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Chapter 1

Introduction

Dyes are everywhere in our everyday life. They are used in textile, leather
and paper dyeing as well as in cosmetics, food and drinks. Thus, it is clearly
important to fully understand their properties and behavior. In this context,
the attention is focused on those dyes used in textile and leather dyeing. In
this particular field, several kind of dyes with different characteristics can be
employed, depending on the substrate. Reactive dyes are one of these types
of compounds and they are chromophores containing a substituent that reacts
with OH, SH and NHs groups present on the substrate, forming a covalent
bond.[15, 33, 79] These dyes are more commonly used in dyeing natural fibers,
such as cotton, flax or wool. A second kind of chromophores are Direct dyes.
They are water-soluble molecules that adhere to the substrate by non-ionic
forces. This dyes usually contain extended aromatic systems that lead to
aggregation by hydrophobic effect. Their aggregation allows to set them on
substrates, between interstices of fibers.[15, 33, 79] They are typically used in
dyeing textiles with high cellulose content, e.g. cotton or viscose rayon. Dis-
perse dyes are yet another kind of substances used in dyeing processes. These
molecules have low water solubility and are used in highly dispersed state by
action of dispersing agents such as surfactants.[15, 33, 79] Thus, dyeing pro-
cesses that involve disperse dyes have a high environmental impact, since large
quantities of additives are employed. Despite these drawbacks, disperse dyes
have very good technical qualities, such as brightness, as well as light and
thermal fastness. Therefore, they represent a very appealing candidate for a
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Figure 1.1: GDs 1 mgml™! water solutions.

modification, in order to increase their water solubility and eco-sustainability.
Few years ago, Bianchini et al. [6, 7] perfected the glycoconjugation process,
that involved the modification of disperse dyes with a sugar, in particular lac-
tose. Chromophores were isolated from commercially available disperse dyes
formulations and specifically modified to be conjugated with lactose. Lactose
was also modified, inserting a piperazine unity. Among many sugars, lactose
was chosen because it is a natural product available at low cost, since it is
obtained every day in large amounts as waste product from dairy industry.
Therefore, the use of lactose was not only cost effective, but also represented
an environment friendly choice, since it allowed to reuse a waste material. From
the modification of disperse chromophores with lactose, Bianchini et al. [6, 7]
obtained the so called Naturalized or Glycoconjugated Dyes (GDs). These
compounds were composed by a hydrophobic core, the chromophore, and a
hydrophilic part, lactose, connected by a linker. GDs were able to dissolve
in water without the addiction of surfactants or salts, as shown in Fig. 1.1,
demonstrating the efficacy of sugar conjugation in increasing their affinity with
water medium. To verify that the insertion of lactose on the chromophore did
not affect its technological qualities, GDs dyeing abilities were tested on a va-
riety of substrates. This trial demonstrated that not only disperse dyes good
qualities were maintained in GDs, but also that the substrates they were able
to dye had been extended. In fact, GDs efficiently dyed not only polyester
and other synthetic fibers, such as nylon, but also natural ones, e.g. wool and
hair, as well as leather, as shown in Fig. 1.2. GDs represented very promising
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(a) Polyester (b) Leather

(c) Hair

Figure 1.2: Samples of synthetic and natural fibers, as well as leather, dyed using GDs.
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Figure 1.3: Sample of leather dyed with a red GD by Biokimica group s.r.l. for BioNaD
LIFE project. Color deposition resulted uneven, as dye accumulated in some areas (green
square).

candidates for an industrial application in dyeing. In fact, they were object
of an European LIFE project, BioNaD, that involved a scale up of GDs syn-
thesis, leather dyeing tests at semi-industrial scale and dye removal studies
on simulated and real effluents, performed by partners: Universita di Firenze,
CNR-ICCOM, Gruppo Biokimica., Serichim s.r.l. and INESCOP. Tests on a
larger scale underlined a variability of dyeing performances between different
GDs. A noticeable example was leather dyeing using a red chromophore, that
resulted in a non uniform coloring of the substrate. In particular, the dye
accumulated in some areas, resulting in a spotted color deposition, as shown
in Fig. 1.3. To understand this phenomenon another effect on GDs proper-
ties, caused by the conjugation of lactose, had to be taken into account. The
presence of both a hydrophilic and a hydrophobic part on the same molecule
gave GDs an amphiphilic character, and with it the ability to form aggregates
in solution by self-assembly. [70] The presence of aggregates could affect GDs
dyeing abilities, therefore it was mandatory to understand their behavior in
solution. In this PhD project, GDs were studied from three different point of
view, each of which correspond to a section of this work. In the first part, a
thorough physico-chemical investigation was performed on five GDs in solu-

4
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tions (NR202, NB27, NO30, NY42, NRC1), whose molecular structures were
reported in Fig. 1.4. As can be appreciated from their structures, these five
dyes had different nature: NR202 and NO30 were azo dyes, NB27 and NRC1
were anthraquinone dyes and NY42 was an aniline dye. Four of them were
object of LIFE project BioNaD, while the fifth, NRC1, was synthesized by L.
Calugi during as part of his own PhD project. [12] GDs characterization in-
volved a variety of experimental techniques, including UV-Visible absorption,
Light and X-Rays scattering, Electronic Circular Dichroism and Atomic Force
Microscopy. The results confirmed the presence of self-assembled aggregates
in water and gave some insights on their structure and shape. The influence
of solvents and of interaction with other GDs, as well as other species, e.g.
surfactants, was also evaluated. GDs behavior and aggregation were further
investigated in the second part of this project, using computational tools. In
particular, Molecular Dynamics for monomers, dimers and trimers were ob-
tained by Force Fields calculations in vacuum and their conformations were
evaluated and classified. Moreover, in light of their possible industrial applica-
tion in dyeing processes, it was also important to investigate the end of GDs life
cycle: their removal from simulated and real dyeing effluents. In fact, leather
and textile dyeing are one of the more serious cause of pollution. Not only the
remediation of their wastewater is difficult, since they contain a wide variety of
pollutants, such as surfactants, inorganic salts and dyes themselves, but also
some of their degradation products can be even more dangerous.[36, 39] An
example are azo dyes, whose degradation can produce carcinogenic aromatic
amines.[49, 59, 67, 68] Therefore, the third and final part of this study con-
sisted in the remediation of GDs effluents using two different biotechnological
approaches. The first one, applied on simulated GDs effluents at lab scale,
involved a non standard bioremediation procedure using a white-rot fungus, F.
trogii. The second was a standard bioremediation procedure based on activated
sludge and was performed on real GDs leather dyeing effluents, provided by
Gruppo Biokimica, that performed large scale dyeing tests for BioNaD LIFE
project. It was possible to demonstrate that both standard and non-standard

bioremediation procedures could achieve good dye removal performances on
GDs effluents.
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Figure 1.4: Molecular structures of the five GDs object of this work: a) NR202, b) NB27
c) NO30, d) NY42, e) NRC1.



Chapter 2

Physico-chemical characterization

2.1 Introduction

Glycoconjugated dyes (GDs) are a relatively new class of compounds, that
have not yet been employed in large scale industrial dyeing processes. Their
physico-chemical properties have not been investigated. However, it is impor-
tant to fully understand the behavior of these systems in solution, since their
characteristics and properties are very likely to affect their interaction with
substrate and, with that, their dyeing ability. For instance, the amphiphilicity
of these molecules allows the formation of self-assembled aggregates in solution
and aggregation could interfere with substrate binding, for example making a
functional group unavailable. Therefore, GDs physico-chemical characteriza-
tion was mandatory. A thorough investigation successfully demonstrated the
presence of GDs self-assembled aggregates in water solutions, underlining the
strong influence of the working conditions. The effects of several parameters on
GDs self-assembly were tested. Dye concentration, solvents, interaction with
other GDs as well as with surfactants of different nature were all taken into
account. The properties of these structures and the influence of each parame-
ter were studied using a variety of methods including UV-Visible absorption,
Light and X-Rays scattering, Electronic Circular Dichroism (ECD) and Atomic
Force Microscopy (AFM).
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2.2 Glycoconjugated dyes in solution

The study of GDs behavior in solution naturally started from their absorption
properties in water. Their absorption spectra, reported in Fig. 2.1, were reg-
istered at a concentration of 1 mgml~!. All dyes showed broad peaks in the
visible region and, in some cases, sharper and more intense peaks at higher en-
ergy. The broadness of the peaks in the visible region could be an indication of
a very high density of electronic states, due to their aggregation in water.[62] In
particular, the presence of a second band at 418 nm for NR202 could be a proof
of its aggregation, [10, 63, 74] as well as the tailing at long wavelengths of the
main band, that could be caused by the scattering of large suspended objects.
Further observations were carried out taking into account the influence of a

40X103_ — NB27
1 NO30
_ —— NR202
— 30 NY42
-E - — NRCH1
(&)

O_I T T T T T — 1
2000 300 400 500 600 700 800

A [nm]

Figure 2.1: Absorption spectra of the five GDs in water at a concentration of 1 mgml™*.

first parameter, their concentration, on GDs absorption. Samples of each dye
at five different concentrations (1, 0.6, 0.3, 0.15, 0.075 mgml~!) were prepared
and their absorption measured. The spectra obtained for NB27, NO30, NY42
and NRC1 were reported in Fig. 2.2. It was evident that the decrease in con-
centration didn’t cause any substantial changes in the absorption of these four

8
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dyes. The only variation was a gradual bathochromic shift of 5 nm for NO30
increasing the concentration from 0.075 mgml™' to 1 mgml~!, that could be
related to increasing aggregation. On the contrary, the changes induced by

0.6+ — 1 mg/ml 1.0 — 1 mg/ml
e 0,6 MG/MI 0.6 mg/ml
--------- 0.3 mg/ml 0.8 -~ 0.3 mg/ml
= o044 /N 015mg/m- _ | /N - 0.15 mg/ml
3 S0 A 0075mg/ml s o6/ O\ e 0.075 mg/ml
S, S,
[7] [72]
2 02 2 047
024 ™
0.0+ =T T ] 0.0-|::: - ‘ a2 - .
400 500 600 700 800 300 400 500 600 700 800
A [nm] A [nm]
(a) NB27 (b) NRC1
2.0+ 1 mg/ml 0.5 1 mg/ml
0.6 mg/ml 0.6 mg/ml
1.54 0.3 mg/ml 0.4+ 0.3 mg/ml
= 0.15 mg/ml = 0.15 mg/ml
E 104 0.075 mg/ml ; 0.3 0.075 mg/ml
0.5+ 0.1
0.0 T T T T 1 0.0 B T T T 1
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A [nm] A [nm]
(c) NO30 (d) NY42

Figure 2.2: Absorption spectra of four GDs (NB27, NRC1, NO30, NY42) at five concen-
trations: 1, 0.6, 0.3, 0.15 and 0.075 mg/ml.

concentration on NR202 were significant. In fact, the variations were so con-
sistent that five more dye concentrations were taken into account to widen the
research: 3.7572, 1.8872, 9.3873 and 4.6972 mgml~!. Absorption spectra were
normalized to underline the differences between the several concentrations. As
can be noticed in Fig. 2.3a, two main changes took place in NR202 at different
dye concentration. First of all, the second band at 418 nm increase its intensity
with the increase of concentration from 4.69~3 mgml~! to 0.15 mgml~!. This
was accompanied by a second variation, consisting in a hypsochromic shift of
Amaz for the band at 460 nm. However, further increasing dye concentration
from 0.15 to 1 mgml~! resulted in a decrease of the intensity of the band at

9
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418 nm, as well as in A4, of the band at 460 nm shifting back to lower en-
ergies. Variations between 4.6972 and 0.15 mgml™' could be caused by the
intensification of aggregation [3, 9, 10, 20, 44, 63, 74] related to the higher
amount of dye in solution. The increase in aggregates dimensions, followed by

20x10°7
SN DMSO
1.07 0.00469 202 N U— MeOH
_ —— 0.00938 154 — H,0
5 0.8+ —0.0188 < _ ! \
K — 00375 §
o 0.6+ — 0075 10
< =
0.4\ @
£ s
[}
=z 0.29
0.0~ T T T 1 0+ T T — T 1
300 400 500 600 700 300 400 500 600 700 800
A [nm] % [nm]
(a) (b)

Figure 2.3: a) NR202 normalized absorption spectrain HoO at several dye concentrations
between 1 and 4.697% mgml~?. b) Comparison between NR202 absorption spectra in H2O,
MeOH and DMSO at a single concentration: 1 mgml™!.

precipitation could be responsible for the subsequent decrease in the intensity
of the aggregation band at 418 nm. To better understand this peculiar behav-
ior, the influence of another important parameter was taken into account: the
solvent. Since GDs are amphiphiles, they potentially could behave differently
in solvents other than water. Thus, their absorption was measured in two polar
organic solvents, one protic and one aprotic, Methanol (MeOH) and Dimethyl-
sulfoxide (DMSO). Results for NR202 (Fig. 2.3b) showed significant variations
in terms of € and \,q: values, as well as a massive change in the shape of the
spectrum. In particular, the peak in the visible region sharpened and lost the
band at 418 nm, while \,,4, consistently shifted at lower energies. The entity
of this shift was different in MeOH and DMSO and their exact values were
reported in Table 2.1. Moreover, the € value showed a twofold increase from
water to organic solvents (Table 2.1). The substantial change in its absorp-
tion properties, suggested that MeOH and DMSO were both good solvents for
NR202, ensuring its complete dissolution. In analogy, water could be defined
as a “poor” solvent for this dye since it promoted dye aggregation.[3, 63, 74]
The influence of solvents was tested also on the other four GDs, observing the

10
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Table 2.1: Summary of the Apqz and e values for GDs in HoO, MeOH and DMSO. For
GDs in MeOH and DMSO also the shifts in Amaz (B: bathochromic, H: hypsochromic) and
the percent increase in € are reported, using values registered in water as reference.

H:0 NR202 NB27 NO30 NY42 NRC1
Armaz (nm) 457 601 442 419 506
e (em™'M™1') 10200 4900 17000 4400 7800
MeOH
Amaz (nm) 500 609 415 411 516

e (em™M™') 20400 8200 20000 4300 11200
Shift (nm)  (B)43 (B)8 (H)27 (H)8 (B)10

+e% 101.1  68.3 17.7 - 42.8
DMSO
Amaz (nm) 523 610 431 421 518
e (em™M™') 19500 9000 18000 4400 11000
Shift (nm)  (B)66 (B)9 (H) 11 - (B) 12
+€% 92.3 842 602 (B)2 392

variations of their absorption properties induced by MeOH and DMSO. In both
organic solvents, NB27, NO30 and NRC1 showed sharper peaks, increased €
values and more or less significant shift in A,q, (Table 2.1). In analogy with
NR202 case, these variations could indicate that MeOH and DMSO completely
dissolved these GD, at variance with water, in which they could aggregate. For
NY42, the changes in A4 in DMSO and in € in both cases were negligible
(Fig. 2.4c). All GDs but NY42 showed an increase in e values in both the or-
ganic solvents compared to water. The entity of this increase was not the same
for all dyes, reaching the highest value for NR202 and the lowest for NO30.
The shift in A, were both bathochromic and hypsochromic, depending on
the dye taken into account. NR202, NB27 and NRC1 all showed bathochromic
shifts of different consistency, both in DMSO and MeOH. On the contrary,
NO30 and NY42 gave hypsochromic shifts, even though NY42 in DMSO did
not show a significant one. Changes in concentration and solvent particularly
affected NR202 behavior in solution. A bathochromic shift took place for ei-
ther a decrease in concentration or a change in solvent. Both these variations
seemed to favor a different transition in the spectrum, one at lower energy than
that taking place at high NR202 concentrations in water. This contribution
at longer wavelengths could probably be ascribed to the isolated dye molecule.

11
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Figure 2.4: Comparison between the absorption spectra of the five GDs in HoO, MeOH
and DMSO at a concentration of 1 mgml™?!.

In fact, this would be the only contribution in a non-aggregated system, like
a very diluted water solution or a good solvent solution. Since all GDs share
the same amphiphilic character, it was possible to hypothesize that all of them
aggregated in water, but not in organic solvents. This hypothesis was further
investigated by DLS, SAXS and ECD investigations, as well as absorption stud-
ies on mixed solvents, reported in Section 2.4. The formation of self-assembled
aggregates in water was confirmed using Dynamic Light Scattering. Samples
of each dye at a concentration of 0.1 mgml~! were studied. Since the two laser
lines we used were at A= 532 and 633 nm, a lower dye concentration was used in
this case, to avoid an excess of absorption of the beam light. Autocorrelation
functions (ACFs) were registered for NR202, NO30, NY42 and NRC1 (Fig.

12
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Figure 2.5: Autocorrelation functions for NR202, NO30, NY42 and NRC1 in water at a
concentration of 0.1 mgml™!.

2.5), but not for NB27, because for this dye the absorption was still too high
to obtain a reliable function. However, since a small amount of absorption was
present for all the GDs, these results must be intended as an indication. The
ACFs were analyzed by CONTIN,[60] obtaining information on the hydrody-
namic diameter of the objects in solution, as well as on their polydispersity.
For all of them, the very high polydispersity indicated the presence of aggre-
gates having very different diameters, from a few nanometers up to a micron.
This was confirmed by diameters distributions of the objects in solution, re-
ported in Fig. 2.6. These distributions underlined the presence of at least
two populations for each of the four GDs. The dimensions of the aggregates
were different for each dye. NR202 and NRC1 (Fig. 2.6a-2.6d) both had one
population of objects with dimensions around 100 nm and another one around
500 nm. NO30 (Fig. 2.6b) had a small amount of object of about 10 nm and a
population of aggregates with average diameter 100 nm. However, considering
both the average diameter obtained by CONTIN [60] analysis and its ACF,
NO30 it was likely to possess very big aggregates, with dimensions over the
pm. This objects could not be taken into account since their diameter was
higher that the experimental sensibility of this technique. Finally, NY42 (Fig.
2.6c had one population with diameters around 250 nm and another one of
over 800 nm, that probably comprehended some objects with dimensions over
the pm. Average hydrodynamic diameters of all GDs and their polydispersity

13
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Figure 2.6: Size distribution of the aggregates present in GDs 1 mgml™' water solutions
reported as a function of scattering intensity.

Table 2.2: Summary of the information obtained by DLS and SAXS analysis. For each dye
are reported: hydrodynamic diameter (Dg) and polydispersity (PDI) extrapolated by CON-
TIN [60] analysis on DLS ACFs; radius, length and number of aggregation of the aggregates
in solution obtained fitting SAXS curves where possible.

DLS NR202 NB27 NO30 NY42 NRC1
Dy (nm) 205.3+4.2 - 352.9+195.2 382.0£14.9 312.7+3.5
PDI 0.350£0.005 - 0.388+0.036  0.341£0.014  0.310+£0.012
SAXS
radius (nm) 2.8 3.7 3.6 - -
length (nm) 28 - - - -
n° agg. 241 18 17 - -

14
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Figure 2.7: Comparison between the SAXS curves of the five GDs in water at dye concen-
tration Imgml~!

were reported in Table 2.2. The same light scattering study was also performed
on all GDs in MeOH and DMSOQO, but no ACFs could be registered. Moreover,
SAXS investigation on the same GDs solutions in both organic solvents, at the
same dye concentration, could not reveal the presence of aggregates. These
specific results provided unquestionable proof of the absence of GDs aggrega-
tion in organic solvents. Thus, the initial hypothesis, according to which GDs
self-assembled only in water, was confirmed. GDs water solutions were further
characterize using SAXS. This technique is complementary to DLS since two
techniques work in different dimensional range. In particular, SAXS analyses
objects with dimensions in the 0.5-50 nm range, while DLS covers bigger ob-
jects, with diameters up to 1 pm. However, a direct comparison with DLS
could not be performed because of the low X-ray scattering of 0.1 mgml~!
sample. SAXS analysis on 1 mgml~" water solutions, underlined the presence
of aggregates for all GDs, including NB27, for which an ACF could not be
registered by DLS. A comparison between the five curves registered for water
solutions (Fig. 2.7) underlined that the region at low q for these curves were
different, implying that GDs formed different aggregates in water. In partic-
ular, NO30 and NB27 had a Guinier region at low q, suggesting the presence

15
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Figure 2.8: SAXS curves of Imgml™' a) NB27 and b) NO30 water solutions and their
fitting.

of spheroidal aggregates. On the contrary, NR202, NY42 and NRC1 all had
negative slope in these q region indicating objects dimensions above the limit
of the instrument (>70 nm). However, these slopes had different values for
the three dyes. Power-law fitting of this region of the curves revealed that
NR202 and NY42 had a slope of -1, showing the typical profile of elongated
objects (e.g. cylinders or ellipsoid). The same analysis on NRC1 linear region
between 0.01 and 0.06 A~! revealed a -3 slope. Each curve was then fitted
using the appropriate function. NB27 (Fig. 2.8a) and NO30 (Fig. 2.8b) were
fitted using the Core-Shell Sphere function and through this analysis it was
possible to obtain the dimension of the aggregates, as well as their number
of aggregation (Table 2.2). The curves registered for NR202 and NY42 were
fitted using a Core-Shell Cylinder function. It was possible to obtain radius,
length and number of aggregation for NR202 (Table 2.2 from the fitting but
this analysis was not possible for NY42, because the sample had a very poor
scattering and, as a result, the curve was very noisy. NRC1 was instead fitted
with a power law function. Its slope in the Guinier region was -3 could be,
according to the literature, an indication of macroscopic aggregation.[11, 19]
Moreover, considering NRC1 molecular stucture, it was hypothesized that dye
molecules would arrange in H-aggregates, in analogy with what observed by
Dirian et al.[19]. Since lactose is a chiral structure, its conjugation to the chro-
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Figure 2.9: SAXS curves of Imgml™' a) NR202, b) NY42 and c¢) NRC1 water solutions

and their fitting.

17



CHAPTER 2. PHYSICO-CHEMICAL CHARACTERIZATION

J 20 -
4 J
g g 107
e 0 T i
£ £
@ @ 04
-4 J
1 T T T T T -1 0 B T T T T T T
300 400 500 600 700 200 300 400 500 600 700
A [nm] A [nm]
(a) NR202 (b) NY42
40+
20+

0 [mdeg]

0'3(' S

-20-

200 300 400 500 600 700
A [nm]
(c) NRC1

Figure 2.10: CD spectrum for NR202, NY42 and NRC1 in water at a concentration of 1
mgml L.

mophore could have some non negligible implications on both the conformation
of the single chromophoric unit and the structure of the formed aggregates. A
planar, cofacial interaction between the chromophores could be, in this sce-
nario, twisted in a locally skewed arrangement, the sense of which selected by
the influence of lactose central chirality. Therefore, GDs solutions were also
studied by Electronic Circular Dichroism (ECD). CD analysis were performed
on GDs solutions at 1 mgml™! dye concentration in water, MeOH and DMSO.
For all dyes in both organic solvents, no detectable CD signal was observed.
This piece of information revealed that for the isolated molecule the central
chirality of lactose, several atoms away from the chromophore, was not able to
impart a significant chiral perturbation. On the contrary, for water samples
of NR202, NY42 and NRCI1, the presence of optical activity (Fig. 2.10 not
only confirmed their chirality, but also provided more information about the
structure of NY42 and NRC1 aggregates in solution. These last two samples
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showed an exciton-coupled spectrum, suggesting that two or more non con-
jugated chromophores were near in space to one another.[5, 54]. In general,
considering the chemical structures of these dyes (Fig. 1.4), that includes a
rather flat hydrophobic core (more or less flat, depending on the dye) and an
hydrophilic side chain, intermolecular interactions between dye molecules were
likely to take place mainly through stacking interactions. Therefore, several
molecules would probably pile up to form H or J-aggregates.[54]. This kind
of structure was in agreement with both ECD and SAXS analysis. NY42 and
NRC1 had two contributions to their ECD spectrum, one at short wavelengths
and the other in the visible region. Both these signals were exciton couplets
ascribable to GDs aggregates. The couplet at longer wavelengths concerned
the primary structure of said aggregates, while the one at higher energies per-
tain to their secondary structure and was of no interest in this case. NRC1
exciton couplets (Fig. 2.10c) were centered at 266 nm and 518 nm. Thus, they
both presented a bathochromic shift compared to A;,q: of the correspondent
absorption peaks. The negative sign of the exciton couplets indicated a left-
handed screw sense of rotation of the supramolecular structure itself.[54] NY42
(Fig. 2.10b) showed an exciton couplet centered at 420 nm, in correspondence
with its visible absorption, whose positive sign indicated a right-ended screw
sense of rotation for the supramolecular structure.[54] The couplets at lower
energies for both NRC1 and NY42 were rather symmetrical, indicating conser-
vative transitions.[51, 55, 63] NR202 spectrum (Fig. 2.10a) was complex, as it
was not a clear exciton couplet, but it appeared to be the result of multiple
transitions balancing out. This consideration was supported by its behavior
toward absorption (Fig. 2.3a), since its spectrum was not only broad, but its
shape also changed with concentration. These data all suggested the presence
of multiple transitions in that range of wavelengths. At variance with what
observed for the other GDs, NB27 and NO30 water solutions did not show
any detectable CD signal. Thus, it could be concluded that their aggregate
were not chiral. However, the formation of H or J-aggregates could not be
excluded, since both dyes presented a non negligible shift in their absorption
with respect to the monomer UV-Visible absorption (Table 2.1), where the ab-
sorption in MeOH could be considered as that of the monomer. In particular,
NB27 was characterized by a hypsochromic shift (Fig. 2.4a) while NO30 by a
bathochromic one (Fig. 2.4b). This behavior suggested that NB27 and NO30
formed respectively H and a J aggregates.[54] It was peculiar that NO30 did
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Figure 2.11: a) 10 pmx10 pm and b) 2 pmx2 pym AFM images of NR202 1 mgml—1 water
solution. Analysis of the cross section of a) a flat zone (red line) and b) an aggregate (blue

line). The cursors in line profiles indicate the height at which the length of each object was
measured.
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Figure 2.12: a) AFM image 10 pmx10 pm of NY42 1 mgml—1 water solution. b) Analysis

of the cross section of one big aggregate (red line). The cursors in the line profile indicate
the height at which the length of the object was measured.
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not show any optical activity, since its molecular structure was very similar to
that of NR202. Therefore, NR202 dichroic activity could be ascribed to the
presence of the acetamide, that has the ability to form H bonds. Therefore, this
group was probably involved in the formation of the supramolecular aggregate.
Water solutions 1 mgml™! for NR202, NY42 and NRC1 were studied by AFM
in an attempt to observe GDs aggregates. However, it had to be considered
that, since this technique works on dry samples, the images could potentially
represent aggregates in a different state with respect to that of the dye in so-
lution. The objects retraced in each sample were analyzed to understand their
dimensions from their line profiles. In the attempt to reduce biases due to
a flattening of the aggregates on the mica surface, the length of the objects
was measured at half height, in correspondence of the cursors reported in each
profile. NR202 images at different scale, 10 x10 ym (Fig. 2.11a) and 2 x 2 ym
(Fig. 2.11b), showed the presence of aggregates. In particular spheroidal ag-
gregates of different dimensions were identified in both Fig. 2.11a and 2.11b.
Two objects present in Fig. 2.11b were analyzed: one spheroidal aggregate
(blue line) and a rather flat zone (red line). The line profile (Fig. 2.11c) of
the aggregate showed that its height and length were approximately 5 nm and
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Figure 2.13: a) AFM image 5 pmx5 pm of NY42 1 mgml—1 water solution. Analysis of the
cross section of b) two (green line) and c¢) three (blue line) aggregates spatially close. The
cursors in line profiles indicate the height at which the length of each object was measured.
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Figure 2.14: AFM image 5x5 pum of fibrils formed by NRC1 at 1 mgml™?'.

40 nm, while for the flat zone (Fig. 2.11d) height and length were respectively
about 700 pm and 170 nm. Images of NY42 at two different scales, 10 x10
pm (Fig. 2.12a) and 5 x5 pm (Fig. 2.13a) revealed the presence of spheroidal
aggregates, in analogy with what observed for NR202. Also in this case, some
of the objects were analyzed to find out their size. The line profile of one big
aggregate in Fig. 2.12a (red line) showed that its height and cross section were
respectively around 45 nm and 400 nm (Fig. 2.12b). In Fig. 2.13a two groups
of aggregates were analyzed, the first composed by 2 objects (green line) and
the second by three (blue line). This analysis was performed on more than one
object to find out if their dimensions were different or if most of them had the
same size. The line profile of the first two aggregates (Fig. 2.13b) showed
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Figure 2.15: a) AFM image 1.25 pmx1.25 ym of NRC1 1 mgml—1 water solution. Analysis
of one elongated aggregate: b) Cross section (red line) and c) length (green line). The cursors
in line profiles indicate the height at which the length of the object was measured.
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Figure 2.16: a) AFM image 500 nmx5 nm of NY42 1 mgml—1 water solution. Analysis
of b) the cross section of a big fibril (blue line), c¢) cross section (green line) and length (red
line) of an elongated aggregate. The cursors in line profiles indicate the height at which the
length of each object was measured.
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that their height and cross section were approximately the same and were re-
spectively 4 nm and 200 nm. On the contrary, the profile analysis for the three
aggregates (Fig. 2.13c) revealed they all had different height, 1.5 2.5 and 3 nm,
but approximately the same cross section, 150 nm. Images of NRC1 at three
different scales, 5x5 pum (Fig. 2.14) 1.25x1.25 pm (Fig. 2.15) and 500x500 nm
(Fig. 2.16), confirmed the presence of elongated objects in this sample. In
particular, as can be appreciated in Fig. 2.14, this dye formed very long fibrils
that were in perfect agreement with the previous results obtained by SAXS
and ECD, that suggested the presence of massive aggregation and columnar
aggregates. Smaller elongated objects as well as little spheroidal aggregates
were also found in this sample, as shown in Fig. 2.15a. The spheroidal objects
were likely to be formed by isolated dye molecules that got together during the
drying process. In analogy with what was done for NR202 and NY42, one of
these aggregates was analyzed and its line profiles were reported in Fig. 2.15b
and 2.15c. This object height, cross section and length were approximately 3.5
nm, 30 nm and 215 nm. Finally in Fig. 2.16a, the scale allowed to appreciate
a fibril and a smaller elongated aggregate next to each other. Both these ob-
jects were analyzed. The line profile for the fibril (Fig. 2.16b) showed height
and cross section of approximately 5 nm and 90 nm. The line profiles of the
smaller object (Fig. 2.16c and 2.16d) revealed that its height, cross section and
length were approximately 4 nm, 45 nm and 220 nm. These dimensions were
comparable with those found for the previously analyzed elongated object in
Fig. 2.15.

2.3 Solvent mixtures

In the previous section the effects of some parameters on GDs behavior in
solution were investigated. It became clear that solvent had a crucial influ-
ence on the self-assembly of these dyes. In fact, no evidence of aggregation
could be found for GDs in organic solvents, suggesting that these molecules
were entirely dissolved in both MeOH and DMSO. To study more in detail
the disruption process of aggregates formed in water, absorption profiles of all
GDs were registered upon progressive addition of a good solvent (MeOH and
DMSO). The same study was performed adding a non solvent for GDs, EtOH,
to water samples. Solutions 1 mgml~! of all GDs were prepared with 9 different
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Figure 2.17: a) Variation of A, for NR202 as a function of organic solvent molar fraction:
DMSO (@), MeOH (M) and EtOH (A). NR202 absorption spectra for different ratio of b)
H20: MeOH ¢) H,O:DMSO and d) H2O: EtOH combinations.

H>O: organic solvent ratios: 1:0, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4, 0:1. However,
a small amount of water was necessary in EtOH to avoid dye precipitation,
thus the last sample was missing for this solvents combination. The changes in
absorption and A, for all samples were studied as a function of the organic
solvent molar fraction. NR202 absorption spectrum changed radically increas-
ing organic solvent molar fraction, showing a considerable bathochromic shift
(Fig. 2.17a). However, the progression was different for the three organic sol-
vents. Increasing MeOH molar fraction lead to a slow, gradual disappearance
of the peak at 418 nm, accompanied by the increase of the contribution at
MeOH \jqp (Fig. 2.17b). Since GDs were completely dissolved in MeOH, the
hypsochromic shift that took place increasing the amount of HyO was probably
caused by a stiffening of the system due to aggregation.[3, 63, 74] Disruption

27



CHAPTER 2. PHYSICO-CHEMICAL CHARACTERIZATION

612

610 o ‘
- 8000-
608 AL M

-
o
o
o
o

|

I
S

(o]

41
31
21
€ ' S 6000 12
£ 606- = —
< § — 14
604 <. 4000+ — MeOH
~@- H,0:DMSO
602+ —&- H,0:MeOH 2000
—A— H,0:EtOH
600 T T T T T 0~ T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 400 500 600 700 800
Xsolvent A [nm]
(a) NB27 (b) H20O:MeOH
10000+ 10000+
8000 8000
"s 6000 "s 6000+
‘£ £
S, 4000+ S, 4000
w w
2000 2000
0 T T T T T T | 0 T T T ]
450 500 550 600 650 700 750 800 400 500 600 700 800
A [nm] A [nm]
(¢) H20:DMSO (d) H.O:EtOH

Figure 2.18: a) Variation of Amnq, for NB27 as a function of organic solvent molar fraction:
DMSO (®), MeOH (M) and EtOH (A). NB27 absorption spectra for different ratio of b)
H20: MeOH ¢) H,O:DMSO and d) H2O: EtOH combinations.

of NR202 aggregates increasing the amount of good solvent was confirmed by
the progressive disappearance of the aggregation band at 418 nm.[3, 63, 74]
These observations were in agreement with the results obtained for NR202 at
different dye concentrations (Fig. 2.3a). The same considerations were valid
also for HoO:DMSO combination, since also DMSO was a good solvent for
these molecules. The only difference was that DMSO influence on absorption
was higher than for MeOH. In fact, the shift was faster, as can be appreciated
in Fig. 2.17a, and the changes in absorption more consistent at low DMSO
molar fractions (Fig. 2.17c). Interestingly, upon addition of non solvent EtOH,
NR202 absorption changed abruptly at low solvent molar fraction (Fig. 2.17a)
and both A, and the spectrum (Fig. 2.17c) remained unchanged after that.
This piece of information suggested that EtOH, even if it was not a good
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Figure 2.19: a) Variation of Amaz for NO30 as a function of organic solvent molar fraction:
DMSO (@), MeOH (M) and EtOH (A). NO30 absorption spectra for different ratio of b)
H>0: MeOH ¢) H,0:DMSO and d) H,O: EtOH combinations.

solvent, probably favored an immediate disruption of dyes aggregates, stabiliz-
ing a situation in which the molecule was isolated or poorly associated. The
same considerations could be made for both the good solvents, DMSO and
MeOH, in the case of NB27. Increasing the amount of organic solvent, Apaz
gradually shifted at lower energies (Fig. 2.18a) while € increased (Fig. 2.18b
and 2.18c). These variations indicated a progressive disruption of aggregates
in solution until NB27 was mainly dissolved.[62] For HoO:EtOH combination,
in analogy with what seen for NR202, absorption (Fig.2.18d) and A4, (Fig.
2.18a) changed abruptly and remained constant, indicating a strong and im-
mediate influence of EtOH on aggregation. NO30 absorption, upon increase
of organic solvent molar fraction, gave an hypsochromic shift, as shown in Fig.
2.19a. This shift was consistent for HyO:MeOH combination and was accom-
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Figure 2.20: a) Variation of A\yqz for NY42 as a function of organic solvent molar fraction:
DMSO (®), MeOH (M) and EtOH (A). NY42 absorption spectra for different ratio of b)
H20: MeOH ¢) H,O:DMSO and d) H2O: EtOH combinations.

panied by a rather significant increase in € (Fig. 2.19b). At variance with
what observed for NR202 and NB27, progressive addition of DMSO showed a
smaller shift, as well as less pronounced variations in its absorption spectrum
(Fig. 2.19¢). Nevertheless, for MeOH and DMSO, results indicated a gradual
disruption of the aggregates.[62] Addition of non solvent EtOH had a different
effect on NO30, compared to previous cases. In fact, above 50% of EtOH in
solution resulted in a decrease in absorbance accompanied by a broadening of
the peak (Fig. 2.19d). This could be an indication of a destabilization of NO30
in solution that, consequently, started to precipitate. Therefore, it could be
concluded that the addition of a non solvent had a higher influence on NO30
aggregation than on NR202 and NB27. Addition of both good solvent DMSO
and non solvent EtOH, caused negligible changes on NY42 A, (Fig. 2.20)
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Figure 2.21: a) Variation of Apqee for NRC1 as a function of organic solvent molar fraction:
DMSO (@), MeOH (M) and EtOH (A). NRC1 absorption spectra for different ratio of b)
H>0: MeOH ¢) H,0:DMSO and d) H,O: EtOH combinations.

and absorption (Fig. 2.20c and 2.20d with the increase of their molar frac-
tions. The only noticeable variation was the hypsochromic shift of Ay, in
H20:MeOH combination, accompanied by a slight increase in e (Fig. 2.20b).
These alterations seemed to be caused by a small solvatochromic effect rather
than by a real change in aggregation, even if the absence of self-assembly in
organic solvents had been verified by scattering techniques. Even if NRC1 and
NB27 were both anthraquinone, the two dyes behaved differently in solvents
mixtures. This dye had a more extended hydrophobic part compared to the
other GDs (Fig. 1.4), thus it seemed to have lower affinity for water, despite
the presence of lactose. In fact, in all three water-solvent combinations, the
effect of organic solvents was immediate and strong, in spite of their being good
or non solvents. This was testified by the consistent shift in A,,., in presence
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of 20% of organic solvents. NRC1 A4, changed abruptly at low organic sol-
vent molar fractions for both MeOH and EtOH combinations, reaching what
could be defined a plateau (Fig. 2.21a). However, while for EtOH absorp-
tion variation was sudden and permanent as in previous cases (Fig. 2.21d),
for MeOH the change was more gradual, as can be appreciated in Fig. 2.21b.
H>O:DMSO combination showed the highest bathochromic shift in A4 ac-
companied by a fast variation in € (Fig. 2.21c). Looking at Fig. 2.21a, it was
possible to appreciate that A4, for NRC1 in DMSO shifted back at higher
energies. This could be an effect due to the dielectric constant. Since these
dyes were all cations, the polarity of their solvent played a role in their be-
havior in solution. The final hypsochromic shift could indicate a decrease in
NRC1 solubility in DMSO compared to a case in which both water and DMSO
were present. As already pointed out, this dye had an extended hydrophobic
core. Thus, the presence of organic solvent tended to stabilize it in solution,
even if the amount of solvent was small. However, for higher concentrations of
DMSO the effect of the dielectric constant became more and more important,
since this molecule was charged. This meant that a more stable situation for
NRC1 was that when at least a small amount of water was present in solution.
This effect was not noticed for the other dyes because the presence of a longer
linker chain between their hydrophobic core and lactose (Fig. 1.4) guaranteed
more degrees of freedom to the structure, probably resulting in a stabilization
of the molecule.

2.4 Interaction between glycoconjugated dyes

GDs, as already pointed out, were designed to be used in industrial leather
and textile dyeing. In dyeing processes is necessary to mix two or more dyes
to obtain certain colors and shades, such as light or dark green, golden yellow
or black. Therefore, to provide an investigation as thorough as possible, the
influence of interaction between GDs on their behavior in solution was also
studied. Mixtures of the five GDs were investigated first by UV-Visible ab-
sorption and ECD to identify the more interesting ones. Then these mixtures
were analyzed by DLS and SAXS. However, the scattering study was only
performed on mixtures of NR202, NB27, NO30 and NY42, without NRC1.
In fact, since NRC1 has been synthesized by L. Calugi as part of his PhD
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Figure 2.22: Comparison between experimental and theoretical absorption for two GDs
mixtures a) M1 and b) MIX in water solution.

project[12], the properties of this dye were studied at a later time than those
of other GDs. Thus, there was not enough time to perform these particular
experiments on its mixtures. First of all, UV-Visible absorption spectra were
registered for all the possible equimolal combinations of NR202, NB27, NO30
and NY42. In order to highlight any possible interaction between dyes, exper-
imental absorption for each combination was compared to its theoretical one,
obtained summing the spectra of the single components at the concentration
they had in the mixture. Two of these combinations clearly showed evidence
of interaction: M1, binary combination of NR202 and NB27, and MIX, the
equimolal mixture of the four GDs. As can be appreciated in Fig. 2.22, ex-
perimental and theoretical absorption of both M1 and MIX were consistently
different. M1 experimental absorption (Fig. 2.22a) showed an increase in ab-
sorption intensity at 512 nm, approximately the A4, of isolated NR202. This
could be an indication of an interaction between the two dyes resulting in the
disruption of their aggregates, possibly to form new and different ones. On the
contrary, MIX experimental spectra (Fig. 2.22b) had a lower absorption than
expected and a broader peak, indicating the presence of aggregates. More-
over, in the experimental spectrum NR202 contribution to absorption seemed
comparable to that of NO30, suggesting that the interaction with NB27 took
place, resulting in disruption of its aggregates and, consequently, in its higher
intensity, in analogy with M1. M1 and MIX were also studied in MeOH and
DMSO, to characterize GDs mixture behavior in organic solvents. It was ev-
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Figure 2.23: Comparison between absorption spectra of HoO, MeOH and DMSO solutions
for the two GDs mixtures a) M1 and b) MIX.
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and c¢) H,O: EtOH combinations.

ident that in organic solvents mixtures of GDs, as well as single GDs, were
not aggregated, since in both M1 (Fig. 2.23a) and MIX (Fig. 2.23b) the
peaks were not broad as in water, but the absorption of each dye was sharper
and separated. To verify that the influence of organic solvents on GDs mix-
tures was the same as on single dyes solutions, absorption profile for M1 and
MIX were studied progressively adding good solvents (MeOH and DMSO). In
analogy with what reported in Section 2.4, changes in M1 and MIX spectra
were observed as a function of organic solvent molar fraction for HoO:MeOH,
Hy0:DMSO and HyO:EtOH combinations at the same 9 water-solvent ratios.
M1 absorption spectra changed gradually for HoO:MeOH (Fig. 2.24a) and
H2O:DMSO (Fig. 2.24b) increasing organic solvent molar fraction. The same
was observed upon addition of EtOH (Fig. 2.24c), even if absorption changed
faster in this case. For all these three solvents combinations was possible to
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Figure 2.26: M1 absorption spectra at different NR202:NB27 ratios in three different sol-
vents: a) HoO, b) MeOH, ¢) DMSO.

observe the progressive increase in NR202 contribution at 512 nm, probably
corresponding to disruption of NR202 aggregates caused by organic solvents.
It was possible to follow the disruption of GDs aggregates in MIX as well, as
the organic solvent molar fraction increased. But, as already observed in Fig.
2.23b, the absorption intensity decrease in presence of organic solvent. The
gradual separation of single GDs contribution to MIX absorption, resulting in
a lower intensity took place upon addition of both good solvents, MeOH (Fig.
2.25a) and DMSO (Fig. 2.25b). The addition of EtOH (Fig. 2.25c) caused
the same consistent broadening and decrease in intensity of absorption already
seen for NO30 (Fig. 2.19d). This suggested that, in analogy with NO30 case,
GDs in mixture were destabilized by the presence of more than 50% of EtOH
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Figure 2.27: ECD spectra for water solutions of a) M1 and b) MIX in comparison with
those of their single components.

and probably started to precipitate. Since M1 was a binary and simple system,
the ratio between its two components (NR202 and NB27) was varied to observe
how it affected its absorption. This study was performed on GDs solutions in
water, MeOH and DMSO. For each solvent, five M1 solutions were prepared
at different NR202:NB27 ratios: 1:0, 2:1, 1:1, 1:2, 0:1. Absorption spectra for
the five M1 aqueous solutions were reported in Fig. 2.26a. The interaction
between NR202 and NB27 was evident, since these spectra did not have an
isosbestic point. On the contrary, the presence of an isosbestic point for both
M1 solutions in MeOH (Fig. 2.26b) and DMSO (Fig. 2.26¢) indicated that the
two GDs did not interact and were the only species in solution. M1 and MIX
solutions in HyO, MeOH and DMSO were then studied by ECD. In analogy
with what seen for single dye solutions in Section 2.2, GDs mixtures in organic
solvents did not have optical activity. In (Fig. 2.27a) the ECD spectrum for
M1 1 mgml~! water solution was reported in comparison with those of NR202
and NB27 at 0.5 mgml~!, the concentration they had in the mixture. M1 did
not show any detectable activity, confirming that the same interaction between
NR202 and NB27 took place, canceling NR202 dichroic activity. The signal
detected for MIX 1 mgml~! water solution (Fig. 2.27b) was very similar to
that of NY42. This result provided two pieces of information. First, NR202
and NB27 interacted also in presence of other GDs, as already suggested by
UV-Visible absorption of MIX (Fig. 2.22b). Second, NY42 seemed to interact
only with itself, since its dichroic activity was preserved. An ECD investiga-
tion on all other combinations of GDs confirmed both these hypotheses. Two
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Figure 2.28: ECD spectra for 1 mgml™" water solution of the two GDs combinations a)
M6 and b) M8, reported in comparison with those of their single components.

of these spectra were reported in Fig. 2.28 as an example. M6 combination
showed that NO30 and NY42 did not interact with each other, since the change
of intensity for NY42 exciton couplet was negligible (Fig. 2.28a). The same
could be observed for NY42 couplet in M8 ternary combination, whose signal
also confirmed the interaction between NB27 and NR202, since the activity of
the latter was canceled in the mixture (Fig. 2.28b). As anticipated at the be-
ginning of this Section, M1 and MIX were further investigated by DLS. ACF's
were registered for M1 and MIX (Fig. 2.29) and their CONTINI[60] analysis
provided size distributions for both of them (Fig. 2.29b and 2.29c), as well
as hydrodynamic diameters and polydispersities, reported in Table 2.3. Both
M1 and MIX had very high polydispersities, as well as single GDs solutions.
Moreover, their ACFs had a second relaxation time, ascribable to very big ob-
jects in solution that fell out of the experimental range of this technique (Fig.
2.29). M1 and MIX 1 mgml~! water solution were also studied by SAXS to
have some indications about the shape of their aggregates. SAXS curves for
both samples had a Guinier region at low q (Fig. 2.30), probably indicating
the presence of spheroidal aggregates in solution. Both curves were fitted using
a Core-Shell Spheres function and radius values obtained from this fitting were
reported in Table 2.3. Analyses of NRC1 binary combinations with the other
four dyes were also performed, using UV-Visible absorption and ECD. None
of the four mixtures showed any evidence of interaction between GDs in their
absorption spectra. However, ECD study underlined that an interaction was
indeed present between NRC1 and NO30. No significant differences could be
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Figure 2.29: a) Normalized dynamic light scattering ACFs for the two 0.1 mgml~! GDs
mixtures M1 and MIX water solutions. b) M1 and ¢) MIX size distributions of the aggregates
present in solution reported as a function of scattering intensity.

Table 2.3: Hydrodynamic diameters (Dg) and polydispersities (PDI) obtained by
CONTIN[60] analysis for the two 0.1 mgml™' GDs combinations M1 and MIX in water
solution; radius of the aggregates obtained by SAXS fitting for M1 and MIX 1 mgml~" water
solutions.

M1 MIX
Dy (nm) 333.5£2.7 375.8+4.9
PDI 0.359+0.027  0.362£0.031
radius (nm) 3.3 2.8
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In graphic are reported the fit for each sample, obtained with Schultz spheres function.
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Figure 2.31: a) Absorption and b) ECD spectra for M14 1 mgml™" water solution.
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observed comparing M14 experimental spectra with its theoretical one (Fig.
2.31a). On the contrary, the optical activity of this mixture was very different
from that of NRC1 at the same concentration, reported in Fig. 2.31b as a
reference. While NRC1 ECD spectrum in the visible region consisted of an
exciton couplet, M14 showed a central chirality instead.

2.5 GDs interaction with surfactants

In light of GDs application in industrial leather and textile dyeing, one last
parameter was taken into account: their behavior in presence of surfactants.
This was an important aspect to consider for two main reasons. First of all,
because industrial dyeing processes could employ surfactants. Secondly, be-

9
/\/\/\/\/\/\O_S_o— Na*

(a) SDS (b) TritonX-100
\+/
A N N P N N a2\ N
Br
(c) CTAB

Figure 2.32: Molecular structures of the three surfactants studied in interaction with GDs:
a) SDS b) TX ¢) CTAB.

cause dyed substrates, being them leather or any kind of textiles, will come
in contact with different classes of surfactants that can be found in all deter-
gent formulations. In both cases, the surfactants in question could be anionic,
non ionic or cationic, therefore the behavior of GDs was studied in presence of
three different surfactants, one for each class: Sodium Dodecylsulfate (SDS),
TritonX-100 (TX) and Cetrimonium Bromide (CTAB), whose molecular struc-
tures were reported in Fig. 2.32. The interaction of these three molecules with
GDs was studied to observe their influence on the self-assembly of the dyes.
Surfactants are known to have the ability to disrupt membranes and lipid dou-
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Figure 2.33: Effect of the addition of increasing concentration of non ionic TX between
0.1-100 mM to 1 mgml~! solutions of the two azo dyes: NR202 and NO30. Variation of
a-c) NR202 and NO30 absorption spectra and b-d) their A4 as a function of surfactant
concentration.

ble layers. [18, 27, 45, 52] GDs aggregates were different from liposomes, and
even more so from a complex system like a membrane. However, since GDs
were amphiphiles as well as surfactants, their interaction was highly probable,
consequently leading to disruption of GDs self-assembled aggregates in water.
Increasing concentrations of surfactants, in the range between 0.1 and 150 mM,
were added to GDs 1 mgml™! water solutions. Absorption spectra were reg-
istered for each concentration of the three surfactans (SDS, CTAB, TX) and
their comparison underlined more or less significant variations for each dye in
terms of € values and Ajqp. All Ajpee shifts for each dye, induced by the in-
teractions with the TX, CTAB and SDS, were summarized in Table 2.4. First
of all, the influence of non ionic TX was observed on GDs solutions. The two
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Figure 2.34: Effect of the addition of increasing concentration of non ionic TX between 0.1-
100 mM to 1 mgml~* solutions of the two anthraquinone dyes:NB27 and NRC1. Variation
of a-c) NB27 and NRC1 absorption spectra and b-d) their Amaz as a function of surfactant
concentration.

azo dyes, NR202 and NO30 behaved very differently in presence of the non
ionic surfactant TX. As already observed in Section 2.4, when the influence
of solvents was presented, NR202 absorption spectrum (Fig. 2.33a) changed
not only in terms of A4, and €, but also in terms of its shape. Increasing
TX concentration the aggregation peak at 418 nm gradually disappeared while
the contribution at lower energies intensified. The bathochromic shift was very
consistent (Fig. 2.33b) and the main change happened abruptly between 0.9
and 4 mM of TX, over the surfactant’s CMC. NO30 showed much more mod-
erate changes both in its absorption (Fig. 2.33c), that after the initial small
variation remained the same, and in its hypsochromic A4, shifts (Fig. 2.33d).
The two anthraquinone dyes NB27 and NRC1 behaved similarly upon addition
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Figure 2.35: Effect of the addition of increasing concentration of non ionic TX between
0.1-100 mM to 1 mgml ™! solutions of NY42. Variation of a) NY42 absorption spectrum and
b) Amae as a function of surfactant concentration.

of TX. Their absorption gradually changed, accompanied by a sharpening of
the peak and an increase in its intensity, as shown in Fig. 2.34a and 2.34c.
NB27 Ajnae variation was not abrupt but progressive (Fig. 2.34b) while for
NRC1 the change was slightly more sudden (Fig. 2.34d) and its final shift was
more consistent (see Table 2.4). For NRC1 the more considerable change in
Amaz t00k place in TX concentration range between 1.6 and 10, well above the
surfactant CMC. The addition of TX to NY42 water solution only caused vari-
ability in absorption intensity (Fig. 2.35a), but it was not followed by a shift
in Apaz, that remained unchanged in the entire range of surfactant concentra-
tions.Then, the influence of the cationic surfactant CTAB on GDs solutions was
studied. In analogy with TX case, NR202 and NO30 behaved in a consistently
different way. NR202 absorption spectra massively changed, with the fast dis-
appearance of the aggregation peak at 418 nm and the increase in intensity
at lower energies (Fig. 2.36a). Its bathochromic shift was considerable (Fig.
2.36b), of approximately the same entity as that observed for TX addition (see
Table 2.4). The more consistent changes in A4, took place around a CTAB
concentration of 0.95 mM, that corresponds to its CMC. No shift took place
for NO30 upon addition of CTAB (Fig. 2.36d) and in agreement with what ob-
served for TX, its absorption did not changed but slightly (Fig. 2.36¢). NB27
and NRC1 behaved similarly to the previous case. Their absorption changed
progressively its intensity (Fig. 2.37a and 2.37c), but again NB27 shifted more
gradually towards lower energies (Fig. 2.37b) while NRC1 changed its Az
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Figure 2.36: Effect of the addition of increasing concentration of cationic CTAB between
0.1-100 mM to 1 mgml~! solutions of the two azo dyes: NR202 and NO30. Variation of
a-c) NR202 and NO30 absorption spectra and b-d) their A\pmqe as a function of surfactant
concentration.

more abruptly (Fig. 2.37d). For NB27 the shift began at CTAB CMC, around
1mM, while for NRC1 the more consistent shift happened before the surfac-
tant CMC, between 0.3 and 0.95 mM. Nevertheless, the final shift of these
two anthraquinone dyes had the same consistency (Table 2.4). Finally, NY42
absorption changed its intensity as soon as 0.1 mM of surfactant was added,
remaining the same also for higher concentrations (Fig.2.38a). However, A4z
did not varied accordingly (Fig. 2.38a).These results showed that, even if GDs
are positively charged, the effects on their absorption after the interaction with
the cationic surfatant CTAB were approximately the same as the ones caused
by presence of the non ionic TX. The interaction of SDS with GDs solutions
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Figure 2.37: Effect of the addition of increasing concentration of cationic CTAB between
0.1-100 mM to 1 mgml~? solutions of the two anthraquinone dyes: NB27 and NRC1. Varia-
tion of a-c) NB27 and NRC1 absorption spectra and b-d) their Apq as a function of surfactant
concentration.

not only resulted in a change of absorption and in a shift of A,4,, but also led
to unexpected results. In fact, the presence of anionic surfactant at specific
concentrations induced the precipitation of all GDs, a phenomenon known as
reentrant condensation (RC).[8, 75] This specific topic will be treated more in
details in Section 2.5.1. The range of SDS concentrations at which GDs pre-
cipitated was represented as a gray area in graphics reporting \A,q, variations
as a function of surfactant concentration.The range of SDS concentrations at
which GDs precipitated changed from one dye to the other and did not seem
related to their molecular structures. NR202, NRC1 and NB27 had the wider
precipitation ranges (approximately between 0.2 and 1.2 mM), while NO30
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Figure 2.38: Effect of the addition of increasing concentration of cationic CTAB between
0.1-100 mM to 1 mgml~! solutions of NY42. Variation of a) NY42 absorption spectrum and
b) Amaz as a function of surfactant concentration.

an azo dye just like NR202, had the smaller one (between 0.5 and 1 mM).
NY42 precipitated between 0.4 and 1.2 mM of SDS. The azo dyes NR202 and
NO30 once again showed different behaviors in presence of surfactant. Elec-
trostatic interactions probably played a strong role in the major changes of
NR202 absorption (Fig. 2.39a). In fact, for SDS 0.5 and 3 mM a contribution
at 445 nm, that was never observed before, dominated the spectrum. Since this
concentrations were approximately the limits of the RC range, one hypothe-
sis could be that this peak was ascribable to a dye-surfactant aggregate. For
higher concentrations of SDS, NR202 absorption variations were analogous to
TX and CTAB cases. The changes in its absorption spectrum induced once
more a bathochromic shift in Aj,q, (Fig. 2.39b), whose value varied mostly
around 5 mM of SDS, before its CMC. The influence of dye-SDS aggregation
induced some modifications on NO30 absorption too, even if less evident (Fig.
2.39c). In this case, absorption of SDS 0.5 and 3 mM samples showed a de-
crease in intensity that could be probably related to the association of NO30
with the surfactant. This hypothesis was supported by the peak broadening
for these samples. In analogy with NR202 case, samples at higher SDS con-
centrations behaved similarly to previous cases. As shown in Fig. 2.39d, A,z
variation was more complicated. In fact, after an initial strong hypsochromic
shift, ascribable to dye precipitation, A\pq; increased again and then reached a
plateau. NB27 absorption gradually changed, as a function of SDS concentra-
tion, increasing its intensity and sharpening its peak (Fig. 2.40a). This was
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Figure 2.39: Effect of the addition of increasing concentration of anionic SDS between
0.1-100 mM to 1 mgml~! solutions of the two azo dyes:NR202 and NO30. Variation of
a-c) NR202 and NO30 absorption spectra and b-d) their A\pq. as a function of surfactant
concentration. The gray areas in b) and d) correspond to the range of SDS concentration at
which the reentrant condensation takes place and the dyes precipitate.
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Figure 2.40: Effect of the addition of increasing concentration of anionic SDS between 0.1-
100 mM to 1 mgml~" solutions of the two anthraquinone dyes: NB27 and NRC1. Variation
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which the reentrant condensation takes place and the dyes precipitate.
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0.1-100 mM to 1 mgml~! solutions of NY42. Variation of a) NY42 absorption spectrum
and b) Amar as a function of surfactant concentration. The gray area in b) corresponds to
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precipitates.

accompanied by a progressive bathochromic shift of its A4 after the reentrant
condensation range (Fig. 2.40b). In analogy with what observed for NR202 and
NO30, NRC1 absorption seemed to be influenced by the presence of reentrant
condensation. For concentrations of SDS between 0.1 and 3 mM, absorption

Table 2.4: Summary of the final \,,.. shifts induced by three surfactants: non ionic TX,
cationic CTAB and anionic SDS. For each shift was specified if it was bathochromic (B) or
hypsochromic (H).

NR202 NB27 NO30 NY42 NRC1

TX (B)60 (B)10 (M4 - (Bl
CTAB (B)58 (B)18  — - (B)16
SDS  (B)48 (B)7 (H)6 -  (B)10

intensity decreased (Fig. 2.40c). However, since the peak got sharper in this
case, instead of broadening as seen for NO30 (Fig.2.39c), this variation was
probably caused by the beginning of dye precipitation. The spectrum changes
for SDS over 10 mM were analogous to TX and CTAB previous cases. NRC1
bathochromic shift was significant and the major changes in A4 took place
around SDS 10 mM (Fig. 2.40d), which is the surfactant CMC. Small vari-
ations in absorption intensity for NY42 (Fig. 2.41a) were the only evidence
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Figure 2.42: Influence of increasing concentration of a) non ionic TX and b) anionic SDS
on the optical activity of 1 mgml~! solutions of NR202.

of its interaction with SDS, except for the presence of reentrant condensation.
The shift in A,q, was not significant (Fig. 2.41b). Samples of the three opti-
cally active GDs (NR202, NY42, NRC1) at selected concentrations of TX and
SDS were analyzed using ECD. However, ECD measurements were not per-
formed on GDs in presence of CTAB, because it would not have been possible
to determine if the probable effects on the optical activity of NR202, NY42
and NRC1 were induced by electrostatic interaction due to CTAB positive
charge or to a different kind of interaction. First of all, the influence of the two
surfactants on NR202 was tested. The addition of TX did not have a strong
effect on NR202 optical activity, that was maintained up to 10 mM of TX and
was canceled at 100 mM (Fig. 2.42a). The influence of SDS was stronger,
as shown in Fig. 2.42b. Since SDS clearly disrupted NR202 aggregates, the
ECD spectrum in presence of surfactant was the result of many contributions
due to several species, probably partially disrupted, each of which had its own
transitions. Therefore, this spectrum was not easy to understand. TX deci-
sively affected NY42, since its exciton couplet already disappeared at 0.1 mM
of surfactant (Fig. 2.43a). The same results were observed upon addition
of SDS, that succeeded in canceling NY42 optical activity at 0.1 mM as well
(Fig. 2.43b). This behavior probably indicated NY42 higher susceptibility to
disrupt its own aggregates to associate with both surfactants. TX and SDS.
The results obtained from the addition of surfactants to NRC1 solutions were
more interesting. As already reported in the previous section, NRC1 in wa-
ter formed left-handed helical aggregates (Fig. 2.10c). Upon addition of TX,
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Figure 2.43: Influence of increasing concentration of a) non ionic TX and b) anionic SDS
on the optical activity of 1 mgml™" solutions of NY42.

NRC1 exciton couplet inverted its sign and became positive, as soon as TX
0.1 mM (Fig. 2.44a). This indicated an inversion of the helicity of aggregates
in solution, that resulted in a right-handedness of NRC1 aggregates. Helicity
inversion is a well known phenomenon that can take place both in natural or
synthetic systems. It can be triggered by many factors, like modifying building
block structure[41, 42] or applying external stimuli, such as light,[21, 37, 56]
temperature,[32, 77] solvent,[24, 30, 31, 35, 38, 61] or ion coordination.[1, 65]
In this case, NRC1 handedness changed after the addition of surfactant. The
switch between the two forms of NRC1 aggregate could take place either by
its disruption followed by the formation of a different aggregate more stable in
that environment, or by loosening of intermolecular interactions. The presence
of a surfactant would be crucial in both cases: to stabilize the monomer in the
first one, since NRC1 was very hydrophobic, and unlocking the structure in
the second one. The disruptive effect of TX on NRC1 aggregates could be ap-
preciated observing the decrease of exciton couplet intensity at the increase of
concentration (Fig. 2.44a). Since there was an isosbestic point for these curves,
the optical activity for samples at 0.1, 1 and 10 mM of surfactant was due to
NRC1 residual aggregates in the initial form. Helicity inversion of NRC1 ag-
gregate took place also upon addition of SDS to its solutions (Fig. 2.44b). At
variance with TX case, the intensity of NRC1 exciton couplet decreased more
quickly and, more importantly, at 8.5 mM the couplet disappeared and was
replace by a single negative signal. The disappearance of the exciton couplet
indicated that NRC1 aggregates were disrupting or already disrupted. The
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Figure 2.44: Influence of increasing concentration of a) non ionic TX and b) anionic SDS
on the optical activity of 1 mgml~! solutions of NRC1.

presence of the negative signal, among other possibilities, could be induced
by a perturbation of the chromophore by lactose chiral centers. In analogy
with TX case, the optical activity for 0.1 and 3 mM SDS samples had to be
referred to residual aggregates with original conformation. The higher disrup-
tive efficacy for SDS compared to TX was testified by the quicker decrease in
exciton couplet intensity. The results obtained from this ECD investigation
could suggest the presence of two forms of NRC1 aggregates in solution. The
dye initially assembled in left-handed aggregates. However, the equilibrium
was easily shifted towards a right-handed analogous structure even after the
addition of surfactant, even at a concentration as low as 0.1 mM. That could
indicate that these two structures possessed similar energy. The presence of a
second form of NRC1 aggregates was confirmed analyzing the same 1 mgml~!
dye solution after a long time interval. After three months, NRC1 ECD spec-
trum presented the same exciton couplets, but at this point the helicity of
the system had changed and their sign was positive. This inversion indicated
that aggregates in solution had switched to a more stable right-handed helical
structure.

2.5.1 Reentrant Condensation

In the previous section the behavior of GDs in presence of surfactants was
reported. The interaction of these cationic dyes with anionic surfactant SDS
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led to the precipitation of GDs in a specific range of SDS concentrations. This
phenomenon is known as reentrant condensation (RC) and takes place when a
polyion is condensed by addition of ions of opposite charge.[8, 75] The counte-
rions complex the polyelectrolyte, reducing its surface charge to nearly zero. In
this situation, short-range attraction prevail on Coulomb repulsion, resulting in
polyectrolyte condensation.[29, 75] This phenomenon is widely represented in
literature, mainly as a tool for condensation of DNA and proteins, [4, 66, 69, 76]
but also of more complex systems, such as virus nanoparticles.[2] The presence
of SDS triggered the same condensation process for GDs aggregates, resulting
in their precipitation. The range of surfactant concentrations in which RC
took place (0.1-3 mM) was investigated more in details by light and X-Rays
scattering for all the five dyes. Evidences of GDs condensation and precipi-
tation were obtained by DLS, that revealed a massive increase of aggregates
dimension in solution in a limited range of SDS concentrations for all dyes. In-
formation on the shape of aggregates in the samples at the limits of RC region
were obtained by SAXS, as well as on the structure of each precipitate. For
each GD, the precipitate was collected from those sample at which there was
maximum precipitation. Moreover, GDs precipitation could also be appreci-
ated visually, therefore, for each dye a picture of its samples in RC range was
reported, showing solutions at increasing SDS concentration from 0.1 to 3 mM
from left to right. First of all, NR202 was analyzed. As shown in Fig. 2.45¢,
Dy of aggregates in solution increase for those SDS concentrations at which
NR202 precipitated. CONTIN [60] analysis also allowed to appreciate how the
size distribution of objects in solution varied with increasing SDS concentra-
tion. In Fig. 2.45b were reported four size distributions, the first of NR202
before SDS addition, and the other three at significant surfactant concentra-
tions: 0.1 mM, 0.9 mM and 3 mM. 0.1 and 3 mM were the first and last points
of RC range, while 0.9 mM was the concentration at which NR202 precipitated
more. Diameters distribution for NR202 in water and in presence of 0.1 mM
SDS were very similar, having a small population of objects with dimensions
around 100 nm and another having Dy of approximately 500 nm. At 0.9 mM
SDS NR202 was precipitating, thus only a small population of aggregates of
300 nm could be detected, since its other aggregates were too big and fell out
of the experimental limit. 0.1, 0.9 and 3 mM SDS samples were also studied by
SAXS. Power-law fitting showed that 0.1 mM SDS NR202 sample (Fig. 2.45d)
had low q slope of -1, indicating the presence of one-dimensional scatterers in
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Figure 2.45: a) Picture of NR202 RC range. Variation of NR202 a) aggregates size distri-
bution for (from top down) 0, 0.1, 0.9 and 3 mM of SDS and c¢) hydrodynamic diameter of
its assemblies in the entire RC range (0.1 -3 mM). d) SAXS analysis of SDS 0.1 mM (O), 3
mM () and 0.9 mM (red line) NR202 samples. SAXS curves were reported vertically offset
for clarity.
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solution. Two-dimensional scatterers were retraced in 3 mM SDS sample, as
testified by a slope of -2 in the low q region. Finally, the linear region between
0.02 and 0.06 A~! for the precipitate obtained at 0.9 mM SDS was analyzed
by Power-law, showing a low q slope of -3, indicating the presence of three
dimensional scatterers. More importantly, it also had a peak at higher q val-
ues. This peak could suggest that NR202 precipitated forming a crystalline
phase. Dye precipitation occurred in a much smaller range of surfactant con-
centrations for NO30, as could be appreciated both visually (Fig. 2.46a) and
experimentally by light scattering investigation (Fig. 2.46¢). Four size distri-
butions for NO30 at different SDS concentrations were reported in Fig. 2.46b:
0, 0.2, 1 and 3 mM. As in NR202 case, 0.2 and 3 were the limits of RC range,
while 1 mM was the SDS concentration at which maximum precipitation for
this dye took place. As already pointed out, NO30 in solution formed very big
and polydisperse aggregates, that could be retraced by CONTIN [60] analysis
also in its size distribution, together with a very small population of objects
of about 10 nm in diameter. Adding 0.2 mM SDS to NO30 led to a decrease
in objects dimension. In this case there were two populations: the first having
average Dy around 200 nm and the second one composed by very small ag-
gregates of about 10 nm. Also at 1 mM SDS two populations were detected:
one centered around 30 nm and the other one around 300 nm. This was at
variance with what observed for NR202 at SDS concentration of maximum
condensation (Fig. 2.45b), but it was consistent with what could be appreci-
ated visually (Fig. 2.46a). In fact, the condensation range was narrower and,
even if the dye precipitated, there was a higher amount of residual NO30 in
the solution. This could suggest that NO30 was less affected by the presence
of SDS compared to NR202, which was in agreement with the small changes
observed in its absorption upon addition of the surfactant (Fig. 2.39c). At
3 mM SDS a reduction in aggregates diameters was observed, as well as in
NR202 case, leading to two populations of aggregates with average diameters
of 20 and 90 nm respectively. SAXS measurements were performed on 0.1, 1
and 3 mM SDS samples. The curve registered for 0.1 mM SDS sample had
higher scattering intensity compared to that of NO30 solution (Fig. 2.8b), but
was not significantly different in other aspects. On the contrary, for 3 mM
SDS sample the curve had two different slopes at q <0.1 A=!, -2 and -1 respec-
tively at intermediate and low . This could indicate the presence of objects
in the shape of ellipsoidal or large cylinder. The 1 mM precipitate curve had
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Figure 2.46: a) Picture of NO30 RC range. Variation of NO30 a) aggregates size distribution
for (from top down) 0, 0.1, 1 and 3 mM of SDS and c¢) hydrodynamic diameter of its assemblies
in the entire RC range (0.1 -3 mM). d) SAXS analysis of SDS 0.2 mM (O), 3 mM () and 1
mM (orange line) NO30 samples. SAXS curves were reported vertically offset for clarity.
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a -3 slope at low q, between 0.02 and 0.06 A~ and two peaks of different
intensity at q >0.1, respectively at 0.13 and 0.26 A=!. The presence of more
than one peak could probably be caused by an ordered phase. The two peaks
occurred in sequence 1, 2 that could suggest a lamellar morphology.[26] The
intensity of these peaks was, however, unusual, since that at higher g, that
would correspond to a higher order peak, was more intense than the other,
possibly indicating a particular kind of lamellar aggregate. The next dye that
was analyzed was NB27. Visual (Fig. 2.47a) and DLS (Fig. 2.47c) analysis
both confirmed that dye precipitation occurred in a rather large range of SDS
concentrations. Also in this case four size distribution obtained from CONTIN
[60] analysis were reported in comparison, to demonstrate the variations that
took place in solution increasing surfactant concentration. For NB27 these four
concentrations were 0, 0.1, 0.7 and 3 mM SDS (Fig. 2.47b) were 0.7 mM was
NB27 maximum precipitation concentration for the entire RC range. NB27
without added surfactant showed a broad population with diameters between
200 and 800 nm, plus a very small population under 10 nm. At 0.1 mM SDS,
objects size increased and became more polydisperse, while a third population
having average Dy around 100 nm appeared. At 0.7 mM only very big objects
were detected, in agreement with the ongoing massive precipitation. At 3 mM
SDS, three populations were again detected: two very small ones at 50 nm and
under 10 nm, and a third composed by objects with average size of 300 nm. 0.1,
3 and 0.7 mM SDS samples were then analyzed by SAXS (Fig. 2.47d). 0.1 and
3 mM had similar curves, with double slope at q <0.1 A=, In analogy with
what reported for 3 mM SDS NO30 sample (Fig. 2.46d), this could indicate
the presence of structures that possess one- and two- dimensional scattering,
such as ellipsoidal or large cylinders. The curve for 0.7 mM SDS precipitate
presented a -3 slope at q <0.08 A~! and two peaks at q >0.1 A~!, at 0.115
and 0.23 A1 respectively. The sequence at which these two peaks occurred
was 1, 2, as in NO30 case. However, this curve was more similar to that of a
typical lamellar morphology. These two peaks, united to the -3 slope at low
q probably suggested a lamellar crystalline aggregate,[26] where the slope at
low q could be an indication of the presence of a network-like structure on a
larger length scale.[28] NRC1 behaved differently from the other four GDs. Its
precipitate, obtained between 0.3 and 0.8 mM SDS, appeared as a flocculate to
visual inspection. Moreover, at 0.2 mM and between 0.9 and 1.4 mM, it also
formed a spatially self-organized gel-like structure, as shown in Fig. 2.48a. For
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Figure 2.47: a) Picture of NB27 RC range. Variation of NB27 a) aggregates size distribution
for (from top down) 0, 0.1, 0.7 and 3 mM of SDS and c¢) hydrodynamic diameter of its
assemblies in the entire RC range (0.1 -3 mM). d) SAXS analysis of SDS 0.1 mM (O), 3 mM
(4d) and 0.7 mM (blue line) NB27 samples. SAXS curves were reported vertically offset for

clarity.
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SDS concentrations between 1.8 and 3 mM, NRC1 appeared homogeneously
dispersed in solution. The increase of aggregates dimensions between 0.3 and
1 mM, as a consequence of dye-SDS complexes aggregation and precipitation
was verified by DLS (Fig. 2.48c¢). Four size distribution obtained by CONTIN
[60] analysis were reported for four significant concentrations: 0.1 ,0.5, 1.2 and
3 mM SDS (Fig. 2.48b). In this case the solution of NRC1 without surfactant
was not reported, in order to show the two concentrations at which the precip-
itate and the gel-like phase formed, respectively 0.5 and 1.2 mM, as well as RC
limit SDS concentrations. At 0.1 mM SDS, NRC1 showed three populations:
one around 60 nm, a second, broader, around 200 nm and a third distributions
of objects with Dy above 400 nm. At 0.5 mM only a polydisperse distribution
of objects with dimensions between 200 and 600 nm was identified. At 1.2 mM,
four distributions were detected. Two very small populations with dimensions
under 10 nm and around 20 nm, one around 150 nm and a distribution of
very big objects. For 3 mM SDS sample. the size distribution was similar to
that for 0.1 mM: one small population around 20 nm, one around 150 nm and
big aggregates with diameters over 400 nm. 0.5, 1.2 and 3 mM SDS samples
were studied by SAXS (Fig. 2.48d). 3 mM sample curve, in analogy with
those for NO30 and NB27 (Fig. 2.46d and 2.47d), showed a double slope for
intermediate and low q values, -2 and -1 respectively, probably indicating the
formation of ellipsoidal or large cylindrical aggregates. The precipitate and
the gel-like phases revealed the presence of an ordered structure, the latter
being less ordered. Several peaks were present at q >0.1 A~!, with occurring
sequence 1, v2, v/3, v/4, /6, /8. The SAXS curve for the gel-like struc-
ture showed reflections peaks, although only partially corresponding to that of
the precipitate. This suggested that the zero-charged ordered structure found
in the precipitate was progressively disrupted by an excess of SDS. This was
also confirmed by the gradual color recovery for SDS concentration >0.5 mM.
Hamley et al. reported a similar pattern in WAXS/XRD curves for protein
hydrogels containing B-sheets,[25] for which signals in sequence 1, v/2, v/3, V4
were detected. This suggested the possibility of S-sheets organiztion also for
NRC1. In the oligopeptide presented by Hamley et al., the small dimensions of
the molecules/functional groups responsible for H-bonding along the peptide
chain determined the presence of this signal pattern in the WAXS g-range. In
this case, the same pattern is unusually found in the SAXS region, probably
because of the wider spatial extension of lactose residues, as well as SDS being
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Figure 2.48: a) Picture of NRC1 RC range. Variation of NRC1 a) aggregates size distri-
bution for (from top down) 0.1, 0.5, 1.2 and 3 mM of SDS and ¢) hydrodynamic diameter of
its assemblies in the entire RC range (0.1 -3 mM). d) SAXS analysis of SDS 3 mM (), 0.5
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offset for clarity.
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a part of the structure. However, further investigations are required to confirm
the hypothesis of S-sheets morphology for NRC1 precipitate. Finally, NY42
was analyzed. From both visual inspection (Fig. 2.49a) and DLS analysis (Fig.
2.49¢) it was verified that massive dye precipitation occurred only at three SDS
concentrations. In Fig. 2.49b were reported size distributions for 0, 0.1, 0.9
and 3 mM, obtained by CONTIN [60] analysis. Again, 0.1 and 3 mM were
reported because they were RC SDS concentration limits while 0.9 mM was
SDS concentration for maximum dye condensation. NY42 in absence of SDS
size distribution showed three populations: two around 80 and 200 nm and
a distribution of objects with dimensions above 700 nm. Three distributions
were detected also in presence of 0.1 mM: one small distribution around 40 nm,
one around 150 nm and a third broad one for bigger objects with Dy above
500 nm. In presence of massive NY42 precipitation at 0.9 mM, only a few
objects of 300 nm in size were detected, as reported for NR202 (Fig. 2.45Db).
At 3 mM SDS, two populations were identified, a smaller one with average
Dy around 150 nm and a broader, bigger one, composed by aggregates with
dimensions between 400 and 800 nm. Finally, 0.1, 0.9 and 3 mM SDS samples
were analyzed by SAXS (Fig. 2.49d). 0.1 mM curve was identical to that of
NY42 (Fig. 2.9b), thus it gave no clear information on the aggregate structure.
In analogy with 3 mM SDS samples for the previous GDs, except for NR202,
this curve for NY42 presented a double slope at intermediate and low q values
of -2 and -1 respectively. Also in this case this could be ascribable to formation
of ellipsoidal or large cylindrical aggregates. The precipitate obtained at 0.9
mM SDS concentration showed a -3 slope for q between 0.02 and 0.06 A~! and
two very sharp peaks at g >0.1 A1, respectively at 0.14 and 0.28 A~!, with
equal and very high intensity. Since these two peaks occurred with sequence
1,2, they could probably be related to the formation of a crystalline lamellar
morphology,[26] even if these peculiar signals could also indicate a particu-
lar kind of lamellar structure. Further investigations are required to assign a
certain morphology to all GDs-SDS precipitate.

62



CHAPTER 2. PHYSICO-CHEMICAL CHARACTERIZATION

600 J
£ {
£ 400 1A
200 R e e
—h_l c) 0.0 1.0 2.0 3.0
A I‘[ I_ SDS conc [mM]
- 100 5 . b
i | 10 5
s 1
G
0.1 5
0.01 5
| T T T T 1 E T T — T T TTT
0 200 400 600 800 1000 2 4
0.01 0.1
b) Dy [nm] d) q [A'1]

Figure 2.49: a) Picture of NB27 RC range. Variation of NY42 a) aggregates size distribution
for (from top down) 0, 0.1, 0.9 and 3 mM of SDS and c¢) hydrodynamic diameter of its
assemblies in the entire RC range (0.1 -3 mM). d) SAXS analysis of SDS 0.1 mM ( '), 3 mM
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2.6 Experimental

2.6.1 Glycoconjugated dyes

The five glycoconjugated dyes, NR202, NB27, NO30, NY42 and NRC1, were
synthesized in our laboratories. [6, 7, 12] Their complete characterization was
reported here.

Analytical data: 3- {4- [((2R, 3R, 4S, 5R, 6S)- 6- ((2R, 3S, 4R, 5R)- tetrahydro-
4,5, 6- trihydroxy- 2- (hydroxymethyl)- 2H- pyran- 3- yloxy)- tetrahydro- 3, 4,
5- trihydroxy- 2H- pyran- 2- yl) methyl] piperazin- 1- yl}- 3- oxopropyl 3- [4-
(9, 10- dihydro- 4, 5- dihydroxy- 1- nitro- 9, 10- dioxoanthracen- 8- ylamino)
phenyl] propanoate hydrochloride (NB27).

cl OH

H
0 N
N
0, O HN‘@\/\OMN\)
fo} OH
$o%

OH O OH HO

Dark blue solid, mp 160-185°C (dec.); Apaz (€) (H20): 600 nm (4800 M~ tem—1);
0H (300 MHz, DMSO-d6): 8.07 (1H, d, J 8.8 Hz), 7.64 (1H, d, J 9.9 Hz), 7.47
(1H, d, J 8.8 Hz), 7.42-7.23 (6H, m), 4.96-4.29 (5H, m), 4.284.19 (4H, m),
4.183.65 (16H, m), 3.64-3.41 (4H, m), 3.39-2.83 (5H, m), 2.72-2.37 (4H, m);
ESI (m/z, +c): 913.6 (100%) [M-+H]*.

Analytical data: {2- [(2- cyanoethyl)- (3- acetylamino- 4- ((E)- (2- chloro- 4-
nitrophenyl) diazenyl) phenyl) amino] ethyl} - 4- {4- [((2R, 3R, 4S, 5R, 6S)-
6- ((2R, 3S, 4R, 5R)- tetrahydro- 4, 5, 6- trihydroxy- 2- (hydroxymethyl)- 2H-
pyran- 3- yloxy)- tetrahydro- 3, 4, 5- trihydroxy- 2H- pyran- 2- yl) methyl]
piperazin- 1- yl}- 4- oxobutanoate hydrochloride (NR202).

Dark red solid, mp 170-177°C (dec.); Amaz (€) (H20): 425 nm (12900 M~ tem—1);
SH (300 MHz, DMSO-d6): 11.05 (1H, s), 8.44 (1H, d, J 2.7 Hz), 8.25 (1H, dd, J
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O2N Cl

2.4 and J’ 9.0 Hz), 8.05 (1H, d, J 9.0 Hz), 7.99 [1H, d (br), J 2.7 Hz], 7.79 (1H,
d, J 9.0 Hz), 6.87 (1H, dd, J 9.0 and J’ 2.4 Hz), 4.93-4.22 (6H, m), 4.14-3.54
(TH, m), 3.533.39 (5H, m), 3.38-3.36 (4H, m), 3.362.96 (12H, m), 2.92-2.87
(3H, m), 2.72-2.54 (2H, m), 2.53-2.40 (3H, m), 2.24 (3H, s); ESI (m/z, +c):
923.4 (100%) [M-+H]*, 925.3 (40%) [M+H] ™.

Analytical data: {2- [(2- cyanoethyl)- (4- ((E)- (2, 6- dichloro- 4- nitrophenyl)
diazenyl) phenyl) amino| ethyl}- 4- {4- [((2R, 3R, 4S, 5R, 6S)- 6- ((2R, 3S, 4R,
5R)- tetrahydro-4, 5, 6- trihydroxy-2- (hydroxymethyl)- 2H- pyran- 3- yloxy)-
tetrahydro- 3, 4, 5 - trihydroxy- 2H- pyran- 2- yl) methyl] piperazin- 1- yl}- 4-
oxobutanoate hydrochloride (NO30).

ci /6/}' \/\OJOI\/Y @+ ©

Os5N Cl HO o OH

Dark orange solid, mp 174-183°C (dec.); Amaz (€) (H20): 441 nm (16300
M~tem™1); 6H (300 MHz, DMSO-d6): 8.44 (2H, s), 7.85 (2H, d, J 9.3 Hz),
7.06 (2H, d, J 9.3 Hz), 5.13-4.52 (SH, m), 4.43-4.21 (4H, m), 4.143.95 (2H, m),
3.93-3.40 (13H, m), 3.37-2.92 (11H, m), 2.90-2.82 (2H, s), 2.70-2.60 (1H, m),
2.582.53 (1H, s); ESI (m/z, +c): 900.2 (100%) [M+H]*, 902.3 (89%) [M-+H]*,
904.0 (43%) [M+H]*, 922.3 (18%) [M+Na|*, 924.2 (12%) [M+Na] ™.
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Analytical data: 1-{4- [(2R, 3R, 4S, 5R, 6S)- 6- ((2R, 3S, 4R, 5R)- tetrahydro-
4,5, 6- trihydroxy- 2- (hydroxymethyl)-2H-pyran-3-yloxy) -tetrahydro- 3, 4, 5-
trihydroxy- 2H- pyran- 2-yl) methyl|piperazin- 1-yl} -2- {N- [4- (phenylaminosul-
fonyl)- 2- nitrophenyl]- N- phenylamino} ethanone hydrochloride (NY42).

Yellow-orange solid, mp 180-195°C (dec.); Apaz (€: 420 nm (4200 M~tem™1);
§H (300 MHz, CDCl3): 9.89 [1H, s (br)], 8.318.25 (1H, m), 7.72-7.61 (1H, m),
7.56-7.45 (2H, m), 7.457.21 (8H, m), 7.14 (1H, d, J 9.3 Hz), 5.23-4.52 (10H,
m), 4.44-4.18 (2H, m), 4.14-3.96 (2H, m), 3.95-3.65 (3H, m), 3.643.54 (3H, m),
3.53-3.42 (2H, m), 3.41-2.81 (10H, m); ESI (m/z, -+c): 820.5 (100%) [M-+H]]*,
842.4 (12%) [M+Na]]*.

Analytical data: 4- O- [6- (4- {[(4- amino- 9, 10- dioxo- 3- phenyl- 9, 10-
dihydroanthracen- 1- yl) oxy]| acetyl} piperazin- 1- ium- 1- yl) -6- deoxy- b- D-
galactopyranosyl] - D- xylo- hexopyranose (NRC1).

Dark purple solid, mp °C (dec.), Anaz (€: 504 nm ( 7800 M~tem™!); ESI (m/z,
+c¢): 802 (100%) [M+H]]™, 816 [M+OCH22+Na't]; HRMS (ESI-Orbitrap):
calculated for C39HysN3014 [M-H]*78.2974; found 780.2964
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2.6.2 Materials

Dimethylsulfoxide, Ethanol and Methanol were purchased from Sigma-Aldrich
(St. Louis, MO). Dodecyl sulfate sodium was provided by Merck (Germany).
N, N, N- Trimethyl hexadecan- 1- aminium bromide was purchased from Flu-
orochem (Hartfield, UK). Polyethylene glycol mono- 4- octyl phenyl ether was
provided by Tokyo Chemical Industry (Tokyo, Japan).

2.6.3 UV-Visible spectrophotometry

UV-Visible measurements were carried out with a Perkin-Elmer Lambda EZ
201 (Waltham, Massachussetts, USA) in 0.1 cm quartz cuvettes. Spectra were
registered in the wavelength range 200-800 nm.

2.6.4 Dynamic Light Scattering

Dynamic Light Scattering measurements were carried out with a Brookhaven
Instruments apparatus (BI 9000AT correlator and BI 200 SM goniometer).
The signal was detected by an EMI 9863B/350 photomultiplier. The light
source were a second harmonic of a diode Nd:YAG laser, A=532 nm Coherent
Inova, linearly polarized in the vertical direction and a HeNe laser, 633 nm
JAS Uniphase, linearly polarized in the vertical direction.

2.6.5 Small Angle X-rays Scattering

SAXS measurements were carried out with a HECUS SWAX-camera (Kratky)
equipped with a position-sensitive detector (OED 50 M) containing 1024 chan-
nels of width 54 m. Cu K, radiation of wavelength 1.542 A has been obtained
using an X-ray generator (Seifert ID-3003), operating at a maximum power of
2 kW. A 10 m thick W filter was used to remove the primary Cu K, radiation.
The volume between the sample and the detector was kept under vacuum (P
<1 mBar) during measurements to minimize scattering from air. The liquid
samples were filled into 1 mm quartz capillary and then sealed. Semi-solid
samples were placed in a sample holder cell between two Kapton windows.
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Measurements were done at 25°C and temperature was controlled by a Peltier
element, with an accuracy of 0.1°C. All scattering curves were corrected for the
solvent contribution. SAXS measurements were carried out on a S3-MICRO
SAXS/WAXS instrument (HECUS GmbH, Graz, Austria) which consists of
a GeniX microfocus X-ray sealed Cu K, source (Xenocs, Grenoble, France)
power 50 W which provides a detector focused X-ray beam with = 0.1542 nm
Cu K, line. The instrument is equipped with two one-dimensional (1D) po-
sition sensitive detectors (HECUS 1D-PSD-50 M system), each detector is 50
mm long (spatial resolution 54 m/channel, 1024 channels) and cover the SAXS
g-range (0.003 <q <0.6 A=1). The temperature was controlled by means of a
Peltier TCCS-3 Hecus.

2.6.6 Circular Dichroism

Circular Dichroism measurements were performed on a JASCO J-600 spec-
tropolarimeter, in the 800-200 nm range, using Hellma 1 mm pathlength quartz
cuvettes, scanning speed 50 nm/min, response 1 sec, 5 accumulations per sam-
ple.

2.6.7 Atomic Force Microscopy

Atomic force microscopy (AFM) images were collected with a XE7 system
(Park System Corp., Korea). NR202 and NY42 images were acquired in non-
contact mode using PointProbe® Plus PPP-NCHR 10M tips with guaranteed
radius of curvature <10 nm, a nominal force constant of 42 N m!, and a res-
onance frequency of 296 kHz (drive =77%). Measurements were performed in
air in both high- voltage and low-voltage mode. Low-voltage mode measure-
ments were performed for scan areas of 2 yum?. NRC1 images were acquired in
non-contact mode using SSS-NCHR 10M AFM tips with a guaranteed radius
of curvature of 5 nm, a nominal force constant of 42 N m', and a resonance
frequency of 292 kHz (drive =40%). Measurements were performed in air in
both high- voltage and low-voltage mode. Low-voltage mode measurements
were performed for scan areas of 500 nm?. Set point value is 12.4 nm. The
samples investigated was obtained by deposition of a drop of 1 mgml~! water
solution of NR202, NY42 and NRC1 on a mica support. The solution was
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left on the support for 10 seconds to allow the adherence of a low quantity
of sample to the mica. Then, the support was quickly dipped in clean water
to remove the excess of substance and avoid a too concentrated sample. The
sample was left to dry under hood overnight.
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Chapter 3

Computational study

3.1 Introduction

Glycoconjugated dyes have a rather complex molecular structure and a high
number of degrees of freedom. Thus, their behavior in solution is very difficult
to understand since they are very sensitive to any change in their environ-
ment. Their physico-chemical characterization demonstrated the presence of
self-assembly in water, probably triggered by hydrophobic and stacking inter-
actions. However, it was not possible to fully understand how these molecules
interact in solution. To have a description of the interactions that take place
at atomistic level, GDs were studied using computational tools. Two computa-
tional approaches could be used to study these molecules: quantum mechanics
(QM) based methods (e.g. Density Functional Theory, DFT) or classical me-
chanics based ones (e.g. Molecular Mechanics, MM, Molecular Dynamics, MD).
DFT is a QM method that computes energy and other properties for a system
based on its electron density (p). In general, QM methods are powerful and ver-
satile and their use is widespread. They can be used to calculate energies and
optimize structures, as well as to calculate molecular properties.[46] However,
their computational cost makes them difficult to use to study large molecular
systems. MM methods are also largely spread in molecular modelling. They
utilize a set of molecules (represented as balls -atoms- and springs -bonds) to
derive rules and parameters for a more general use, e.g. Force Fields, FF.
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Thanks to the approximations they use, these methods are more efficient and
have a lower computational cost than QM ones. Since GDs are quite large
molecules, with more than 100 atoms each, they were studied by MM meth-
ods, in particular FF. The following equation describes a typical force field
equation (AMBER [16]), that represents the potential energy function of the
system:

Nbonds Nangles Ndihedrals TVi,max
2
VAMBER = § bz(rz - Ti,eq) + § ai(‘gz z eq g § i n/2
7 7
!/

natoms, A i B i Natoms qq
[1+ cos(ngi — vin)] + Z (7«. '2132 B l]) + Z _D4y
ij

.6 ..
— r — Ameqr
1< v 1<J 0%ij

(3.1)

The potentials due to bond distances, bond angles and dihedral angles are
included in the first three terms of Eq. 3.1, the bonded terms. The last two
terms of the equation, the non-bonded terms, takes into account Lennard-
Jones and Coulombic terms for dispersion-repulsion and electrostatic effects.
It is possible to calculate a trajectory using Newton’s law of movement in order
to develop a dynamic view of a molecular system (Molecular Dynamic, MD)
and Force Fields, based on classical mechanics, can be used o determine the
energy of the system along the trajectory. The specific parameter used to
study GDs were chosen from General AMBER Force Field library [71] using
AMBER tools, with the exception of atomic charges in each molecule, which
were calculated by DFT. In particular, DFT calculations were performed using
ORCA [47, 48] and PBE functional,[53] from which Mulliken atomic charges
were obtained. In this work, the behavior of the five GDs, NR202, NB27,
NO30, NY42 and NRC1, was studied by FF. For simplicity, only the core of
each dye was taken into account, neglecting lactose piperazine and part of the
linker. The molecular structures of these cores were reported in Fig. 3.1. This
investigation was performed using LAMMPS [57] to perform a MD at 300 K,
with timestep of 0.5 fs. In the first 50000 fs of MD a thermalization using a
thermostat was performed on each system, followed by an acquisition run of
50 ns in the NVE ensemble. A conformational search was performed on each
GD core in vacuum and was later extended to same-dye dimers and trimers.
These data represent a preliminary study. A perspective investigation should
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Figure 3.1: Molecular structures of the five GDs, limited to the core, used as basis for FF.

include computational modeling of GDs entire molecules, including lactose and
a TD-DFT study of these systems in water, to fully consider the influence of
the solvent and obtain simulated UV-Visible and ECD spectra.

3.2 Molecular Dynamics on GDs monomers

The first step on this conformational search was performing a MD on single
GDs cores, reported in Fig. 3.1. NR202 core structure assumed only one sig-
nificant conformation in MD, reported in Fig. 3.2a. This was consistent with
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Figure 3.2: NR202 core a) principal conformation and b) Epo: profile obtained by FF MD
in vacuum.

its Potential Energy profile during the entire MD, that did not underlined im-
portant variations and constantly oscillated between 40 and 20 kcalmol ! (Fig.
3.2b). Since their molecular structure was very similar, the behavior of NO30,
the second azo dye, was very similar to that observed for NR202. In fact, also in
this case, the molecule assumed only one conformation. This conformation was
reported in Fig. 3.3a. Its E,, remained between 20 and 0 kcalmol !, showing
no significant variations. NB27 had a more rigid structure compared to azo
dyes, since its core consisted in an anthraquinone molecule. Therefore, it had
few conformational degree of freedom, consisting mainly on rotation around
C-C bond for the side chain and around C-N bond for the phenyl group. This
reflected on its preferential conformation (Fig. 3.4a), in which the phenyl was
mainly tilted with respect to the anthraquinone, and on its E,; profile, shown
in Fig. 3.4b. The energy was maintained between 70 and 40 kcalmol ! for the
entire MD. NRC1 anthraquinone dye, in analogy with NB27, had also a more
rigid core structure compared to azo dyes. It preferentially assumed just one
conformation, reported in Fig. 3.5a, in which lateral phenyl was slightly tilted
with respect to anthraquinone. Its E,y constantly oscillated between 60 and
30 kcalmol~! for all the MD. The presence of three separated aromatic rings
gave NY42 the highest conformational freedom of all five GDs. In fact, these
molecule assumed not one, but three preferential conformations. The first one
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Figure 3.3: NO30 core a) principal conformation and b) Ep.: profile obtained by FF MD

in vacuum.
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Figure 3.4: NB27 core a) principal conformation and b) E,.: profile obtained by FF MD
in vacuum.
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Figure 3.5: NRCI core a) principal conformation and b) Epo: profile obtained by FF MD
in vacuum.

had both lateral aniline rings tilted with respect to the central phenyl (Fig.
3.6a). In the second conformation, one of the lateral phenyls and the central
ring were coplanar, while the third was tilted, as shown in Fig. 3.6b. In the last
conformation, the molecule had a more closed-up conformation, in which the
two lateral aniline rings were cofacial (Fig. 3.6c). Despite differences in con-
formation, NY42 maintained constant its E,, between 80 and 50 kcalmol 1.

3.3 Molecular Dynamics on GDs dimers

The conformational search was then extended to dimers of all GDs to un-
derstand how interactions between dye molecules could take place. The two
molecules were placed at 30 A form each other in vacuum and they were al-
lowed to spontaneously assemble during MD. In this MD trajectory, dimers
changed conformation on their own accord. The more stable conformations for
every dimer were reported here, as preferential conformations. NR202 dimer
had at least two preferential conformations. In all cases the two molecules
interacted through facial stacking between one of the phenyls. The interaction
was equally probable with either of the two ring on each molecule. The main
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Figure 3.6: NY42 core three conformations (a—c) and d) E,o: profile obtained by FF MD
in vacuum.
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Figure 3.7: NR202 dimers configurations (a—c) and d) E,.: profile obtained by FF in
vacuum.

difference between the two conformations was the position of the side chains. In
one case they were on the same side of the dimer (Fig. 3.7c), while in the other
they pointed in opposite directions (Fig. 3.7a and 3.7b). E, of NR202 dimer
oscillated between 50 and 10 kcalmol™' and no significant energy variation
was present, indicating an equal probability for all these dimer conformation
to form. Globally, this system was not disordered and could potentially allow
elongation of NR202 aggregates up to a certain extent. However, this was not
an highly order system either, since azo dyes have some conformational free-
dom. Therefore, conformational arrangement could interfere with elongation
as well. Two molecules of azo dye NO30 could interact in at least two different
way. In Fig. 3.8a, a dimer conformation in which the two dye molecules inter-
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Figure 3.8: NO30 dimers configurations (a—c) and d) E,.: profile obtained by FF in vacuum.

acted through facial 7 stacking was reported. This interaction could take place
between either one of the two rings on one molecule, resulting in four possible
versions of this conformation. However, the two more stable were those in
which the side chains on the two monomers pointed in opposite directions, as
in the one reported in this image, with the two molecules slightly tilted. In this
disposition, the second couple of phenyls could also interact facially, but only
for a brief time. NO30 other preferential conformation was shown in Fig. 3.8b.
In this situation, one ring of the monomer interacted with the azo group and the
two dye molecules were tilted. These dimer conformations had approximately
the same energy, as shown by the E,., that showed no significant variation in
energy and oscillated between 40 and 0 kcalmol~!. Thus, these conformations
all had the same probability to form, depicting a rather disordered situation,
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Figure 3.9: NB27 dimers configurations (a—c) and d) Epo¢ profile obtained by FF in vacuum.
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in agreement with the experimental data. In fact, while this had no influence
on the formation of aggregates, these kind of interaction between molecules
did not favor their process of elongation, resulting in disordered and, possibly,
spheroidal or discoid objects. Three possible conformations were identified for
NB27. The first one showed two molecules interacting facially by stacking be-
tween two of the anthracene rings (Fig. 3.9a). The side phenyls for both of
them were twisted with respect to anthracene core, and pointed in opposite
directions. Another possibility was the anthracene- side phenyl interaction, as
shown in Fig. 3.9b. A third preferential conformation was formed by interac-
tion between anthracenes core, that involved all three rings, with side chains
pointing in opposite directions (Fig. 3.9c). This last one occurred less fre-
quently than the other two during the MD. However, all these conformations
were equally energetic (Fig. 3.9d) and, therefore, equally probable. Even if
this system was more ordered than the previous one, this data suggested that
elongation of aggregates was disfavored, as well as in NO30. In fact, while
the first and third conformations were rather flat, the second one was not,
preventing stacking from forming long objects. For NRC1 dimer four differ-
ent preferential conformation were retraced. All of them involved interaction
between anthracene cores. In Fig. 3.10a, molecules interact through stacking
between one of each anthracenes cores, with a tilt of approximately 45° and
with side phenyls on the same side. A facial interaction between one ring of
each core was responsible also for the formation of the second conformation
(Fig. 3.10b). In this one though, the tilt between the molecules was higher,
around 90°. The third dimer conformation took place again from facial inter-
action between one ring of each anthracene, but in this case the tilt between
molecules was smaller and side phenyls could undergo to facial interaction as
well for brief periods (Fig. 3.10c). The last preferential conformation involved
a facial interaction between two rings of each core, that were disposed parallel
to each other, as shown in Fig. 3.10d. In this case there was no interaction
between side phenyls. The transition between these dimer conformations did
not induce energy changes, as reported in Fig. 3.11. In fact, E,y oscillated
between 80 and 50kcal~! for all MD. These four dimer conformations had all
rather flat cores, that could facilitate aggregates elongation, in perfect agree-
ment with its physico-chemical characterization that demonstrated the forma-
tion of elongated aggregates and even fibrils in solution for NRC1. The last
case was NY42 dimer, for which four preferential conformation were identified.
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Figure 3.10: NRCI dimer’s configurations (a-d) obtained by FF in vacuum.
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Figure 3.11: E,,; profile obtained by FF in vacuum for NRC1 dimer.

The first one formed by interaction between the central rings of each NY42
molecules, tilted of approximately 90°, as shown in Fig. 3.12a. A similar, but
not identical, conformation was formed when dye molecules with a lower tilt
interacted through their central rings (Fig. 3.12b). In this case, one of the
two side phenyl couples could interact briefly and in turn. A facial interaction
between the three rings of both molecules led to the second dimer conforma-
tion (Fig. 3.12c¢), that, however, formed less often than the others. The last
NY42 conformation took place when molecules, with both phenyls bent on the
same side of the central ring, interacted facially by the middle benzene, as
shown in Fig. 3.12d. Also in these case all these conformation were equally
energetic and, therefore, equally probable. E, of the system during MD os-
cillated between 130 and 100 kcalmol~!, without important variations. This
molecule was the more flexible and these results seemed to point at a situation
in which elongation of aggregates was prevented. MD were also performed on
GDs trimers. The resulting trajectories were studied and their conformations
reflected what previously observed for the corresponding dimers. Thus, their
analysis could not add any information. Therefore, considering the very high
number of conformations that trimers could assume, they were not evaluated
and classified. What would actually be important, as a future perspective,
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Figure 3.12: NY42 dimers configurations (a—d) obtained by FF in vacuum.
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Figure 3.13: E,,; profile obtained by FF in vacuum for NY42 dimer.

would be, as already pointed out, taking into account entire GD molecule, in-
cluding the lactose, for each dye as well as the solvent in the MD calculations,
and to obtain their electronic excitation spectra by TD-DFT.
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Chapter 4

Bioremediation of glycoconjugated
dyes

4.1 Introduction

The dyeing industry among the major causes of water pollution. The reme-
diation of tanneries and textile dyeing wastewaters presents many challenges,
one of which is the wide variety of pollutants they contain, e.g. inorganic
salts, surfactants and dyes themselves. Synthetic dyes used in dyeing pro-
cesses are specifically designed to resist at light irradiation, oxidation and high
temperatures, therefore conventional wastewaters treatment based either on
chemical or physical methods, can be ineffective.[23] Moreover, the degrada-
tion of some of these xenobiotic molecules could result in secondary pollution
problems.[36, 39] In fact, dyeing industries extensively use azo dyes,[17, 40]
whose degradation can result in the production of aromatic amines, molecules
recognized as carcinogenic, mutagenic and toxic for humans and the aquatic
environment.[49, 59, 67, 68] Bioremediation represents a valid alternative to
conventional purification methods, because it is cost effective and employs
microorganisms instead of chemicals. The use of active sludge in wastewater
treatment plants is widespread, because this approach is effective on a wide va-
riety of pollutants, including many dyes. However, there has been an intensive
research in the bioremediation field, always seeking for better performances.
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In particular, white-rot fungi had shown great potential in degrading a wide
variety of pollutants,[64, 72] thanks to their pool of extra-cellular ligninolytic
enzymes, such as manganese dependent peroxidases(MnP), lignin peroxidases
and laccases.[50, 67] In this work we present for the first time an evaluation
of bioremediation performances on glycoconjugated dyes (GDs). Two differ-
ent approaches towards bioremediation of GDs solutions were used. The first
one concerned the removal of GDs from simulated dyeing effluents using a non
standard microorganism, the white-rot fungus F. trogii. This microorganism
has been reported to be very effective in decolorizing dyeing effluents, thanks
to the outstanding activity of its laccase.[14, 22, 23, 40, 73] In the second part
of this work, GDs real dyeing effluents, obtained by leather dyeing experi-
ments conducted for the European LIFE project BIONAD, were treated. In
this case, since the substrate was a real system, a standard bioremediation
approach, involving a highly specialized active sludge, was employed. For both
the procedure, bioremediation results on naturalized dyes efluents, simulated
and real, were very positive. In fact, both types of microorganisms, white-rot
fungus and active sludge, were able of degrading GDs molecules to a high ex-
tent. Moreover, mass spectrometry analysis were performed on effluents after
remediation with both microorganisms to verify which fragments could remain
in solution, referring to molecular peaks of GDs: 923 (NR202), 913 (NB27),
900 (NO30) and 820 (NY42). Moreover, mass spectrometry could allow to
detect aromatic amines that could result from GDs degradation, whose exact
masses were 93, 172, 206, 293 and 388 (see Section 4.4).

4.2 Simulated effluents: Funalia trogii

Bioremediation with F. trogii was performed on NR202, NB27, NO30, NY42
and MIX simulated effluents. MIX was considered because, in a real wastewater
treatment plant, mixed dyeing effluents are usually treated, rather than single
ones. Thus, MIX was more similar to a real case than single dye solutions. To
underline any difference in the mechanism of color removal, the microorganism
was used in three different conditions: dead fungal biomass (DF), F. trogii with
(FG) and without (F) glucose as additional nutrition source. Since real efflu-
ents had pH around 3, in order to resemble that situation, before the incubation
with microorganism the pH of all the samples was adjusted at 4.9, the lowest
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Figure 4.1: Enzyme activity values in U/1 profiles for F. trogii in presence (FG) and absence
(F) of glucose over the 14 days bioremediation experiment of the five GDs simulated effluents.

pH possible to ensure F. trogii survivor. However, F. trogii acted as a buffer,
modifying the pH of all the samples within the first three hours of incubation
and maintaining it between 6.5 and 7.5 afterward. Laccase and MnP enzyme
activity was also monitored for all the duration of the experiment, to assess the
vitality of the microorganism. This tests indicated that F. trogii did not pro-
duce MnP in that condition, but only Laccases. As expected, Laccase enzyme
activity was retraced in those samples containing living microorganism, but not
in those incubated with dead biomasses. The detailed profiles of the enzyme
activity for living F. trogii were reported in Fig. 4.1. Dye removal results,
reported in Fig.4.2, revealed that each GD was removed differently from the
solution, according to the conditions used. This piece of information confirmed
that dye removal took place according to different processes in the three condi-
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Figure 4.2: Residual dye percentages in time in the three conditions (F, FG, DF) for the
five samples: a)NB27, b)NR202, c)NO30, d)NY42, e)MIX.

tions F, FG and DF. Absorption mechanism, always present in bioremediation
processes, was the only one active for the dead biomass, while living microor-
ganisms acted through absorption as well as enzymatic degradation,[13, 34]
both in presence and absence of nutrient. Moreover, these results also revealed
that the efficiency of bioremediation was different for the five simulated efflu-
ents. First of all, lets consider the samples treated with dead biomass. The final
dye removal percentages for NR202 and NB27 were very high, 98.3 and 99.8%
respectively. The decolorization for NO30 was 81.5%, while for NY42 only a
52.1% was reached. Finally, MIX attested for 89.8% of color removal. NY42
resulted quite recalcitrant, while NR202 and NB27 were very easily removed
from the solution.  After the experiment we analyzed by mass spectrome-
try all solutions and fungal biomasses, confirming that dye removal with dead
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Figure 4.3: Mass spectrometry analysis results for the solutions of the five GDs simulated
effluents, a) NB27 b)NR202 ¢) NO30 d) NY42 e) MIX, after bioremediation with dead F.trogii
biomass.
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Figure 4.4: Mass spectrometry analysis results for the dead F.trogii biomass after bioreme-
diation of the five GDs simulated effluents: a) NB27 b)NR202 c¢) NO30 d) NY42 e) MIX.
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Table 4.1: Biomass decreases, reported as per cent values (%), that took place after bioreme-
diation experiments in the three conditions (F, FG, DF) for all five GDs simulated effluents.

NR202 NB27 NO30 NY42 MIX

F 90.2 87.8 91.9 98.4  91.7
FN  56.5 27.3 49.5 69.4  66.8
DF - - 1.6 1.2 -

biomass took place only through absorption mechanism (see Table 4.4). On all
five biomasses (Fig. 4.4) intact GDs were retraced, while for their correspond-
ing solutions results depended on the sample. For NB27 and NR202, no dye
was found in solution, only lactose piperazine (LP), consistently with the high
dye removal efficiency (Fig. 4.3a-b). LP in this case could be a residue of the
synthetic procedure of the dyes that could not be eliminated. The final solution
for NO3O0 still had some color, and accordingly we could retrace both LP and
the intact dye in it (Fig. 4.3c). The only molecule found in the treated solu-
tion for NY42 was the unaltered GD (Fig. 4.3d), coherently with the low color
removal. Finally, for MIX only intact NY42 and LP were retraced in solution
(Fig. 4.3e), in agreement with what was found for the single dyes (see Table
4.2). The second case considered was the incubation of simulated effluents
with F. trogii without any additional nutrition source. Final dye removal for
NR202 and NB27 was high also in this condition, 97.6 and 94.3% respectively.
On the other hand, NO30 and NY42 gave poorer results than with DF, with
57.4 and 29.8% of dye removal respectively. MIX was less decolorized as well,
with 52.8% of color removal. However, MIX behavior in this case was peculiar.
As shown in Fig. 4.2e, initial color removal was very efficient, probably thanks
to a synergy between absorption and biodegradation mechanisms. However,
afterward the biomass apparently released some of the dye it had absorbed,
in particular NO30 and NY42. This release probably took place because F.
trogii was experiencing autophagy. This phenomenon takes place when a mi-
croorganism enters in starvation and, in order to survive, eat itself to recycle
the nutrients.[58] This was probably the case the case for F. trogii biomass in
these samples. This hypothesis was supported by the decrease in biomass that
took place in all samples after bioremediation. In fact, the decrease was very
pronounced for all F samples, more pronounced than in FN case (Table 4.1).

The reason for that was probably the absence of additional nutrition source
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Figure 4.5: Mass spectrometry analysis results for the solutions of the five glycoconjugated
dyes simulated effluents, a) NB27 b)NR202 ¢) NO30 d) NY42 e) MIX, after bioremediation

with F.trogii.
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Figure 4.6: Mass spectrometry analysis results for F'.t¢rogii biomass after bioremediation of
the five glycoconjugated dyes simulated effluents: a) NB27 b)NR202 c) NO30 d) NY42 e)
MIX.
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Biomasses Solutions
836.41 ox NY42 858.28 ox NY42 + Nat
F 93830 ox NO30 + Nat 836.36 ox NY42

961.28 ox NR202 +Nat 938.33 ox NO30 + Nat
385.32  NO30 metabolite - -

MIX  FG 401.32 ox LP + Na™ — —
842.43 NY42 + Nat 820.29 NY42
DF 922.46 NR202 411.33 LP
900.22 NO30 834.35 NY42 + Nat
945.51 ox NB27 425.29 LP-OCHj;

Table 4.2: Mass spectrometry analysis of glycoconjugated dyes equimolal mixture (MIX)
effluents and biomasses after bioremediation in the three conditions, F, FG, DF.

to sustain the microorganism, as opposite to the case of FG. NB27 and NR202
were easily removed from the solution, as attested from mass spectrometry
analysis. No peaks ascribable to any fragmentation of these dyes were found in
the treated solution (Table 4.4), confirming that these molecules were degraded
by Laccases (Fig. 4.5a-b). A further confirmation was that only degradation
products were found on their biomasses (Table 4.4), the chromophore without
lactose for NR202 (Fig. 4.6b) and lactose metabolites for NB27 (Fig. 4.6a).
For NO30 solution and biomass (Fig. 4.5¢ and 4.6¢), degradation products of
both GD and LP were retraced, the first ones being responsible for the residual
color of the solution (Table 4.4). Consistently with the low dye removal, for
NY42 solution and biomass (Fig. 4.5d and 4.6d), the more abundant species
were identified as oxidized forms of the dye (Table 4.4). Mass spectrometry
on MIX solution (Fig. 4.5e) revealed that the more abundant molecules were
oxidized forms of NY42, while on its biomass (Fig. 4.6e) oxidized forms of both
NY42 and NO30 were retraced (Table 4.2). The presence of NY42 and NO30
in MIX after the mycoremediation was consistent with their higher resistance
to bioremediation. The presence of oxidized forms of some dyes, specifically
NY42 and NO30 (see Table 4.4), after their incubation with F. trogii was a fur-
ther confirmation that enzymatic degradation was active. In agreement with
oxidative degradation reported for Laccases,[40, 78] no aromatic amines could
be retraced by mass spectrometry analysis after biodegradation of azo-dyes,
NR202 and NO30. The last case considered was bioremediation using F. trogis
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in presence of glucose as additional nutrition source. NR202 and NB27 were,
again, very well removed from the solution, respectively 97.9 and 97.7% of final
dye removal. Lactose and some of its degradation metabolites were retraced in
both their treated efluents (Fig. 4.7a-b) and biomasses (Fig. 4.8a-b), with the
difference that also NR202 without lactose was identified on its corresponding
biomass (Table 4.4). NO30 attested for 73.7% of decolorization, while only a
36.6% was reached for NY42. Mass spectrometry revealed that in NO30 and
NY42 effluents (Fig. 4.7c-d) and biomass (Fig. 4.8c-d) the more abundant
molecules were glucose and lactose, together with oxidized forms of both dyes
(Table 4.4), consistently with the residual color of the solutions. Therefore,
NO30 and, mostly, NY42 resulted quite persistent to bioremediation also in
presence of glucose. Surprisingly, they appeared to be well removed from the
solution when mixed to the other dyes, as it was the case for MIX. In fact the
final dye removal for MIX attested at 93.6%, the highest for this sample. Mass
spectrometry analysis of the effluent did not reveal any of the four dyes, nor
their degradation products (Fig. 4.7e). Metabolites of NO30 and lactose piper-
azine were retraced on the biomass (Fig. 4.8c), instead. The main fragments
retracted in FG treated effluents for all five GDs samples were summarized
in Table 4.3. Also in this case, no aromatic amines were found in effluents
nor on biomasses after the bioremediation by mass spectrometry analysis, as
expected.[40, 78] The enhancement in the removal of NY42 and NO30 when
in MIX was a very peculiar and relevant result. Therefore, MIX UV-Visible
absorption water was studied. This spectrum had two main contributions: one
from the red-orange component at 460 nm, and the other from the blue dye at
610 nm. The contribution of the yellow dye was not relevant, because it was
overwhelmed by that of NR202 and NO30, whose ¢ was considerably higher.
Dye removal for MIX two components at 460 and 610 nm were compared in all
the three conditions, F, FG and DF. Predictably, DF removal trends for these
two components were similar (Fig.4.9a), suggesting that absorption mechanism
worked on both components in the same way. This was confirmed by the vari-
ation of A\pqr (Fig.4.9d), that, after an initial decrease from 462 to 422 nm,
remained the same for all the duration of the experiment. In F case, the re-
sults for 460 nm and 610 nm components were comparable with dye removal
trends for NO30 and NB27 respectively (Fig. 4.2b-c). The blue component
remained roughly constant after an initial decrease. The 460 nm component,
after the initial removal, was gradually released after the first day of incubation
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Figure 4.7: Mass spectrometry analysis results for the solutions of the five glycoconjugated
dyes simulated effluents, a) NB27 b)NR202 c) NO30 d) NY42 e) MIX, after bioremediation
with F.trogii in presence of glucose.
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Figure 4.8: Mass spectrometry analysis results for the biomass of F.trogii in presence of
glucose after bioremediation of the five glycoconjugated dyes simulated effluents: a) NB27

b)NR202 ¢) NO30 d) NY42 ) MIX.
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M/Z  Sample Fragment
NB27 HO, ?H OH
NR202 -
203 NO30 l/]:[@n
NY42 HO
NB27 oH oH
NR202 Ho, L .Oa_A_OH .
332 Nos . J\/Lj\ 7,?[(»{ v + Wi
NY42 " Son
NCTY o

916 NO30 T /@/Nv\o

%0
N/S”
836/858  NY42 " 5N\) m/ I Na

Table 4.3: Main fragments retraced by mass spectrometry in the simulated effluents of GDs
treated by FG.

(Fig.4.9b), as also testified by the corresponding variation of A,q, (Fig.4.9d).
Thus, it was surprising to find out that for FG there were two different rate of
removal for the blue and the red-orange component (Fig.4.9¢). This confirmed
a faster and preferential removal for NB27, in agreement with results on single
dye effluents. Moreover, the shift in A4, from 462 to 448 nm on the first day
of incubation with the microorganism (Fig.4.9d) told us that NR202 (A\paq:
462 nm) was removed faster than NO30 (Aj,qz: 442 nm). Then, NO30 started
to be degraded, resulting in a further hypsochromic shift to 432 nm on the
fifth day. After that the residual color was related to NY42 (\,4,:420 nm) still
present in solution. It is particularly important to stress out the differences in
the efficacy of bioremediation with FG on the four single dye simulated efflu-
ents. The anthraquinone, NB27, was very well removed from the solution. This
was an expected result because phenols, and therefore quinones, are laccases’
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Figure 4.9: Differential removal of red-orange (460 nm) and blue (610 nm) components from
MIX in the three bioremediation conditions: a) DF, b) F, ¢) FG. The maximum wavelength
in these three cases changed according to the mechanism of removal, d).

natural substrates.[43, 72] NY42 was the more recalcitrant one and the best
result in terms of dye removal was achieved by the absorption mechanism, not
by degradation. Apparently this dye was a very poor substrate for the enzyme,
resulting in a scarce color removal. This could be ascribable to its molecular
structure as well as to the kind of aggregates NY42 formed in solution. That
could potentially represent a drawback for biodegradation, possibly because
these aggregates did not facilitate an interaction with enzymes. Despite the
similarity of the two azo-dyes chemical structures, there was a considerable dif-
ference in the results obtained from the bioremediation of NR202 and NO30.
In fact, even though the final dye removal for NO30 was good, over 70%, the
final solution was still very colored because of its high e value (e=17836). On
the contrary, NR202 was clearly more easily degraded by Laccases. Thus, the
residual amount of NR202 was so low that the solution appeared transparent
by visual inspection. Again, this could be a consequence of the different ag-
gregates they formed in water. In fact, as demonstrated in Chapter 2, NO30
formed spheroidal aggregates, while NR202 elongated ones. Things changed
when MIX was taken into account. First of all, degradation mechanism was
clearly effective in this case on NY42 and NO30, since they were not detected
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Biomasses Solutions
Sample M/Z Interpretation M/Z Interpretation
F 858.39 ox NY42 + Nat 858.35 ox NY42 + Na™t
836.54 ox NY42 836.44 ox NY42
NY42 e 203.12 glucose + Na™ 203.15 glucose + Na™
382.90 ox Lactose + Na™T 382.97 ox Lactose + Na™
DF 820.40 NY42 820.42 NY42
842.44 NY42 +Nat 834.39 NY42-OCHg
F 323.31 ox LP 353.34 ox LP
900.34 NO30 710.89 NO30 metabolites
NO30 e 203.08 glucose + Na™T 382.82  ox lactose + Na™
382.27 ox lactose + Na™ 203.05 glucose + Na™
DF 900.37 NO30 900.34 NO30
922.45 NO30 + Na* 411.39 LP
P 621.39 NR202- lactose - -
453.28 NR202- linker& lactose - -
NR202 e 203.09 glucose + Na™ 203.14 glucose + Na™
621.34 NR202- lactose 382.89  ox lactose + Na™
DF 411.39 LP 411.43 LP
945.57 NR202 + Na™t 425.42 LP-OCHs;
F 381.40 part. ox lactose - -
481.45  ox lactose metabolite - -
NB27T o 20313 glucose + Na™ 203.10  glucose + Na™
382.96 ox lactose + Na™ 382.87  ox lactose + Na™
DF 411.35 LP 411.37 LP
913.36 NB27 425.40 LP-OCH;

Table 4.4: Mass spectrometry analysis of glycoconjugated dyes (NR202, NB27, NO30,
NY42) effluents and biomasses after bioremediation in the three conditions, F, FG, DF.
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in solution by mass spectrometry analysis (Fig. 4.7e). This was at variance
with what observed for their single dye efluents. Moreover, recalcitrant NY42
was not even retraced on the biomass, on which only a metabolite of NO30
was detected (Fig. 4.8e). The enhancement in NY42 and NO30 removal when
mixed to other dyes could be ascribable to two different factors, that could have
facilitated the action of Laccases. For NO30, this factor could be an interaction
with NR202 and NB27, even if no decisive evidence was found of such an in-
teraction was found by physico-chemical characterization. For NY42, removal
was definitely not enhanced by action of its aggregation with other GDs, since
in Chapter 2 was demonstrated that it assembled only with itself. Therefore,
it was likely that lower concentration was the factor that facilitated its removal
from MIX effluent by enzymatic degradation.

4.3 Real effluents: Activated sludge

Four GDs real leather dyeing effluents, whose composition was reported in Sec-
tion 4.4.1, were treated using a highly specialized active sludge. In this case, a
different microorganism was used to resemble the real dyeing wastewater reme-
diation procedure employed nowadays. In particular, the efficacy of a sludge
conditioned to treat mixed dyes substrates was tested. Moreover, after the
bioremediation step, a small portion of each effluent was incubated with active
carbon, to remove the residual color from the solution. The efficacy of this
bioremediation procedure was evaluated measuring color removal after each of
the two steps of the process, incubation with active sludge (AS) and absorption
on active carbon (AC). RE3 and RE4 had two absorption maxima, as shown
in Fig. 4.10c-d, therefore color removal was calculated for both of them, sepa-
rately. After the first incubation step, the color of the solution was drastically
reduced (Fig. 4.10) and color removal values achieved for the four effluents
were reported in Fig. 4.11. The absorption step on AC led to a dye removal
above 99.6% for all the four dyeing effluents as shown in Fig. 4.11, reach-
ing an almost complete decolorization of these solutions. The contribution of
the two remediation step to final color removal were represented in Fig. 4.12.
Results obtained for the bioremediation of real GDs dyeing effluents with AS
were very consistent with those achieved by F.trogii on simulated dyeing efflu-
ents. In fact, even if the microorganisms used in these two cases were different,
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Figure 4.10: UV-Visible absorption of the four real effluents: a)RE1, b)RE2, ¢)RE3,
d)RE4. For each effluent was reported the comparison between the initial absorption
(solid line), the absorption after the incubation with active sludge (AS, dotted line) and
active carbon (AC, dashed line).

Figure 4.11: Color removal for the four real
dyeing effluents after the first (AS) and the

second (AC) remediation step.

AS AC
RE1  75.7 99.6
RE2  92.8 99.9
a) 85.2 a) 99.7
RE3 1) 998 b)99.8
a) 76.4  a) 99.7
RE4 1) 997 b) 99.9
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Figure 4.12: Color removal for the four
real dyeing effluents (RE1, RE2, RE3 a-b,
RE4 a-b) obtained upon subsequent incu-
bation with AS and AC.
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NY42 resulted the more recalcitrant molecule of the four. As demonstrated by
mass spectrometry analysis of the solution after the incubation with AS, NY42
could be retraced in RE1, RE3 and RE4 (Fig. 4.13a-c-d). Moreover, none of
the other dyes (NB27, NR202, NO30) were identified in the treated effluents
after AS, indicating that microorganisms were able to degrade these molecules.
However, even if NY42 resulted more resistant than the other dyes to microbial
degradation, active sludge proved to be more effective on this molecule com-
pared to F. trogii Laccases enzymes. In fact, while the fungus removed only
up to 37% of the dye, combining degradation and absorption mechanisms, AS
succeeded in degrading 73% of the dye in 36 hours. In all four effluents, also LP

M/Z Sample Fragment

RE1 0 o
RE2 NN O oM

411 RE3 HN._ HO ““OH (©\OH
RE4 o oM

o .
RE1 S NO, (\ﬂ o o LOH
H +
820 RE3 \@NWNJ HO “OH >0 “OoH

RE4 @ o OH  oOH

@\ 2o o o

ST NO, o OH

N N ‘y - .

842 REl " @KN«W:«Q hor (@ e
RE4 @0 OH  OH

Table 4.5: Main fragments retraced in GDs real effluents after bioremediation by highly
specialized active sludge.

was retraced after incubation with AS . This molecule could either originate
from the GDs degradation process or be a residue from the synthetic procedure
itself, , as already pointed out in Section 4.2. The main fragment identified in
these effluents after AS step were reported in Table 4.5. The results obtained
from bioremediation of GDs with AS underlined two important facts. First of
all, none of the aromatic amines that could result from GDs degradation (see
Section 4.4) were retraced in solution (see Fig. 4.13). Moreover, the almost
complete removal of color from the solution suggested that water used for GDs

106



CHAPTER 4. BIOREMEDIATION OF GLYCOCONJUGATED DYES

dyeing processes could be recycled after remediation.

4.4  Experimental

4.4.1 Effluents

Simulated effluents  Single dye aqueous solutions of NR202, NB27, NO30, NY42 and
their equimolal mixture were prepared adding the dye powder to the water volume.
All the samples had a concentration of 0.3 mg/ml, the average concentration of an
exhausted leather dyeing bath.

Real effluents Mixtures of the four GDs NR202, NB27, NO30, NY42, were used in
a real dyeing process, performed by Biokimica s.p.a. (Santa Croce sull’Arno, Pisa,
Ttaly) for the European project LIFE12 ENV/IT/000352 BIONAD. The four samples
presented here were collected from the exhausted dyeing baths. The mixtures had the
following initial composition:

RE1 80% NY42, 20% NO30

RE2 5% NR202, 90% NO30, 5% NB27
RE3 72% NY42, 18% NO30, 10% NB27
RE4 40% NY42, 10% NO30, 50% NB27

Fungi culture

The entire fungi culture process was performed under sterile condition, under lami-
nated flow hood, using equipment and glassware that were either sterile or had been
sterilized in autoclave at 120°C for 20 min. F. trogii was stored at -20°C, therefore
it was revived before the use. To do so, it was first incubated at 28°C on a solid
growth medium (MEA). Then, the fungus was transferred in liquid medium (BRM)
and incubated again at 28°C under stirring at 300 rpm.

MEA
e 20 g/1 Malt-extract

e 20 g/l Agar
e 2 g/l Triptone
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e 20 g/1 Glucose
L] HQO

Transfer the powders in a screw cap flask, add the water and mix until blended.
Sterilize at 120°C for 25 minutes in autoclave. When the solution has cooled down at
60°C, it was poured in Petri dishes (approximately 30 ml in each one) under laminated
flow hood to avoid contamination. These dishes were irradiated with UV light for
1 hour and left to dry out under biological hood overnight. After that they were
irradiated again with UV light for 30 minutes.

BRM
e 0.6 g/l L-Asparagine e 10 mg/1 Fe SO, 7TH,O
e 1 g/l KHoPOy e 3 mg/l CuSOy
e 0.5 g/l KCI e 2 mg/l ZnSO4 HyO
e 0.5 g/l Yeast extract e 1g/1 MgSO,4 TH5O
e 10 g/1 Glucose e 50 mg/1 Ca(NO3)s
e 10 g/1 Triptone e HyO
e 3 mg/l MnSOy4

The solution was sterilized in autoclave at 120°C for 25 minutes.

CZAPEK
e 6 g/l NaNOgy e 10 mg/1 Fe SO4 7TH,0
e 0.52 g/1 KCI e 3 mg/l CuSOy
e 0.52 g/l MgSO4 TH,O e 2 mg/l ZnSO, HyO
e 1.52 g/l KHoPOy e Hy,0O

The solution was sterilized in autoclave at 120°C for 25 minutes.

4.4.2 Bioremediation methodology with Funalia trogii
Three conditions were used in this study. Samples were treated with F. trogii biomass,

with (FG) and without (F) a nutrition source. Glucose at a concentration of 10 g/1 was
used as nutrition source. Moreover, samples were also treated with dead fungal biomass
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| (a) tO. (b) t=2 days. (c) t=7 days.

Figure 4.14: Funalia trogii regeneration procedure on MEA solid medium.

(DF). The experimental procedure consisted in many steps, including fungal growth
in several culture media. Hereafter a description of each stage is reported.

Regeneration F. trogii was stored at low temperature (-20°C) and it needed to be
revived before use. Thus, it was inoculated on solid medium (MEA) and incubated
at 28°C for approximately a week, until it had spread on all the surface of the Petri
dish.

Liquid growth Each Petri dish used was divided into 8 identical slices. One of these
slices was dried in oven at 60°C in order to obtain the initial quantity of microorganism
added to the culture medium. The proportion used for the liquid growth of the fungus
was one slice for every 100 ml of sample solution. The slice was divided in 10 smaller
pieces and added to the right volume of liquid culture medium (BRM). This stage was
carried out in flasks of suitable volume, that has to be at least twofold that of the
BRM. That was necessary in order to guarantee the right amount of oxygen to the
culture during all the liquid growth step. For the same reason, the flasks should be
closed with caps that ensure air penetration, such as cellulose caps. After the addition
of F. trogii, all flasks were left shaking at 130 rpm at room temperature for 7 to 10
days.

Homogenization and recovery Once the fungus was fully grown, the culture broth
was filtered in order to separate the biomass from the medium. Then, the fungus was
transferred in CZAPEK and homogenized, to guarantee a homogeneous distribution

109



CHAPTER 4. BIOREMEDIATION OF GLYCOCONJUGATED DYES

(a) Dividing F.trogit. (b) Transfer in BRM. (c) F. trogit after 7 days.

Figure 4.15: Funalia trogit growth procedure in BRM liquid medium.

of the microorganism in all the volume. CZAPEK is different from BRM, as it doesn’t
contain carbon source. This step has to be carried out in the same volume and oxygen
conditions as those reported for the liquid growth stage. All flasks were left shaking
at 130 rpm at room temperature for 3 days, in order to allow F. trogii to recover
after the blending. This whole step was skipped to obtain the dead fungal biomass.
In this case, after the liquid growth stage in BRM, the micro-organism was heated in
autoclave at 120°C for 25 minutes.

Incubation The culture broth (100 mL) recovered from the sterilizing step was fil-
tered and added to 100 ml of sample. This procedure was followed for both the living
and dead biomasses. Then the samples were incubated at room temperature shaking at
130 rpm for 20 days. One batch of 100 ml culture broth was dried in oven at 60°C and
then weighted, to evaluate the initial biomass inoculated with GDs effluents.

Monitoring During all the experiment color removal and enzyme activity levels were
monitored, collecting 1 ml of solution from each sample at regular time intervals. The
absorbance of these samples was measured and compared to the initial one. Enzyme
activity was monitored with the assays described in Section 4.4.3. The biomass re-
covered at the end of the experiment was dried in oven at 60°C and then weighted to
evaluate biomass decrease percentage by comparison with inoculated biomass.
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4.4.3 Enzyme activity test

To verify the vitality of the revived microorganism, enzyme activity tests were per-
formed for Laccases and Manganese Peroxidases.

Laccases

e 800 pl sodium citrate buffer 0.1 M (pH=3)
e 180 pl sample
e 20 pul ABTS 100 mM

The components should be added in this order. The cuvettes were shaken vigorously
and the measurement readily started.

Conditions: A= 420 nm, T= 25°C, t= 1 minute

The enzyme activity (EA) was calculated as:

£a() - o

Manganese Peroxidases

720 pl succinate lactate buffer 100 mM (pH=4.5)
100 11l DMAB

50 ul MBTH

100 pl sample

25 pul MnSOy

5 ,ul H202

The components should be added in this order. The cuvettes were shaken vigorously
and the measurement readily started.

Conditions: A= 590 nm, T= 25°C, t= 1 minute

The enzyme activity was calculated as:

U) _ slope

EA(;E 3.29

4.4.4 Bioremediation procedure with activated sludge

The active sludge was kindly provided by Cuoiodepur s.r.l. (Santa Croce sull’Arno,
Ttaly). The biomass was kept under oxygenation for 24 hours to allow the degradation
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(a) Oxygenation (b) Incubation

Figure 4.16: Activated sludge bioremediation procedure.

of any existing dye residues before the incubation with our real efluents. The activity
of the sludge was then verified at pH 3, measuring the Oy consumption for 6 minutes,
which was XXX mgl~! per hour. Then, in a 250 ml flask, 60 ml of each effluents were
added to 30 ml of active sludge. These samples were stirred at 130 rpm at r.t. for 24
hours. To 15 ml of each sample 280 mg of active carbon were, then, added and the
solutions were left under stirring at 130 rpm for 24 hours.

4.45 Color removal

The initial absorbance Ay of each sample was measured in order to calculate the
percentage of color removal (% C.R.) along the incubation. To monitor the process of
color removal the absorbance (A) of each sample was measured and compared to its
Ap. To do so, Equation 4.3 was used.

Ao — A
0

%C.R. = x 100 (4.3)

4.46 Aromatic Amines

GDs degradation, in particular degradation of azo dyes NR202 and NO30, as well as
aniline dye NY42, could result in the production of aromatic amines, especially in AS
case. Here were reported structures and exact masses for aromatic amines that could
be obtained.
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cl
NH, NH, i NH,
© O,N~ : :CI O,N cl

(a) M= 93.06 (b) M= 172.00 (c) M= 205.96
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NH,
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(d) M= 293.05 (e) M= 388.11

Figure 4.17: Exact mass for the five aromatic amines that could originate from GDs degra-
dation.

447 Materials

D-(+)-Glucose 99.5%, KCl, MnSOy4, FeSO4 THoO >99.0%, CuSOy4, L-Asparagine
>98%, HaO4 (solution), 2,2~ Azino bis (3-Ethylbenzothiazoline 6 Sulphonic acid) di-
ammonium salt >98%, 3- Methyl 2-Benzothiazoline hydrazone hydrochloride hydrate
>99%, Citric acid monohydrate >99%, Succinic acid >99% and HCOOH 98-100%
were purchased by Sigma-Aldrich (St. Louis, MO,USA). ZnSO4 monohydrate >99%,
MgSO4 TH50 >99%, Tryptone, Malt-extract, Agar, 3- (Dimethylamino) Benzoic acid
>95%, and Lactic acid were supplied by Fluka Analytical (). KHoPO,4 and NaHsPOy
were purchased by ACROS (Geel, Belgium). Yeast extract and Peptone (buffered pep-
tone water) were supplied by OXOID (Basingstoke, UK) while CaNO3 and ultrapure
MilliQ® water by Merck (Darmstadt, Germany).

4.4.8 UV-Visible spectrophotometry

UV-Visible measurements were carried out with a Perkin-Elmer Lambda EZ 201
(Waltham, Massachussetts, USA) in 1 cm disposable cuvettes. Spectra were regis-
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tered in the wavelength range 300-800 nm.

4.49 Mass spectrometry

A 0.5 ml aliquot of each fungal treated and untreated dyeing effluent was diluted with
1 ml of HPLC grade methanol (Fisher Scientific, Leicestershire, UK) and then filtered
on Titan2® Syringe Filter. The filtrate was analyzed using a ThermoScientific LCQ-
Fleet mass spectrometer under electrospray ionization (ESI, +c¢ technique) (Thermo
Scientific, Austin TX, USA) by direct infusion with a 500 KL, Hamilton micro-syringe
and using a 10 pl min~! flow. The mass spectrometer parameters used were: sheet
gas flow=10, spray voltage=>5.00 kV, capillary tube temperature=270°C, capillary
voltage=10.0 V and tube lens=75.0 V.
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Conclusion

In this work, five GDs of different nature were studied: azo dyes NR202 and NO30, an-
thraquinone dyes NB27 and NRC1 and aniline dye NY42. The amphiphilicity of these
molecules, given by the presence of hydrophilic lactose and hydrophobic cores, allowed
their self-assembly in solution. The presence of aggregates in water was confirmed
for all five GDs by spectroscopic and scattering techniques. For three of these dyes,
NRC1, NR202 and NY42, supramolecular chirality of their assemblies was verified
by ECD. The influence of solvents on GDs self-assembly was investigated, revealing
that aggregation did not take place in organic solvents and that their addition to
GDs water solutions caused the disruption of preexisting objects. Mixtures of GDs
in solution were also studied, underlining relevant interactions between NR202 and
NB27, as well as between NRC1 and NO30. Particularly interesting were GDs inter-
action with three surfactants of different nature: non ionic TX, cationic CTAB and
anionic SDS. All these molecules caused gradual disruption of dye aggregates, but at
low concentration they perturbed GDs behavior, resulting in variations of the optical
activity for NR202 and NY42 and helicity inversion for NRC1. Still at low surfactant
concentrations, SDS case was particularly intriguing. In a specific range of surfactant
concentration, reentrant condensation took place for all GDs, resulting in their pre-
cipitation. Interestingly, scattering investigations revealed that this condensation led
to the formation of what appeared to be an ordered lamellar crystalline phase. Com-
putational modeling of the cores of these five GDs, in particular their MD, revealed
that these molecules interacted mainly by facial stacking interactions between their
aromatic cores. The conformational search performed on GDs dimers underlined the
possibility of elongation of the aggregates for NRC1, while it indicated that for NB27
and NO30 the system seemed to be too disordered for that. In both cases this was
in perfect agreement with the information obtained by their physico-chemical charac-
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terization. NY42 also resulted as a rather disordered system while the situation was
intermediate for NR202, that appeared sufficiently ordered to elongate up to a certain
extent. Biotechnological remediation of GDs effluents was attempted using two differ-
ent approaches: non standard bioremediation of simulated efiuents by F. trogii and
standard bioremediation of real efluents by highly specialized activated sludge. The
overall dye removal performances for both methodologies were rather good. Moreover,
the results of both these procedures were in perfect agreement, underlining an easier
removal from the solution for NR202 and NB27 and resistance toward biodegradation
for NY42. In addition, mass spectrometry analysis on effluents after bioremediation
revealed that aromatic amines were not produced by degradation of GDs in any case.
GDs physico-chemical characterization allowed to identify some parameters that in-
fluenced their behavior in solution, such as solvent or presence of surfactants. These
information are crucial and represent the foundation to refine GDs dyeing processes.
For instance, knowing their behavior in solution, their solubility could be increased
for dyeing purposes or their moiety could be modified to facilitate their deposition
on a specific substrate. Further investigations on the interaction between GDs and
anionic surfactant would be of interest, to understand if variations in surfactant’s
polar head or in its hydrophobic tail could have consequences on GDs behavior and
reentrant condensation. Alkyl benzene sulfonates, sodium laureth sulfate and sodium
decyl sulfate would all be very interesting candidates for this purpose. For the same
reason, the effects of salts addition could be investigated. To better understand the
atomistic interactions that took place between GDs during aggregation in solution,
a fundamental step would be to extend the computational study on these molecules.
In particular, MD should be performed on the entire GD molecule and also include
the solvent. This would allow to obtain more realistic results and, with an additional
TD-DFT analysis, could also provide simulated UV-Visible and ECD spectra. More-
over, MD calculations on interactions between GDs and surfactants or other additives
could be a useful support for a refinement of dyeing conditions. The preliminary dye
removal experiments presented in this work were relevant in light of GDs application
in industrial dyeing. This is especially true for the standard bioremediation procedure
with highly activated sludge. In fact, treating real GDs leather dyeing effluents with
this simplified procedure gave good color removal results, regardless of the complex
composition of this matrix. Pairing microorganisms action to a simple step, such as
incubation with active carbon, led to complete removal of color from the solution.
These results suggest that a more sofisticated and well-structured remediation proce-
dure, as those employed in wastewater treatment plants, would be even more effective
on GDs dyeing effluents. Therefore, using these dyes in industrial dyeing could allow
to recycle the water employed in dyeing processes, that would be an excellent result.
In fact, this would ensure not only lower costs for dyeing processes, but also decrease
their environmental impact. Further bioremediation experiments could also be per-
formed. The natural extension of this work would be to scale up the process for both
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procedures, to resemble even more a real remediation case. In particular, it would
be interesting to understand if the efficacy of F. trogii would change working out of
sterile environment, or if working in a continuous system could enhance dye removal
from GDs effluents for both the sludge and the white-rot fungus.
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