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The size and shape of nanoparticles play a pivotal role in determining their properties and 

applications. Gold nanotriangles (AuNTs), in particular, exhibit anisotropic electrical 

conductivity, generating potent electric field enhancements at their vertices and surface plasmon 

resonance (SPR) in the near-infrared (NIR) region. These distinctive attributes render them 

exceptionally promising across various fields, including catalysis, sensors, cancer therapy, and as 

robust substrates for surface-enhanced Raman spectroscopy (SERS). The most effective method 

documented in the literature for synthesizing nanoparticles with high yields involves  template-

assited synthesis, where a surfactant is used as the morphology-controlling agent. However, the 

toxicity of some surfactants highlights the need to establish a green synthesis process for AuNPs 

that ensures both high yield and precise control over shape and size distribution. The complexity 

arising from various components, such as reducing and stabilizing agents found in bio-products, 

presents a challenge for nanoparticle synthesis.  

Polysaccharides are the most abundant group of bio-products. Despite their prevalence, 

there have been limited studies in recent decades investigating the utilization of pure 

polysaccharides for synthesizing Au nanoplates, and these studies often lack elucidation on the 

factors influencing nanoparticle shape control. The anisotropic shape formation are strongly 

affected by the hydroxyl or caboxyl functional groups in polysaccharide. Sacran is one of the 

fascinating cyanobacteria polysaccharide that is extracted from the freshwater cyanobacteria 

Aphanothece sacrum. It possesses remarkable attributes, including its high molecular weight (106 

– 108 g mol−1) and a composition comprising more than ten types of sugars.  Unlike other 

polysaccharides, sacran contains two types of anions, carboxylic acid and sulfate groups (22 

mol% and 11 mol% to sugar residues in total, respectively), as well as neutral hexose and pentose 

units. The 11,000 sulfates efficiently attract cations in water, while the 22,000 carboxylates 

strongly bind with them. Sacran also posseses other functional groups, such as ‒OH and ‒NH 2, 

which likely influence the control of AuNPs shape. In addition, ultrahigh dispersion properties of 

sacran have been demonstrated using carbon-nanotubes. These multifunctional characteristics 

motivated us to investigate the development of AuNPs in the presence of sacran.   

This study investigates a method for inducing morphological changes in anisotropic 

AuNPs using sacran and elucidates its mechanism. Initially, the morphology of anisotropic 

AuNPs was manipulated by varying the concentration of sacran-to-gold precursor to influence 
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the shape outcomes. While this approach did not afford complete control over the morphologies 

of anisotropic AuNPs, it did enable size control over specific morphologies at particular operating 

temperatures. Subsequently, controlled morphologies of Au nanoplates were attained by 

employing seeds and halide anions as shape-directing agents, ensuring high shape purity. This 

green synthesis of AuNPs holds significant potential as an eco-friendly catalyst and shows 

promise for diverse applications in plasmonic photothermal therapy and biomedicine. 

Another investion was focused on the synthesis of ZnO nanocomposite materials. Sacran, 

a supergiant polysaccharide, serves as a green reducing agent for the formation of ZnO 

nanoparticles (NPs) within the sacran matrix. The incorporation of ZnO NPs signifi cantly 

influences the physicochemical properties of the resulting xerogels. The liquid crystalline 

structure of sacran contributes to the formation of anisotropic xerogels . Through systematic 

studies, including swelling behavior analysis and mechanical tes ting, the impact of various 

parameters, such as pH variations and DVS-to-OH ratios, on the performance of sacran-ZnO 

nanocomposite xerogels is thoroughly evaluated. Additionally, cell viability studies using A549 

cancer cells shed light on the biocompatibility and potential use of these nanocomposite xerogels 

as wound dressing. The comprehensive characterization and evaluation presented in this chapter 

provide valuable insights into the development of sacran-based materials for biomedical 

applications. 

 

Keywords: Sacran Polysaccharide, Gold nanoplates, Shape controller, Cancer selective, 

Photothermal therapy. 
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CHAPTER I 

GENERAL INFORMATION 
 

1.1. Bio-products as the reducers for anisotropic gold nanoparticles 

Various components derived from natural sources, particularly bio-products, contribute 

significantly to the reduction of the gold precursor. These bio-products, including plant extracts, 

green reactants, nitrogen compounds, surfactants, and carboxylate compounds, play a crucial role 

in this process.1 The formation of anisotropic gold nanoparticles (AuNPs) depends on various 

key parameters, encompassing reactant components, concentration, reaction time, pH, 

temperature, and the effects of external ions. In this study, we elucidate the contribution of 

several bio-products to the formation of anisotropic AuNPs. Table 1.1 illustrates various bio-

products contributing to nanoparticle formation. These approaches often yield a variety of AuNP 

outcomes, indicating the need for further refinement of reaction conditions. 

Achieving reproducibility in bio-synthesis methodologies employing natural sources 

presents a common challenge.2 This arises due to the diverse conditions under which plants are 

grown and the varied protocols employed for extraction. These variables, including environmental 

factors, geographical location, growth conditions, and extraction techniques, introduce 

uncertainties that can significantly impact nanoparticle growth.3 While the use of natural products 

has a low environmental impact, the presence of multi-components or residual small molecules 

after extracting natural products may influence the shape outcome of nanoparticles, posing a 

challenge in discerning the specific components or molecules that contribute to shaping 

outcomes. Furthermore, achieving good uniformity and purity of anisotropic AuNPs proves 

challenging. 
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Table 1.1 Diversity of Anisotropic AuNPs generated by different bio-products. 

Extraction 
Source 

Reducing or 
Stabilizing 

Agent 

Shape outcome Size (nm) Reference 

Plant extracts Artemisia 
dracunculus 

Triangles, 
Hexagons, 
Spherical 

35-50 4 

Plant extracts Bael gum Triangles, 
Hexagons, 
Spherical 

250-700 5 

Plant extracts Flavonoid 
derivatives 

Triangles, 
Hexagons, 
Spherical, 

Cubes, 
Rectangles 

5.86-17.54 6 

Plant extracts Red beetroot Triangles, 
Icosahedra, 
Spherical 

50-65 7 

Green reactants Hordenine Quasi spherical, 
Triangles, 
Hexagons, 

130-140 8 

Green reactants Carboxymethyl 
cellulose 

Triangles, 
Spherical 

8.9-94 9 

Extraction 
Source 

Reducing or 
Stabilizing 

Agent 

Shape outcome Size (nm) Reference 

Green reactants Cinnamon Spherical, 
Triangles, 
Hexagons, 

17 10 

Green reactants Chitosan Triangles 30 11 
Nitrogen 

compounds 
Serum albumin Quasi spherical 67 12 

Nitrogen 
compounds 

PVP Spherical, 
Triangles, 
Hexagons, 

75 13 

Surfactants Oleylamine Nanorods 5-20 14 
Carboxylate 
compounds 

Oxalic acid Dodecahedral 58-64 15 

 

Subsequently, we aim to present a concise overview of the critical parameters influencing the 

anisotropic growth of AuNPs in various shapes, as previously described. This understanding 

constitutes a valuable toolkit for advancing the development of innovative synthesis methods.   
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Reactant components play a crucial role in the reduction of AuNPs which involves a complex 

interplay of various factors in influencing the outcome. The process typically utilizes green 

reactants or plant extracts containing secondary metabolites such as glycosides, amino acids, 

flavonoids, alkaloids, saponins, tannins, steroids, carbohydrates, and other compounds with 

phenolic groups. 

1. Reduction Potential: Many of the aforementioned reactant components possess inherent 

reduction potentials. The potential reducing agents should have the reduction potential 

between the reduction of HAuCl4 to Au0 and the oxidation of Au0 to Au+. These organic 

compounds can act as reducing agents, facilitating the conversion of gold ions (Au3+) to 

metallic gold (Au0), which leads to the formation of AuNPs. 

2. Stabilization and Capping:  Some reactant components also contribute to the 

stabilization and capping of the formed AuNPs. Certain compounds have affinity for the 

nanoparticle surface, creating a protective layer that helps prevent aggregation and 

stabilizes the particles in solution. 

3. Nucleation and Growth: The presence of specific reactant components can influence the 

nucleation and subsequent growth stages of AuNPs. These components may act as 

nucleation sites or growth modifiers, affecting the size and shape of the nanoparticles 

formed during the process. 

4. Chemical Environment: The chemical environment created by the reactant components, 

including factors like pH and temperature, plays a significant role in determining the 

reduction kinetics and the resulting morphology of the AuNPs. 

5. Surface Chemistry: The functional groups of the reactant components can interact with 

the gold ions and the growing nanoparticles, influencing the surface chemistry of the 

AuNPs. This, in turn, affects their physicochemical properties and potential applications. 

The effect of pH also promotes different AuNPs morphologies and referred to as the 

important factor in green synthesis. For example, the pH level affects the protonation and 

deprotonation of functional groups on the surface of reactant components and nanoparticles. This, 

in turn, influences the binding affinities of these groups, which play a role in directing the 

anisotropic growth of AuNPs. For example, acidic conditions can alter the reduction kinetics of 
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gold ions. The presence of excess protons in an acidic environment can influence the rate of the 

reduction reaction, leading to controlled nucleation and growth processes. This control over the 

reaction kinetics is crucial for achieving anisotropic shapes. 

The influence of temperature stands out as a crucial parameter directly impacting the 

production kinetics of gold nanoparticles (AuNPs), thereby shaping the mechanisms governing 

particle growth. Changes in temperature during the synthesis process significantly affect the 

length, and width of gold nanorods. For instance, at temperatures ranging from 21 to 35 °C, lower 

temperatures yield smaller nanorods in terms of length and diameter. This phenomenon is linked 

to the activation energy required to initiate particle growth. Specifically, the process involves the 

deposition of a gold atom at one end of the rod, followed by migration to the sides to attain the 

desired morphology.16 

The growth of anisotropic gold nanoparticles (AuNPs) is notably influenced by the 

presence of external ions, such as halide anions. Existing literature suggests that the introduction 

of iodide or bromide ions induces a transformation of gold precursor or [AuCl4]− into [AuCl4−x 

Xx]−, ultimately progressing toward the more stable [AuX4]−, where X  = I− or Br− ions.17 It is 

noteworthy to emphasize the steric hindrance effect arising from the partial or complete 

substitution of Cl− by X−, significantly impacting the anisotropic growth process. This steric 

hindrance effect results in the formation of [AuCl4−x Xx]−, where 0 < x ≤ 4, as illustrated in the 

following chemical reaction (Eq. (3)): 

[AuCl4]-
(aq) + xKX(aq) –> [AuCl4-xXx]-

(aq) + xKCl(aq)        (3) 

In the growth process of anisotropic gold nanoparticles (AuNPs), bromide and iodide ions 

are well-established contributors, while the roles of chlorine and silver ions have also garnered 

significance. The presence of Cl− and Ag+ ions play crucial roles in synthesizing Au nanoarrows. 

Specifically, Ag+ ions have been observed to induce the formation of pyramidal heads exposing 

(1 1 1)18 facets. On the other hand, Cl− ions primarily form Au+Cl− complexes, characterized by a 

h i g h e r  r ed u c t i o n  p o t en t i a l .  T h i s  f a c i l i t a t e s  f av o r ab l e  k i n e t i c  p a t h w ay s  f o r 

cetyltrimethylammonium chloride (CTAC), promoting growth along the four (110) directions.19 
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Fig.1. The example of growth mechanism of gold nanorods in 100 direction by using CTAC. 

In summary, green reactants and plant extracts serve dual roles as both reducing and 

stabilizing agents in the formation of anisotropic gold nanoparticles (AuNPs). While certain 

green reactants and plant extracts have been extensively studied for their chemical structures and 

their roles in the growth mechanisms of AuNPs, the majority of plant extracts remain inadequately 

characterized regarding their components and chemical structures. This lack of comprehensive 

knowledge poses challenges in identifying specific components responsible for shaping AuNPs. 

Additionally, issues such as the purity and uniformity of the resulting shapes prove challenging to 

control when using green reactants. To address these concerns, we propose exploring strategies to 

mitigate these challenges by introducing well-known green reactants or plant extracts with 

defined structures for the production of anisotropic AuNPs. 

 

1.2. Polysaccharides as the reducers for gold nanoparticles 

Polysaccharides are frequently utilized in the construction of bio-nanocomposites for various 

applications. Derived from natural sources, polysaccharides offer significant advantages such as low 

toxicity and biodegradability. These versatile biomaterials can be classified into three categories based on 

their ionic properties: neutral examples include Starch , Dextran, Agarose, and Pullulan; anionic, 

represented by Gum Arabic, Carrageenan, Alginate, Heparin, and Hyaluronan; cationic, typified by 

Chitosan. The ionic nature of the utilized polysaccharide imparts distinct properties and chemical 

functionalities to the resulting nanocomposites, making them superior biological macromolecules. 20 To 

synthesize anisotropic AuNPs, polysaccharides must be carefully selected based on their intended 
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purposes. The main selective factors include (a) stability and solubility, (b) toxicity, biodegradability, and 

biocompatibility, and (c) surface charge characteristics. Most commonly use polysaccharides for AuNPs 

synthesis has been displayed in Fig.2. and their applications in Table.2.  

 

Fig.2. Structural diagrams of polysaccharides employed in gold nanoparticle synthesis.21 
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Table 2. A brief summary of polysaccharides roles for AuNPs synthesis and their applications.21 
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n.d. not determined. 

As presented in Table 2, polysaccharides are extensively employed as biological macromolecules 

in the synthesis of AuNPs due to their biocompatibility, non-toxic nature, and hydrophilicity. 

Additionally, they possess unique functional chemical groups that can serve as scaffolds for 

creating multifunctional systems by introducing reactive and bioactive groups onto composite 

surfaces. Polysaccharides find valuable applications in hydrogels, forming nanogels with various 

types of nanometals. These resulting nanogels can be utilized in biosystems responsive to 

physiological changes in mechanical stress, temperature, and pH. Certain polysaccharides, 

featuring hemi-acetal and hydroxyl groups, act as reducers in the metal precursor reduction 

process, yielding desired nanoparticle outcomes. On the other hand, polysaccharides with amino 
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groups can bind to the surface of the produced nanoparticles, creating a surrounding layer of 

hydrophilic molecules.22 

 In conclusion, polysaccharides emerge as versatile and effective agents in the synthesis of 

gold nanoparticles (AuNPs), serving dual roles as both reducers and stabilizers. The unique 

chemical functionalities of polysaccharides, including hydroxyl, amine, sulfate, and carboxyl 

groups, contribute to their multifaceted involvement in the reduction of gold precursors and the 

stabilization of resulting nanoparticles. The concentration of polysaccharides plays a pivotal role 

in influencing nucleation, growth kinetics, and the ultimate shape outcomes of AuNPs. 

Additionally, polysaccharides contribute to the prevention of particle aggregation and the 

maintenance of colloidal stability. Their ability to selectively bind to specific crystal facets further 

allows for the tailored control of nanoparticle shapes. Moreover, the high biocompatibility and 

low toxicity of polysaccharides make them particularly attractive for various biomedical and 

environmental applications. As we continue to unveil the intricate mechanisms behind 

polysaccharide as the reducing and stabilizing for AuNPs formation, the prospects for innovative 

and sustainable nanomaterial design remain promising. 

 

1.3. Sacran supergiant polysaccharide as the reducers for anisotropic gold 

nanoparticles 

Sacran, a supergiant water-soluble cyanobacterial polysaccharide, has been a focal point 

of our group's research for over 15 years .23, 24 Comprising approximately 100,000 

monosaccharides, Sacran incorporates two types of anions-carboxylic acid and sulfate groups 

(constituting 22 mol% and 11 mol% of the total sugar residues, respectively). Additionally, 

neutral hexose and pentose are present, showcasing a diverse array of sugar residues, including 

galactose, glucose, xylose, mannose, fucose, galacturonic acid, rhamnose, and glucuronic acid 

(as illustrated in Fig. 3). Traces of uronic acid, galactosamine, alanine, and sulfated muramic acid 

(approximately 1.0%) are also found, as depicted in Fig. 4. Sacran has found applications in 

various fields such as anti-inflammatory treatments,25 transdermal drug carrier,26 and metal 

adsorption.27 Notably, sacran exhibits an exceptionally high molecular weight exceeding 10 7 

g/mol, surpassing that of other reported polysaccharides to date.28  
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Sacran exhibits a unique structure with 11,000 sulfates efficiently attracting cations in 

water, while 22,000 carboxylates strongly bind with them. The additional functional groups of 

sacran, such as ‒OH and ‒NH2, are anticipated to play a significant role in controlling the shape 

of AuNPs. Multiple ‒OH groups possess the capability to lower the redox potential, thereby 

enhancing their effectiveness in reducing gold ions. Moreover, these groups contribute to the 

colloidal stability of the nanoparticles. Concurrently, the lone electron pairs of ‒NH2 groups 

interact or bind with the surface Au(0) atoms of the nanoparticles, promoting the formation of an 

Au(0) flat surface. This effect is facilitated by the steric hindrance from sacran's supergiant 

molecular structure.29, 30 Additionally, the ultrahigh dispersion properties of sacran have been 

successfully demonstrated with carbon nanotubes.31 

 

Fig. 3. Main structure of megamolecular polysaccharide, sacran, with anionic groups of sulfates 
and carboxylates. 

 

 Fig. 4. Schematic illustration of the partial structure of sacran chains with the sugar residue and 
traces.32 
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 To manipulate the outcomes of AuNPs shapes, one can adjust the concentration of sacran. 

The concentration of this supergiant polysaccharide can significantly impact the nucleation and 

growth processes during AuNPs synthesis. Higher concentrations may alter the rate of nucleation, 

influencing the number of nuclei formed and subsequently affecting the growth kinetics. Sacran 

serves as a stabilizing agent in the synthesis of AuNPs, and its concentration plays a crucial role 

in stabilizing the nanoparticles by forming a protective coating on their surfaces. Maintaining 

optimal concentrations is essential to prevent particle aggregation and ensure uniform growth. 

The concentration of sacran can also influence the sizes of resulting particles; for instance, higher 

concentrations may lead to the formation of smaller nanoparticles, while lower concentrations 

might result in larger particles. Different concentrations may favor the growth of specific crystal 

facets, consequently leading to the formation of distinct shapes. The concentration-dependent 

outcomes in shape are pivotal for tailoring the properties of the nanoparticles for various 

applications. Additionally, the concentration of sacran can impact the reduction potential, 

influencing its ability to effectively reduce gold ions and form nanoparticles. Maintaining optimal 

concentrations is necessary to achieve controlled and reproducible reduction.  

The conformational dependence of sacran chains serves as a potential template for 

supporting AuNPs. Previous studies have reported critical concentrations in sacran aqueous 

solutions, with an overlap concentration (c∗) of approximately 0.004 wt% and an entanglement 

concentration (ce) of about 0.015 wt%. Within the concentration range of 0.02 to 0.09 wt%, 

sacran chains have numerous opportunities to overlap without forming associations.33 However, 

when the concentration exceeds 0.09 wt%, sacran chains adopt double -helical and rigid 

structures. At 0.25 wt%, the aqueous sacran solution enters a sol-gel critical state phase due to 

increased chain entanglement and fractions. Furthermore, a nematic liquid crystal (LC) phase 

appears to form at approximately 0.5 wt%, as illustrated in Fig. 5. 
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Fig. 5. Schematic illustrations representing the chain conformation of sacran in salt-free  

solutions [(c∗) overlap concentration, (ce) entanglement concentration, (cD) critical 

polyelectrolyte solution, (ch) helix transition concentration, (cg) gelation concentration].33 

 

1.4. Objectives 

As previously highlighted, sacran exhibits promising potential as both a reducing and 

stabilizing agent for AuNPs. The multifunctional nature of sacran has spurred our interest in 

exploring its role in guiding the development of AuNPs within a sacran mediu m. Our 

investigation aims to delve into how sacran influences anisotropic growth and identify the key 

parameters requiring control. Additionally, we will devise methodologies to enhance the precision 

and uniformity of AuNPs shapes, paving the way for their utilization as advanced materials. 
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CHAPTER II  

Optimizing Supergiant Polysaccharide  

Parameters for the Synthesis of Anisotropic Gold Nanoparticles: A 

Comprehensive Study of Variable Factors 

2.1    Introduction 

The size and shape of nanoparticles play a pivotal role in determining their properties and 

applications. Triangular gold nanoplates (AuNTs), for instance, exhibit unique characteristics 

such as anisotropic electrical conductivity, heightened electric field enhancement at their vertices, 

and surface plasmon resonance (SPR) in the near-infrared (NIR) region, hold great promise 

across various fields. These triangular nanoplates demonstrate potential applications in cancer 

treatment, owing to their unique features.34, 35 Additionally, they exhibit versatility in areas such 

as serving as robust substrates for surface-enhanced Raman spectroscopy (SERS),36-38 

contributing to advancements in solar energy applications,39 photothermal therapy, drug delivery, 

and sensors.40 The production of AuNTs often involves the utilization of bio-products, including 

plant extracts, green reactants, nitrogen compounds, surfactants, and carboxylate compounds, as 

reducing and stabilizing agents. However, achieving precise control over size and size distribution 

remains a challenging pursuit. More critically, the understanding of the growth mechanism under 

these conditions is still in its early stages. 

 While the utilization of bio-products for nanoparticle synthesis faces a challenge due to 

the presence of multiple components or residual small molecules after extracting bio-products 

acting as stabilizing, and reducing agents, their significance in biological applications remains 

undeniable. It is imperative to further investigate the potential of various bio-products for the 

production of gold nanoplates (AuNTs) and discern which components or small molecules are 

instrumental in this process. The initial biological synthesis method employed citric acid as the 

reductant for the reduction of the gold precursor. Recent advancements include the utilization of 

lemongrass extract,41 Chlorella vulgaris (unicellular green algae),42 and natural gums43 for AuNTs 

production. This suggests that the presence of carbonyl-containing organic components could be 

linked to the observed anisotropic behavior. However, the advancement of biological synthesis 
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techniques is still in its early phases. Moreover, the current literature lacks comprehensive 

insights into the factors that govern the modulation and regulation of nanoparticle morphology, 

as well as the formation of various shapes. 

This chapter presents an environmentally friendly synthesis method for triangular gold 

nanoparticles (AuNTs) with a one-pot and seedless technique, utilizing the supergiant 

polysaccharide sacran. The well-established chemical structure of sacran is examined for its role 

in shaping selectivity and promoting anisotropic growth. The specific conditions conducive to the 

predominant formation of AuNTs are identified. Additionally, the potential mechanis m 

responsible for AuNTs formation is explored, drawing insights from established mechanistic 

routes documented in the literature.  

 

2.2    Materials and methods 

2.2.1 Materials 

Sacran was extracted from the cyanobacterium Aphanothece sacrum (A. sacrum) cyanobacterium, 

which was dedicated from Kisendou Inc. (Asakura, Japan). Isopropanol, sodium hydroxide, and 

ethanol were used for sacran polysaccharide extraction. Gold precursor (HAuCl4·3H2O, ≥99.9%), 

was procured from Sigma-Aldrich and TCI. Milli-Q water was used for preparation of all 

solutions. 

2.2.2 Extraction of Sacran 

Sacran polysaccharide was extracted using a procedure previously reported 44, 45, 46. First, the A. 

sacrum sample was soaked in water followed by ethanol. Subsequently, the washed sample was 

added to an aqueous solution of 0.1 M NaOH for the elution of sacran. Obtained white solution 

was regulated to the pH of 8.0 using HCl. After filtration to remove insoluble material, rotary 

evaporator was used to concentrate the filtrate. Subsequently, the concentrated solution was 

gradually introduced into isopropanol to yield sacran fibers. This process was repeated twice to 

eliminate impurities and obtain pure white fibrous sacran. The fibrous sacran was dried in a 

vacuum oven for 2 min. 

2.2.3 Synthesis of gold nanoparticles 
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A 0.05 wt% sacran solution was prepared in a vial. Subsequently, 1 mL of gold precursor aqueous 

solution (HAuCl4·3H2O, 0.014 wt%) was carefully introduced into the sacran solution, 

maintaining a weight ratio of Sacran:HAuCl₄ at 3.5:1. The resultant mixture was left undisturbed 

at 25 °C for a duration of two days, leading to a transformation of color to purple and the 

observation of precipitate formation at the vial's bottom. Following this, the liquid above the 

sediment was poured off, and the sediment was dispersed in Milli-Q water, resulting in the 

formation of gold nanoplates with an approximate size of ≈2 μm. Control over the plate size was 

achieved by varying the temperature or adjusting the sacran concentration.  For instance, 

increasing the sacran concentration from 0.05 wt% to 0.10 wt% and HAuCl4·3H2O same 

concentration (0.014 wt%), with a new Sacran:HAuCl₄ weight ratio of 7.0:1, produced nanoplates 

with a size of ≈1 μm. Further adjustment to a weight ratio of 14.0:1 resulted in the synthesis of 

approximately 500 nm sized AuNPLs. Additionally, temperature played a crucial role in size 

modulation; by adopting a 14.0:1 weight ratio and operating at 70 °C for 4 hours, ≈250 nm 

AuNPLs were obtained. Elevating the temperature from 70 to 90 °C resulted in the formation of 

pseudo-spherical shapes (≈20 nm). In all cases, the separation of AuNPLs was achieved either by 

simple decantation of the supernatant or by utilizing a centrifuge. 

2.2.4 Measurements 

UV-vis-NIR spectra were acquired using a Jasco V-770 spectrometer (Tsukuba, Japan) at 

wavelengths range from 200 to 1300 nm. Transmission electron microscope (TEM) was 

conducted using a Hitashi H-7650 with the beam current of 10 µA, operating voltage of 100 kV, 

and filament voltage of 20 V. JEM-ARM200F high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) was employed, along with selected area 

electron diffraction (SAED), to investigate the crystallinity of AuNPs and elemental analyzer of 

energy dispersive X-ray spectroscopy (EDS) was utilized for elemental analysis. The specimen 

for TEM and STEM characterization were prepared by evaporation of 5 µL dilute solution onto a 

TEM grid. High-resolution scanning electron microscopy (HRSEM) images were recorded using 

a Hitachi S-5200 with the operating voltage of 10 kV. The average particle size of the AuNPs was 

measured using an Image-J analysis software. The process and mechanism of AuNPs formation 

were investigated using X-ray photoelectron spectroscopy (XPS) with a Kratos Axis Ultra DLD 

instrument. X-ray diffraction (XRD) pattern was measured on powder XRD diffractometer 
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(RINT-2500) operating at a voltage of 40 kV, the tube current of 30 mA, and the degree of 

measurement is between 10‒90º. Dynamic light scattering (DLS) was performed on a Zetasizer 

Nano ZS90 instrument (Malvern Instruments Ltd., England) to determine the hydrodynamic size 

distribution, zeta potential (ζ) values, and molecular weight of all samples. The analyzed 

concentration of sacran was 0.5 mg/mL or 0.05 wt.%, and the sacran-AuNPs colloidal solution 

was diluted 100 times before analysis. 

2.3   Results and discussion 

Purified sacran, as revealed by its UV-vis-NIR spectra (Fig. 6a), exhibits an absence of 

discernible peaks within the 225–350 nm range, affirming the absence of contaminating 

chromophore molecules. The XRD pattern of sacran (Fig. 6b) further supports its amorphous 

nature, indicated by the absence of sharp diffraction peaks. The considerable presence of sulfate 

groups along sacran chains creates a profound negative ionic potential in any solution condition, 

robustly attracting cations, including metal ions. Additionally, the strong metal-binding ability of 

carboxylates contributes to this interaction.27, 47 The efficient collection of Au ions around sacran 

chains, coupled with their robust uptake by sacran carboxylates, potentially results in particulation 

through intrinsic sugar functions during reduction. Investigating the synthesis of AuNPs under the 

influence of sacran using HAuCl4, we anticipated diverse AuNP morphologies, considering the 

potential influence of organic molecule additives on their shapes. 

 

 

Fig. 6. UV-visible-near infrared (NIR) absorbance spectrum of functional polysaccharide sacran 

(a), Powder X-ray diffraction (XRD) pattern of sacran (b) and Dry-state sacran fibers extracted 

from A. sacrum (c, inset). 
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2.3.1 Formation of AuNPLs 

Darya et al. 48 observed the formation of a triangular plate structure through the binding of 

multiple charged macromolecules to a specific facet. In this study, we explored the impact of the 

reaction between the entanglement concentration of the functional supergiant polysaccharide 

sacran and HAuCl₄ (a gold precursor) on the morphology of flat gold nanoplates (AuNPLs). The 

template size of sacran with different concentration was considered as the factors which influence 

the size and shape of anisotropic growth. We utilized the zetasizer to measure the hydrodynamic 

size of sacran at various concentrations (0.05, 0.10, 0.20, 0.40, and 0.80 wt%), yielding sizes of 

295.4 nm, 363.0 nm, 506.1 nm, 714.2 nm, and 824.8 nm, respectively. Concurrently, the zeta 

potential became increasingly negative, measuring -23.5 mV, -28.7 mV, -30.6 mV, -40.3 mV, and 

-51.7 mV at the corresponding concentrations. Interestingly, the sizes of AuNPLs decreased with 

higher sacran concentrations. This phenomenon can be attributed to variations in reduction 

potential; as sacran concentration increases, the reduction potential of the gold precursor changes 

accordingly. At higher reduction rates, surface energy increases uniformly in all directions, 

leading to the preferential formation of pseudo-spherical and spherical shapes, particularly 

evident at elevated sacran concentrations. Consequently, the larger hydrodynamic size of sacran 

as a growth template for gold nanoparticles does not promote the anisotropic growth of gold 

nanoplates. 

The optimization of AuNPL production was achieved by varying sacran-to-gold precursor weight 

ratios and reaction temperatures (Sacran: HAuCl4 weight ratios of 3.5:1, 7.0:1, 14.0:1, 28.0:1, 

and 56.0:1) at temperatures of 25, 70, and 90 ºC). The sacran and HAuCl4 mixture exhibited 

diverse color changes, transitioning from yellow to brownish, purple, and red under different 

conditions, signifying the formation of AuNPLs with a range of shapes. These included 

hexagonal, triangular, triangular with a truncated apex, and triangular with a tail. Moreover, the 

synthesis process yielded nanoparticles with various shapes, including icosahedral, pentagonal, 

cylindrical, pyramidal, and elongated spheres. The conversion of HAuCl4 by sacran (at a weight 

ratio of sacran:HAuCl₄ = 3.5:1) at 25 ºC resulted in slow formation, producing AuNPLs with a 

tail, as depicted in Fig. 7. The images of TEM and SEM depicting all the synthesized AuNPs are 

presented in Fig. 7. By elevating the sacran: HAuCl4 weight ratio from 3.5:1 to 28.0:1 at 25 ºC, 

well-defined gold nanoplates (AuNPLs, ≈300 nm) were successfully synthesized. The transition 
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in the shape of AuNPs, progressing from those with a tail to pristine AuNPLs, can be ascribed to 

the accelerated generation rate of Au(0) under room temperature conditions. Subsequent increases 

in the sacran to HAuCl4 weight ratio, especially at 56.0:1, resulted in the formation of less 

anisotropic particles, giving rise to spherical AuNPs ≈20 nm, as illustrated in Fig. 7. A 

comprehensive visual summary of these findings is presented in Fig. 8. 

 

Fig. 7. TEM and SEM images of AuNPs obtained by varied sacran:HAuCl4 weight ratios and 
temperature.  
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Fig. 8. Overview illustration of obtained AuNPs shapes. 

Table 3. The summary of obtained AuNPs size of every conditions. 

Weight ratio of sacran:HAuCl4 and Temp. Size distribution 
3.5:1, Room Temp 0.9 ± 0.76 μm 

3.5:1, 70 °C 0.5 ± 0.32 μm 
3.5:1, 90 °C Undefined 

7.0:1, Room Temp 1.1 ± 0.22 μm 
7.0:1, 70 °C 960 ± 66 nm 
7.0:1, 90 °C 890 ± 27 nm 

14.0:1, Room Temp 530 ± 38 nm 
14.0:1, 70 °C 417 ± 57 nm 
14.0:1, 90 °C 30.4 ± 2.8 nm 

28.0:1, Room Temp 260 ± 51 μm 
28.0:1, 70 °C 11.6 ± 1.7 nm 
28.0:1, 90 °C 10.1 ± 0.8 nm 

56.0:1, Room Temp 20.7 ± 5.2 nm 
56.0:1, 70 °C 10.4 ± 0.7 nm 
56.0:1, 90 °C 10.6 ± 0.3 nm 
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By adjusting the reaction temperature and increasing sacran concentration, the size of AuNPs 

was modified. Under the conditions of a sacran to HAuCl4 (14.0:1) ratio at 70 °C, we deliberately 

chose specific parameters to clarify the growth mechanism dictating the generation of Au 

nanoplates (AuNPLs) through sacran-mediated reduction. Over the initial 4 hours, the mixture 

color transitioned from yellowish to a brownish hue, indicative of sacran's capability to reduce 

Au(III) species to Au(0) atoms by oxidizing sacran molecules. Within the initial hour of the 

reaction, gold nuclei were generated and stabilized by sacran, forming spherical Au nanospheres 

(AuNSs) evident in the UV-vis-NIR spectra at 520 nm (Fig. 9a)49, 50, 51. The initial Au seed 

particles exhibited a mix of polycrystalline characteristics with noticeable defects (Fig. 10a) and 

pristine single-crystalline structures without defects (Fig. 10c). Examination of lattice fringes at 

various locations revealed the presence of a combination of both (111) and (200) surface facets 

(Fig. 10b) and the (111) orientation (Fig. 10d). This observation is attributed to the slow 

progression of the reaction, favoring the prevalence of the lowest-energy surface facets during the 

early stages. However, the lack of a specific twinning order makes it challenging to quantify these 

twin formations in each particle. Subsequently, the appearance of a peak at 788 nm after 2 hours 

suggested the development of AuNPLs52, supported by the increasing intensity of the UV-vis-NIR 

spectra over time (Fig. 9a). The distinct SPR bands at λmax ~520 nm and ~788 nm in the visible 

and near-infrared regions, respectively, signified the SPR of AuNSs and AuNPLs. The synthesis 

mechanism of AuNPLs, as reported previously, aligns with the observed SPR bands 53, 54, 55, 56. 

The two distinct SPR bands observed at ~520 nm and ~788 nm in the UV-vis-NIR spectra 

represented the presence of spherical, triangular, and hexagonal AuNPs, each exhibiting 

independent growth. Fig. 11A illustrates the polycrystalline pattern of aggregated AuNPs after a 

2-hour reaction. To elucidate the mechanism, multiple-shaped particles aggregate form Au 

nanoplates. Because of the gradual manner of the reduction process, these diverse particles have 

the freedom to rotate and diffuse, aiming to achieve the optimal lattice alignment, as previously 

observed.57 Certain plates display forbidden spots, suggesting the existence of stacking faults. 

Previous studies have shown that the emergence of observable 1/3(422) forbidden reflections on 

AuNPLs implies the existence of symmetry breaking aligned (111) indices.58 Stacking faults are 

illustrated in Fig. 11C, alongside their SAED pattern in Fig. 11D. However, providing insight into 

the generation of symmetry breaking and their influence on shaping anisotropic NPs remains a 

complex task. Remarkably, even after 24 hours, these SPR bands exhibited minimal changes 
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compared to the 4-hour reaction period, implying the completion of the reduction process within 

the initial 4 hours. This stability in the SPR bands over time suggests the possibility that the 

observed morphologies may have originated from distinct initial seed structures.  

 

The formation of AuNPLs and AuNSs is depicted in Fig. 9b. After 4 hours, the mean diameters 

of AuNPLs and AuNSs measured 317 ± 57 nm and 30 ± 4 nm, respectively. The kinetics of AuNPL 

evolution were scrutinized by observing morphological changes over time, as presented in Fig. 12. 

During the initial 4 hours, the diameter of the AuNPs increased from 12 ± 7 nm to 317 ± 57 nm 

(Fig. 12). High-resolution scanning electron microscopy (HRSEM) images in Fig. 12F. revealed 

the edge thickness of the AuNPLs, signifying the presence of the (200) plane on the side face, with 

a thickness of approximately 76 nm. To control the gradual formation and enlargement 

mechanisms, a low concentration of sacran was strategically employed, avoiding the generation of 

excess nuclei. This deliberate approach facilitated the growth of minute gold nuclei, with 

additional Au(0) atoms being absorbed on the (220) surfaces, resulting in size augmentation. This 

growth pattern is evident in the hexagonal nanoplate morphology and diffraction spots showcased 

in Fig. 9c and d, along with growth along specific (111) facets, as indicated by the XRD pattern in 

Fig. 12E for the obtained AuNPLs.  
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Fig. 9. UV-vis-NIR absorbance measured at different time intervals (a). High-resolution scanning 

electron microscopy (HRSEM) image depicting post-centrifugal separation of the AuNLPs, with 

the inset showcasing the spherical AuNPs obtained after 4 hours of reaction (b). Scanning 

transmission electron microscopy (STEM) image displaying a single hexagon at a reaction time of 

4 hours, revealing an interplanar spacing of 0.24 nm (c) along with its associated selected-area 

electron diffraction (SAED) pattern (d). 

 

 

 

 

 



27 
 

 

Fig. 10. The seed single particle formed exhibits polycrystalline characteristics (a) and single 
crystalline features (b). 

 

Fig. 11. SAED pattern of the aggregation of AuNPs formed after the reaction time of 2 h (A), its 

TEM image (B). The AuNPLs formation during 3 h of reaction (C) and its associated SAED 

pattern: cube spot represents (220) plane and triangle spot represents hidden 1/3(422) hidden plane 

(D).  
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Fig. 12. Morphological changes of the gold nanoparticles at different time intervals from 1 h to 4 

h (A-D). SEM images of the synthesized gold nanoplates (E) and the edge thickness (F). 
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Elevating the reduction temperature to 90 °C consistently yields elongated spherical AuNPs, 

with their size diminishing as sacran concentration increases. To investigate the influence of sacran 

concentrations on gold morphology, the sacran-to-HAuCl4 weight ratio was adjusted to 28.0:1 

acting as both the capping and reducing agent for AuNPs. This adjustment was made without 

introducing other reducers or altering additional parameters. The resultant AuNPs exhibited a 

spherical shape (11.6 ± 1.7 nm) without apparent AuNPLs. Sacran functioned as a capping agent, 

preventing the aggregation of AuNSs, as depicted in Fig. 13. Notably, the UV-vis-NIR spectra 

showed no SPR peak at 788 nm within the initial 4 hours of growth. The heightened reducing 

properties of sacran at elevated concentrations fostered the generation of new nuclei, bypassing 

primary nuclei formation. Furthermore, the infusion of a higher sacran concentration impeded the 

aggregation of primary nuclei, offering stability to the AuNSs. EDX images revealed carbon 

atoms, signifying sacran fibers enshrouding the AuNSs, as illustrated in Fig. 13C. Additionally, 

the AuNSs showcased a polycrystalline structure with defects (Fig. 13b, d). 

 

Fig. 13. TEM image of AuNSs formed using 0.40 wt.% entrapped within sacran fibers (A). UV-

vis spectra of AuNSs obtained using sacran as the reducer and stabilizer (B). STEM images and 

EDS mapping of spherical AuNPs (C). HR-TEM images of multiply‒twinned of single AuNS (a, 

c) and its respective fourier transform (FFT) pattern (b, d). 
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Under acidic conditions (pH: 3-5), the protonated state of the hydroxyl groups leads to a 

reduction in their capability, impacting the reduction of adsorbed molecules on preferential facets. 

This, in turn, influences asymmetric growth or stacking faults. Conversely, in basic conditions 

(pH: 8-12), the deprotonated state of the hydroxyl groups results in an increased reduction rate and 

the uniform accumulation of these groups on all facets of growing nuclei, contributing to the 

formation of spherical nanoparticles. However, our specific pH range (between 6.64 and 6.92) may 

exhibit less effectiveness when compared to the reduction capability determined by sacran 

concentration. A higher concentration of sacran solution could impede the growth process through 

a capping effect, resulting in spherical-shaped nanoparticles. Our observations indicate that small 

changes in pH do not significantly impact the promotion or control of the shape and size of AuNTs. 

Consequently, adjusting the pH of the medium to a specific value can be neglected. 

Table 4 details the hydrodynamic size, zeta potential, and average molecular weight of sacran, 

sacran-to-HAuCl4 weight ratios of 14.0:1, and 28.0:1 at 70 °C. Sacran exhibits a highly polydisperse 

particle size, attributed to its relatively low reduction potential, leading to varied sizes of Au seeds 

and a resulting polydisperse size distribution in AuNPLs. Zeta potential (ζ) is critical for evaluating 

colloidal stability, where values above +30 mV or below -30 mV indicate highly dispersed AuNPs. 

The ζ value of the sacran solution signifies a high degree of stability for sacran particles. In 

contrast, AuNPLs show higher negative ζ values, indicating lower stability, while AuNSs exhibit 

ζ values below -30 mV. Visually, sacran maintains the large size of AuNPLs for up to 1 week, 

whereas it stabilizes AuNSs for more than 1 month. Sacran's mega-polysaccharide structures, with 

a molecular weight exceeding 20×106 Da, effectively prevent AuNP aggregation in the sacran 

medium. Notably, sacran's molecular weight surpasses that of the highest commercially available 

polysaccharides by 10-100 times. To delve deeper into AuNP stability, viscosity measurements 

were conducted for carrageenan, chondroitin sulfate, sodium alginate, and sacran at the same 

concentration (Fig. 14). Sacran, among these polysaccharides, displayed the lowest viscosity. 

Importantly, viscosity appears to exert minimal influence on AuNP stability, with the primary 

factor being the molecular weight. 

Another aspect we consider is whether the hydrodynamic sizes of sacran play a role as a template 

for gold nanoplates (AuNPLs). Intuitively, larger hydrodynamic sizes of sacran might be expected 

to favor the growth of larger AuNPLs. However, instead of AuNPLs, a significant portion of Au 

nanospheres (AuNSs) was observed. This outcome suggests that the hydrodynamic sizes of sacran 
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do not necessarily promote the growth of larger AuNPLs. Therefore, it is plausible that kinetic 

control, achieved through sacran-to-HAuCl4 weight ratios and temperature adjustments, emerges 

as a crucial factor influencing shape selectivity. 

We then investigated the stability properties of sacran in comparison with other polysaccharides, 

elucidating the capping effects of each polysaccharide under various conditions. To elaborate, 

three types of stabilization forces were considered: 1) Charge stabilization force: This involves the 

addition of charged molecules or polymers to the surface of nanoparticles, generating a repulsive 

electrostatic force between the particles. 2) Steric stabilization force: Utilizing polymer chains or 

surfactant molecules adsorbed onto the nanoparticle surface, such as thiolated PEG or thiolated 

DNA, to prevent agglomeration and 3) Depletion forces: These forces come into play in the 

presence of large molecules, like polymers or proteins. In comparison to charge and steric 

stabilization techniques, the surface retains its accessibility without undergoing covalent 

alterations or strong polymer adsorption. Depletion forces can maintain exceptionally high 

colloidal stability, even in conditions of extreme ionic strength and pH, all while preserving surface 

accessibility. Fig. 15 illustrates the stabilization properties of sacran under different salt and pH 

conditions. Sacran demonstrates outstanding resistance to salt (Na+) induced AuNPs aggregation, 

exceeding 320 M, which is higher than observed with other polysaccharides. Furthermore, sacran 

effectively inhibits AuNPs aggregation under varying pH conditions. In summary, sacran exhibits 

a distinctive capacity for depletion forces, which enables remarkable colloidal stability, even under 

conditions of extreme pH and ionic strength. Additionally, sacran's low viscosity enhances its 

effectiveness in stabilizing nanoparticles, establishing it as a favorable selection for a range of 

industrial and biomedical applications. 
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Table 4. Hydrodynamic size, stability, and molecular weight of sacran-stabilized gold 

nanoparticles 

Samples Average hydrodynamic 

size (nm) 

PDI Zeta potential 

(ζ/mV) 

Molecular weight 

(×103 kDa) 

Sacran 0.2 wt.  

% 

506±17.4 0.39 -30.1±1.7 23.7 

Resulting 

AuNPLs 

435±12.6 0.45 -41.7±1.3 20.4 

Sacran 0.4 wt. 

% 

714±21.8 0.57 -40.4±1.1 21.6 

Resulting 

AuNSs 

24.0±1.6 0.25 -27.5±0.8 22.8 

 

 

Fig. 14. Viscosity measurement of different polysaccharides with 0.05 % w/v. 
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Fig. 15. Stability test of different polysaccharides on citrate-capped 50 nm AuNPs. (A) Stability 

of AuNPs in 0 to 320 M Na+. Citrate-capped AuNPs could maintain their colloidal stability to only 

30 M Na+. (B) The stability of citrate and sacran megamolecules on 50 nm AuNPs as influenced 

by buffer pH. 

 

We employed the XPS technique to investigate the oxidation of sacran during the formation of 

AuNPLs (Fig. 16) 59. Before sacran oxidation (no reaction with Au(III)), the C 1s signals depicted 

aliphatic carbon atoms at 284.8 eV in the C 1s region. Additionally, peaks at 286.5, 288.0, and 

289.5 eV corresponded to hydroxyl (–C–OH), acetal (O–C–O), and carboxylate (–C=OOH) 

carbon atoms within the sacran chemical structure, respectively (Fig. 15a) 60, 61. Following sacran 

oxidation (Fig. 15a), C 1s signals demonstrated an increase in the carboxylate group fraction and 

a decrease in the hydroxyl group fraction, as indicated by area values (area CPS·eV). Furthermore, 

the atomic percentage of the carboxyl (–C=OOH) group at 289.7 eV increased from 1.33% to 

5.60%, while that of the hydroxyl (–C–OH) group at 286.7 eV decreased from 43.42% to 36.00 % 

(Table 6). These findings suggest a partial conversion of –OH groups from the repeating sugar 

units at the C6 position of sacran62, 63 to carboxyl groups, signifying the oxidation of the sacran 
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structure through the reduction of Au(III) species. On the contrary, the C 1s regions of the aliphatic 

carbon (284.8 eV) and acetal (288.0 eV) remained unchanged (Table 6), suggesting that the 

reduction of the Au(III) species did not impact these functional groups. The O 1s signals of 

oxidized sacran shifted from 532.9 to 533.2 eV, indicating a decrease in the alcoholic oxygen 

fraction at 533.2 eV and an increase in the carboxylic oxygen fraction at 531.9 eV, as reflected in 

terms of area value (Fig. 17b). The atomic percentage of the alcoholic (COH) oxygen peak 

decreased from 68.03% to 38.71%, whereas that of the carboxylic (C=OOH) oxygen peak 

increased from 43.42% to 61.29%. Additionally, an examination of the chemical bonding energies 

and properties before and after the oxidation of sacran by Au(III) species was conducted. In the N 

1s binding energy region, only a single peak at 399.8 eV corresponding to the amine (–NH2) group 

was observed (Fig. 17a and b), suggesting that there was no significant binding between amino 

groups of sacran with Au(III).  

In the S 2p binding energy region (Fig. 17c), the signal of sacran consists of a doublet (2p3/2 and 

2p1/2) with a 1.2 eV division and 2:1 peak area ratio.64 After the oxidation of sacran (Fig. 17d), a 

doublet peak at 169.8 and 171.0 eV indicates spin-orbit coupling of the sulfate groups (–OSO3
-) 

of the oxidized sacran, and the peak intensity remained unchanged when compared with the 

original sacran pattern (Fig. 17c). In addition, no new peaks corresponding to AuS were observed. 

Therefore, it can be inferred that the reduction of Au(III) was primarily influenced by the hydroxyl 

groups of sacran. The results revealed that carboxylate, sulfate, and amino groups do not strongly 

interact with the gold precursor for the reduction. However, these groups exhibit a strong binding 

affinity to metallic gold (Au0). This interaction influences the surface energies of the gold 

nanoparticles, particularly reducing the surface energy of the (110) planes. As a result, the growth 

of gold nanoparticles is directed in a way that favors the formation of nanoplate (AuNPL) shapes.65 

The formation mechanism of AuNPLs is depicted in Fig. 18. Initially, one sacran macromolecule 

consisted of ca. 33,000 applicable negative charges, which strongly attracted the positive electric 

charges of Au(III). Ionic adsorption induces the reduction of Au(III) species to form Au(0) atoms 

via the oxidation of sacran 66, 67, initiating the nucleation of single-crystal gold, which contributes 

to symmetry breaking, and the gold nuclei continue to grow by absorbing other unreduced Au(III) 

gathered under strong negative electrical fields. The reduction process can be catalyzed by 

applying heat 68, 69. The negative charge of sacran functional groups, such as sulfate and 

carboxylate groups, should have individual roles; the sulfate group can be attracted under any 
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aqueous condition, even acidic or high ionic strength, while carboxylate groups can bind strongly 

with metal ions. Nanoparticles can undergo growth through either a thermodynamically or 

kinetically controlled process. Thermodynamic conditions lead to uniform growth, typically 

resulting in the formation of spherical structures. Conversely, anisotropic nanostructures or gold 

nanoplates arise through directional growth, primarily occurring in the kinetically controlled 

manner 70. Despite these observations, the overall mechanism for the formation of nanoparticles 

with such diverse morphologies remains unclear 71. In contrast, the growth process is retarded in a 

highly concentrated sacran solution (0.4 wt.%), attributable to a capping effect. This condition 

maintains the gold in a spherical shape, as illustrated in Fig. 13. The obtained particles were 

triangular with a tail, broken plates, and quasi-elongated plates. Moreover, the particles were 

polydisperse (328–1030 nm). Therefore, we investigated a new method for eliminating these 

nanostructures.  
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Fig. 16. High resolution XPS profiles before and after oxidation of sacran in the formation of 

AuNPLs. C 1s spectra of (i) sacran and (ii) oxidized sacran (iii) C 1s table of area values for the 

peaks (C–C(H), C–OH, O–C–O, C=OOH) of each sample (a). O 1s spectra of (i) sacran and (ii) 

oxidized sacran. (iii) O 1s table of area values for the peaks (COH, C=OOH) of each sample (b). 
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Table 5. Quantification of the chemical state of C 1s of sacran and oxidized sacran. 

Sample Sacran Oxidized sacran 

Peaks Binding 

energy 

(eV) 

Atomic 

concentration 

(%) 

Binding 

energy 

(eV) 

Atomic 

concentration 

(%) 

C–C(H) 284.8 39.46 285.0 43.89 

C–OH 286.5 43.42 286.7 36.00 

O–C–O 288.0 15.79 288.2 14.51 

C=OOH 289.5 1.33 289.7 5.60 

 

Table 6. Quantification of the chemical state of O 1s of sacran and oxidized sacran. 

Sample Sacran Oxidized sacran 

Peaks Binding 

energy 

(eV) 

Atomic 

concentration 

(%) 

Binding 

energy 

(eV) 

Atomic 

concentration 

(%) 

COH 532.9 68.03 533.2 38.71 

C=OOH 531.7 43.42 531.9 61.29 
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Fig. 17. High resolution XPS profiles spectrum of before and after oxidation of sacran in the 

formation of AuNPLs; N 1s spectra of sacran (a) and oxidized sacran (b), and S 2p spectra of 

sacran (c) and oxidized sacran (d).  
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Fig. 18. Proposed mechanism of AuNPL formation using sacran. First, sacran induces Au(III) 

species. Second, hydroxyl groups can interact with Au(III) to reduce them to Au(0) via sacran 

oxidation. Third, Au(0) atoms start to aggregate or cluster together owing to the attractive forces 

between them to form the initial building blocks for the growth of AuNPLs. Finally, Au(0) atoms 

continuously added to the nucleus, leading to the anisotropic growth and sacran serves as a 

stabilizer of AuNPLs. 
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2.4   Conclusion 

Sacran, a supergiant polysaccharide, exhibits unique properties that position it as a promising 

agent for the controlled formation of anisotropic gold nanoplates (AuNPLs). The multifunctional 

characteristics of sacran, encompassing its substantial molecular weight, sulfate groups, and 

carboxylates, play pivotal roles in the synthesis process. Functioning as both a reducing and 

stabilizing agent, sacran facilitates the growth of well-defined AuNPLs. The hydrodynamic size, 

zeta potential, and low viscosity of sacran collectively contribute to the stability of the resulting 

AuNPLs. The sacrificial oxidation of sacran during the reduction of Au(III) species influences its 

molecular structure, leading to the formation of carboxyl groups. The deliberately slow reduction 

kinetics of sacran enable the controlled growth of AuNPLs, offering the flexibility to tailor their 

size and shape by adjusting sacran-to-HAuCl4 weight ratios and reaction temperature. 

Furthermore, sacran exhibits excellent stability against various environmental conditions, 

underscoring its potential applications in diverse fields such as catalysis, sensing, and 

photothermal therapy. This chapter addresses a challenging aspect, focusing on the control of 

shape uniformity and selectivity of AuNPLs. To overcome this challenge, we will explore 

controlling agents that promote shape/size purity and delve deeper into the effects of individual 

parameters in order to enhance our understanding and control over the synthesis process and 

explore their potential applications in catalysis. 
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 CHAPTER III 

Controlling Gold Nanoparticle Morphology with Supergiant 

Polysaccharide: A Potential Way for Catalysis. 

3.1 Introduction 

The distinctive anisotropic configuration of gold nanoparticles (AuNPs), deviating from the 

conventional spherical shape, results in shape-dependent optical, magnetic, and catalytic 

attributes. These distinct characteristics position anisotropic AuNPs as compelling candidates for 

a myriad of applications, spanning biosensing, drug delivery, imaging, and environmental 

monitoring.72 Additionally, the ability to functionalize anisotropic AuNPs with different 

molecules further enhances their potential applications. Therefore, researchers are actively 

exploring the synthesis, characterization, and applications of anisotropic AuNPs to advance our 

understanding of their features and promising applications across diverse fields. 

Particularly noteworthy are gold nanotriangles (AuNTs), which have garnered significant 

attention due to their exceptional localized surface plasmon resonance (LSPR) property and 

extremely high anisotropy.73 Although various synthetic techniques exist for producing gold 

nanoplates, achieving highly monodispersed AuNTs remains a considerable challenge. The initial 

report on AuNT synthesis using bio-products dates back to the 2000s when Sastry et al. utilized 

lemongrass plant extract for the preparation of AuNTs.18 Synthetic strategies have continued to 

evolve, encompassing approaches such as thermal reduction approach,74 electrochemical 

approach,75 photocatalytic approach,76 and seed-mediated growth method.77, 78 Among these, the 

seed-mediated growth method stands out as the most popular due to its relatively higher 

throughput and straightforward setup. In the realm of AuNTs bio-synthesis, persistent challenges 

have hampered progress. Several challenges impede progress in the practical application and 

further development of AuNTs, including incomplete comprehension of the growth mechanism, 

suboptimal shape purity (below 70%), and the intricacies involved in synthesizing AuNTs with a 

small size, specifically with less than 100 nm edge length. These combined hurdles pose obstacles 

to the broader utilization and advancement of AuNTs. 
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We explored innovative insights into a novel green synthesis approach for producing Au 

nanotriangles (AuNTs) and Au nanodecahedrons (AuNDs) with high shape selectivity  (size 

distribution: 62 ± 10 nm), utilizing supergiant polysaccharide sacran as the main reducing and 

super-stabilizing agent. The key factors ensuring elevated shape purity and selectivity involve 

leveraging the reduction properties of anionic super dispersant mega-polysaccharides, sacran, in 

conjunction with the gold precursor to regulate the Au(I) species. This control is further enhanced 

by the use of uniform Au seeds as the growth template and iodide anions as the shape-directing 

agents, resulting in distinctive Au morphologies compared to the low shape purity and selectivity 

method, as detailed in the section on Au nanoplates formation using only sacran as the reducing 

and stabilizing agent. Moreover, the varied Au shapes obtained enhance the catalytic activity of 

4-nitrophenol when compared to common reducing or stabilizing agents, attributed to the high 

stability in the sacran medium, as indicated by a zeta potential value of -22 mV. The catalytic 

performances of obtained Au shapes also show higher specific rate compared to recent other 

polysaccharide media such as carboxymethyl cellulose or chitosan, owing to the more uniform 

size and shape of the catalysts. The high conversion rate of chloro-substituted nitroarenes (> 

99%) is attributed to their superior uniformity, high active surface area accessibility, and 

dispersion within the catalytic system of super dispersant mega-saccharides. The high shape 

purity AuNTs may open new avenues for applications in photothermal therapy owing to the high 

intensity of surface plasmons in the Near-IR region and the development of eco-friendly catalysts 

due to the large active surface area. 

3.2    Materials and methods  

3.2.1 Materials 

Sacran was extracted from the cyanobacterium Aphanothece sacrum (A. sacrum) 

cyanobacterium, which was dedicated from Kisendou Inc. (Asakura, Japan). Isopropanol, sodium 

hydroxide, and ethanol were used for sacran polysaccharide extraction. Gold precursor 

(HAuCl4·3H2O, ≥99.9%), sodium borohydride (NaBH4, Reagentplus, 99%), trisodium citrate 

dihydrate (C6H9Na3O9, 99%), tannic acid (C76H52O46, ACS reagent), potassium carbonate (K2CO3, 

>99%), potassium iodide (KI, >99.5%), 4-Nitrophenol (TCI, >99.0%), 4-Chloronitrobenzene 

(TCI, >98.0%), 2,4-Dichloronitrobenzene (TCI, >99.0%), and 1,4-Dichloro-2-nitrobenzene (TCI, 
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>99.0%) were procured from Sigma-Aldrich and TCI. Milli-Q water was used for preparation of 

all solutions.  

3.2.2 Synthesis of AuNTs  

HAuCl4 solution (10 µL, 25 mM) was added to a mixture of sodium citrate solution (1.5 mL, 2 

mM), tannic acid (1 µL, 2.5 mM), and potassium carbonate (10 µL, 150 mM). The mixture was 

heated to 70 °C and stirred for 2 min. After stirring, it was allowed to stand at 70 °C for 5 min 79. 

The solution exhibited a reddish color, signaling the generation of Au seeds (Solution A). At 70 

°C, an aqueous solution of HAuCl4 (0.014 wt. %) was introduced into a sacran solution (10 ml, 

0.10 wt. %), and the mixture was stirred for 30 min. The subtle yellow hue of the initial solution 

disappeared (Solution B). Thereafter, 20 µL of solution A was added to solution B. An aqueous 

solution of KI (20 µL, 10 mM) was then added to the resulting mixture. The obtained solution was 

left to stand at 25 °C for 24 h. 

3.2.3 Catalytic ability evaluation of 4-NP 

The reduction of 4-NP to 4-AP by AuNPs was assessed with the participation of NaBH4. 

Initially, a 20 mL glass vial was used to prepare a solution containing 4-NP (10 mL, 0.17 mM). 

Subsequently, carefully measured volumes of the AuNP dispersions and NaBH4 aqueous solution 

(1 mL, 100 mM) were introduced into the same glass vial. The progression of the gold catalytic 

reduction was monitored using an ultraviolet-visible-near-infrared (UV–vis‒NIR) spectrometer, 

by observing the changes in the reaction mixture.  

The colloidal gold concentrations were determined using a UV-vis-NIR spectrometer. The molar 

concentration of AuNPs was determined according to Equation 1  

 A = εCL,                                                                 (1) 

where A is the absorbance of light at a specific wavelength, ε is the molar absorptivity(M-1cm-1) 

for specific Au morphologies previously measured by Jones et al. and Hendel et al., 80, 81 C is the 

molar concentration of the absorbing material (M), and L represents the optical path length (cm). 

The number concentration of the gold nanoparticles was determined by Equation 2: 

C = N/6.02 × 1023,                                                         (2) 

N represents the number concentration of the AuNPs (particles/L) and 6.02 × 1023 is the 

Avogadro’s number.  
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The volume of each Au morphology was estimated by measuring its dimensions. We utilized 

transmission electron microscopy (TEM) images and a software (Image–J) to measure the particle 

dimensions, allowing the volume to be calculated.  

 

The mass of single AuNPs was determined according Equation 3 

ρ = m/V,                                                                 (3) 

where ρ is the density of the AuNP (19.3 g/cm3), m represents the weight of a single AuNP (g), 

and V represents the dimension of a single AuNP (cm3). 

 

Calculation of The Usage Catalyst Mass Concentration 

Samples Absorbance Molar 

extinction 

coefficient 

(ε, M-1cm-1) 

Particle 

molarity 

(C, M) 

Number 

concentration 

(particles/mL) 

Surface 

area of 

the 

catalyst 

(nm2) 

Mass of 

the 

catalyst 

used 

(µg) 

AuNSs 0.273 3.36×109 8.03×10-11 4.83×1010 1256.83 5.64 

AuNDs 0.620 3.69×1010 1.68×10-11 1.01×1010 1635.61 5.64 

AuNTs 0.531 2.41×1010 2.19×10-11 1.31×1010 2610.16 5.64 

 

The final concentration of Au nanospheres (AuNSs), AuNTs, and Au nanodecahedrons 

(AuNDs) was 5.64 mg/L.  

 

The reaction rate of the AuNPs was determined by Pseudo-first-order kinetics according to 

Equation 4  

          ln(
At
A0

) = -kt,                                                              (4) 

k represents the pseudo-first-order reaction constant, A0, At are the maximum absorbance of 

product at the specified times 0 and t, respectively. 
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The AuNSs, AuNTs, and AuNDs were separated from 4-AP solution through centrifugation. 

Subsequently, they were dried, redispersed, and examined for recyclability under identical 

experimental conditions.  

3.2.4 Catalytic ability evaluation of nitroarenes  

10 mL of various nitroarenes (0.17 mM) were introduced into a glass vial. Subsequently, the 

previously determined concentration of AuNPs and a 1 mL aqueous solution containing 100 mM 

NaBH4 were added to the same glass vial. The reduction progress was monitored using UV–vis‒

NIR spectrometer, which recorded the time-dependent changes in absorbance spectra until 

reaching a stable state. The kinetics analysis of a series of nitroarenes with different positions of 

chlorine substitution, was conducted employing eq.4. The obtained solutions were subjected to 

mixing with 10 mL of ethyl acetate to facilitate the extraction of the reactant and product. 

Subsequently, the organic layer was evaluated using gas chromatography mass spectrometry (GC-

MS) to ascertain the conversion and selectivity of each nitroarene reduction. 

3.2.5 Cell Culture Experiments 

A549, HDF, and L929 cells were cultured using Dulbecco’s Modified Eagle Medium (DMEM). 

Each cell line was grown in media supplemented with 10% fetal bovine serum (FBS) and 

maintained in cell culture plates. The incubation took place in a biological incubator set at 37°C 

with a humidified atmosphere. 

3.2.6 Cytotoxicity studies 

A549, HDF, and L929 cells were detached using trypsin and seeded in 96-well plates at a 

density of 10,000 cells per well. After 24 hours, the cells were exposed to varying concentrations 

of gold nanotriangles (10, 25, 50, and 100 μg/mL) in a 0.05 wt.% sacran solution prepared in 

DMEM with 10% FBS. Each concentration was tested in triplicate. Untreated cells served as 

negative controls, and cells exposed to laser treatment served as an additional control. Following 

24 hours of treatment, the media was replaced with a 10 μg/mL MTT reagent solution prepared 

in DMEM without FBS. The plates were shaken for 10 minutes, and absorbance was measured 

using a microplate reader (Infinite 200 Pro Nano Plus) after 4 hours of incubation at 540 nm. The 

percentage of cell viability was calculated using the following equation: 

                              % Cell viability = (
Absorbance of control wells 

Absorbance of test wells
)×100                                         (1) 
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3.2.7 Photothermal Heating 

To investigate photothermal heating, gold nanotriangle (AuNT) dispersions were irradiated 

using a (808 nm, 1 W) laser. Various concentrations of AuNTs (5, 10, 25, 50, and 100 μg/mL, 

expressed as gold concentrations) were prepared, and 500 μL aliquots were placed in quartz 

cuvettes with a 1 cm optical path length. These cuvettes were positioned along the optical axis of 

the laser. Once the samples reached thermal equilibrium with their surroundings, the temperature 

of the colloidal dispersions was measured using a thermometer placed at the top of the cuvettes. 

The temperature increase during laser irradiation was recorded over a period of 300 seconds. 

3.2.8 Evaluation of Laser Irradiation Effects 

The impact of laser irradiation was assessed on A549, HDF, and L929 cells cultured under the 

same conditions as those used in the cytotoxicity studies. Following 24 hours of incubation with 

gold nanotriangles (AuNTs) at concentrations of 5, 10, 25, 50, and 100 μg/mL, the cells were 

subjected to a 10-minute irradiation using a laser (808 nm, 1 W). Three hours post-irradiation, the 

cells were stained with Ethidium Homodimer-1 (EtHD-1) and Calcein AM to assess viability. 

Cell viability was immediately examined using all-in-one fluorescence microscope (Keyence, 

BZ-X810). 

3.2.9 Measurements 

UV-vis-NIR spectra were acquired using a Jasco V-770 spectrometer (Tsukuba, Japan) at 

wavelengths range from 200 to 1300 nm. Transmission electron microscope (TEM) was conducted 

using a Hitashi H-7650 with the beam current of 10 µA, operating voltage of 100 kV, and filament 

voltage of 20 V. JEM-ARM200F high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) was employed, along with selected area electron diffraction 

(SAED), to investigate the crystallinity of AuNPs and elemental analyzer of energy dispersive X-

ray spectroscopy (EDS) was utilized for elemental analysis. The specimen for TEM and STEM 

characterization were prepared by evaporation of 5 µL dilute solution onto a TEM grid. High-

resolution scanning electron microscopy (HRSEM) images were recorded using a Hitachi S-5200 

with the operating voltage of 10 kV. The average particle size of the AuNPs was measured using 

an Image-J analysis software. The process and mechanism of AuNPs formation were investigated 
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using X-ray photoelectron spectroscopy (XPS) with a Kratos Axis Ultra DLD instrument. X-ray 

diffraction (XRD) pattern was measured on powder XRD diffractometer (RINT-2500) operating 

at a voltage of 40 kV, the tube current of 30 mA, and the degree of measurement is between 10‒

90º. Dynamic light scattering (DLS) was performed on a Zetasizer Nano ZS90 instrument 

(Malvern Instruments Ltd., England) to determine the hydrodynamic size distribution, zeta 

potential (ζ) values, and molecular weight of all samples. The analyzed concentration of sacran 

was 0.5 mg/mL or 0.05 wt.%, and the sacran-AuNPs colloidal solution was diluted 100 times 

before analysis. The catalytic reaction products underwent testing and analysis using a JMS-

T200GC AccuTOF system equipped with gas chromatography mass spectrometry (GC-MS). 

 

3.3       Results and Discussion 

3.3.1 Formation of controllable shape AuNTs 

As discussed previously, the concentration of sacran significantly influences the morphology 

of gold, primarily because of the strong binding interactions between Au(III) species and the 

carboxyl anion, as well as the hydroxyl coordination of sacran. These interactions guide Au(0) 

atoms to specific crystalline facets, ultimately shaping the gold morphology. Alterations in the 

sacran aqueous solution concentration relative to HAuCl4 concentration, under varied conditions, 

result in the development of anisotropic gold nanoparticles (AuNPs). However, the particle size of 

Au nanoplates (AuNPLs) exhibits a wide range, spanning from 2.1 µm to 207 nm. Diverse AuNP 

morphologies, including triangular with a tail (639 ± 32 nm), broken plates (679 ± 213 nm), quasi-

elongated plates (402 ± 23 nm), and spherical AuNPs (20 ± 14 nm), account for approximately 30 

± 5% compared to hexagonal and triangular AuNPLs. To address the challenges of achieving 

uniform sizes in AuNPL morphology, a modified synthesis method involving iodide anions as 

size-controlling and shape-directing ligands was employed.52  

Here, we discuss AuNPs formation steps as follows. First, a nanoparticle precursor (HAuCl4) 

is partially reduced from Au(III) to Au(I) species and Au(0) atoms by sacran:HAuCl4 (14.0:1) 

during stirring and heating at 70 ºC for 30 min. The reduction prevented secondary nucleation of 

Au(0) during growth. Second, the injected Au seeds were used as scaffolds, which confirmed the 

existence of Au(I) intermediate species on their surfaces during the final reduction. Third, iodide 

anions were added to the remaining non-reduced gold precursor to reduce Au(I) to Au(0) atoms 
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completely and adsorb onto gold seeds to govern the morphology and dimensions of the AuNTs. 

Iodide anions are known to strongly adsorb on the (100) facets of gold. This preferential adsorption 

can inhibit the growth of (100) facets, leading to the selective growth of other facets like (111).  

The anisotropic growth along specific crystallographic directions results in the formation of 

triangular shapes 53. Fig. 19a and b present high-resolution SEM images and UV-vis-NIR spectra 

of the AuNTs. The reduction in the absorbance at λmax ~520 nm suggests that the concentration of 

AuNSs decreased compared to the previous synthesis method. During synthesis, the intensity in 

the near-infrared region at λmax ~903 nm increased sharply over time up to 24 h owing to the high 

production of AuNTs. The oxidation states of Au after reduction by sacran and after the addition 

of iodide anions were determined using XPS (Fig. 20). After the reduction of the Au(III) species 

by sacran, the Au 4f region presented two sets of doublets of Au species at 83.7 and 87.4 eV, 

corresponding to the binding energies of Au(0) 4f7/2 and Au(0) 4f5/2, respectively, indicating the 

stable form of Au(0). Additionally, the peaks at 84.7 and 88.5 eV correspond to Au(I) 4f7/2 and 

Au(I) 4f5/2, which indicate the intermediate species of gold ions during the reduction using sacran 

alone as the reducing agent. After adding iodide anions, two strong fitted XPS peaks at 83.7 and 

87.4 eV corresponding to Au(0) 4f7/2 and Au(0) 4f5/2 increased while the peaks correspond to 

intermediate gold species (Au(I) 4f7/2 and Au(I) 4f5/2) disappeared. In addition, the atomic 

percentages of Au(0) 4f7/2 and Au(0) 4f5/2 increased from 28.84 and 21.77% to 55.20 and 44.80% 

, respectively (Table 7). These results indicate that the complete reduction of gold ions using sacran 

and iodide anions as reducing and shape-directing agents induces the uniform formation of AuNTs. 

In addition, the reduction of Au(III) to Au(I) using sacran as the reducing agent under 70 ºC for 

30 min can also be seen by the disappearance in color from pale yellow gold precursor. To 

elucidate the importance of Au(I) as an intermediate species in the growth of AuNTs, we 

performed control experiments using seeds and iodide as the reducing agent, without the addition 

of sacran. We found that the gold precursor could not be completely reduced to Au(0) because a 

pale yellow color was still observed, and new nuclei were formed instead of the seeds growth that 

became AuNSs. This was owing to the ability of iodide anions to reduce the gold precursor (Fig. 

20a) 52, 82. Another control experiment involved the utilization of seeds, sacran, and iodide without 

catalyzed by temperature of the first reduction step by sacran. The added seeds grew and became 

penta-twinned decahedrons at high aspect ratios because of the uncontrollable Au(I) species (Fig. 

20b). Therefore, it can be inferred that sacran performs a crucial role in reducing Au(III) to Au(I), 
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which is an intermediate species that controls the reduction rate for the growth of AuNTs. 

Furthermore, the supergiant size of sacran can impart nanoparticles with high dispersion stability 

to induce efficient growth of nanoparticles.We also studied the effect of iodide on gold facets. 

Energy-dispersive spectroscopy (EDS) of the STEM image (Fig. 19c) was used to determine the 

elemental distribution on the AuNTs, as shown in Fig. 19d-f, which presents the iodide anions 

absorbed on the AuNT surfaces and high density of oxygen on the edges and corners of AuNTs.  

 

Fig. 19. HRSEM image of the AuNTs formed after 4 h at 25°C using sacran and iodide anions as 

the reducing agents (a). UV-vis-NIR spectra of the obtained AuNTs (b). HAADF–STEM image 

of a single gold nanotriangle (c). and EDS mapping of the distribution of C, Au, O and I elements 

on AuNT (d-f).  
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Fig. 20. High resolution XPS profiles spectrum of Au 4f regions: gold precursor before reduction 

(a) gold ions before addition of iodide anions (b) and after addition of iodide anions (c). 
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Table 7. Quantification of the chemical state of Au 4f of gold ions after reduction by sacran and 

gold ions after complete reduction with sacran and iodide. 

Sample Before addition of iodide 

anions 

After addition of iodide 

anions 

Peaks Binding 

energy 

(eV) 

Atomic 

concentration 

(%) 

Binding 

energy 

(eV) 

Atomic 

concentration 

(%) 

Au0 4f7/2 83.4 28.84 83.7 55.20 

Au0 4f5/2 87.1 21.77 87.4 44.80 

Au+ 4f7/2 84.6 27.46 x x 

Au+ 4f5/2 88.2 21.93 x x 

 

 

 

 

Fig. 21. TEM image of AuNS formed using gold template seeds and only iodide as a reducing 

agent without the addition of sacran (a) and HRSEM image of gold penta-twinned decahedrons 

formed using the seeds, sacran, and iodide, without the first reduction step by sacran (b). 
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The STEM images, including the inset images, elucidate the individual gold nanotriangle 

(AuNT) particle, revealing an interplanar spacing of 0.24 nm, consistent with the (111) facet, as 

depicted in Fig. 22a. The selected-area electron diffraction (SAED) pattern confirms the capping 

of these AuNTs by atomically flat gold (111) facets, as illustrated in Fig. 22b. Notably, the 

presence of a 1/3(422) SAED spot indicates a stacking fault parallel to the (111) facet, aligning 

with previous observations 83, 84, 58. An additional factor contributing to anisotropic growth is the 

structure of the template seeds. As showcased in Fig. 22c-d, the gold seeds exhibit two distinct 

structures: penta- and planar-twinned morphologies. The growth mechanism suggests that the 

penta- and planar-twinned seed morphologies transform into penta-twinned decahedral 

nanoparticles and hexagonal or triangular nanoparticles, respectively 53. This transformation is 

influenced by the reduction rate of sacran and iodide reducing agents, as illustrated in Fig. 23 and 

Fig. 24. Remarkably, the modified synthesis method achieved high yields of AuNTs 

(approximately 92% area ratio) and decahedral gold nanoparticles (AuNDs) (approximately 8% 

area ratio), as demonstrated in Fig. 25. The uniform sizes of AuNTs and AuNDs were found to be 

62 ± 10 nm and 26 ± 8 nm, respectively. This suggests that oxidized sacran molecules, in 

conjunction with iodide anions acting as both reducing and shape-directing agents, are crucial in 

regulating the growth of gold seeds into AuNTs, obviating the necessity for supplementary 

reducing or capping agents.  

The stability of sacran-partially reduced AuNTs and AuNDs was evaluated, and the findings are 

summarized in Table 8. Both Au nanostructures exhibited stability in sacran medium, as evidenced 

by their zeta potential (ζ) values of -24.47 ± 0.88 and -22.05 ± 0.90. The recorded average 

hydrodynamic sizes were larger than those determined by electron microscopy due to sacran's high 

water-absorbing capacity, leading to its coating around AuNPs. Moreover, low polydispersity 

index (PDI) values indicated the production of nearly monodisperse AuNPs. This achievement 

was realized through a modified synthesis method incorporating sacran as the reducing agent, 

aided by iodide anions. The resulting colloidal solutions of sacran-AuNPs are depicted in Fig. 26. 
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Fig. 22. STEM and inset images of the AuNT surface, which display a lattice spacing (a). SAED 

pattern of the AuNT (b). STEM image of gold template seeds structures with a penta-twinned 

structure (c). Planar-twinned and single-crystalline structure (d). Dashed white lines act as markers 

to emphasize the boundaries. 
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Fig. 23. Possible growth mechanism of the penta- and planar-twinned seeds morphologies 

transform into decahedral nanoparticles, hexagonal, and triangular nanoparticles depend on the 

reduction rate by sacran and iodide as the reducing and shape-directing agent. No AuNPs growth 

were observed without sacran.  

 

 

Fig. 24. TEM image of AuNS formed using gold template seeds and only iodide as a reducing 

agent without the addition of sacran (a) and HRSEM image of gold penta-twinned decahedrons 

formed using the seeds, sacran, and iodide, without the first reduction step by sacran (b). 
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Fig. 25. TEM image of AuNTs obtained using the modified synthesis method along with 

hexagonal-shaped nanoparticle and penta twinned-decahedrons. 

 

Table 8. Hydrodynamic size, PDI, and zeta potential of obtained AuNPs.  

Samples Average hydrodynamic size 

(nm) 

PDI Zeta potential 

(ζ/mV) 

Sacran 506±17.47 0.39 -30.07±1.73 

Sacran-partially reduced 

AuNTs 

85.80±0.93 0.23 -24.84±0.80 

Sacran-partially reduced 

AuNDs 

34.21±0.81 0.20 -22.05±0.90 
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Fig. 26. Sacran-AuNPs colloidal solutions images. 

The solutions containing partially reduced gold ions facilitated by sacran were then 

utilized to examine how iodide anions affect the preference for the formation of gold 

nanotriangles (AuNTs). Varying amounts of iodide, ranging from 5 to 20 mM, were employed to 

discern their impact on shape selectivity. It was observed that lower concentrations of iodide 

were insufficient to control the inhibition of growth on the (111) crystalline plane, as depicted in 

the UV-vis-NIR spectrum (Fig. 27). Employing increased concentrations of KI, reaching up to 20 

mM, facilitated the successful and high-yield production of AuNTs, as depicted in Fig. 25. The 

UV-Vis-NIR spectra revealed a distinct surface plasmon resonance (SPR) in the near-IR region at 

930 nm, confirming the exceptional purity of the resulting AuNTs. Nevertheless, elevating the KI 

concentration to 30 mM resulted in the deterioration of the obtained AuNTs due to the etching 

effect caused by I3
- species (as per equation 6). This led to the formation of rounded gold 

nanoplates and the disappearance of the SPR band at 930 nm. Within the range of 10-20 mM KI, 

effective promotion of anisotropic growth of AuNTs from low to high purity was observed in the 

UV-vis-NIR spectra. Additionally, iodide anions demonstrated the ability to reduce the gold 

precursor through a redox equilibrium mechanism (equation 5). The redox equilibrium was 

instrumental in shaping AuNTs as they grew through sacran reduction under room temperature 

conditions. Among the halide anions, iodide emerged as the most efficient in promoting 

anisotropic growth, attributed to its larger size and higher polarizability compared to other 
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halides. Iodide exhibited effective capping and stabilizing effects throughout the growth process 

of AuNTs.53  

 

Fig. 27. The influence of iodide anions on the selectivity of AuNTs. 

 

2[AuCl4] – + 3I– ⇌ 2Au0 + 3I2 + 4Cl–                  (5) Iodide-mediated reduction of the gold precursor 

Au0+ 3I3
–⇌ AuI3 + 3I–                                                      (6) Etching of AuNPs by I3

– 

 

3.3.2 Catalytic activity in the reduction of 4-NP and nitroarenes. 

Owing to the high active surface area of the catalytic sites, anisotropic AuNPs have been widely 

used for catalytic purposes 85, 86. One harmful non-biodegradable pollutant is 4-nitrophenol (4-

NP), which is commonly found in wastewater 87, 88. Conversely, 4-aminophenol (4-AP) is a less 

toxic and essential intermediate in various industrial applications, such as the manufacturing of 

dyes and medications. It also serves as a building block for the synthesis of other compounds. The 

conversion of 4-NP to 4-AP allows for the modification of the chemical structure to enable further 

reactions and formation of the desired product. 4-NP can be converted to 4-AP using a metallic 
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catalyst. Therefore, the advancement of catalytic systems to convert 4-NP to 4-AP provides an 

opportunity to promote ecofriendly and sustainable technologies 89, 90. 

To investigate the impact of gold morphology on the catalytic performance, (a) AuNTs were 

synthesized using sacran and iodide anions as the reducing and shape-directing agents, as shown 

in Fig. 19a; (b) AuNDs (Fig. 24b); (c) AuNSs were synthesized using sacran at 0.40 wt.% as the 

reducing and capping agent (Fig. 13A). The catalytic activities of both morphologies were 

compared. Before starting the catalytic reduction experiment, 4-NP was transformed into its 

corresponding 4-nitrophenolate species by the addition of NaBH4 solution. The UV-vis spectra 

exhibited a shift in the absorbance of 4-NP from 320 nm to 400 nm, as shown in Fig. 28. The 

resulting solution was left undisturbed for 24 h to ensure that no reduction took place in the absence 

of the catalyst. The catalytic reduction occurred upon the addition of AuNTs, as evidenced by the 

diminishment of the peak at 400 nm and the enhancement of the peak at 298 nm in the UV-vis 

spectra. The appearance of an additional absorption band at 298 nm represented the generation of 

4-AP. Surprisingly, within a mere 3 minutes, a trace amount of AuNTs achieved complete 

reduction of 4-AP (Fig. 29a, d). The pseudo-first-order kinetics equation was used to determine 

the reaction rate constant (k), which was 16.3×10-3 s–1. Additionally, AuNDs also exhibit good 

catalytic performance, as shown in Fig. 29b, e. It took approximately 9 min to complete the 

reduction of 4-AP, and the reaction rate constant (k) was 5.3×10-3 s–1. Conversely, AuNSs took 

approximately 240 s to be ready as an active catalyst, and it completely reduced to 4-NP after 12 

min (Fig. 29c, f). The supporting UV-vis-NIR graphs, with wavelengths ranging from 500 to 1300 

nm, are presented in Fig. 30. Despite sharing the same sacran medium concentration (0.05 wt.%) 

as AuNDs and AuNTs, Gold nanospheres have a symmetrical shape and a high degree of 

uniformity, which can contribute to their structural stability. This intrinsic stability might help 

maintain consistent catalytic activity in the early stages of the reaction. The surface energy of gold 

nanospheres might be lower compared to other shapes (like nanotriangles), leading to a slower rate 

of surface reconstruction initially.91, 92, 93, 94. AuNSs tend to have fewer high-energy reactive sites 

compared to nanotriangles, leading to comparatively lower catalytic activity compared to AuNTs 

and AuNDs.  
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Fig. 28. The reaction between 4-NP with NaBH4 to form 4‒nitrophenolate ions and UV‒vis 
spectra obtained from 4-NP and 4‒nitrophenolate ions. 

 

Fig. 29. UV-vis spectra at different intervals of time present the reduction of 4-NP using AuNTs 

(a), AuNDs (b), and AuNSs (c) as catalysts. Pseudo-first-order reduction kinetics plot of 4-NP by 

AuNTs (d), AuNDs (e), and AuNSs (f) in the participation of NaBH4 
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Fig. 30. UV-vis spectra from 500 to 1300 nm at different time intervals depict the reduction of 4-

NP using AuNTs (a), AuNDs (b), and AuNSs (c) as catalysts. 
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Fig. 31 shows the TEM images of the AuNSs and AuNTs after their use as catalysts. Evidently, 

the morphologies of AuNSs and AuNTs remained intact with their other nanoparticles, which keep 

active surface area in the stable state. This behavior could be owing to the sacran structures, which 

act as inhibitors of nanoparticle aggregation. These results demonstrate the high possibility of the 

catalyst reuse. The conversion of 4-NP decreased from over 98% to 88% after three cycles for all 

Au morphologies (Fig. 32). This reduction can be attributed to the weight loss upon drying or 

aggregation of the catalysts. Nevertheless, the recyclability of AuNTs, AuNDs, and AuNSs 

remained satisfactory. Here catalytic behavior of sacran without any gold nanoparticles was 

checked, and UV-vis-NIR revealed that sacran lacks catalytic ability for the reduction of 4-AP to 

4-NP (Fig. 33).  UV-vis-NIR additionally revealed no specific influence of iodide anions on the 

AuNTs catalyst for the 4-AP reduction (Fig. 34). In summary, the AuNTs with the highest active 

surface area are excellent candidates for catalytic reduction (Table 9). The results indicate that the 

specific rate constant (k) towards 4-nitrophenol (4-NP) for the gold nanotriangles (AuNTs), 

calculated from the Pseudo-first-order model, is remarkably high at 2.90×10³ s⁻¹g⁻¹. This value 

surpasses that of Au anisotropic shapes generated using common reducing or stabilizing agents, 

such as sodium borohydride (0.65×10³ s⁻¹g⁻¹) or ascorbic acid (1.00×10³ s⁻¹g⁻¹), by a factor of 

above 2.9. Furthermore, it exceeds the rates observed with other polysaccharides like 

carboxymethyl cellulose (1.01×10³ s⁻¹g⁻¹) or chitosan (1.23×10³ s⁻¹g⁻¹). Turnover frequency 

(TOF) stands as a critical metric for comparing the efficiency of active sites among different 

catalysts. It denotes the average number of chemical reactions occurring on active sites per hour. 

TOF evaluation entails product conversion, typically determined through gas chromatography 

(GC), and the quantification of active sites on the catalyst. For metal catalysts, active site 

quantification typically involves H2 adsorption. However, obtaining comprehensive data from 

prior research on various gold (Au) morphologies' effects on 4-nitrophenol (4-NP) reduction 

proves challenging. To circumvent this limitation, we estimate the TOF value using this equation 

for comparison with our synthesized Au nanotriangles (AuNTs), nanodecahedrons (AuNDs), and 

nanospheres (AuNSs) (Table 9).  

TOF(h-1) = mol (substrate)/(mol (catalyst)×time (h)) 

In our analysis, we find that two crucial parameters exert a substantial influence on turnover 

frequency (TOF): the quantity of nanoparticles within the catalyst system and the dispersion of 

these nanoparticles. In our particular catalyst system, we employ a relatively low quantity of 
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AuNTs, while benefiting from a high dispersion (active surface area). This enhanced dispersion is 

attributed to the effective stabilizing ability of sacran, distinguishing our system from others. 

The reduction mechanism of 4‒NP to 4‒AP in the presence of AuNTs as the catalyst is 

elucidated through the Langmuir–Hinshelwood (LH) model 93, 95, 96 (Fig. 35). The process initiates 

with the adsorption of borohydride ions onto the surface of AuNTs, facilitating the transfer of 

surface‒hydrogen species. Following this, 4-nitrophenolate molecules adsorb onto the active 

surface of AuNTs, initiating the reduction of 4‒NP to 4‒AP. Subsequently, 4‒AP desorbs from 

the surface into the solution, liberating the AuNTs surface for further catalytic reduction cycles. 

We compared our synthesized gold nanostructure using the polysaccharide sacran with other 

previously reported gold nanostructures as catalysts to reduce 4-NP, as presented in Table 9. 

AuNTs show remarkable catalytic activities, and their activities are enhanced by sacran molecules, 

which inhibit the aggregation and surface oxidation of the nanoparticles. 

 

 

Fig. 31. TEM images of AuNSs (a) and AuNTs (b) after being used as catalysts. 
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Fig. 32. The recyclability of AuNTs, AuNDs and AuNSs, respectively. 

 

Fig. 33. UV-vis-NIR spectra at different intervals of time present the reduction of 4-NP using 
sacran over a period ranging from 10 minutes to 1 week. 
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Fig. 34. UV-vis-NIR spectra following the catalytic reduction of 4-AP to 4-NP by AuNPLs with 
and without the assistance of iodide anions. 
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Table 9. Comparison of the catalytic performances of our produced AuNPs by functional 

polysaccharide sacran with other literature reviews. 

Gold 

morphologies 

Reducing or 

capping agents 

Mass of 

the 

catalyst 

used 

(µg) 

Rate 

constant 

(10-3 k, s-1) 

Rate constant 

per unit mass  

(103 s-1gAu-1)  

TOF 

(h-1) 

Reference 

Gold 

nanopolygons 

Ferric 

ammonium 

citrate 

328 11.0 0.03 53.68 97 

Gold 

nanorods 

Ascorbic acid 35 44.0 1.25 37.29 98 

Gold 

nanoprisms 

Ascorbic acid 20.7 20.8 1.00 84.61 99 

Gold 

nanospheres 

Sodium 

borohydride 

10 6.6 0.65 21.89 100 

Gold 

nanoflowers 

DMSO 394 16.3 0.04 74.63 101 

Gold 

nanotriangles 

Carboxymethyl 

cellulose 

5.2 5.3 1.01 120.42 9 

Gold 

nanotriangles 

Chitosan 9.5 11.7 1.23 82.44 102 

Gold 

nanospheres 

Sacran 5.64 3.27 0.58 25.54 Our work 

Gold nano-

decahedrons 

Sacran 5.64 5.80 1.02 109.09 Our work 

Gold 

nanotriangles 

Sacran 5.64 16.3 2.90 240.52 Our work 
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Fig.35. Langmuir–Hinshelwood (LH) model of catalytic reduction by AuNTs. 

  

Chloro-substituted anilines allow for diverse chemical modifications, facilitating the creation of 

complex drug molecules. These compounds are also used as precursors in the production of 

herbicides, insecticides, and fungicides due to their reactivity, which enables the introduction of 

functional groups necessary for biological activity.103 Recognizing the importance of chloro-

substituted anilines, we investigated the possibility of using our synthesized AuNPs as catalysts. 

Therefore, we employed the reduction of nitroarenes with various chlorine substitution positions 

to further explore their catalytic activities and practical applications. We evaluated the conversion 

and selectivity of the reduction process across all gold morphologies. Three distinct gold 

nanomorphologies (AuNTs, AuNDs, and AuNSs) were employed to catalyze the conversion of 

chlorine-substituted nitrobenzenes into the corresponding aromatic amines. Remarkably, excellent 

conversion rates of up to 99% were achieved within 10 minutes of reaction at room temperature, 

as depicted in Table 10. During the reduction of nitroarenes with varying substitution positions of 

chlorine, no dehalogenation occurred. The main reaction yielded high conversion rates and 

satisfactory selectivity. Conversion and selectivity were quantified by the complete dataset 

obtained from GC-MS. The time-dependent changes in absorbance spectra until reaching a stable 

state of the catalysts were recorded as shown in Fig. 39-41. GC-MS for reaction solution of 2,4-

dichloronitrobenzene conversion showed a small, unexpected peak at 7.17 minutes, which can be 
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assigned to 2,4-dichloroacetanilide based on library search. Our investigation reveals that the 

selectivity did not over 99 % but still kept high. The values were much higher than those of other 

stabilizer on gold nanoparticles reported in the literatures on hydrogenation catalysis of PVP 

stabilized on AuNPs (conversion of 18.4 %) 104, organosilicon ligand supported AuNPs 105 (k = 

2.81×10-3 s-1, conversion of 98 %), and poly(N-isopropylmethacrylamide) stabilized on AuNPs 

with the participation of NaBH4 (k = 6.33×10-3 s-1, conversion of 85.5 %) 106, presumably due to 

ultrahigh dispersion ability of sacran for avoiding unwanted coagulation of gold nanoparticles.   

 

Table 10. Catalytic reductions of nitroarenes with various positions of chlorine substitution by 

AuNTs, AuNDs, and AuNSsa 

Reactant Product Catalyst Conversion 

(%) 

Selectivity 

(%) 

Reaction 

time (s) 

Rate 

constant  

(10-3 k, s-1) 
  AuNTs >99 >99 ~ 360 6.30 

AuNDs >99 >99 ~ 480 3.94 

AuNSs >99 >99 ~ 600 3.31 

  AuNTs >99 96.2 ~ 240 4.63 

AuNDs >99 96.2 ~ 360 2.92 

AuNSs >99 95.5 ~ 600 1.43 

  AuNTs >99 >99 ~ 240 2.63 

AuNDs >99 >99 ~ 360 1.71 

AuNSs >99 >99 ~ 600 1.00 

 

aReaction conditions: 5.64 mg/L of each catalyst, 0.17 mM nitroarene, 15 mM NaBH4, 10 mL (EtOH/H2O 70% v/v) 

solvent. 
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Fig. 36. The analysis of 2,4-dichloroaniline after reduction by AuNT (a), AuND (b), and AuNS 

(c).  
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Fig. 37. The analysis of 4-chloroaniline after reduction by AuNT (a), AuND (b), and AuNS (c). 
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Fig. 38. The analysis of 2,5-dichloroaniline after reduction by AuNT (a), AuND (b), and AuNS 

(c). 
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Fig. 39. UV-vis-NIR spectra following the catalytic reduction of 4-Chloronitrobenzene to 4-

Chloroaniline by AuNTs (a), AuNDs (b) and AuNSs (c), respectively. Kinetic plots for AuNT, 

AuND and AuNS (d). 
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Fig. 40. UV-vis spectra following the catalytic reduction of 2,4-Dichloronitrobenzene to 2,4-

Dichloroaniline by AuNTs (a), AuNDs (b) and AuNSs (c), respectively. Kinetic plots for AuNT, 

AuND and AuNS (d) 
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Fig. 41. UV-vis-NIR spectra following the catalytic reduction of 2,5-Dichloronitrobenzene to 2,5-

Dichloroaniline by AuNTs (a), AuNDs (b) and AuNSs (c), respectively. Kinetic plots for AuNT, 

AuND and AuNS (d) 
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3.3.3 Photothermal therapy studies 

The sacran-AuNTs solution at different nanoparticle concentrations exhibits a response to 

the laser and generates heating energy. The maximum concentration shows the highest 

temperature difference of about 13°C (24°C to 37°C), while the lowest concentration shows a 

temperature difference of 5°C. 

 

Fig. 42. Temperature changes during laser irradiation of sacran-AuNTs solution. The graph plots 
the temperature variation over time during exposure to an 808 nm laser at 1 W power. 

 

The biocompatibility of sacran-coated gold nanotriangles (sacran-AuNTs), produced via 

an eco-friendly synthesis method, was tested on A549, L929, and HDF cell lines. Fig. 43 displays 

the cell viability percentages corresponding to various AuNTs concentrations after 24 hours of 

treatment. Fig. 43 shows that sacran-AuNTs maintained good biocompatibility for up to 24 hours 

at concentrations up to 100 μg/mL. At this highest concentration, HDF cells exhibited a slight 

decrease in cell viability (around 85%). This observed biocompatibility is likely due to the sacran 

coating on the AuNTs, which enhances stability and reduces cytotoxicity. Additionally, the NIR 

absorbance properties of sacran-AuNTs make them promising candidates for photothermal 

therapy. 
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Fig. 43. Cell viability (%) was assessed as a function of AuNT concentration after a 24-hour 
treatment period. The graph illustrates the impact of varying AuNT concentrations on cell 
viability. 

The biocompatibility of green-synthesized sacran-coated gold nanotriangles (sacran-

AuNTs) was evaluated on A549, HDF, and L929 cell lines. As shown in Fig. 44-55, cells were 

treated with sacran-AuNTs at concentrations of 10, 25, 50, and 100 μg/mL for 24 hours, both 

before and after laser irradiation. The NIR laser irradiation was performed at 1 W and 808 nm for 

10 minutes. 

Prior to laser irradiation, sacran-coated AuNTs exhibited good biocompatibility across all 

three cell lines, maintaining high cell viability at all tested concentrations. Following laser 

irradiation, treated cells displayed notable morphological alterations, including the retraction of 

cellular appendages, membrane rupture, blebbing, and cytoplasmic fluid leakage, as indicated by 

arrows in Fig. 45, 49, and 53. Conversely, untreated cells showed no discernible morphological 

changes after laser exposure. 

The reduced cell viability and observed morphological changes in cells treated with 

sacran-AuNTs following laser irradiation are attributed to the buildup of NIR-absorbing AuNTs 

within the cells. This buildup induces localized photothermal effects when exposed to the laser, 

ultimately causing cell death. 
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Fig. 44. Viability of A549 cells treated with AuNTs at concentrations of 10, 25, 50, and 100 
μg/mL for 24 hours, compared to untreated controls, both with and without laser irradiation. 
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Fig. 45. Morphological changes in A549 cells after laser irradiation following treatment with 
AuNTs at concentrations of 10, 25, 50, and 100 μg/mL for 24 hours, compared to untreated 
controls with and without laser exposure. Significant changes were noticed (indicated by arrows) 
after 10 minutes of laser irradiation at 1 W. 
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Fig. 46. Live/dead staining of A549 cells was performed after 10 minutes of 808 nm laser 
irradiation at 1 W power. Cells were treated with AuNTs at concentrations of 0, 10, 25, 50, and 
100 μg/mL. The reduction in red fluorescence at lower AuNT concentrations indica tes the 
effectiveness of the nanoparticles' photothermal activity in inducing cell death. 

 

Fig. 47. Live/dead staining of A549 cells prior to 10 minutes of 808 nm laser irradiation at 1 W 
power. Cells were treated with AuNTs at concentrations of 0, 10, 25, 50, and 100 μg/mL. 
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Fig. 48. Viability of HDF cells treated with AuNTs at concentrations of 10, 25, 50, and 100 
μg/mL for 24 hours, compared to untreated controls, both with and without laser irradiation. 
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Fig. 49. Morphological changes in HDF cells after laser irradiation following treatment with 
AuNTs at concentrations of 10, 25, 50, and 100 μg/mL for 24 hours, compared to untreated 
controls with and without laser exposure. Significant changes were noticed (indicated by arrows) 
after 10 minutes of laser irradiation at 1 W. 
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Fig. 50. Live/dead staining of HDF cells was performed after 10 minutes of 808 nm laser 
irradiation at 1 W power. Cells were treated with AuNTs at concentrations of 0, 10, 25, 50, and 
100 μg/mL. The reduction in red fluorescence at lower AuNT concentrations indicates the 
effectiveness of the nanoparticles' photothermal activity in inducing cell death. 

 

Fig. 51. Live/dead staining of HDF cells prior to 10 minutes of 808 nm laser irradiation at 1 W 
power. Cells were treated with AuNTs at concentrations of 0, 10, 25, 50, and 100 μg/mL. 
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Fig. 52. Viability of L929 cells treated with AuNTs at concentrations of 10, 25, 50, and 100 
μg/mL for 24 hours, compared to untreated controls, both with and without laser irradiation. 
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Fig. 53. Morphological changes in L929 cells after laser irradiation following treatment with 
AuNTs at concentrations of 10, 25, 50, and 100 μg/mL for 24 hours, compared to untreated 
controls with and without laser exposure. Significant changes were noticed (indicated by arrows) 
after 10 minutes of laser irradiation at 1 W. 
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Fig. 54. Live/dead staining of L929 cells was performed after 10 minutes of 808 nm laser 
irradiation at 1 W power. Cells were treated with AuNTs at concentrations of 0, 10, 25, 50, and 
100 μg/mL. The reduction in red fluorescence at lower AuNT concentrations indicates the 
effectiveness of the nanoparticles' photothermal activity in inducing cell death. 

 

Fig. 55. Live/dead staining of L929 cells prior to 10 minutes of 808 nm laser irradiation at 1 W 
power. Cells were treated with AuNTs at concentrations of 0, 10, 25, 50, and 100 μg/mL. 
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The biocompatibility of eco-friendly synthesized sacran-coated gold nanotriangles 

(sacran-AuNTs) was tested on A549, HDF, and L929 cell lines under NIR laser irradiation (1 W, 

808 nm for 10 minutes). Fig. 56 shows cell viability percentages in relation to nanoparticle 

concentrations following a 24-hour treatment period.   

From Fig. 56, it is evident that AuNTs can induce cytotoxicity in A549 cells, particularly 

at higher concentrations. The combination of AuNTs and NIR radiation leads to enhanced 

cytotoxicity and membrane rupture in A549 cells, primarily due to the photothermal effect and 

increased reactive oxygen species (ROS) production. These cytotoxic effects can cause 

significant cell membrane damage, ROS generation, and apoptosis.  

L929 cells exhibit resilience at lower concentrations of sacran-AuNTs (10 and 25 μg/mL). 

However, at higher concentrations, these cells experience membrane damage and increased 

cytotoxic effects. The enhanced cytotoxicity at higher concentrations can be attributed to the 

accumulation of AuNTs and their interaction with the cell membrane, leading to cellular damage. 

HDF cells are more sensitive to sacran-AuNT exposure compared to the immortalized 

cell lines A549 and L929. The higher sensitivity of HDF cells results in more pronounced 

cytotoxic effects and membrane damage, even at lower concentrations of sacran-AuNTs. These 

findings underscore the potential of sacran-AuNTs for photothermal therapy. 

  To improve the selectivity of sacran-AuNTs for photothermal therapy of A549 cancer 

cells, it is recommended to conjugate targeting ligands and load chemotherapeutic drugs onto the 

AuNTs. For practical use, it is essential to study the nanoparticle uptake by cells. Cancer cells 

(A549) have abnormal, highly permeable blood vessels with large fenestrations, allowing 

nanoparticles like AuNTs to penetrate the tumor tissue more easily compared to normal tissues. 

Tumor tissues also exhibit impaired lymphatic drainage, which means that once the nanoparticles 

enter the tumor site, they tend to accumulate and are retained for longer periods. This 

phenomenon is known as the Enhanced Permeability and Retention (EPR) effect. 
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Fig. 56. The graph depicts the relationship between AuNT concentration and cell viability (%) 
following a 24-hour treatment period, showing the impact of varying AuNT concentrations on 
cell viability. 
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3.4 Conclusion 

Here we found AuNPLs generation in the presence of supergiant polysaccharides, 

sacran, without any additional additives.  Sacran, even in a low concentration, acted as the 

reducing and stabilizing agent for the formation and inhibition of aggregation of AuNPLs when 

compared with high reducing performance (high sacran concentration). We controlled 

morphology of anisotropic AuNPs using sacran and iodide anions, resulting in highly uniform 

AuNTs with a size of 62 ± 10 nm. This groundbreaking method, unprecedented in the literature, 

combines polysaccharide and iodide anion reduction, enabling precise control of AuNT 

morphology. Notably, our room-temperature process, with its easy parameter adjustments for 

morphology control, distinguishes itself from existing methods. 

Our AuNTs exhibited exceptional catalytic performance, converting 4-NP to 4-AP with a 

specific rate constant (k) of 2.90×103 s-1g-1, outperforming Au nanoprisms (k = 1.00×103 s-1g-1) 

and Au nanorods (k = 1.25×103 s-1g-1) under ascorbic acid capping agent. Furthermore, they 

displayed high recyclability and excellent catalytic reduction activities towards various chloro-

substituted nitroarenes, with conversion and selectivity rates exceeding 95%. 

This novel synthesis approach, characterized by its high catalytic stability and can be applied in 

plasmonic photothermal therapy. Our findings pave the way for innovative research and practical 

applications in these fields. 
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CHAPTER IV 

Directing Mineralization of ZnO Nanoparticles in Cyanobacterial 

Liquid Crystals for Potential Cancer Therapies 
4.1 Introduction 

Xerogels synthesized from natural polymers combine the inherent properties of natural polymers 

with the unique attributes of xerogels. These materials, derived from abundant and renewable 

sources, offer exceptional biocompatibility, customizable porosity, extensive surface area, and 

versatile structural properties. Xerogels, which are dehydrated gels maintaining the three-

dimensional network of the original hydrogel, provide a promising foundation for applications in 

biomedicine, catalysis, tissue scaffolding, wound dressing, biosensors, and drug delivery 107, 108, 

109, 110.  

The creation of xerogel networks demands a preparation process that is straightforward and 

efficient, and allows for controlled modification of the degree of cross-linking. Chemical cross-

linking is widely utilized to enhance the anisotropic properties of naturally soluble polymers in 

hydrogel synthesis, primarily because it establishes a three-dimensional network structure within 

the polymer matrix 111. This technique entails the creation of covalent bonds among polymer 

chains, thereby enhancing thermal, chemical, and mechanical properties 112. Polysaccharides are 

commonly functionalized using divinyl sulfone (DVS) in a Michael-type reaction, where it serves 

as a primary acceptor for nucleophiles like thiols, alcohols, and amines under elevated pH 

conditions. Hyaluronic acid has been efficiently processed into hydrogels through this method and 

has been extensively explored for drug delivery, biocompatible coatings, and tissue scaffolds 113.  

Recently, there has been growing interest in metal-oxide nanocomposite xerogels employing 

polysaccharides. Specifically, chitosan has been incorporated with zinc oxide (ZnO) and copper 

oxide (CuO) nanoparticles through redox reactions involving Zn2+, and Cu2+ ions in the polymer 

solution medium 114. Studies have also explored using carboxymethyl cellulose (CMC) in 

synthesizing nanocomposite xerogels incorporating ZnO and CuO 115. ZnO nanoparticles (ZnO 

NPs) find widespread application in various products, including sunscreen formulations, 

electronic devices, shampoos, and antiseptic creams 116. Their widespread use stems from their 

ability to generate reactive oxygen species (ROS), which cause oxidative damage to DNA, lipids, 
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and proteins, leading to loss of cellular integrity and function. Additionally, ROS can induce 

mitochondrial dysfunction and apoptosis 117.  

Sacran, a remarkable water-soluble polysaccharide derived from cyanobacteria, has been under 

investigation for over 15 years 45, 46. Comprising approximately 100,000 monosaccharides, 

sacran exhibits a unique composition featuring sulfate groups (11 mol%) and carboxylic acid 

groups (22 mol%), along with pentose and hexose sugars. In solution, sacran chains 

spontaneously self-assemble, forming a rigid rod structure and demonstrating liquid crystalline 

(LC) properties. Notably, the sacran chain has an impressive molar mass of 15×10 6 g/mol, 

showcasing strong water-retention capabilities 44 and exceptional metal-chelating whose 

efficiency was enhanced in LC arrangement 46. Additionally, the LC structure contributes to 

improved mechanical strength and flexibility, enables controlled release of therapeutics, and 

serves as effective scaffolds for cell growth 24. Beyond its intriguing physicochemical 

characteristics, sacran holds promise for biomedical applications. Previous studies have 

highlighted its physically crosslinked hydrogel 118, composite cyclodextrin 119, facilitating anti-

inflammatory, wound-healing, and antiallergic activities. When chemically crosslinked and cast 

into xerogels from aqueous solutions, sacran demonstrates in-plane orientation and anisotropic 

properties 120. More recently, sacran has been employed as a green stabilizer and reductant for the 

formation of anisotropic AuNPs with high dispersibility properties and tunable shapes 121. These 

features highlight its versatility for diverse applications in material science and biomedicine, 

making sacran a compelling subject for further exploration and utilization. 

In this study, we develop ZnO-incorporated sacran xerogels and explore their properties and 

applications, advancing materials science and technology. Sacran in LC state served as the 

stabilizing agent for synthesizing ZnO nanoparticles (NPs), while divinyl sulfone (DVS) 

functioned as a crosslinking agent during hydrogel formation. The resulting xerogels, with 

different ratios of DVS to OH concentration and ZnO nanoparticles, were characterized to control 

porosity, mechanical stability, swelling capability, and the utilization of ZnO NP properties. We 

evaluated the potential of sacran-ZnO nanocomposite xerogels for cancer treatment by studying 

their cell compatibility with primary dermal fibroblasts and their selective toxicity towards cancer 

cells. 
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4.2    Materials and methods  

4.2.1 Materials 

Sacran, sourced from the cyanobacterium Aphanothece sacrum (A. sacrum) and generously 

provided by Kisendou Inc. (Asakura, Japan). Zinc acetate dihydrate (CH3COO)2Zn 2H2O, 

99.9%) was received from Fujifilm Wako Pure Chemical (Tokyo, Japan) and Divinylsulfone 

(DVS, >96%) was procured from TCI Chemical (Tokyo, Japan). DVS, employed for crosslinking, 

was used without purification throughout the experiment. Hydrochloric acid (HCl, 37%) and 

sodium hydroxide (NaOH, ≥96%) were used as received for pH adjustment purposes (Sigma-

Aldrich). Dulbecco's modified Eagle's medium high glucose (DMEM, Sigma-Aldrich) with 10% 

fetal bovine serum (FBS, Sigma-Aldrich) were utilized the culture of human lung cancer cells 

(A549) and primary dermal fibroblasts (HDFa).  

4.2.2 Extraction of sacran 

The extraction of sacran polysaccharide adhered to a well-documented protocol 44, 45, 46. Initially, 

the A. sacrum sample underwent water and ethanol soaking. The washed sample was then 

immersed in an aqueous solution of 0.1 M NaOH to elute sacran. The resultant solution was then 

adjusted to a pH of 8.0 with HCl. Insoluble materials were removed through filtration, and the 

filtrate was concentrated using a rotary evaporator. The resulting solution was then gradually 

added to isopropanol, precipitating sacran fibers. To enhance purity, this precipitation step was 

repeated twice, resulting in pristine white fibrous material. Sacran was then dried in a vacuum 

oven for 2 minutes. The final sacran fiber product and 0.8% w/v of sacran solution are shown in 

Fig. 57a and b. 

 

4.2.3 Green synthesis of ZnO NPs from sacran 

A 100 mM (10 mL) of zinc precursor ((CH3COO)2Zn2H2O) solution as shown in Fig. 57c was 

carefully introduced into a 0.8% w/w sacran solution (100 mL) under stirring at 300 rpm for 10 

minutes. The resulting solution was then placed in an autoclave and underwent hydrothermal 

treatment at 120°C for 20 minutes, facilitating the controlled precipitation of ZnO, as illustrated 

in Fig. 57d. Following the hydrothermal treatment, the resulting white solution underwent 
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centrifugation at 5000 rpm for 10 minutes. A portion of the resultant white powder was selectively 

gathered, rinsed with deionized (DI) water, and carefully dried in a vacuum oven at 50°C for 24 

hours. The resulting powder was definitively identified as a unique crystalline substance through 

X-ray diffraction (XRD) analysis. 

 

4.2.4 Preparation of chemical cross-linked ZnO NPs-sacarn xerogels with DVS 

The sacran-ZnO mixture underwent pH adjustment from 7.4 to 13 by the gradual addition of 1.5 

M NaOH dropwise while continuously stirring the solution. Subsequently, a 20 mL portion was 

extracted from the 100 mL solution and divided into four separate beakers. DVS crossl inking 

agent was introduced to these solutions with varying concentrations, as detailed in Table 11. 

Following a 5-minute stirring period and the removal of bubbles through a 1 -minute 

centrifugation step, the resulting solutions were carefully poured into four molds for the casting 

of hydrogels. The hydrogels underwent a complete reaction over a 4-hour period. The hydrogels 

were neutralized by introducing 0.2 M hydrochloric acid (HCl), and then underwent a thorough 

rinsing process, being submerged in abundant Milli-Q water until the pH reached 6 with regular 

water changes every 12 hours. To induce orientation, additional cross-linking was activated 

during a drying procedure. This entailed gradual drying on polypropylene substrates for several 

days until dried at room temperature, culminating in the formation of composite sacran-ZnO 

xerogels. 

To optimize the conditions for xerogel formation, we carefully regulated the nucleophilic 

alkoxide ion and the quantity of DVS relative to sacran hydroxyls. Details of the synthesized 

components and conditions for both xerogels and composite xerogels can be found in Table 11. 
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Table 11. Concentration of components in sacran-ZnO nanocomposite xerogels. 

Sample Conc. of sacran 
solution (w/v %) 

Conc. of ZnO 
(w/w %) 

DVS/OH 
(mol/mol) 

S1 

0.8 

20 0.43 

S2 20 0.63 

S3 20 0.83 

S4 20 1.10 

 

4.2.5 Structural analysis of sacran-ZnO nanocomposite xerogels 

The mechanical properties of sacran-ZnO nanocomposite xerogels were assessed using an Instron 

3365 machine equipped with a 5 kN load cell, operated at a crosshead speed of 1.00 mm/min. FT-

IR spectra were recorded with a Spectrum Spotlight 200 (ATR mode, PerkinElmer Inc.) between 

4000-400 cm-1. Before testing, dumbbell strips of the dried xerogels, measuring 3×1 cm, were 

prepared and securely positioned between grips, leaving a 1 cm gap. Following the measurement 

of each xerogel's thickness with a caliper, they were hydrated by soaking them in deionized water 

at room temperature for 30 minutes before measurements began. The determination of elastic 

modulus involved calculating the linear slope of the stress-strain curve. SEM measurements were 

conducted using a TM3030plus. The size of ZnO NPs incorporated in xerogels were measured by 

using HRSEM (Hitachi, S-5200). Examination of the distribution of ZnO within the sacran-ZnO 

nanocomposite xerogels was conducted using Energy dispersive X-ray spectroscopy (EDX). X-

ray diffraction (XRD) analysis was performed using a powder XRD diffractometer (RINT-2500), 

with measurements taken in the range of 10 to 90 degrees at a voltage of 40 kV and a tube current 

of 30 mA.   

                                                                  Dp = (0.94 × λ) / (β × cosθ)                                       (1) 

where Dp represents the average crystallite size, β indicates line broadening in radians, θ 

signifies the Bragg angle, and λ denotes the X-ray wavelength. 
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4.2.6 Swelling ratio measurements 

The xerogels, cut into 1×1 cm pieces, were immersed in milli-Q water for varying durations: 2 to 

60 minutes. After immersion, the swollen gels were taken out, excess milli-Q water was carefully 

blotted dry, and the samples were promptly weighed. The following formula was used to 

determine the swelling percentage (%Q) of the xerogels: 

%Q = (Ws−Wd 

Wd
)100                                                   ( 2) 

All experiments were conducted in triplicate, with Ws representing the swollen gels weight under 

equilibrium condition and Wd representing dried weight of xerogels. 

The calculation of the xerogels' anisotropic swelling ratio involved by  

α = l1 − lo
l0

                                                       (3) 

The anisotropic swelling ratio of the xerogels was determined by calculating the ratio of 

the length after swelling (l1) to the length before swelling (l0). Additionally, the degree of 

anisotropy in swelling, represented by αt/αw, was calculated using the linear swelling ratio of 

thickness (αt) to width (αw). 

The investigation into the swelling behavior of sacran-ZnO nanocomposite xerogels 

involved immersing them in buffer solutions with pH values ranging from 2 to 14 at 25°C until 

equilibrium was attained, typically within approximately 24 hours. 

4.2.7 Cell Cytotoxicity, adhesion, and viability study on sacran-ZnO composite xerogel in 

primary dermal fibroblast cells (HDFa). 

Xerogels of Sacran-ZnO nanocomposites with varying concentrations (0 to 20 wt.%) 

were first swelled in deionized (DI) water overnight. After swelling, the gels were cut into 5 mm 

discs. These discs were then placed into a 96-well plate, and 70% v/v ethanol was added to each 

well. The samples were left in ethanol for 72 hours before further use. 

To assess cell adhesion, primary dermal fibroblast cells were seeded at a density of 10,000 

cells/mL in 96-well plates and incubated onto the gels at 37°C for 72 hours. Images were taken 

after this incubation period.  
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To determine the cytotoxicity, xerogels with varying ZnO concentrations were positioned 

on Falcon cell culture inserts within 24-well extract plates. Subsequently, 1 mL of HDFa culture 

medium (DMEM supplemented with 10% FBS) was added to each well. After incubating at 37°C 

for 72 hours, all extracts were used for cell treatment. Empty wells, without any xerogel but 

containing only the HDFa culture medium, were included as negative controls for cytotoxicity. 

Following the incubation period, the cells were exposed to the xerogel extracts for 24 hours. 

Then, 100 µg/mL of MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) was added to each well and incubated at 37°C for 4 hours. To dissolve the formazan 

salts, 100 µL of DMSO was added to each well and allowed to stand for 5 minutes at room 

temperature. The absorbance of the resulting solution in each well was then measured at 540 nm 

using a microplate reader. 

For cell adhesion assessment, images were taken after 72 hours of incubation, the cells 

were stained with calcein AM (3',6' -Di(O-acetyl)-4',5'-bis[N,N-bis(carboxymethyl) 

aminomethyl]fluorescein, tetraacetoxymethyl ester, DMSO solution) and EthD-1 (Ethidium 

Homodimer-1) were added and incubated for an additional 15 minute. 

4.2.8 Cytotoxicity study of sacran-ZnO composite xerogel extracts in human lung cancer 

cells (A549). 

 Initially, the swollen sacran-ZnO nanocomposite xerogels were trimmed into circles with 

a 5 mm diameter. Subsequently, they underwent a 3-day immersion in a 70% v/v ethanol solution 

to facilitate sterilization. 

Human lung cancer cells (A549) were employed to assess the cytotoxicity of extracts 

derived from sacran-ZnO nanocomposite xerogels (with varying ZnO wt.% ranging from 0 to 20 

wt.%). Xerogels with varying ZnO concentrations were positioned on Falcon cell culture inserts 

within 24-well extract plates. Subsequently, 1 mL of A549 culture medium (DMEM supplemented 

with 10% FBS) was added to each well. After incubating at 37°C for 72 hours, all extracts were 

used for cell treatment. Empty wells, without any xerogel, containing only the A549 culture 

medium, were also included as negative controls for cytotoxicity. 

 Initially, the seeding density of A549 cells was 1 × 104 cells per mL, and they were plated 

in 24-well plates filled with complete A549 culture medium. After incubating at 37°C for 72 



111 
 

hours, the A549 culture medium was substituted with pre-prepared xerogel extracts. Following 

this, the cells were exposed to the xerogel extracts for a period of 24 hours. 

Following 24 hours of incubation, the contents of each well were aspirated, and MTT 

solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added, followed by 

incubation at 37°C for 4 hours. Afterward, dimethyl sulfoxide (DMSO) was used to replace the 

MTT solution, aiming to dissolve the formazan crystals. Subsequently, the absorbance of each 

well was measured at 540 nm using infinite 200 pro nano plus multiplate reader, enabling the 

determination of the average absorbance values, as per equation 3. 

                              % Cell viability = (
Absorbance of control cells 
Absorbance of treated cells

)×100                                         (3) 

 

After a 15-minute incubation period, the cells were stained with calcein AM (3',6'-Di(O-acetyl)-

4',5'-bis[N,N-bis(carboxymethyl) aminomethyl]fluorescein, tetraacetoxymethyl ester, DMSO 

solution) and EthD-1 (Ethidium Homodimer-1) to observe viable and dead cells. 

4.3 Results and Discusion 

4.3.1. Proposed mechanism of sacran-ZnO nanocomposite xerogels 

Sacran, an expansive water-soluble cyanobacterial polysaccharide, is biosynthesized 

within the cell colony of Aphanothece sacrum. The extracted sacran comprises diverse 

monosaccharide units, including glucose (25.9%), xylose (16.2%), galactose (11.0%), rhamnose 

(10.2%), mannose (10.0%), and fucose (6.9%). Furthermore, it contains traces of uronic acid (20-

25%), galactosamine, alanine, and sulfated muramic acid (~1%). Predominantly,  has the 

functional groups consist of hydroxyl groups (250 mol%), carboxyl groups (22 mol%), sulfate 

groups (11 mol%), and amino groups relative to the total sugar residues. The deionized functional 

groups, such as sulfate and carboxylates, form complexes with Zn2+, effectively preventing 

particle aggregation and maintaining dispersion in LC state (0.8 % w/w). The pH of the sacran 

(0.8 % w/w) and Zn2+ mixture was adjusted from a weakly acidic condition (pH 5.2) to neutral 

(pH 7.4) using a 0.2 M NaOH solution. Under autoclave conditions, the hydrothermal 

environment provides the necessary energy to drive the forced hydrolysis and dehydration 

reactions, resulting in the synthesis of ZnO nanoparticles. Sacran adsorbs onto the surface of the 
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ZnO NPs, providing steric hindrance that limits particle growth and aggregation. All the 

following possible reactions were involved in the synthesis system.  

Zn(CH3COO)22H2O→Zn2++2CH3COO−+2H2O (Dissolution of zinc acetate dihydrate)        (4) 

Zn2++2OH−→Zn(OH)2                                                                (Formation of zinc hydroxide)                    (5) 

Zn2+ + 2H2O→Zn(OH)2
 + 2H+                                               (Hydrolysis reaction)                                  (6) 

Zn(OH)2→ZnO+H2O                                              (Dehydration reaction)                               (7) 

To prepare sacran-ZnO nanocomposite xerogels, divinyl sulfone (DVS) was utilized as 

the cross-linking agent. Under elevated pH conditions, divinyl sulfone acted as an acceptor in a 

Michael-type reactionaddition, reacting with the hydroxyl groups of sacran. This reaction formed 

ether bonds, contributing to the attainment of high mechanical properties and the creation of 

smooth hydrogels. Subsequently, the resulting hydrogels were gradually dried on a polypropylene 

substrate over a 5-day period at room temperature, resulting in the formation of xerogels, as 

depicted the digital photographic images in Fig. 58 and the proposed mechanism in Fig. 57e. 
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Fig. 57. Images of (A) extrated sacran fiber, (B) sacran 0.8 % w/w solution, (C) 100 mM Zinc 
acetate aqueous solution, (D) Sacran-ZnO NPs colloidal solution, (E) proposed reaction of 
sacran-ZnO nanocomposite xerogel.   
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Fig. 58. Digital photographic images of resulting DVS cross-linked sacran-ZnO nanocomposite 
xerogels. 

 

4.3.2. Functional groups analysis (FT-IR) 

The comparison of FT-IR spectra was conducted to identify distinctive features of materials, 

including pure sacran film, and sacran-ZnO nanocomposite xerogels (Fig. 3a and b). The analysis of pure 

sacran reveals a broad peak at 3389 cm-1, indicating the presence of free –OH groups, while the peak at 

2928 cm-1 corresponds to aliphatic chains (–CH2). Additionally, the peak at 1613 cm-1 signifies carbonyl 

groups (C=O), and sulfate (–SO3) stretching is observed at 1411 and 1219 cm-1. The asymmetric stretching 

of hydroxyls (C–O) is evident at 1034 cm-1 46, 23, 27. 

Confirmation of the addition reaction between DVS vinyls and sacran hydroxyls, resulting in the 

formation of an ether linkage, is evident from the appearance of an ether absorption shoulder around 1100 

cm-1. The increase in ether content is correlated with a higher concentration of DVS addition, as displayed 

in Fig. 3a. Furthermore, the observed IR absorptions around 1300 cm -1 (Fig. 3a), attributed to S=O, 

suggest the integration of the reaction involving sacran hydroxyls and DVS addition, increasing with 

higher concentrations of DVS.  
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Fig. 59. The FTIR spectra of (a) original sacran film and sacran-ZnO nanocomposite xerogels with 
varying DVS to OH ratios from 0.43 (S1), 0.63 (S2), 0.83 (S3), and 1.10 (S4). (b) Chemical 
structure of DVS crosslinking sacran molecules. 
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4.3.3. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDX) 

Fig. 60 depicts the morphological characteristics of both the original sacran physically 

crosslinked by thermal treatment at 100°C and sacran-ZnO nanocomposite xerogels. Irrespective 

of varying DVS-to-OH sacran crosslinking ratios, top-view SEM images show a uniformly 

smooth surface without distinct structures (Fig. 60a-e). However, side-view images of cross-

sectional samples unveil compact striped lines, indicating the formation of liquid crystalline 

layered structures at the micrometer scale, as illustrated in Fig. 60f-j. Surface analysis conducted 

using ImageJ software determined the interlayer spacing between these structures, measuring 

0.56 ± 0.16 μm, 0.53 ± 0.12 μm, 0.47 ± 0.06 μm, 0.49 ± 0.05 μm, and 0.60 ± 0.04 μm for samples 

sacran film and the sacran-ZnO nanocomposite crosslinked with DVS-to-OH ratios of 0.43, 0.63, 

0.83, and 1.10, respectively (Fig. 60f-j). The spacing between sacran layers do not show 

significant differences, indicating that the incorporation of ZnO NPs in xerogels does not 

significantly impact the crosslinking performance of DVS. 

To examine their three-dimensional network structure, the xerogels were first swollen in 

water and then subjected to freeze-drying. Fig. 61 shows SEM images of the layered structures of 

sacran hydrogels and sacran-ZnO nanocomposite xerogels after freeze-drying. The porous pattern 

is predominantly observable from the side view, while the top and bottom surfaces display 

somewhat indistinct corrugated features, lacking visible pores. However, interconnecting pore 

structures were evident across all conditions of crosslinked samples. The absence of pores on the 

upper and lower surfaces can be attributed to an uncontrolled oriented pattern, unlike the 

anisotropic behavior observed on their side surfaces. Pore formation occurred through ice 

sublimation, with vapor preferentially venting out from the side faces without breaking through 

the upper and lower surfaces. This observation indicates the intrinsic toughness of the sacran 

primary layers due to robust interchain interactions. Concurrently, the appearance of undulating 

formations on the upper and lower surfaces resulted from pressure changes induced by water 

outflow. The pore size of sacran hydrogel was measured at 27.03 ± 4.84 μm. The density of pores 

appeared to increase with higher DVS-to-OH cross-linking ratios. Specifically, pore sizes were 

measured at 84.23 ± 39.09 1 μm, 70.89 9 ± 25.82 μm, and 33.86 9 ± 9.991.0 μm for samples 

cross-linked at ratios of 0.43, 0.63, and 0.83, respectively. In contrast, for samples cross-linked at 
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ratio of 1.10, pore formation was not observed (Fig. 61f-j). These findings suggest that higher 

DVS content influences the compactness and decreases the presence of porosity sites. 

 

Fig. 60. SEM images of sacran film (a) and sacran-ZnO nanocomposite xerogels on the top faces 
(dimensions indicated above images) prepared at DVS to OH ratios of 0.43 (b), 0.63 (c), 0.83 (d), and 
1.10 (e). sacran film (f) and sacran-ZnO nanocomposite xerogels on the side faces with the same range of 
DVS to OH ratios (g-j). 
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Fig. 61. SEM images of freeze-dried samples sacran film (a) and sacran-ZnO nanocomposite xerogels on 
the top faces (dimensions indicated above images) prepared at DVS to OH ratios of 0.43 (b), 0.63 (c), 
0.83 (d), and 1.10 (e). sacran film (f) and sacran-ZnO nanocomposite xerogels on the side faces with the 
same range of DVS to OH ratios (g-j). 

Elemental distribution analysis conducted through EDX confirms the incorporation of 

approximately 20% w/w ZnO NPs within the xerogel structure, as displayed in Fig. 62. The EDX 

elemental mapping analysis results are shown in Fig. 64-67. Further HRSEM imaging reveals the 

presence of block-like structures of ZnO NPs ranging in size from 258-370 nm. These blocks 

comprise individual ZnO NPs with sizes ranging from 25 to 70 nm (Fig. 63), which are smaller 

than those shown in the literatures. Typically, ZnO NPs are incorporated into polysaccharide 

matrices using the chemical precipitation method, forming complexes with chitosan, alginate, 

carboxymethyl cellulose, and gum, with sizes ranging from 100 to 300 nm 122, 123, 116, 124, 125. The 

smaller size observed here is likely due to the mineralization of ZnO NPs under the restricted 

conditions of the sacran LC state. Studies have demonstrated that ZnO nanoparticles with sizes 

ranging from 50-200 nm can remain within the tumor interstitial space, achieving a tumor uptake 

rate four times higher than ZnO NPs larger than 300 nm 126. Additionally, ZnO NPs smaller than 

50 nm demonstrate increased toxicity, attributed to their high surface area to volume ratio 127, 128. 

Our ZnO NPs are block-shaped with a high surface area to volume ratio compared to spherical or 

flake shapes. With sizes approximately 25-70 nm, which are smaller than those synthesized by 

other polysaccharide green methods, these characteristics might enhance cancer treatment 
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efficiency. We also compared the shape of our synthesized ZnO NPs with those reported in 

previous works that used similar forced hydrolysis under hydrothermal conditions with different 

reaction media 117. The results showed that ZnO NPs in other studies exhibited dumbbell and 

rounded shapes, without the observation of block shapes. Therefore, the block shape observed in 

our study might be the effect of sacran complexation.   

 

Fig. 62. Surface morphology assessed via SEM and corresponding EDX spectrum of sacran-ZnO 
nanocomposite xerogels prepared at DVS to OH ratios of 0.43 (a, b), 0.63 (c, d), 0.83 (e, f), and 
1.10 (g, h). 
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Fig. 63. FESEM images of ZnO incorporation in sacran-ZnO nanocomposite xerogels. 
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Fig. 64. Surface morphology assessed via SEM of sacran-ZnO nanocomposite xerogels prepared 
at DVS to OH ratios of 0.43 (a). Corresponding EDX elemental mapping depicting overall 
composition (b), carbon (c), nitrogen (d), zinc (e), oxygen (f), and sulfur distribution (g).  
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Fig. 65. Surface morphology assessed via SEM of sacran-ZnO nanocomposite xerogels prepared 
at DVS to OH ratios of 0.63 (a). Corresponding EDX elemental mapping depicting overall 
composition (b), carbon (c), nitrogen (d), zinc (e), oxygen (f), and sulfur distribution (g). 
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Fig. 66. Surface morphology assessed via SEM of sacran-ZnO nanocomposite xerogels prepared 
at DVS to OH ratios of 0.83 (a). Corresponding EDX elemental mapping depicting overall 
composition (b), carbon (c), nitrogen (d), zinc (e), oxygen (f), and sulfur distribution (g). 
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Fig. 67. Surface morphology assessed via SEM of sacran-ZnO nanocomposite xerogels prepared 
at DVS to OH ratios of 1.10 (a). Corresponding EDX elemental mapping depicting overall 
composition (b), carbon (c), nitrogen (d), zinc (e), oxygen (f), and sulfur distribution (g). 
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4.3.4. X-ray photoelectron spectroscopy (XPS) chemical state analysis 

The XPS analysis revealed signals from sacran at specific binding energies: the peaks appeared 

at 285.0, 286.6, 288.0, and 289.0 eV corresponded to (C–C(H)), (C–OH), (O–C–O), and 

(C=OOH), respectively (Fig. 68) 60, 61. Following the reaction of sacran with the DVS crosslinking 

agent (Fig.53b-e), there was a small change in the hydroxyl group fraction (C–OH), as evidenced 

by the area value (area CPS·eV) and the decreasing of atomic concentration (%) (Table 12). The 

higher the concentration of DVS, the greater the decrease in the hydroxyl group fraction, while 

the carboxylate groups remained almost constant. This decrease occurred because the vinyl 

groups of DVS reacted with nucleophiles, such as the high amount of hydroxyl groups present at 

the elevated pH of sacran. Interestingly, the peak at 285.0 eV and 288.0 eV, corresponding to (C–

C(H)) and (O–C–O) respectively, remained relatively constant (Table 12), suggesting that the 

DVS reaction had minimal impact on these functional groups. Furthermore, sacran and Zn2+ ions 

do not show a strong interaction as determined by XPS technique. However, they could form a 

complex or be induced by electrostatic interaction. 

Sacran-ZnO nanocomposite xerogels were analyzed to study the reaction of sacran 

molecules with the vinyl groups of the DVS crosslinking agent  and identical ZnO NPs 

concentration. After the formation of ZnO NPs, the concentration of the crosslinking agent was 

varied from low to high, as depicted in the O1s signals of all samples (Fig. 69). A decrease in the 

alcoholic fraction at 533.2 eV was observed in terms of area value. This is attributed to sacran 

molecules reacting with the DVS crosslinking agent to form ether bonds. Table 13 demonstrates 

a shift in atomic percentages: the alcoholic (COH) oxygen peak decreased substantially from 

77.35% to 72.63%, while the carbonyl fraction (C=O) showed a small increase value. This might 

be because of the Zn-O bond formation that near the binding energy of carbonyl fraction (C=O)at 

531.5 eV 129. 



126 
 

 

Fig. 68. XPS spectra in the C1s region of sacran (a) and sacran-ZnO nanocomposite xerogels 
with varying DVS-to-OH ratios: S1-1 (b), S1-2 (c), S1-3 (d), and S1-4 (e), corresponding to 
ratios of 0.43, 0.63, 0.83, and 1.10, respectively. 
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Table 12. The chemical composition of carbon (C 1s) region in sacran-ZnO nanocomposite xerogels was 
quantified for different DVS to OH ratios: 0.43 (S1), 0.63 (S2), 0.83 (S3), and 1.10 (S4). 

Sample Peaks 
Binding 
energy 

(eV) 

Area 
CPSeV 

Atomic 
concentration 

(%) 

Sacran 

C-C(H) 285.08 801.3 53.01 

C-OH 286.59 537.4 36.12 

O-C-O 288.14 96.3 6.48 

C=OOH 289.03 65.03 4.39 

S1 

C-C(H) 285.03 886.4 55.8 

C-OH 286.46 533.1 33.54 

O-C-O 288.15 97.118 6.10 

C=OOH 289.03 72.559 4.56 

S2 

C-C(H) 285.10 916.9 54.45 

C-OH 286.59 528.7 33.16 

O-C-O 288.05 130.1 7.72 

C=OOH 289.05 78.90 4.68 

S3 

C-C(H) 284.98 1028.1 57.43 

C-OH 286.57 515.9 30.79 

O-C-O 288.02 125.3 7.00 

C=OOH 289.07 85.6 4.78 

S4 

C-C(H) 285.08 1064.6 60.14 

C-OH 286.54 479.2 27.04 

O-C-O 288.09 141.0 7.94 

C=OOH 289.07 86.5 4.88 
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Fig. 69. XPS spectra in the O1s region of sacran (a) and sacran xerogels with varying DVS-to-OH ratios: 
S1 (b), S2 (c), S3 (d), and S4 (e), corresponding to ratios of 0.43, 0.63, 0.83, and 1.10, respectively. 
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Table 13. The chemical composition of oxygen (O 1s) region in sacran-ZnO nanocomposite xerogels was 

quantified for different DVS to OH ratios: 0.43 (S1), 0.63 (S2), 0.83 (S3), and 1.10 (S4). 

Sample Peaks Binding 
energy (eV) 

Area 
CPSeV 

Atomic 
concentration 

(%) 

Sacran 
COH 532.8 1732.0 77.35 

C=O 531.6 507.0 22.65 

S1 
COH 533.0 1584.0 74.25 

C=O 531.9 528.5 25.75 

S2 
COH 533.0 1562.4 73.56 

C=O 531.9 561.7 26.44 

S3 
COH 533.0 1542.6 72.63 

C=O 531.9 581.0 27.37 

S4 
COH 533.0 1514.9 71.33 

C=O 531.9 608.6 28.67 

 

We investigated the interaction between the nitrogen content in sacran, the DVS 

crosslinking agent, and ZnO NPs by examining the nitrogen region (N 1s) in sacran -ZnO 

nanocomposite xerogels. The amino groups (–NH2) of sacran was identified at 399.8 eV (Fig. 

70). This observation suggests that the amino groups (–NH2) of sacran do not significantly 

interact with either the DVS crosslinking agent or ZnO NPs. 

Fig. 71 shows a doublet signal for sacran with a 1.18 eV separation and a 2:1 peak area 

ratio in the sulfur (S 2p) region 130. Upon sacran's reaction with the DVS crosslinking agent, a 

doublet peak emerged at 168.9 and 170.1 eV, indicating the presence of sulfate groups (–SO4–) 

through their spin-orbit splitting. The sulfone groups (SO2–C) enveloped at 167.6 eV near 168.9 
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eV increased with increasing DVS concentrations, as shown in Fig. 71. The total area value of 

the sulfate groups significantly increased, as displayed in Table 14. Therefore, the addition of the 

DVS crosslinking agent influenced the increment of the area value in terms of sulfone groups. 

In the Zn 2p binding energy region, we conducted an investigation to ascertain the 

presence of ZnO formation on the surfaces of sacran-ZnO nanocomposite xerogels. Fig. 72. 

depicts the signal sulfates peak, confirming the formulation of ZnO NPs. 

 

Fig. 70. XPS spectra in the N1s region of sacran (a) and sacran xerogels with varying DVS-to-
OH ratios: S1 (b), S2 (c), S3 (d), and S4 (e), corresponding to ratios of 0.43, 0.63, 0.83, and 1.10, 
respectively. 
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Table 14. Quantification of the chemical composition of S 2p in sacran-ZnO nanocomposite xerogels. 

Sample Peaks Binding 
energy (eV) Area CPSeV 

Atomic 
concentration 

(%) 

Sacran 
SO4

2(2p3/2)  168.9 46.32 80.25 

SO4
2(2p1/2)  170.1 11.39 19.72 

S1 
SO4

2(2p3/2)  168.9 58.99 68.66 

SO4
2(2p1/2)  170.1 26.97 31.34 

S2 
SO4

2(2p3/2)  168.9 82.06 63.58 

SO4
2(2p1/2)  170.1 47.07 36.42 

S3 
SO4

2(2p3/2)  168.9 90.32 69.12 

SO4
2(2p1/2)  170.1 48.02 30.88 

S4 
SO4

2(2p3/2)  168.9 116.20 57.48 

SO4
2(2p1/2)  170.1 86.07 42.52 
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Fig. 71. XPS spectra in the S2p region of sacran and sacran-ZnO nanocomposite xerogels with 
varying DVS-to-OH ratios: S1, S2, S3, and S4, corresponding to ratios of 0.43, 0.63, 0.83, and 
1.10, respectively. 
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Fig. 72. XPS spectra in the Zn 2p region of sacran and sacran-ZnO nanocomposite xerogels with 
varying DVS-to-OH ratios: S1, S2, S3, and S4, corresponding to ratios of 0.43, 0.63, 0.83, and 
1.10, respectively. 
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4.3.5. X-ray diffraction (XRD) analysis 

Examining the crystalline structure of the sacran-ZnO nanocomposite xerogels involved 

X-ray diffraction (XRD) analysis. Fig. 73 illustrates the XRD patterns of sacran, sacran xerogel, 

and sacran-ZnO nanocomposite xerogel. Pristine sacran structure exhibits an amorphous nature. 

Similarly, the structure of sacran xerogel (crosslinked with DVS) also demonstrates an amorphous 

character within the range of 15–30°. The XRD patterns of the sacran-ZnO nanocomposite 

xerogel reveal distinct peaks at 31.93, 34.52, 36.37, 47.77, 56.68, 62.92, 66.47, 68.09, 69.15, 

72.75, and 77.04 degrees, corresponding to the diffraction of ZnO in the planes (100), (002), 

(101), (102), (110), (103), (200), (112), (201), (004), and (202), respectively.117 The alignment of 

these plane values is characteristic of ZnO nanoparticles. The sharp and narrow diffraction peaks 

indicate a well-ordered crystalline structure, with the relatively high intensity of the (101) peak 

suggesting anisotropic growth and a preferred orientation of the crystallites. The synthesis 

involved the reaction of zinc acetate with sacran polysaccharide, resulting in the formation of 

small ZnO crystals measuring approximately 25.174 nm. 

 

Fig. 73. The XRD pattern of pure sacran, sacran xerogel, and sacran-ZnO nanocomposite xerogel. 

4.3.6. UV-vis spectroscopy analysis 

Fig. 74 illustrates the absorption spectrum. A significant feature at 370 nm was observed in the 

Sacran-ZnO NPs solution, indicating the characteristic optical properties of ZnO. This feature 

reflects the intrinsic band-gap absorption of ZnO, suggesting electron movement within the 

material.131 This phenomenon suggests the presence of zinc nanoparticles. In contrast, the sacran 
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aqueous solution did not exhibit any significant absorption peak, implying that sacran may have 

a role in reducing the zinc precursor to zinc nanoparticles. 

 

Fig. 74. Uv-vis spectra of sacran and sacran-ZnO NPs solution. 

4.3.7. Swelling Behavior as a Function of the Sacran-Xerogels and Sacran-ZnO 

nanocomposite Xerogels with varying crosslinking content. 

 The ordered arrangement of molecules in a liquid crystalline phase can create more 

efficient pathways for water absorption, leading to improved swelling properties. Consequetly, 

the swelling behavior of sacran-ZnO nanocomposite xerogels with identical ZnO NPs content 

exhibited a significant dependency on the concentration of the crosslinking agent (DVS), which 

was systematically varied from low to high (DVS-to-OH ratios 0.43 to 1.10), as illustrated in Fig. 

75. Notably, sacran-ZnO nanocomposite xerogels with a DVS-to-OH ratio of 0.43 displayed 

pronounced hydrophilicity owing to the substantial presence of unreacted hydroxyl groups (-OH) 

available for interaction. Consequently, these xerogels demonstrated remarkable water absorption 

capability, reaching up to 1890 ± 54% within the initial 10 minutes. Subsequently, the water 

uptake stabilized, with the content increasing to 1945 ± 40% after 30 minutes. As the DVS 

crosslinking content increased, the swelling degree of the xerogels progressively decreased. This 
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effect is due to the increased density of chemical crosslinks, which reinforces the three -

dimensional network formed by the orientation of sacran molecules. The results were 

subsequently compared with sacran physically crosslinked by annealing at 100°C, wh ich 

exhibited a swelling percentage of 240.8 ± 55% after 30 minutes, indicating the weaker water 

holding capabilities and fewer available hydroxyl groups to enhance water absorption capacity. 

 

4.3.8. Swelling Behavior of Sacran-Xerogels and Sacran-ZnO nanocomposite Xerogels as a 

Function pH. 

Tumors are recognized for their distinct microenvironment, characterized by features like 

acidic pH (around 5.6) and elevated levels of hydrogen peroxide (H2O2) , posing significant 

challenges for cancer therapy 132. Additionally, in wound care, an elevation in alkaline pH 

(reaching pH 10) often signals whether a wound will progress to a non-healing or chronic state 133. 

We proceeded to examine how changes in pH affected the swelling behavior of our fabricated 

xerogels. For this investigation, we selected sample S1, a sacran-ZnO nanocomposite xerogel with 

a DVS-to-OH ratio of 0.49, due to its remarkable swelling rate. We evaluated the impact of pH 

variations from 2 to 12 on the gel's expansion characteristics, as illustrated in Fig. 8. The sacran-

ZnO nanocomposite xerogel displayed its highest swelling propensity around pH 12, likely 

influenced by the polysaccharide's inherent functional group pKa values. Typically, amino groups 

possess a pKa value of approximately 6.5, while carboxylic acids within the sacran structure 

exhibit a pKa value of approximately 5. In extremely acidic environments (pH < 3), the presence 

of counterions (such as H2PO4
– or Cl–) shields the −NH3

+ groups reducing repulsion and leading 

to decreased swelling, while the deprotonation of sulfates (SO3
-) influences the swelling behavior. 

Around pH 3, the swelling behavior is predominantly influenced by the protonation of sacran's 

amino groups, resulting in increased swelling. As pH exceeds 5, the ionization of carboxylic acid 

groups occurs. Between pH 5 and pH 7, there may be hydrogen interactions between −NH2 and 

−COOH or between −NH3
+ and −COO–, facilitating ionic crosslinking, which may inhibit the 

enhancement of the swelling rate. At higher pH values (around pH 8), the carboxylic acid groups 

undergo ionization, leading to electrostatic repulsion and consequently enhancing swelling. When 

pH exceeds 10, the hydroxyl groups become ionized due to their pKa value (approximately 12). 
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Substantial swelling occurs as a consequence of the deprotonation of hydroxyl groups, leading to 

an increase in volume attributed to osmotic effects and charge repulsion. 

 

Fig. 76. Swelling behavior of the sacran-ZnO nanocomposite xerogels with the identical ZnO 
content at 20% w/w and different ratios of DVS/OH 0.43 (S1), 0.63 (S2), 0.83 (S3), and 1.10 
(S4). (a). Swelling properties of sacran-ZnO nanocomposite xerogels across various pH levels 
(b).  and anisotropic swelling ratio (c). Measurement was performed three times for each sample. 
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4.3.9. Mechanical characterization of Sacran-Xerogels and Sacran-ZnO nanocomposite 

Xerogels. 

Given that the ordered arrangement of molecules in a liquid crystal (LC) phase can enhance mechanical 

strength, we conducted tensile strength tests on the hydrated samples (Fig. 77a). This investigation aimed 

to assess how the presence of the DVS crosslinking agent and the incorporation of ZnO nanoparticles 

(NPs) influence the properties of the xerogels, particularly in terms of their potential as cancer-selective 

materials. As shown in Fig. 77b, the tensile modulus of sacran-ZnO nanocomposite xerogels exhibits a 

linear increase from 0.47 ± 0.03 MPa to 0.86 ± 0.06 MPa, which is more than 1.6 times higher than that of 

sacran gel physically crosslinked by thermal treatment at 100°C. Among the samples tested, S4 (with a 

DVS-to-OH ratio of 1.10) demonstrated the highest tensile modulus. 

The ultimate strength and elongation at break, as shown in Fig. 77c and d, followed a similar trend, 

except for sample S4. S4 exhibited an ultimate strength of 0.14 ± 0.01 MPa and an elongation at break of 

23.18 ± 4.05%, indicating lower strength, flexibility, elasticity, and toughness compared to the optimal 

sample S3 (with a DVS-to-OH ratio of 0.83). This reduction in performance is likely due to rapid and 

uneven crosslinking throughout the gel, leading to regions with varying crosslink densities and creating 

inhomogeneities. Such inhomogeneities can cause phase separation within the gel, where denser, polymer-

rich regions form. These regions may scatter light differently from the surrounding material, resulting in a 

change from transparency to a milky or translucent appearance, as seen in Fig. 58. Additionally, the 

reduction in porosity, as observed in the swelled gel in Fig. 61j, may result in decreased ability to 

accommodate stresses effectively. 

Among the samples evaluated, S3 (with a DVS-to-OH ratio of 0.83) demonstrated the highest resistance 

to applied force, achieving an ultimate strength of 0.18 ± 0.02 MPa. At the breaking point, it exhibited a 

maximum elongation of 49.0 ± 2.7%. The observed toughness arises from the formation of a robust 

network facilitated by ether linkages between the hydroxyl groups of sacran and DVS vinyl  groups. In 

contrast, an improper balance between DVS and OH leads to the creation of a less resilient structure, 
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diminishing its ability to withstand stress. For example, in sample S2, characterized by a DVS-to-OH ratio 

of 0.63, ultimate strength levels measured 0.11 ± 0.01 MPa, with a break point at 39.2 ± 2.0%. Similarly, 

sample S1, featuring a DVS-to-OH ratio of 0.43, demonstrated ultimate strength levels around 0.08 ± 0.01 

MPa, with a break point at 32.5 ± 1.3%.  These mechanical properties are attributed to the highly 

hydrophilic nature of the gels, as evidenced by the swelling behavior analysis (Fig. 76), which results in a 

less resilient polymer network. The sacran-ZnO nanocomposite xerogels exhibit mechanical properties 

that are 2-3 times stronger than those of sacran gel physically crosslinked by thermal treatment at 100°C. 

In conclusion, the results indicate that S3, with its superior elongation at break, enhanced ductility, and 

higher ultimate strength, is the optimal choice for practical applications requiring toughness, flexibility, 

and durability. Its ability to withstand significant deformations and impacts makes S3 a more dependable 

option for further development and use. 
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Fig 77. (a) The mechanical test of sacran-ZnO nanocomposite xerogels with different DVS-to-OH ratios 
0.43 (S1), 0.63 (S2), 0.83 (S3), and 1.10 (S4) in their hydrated state; inset: actual samples. (b) Bar graphs 
representing tensile modulus. (c) Bar graphs indicating the ultimate strength. (d) Bar graphs indicating the 
elongation at break. Data are presented as mean ± standard deviation (n=4). Statistical significance was 
assessed using one-way ANOVA followed by Tukey’s test, with significance levels indicated as 
****p<0.0001, ***p<0.001, *p<0.05, and ns (not significant) compared to all other samples. 
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4.3.10. The Release of ZnO NPs through the Porous Structure of the Sacran-ZnO 

Nanocomposite Xerogel 

The Sacran-ZnO nanocomposite xerogel, with a DVS-to-OH ratio of 0.83 and 20% w/w ZnO 

NPs, was selected as the sample to evaluate the release of ZnO nanoparticles (NPs). A graph was 

plotted to show the cumulative concentration of ZnO NPs over time, determining the total 

duration for complete ZnO NP leaching. The results indicated that all ZnO NPs were removed 

from the composite gel after 7 hours. The concentration of ZnO NPs in each xerogel was 

identified using the UV-vis technique and is displayed in the accompanying table. 

 

Fig. 78. UV-vis spectra of ZnO NPs released from the composite xerogel at 20% w/w over time 
(a), and the plot of cumulative ZnO NP release versus time (b). 

 

Table 15. The concentration of each composite xerogel was estimated using the UV-vis technique 
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4.3.11. Cytotoxicity and Cell Adhesion of Sacran-ZnO Nanocomposite Xerogels on Primary 

Dermal Fibroblasts (HDFa) 

 The adhesion capacity of sacran-ZnO nanocomposite xerogels with varying ZnO 

nanoparticle concentrations (0 to 20% w/w) was studied. After a 72-hour incubation period, the 

xerogels were stained with EthD-1, red fluorescence and calcein AM, green fluorescence to 

evaluate cell viability distribution. From literature reviews, it is evident that fibroblasts are 

generally tolerant to ROS generation from ZnO NPs compared to other types of cell-line such as 

carcinoma, and epithelial 122, 134. We investigated the cytotoxicity of sacran-ZnO nanocomposite 

xerogels extraction toward normal cells (HDFa) and compared the results with cancellous cells 

(A549). HDFa cells exhibit lower cytotoxicity than A549 cells as displayed in Fig. 79a. This 

provides evidence that ZnO NPs are more likely to dissolve, releasing Zn2+ ions, which can be 

internalized by cells and cause cytotoxic effects, including mitochondrial damage in acidic 

environment. Other researchers have observed that using alginate containing ZnO nanoparticles 

or even ZnO nanofibers does not show toxicity toward human keratinocyte cells 122, 135, 136, 137. 

Therefore, sacran-ZnO nanocomposite xerogels have high potential for selective toxicity toward 

cancer cells due to their unique microenvironment, unlike that of fibroblasts or keratinocytes.  

Fig. 79b shows that HDFa cells can grow and adhere to sacran-ZnO nanocomposite gels with less 

cytotoxicity compared to A549 cells. This is because the micro- and nanoscale patterns present in 

liquid crystalline structures mimic the extracellular matrix, providing  a favorable surface 

topography for cell attachment, migration, and differentiation138. Under control culture 

conditions, HDFa cells exhibit a spread-out, elongated morphology, likely due to extensions of 

the cell membrane. However, fibroblasts adhering to sacran-ZnO nanocomposite xerogels with 

different ZnO concentrations show a more rounded shape due to differences in the mechanical 

properties of the gels compared to the rigid culture plate. 
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Fig. 79. Cytotoxicity test of sacran-ZnO nanocomposite xerogels with different ZnO wt% extracts on 
HDFa cells (a). Cell adhesion of HDFa cells on sacran-ZnO nanocomposite xerogels with different ZnO 
wt% (from 0 to 20% w/w) (b). Data are presented as mean ± standard deviation (n=4). Statistical 
significance was assessed using one-way ANOVA followed by Tukey’s test, with significance levels 
indicated as ****p<0.0001, ***p<0.001, *p<0.05, and ns (not significant) compared to the control for 
each sample. 
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4.3.12. Cytotoxicity test of sacran-ZnO nanocomposite xerogels against human lung cancer 

cells (A549) 

The findings from earlier sections indicate that sacran-ZnO nanocomposite xerogels 

exhibit superior mechanical stability, along with notable water absorbency, particularly when the 

DVS-to-OH ratio is 0.83. Therefore, we opted to utilize this specific xerogel and varied the 

concentration of ZnO nanoparticles to conduct cytotoxicity tests against human lung cancer 

(A549).  

The sacran-ZnO nanocomposite xerogel, synthesized at a DVS-to-OH ratio of 0.83, was 

extracted with varying ZnO concentrations (0%, 5%, 10%, 15%, and 20% wt.) in 24-well plates 

containing cell medium (DMEM + 10% FBS). After 72 hours of incubation, the extracts were 

were introduced into 24-well plates with A549 cells and incubated for an additional 24 hours to 

assess cytotoxicity. Cell viability was measured using the MTT assay. The results revealed that 

incorporating varying concentrations of ZnO NPs into sacran xerogels influenced cell viability 

(Fig. 80a). Sacran xerogel without ZnO NP incorporation exhibited high compatibility with the 

A549 cell line, with cell viability at approximately 93.0%. However, sacran-ZnO nanocomposite 

xerogels with 5%, 10%, 15%, and 20% wt. of ZnO showed decreased cell viability, measured at 

81.9%, 68.7%, 52.4%, and 25.5%, respectively. 

A549 cells underwent staining with EthD-1, red fluorescence and calcein AM, green 

fluorescence to evaluate cell viability distribution. The results of cell staining, illustrating living 

and dead cells, are presented in Fig. 80b. The control group exhibited minimal cell death. In 

sacran gels with 0% wt. of ZnO nanoparticles, slight cell damage was observed, indicated by the 

presence of red dots, highlighting the high cell compatibility of sacran xerogels. Conversely, 

sacran nanocomposite xerogels containing different concentrations of ZnO nanoparticles 

exhibited an increasing number of dead cells as the ZnO weight percentage increased. Cells 

treated with sacran-ZnO nanocomposite xerogel containing 20% wt. of ZnO nanoparticles 

exhibited significantly higher numbers of dead cells (red dots), indicating the potential harmful 

effects of the extracts on A549 cancer cells. Therefore, sacran-ZnO nanocomposite xerogels hold 

promise for further applications as wound dressing material.  
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The underlying reason is that ZnO nanoparticles (NPs) can exhibit cytotoxicity in cancer 

cells due to the acidic environment. This environment can cause oxidative stress, the dissolution 

of ZnO NPs, Zn²⁺ internalization, and mitochondrial damage 134. 

 

Fig. 80. Cytotoxicity test of sacran-ZnO nanocomposite xerogels with different ZnO wt% (a). Visual 
alive/dead A549 cells treated with sacran-ZnO nanocomposite xerogels with different ZnO wt% (from 0 
to 20% w/w) (b). Data are presented as mean ± standard deviation (n=4). Statistical significance was 
assessed using one-way ANOVA followed by Tukey’s test, with significance levels indicated as 
****p<0.0001, ***p<0.001, *p<0.05, and ns (not significant) compared to the control for each sample. 
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4.4 Conclusion 

The development and characterization of sacran-ZnO nanocomposite xerogels have shown 

promising potential for cancer-selective toxicity applications. Through a systematic investigation, 

it was observed that sacran could be utilized as the stabilizing agent in LC state for ZnO 

nanoparticle formation with sizes ranging from 25 to 70 nm. The incorporation of ZnO 

nanoparticles into sacran matrices significantly influenced the physicochemical properties of the 

resulting xerogels. 

The swelling behavior of the sacran-ZnO nanocomposite xerogels was thoroughly studied, 

revealing the impact of pH variations on their performance. The presence of ZnO nanoparticles 

contributed to the overall swelling tendency, with higher DVS-to-OH ratios leading to decreased 

swelling rates, as indicated by the experimental results. 

Mechanical testing demonstrated the importance of the DVS-to-OH ratio in determining the 

mechanical properties of the xerogels. Optimal ratios of 0.83 resulted in xerogels with enhanced 

tensile strength and resistance to applied stress, highlighting the significance of precise control 

over the crosslinking density during synthesis. 

Cell viability studies conducted using primary dermal fibroblasts (HDFa) and A549 cancer cells 

provided valuable insights into the biocompatibility and selective toxicity of the sacran-ZnO 

nanocomposite xerogels. The results indicated varying degrees of cytotoxicity depending on the 

concentration of ZnO nanoparticles, with higher concentrations exhibiting increased toxicity 

towards cancer cells. In contrast, the gels did not negatively affect the dermal fibroblast cells. This 

suggests the potential of sacran-ZnO nanocomposite xerogels as a cancer-selective therapeutic 

material. 
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CHAPTER V 

General Conclusion 

The synthesis and application of sacran-based materials, particularly in the realm of 

nanocomposites, hold promising prospects across various fields. In Chapter 2, we explored the 

unique attributes of sacran, a supergiant polysaccharide, which plays a pivotal role in the 

controlled formation of anisotropic gold nanoplates (AuNPLs). Sacran's multifunctional 

properties, including its molecular weight, sulfate groups, carboxylates, and hydroxyl groups, 

enable it to function as both a reducing and stabilizing agent during AuNPL synthesis. The main 

factors influencing particle sizes are sacran-to-HAuCl4 weight ratios and temperature, which can 

be tuned to control the size of AuNPLs. Interestingly, our findings indicate that higher 

concentrations of sacran, which typically serve as larger synthesis templates, did not necessarily 

result in larger sizes of AuNPLs, suggesting a negligible influence of the template effect.  

Moreover, sacran acts as a stabilizing medium for AuNPLs under extreme ionic and pH 

conditions, contributing to the uniformity of their properties and their potential applications in 

catalysis, sensing, and photothermal therapy. However, it's important to note that this simple 

method for AuNPL synthesis may not achieve high shape purity and uniformity. 

Chapter 3 explores the collaborative role of sacran, monodispersed seeds, and iodide 

anions in both the generation and morphology control of gold nanotriangles (AuNTs). This 

innovative approach demonstrated sacran's proficiency as a dual-action agent, serving as both a 

reducing and stabilizing component, resulting in the production of highly uniform AuNTs with 

remarkable catalytic capabilities. The synthesis process, conducted at room temperature and 

easily adjustable for morphology control, represents a significant improvement over existing 

methods. The unique geometry of AuNTs, with their anisotropic structure, exposes a greater 

number of active sites for catalytic reactions. Their increased surface area enhances the 

interaction between the catalyst and reactants. Additionally, the sharp corners and edges of 

AuNTs generate strong localized surface plasmon resonances (LSPRs), leading to heightened 

electromagnetic field enhancement near the surface. This phenomenon promotes enhanced 

adsorption of reactant molecules and facilitates electron transfer during catalytic reactions, 

thereby boosting catalytic activity. Furthermore, the crystallographic facets of AuNTs, such as 
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(110) and (111), exhibit differing surface energies, which impact their surface reactivity. Certain 

facets may display higher catalytic activity due to their unique atomic arrangements and 

electronic properties, providing preferential sites for catalytic reactions compared to Au 

nanospheres (AuNSs), which are typically dominated by (111) facets. In contrast, Au nanospheres 

(AuNSs) synthesized using higher concentrations of sacran undergo surface reconstruction of 

surface atoms to achieve a more stable configuration and minimize surface energy upon the onset 

of catalytic reactions, such as with 4-nitrophenol. This process involves the exchange of sacran 

capping with reactant molecules, resulting in lower catalytic activity. The exceptional catalytic 

stability and performance of sacran-mediated AuNTs position them as promising candidates for 

various applications in biomedicine and plasmonic photothermal therapy. 

In Chapter 4, the focus shifted to the development and characterization of sacran-ZnO 

nanocomposite xerogels for biomedical applications. Sacran demonstrated its efficacy as a green 

reducing agent for the formation of ZnO nanoparticles, with the resulting nanocomposite xerogels 

exhibiting enhanced physicochemical properties. The swelling behavior and mechanical 

properties of sacran-ZnO nanocomposite xerogels were systematically studied, emphasizing the 

importance of precise control over crosslinking density. Furthermore, cell viability studies 

revealed varying degrees of cytotoxicity, suggesting the potential of sacran-ZnO nanocomposite 

xerogels as wound dressing material. 

In summary, the comprehensive characterization and evaluation of sacran-based materials 

presented in this study underscore their versatility and potential across diverse biomedical 

applications. From controlled synthesis of metal nanoparticles to the devel opment of 

nanocomposite xerogels with tailored properties, sacran emerges as a valuable biomaterial with 

wide-ranging implications in biomedicine and beyond. Further exploration and optimization of 

sacran-based materials hold promise for addressing pressing challenges in drug delivery, tissue 

engineering, and other biomedical domains. 
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