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Abstract

Wool Keratin Mineralization and Functionalization:

Silver Nanoparticles Synthesis and Rare Earth Elements Binding

Zhixing Lin

Chair of the Supervisory Committee:
Shuai Zhang

Department of Materials Science and Engineering

This paper reports a facile synthesis approach of wool keratin (WK) -templated ultrasmall(=2nm)
Ag nanoparticles. WK molecules are introduced as the template protein because of the high
content of the thiol group (—SH) and unique macro molecular network structure. The optimal
conditions for the formation of luminescent WK(@AgNPs is established by several controlled
experiments. TEM, AFM, and Photoluminescent (PL) are used for investigation of morphology
and confirmation of wool keratin functionality. The structure of WK@AgNPs can be clearly
observed that one or more AgNPs are bridged by keratin chain to form high molecular weight
species. Take a step futher, the success of silver nanoparticle synthesis provides us with an idea
to make use of the thiol group for the functionalization of wool keratin. By linking the group
HOPO-Malamide to the thiol group in the WK, it is possible to apply this modified WK for rare
earth recovery. The CD, FTIR and XPS results confirmed that the success of modification. But

the efficiency of recovery of rare earth elements need to be further studied.
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Chapter 1. INTRODUCTION

1.1 INTRODUCTION TO KERATIN

Keratin is a structural fibrous protein, also known as sclerosing protein, which is the major
component of the cuticle of human and animal skin and is found in exoskeleton materials such as
horns, hooves, hair, feathers, and nails. Every year, more than 5 million tons of keratin-based
waste are mainly disposed of from the textile industry worldwide since it is inefficient to burn
it[1,2]. Sufficient quantities, biodegradability, and biocompatibility make keratin a very
economical and environmentally friendly biomaterial. Keratin-based biomaterials have been
widely produced and used in various biomedical applications[3]. Different products such as
keratin films, hydrogels, and composite can be generated from keratin. Additional plasticizers,
cross-linker, and the incorporation of other synthetic or natural polymers can change the
mechanical properties of these products.

In order to gain a further understanding to have further application, we should understand
the structure, chemical and mechanical properties of keratin. Keratin can be divided into hard
keratin and soft keratin according to their structure, function and regulation, and particularly
sulfur content, with hard keratin usually containing more sulfur. Alpha-keratin (a-keratin) is the
softer form found in all vertebrates, and the beta-keratin is the harder form found only in
sauropods (reptiles and birds). While a-keratin preferentially form loosely-packed bundles of
cytoplasmic intermediate filaments and endow mechanical resilience to epithelial cells, B-keratin
form ordered arrays of intermediate filaments embedded in a matrix of cystinerich proteins and

contribute to the tough structure of epidermal appendages[4—6]. Keratin has high contents of
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cystine, glycine, proline and serine, but it is low in lysine, histidine and methionine, and
tryptophan is barely present[7]. Due to the disulfide bond between cysteine amino acid residues,
keratin has high stability and low solubility. However, hydrogen, hydrophobic and ionic bonds
also play an influential role in the stability and properties of the keratin. In this work, keratin is
obtained from wool fibre. Wool keratin, which has 4-8 wt% sulfur, is known as hard keratin,
and it can be classified into four different groups based on different molecular weight: the low
sulphur content keratins (LS) that have a molecular weight between 45 and 60 kDa; the high
sulphur content keratins (HS) with a molecular weight of between 11 and 28 kDa and the high-

glycine and tyrosine content proteins with a molecular weight of between 9 and 12 kDa[8].
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Fig.1. A diagram showing inter- and intra-molecular bonding in
keratin. Various chemical bonds, e.g. hydrogen, ionic and disulfide
bonds, which result in increased strength and stability of the protein,

determine the structure of the keratin. [3]
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Several methods are available for extracting keratin from natural resources. Six methods are
commonly used for keratin extraction from wool, which are presented in previous literature.
Keratin can be extracted from wool by cleavage of the disulfide and hydrogen inter-chain bonds
with reducing agents, such as thiols, to form cysteine (RSH), or by sulfitolysis with sodium
sulfite to form cysteine (RSH) and cysteine-Ssulfonate (RSSOsH) or using oxidizing agents,
such as peracetic acid, to form sulfonic acid (RSOzH)[9].

In this work, thiol groups work as one of the reducing agents for AgNP synthesis. Non-
natural wool keratin is constituted by wool keratin and HOPO binding units for the selective
bioabsorption of lanthanides. Thiol groups in the wool keratin are used as attachment points for
the HOPO moieties. Therefore, considering the high concentration of thiol group is required for

mineralization and functionalization, the sulfitolysis method is applied for keratin extraction.

lonic Liquid

Oxidation

¥ -

|

Alkali hydrolysis
//_,_’—4—-"-_\‘ |

Sulfitol o
Sulftolysis e -

Reduction

Transmittance [%)]

8
T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Fig.2. FTIR spectra of keratin samples (R: reduction; S: sulfitolysis; O: oxidation; IL:
ionic liquid; and A: alkali hydrolysis).[9]



1.2 PROTEIN-TEMPLATED NANOPARTICLES

In recent years, photoluminescent noble metal nanoparticles with a core size smaller than 2
nm have gained attention as a promising alternative to conventional photosensitizers.
[10,11]These nanoparticles exhibit superior properties, which include discrete and size-
dependent electronic structures[12], intense photoluminescence (PL)[13], magnetism[14],
intrinsic chirality[15], and high catalytic activity[16]. These unique properties make them ideal
for bridging the research gap between isolated atoms and crystalline metal nanoparticles (NPs)
(with a core size >2 nm).

Since the first report of bovine serum albumin (BSA)-templated Au nanoparticles in
2009[17], a broad variety of proteins, including BSA and human serum albumin (HSA)[18],
horseradish peroxidase[19], and many more, have been demonstrated to synthesize luminescent
Au nanoparticles. The resultant protein-templated Au nanoparticles have shown versatile
biological applications such as sensing, cellular imaging, tumor site targeting, intercellular pH

indication, and drug screening[10].
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Compared to the extensive investigations of protein-templated Au nanoclusters documented
in the scientific literature, the synthesis and application of their Ag counterparts are surprisingly
scarce. One of the potential reasons for this disparity in exploration is that the reduction of Ag*
to its metallic state is more challenging than that of Au’*, as the redox potential of Ag'/Ag
(approximately 0.8 V) is lower than that of AuCls/Au (approximately 1.0 V). The commonly
utilized reducing agents for the synthesis of Au nanoclusters, such as tyrosine [17] residues
present in BSA, are thus insufficiently potent to reduce Ag*; consequently, stronger extrinsic
reducing agents, such as NaBHs, are required, which further increase the complexity of the
reaction system. Furthermore, Ag nanoparticles exhibit lower stability compared to Au
nanoparticles and are more susceptible to their environment. The presence of atmospheric
oxygen during their synthesis can intensify the challenge of reproducing Ag nanoparticles, as it
can trigger oxidative decomposition. Therefore, the development of more durable and
dependable synthesis methods for protein-templated Ag nanoparticles is urgently needed to
investigate their largely unexplored properties and potential practical applications.

Chemical reduction of silver salts is a commonly utilized technique to fabricate Ag
nanoparticles[20]. Chemical reduction is simple and facile compared to other methods used in
synthesizing silver nanoparticles, including chemical, electrochemical, and thermal reduction
methods. However, these freshly reduced nanoparticles tend to be highly unstable and
predisposed to aggregate into larger structures. The nanoparticles need to be safeguarded against
aggregation to maintain their excellent properties. A variety of surfactants, polymers, dendrimers,
biological templates, and biomacromolecules can be employed to protect the nanoparticles[21-
24]. In the investigations conducted by Raveendran et al.[25], b-D-glucose served as the

reducing agent, while starch played the role of stabilizer. In another study, Ag NPs were
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generated using acacia, which functioned effectively as both reducing and stabilizing reagents
[26]. An emerging area of focus in nanotechnology is the application of nanoparticles in biology.
Microorganisms, including bacteria, fungi, and spent mushroom substrate, as well as DNA and
proteins, have been reported as effective tools in the synthesis of Ag nanoparticles via their
strong affinity to silver with —SH, -NH2, and —COOH ligands [27-29]. In these investigations,
the size of the Ag nanoparitcles can be regulated by adjusting different parameters such as pH,
temperature, substrate concentration, and reaction time.

Keratin, an insoluble fibrous protein, serves as the primary constituent of various epithelial
coverings such as wool, feathers, nails, and horns. In comparison to alternative capping agents,
employing keratin to coat nanoparticles affords several advantages. Firstly, keratin ranks among
the most abundant proteins available, with a keratin content of over 50 weight percent present in
both wool and feathers [30]. This high content translates into lower extraction and purification
costs when compared to other proteins. Secondly, given the elevated concentration of cysteine
residues relative to other proteins, keratin represents an optimal choice for stabilizing heavy
metal nanoparticles. Thirdly, Different products such as keratin films, hydrogels, and composite
can be generated from keratin. Additional of plasticizers, cross linker and incorporation of other
synthetic or natural polymer can change the mechanical properties of these products. Finally, due
to their biocompatibility and biodegradability, nanoparticles coated with keratin can be

seamlessly integrated into systems relevant to pharmaceutical and biomedical pursuits.



1.3 RECOVERY OF RARE EARTH ELEMENTS

Rare earth elements (REEs), which are also called rare-earth metals or, in context, rare-earth
oxides, encompass the lanthanides, yttrium, and scandium, representing indispensable resources
for transitioning from the era of fossil fuels into the low-carbon era. Among these elements, five
REEs (Tb, Dy, Eu,Nd, and Y) have been identified by the U.S. Department of Energy as
exhibiting high supply vulnerability and criticality with regard to clean energy technologies,
including electric vehicles, wind turbines, and LEDs. Nonetheless, the present methods of REE
extraction and separation consume significant energy and engender grave environmental
concerns that threaten to stifle the emergence of a diversified REE supply chain while
diminishing the environmental advantages associated with clean energy technologies. To satisfy
the growing demand for REEs within the clean energy technology market, it is thus of utmost
importance to develop new processing techniques that enable the environmentally sustainable
extraction of REEs from current and future sources.

REEs represent fundamental raw materials in a diverse array of applications, including
metallurgy (metal refining and metal alloying), catalysis in the automotive and petrochemical
industries, colouring of glass and ceramics, phosphors (LEDs, compact fluorescent lamps, flat
panel displays), lasers, rechargeable solid-state batteries (Ni-MH), fiber optics, and other
fields.[31]Moreover, REEs play an indispensable role in emerging technologies such as solid-
state fuel cells, superconductors, magnetic cooling, hydrogen storage, and high-performance
permanent magnets. The latter are of particular importance in a wide range of cutting-edge
applications, ranging from wind turbines and hybrid cars to HD drives, cell phone speakers, and

microphones.
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Fig.4. Evolution of market distribution of REE demand: Totals (left) and individual REE

market share (right). Average annual growth between 2010 and 2035 is 5.3%][31]

The demand for rare-earth elements (REEs) has been steadily increasing due to their
expanding range of uses and applications over the years. Therefore, it has become crucial to
recover REEs from waste streams or the aqueous solution obtained during hydrometallurgy.
There are several conventional techniques used for the recovery of REEs, including precipitation,
electrocoagulation, flotation, solvent extraction (SE), ion exchange, and adsorption. However,
these methods have their limitations.

Precipitation is commonly used to recover REEs from wastewater, but it is not a feasible
process for effluents with low REE concentrations due to the high volumes of chemicals required
and sludge generated. Electrocoagulation is highly efficient but has a high operational cost, and
the short life cycle of the used anode is a significant drawback. Flotation is cost-effective, but a
post-treatment process is required to achieve REEs with the desired purity.

Given the increasing demand for REEs in emerging clean energy technologies, there is an
urgent need to develop new and more efficient approaches for their extraction and recovery. The
development of such approaches would enable the recovery of REEs from low-grade and

complex feedstocks, which would otherwise be challenging to extract using conventional
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techniques. Such innovative approaches would provide significant benefits, including reduced
environmental impact, improved sustainability, and enhanced economic viability of REE
recovery processes. Therefore, research efforts are being directed towards developing new
technologies that can effectively recover REEs from complex waste streams while minimizing
environmental impact and maximizing economic efficiency. These technologies include
bioleaching, membrane separation, and magnetic separation, among others. With the continued
exploration of these and other innovative techniques, the efficient extraction and recovery of
REEs could become a reality, meeting the growing demand for these critical elements

The use of biological ligands in solid-liquid extraction processes has shown potential for
novel chemistries and environmentally sustainable REE separation process development.
Lanmodulin (LanM) is a small protein involved in lanthanide trafficking in methylotrophic
bacteria and has shown promise as a new ligand for process development[32]. Recent
biochemical and biophysical characterization of LanM has revealed remarkable selectivity for
REEs against non-REE cations, the ability to bind REEs down to pH=2.5, and uncommon
robustness to repeated acid treatment cycles. Another commonly used biological ligand for REEs
recovery is lanthanide binding tags (LBTs). LBTs are short peptides engineered for affinity and
selectivity toward REEs, displayed on biomaterial surfaces, and employed in solid-liquid
extraction for selective recovery of middle and heavy REEs from various feedstock leachates.
However, the low selectivity against Cu2+ and negligible REE binding below a pH of 5 limits

the feedstock compatibility of LBTs[33].
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Fig.5. (A) Scheme of using LBTs for REEs recovery cycle(B)Diagram of engineered S-
layer gene (rsaA) constructs with dLBT insertions. (C)Competition binding experiments with
dLBTx4 cells preloaded with 10uM Tb3+ followed by addition of various metal ions at
concentrations up to 10 mM.(D)No reduction in Tb3+ adsorption capacity was observed

following citrate elution, enabling consecutive adsorption/desorption cycles.

While natural lanthanide-binding proteins and designed de novo proteins can display
extremely high binding affinities for f-elements, their applications for large-scale extraction or
the separation of each lanthanide from one another are expected to be challenging. Therefore,
strategies that exploit more readily accessible and tunable bioinspired materials would be highly
beneficial for the recovery and purification of rare-earth elements. In conclusion, the
incorporation of wool keratin and HOPO-MA group for REEs recovery offers a potential

solution to overcome the challenges of current ligand-based methods.
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Chapter 2. EXPERIMENT METHODS

2.1  MATERIAL PREPARATION

2.1.1 Materials

Disodium sulfide(NazS), Sodium Dodecyl Sulfate (SDS), Sodium borohydride (NaBH4) ,
silver  nitrate  (AgNO3), europium (III) chloride hexahydrate 99.99%, 2-
(Nmorpholino)ethanesulfonic acid (MES), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES), were purchased from Sigma-Aldrich (St. Louis. MO, USA). All solutions were

preparedwith Milli-Q water with a specific resistance of 18.2 MQ.

2.1.2  Wool Keratin Extraction and Ellman’s Assay

Add Na,S, T i
weaand SDS £ = _ 50T, 16h Dialysis 3 days 1
Freeze drying
Wool ~
Wool keratln solution Lyophilized powder

Fig.6. Schematic of wool keratin extraction process

Wool keratin solutions were extracted from wool by reducing disulfide bonds with Na2S.
Briefly, the wool fibers were cleaned by immersing them in DI water for 2 hours to remove
impurities and grease from the surface. Then, 5 g of the scoured wool fibers were dispersed in

100 ml of an aqueous solution containing 8 M urea, 0.1 M SDS, and 0.1 M Na2§, and the
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mixture was incubated at 50 °C for 16 h. The resulting solution was filtered to remove impurities
and denaturants, and the protein was then subjected to dialysis for at least 3 days, with frequent
changes of deionized water, using a dialysis cassette with a molecular weight cutoff of 3500.
Two different keratin solutions were obtained, depending on the concentration of Na2S used (0.1
M or 0.2 M). The resulting protein samples were then frozen with liquid nitrogen and lyophilized
in a freeze-dryer. The resulting powders were stored at -20 °C until use.

The thiol group concentration was measured by using Ellman’s assay.
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Fig.7.Reduction of Ellman’s reagent

In this experiment, a Flat-Bottom 96-well plate and a BioTek Synergy LX Multi-Mode
Microplate Reader (FLD/Lumi) are used to determine the concentration of cysteine in the WK
solution. The reaction buffer (RB) used in this experiment is 0.1 M sodium phosphate, pH 8.0,
containing 1 mM EDTA. Cysteine Hydrochloride Monohydrate (MW 175.6) and Ellman’s
Reagent 5,5-dithio-bis-(2-nitrobenzoic acid) are also used. Firstly, the solutions of Ellman’s
Reagent and cysteine hydrochloride are prepared at room temperature prior to use. The Ellman’s
Reagent Solution is prepared by dissolving 4 mg of the thawed Ellman’s Reagent in 1 mL RB.
Next, Standard A (1.6 mM) is prepared by dissolving cysteine hydrochloride in RB. A set of
cysteine standards is then prepared by diluting Standard A in a 2-fold dilution series to 0.1 mM.
Two different concentrations of WK(20mg/ml, 10mg/ml) are also prepared. Test tubes are then

set up, each containing 25 pL of Ellman’s Reagent Solution and 1.25 mL of RB. 125 pL of each
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standard or unknown is added to separate test tubes. The solutions are mixed and incubated at

room temperature for 15 minutes. Finally, 200 pL of each solution is added to a 96-well plate,

and the full absorbance spectrum of the compound is determined using the BioTek Synergy LX

Multi-Mode Microplate Reader (FLD/Lumi).
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The standard curves are generated by plotting each value obtained 412nm for the standards. The
thiol group concentrations of different kinds of wool keratin from these curves are then

determined by using the following formula:

Absorbance of WK solution — Y value of Std.Curve

C =
sulfhydryls Slopeof Std.Curve

By applying this formula, the free thiol group concentration in two different wool keratin

solution can be easily calculated. The results of WK1 and WK2 are shown as Table 1.

Keratin Type Na,S Free thiol group content
WK1 0.IM 128uM
WK2 0.2M 812uM

Table.1. Free thiol group concentration of WK1 and WK2

2.1.3  Wool keratin-templated silver nanoparticles synthesis

First, to prepare the WK@AgNPs, 50 mg of WK were dissolved in 5 mL of deionized (DI)
water. While placing the sample on the cimarec stirring hot plate and stirring with the magnetic
stir bar at room temperature (RT), 5 mL of 10 mM silver nitrate (AgNOs) solution was gradually
added drop by drop to the WK solution and incubated for 5 minutes at RT. Following the
incubation, 0.5 mL of 1 M NaOH was introduced to the WK-Ag complex. After another 5-

minute incubation period, 0.5 mL of NaBH4 (10 mM) solution dissolved in NaOH (0.1 M) was
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added to the solution to form the WK@AgNPs. The final WK@AgNPs samples were

refrigerated at 4°C until further use.

2.1.4  Wool keratin functionalized with HOPO-MAL group

Z 0] Y (0]
AcOH AcOH
HoN N N. N
Malelc
anhydride
N 0
H

Fig.10. Schematic of HOPO-MA synthesis

The linker HOPO-MAL was synthesized based on the process illustrated in previous
literature[33]. The first step of synthesis was dissolving 200 mg of the precursor in 3 mL of
glacial acetic acid (AcOH). Subsequently, 117 g of maleic anhydride was added to the mixture,
and the reaction was carried out at 125 °C for 5 hours. The resulting mixture was then subjected
to reduced pressure to remove any volatiles, and 55 mL of saturated NaHCO3 was added to
neutralize the acetic acid. The organic phase was extracted from the aqueous phase using AcOEt
(25 mL in total), resulting in a yellow and transparent solution. The organic phase was then
washed twice with 1 M HCI and once with brine, followed by drying with MgSO4. The solvent
was evaporated under reduced pressure to yield 100 mg of the product, which was then dissolved
in 5 mL of glacial acetic acid. 5 mL of HCI (37%) was added to the solution, which was left to
react and stir for 48 hours at room temperature. The final product was obtained through vacuum
isolation.

40mg of WK powder were dissolved in 200 mL HEPES buffer (20 mM) at pH 7.3. 1 mL

DMSO containing HOPO-maleimide(20mM) were added to the solution, and the resulting
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sample was mixed vigorously, and left shaking at room temperature for 12h. The protein
suspension was washed three times (8000 rpm x 5 min) to eliminate unbound HOPO-maleimide
and residual DMSO, and the protein flakes were finally resuspended in MES buffer (0.375 M,
pH 6.0) before capturing Eu?".

Buffering of the solution was assured by the addition of HEPES and MES buffers (10

mM).

2.2  CHRACTERIZATION

2.2.1 Microscopy(TEM/AFM)

The samples were examined using a transmission electron microscope (FEI, Sam Tecnai
F20 SuperTwin) at 200kV, and the resulting electron micrographs were recorded with a CCD
camera and Gatan Digital Micrograph software. The particle size distribution and transmission
electron microscopy image analysis were conducted using ImageJ software. The negative
staining procedure was carried out on wool keratin samples at a concentration of 2mg/ml, using
carbon-coated 200 mesh copper grids. Specifically, 10 uL of the sample solution was applied to
the grids, which were then incubated for 5 minutes at room temperature. After incubation, excess
protein solution was removed by blotting the grids with filter paper. Subsequently, 5 uL. of TPA
was added to the grids, and after waiting for another 5 minutes, the excess stain was removed
with filter paper. Finally, the grids were air-dried before imaging.

For ex-situ atomic force microscope (AFM) imaging, Bruker Dimension ICON AFM
(Bruker, Billerica, MA) was used in PeakForce Tapping mode in air. Image analysis was

conducted using Gwyddion software.
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2.2.2  Photoluminesent (PL)
Emission spectra were recorded on a Perkin Elmer LS-55 Luminescence Spectrophotometer
with pulsed high pressure Xenon source. All photophysical properties were measured in buffered
aqueous solutions at pH 7.4. The excitation slit widths were routinely set at 10nm and the

emission slit widths were set at Snm.

223 XPS

All XPS spectra were taken on a Kratos Axis-Ultra DLD spectrometer. This instrument has
a monochromatized Al Ko X-ray and a low energy electron flood gun for charge neutralization.
X-ray spot size for these acquisitions was on the order of 700 x 300 um. Pressure in the
analytical chamber during spectral acquisition was less than 5 x 10-9 Torr. Pass energy for
survey and detailed spectra (composition) was 80 eV. Pass energy for the high resolution spectra
was 20 eV. The take-off angle (the angle between the sample normal and the input axis of the
energy analyzer) was 0 degree(0 degree take-off angle ~ 100 A sampling depth). The Kratos
Vision2 software program was used to determine peak areas and to calculate the elemental
compositions from peak areas. CasaXPS was used to peak fit the high resolution spectra. For the
high-resolution spectra, a Shirley background was used and all binding energies were referenced

to the C Is C-C bonds at 285.0 eV.
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Chapter 3. RESULTS AND DISCUSSION

3.1 WOOL KERATIN-TEMPLATED SILVER NANOPARTICLES

Stirring White 1 M NaOH cl futi NaBH4(NaOH)
+ — ™ . — ear solunon——»
@ g 2min  SUSPENSIONS g g - 1h 37C

WK Ag’

WK@AgNCs

Wool Keratin WK + Ag* complexes Disperse evenly

Fig.11. (A)Schem of WK@AgNPs synthesis;(B)Ex situ AFM images of each synthesis step

Figure 11(A) displays the schematic of wool keratin-templated AgNPs synthesis. In a
typical protocol, aqueous solutions of wool keratin (WK) and AgNO; were initially blended to
create a white suspension as a result of the coordination between Ag ions and the numerous
functional groups present in WK (e.g., NHz, OH, and SH), forming insoluble complexes. A small
amount of NaOH was added 2 minutes later to dissolve the insoluble complexes and adjust the
solution's pH to 12. Nonetheless, thiol groups lack sufficient reductant capabilities to reduce Ag”

to Ag’ Consequently, a NaBHs solution dissolved in NaOH (hereafter referred to as
g q y

NaBH4(NaOH)) was introduced to reduce the Ag ions and generate AgNPs within an hour. The
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as-formed Ag NCs exhibited a reddish-brown hue in solution and a shoulder peak at around 415
nm on their absorption spectra. When exposed to UV light irradiation, they demonstrated a red

emission with a photoemission peak centered at ~605 nm.
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Fig.12. PL spectra of AgNPs synthesized under different conditions

(A)AgNO; concentration; (B)WK concentration; (C)incubation time; (D)incubation temperature

Several other control experiments were also carried out to establish the optimal conditions
for the formation of luminescent WK(@AgNPs. Initially, we standardized the wool concentration
to 10mg/ml, after which we varied the concentration of AgNOs; between SmM and 40mM.
Through this experimentation, we discovered that the optimal concentration for producing silver

nanoparticles with the highest fluorescence intensity was at 10mM of AgNOs. Subsequently, we
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manipulated different concentrations of WK to acquire the silver nanoparticles with the brightest
fluorescence. Our efforts led to the discovery of the optimal synthesis ratio of WK: AgNOs as
10mg/ml:5mM. Furthermore, the optimization of WK@AgNPs fluorescence can be achieved by
modulating various temperature and incubation parameters. Specifically, incubating the freshly

synthesized AgNPs in the incubator at a temperature of 23°C for a duration of 30 minutes results

in the brightest AgNPs fluorescence.
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Fig.13. (A)TEM image of WK@AgNPs without fluorescence;(B)TEM image of WK@AgNPs
with strongest fluorescence;(C)particle size distribution histogram of (A);(D)particle size

distribution histogram of (B)
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The impact of various factors, such as the concentration of WK, AgNQOs, and incubation
temperature and duration, on the fluorescence intensity of AgNO; has been investigated. The
TEM data has led to the conclusion that the fluorescence of these AgNPs is dependent on their
size. Figure 13(A)(B) showcases two TEM images of the nanoparticles generated, revealing their
isotropic shape with a low aspect ratio. The synthesis of Ag(0) NPs occurred through the
reduction of Ag+ within the nanoscopic starch templates. A particle size distribution histogram,
presented in Figure 13(C) and (D), highlights that the mean particle diameter of AgNPs without
fluorescent is 6.38 nm with a standard deviation of 2.03 nm while the mean particle diameter of
AgNPs with strongest fluorescent is 1.78 nm with a standard deviation of 0.41 nm. Notably, we
conducted a series of controlled experiments in which we varied the concentration of thiol
groups in wool while keeping the wool concentration constant. Our results revealed a positive
correlation between thiol group concentration and AgNPs radius. However, when we increased
the wool concentration sixfold while using the same type of WK, we observed that the resulting
AgNPs had a larger particle size compared to those obtained by increasing only the thiol group
concentration by sixfold. This suggests that while thiol groups in WK are the main contributors
to AgNPs synthesis, other functional groups in WK also play a significant role in affecting

particle size.
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Fig.15. (A)Negative staining TEM image of WK(@AgNPs;
(B) USAXS data and model fitting curve; (C)Fractal model of WK@AgNPs

Despite using transmission electron microscopy (TEM) to measure the size of WK@AgNPs
and atomic force microscopy (AFM) to investigate the synthesis process of WK@AgNPs, the
mechanism of wool binding to silver nanoparticles remains unknown. To shed light on this
process, negative staining and ultra-small-angle X-ray scattering (USAXS) techniques are
employed to build a model that explains how silver nanoparticles combine with wool keratin.
Negative staining is a powerful technique in TEM that allows for the visualization of organic
samples by introducing a contrasting agent around them. At the same time, USAXS is used to
study the nanoscale structure of materials in solution. These complementary techniques are
expected to provide insight into how wool keratin binds to silver nanoparticles, which has
remained elusive despite previous studies. Using negative staining and USAXS, we hope to
understand better the interactions between wool keratin and silver nanoparticles and develop a

model that accurately describes this process. The model will be based on the observed structure
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and behavior of the WK@AgNPs complex and the individual components' physical and

chemical properties.

This USAXS model describes a fractal structure made up of 1.4 nm diameter spherical
subunits that are aggregated in a diffusion-limited way, resulting in a loosely packed structure
with a characteristic correlation length of 8.1 nm. The fractal dimension (Df) of the structure is
1.7, indicating a complex, rough, and porous structure. The subunits aggregate randomly in space
and create voids or pores between them. The model predicts a decrease in scattered intensity with
increasing q due to the fractal nature of the structure, and the scattering pattern can be described
by the fractal dimension and correlation length of the structure. The curve fitted using the
aforementioned model data corresponds well with the USAXS data we obtained. The size of the
subunit in the model is consistent with that of the observed silver nanoparticles, while the
correlation length in the model matches the size of the particles enveloped in wool observed after

negative stain. This serves to further authenticate the precision of our model.

3.2  FUNTIONALIZED WOOL KERATIN FOR REES RECOVERY
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Fig.16. CD spectrum of WK and funtionalized WK
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Fig.17. FTIR spectrum of WK and functionalized WK

The secondary structure of a protein can be determined using circular dichroism (CD)
spectroscopy. An a-helical structure shows two negative minima of almost the same degree of
ellipticity at 222 nm and 208 nm, followed by a positive maximum at 190 nm. Conversely, a
negative minimum near 218 nm followed by a positive maximum at 195 nm depicts the presence
of B-sheet structure. For wool keratin, the intensities of these two negative bands are not equal.
There is a sharp peak showing at 208nm, and the CD spectrum also has a broad band between
200 and 235 nm, suggesting that keratin not only contain a-helical structure, but also adopts -
sheet conformation. However, functionalized wool keratin only shows a broad peak between
200-235 nm, indicating that the B-sheet structure is predominant.

The FTIR spectrum displays distinct bands that elucidate the chemical composition of a
substance. The amide A band, situated at 3276 cm™! according to Shavandi et al.[34], emanates
from the stretching vibrations of both (N—H) and (-OH) bonds. In contrast, the amide I band,
which arises from (C=0O) vibrations, manifests within the range of 1600 to 1700 cm—1. The

amide II band, which arises from both (N-H) deformations and stretching (C—N) vibrations,
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occurs within the vicinity of 1520-1540 cm—1. Lastly, the amide III band emerges at 1220-1300

cm—1 and is due to the stretching vibrations of both (C-N) and (C—H), and bending vibrations of
(N-H) and (C=0). [35,36] In the present FTIR spectrum, both unmodified WK and its
functionalized counterpart exhibit a peak that has been documented in previous literature.

Aside from the typical peak that appears on the FTIR spectrum of wool keratin, there are
additional peaks at 1172, 1076.25, and 1043.5 cm-1, indicating changes in the sample. However,
these new peaks are located in the "fingerprint region", which is the region between 400 cm-1
and 1500 cm-1 in an IR spectrum. This region usually contains a large number of peaks, making
it difficult to identify individual peaks. Nevertheless, the fingerprint region of a specific
compound is unique. Therefore, these new peaks also suggest that changes have been made to
our samples.

Therefore, considering the differences observed in the CD spectrum and FTIR spectrum of

WK and WK-HOPO-MA, it can be partially concluded that our functionalization process was

successful.
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To investigate the potential of WK and WK-HOPO-MA in capturing rare earth elements

(REES), a solution containing 160 uM of Eu*" was added separately to solutions of WK and WK-
HOPO-MA. Subsequently, the solutions were stirred for 1 hour, resulting in the formation of
precipitate in both solutions. In order to see what these precipitate is and what happened in our
solution, we pipetted the solution with precipitate on the silica flake, let these sample air dried
and used XPS to identify the chemical composition of these precipitate.

Figure 13 displays a high-resolution XPS image of the Eu 4d orbital. In part A, an
abundance of Eu*" is apparent in the WK-HOPO-MA sample, while only a minor quantity of
Eu?" is present. Conversely, part B reveals a significant quantity of Eu?* in the WK sample. By
examining the peak areas, we estimate that the ratio of Eu** to Eu*" in WK-HOPO-MA is

approximately Eu?"/Eu*" ~ 14.64%, while in the WK sample, this ratio is roughly Eu*'/Eu’* =~

48%.

Due to its susceptibility to reduction, Eu*" is readily reduced to Eu?*, and wool's SH group
displays a potent reducing capacity. Consequently, a plethora of free mercapto groups within the
wool sample reduces Eu*" to Eu?*. Moreover, wool's mercapto groups are oxidized by Eu3+,
resulting in their crosslinking to form disulfide bonds, which render the wool insoluble in water.
In contrast, WK-HOPO-MA has been functionalized with HOPO-MA groups, which occupy a
majority of the free mercapto groups, and therefore, they lose their capacity to reduce Eu’".
Additionally, HOPO-MA is hydrophobic, leading to the functionalized wool's poor solubility in
water. Since HOPO-MA coordinates with Eu**, the majority of Eu in the WK-HOPO-MA
sample exists in the form of Eu*.

Our hypothesis was subsequently confirmed through a series of experiments. Initially, we

subjected a portion of the solution containing precipitate to dialysis using a dialysis bag for a
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duration of one day. Following this, we centrifuged the precipitates from both solutions and
added water to the centrifuge tubes, which were agitated vigorously for ten minutes before
undergoing centrifugation once more. This process was repeated thrice to remove any unbonded
Eu ions from the samples. Subsequently, we conducted XPS analysis of these samples, the
results of which are presented in Figure 14. Within the XPS range of 0-1200 eV, the peak of Eu
3d BE values is detected between 1120-1145 eV, and the Eu4d BE peak appear within the XPS

range of 115-150 eV. Notably, no peak of Eu was observed in the WK sample.
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Chapter 4. CONCLUSION

In this work, we extracted two types of wool keratin with different mercaptan contents from
wool. We used the thiol groups in WK to synthesize silver nanoparticles and a non-natural WK
for REEs recovery.

By synthesizing silver nanoparticles under different conditions, we found that the conditions
for synthesizing AgNPs with the strongest fluorescence were WK:AgNO3;=10mg/ml:5mM, with
incubation time and temperature of 23°C and 30min. The fluorescence of these silver NPs is
size-dependent.

We have provided preliminary evidence of successful functionalization of wool keratin
through changes observed in the CD spectrum and FTIR fingerprint region. Additionally, X-ray
photoelectron spectroscopy (XPS) results have confirmed the ability of WK-HOPO-MA to REEs.

To advance our investigation, it is imperative that we verify, through solid state NMR, the
successful modification of thiol groups on functionalized WK. Additionally, we can optimize the
efficiency of functionalized WK for rare earth element (REE) absorption by regulating the pH

value.
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