagen.

3.5. Industrial pilot scale tests: characterisation of L-PSCCi samples by
standard methods

The tanning effectiveness of the PSCCs mixtures was tested at in-
dustrial pilot scale on hide batches of 4 kg, as described in the SI. The
shrinkage temperature Ts of the leather obtained with PSCC1-5 was
measured (Table S1, SI) using the conventional standard test UNI EN ISO
3380: 2015. The data reported in Table S1 indicate higher shrinkage
temperatures for L-PSCC1, L-PSCC2, and L-PSCC3 compared to the
leather tanned with MIDA DD. Differently, L-PSCC4 showed a slightly
reduced shrinkage temperatures of 68 °C, while for PSCC5 (4.5/1 w/w
$-CD/MIDA DD ratio) the Ts value got very close to that of raw hide
(56 °C), indicating almost no interaction with collagen. These results
agree with the micro-DSC results reported in Table 2.

Based on the physical-chemical results previously described, only L-
PSCC1, L-PSCC2, and L-PSCC3 leather samples were selected for the
standard physical-mechanical tests and colourfastness. It is well known
that the physical and mechanical properties of crust (not-finished)
leather determine the potential applications of leather. The results re-
ported in Table 3 show the suitability of L-PSCC1, L-PSCC2, and L-PSCC3
leathers to substitute the leather currently produced using MIDA DD for
footwear production. Tensile strength determines the structural
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Fig. 7. Solid-state 13C CP-MAS NMR spectra with the assignment of all resonances for: (a) f-CD; (b) hide tanned with p-CD; (c) hide tanned with PSCC3; (d) raw hide,

(e) hide tanned with MIDA DD; (f) MIDA DD.

Table 3
Leather physical and mechanical standard tests.
Crust leather L-MIDA  L- L- L- Standard
sample DD PSCC1 PSCC2 PSCC3 method
Ts (°C) 70 74 72 75 UNI EN ISO
3380: 2015
Thickness® (mm) 1.6 1.7 1.5 1.8 UNI EN ISO
2589: 2016
Tensile strength 23.2 25.1 33.9 32.9 EN ISO
(N/mm?)® 3376:2020
Percentage 34.6 37.0 39.3 41.0 EN ISO
elongation (%)% 3376:2020
Resistance to grain 35.6 34.1 43.2 49.2 UNI EN ISO
cracking (Kg)° 3378: 2005
Crack index' (mm) 5.9 6.7 8.0 8.6 UNI EN ISO
3378: 2005
Force at crack® (Kg) 73.3 80.3 85.1 88.4 UNI EN ISO
3379: 2015
Distention and 10.2 10.1 9.6 9.8 UNI EN ISO
strength of the 3379: 2015
grainh (mm)
Colour fastness’ 2/3 2/3 2/3 2/3 UNI EN ISO
(grey scale) (24h) (24h) (24h) (24h) 105- A03:2019
2/3 2/3 2/3 2/3
(48h) (48h) (48h) (48h)
2 (72h) 2 (72h) 2 (72h) 2(72h)

(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 and d) Tensile strengthat a specified load and elon-
gation at maximum force of leather. https://www.iso.org/standard/75173.
html. (e and f) ISO 3378:2002 specify a method for determining the resistance
of leather to grain cracking and for determining the grain crack index. (g and h)
ISO 3379:2015 specify a test method for the determination of distension and
strength of the leather grain or finished surface. This method is applicable to all
flexible leathers, and it is particularly suitable to determine the stability of
leathers for footwear uppers. (i) ISO 105-A03:2019 specifies a method for
determining the effect on colour due to the action of an artificial light source
similar to natural daylight (D65):https://www.iso.org/standard/65209.html

resistance of leather to tensile forces hence its state and usability.
Elongation determines leather flexibility and elasticity and highlights its
deformation capacity during using. The more flexible the leather, the
more the appearance of cracks and tears is avoided during the use.
Moreover, high elasticity allows leather to withstand the elongation
stresses during use. The distension at grain crack test is intended
particularly for use with shoe upper leather where it gives an evaluation
of the grain resistance to cracking during top lasting of the shoe uppers.

The color fastness to artificial light, which closely approximates to
natural daylight, indicate a similar behavior of the analyzed leathers,
regardless the tanning agent.

Overall, the newly synthesized PSCC1-3 supramolecular tannins
provided leather with superior mechanical characteristics compared to
the commercial leather tanned with MIDA DD, while reducing the fossil
source (namely 2DS basico) up to 45%. Much more important, the free
bisphenol S content of crust leather significantly decreased as reported
in Table 4.

Considering the w/w B-CD/2DS basico ratio and the measured free
bisphenol S content, it comes out that the reduction of the amount of free
bisphenol is much higher than expected. In fact, if one considers the
amount of fossil source in PSCC1 (57.5%) and in MIDA DD (75%), the
expected final value of free-BPS in L-PSCC1 should be 6801 ppm,
whereas the measured value is almost 4000 ppm lower (Table 4). It is
worth noting that the effective decrease of BPS, i.e. the real final content,
for PSCC3 in leather is 83% less compared to the leather obtained with
MIDA DD. This is because the side-chain poly[2]pseudorotaxanes PSCCs
penetrate and bind to the collagen matrix more efficiently than the
commercial tannin MIDA DD. Our findings indicate that MIDA DD
trapped in the cavity of p-CD becomes more stable, it binds to collagen
more effectively and does not degrade to BPS (during either the tanning

Table 4
Free bisphenol S content of leather.

Sample B-CD % 2DS basico% Free BPS (ppm)
L-MIDA DD 0 75 8871
L-PSCC1 17.5 57.5 2820
L-PSCC2 27 48 2077

L-PSCC3 33.5 41.5 1489
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process or extraction as per ISO regulation) as commercial MIDA DD
does. This is supported by the shift in the constituent collagen popula-
tion ratio toward the more stable ones (i.e., those corresponding to the
collagen-PCCS chemical matrices) for the leathers tanned with PCCS1-3
against MIDA DD.

4. Conclusions

Side-chain poly[2]pseudorotaxanes PSCCs were obtained by molec-
ular recognition of sulfonated 4,4-BPS side-chain of MIDA DD, inside the
cavity of bio-based -CD macrocycles. Five side-chain poly[2]pseudor-
otaxanes PSCC1-5 were obtained by mixing p-CD and the precursor of
MIDA DD in different weight ratios (0.3/1, 0.6/1, 0.8/1, 2.3/1, and 4.5/
1). The formation of the supramolecular systems was confirmed by 1D
NMR, TGA, and FTIR-ATR analyses. The ability of PSCCs to interact with
collagen and generate a stable collagen-tannin matrix was tested by
micro-DSC analysis, ATR-FTIR and solid state NMR spectroscopy.
Noteworthy, the §-CD/MIDA DD ratio significantly influenced the PSCCs
ability to stabilize the collagen matrix. Industrial pilot scale tests were
performed for the most effective supramolecular tannins PSCC1-3
(B-CD/MIDA DD weight ratios of 0.3/1, 0.6/1, and 0.8/1). The new
leather obtained showed better thermal stability than the commercial
leather L-MIDA DD, both in terms of denaturation/shrinkage tempera-
ture, as well as in the percentage of collagen population with the highest
thermal stability. The physical-mechanical characteristics of the new
leather, as well as its colour fastness, evaluated by the standard methods
used in tanning industry, were better than those of commercial leather
tanned with MIDA DD.

The presence of bio-based p-CD component in the PSCCs supramo-
lecular systems allows for significantly reducing both the amount of
fossil-based MIDA DD polymer in the tanning process and bisphenol S
free content in leather crust. The PSCC3 shows the highest decrease of
free BPS on leather, up to 83%.

Considering the current enormous interest in the synthesis and study
of novel bio-based materials for greener tanning processes, and the
excellent tanning ability of the side-chain type pseudorotaxane com-
plexes here described, it can be expected that the presented results pave
the way to a quick uptake of these materials in the tanning industry.
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