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General Introduction 

Metal nanoparticles as the main driving force of nanotechnology 

Metal nanoparticles (Figure 1), particularly those of gold (Au) and platinum (Pt), 

have emerged as the main players in the advancement of nanotechnology due to their 

unique size-dependent properties, including enhanced catalytic activity, optical behavior, 

and surface reactivity.1–3 Their exceptional performance has positioned them at the 

forefront of research across multiple scientific and technological domains. In recent 

decades, these nanoparticles have driven breakthroughs in catalysis,4,5 biomedicine,6–8 

energy storage,9,10 environmental science,11,12 and materials engineering.13 The ability to 

precisely control the structure and composition of metal nanoparticles at the nanoscale 

has enabled researchers to apply novel phenomena not observed in bulk materials,14 

reinforcing their pivotal role in shaping the future of these disciplines. 

 

Figure 1 Metal Nanoparticles and their advantages 

Beyond their vivid coloration derived from surface plasmon resonance, metal 

nanoparticles exhibit remarkable optical, catalytic, electronic, and physicochemical 

properties that emerge only when their size is reduced to a few nanometers.15,16 Unlike 

their bulk counterparts, as shown for Au (Figure 2), which behave as continuous solids 

with predictable metallic properties, these nanoparticles (NPs) exhibit high surface-to-

volume ratios,17–19 quantum confinement effects,20 and discrete electronic states.21 These 

features endow them with exceptional reactivity in catalytic reactions, fine tunability of 

optical absorption, and other functionalities that make them uniquely suited for 
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applications ranging from photothermal therapies,22,23 targeted drug delivery in 

biomedicine to high-sensitivity sensors,24,25 energy storage devices,9,26,27 and fine 

chemical synthesis in industrial settings.28,29 

 

Figure 2 Size-Dependent Forms of Gold: From Atomic Scale to Bulk 

Drawbacks of metal nanoparticles 

Despite their immense potential, translating the unique properties of metal 

nanoparticles into practical applications remains a significant challenge.30,31 Producing 

nanoparticles (Figure 3) with precisely controlled size, shape, crystalline structure, 

surface charge, stability, and uniform dispersion is a critical prerequisite. This is 

significant because even slight deviations in these parameters can render them ineffective 

or dramatically alter their performance in target applications.32–34 For example, in 

catalysis, the activity and selectivity of metal nanoparticles are often highly size-

dependent, with subtle differences in diameter leading to dramatic changes in reaction 

pathways or product distributions.35,36 In photothermal therapies, the efficacy of 

nanoparticles in converting light into localized heat for destroying cancer cells depends 

sensitively on their shape and size, which determine their optical absorption and scattering 

cross-sections.37–39 In sensors, the sensitivity and reproducibility of detection are 

influenced by how uniformly the nanoparticles are dispersed on substrates or in 

solution.40,41 These strict needs have led to intense efforts to create reliable and adjustable 

methods for them. 
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Figure 3 Critical parameters affecting NP performance in real-world applications 

Methods of preparation of metal nanoparticles 

Historically, the synthesis of metal nanoparticles (Figure 4) has been dominated 

by chemical and physical routes that often involve strong reducing agents such as sodium 

borohydride,42 hydrazine,43 or citrate,44 elevated temperatures,45 highly acidic or basic pH 

conditions,46,47 and the use of surfactants48 or capping agents49 to control growth and 

prevent agglomeration.50 While these methods have produced significant breakthroughs 

and contributed enormously to our understanding of nanoparticle science, they come with 

significant limitations. The strong reducing agents can generate hazardous 

byproducts,51,52 the high temperatures and extreme pH conditions can lead to 

environmental hazards and restrict the types of materials that can be used as stabilizing 

matrices,31,53–55 and the presence of surfactants or organic stabilizers often introduces 

impurities that may need to be removed or that can compromise the functionality of the 

final nanocomposite, especially in sensitive biomedical applications.48,56,57 Additionally, 

these methods often suffer from challenges in scalability, reproducibility, and fine control 

over nanoparticle morphology, which is critical for tailoring their properties to specific 

applications. 58,59 
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Figure 4 Overview of nanoparticle synthetic methods.  

Biopolymers as green stabilizers for metal nanoparticle synthesis 

As global awareness of environmental sustainability and the need for safer, more 

biocompatible materials has increased, researchers have turned their attention to greener 

and more benign synthesis strategies for the production of metal nanoparticles.60–62 

Among these, the use of biopolymers (Figure 5) as stabilizing matrices has emerged as a 

particularly promising direction. Biopolymers such as chitosan, gelatin, and collagen are 

abundant, renewable, biodegradable, and often exhibit excellent compatibility with 

biological systems.63,64 They possess a rich array of functional groups, such as hydroxyl, 

amino, and carboxyl.65–68 These groups usually interact easily with metal ions or growing 

nanoparticle surfaces through coordination bonds, hydrogen bonding, electrostatic 

interactions, or non-covalent forces. These features make biopolymers not only 

appropriate stabilizers that prevent aggregation and growth beyond the nanoscale but also 

active participants that can direct nucleation, influence growth pathways, and mediate the 

assembly of nanoparticles into higher-order structures. This can potentially impart 

additional functionalities or biological affinities to the resulting nanocomposites.69–71 
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Figure 5 Molecular structures of representative biopolymers used in nanomaterial synthesis 

Challenges in integrating metal nanoparticles into biopolymer matrices 

Yet, despite their promise, incorporating metal nanoparticles into biopolymer 

matrices is not a straightforward process. Biopolymers are, by their nature, often 

chemically sensitive and structurally fragile. Their native secondary, tertiary, or even 

quaternary structures can be disrupted by the heat, extreme pH, or strong reducing 

conditions that are typically employed in conventional nanoparticle syntheses. In the case 

of chitosan, gelatin, and collagen, such conditions can lead to irreversible denaturation, 

partial hydrolysis, uncontrolled degradation, or dissolution.63,71–74 These structural 

changes not only undermine the mechanical integrity of the biopolymer matrix but also 

compromise the very functionalities such as bioactivity, cell adhesion motifs, or selective 

permeability, which is one of the most attractive points of these materials. Moreover, the 

thermal or chemical stresses applied during nanoparticle synthesis can induce unwanted 

crosslinking or rearrangement of the polymer chains, leading to heterogeneous materials 

with unpredictable or poorly reproducible properties.75,76 

Another major challenge lies in the use of surfactants or other organic stabilizers that are 

often necessary in conventional approaches to prevent nanoparticle aggregation and 

control size distribution. While effective in stabilizing metal colloids, these additives may 

remain in the final product, introducing potential cytotoxicity in biomedical applications, 

48 altering surface chemistry in undesirable ways, or interfering with subsequent 

functionalization or bioconjugation steps.77,78 Removing these residual stabilizers often 
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requires additional purification steps, which can be time-consuming, costly, and not 

always entirely effective, especially when working at the nanoscale. 

Furthermore, controlling the size, distribution, and dispersion of nanoparticles 

within dense or viscous biopolymer matrices presents additional complexities. 

Biopolymers such as collagen naturally form rigid, hydrated networks with significant 

steric hindrance and constrained diffusion pathways.79 Embedding nanoparticles within 

such matrices in a uniform manner, without aggregation or clustering, requires careful 

control over reaction kinetics, local concentration gradients, and the interplay between 

matrix dynamics and nanoparticle nucleation and growth processes.80,81 Any lack of 

uniformity or reproducibility in this process can lead to batch-to-batch variations in 

mechanical, optical, or catalytic properties of the resulting composites, undermining their 

utility in practical applications 82 

Integrating metal nanoparticles into biopolymer matrices poses a significant 

challenge due to the fragile nature of biopolymers such as chitosan, gelatin, and collagen. 

Traditional synthesis methods often involve harsh conditions that can damage these 

materials. To overcome this, researchers are developing milder and greener approaches 

that use the functional groups in biopolymers to control nanoparticle formation. These 

biopolymers not only stabilize the nanoparticles but also influence their growth and 

assembly. Solving these challenges is an important factor to creating safe, sustainable 

nanomaterials for use in medicine, catalysis, and environmental technologies.  

Thesis Outline 

This PhD work (Figure 6) was motivated by the need to address critical challenges 

in the synthesis of biopolymer-stabilized metal nanoparticles by developing three 

complementary, structurally mild, and environmentally benign approaches. Each strategy 

is grounded in a distinct physicochemical principle, and collectively, they constitute a 

coherent framework for embedding metal nanoparticles into soft biomaterials while 

preserving, or even enhancing, their structural and functional integrity.  
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Figure 6 Outline of this thesis work 

Chapter 1 presents a matrix-transfer approach for synthesis of size-selective gold 

nanoparticles stabilized by chitosan. Gold nanoparticles with diameters ranging from 1 to 

6 nm were first synthesized in a polyvinylpyrrolidone (PVP) matrix using established 

reduction or seed-mediated growth protocols. These gold-PVP composites were then 

subjected to an interfacial transfer process, moving the nanoparticles from the PVP phase 

into a chitosan matrix using a carefully designed biphasic solvent system. This procedure 

effectively preserved the nanoparticle size and prevented agglomeration, producing a new 

class of chitosan-stabilized gold nanocomposites. Importantly, catalytic studies revealed 

that these materials display high activity in the homocoupling of phenylboronic acid and 
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that the catalytic selectivity and efficiency are strongly size-dependent, thus highlighting 

both the robustness of the synthesis method and the active role of the chitosan matrix. 

Chapter 2 explores pulsed laser ablation in liquid (PLAL) using microchip laser 

(MCL) as a green, additive-free method to directly embed nanoparticles into biopolymer 

solutions. Unlike conventional PLAL techniques, which typically require high-power 

lasers and may damage sensitive biomatrices, the use of a compact microchip laser with 

low pulse energy and short pulse duration allows efficient ablation with minimal thermal 

damage. When applied to gelatin matrices, this method produced well-dispersed gold 

nanoparticles approximately 4 nm in size, while in collagen suspensions, nanoparticles 

around 2.4 nm were formed in the supernatant without significant denaturation of the 

biomatrix. Spectroscopic measurements confirmed that the secondary structures of 

gelatin and collagen were preserved mainly, and in some cases subtly modulated, 

suggesting potential for tailoring bioactivity. This approach offers a powerful pathway 

for producing biocompatible, nanoparticle-loaded matrices with potential applications in 

drug delivery, imaging, and minimally invasive therapies. 

Chapter 3 introduces a radiochemical reduction approach using gamma-ray 

irradiation from a 60Co (cobalt-60) source to induce nanoparticle formation in situ within 

collagen gels. In this method, type I collagen solutions containing dissolved metal 

precursors such as gold or platinum salts were first pre-gelled and then exposed to gamma 

irradiation, which induced water radiolysis. The resulting reactive species simultaneously 

reduced the metal ions to nanoparticles and triggered additional crosslinking within the 

collagen network. The result was a class of collagen-based metal nanocomposite 

hydrogels with uniformly dispersed nanoparticles and significantly enhanced mechanical 

stiffness up to five times higher than the precursor hydrogels. These new materials also 

displayed reversible photothermal responses under UV-visible light, expanding their 

potential utility as photothermal actuators, sensors, or tissue scaffold materials with built-

in stimuli responsiveness. 

Although each method stems from distinct scientific questions and experimental designs, 

the approaches exhibit significant synergy. All three approaches avoid harsh reducing 

agents, high temperatures, and toxic surfactants, advancing the principles of green 
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chemistry. Each method uniquely addresses core challenges: precise nanoparticle size 

control (matrix-transfer), gentle incorporation into fragile matrices (MCL–PLAL), and 

mechanical reinforcement with responsive behavior (radiochemical approach). Together, 

these strategies enable the rational design of soft-material nanocomposites with tunable 

mechanical, catalytic, or bioresponsive properties. Such materials hold promises not only 

in catalysis, where size-dependent activity can be applied for greener transformations, but 

also in biomedicine, where precise control over nanoparticle distribution and matrix 

compatibility is crucial for safety and efficacy. In materials engineering, the interplay 

between mechanical robustness and responsiveness to external stimuli opens new avenues 

for sensors, actuators, and adaptive scaffold systems.83 
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1-1. Introduction 

 

Given the recent interest in sustainable development, the use of naturally abundant 

resources has become prevalent across various scientific and industrial fields. Metal 

nanoparticles (NPs) stabilized by biomacromolecules, such as cellulose and chitosan, 

have garnered significant attention due to environmental considerations and their unique 

catalytic properties, which are not found in conventional solid supports and synthetic 

polymers.1-4 This research has focused on the "matrix effect" of biomacromolecule-based 

polymer matrices5-10 in the context of catalysis for fine chemical synthesis.11-16 Chitosan, 

in particular, has been widely used as a matrix for metal NPs because of its structural 

stability, resistance to organic solvents, presence of hydroxyl and amino functional 

groups (Figure 7A), and inherent chirality.17-22  

In 2012, H. Sakurai et al. reported that chitosan-stabilized gold (Au) NPs 

demonstrated exceptional catalytic activity for the homocoupling of phenylboronic acid.23 

It was previously known that this reaction24 is effectively catalyzed by poly-N-

vinylpyrrolidone (PVP)-stabilized Au NPs under basic aqueous conditions, which 

enhance the transmetalation process. However, this method also led to the oxygenation 

of phenylboronic acid, producing phenol as a byproduct.25 In contrast, the Au reaction 

proceeded under neutral conditions, yielding biphenyl as the sole product. This selectivity 

is attributed to the generation of borate near the Au NP, which prevents unwanted 

oxidation pathways (Figure 7B).23 

The size effect of nanoparticles (NPs) is another crucial factor impacting catalytic 

activity.26-28 Multiple methods for the size-selective preparation of single metal and 

bimetallic alloy NPs using PVP as a matrix were implemented. These methods yield size-

specific Au and AuPd particles with sizes ranging from 1 to 10 nm.29-31 

The above methods led to the earlier discovery, in the author’s affiliated 

laboratory, of a significant size- and matrix-dependent effect influenced by nanoparticle 

size and PVP chain length.32 The size-selectively prepared Au also serves as a precursor 

for heterogeneous catalysts through the trans-deposition method (Scheme 1A). In fact, 

hydroxyapatite (HAP)33,34 and fibrillated citric acid-modified cellulose (F-CAC)35 

supported Au NPs were successfully synthesized, maintaining the original particle size 

of the Au. 
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Figure 7 Previous work: Au:chit (A) and its application in homocoupling reaction (B) 

This method offers the potential for precisely controlling the size of supported Au 

NPs, provided the optimal conditions for the trans-deposition method are identified. The 

author’s investigation of the Au catalyst prompted interest in size-dependent phenomena 

similar to those previously observed for Au. Previous reports indicated that Au was 

produced through chemical reduction with NaBH4, resulting in particles sized at 2.8 nm. 

After several unsuccessful attempts to create a series of Au with varying sizes using 

methods such as chemical reduction, size-mediated growth, and trans-deposition, the 

author decided to develop a new approach. The core of this technique lies in dispersing 

the two matrices, PVP and chit, into separate immiscible solvents. This allows the Au 

NPs to move from one phase to another while maintaining their particle size through the 

phase transfer. Because the process occurs under biphasic homogeneous conditions, it has 

been designated the “matrix-transfer” method to reflect this characteristic (Scheme 1B). 

Here, the author provides a detailed report on the matrix-transfer method. 

A. Preparation of Au:chit NPs by chemical reduction method[22]:

B. Application of Au:chit NPs for homocoupling reaction of Ph-B(OH)2
[23]:
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Scheme 1 Comparison of trans-deposition and matrix-transfer approaches for size controlled Au NP immobilization 

 

 

1-2. Experimental section 

1-2-1. Preparation of Au:PVP NPs (1.2 ± 0.4 nm) by simple reduction method29 

In a test tube containing HAuCl4 (0.025 mmol) and PVP(K-15) (2.5 mmol) in water (43 

mL) was added an aqueous solution of NaBH4 (0.25 mmol) at 0 °C to give a brown 

hydrosol. After stirring for 1 h at the same temperature, the hydrosol was concentrated by 

centrifugation (4500 rpm) using a molecular weight cut-off membrane (MWCO 3 kDa) 

at 5 °C and washed with water (3 × 20 mL). The residue was freeze-dried for 2 days. 

1-2-2. Preparation of Au:PVP NPs (2.6 ± 0.4 nm) by slow reduction method 30  

To a solution containing PVP(K-15) (2.5 mmol) and HAuCl4 (0.025 mmol) in water (40 

mL) was added an aqueous solution of Na2SO3 (0.075 mmol, 5 mL) at 27 °C under 

vigorously stirring (1700 rpm). After that, to this was added an aqueous solution of 

NaBH4 (0.25 mmol, 5 mL) immediately to give a brown hydrosol. The mixture was stirred 

at 1700 rpm at 27 °C for 3 h. The hydrosol was concentrated by centrifugation (4500 rpm) 

using a molecular weight cut-off membrane (MWCO 3 kDa) at 5 °C and washed with 

water (3 × 20 mL). The residue was freeze-dried for 2 days. 

1-2-3. Preparation of Au:PVP NPs (4.6 ± 1.4 nm) by Seed-Mediated Growth Method  

PVP(K-15) (2.09 mmol) and Au:PVP(K-15, 1.2 nm) (0.00415 mmol) were mixed in 

water (15 mL) at 27 °C until total dissolution. This mixture was degassed with freeze-

pump-thaw 2 times. To a frozen mixture was added an aqueous solution of HAuCl4 

(0.02085 mmol) and then evacuated under reduced pressure. Meanwhile, an aqueous 

solution of Na2SO3 (90 mmol/L, 5 mL) was degassed by freeze-pump-thaw 3 times. To 

the Au:PVP solution, the aqueous solution of Na2SO3 (0.0625 mmol) was added as soon 

as the frozen solution melt via syringe to give red hydrosol. This mixture was stirred at 

1300 rpm for 3 h under 27 °C. The hydrosol was concentrated by centrifugation (4000 

A. Trans-deposition (polymer to solid support)

Au:PVP

(size-controlled)

Au:solid

(size-controlled)

solid support

EtOH/H2O

PVP

CH2Cl2

Water, pH = 4

CH2Cl2/2-PrOH

Water, pH = 4, 2-PrOH

(a)

(b)

(c)

(d)

B. This work: Matrix-transfer (polymer to polymer)

before matrix-transfer after matrix-transfer
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rpm) using a molecular weight cut-off membrane (MWCO 3 kDa) at 27 °C and washed 

with water (3 × 20 mL). The residue was freeze-dried for 2 days. 

1-2-4. Preparation of Au:PVP NPs (6.2 ± 1.6 nm) by Seed-Mediated Growth Method  

PVP(K-15) (2.39 mmol) and Au:PVP(K-15, 1.2 nm) (0.00115 mmol) were mixed in 

water (15 mL) at 27 °C until total dissolution. This mixture was degassed with freeze-

pump-thaw 2 times. To a frozen mixture was added an aqueous solution of HAuCl4 

(0.0239 mmol) and then evacuated under reduced pressure. Meanwhile, an aqueous 

solution of Na2SO3 (90 mmol/L, 5 mL) was degassed by freeze-pump-thaw 3 times. To 

the Au:PVP solution, the aqueous solution of Na2SO3 (0.072 mmol) was added as soon 

as the frozen solution melt via syringe to give red hydrosol. This mixture was stirred at 

1300 rpm for 3 h under 27 °C. The hydrosol was concentrated by centrifugation (4000 

rpm) using a molecular weight cut-off membrane (MWCO 3 kDa) at 27 °C and washed 

with water (3 × 20 mL). The residue was freeze-dried for 2 days. 

1-2-5. Preparation of Au:chit by matrix-transfer method  

In a round-bottom flask, chitosan (150 mg) was dissolved in acetic acid (0.5 mL) and 

Milli-Q grade water (25 mL) and stirred slowly overnight. The solution was cooled to 

0 °C with an ice bath. In a test tube (diameter = 30 mm), CH2Cl2:2-PrOH (6.5 mL:19.5 

mL) by stirring for 15 min under 0 °C. To this was added Au:PVP (200 mg) and stirred 

for another 15 min under the same temperature. Next, the Au:PVP solution was rapidly 

added to the chitosan solution at 0 °C under vigorous stirring under a nitrogen atmosphere. 

After stirring for 2 h. The solution was transferred to a 50 mL centrifuge tube and was 

placed in the centrifuge machine (Kubota, 7780 II at 5 °C) for 1 h at 4000 rpm. After 

centrifuge, the solution was separated by a funnel. The pH of the aqueous phase was 

adjusted to pH > 7 by 5 mol/L aqueous NaOH solution to form a gel film. The film was 

washed with water (ca. 20 mL × 15) and centrifuged every 15 min until the pH of this 

solution reached pH < 5. The film was picked up by spatula from the bottom of the 

centrifuge test tube and placed in a freeze-dried vial and freeze-dried for 2 days to afford 

Au:chit. 

1-2-6. Procedure for homocoupling reaction 

Au:chit was dissolved in acetate buffer (pH 4.57, 10 mL) for 3-5 h under 0 °C prior to 

use. Phenylboronic acid (30.5mg, 0.25 mmol) and acetate buffer (pH 4.57, 5 mL) were 

placed in a test tube (diameter = 30 mm). A hydrosol of Au:chit (0.5 mmol/L, 10 mL, 2 
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atom% in acetate buffer) was added, and the mixture was stirred (1300 rpm) at 300 K for 

3 h. To the reaction mixture was added ethyl acetate, and the products were extracted with 

ethyl acetate (4 × 15 mL). The combined organic extract was dried over Na2SO4. After 

filtration, the filtrate was concentrated under reduced pressure. Then to this was added 

1,1,2,2-tetrachloroethane (20 μL, 0.1908 mmol) as an internal standard. The mixture was 

diluted with CDCl3, and 1H NMR measurements were performed to determine the yields. 

1-3. Results and Discussions 

The challenge toward developing the matrix transfer commenced with the attempt 

to apply the trans-deposition method, previously established in the laboratory where the 

author conducted this research, using size-selectively prepared Au:PVP(K-15, 1.5 ± 0.5 

nm) as a transient Au NPs source.33 In the earlier investigations for size-selective 

preparation of Au:chit, the trans-deposition from Au:PVP(K-15) was applied to the solid 

chitosan using an insoluble solvent system. However, all the attempts have resulted in the 

aggregation of Au NPs and poor deposition efficiency. In addition, the challenge of the 

matrix-to-matrix transfer is that the calcination process is not applicable to remove the 

PVP, contrary to the case of solid supports. The author realized that the main difficulty 

for consideration was supporting metal NPs stabilizing matrix itself (Scheme 1A). 

According to proposed hypothesis, the metal needs to be transferred from one 

homogenous media to another homogenous media, which is quite complex based on the 

author’s observations. Another nuisance was the compatible solvent of choice for all 

media during the matrix-transfer process. This solvent should assist the release of metal 

NPs from the PVP matrix and facilitate their further transfer to the chitosan matrix. 

Finally, the author hypothesized that kinetic conditions must also be essential for a proper 

matrix transfer. To overcome all these difficulties, various attempts were performed, and 

finally, the biphasic solvent system was found to be suitable for the size-selectivity of Au 

NPs. A biphasic solvent system was utilized with 2% aqueous acetic acid solution 

(aqueous phase) and CH2Cl2/2-PrOH = 1:1 (organic phase). Chitosan was initially 

dissolved in the aqueous phase (Scheme 1B, a) and Au:PVP(K-15) in the organic phase 

(Scheme 1B, b). During stirring at 27 °C, the Au NP was transferred from PVP to chitosan 

at the interface of the solvents (Scheme 1B, c), and most of the PVP remained in the 

aqueous phase (Scheme 1B, d). After purification using the dialysis membrane, Au:chit 

with a particle size of 3.3 ± 1.0 nm was obtained (Table 1, entry 1). Then, the conditions 
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were optimized. Although lowering the temperature did not improve the particle size of 

Au:chit (entries 2-3), that the ratio of CH2Cl2 and 2-PrOH substantially affected the 

particle size. Whereas the excessive use of dichloromethane (CH2Cl2/2-PrOH = 3:1) 

showed almost no effect, the excessive use of 2-propanol (CH2Cl2/2-PrOH = 1:3) 

significantly suppressed the agglomeration of Au NPs to afford Au:chit with the particle 

size of 1.7 ± 1.0 nm (entry 6). As in entries 1-3, the lower temperature did not affect the 

particle size (entry 7).  

Table 1 Effect of solvent and temperature on Au NP size 

Entry CH2Cl2/2-PrOH temp. (°C) Particle size (nm) 

1 1:1 27 3.3 ±1.0 

2 1:1 0 3.3 ± 1.0 

3 1:1 –15 3.1 ± 1.0 

4 3:1 0 2.9 ± 1.0 

5 3:1 –15 2.6 ± 0.7 

6 1:3 0 1.7 ± 0.5 

7 1:3 –15 1.7 ± 0.5 

* Au:PVP(K-15, 1.5 ± 0.5 nm) was used. Aqueous phase: 2 % aqueous acetic acid 

The above results indicate that 2-PrOH displays vital assistance during the matrix-transfer 

method. Once in contact with Au:PVP NPs, it lessens interaction between metal NPs and 

polymer matrix (Scheme 1B, b). Binding between Au surface and carbonyl (C=O) group 

of PVP unit is entirely loosened due to the absolute solubility of Au:PVP NPs in 

CH2Cl2/2-PrOH media. Later, upon constant accelerated stirring, it was found that 2-

PrOH acts as both metal and phase transfer agent, which accommodates safe migration 

of Au NPs from PVP in low polar media to polar media (Scheme 1B, c). This was based 

on the notable differences in polarity indexes of CH2Cl2 (3.1), 2-PrOH (3.9), and water 

(10.2), 36 as well as on the high Hansen solubility parameter of 2-PrOH to PVP. 37 

With the optimized conditions for matrix transfer from PVP to chitosan in hand, 

the matrix transfer method using other sizes of Au:PVP (Table 2) were performed.  

Table 2 Comparison of Au NP sizes before and after matrix-transfer from PVP to chitosan 

Entry NP size of Au:PVP (nm) NP size of Au:chit (nm) 

1 1.2 ± 0.4 1.4 ± 0.6 

2 2.4 ± 0.7 3.4 ± 1.0 

3 4.6 ± 1.4 5.3 ± 1.4 
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4 6.2 ± 1.6 6.5 ± 1.6 

From Au:PVPs with a mean size of 1.2 nm, 2.4 nm, 4.6 nm, and 6.2 nm, the author 

succeeded in preparing Au:chits having sizes of 1.4 nm, 3.4 nm, 5.3 nm, and 6.5 nm, 

respectively. TEM results confirm that various sizes of Au NPs could be stabilized onto 

chitosan while maintaining initial metal cores within the bounds of error margin (Figure 

8). 

 

Figure 8 TEM images and corresponding size distribution histograms of Au NPs The average particle sizes (± 
standard deviation) are indicated in each image: (top left) 1.4 ± 0.6 nm, (top right) 3.4 ± 1.0 nm, (bottom left) 5.3 
± 1.4 nm, and (bottom right) 6.5 ± 1.5 nm. Scale bars represent 20 nm. 

Thus, the matrix-transfer effect successfully produced size controlled Au:chits of 1.4-6.5 

nm. The surface morphology of the thus-produced Au:chits was observed via SEM 

measurements (Figure 9).  
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Figure 9 SEM images of chit and Au NPs. (Top left) Pure chitosan matrix; (top right to bottom right) AuNPs with 
increasing particle sizes: 1.4 ± 0.6 nm, 3.4 ± 1.0 nm, and 6.5 ± 1.6 nm. Scale bars represent 20 um. 

Chitosan-stabilized Au NPs acquire similar non-even and fibrous-like textures as pristine 

chitosan, as PVP is known to have a ball shape structure, which did not occur in the 

surfaces of newly prepared Au:chits. The removal of PVP was confirmed by infrared (IR) 

spectroscopy analysis that the absorption band was found in 1260 cm–1 and that 

corresponding to the C=O stretching vibration in the carbonyl group of PVP (1653 cm–1) 

disappeared (Figure 10). 

 

 

Figure 10 FTIR spectra of Au NPs stabilized with chitosan (Au:Chit, black) and polyvinylpyrrolidone (PVP K-15, 
blue). The distinct peaks marked with a star (≈1650 cm⁻¹) and a square (≈1290 cm⁻¹) correspond to the C=O 
stretching of the pyrrolidone ring and C–N stretching, respectively, indicating the presence of PVP. 

Later, the size-dependency of the thus-prepared Au:chits in the catalytic reaction  was 

investigated (Scheme 2).  
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Scheme 2 Homocoupling reaction of phenylboronic acid to form biphenyl alcohol catalyzed by Au:chit NPs 

 

The homocoupling reaction of phenylboronic acid (1) was chosen as a benchmark 

reaction; the catalytic activity was evaluated from the yield after an initial 3 h to minimize 

the influence from the aggregation of Au NPs, which is essentially unavoidable in this 

homocoupling reaction.24, 38 Regarding the conversion, the 2.3 nm-sized NPs exhibited 

the best activity, superior to 1.4 nm-sized NPs, indicating that this catalytic system's 

optimum size might exist (Figure 11a). Alternatively, regarding the reaction selectivity, 

the formation of phenol (3) could not be suppressed in most cases, which was nearly 

achieved in the previous Au:chit catalyst prepared via the batch method.23 The selectivity 

ratio of 2:3 was decreased with increasing the size of NPs, and the 1.4 nm-sized NPs 

showed the best product selectivity, better than the batch catalyst (Figure 11b). One 

possible reason to explain the size-dependent selectivity involves the intrinsic nature of 

the gold NPs: smaller particles intrinsically possess higher reaction selectivity. 

Nevertheless, the most probable reason might be that the larger particles have a more 

exposed surface, which is not effectively covered with the chitosan matrix, losing the 

significant matrix effect. Upon acquiring this catalytic data, the author has realized once 

again that, most probably, the NPs will agglomerate within a longer time, making it 

difficult for further recyclability studies. 

 

Figure 11 Influence of Au NP size on catalytic performance in the homocoupling of phenylboronic acid. (a) 
Conversion (%) and (b) selectivity (%) toward the biphenyl product (2) as a function of Au NP diameter. Error bars 
represent standard deviations in particle size and reaction outcomes. 
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1-4. Conclusions 

In conclusion, using the matrix-transfer method, the author successfully prepared 

Au:chit in several sizes ranging from 1.7 nm to 6.5 nm. The secret to success was the 

addition of 2-PrOH to facilitate the transfer process without severe aggregation. This size 

selective preparation of Au:chits enabled the novel investigation of the size dependency 

of the Au:chit catalyzed reaction. Two size dependencies were observed in the reaction 

of phenylboronic acid: the volcano type size dependency with a 2.3 nm-sized catalyst 

observed at the top in the catalytic activity and the reaction selectivity between the 

homocoupling reaction and the oxygenation, in which the smaller sized catalyst exhibited 

higher homocoupling selectivity. This suggests that the chitosan matrix effect more 

strongly affects the smaller particles. However, why the 6.5 nm sized catalysts possess a 

higher activity and selectivity than the 5.3 nm sized catalysts are still unclear; further 

investigation is needed. In addition, furthermore, the author is also interested in the 

generality of the novel matrix transfer method. 
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2-1. Introduction 

The integration of metal nanoparticles (NPs) with sub 10 nm dimensions into 

biopolymeric matrices that are sensitive to chemical and thermal changes presents an 

ongoing challenge in advanced biomedical applications, including photothermal therapy, 

targeted drug delivery systems (DDS), bioimaging, and diagnostic platforms.1-3 

Conventionally, the incorporation of such NPs into biopolymer scaffolds is achieved 

through in situ chemical synthesis techniques, which typically require the presence of 

external reducing agents, precise pH adjustment, thermal control, and other reaction-

specific conditions.4-6 Despite their widespread use, these chemical methods are often 

constrained by inherent drawbacks such as NP aggregation and limited dispersion 

stability. These issues not only compromise the physicochemical properties of the 

nanocomposites but may also destructively impact the structural integrity and biological 

functionality of the extracellular matrix. 

To overcome the limitations associated with conventional chemical synthesis, 

pulsed laser ablation in liquid (PLAL) has emerged as a promising physical approach for 

the direct generation of small-sized metal NPs onto extracellular matrices. This technique 

offers the production of highly pure NPs in the absence of chemical precursors, 

surfactants, or stabilizing agents. Moreover, PLAL enables precise modulation of 

nanoparticle size and morphology, facilitating uniform spatial distribution across the 

biopolymers.7-8 Furthermore, the process is fundamentally and environmentally benign; 

therefore, it allows for straightforward post-synthetic functionalization of NPs.9–10 The 

applicability of PLAL has been demonstrated in various systems, including the 

fabrication of gelatin-stabilized Au NPs, thus confirming its potential for producing 

biocompatible nanocomposites without the need for chemical reducing agents.11 Despite 

these considerable advantages, this technique still has disadvantages. The main 

limitations include the thermal sensitivity of the biopolymer matrix under localized laser-

induced heating and the potential for photochemical alterations to the substrate. 

Additionally, the method requires a costly investment in laser equipment and maintenance. 

Finally, the NP yield typically remains lower than that achieved through conventional 

chemical routes.12 

Building upon the basic advantages of PLAL, the use of a microchip laser (MCL) 

has gained increasing attention as a versatile and practical enhancement to traditional 
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PLAL systems for metal NP synthesis. The MCL is a compact, diode-pumped solid state 

laser characterized by a short cavity length of approximately 10 mm. This set up allows 

its integration into standard synthetic laboratories without the necessity for vibration 

isolation platforms or elaborate optical alignments, therefore offering notable operational 

simplicity and flexibility.13 The MCL-PLAL system is further distinguished by three main 

operational features. Firstly, it functions at a low pulse energy of 1.8 mJ per pulse, which 

significantly reduces the thermal degradation of chemically and physically delicate 

compounds. Moreover, it permits the use of volatile solvents and additives. Secondly, the 

system operates at a low repetition rate of 100 Hz, which mitigates plasma-induced 

shielding effects even under low-energy conditions. Thirdly, its short pulse duration of 

0.9 ns minimizes energy dissipation during laser-material interaction, enhancing ablation 

efficiency.13 Together, these parameters contribute to a distinct NP formation mechanism, 

enabling the controlled synthesis of metal NPs with improved reproducibility and 

compatibility with sensitive extracellular matrices. 

Previous studies have demonstrated that MCL-PLAL conducted in aqueous 

solutions of poly(N-vinyl-2-pyrrolidone) (PVP) consistently produces Au NPs with an 

average diameter of approximately 4 nm, regardless of the polymer matrix 

concentration.14 This remarkable size uniformity is attributed to the formation of small, 

short-lived cavitation bubbles during laser ablation, which effectively regulate NP 

nucleation and growth independently of the surrounding matrix environment. 

Furthermore, the applicability of the MCL-PLAL technique to various organic solvent 

systems has already been explored within the lab where the author has worked.15 More 

recently, it was reported that the use of aromatic solvents enables fine control over the 

formation of carbon-coated Au NPs with well-defined core-shell architectures.16 These 

results highlight the distinct advantages of MCL-PLAL as a highly adaptable and matrix-

tolerant synthesis platform. Mainly, it can generate uniformly sized nanoparticles while 

minimizing structural damage. MCL-PLAL is a favorable method for the direct 

fabrication of metal NPs within sensitive biopolymer matrices. 

Guided by this rationale, the feasibility of applying MCL-PLAL to gelatin (Gel) 

shall be explored. It has been reported before that a biopolymer commonly employed in 

PLAL-mediated Au NP synthesis typically yields particle sizes in the range of 10-15 nm. 

This investigation aimed to elucidate the specific influence of MCL parameters on 
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particle formation within gelatin. Additionally, the author extended her study to type I 

collagen (ColI), a structurally complex and highly stimulus-responsive biopolymer, to 

evaluate the potential of MCL-PLAL for NP synthesis within even more delicate 

biomatrices. 

2-2. Experimental section 

2-2-1. Preparation of different concentrations by wt% Gel solution 

Gelatin powder (Product No. 077-03155, FUJIFILM Wako Pure Chemical Corporation) 

was dissolved in ultrapure water to prepare aqueous solutions with concentrations of 0.02 

wt%, 0.05 wt%, 0.1 wt%, 0.2 wt%, and 0.5 wt%. 

2-2-2. Extraction of ColI from the mixture of ColI and ColIII  

1 g of collagen particles (a mixture of ColI and ColIII, Nippon Ham) was placed into a 2 

L beaker. 500 mL of water was added and stirred at 500-600 rpm in the ice bath. This 

mixture of collagens was stirred overnight until all the particles were dissolved. To this 

were added 0.45 mol/L NaCl (13.15 g) and 5 mmol/L tris-HCl buffer solution (394 mg), 

and the mixture was stirred for 30 min at room temperature. Then, it was transferred to 

the refrigerator and stored at 4 °C overnight. 1.2 mol/L NaCl (21.92 g) and 5 mmol/L tris- 

HCl buffer solution (394 mg) were added, and the mixture was slowly stirred for 30 min 

at room temperature. Once fully dissolved, it was transferred to the refrigerator and stored 

at 4 °C overnight. The resulting collagen solution was dispensed into conical tubes (50 

mL) and centrifuged for 15 min at 10,000 rpm to afford the ColIII pellet (the centrifugation 

process should be repeated when no pellet was formed). After that, the supernatant was 

collected into a 2 L beaker, and the solution was transferred into dialysis membranes (15 

kDa, 15 cm in length). The ColI solution in membranes was immersed in water in a 2 L 

beaker for 7 days. On the first day, the water was changed every hour. From the second 

day till the seventh day, the water was changed every 3 h to afford a transparent solution. 

The thus-dialyzed ColI solution was transferred to 50 mL conical tubes, frozen in liquid 

nitrogen for 30 min, and freeze-dried for 3 d at the pressure under 25 Pa. 

2-2-3. Preparation of 0.2 wt% ColI solution  

A total of 50 mg of the extracted type I collagen (ColI) was transferred to a 50 mL conical 

tube, followed by the addition of 25 mL of precooled phosphate-buffered saline (PBS). 

The mixture was homogenized for 2-3 minutes to facilitate the breakdown of the collagen 

sponge into smaller fragments. The tube was then sealed tightly and stored at 4-5 °C for 
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2-3 days to allow the complete dissolution of collagen into a uniform solution. 

Subsequently, the resulting dispersion was subjected to centrifugation at 4000 rpm for 5-

7 hours at 4-5 °C to eliminate any air bubbles. The resulting supernatant, corresponding 

to a 0.2 wt% ColI solution, was collected and stored at 4-5 °C until further use. 

2-2-4. Procedure for PLAL method using MCL (Figure 12) for Gel/ColI  

A gold rod (purity > 99.99%, φ 5 mm × 15 mm) was used as the ablation target. Prior to 

use, the rod was cleaned by ultrasonication in acetone for 5 minutes, followed by thorough 

rinsing with deionized water. The gold target was then secured in a custom fabricated 

holder made of polyether ether ketone (PEEK) and positioned at the center of a 50 mL 

glass vial (Marueme, dimensions: 30 × 80 mm). To ensure stable placement during the 

ablation process, zirconia beads were inserted between the holder and the inner wall of 

the vial, thereby preventing displacement of the gold rod during stirring and enhancing 

the uniformity of laser exposure. 

 

Figure 12 Experimental setup of the microchip laser ablation system (Nd:YAG/Cr⁴⁺:YAG) used for nanoparticle 
synthesis. 

A volume of 15 mL of the corresponding biopolymer solution (gelatin or type I collagen 

dissolved in water or PBS, respectively) was added to the vial. Laser ablation was carried 

out under ambient conditions in the dark, with continuous stirring at 270 rpm for 1 hour. 

A microchip laser (MCL) system operating at a wavelength of 1064 nm and based on a 

monolithic Nd:YAG/Cr⁴⁺:YAG ceramic structure was employed for ablation. The laser 

parameters were configured via the power supply interface, with a driving current of 70 
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A, a pulse repetition rate of 180 Hz, and a pulse duration of 0.9 ns. Under these operating 

conditions, an average laser output power of 130-140 mW was achieved, as measured 

using a Nova II OPHIR Power/Energy Meter. The laser head was positioned at a vertical 

distance of 14 cm above the gold target surface to ensure optimal focusing. 

2-3. Results and Discussions 

The primary aim of this study was to synthesize gelatin-stabilized gold 

nanoparticles (Au NPs) using microchip laser-assisted pulsed laser ablation in liquid 

(MCL-PLAL), thereby eliminating the need for conventional chemical reducing agents. 

To this end, a bulk gold rod was subjected to laser ablation in aqueous gelatin solutions 

of varying concentrations (Figure 13A). Across all tested concentrations, the formation 

of stable, red-colored colloidal solutions was observed (Figure 13B), indicating 

successful generation of AuNPs. Previous work by Watari et al. demonstrated that 

gelatin-stabilized AuNPs synthesized via chemical reduction with sodium ascorbate 

yielded particles in the 10-15 nm range, with size variation dependent on gelatin 

concentration.17 In a separate study, Darroudi et al. employed a high power laser system 

(360 mJ/pulse, 5 ns pulse width) and reported AuNP sizes ranging from 7-19 nm, with 

smaller particles obtained upon prolonged ablation.11 In contrast, the present study 

employed gelatin concentrations ranging from 0.02 to 0.5 wt%, while maintaining a 

constant laser irradiation time of 1 hour. As summarized in Table 3, the resulting 

nanoparticles exhibited uniform diameters in the narrow range of 4.2-4.4 nm, as 

determined by transmission electron microscopy (TEM), and displayed a consistent 

spherical morphology (Figure 14). A representative TEM image corresponding to the 0.2 

wt% condition is shown in Figure 13-B1. 
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Figure 13 Schematic and results MCL-PLAL for synthesizing gold nanoparticles (AuNPs) in biopolymer matrices. 
(A) Illustration of the PLAL setup using a 1064 nm laser to ablate a gold target in either gelatin or collagen type I 
solutions with magnetic stirring. (B) Photograph of AuNPs synthesized in gelatin (Gel-Au NPs). (B1) TEM image 
and corresponding size distribution histogram of Gel-Au NPs. (C) Photograph of AuNPs synthesized in collagen 
type I (Col-Au NPs), exhibiting phase separation. (C1) TEM image and size distribution of Col-Au NPs from the 
supernatant. (C2) TEM image and size distribution of Col-Au NPs from the precipitate, showing aggregation and 
broad size distribution. 

Notably, the particle size remained constant with respect to both gelatin 

concentration and irradiation duration, in contrast to the previous findings. In Watari’s 

chemical approach, increasing the gelatin concentration weakened electrostatic 

interactions between the positively charged amino groups of gelatin and the negatively 

charged Au NP surface, thereby modulating the metal core size. In the present case, the 

uniformity in particle size is attributed to the unique ablation dynamics of MCL-PLAL, 

particularly its short pulse duration, which promotes the formation of small, short-lived 

cavitation bubbles that limit the influence of matrix concentration on particle nucleation 

and growth. Furthermore, unlike the findings of Darroudi et al., there was no evidence of 

secondary ablation of preformed particles, suggesting the absence of fragmentation 

related size reduction in this system. 

To evaluate the stability of the synthesized NPs and assess their suitability for 

potential biomedical applications, including cellular uptake and cytotoxicity, the 

hydrodynamic diameter of the Au:Gel colloids was analyzed using dynamic light 

scattering (DLS). Across the range of gelatin concentrations tested, the colloidal size 

remained largely consistent, with the exception of Entry 3 (Table 3), corresponding to the 

0.1 wt% condition, where a noticeably smaller colloidal size was repeatedly observed. 

Au rod (target)

solvent

0

40

80

120

160

1 3 5 7

0

10

20

30

40

50

2 12 22 32 42 52

0

20

40

60

80

100

1 4 7 10 13

B1) Au:Gel NPs

Laser irradiation

(1064 nm)

C1) Au:ColI NPs(supernatant) C2) Au:ColI NPs(precipitate)

magnetic

stirrers

A) PLAL experiment B) Au:Gel NPs

C) Au:ColI NPs



 

38 

 

 

Figure 14 TEM micrographs and corresponding size distribution histograms of Au:Gel nanoparticles synthesized 
with different gelatin concentrations: 0.02% (A), 0.05% (B), 0.1% (C), and 0.5% (D). Scale bars represent 20 nm. 

Prior to laser ablation, DLS measurements of gelatin solutions confirmed the 

immediate formation of colloidal structures, attributed to gelatin’s amphiphilic nature. 

Interestingly, the size of these colloids was found to decrease linearly with increasing 

gelatin concentration. To further clarify whether colloidal dimensions, gelatin 

concentration, or AuNP yield were interdependent, inductively coupled plasma (ICP) 

spectroscopy was employed. The results confirmed that the particle size, gold content, 

and corresponding colloidal size were not correlated with gelatin concentration (Table 3). 

These results prove that MCL-PLAL process enables consistent nanoparticle formation 

regardless of matrix concentration. 

Table 3 Effect of gelatin concentration on the characteristics of gold nanoparticles (Au:Gel NPs) synthesized via 
MCL-PLAL 

Entry Gel 

concentration 

(wt%) 

Au:Gel NPs 

(nm)a 

Yield of Au 

(mmol)b 

Au:Gel 

colloid size 

(nm)c 

Gel 

colloid size 

(nm)c 

1 0.02 4.2 ± 2.1 4.4 × 10-5 23 ± 4 11 ± 4 

2 0.05 3.9 ± 2.0 5.7 × 10-5 30 ± 4 7 ± 2 

3 0.1 4.5 ± 2.3 2.2 × 10-5 10 ± 4 7 ± 2 

4 0.2 4.3 ± 0.9 4.4 × 10-5 31 ± 2 7 ± 1 

5 0.5 4.4 ± 2.5 7.5 × 10-5 25 ± 3 4 ± 2 

 a is measured by TEM, b is measured by ICP, c is measured by DLS 
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To evaluate potential structural degradation of the gelatin matrix during 

nanoparticle formation, circular dichroism (CD) spectroscopy was employed, which is an 

established technique for probing the secondary structures of biomacromolecules. 18 CD 

measurements were conducted on both the Au:Gel nanocomposite and pristine gelatin 

solutions prepared at a concentration of 0.2 wt%. Both samples exhibited characteristic 

negative peaks at approximately 213 nm and 232 nm, 19,20 which are indicative of random 

coil conformations in the polypeptide chains. The CD spectrum of the Au:Gel sample 

closely resembled that of the native gelatin, displaying a broad negative band within the 

200-300 nm range (Figure 15). 

 

Figure 15 CD spectra of gelatin (0.2 wt%) before and after Au NP formation via MCL-PLAL. 

The preservation of these spectral characteristics suggests that the random coil 

structure of gelatin was largely preserved following MCL-PLAL treatment at 0.2 wt%, 

indicating minimal damage to the protein’s secondary structure under the applied 

conditions. To further investigate the possibility of chiral induction at the nanoparticle 

surface by the gelatin matrix, the CD spectral range was extended to 600 nm. However, 

no noticeable CD signals corresponding to the surface plasmon resonance (SPR) of 

AuNPs (typically observed between 500-600 nm) were detected (Figure 16). The absence 

of CD activity in this region implies that the gold nanoparticle surface did not undergo 

any chiral induction from the surrounding gelatin environment. 
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Figure 16 CD spectra of gelatin (0.2 wt%) before and after Au NP formation via MCL-PLAL at longer wavelength 

In contrast, Au-Gel synthesized at a lower concentration of 0.02 wt% yielded 

different results. Under these conditions, gelatin displayed two clear negative peaks at 

210 and 230 nm, which became more distinct. Additionally, a new positive peak appeared 

near 225 nm after laser ablation (Figure 17). This shift from the usual 232 nm signal 

observed in unmodified gelatin points to the formation of triple helical structures, 

resembling partially denatured native collagen.21,22 Overall, the results indicate that MCL-

PLAL modifies the secondary structure of gelatin, showing a more ordered conformation 

similar to collagen triple helices. This structural transformation could have potential 

advantages in materials science and biomedical fields. Altogether, the data show that 

MCL-PLAL can be used to adjust the gelatin structure depending on concentration, 

providing an effective method for creating nanocomposites with controlled bioactive 

conformations. 

 

Figure 17 CD spectra of gelatin (0.02 wt%) before and after Au NP formation via MCL-PLAL. 
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Follow-up experiments investigated the impact of different media on impact of 

different media on reproducibility and Au-Gel NP synthesis. Using the optimized 0.2 wt% 

gelatin, phosphate-buffered saline (PBS) was tested to simulate cell culture conditions. 

Results (Table 4) showed no notable pH change in pure water, but PBS exhibited a 

substantial pH rise and solution turbidity, indicating salt involvement during ablation. 

Laser irradiation likely generated reactive species and altered phosphate ions, causing the 

pH shift. Additionally, PBS promoted Au NP aggregation over time, while aqua based 

samples remained stable, supporting water as the better medium for PLAL synthesis. 

Table 4 Influence of matrix and solvent on pH, color, and gold yield after PLAL 

Entry Matrix Concentration 

(wt%) 

Solvent pH 

before 

PLAL 

pH 

after 

PLAL 

Color 

after 

PLAL 

ICP 

(mmol) 

1 Gel 0.2 water 6.57 6.81 Clear red 4.4 × 10-5 

2 Gel  0.2 PBS 7.16 8.33 Cloudy red 3.8 × 10-6 

3 ColI 0.2  PBS 6.57 6.81 Clear red 4.4 × 10-5 

 

Next, the author explored the direct synthesis of type I collagen (ColI)-stabilized 

Au NPs using MCL-PLAL (Table 4, Entry 3). Unlike gelatin, ColI does not form stable 

aqueous solutions without additives, requiring PBS despite its drawbacks. After one hour 

of irradiation, a faint pink supernatant and red precipitate indicated Au NP. Centrifugation 

separated the two phases for analysis. ICP-AES showed that 0.045 μmol of Au was 

ablated, with 94% in the precipitate. Due to ColI s higher viscosity compared to water, 

ablation efficiency decreased, leading to lower AuNP yields. 26-28 

TEM analysis of the red precipitate confirmed AuNP formation, with a mean 

diameter of 16.6 ± 8.7 nm (Figure 13-C2). However, the precipitate could not be 

redispersed in water, suggesting ColI deformation during ablation. In contrast, the 

supernatant, containing 6% of the total Au, had smaller and more uniform AuNPs 

averaging 2.4 ± 0.9 nm (Figure 13-C1), the smallest reported for ColI matrices. 28 

2-4. Conclusions 

In summary, the author has developed a method to directly incorporate Au NPs 

into sensitive biopolymer matrices using pulsed laser ablation in liquid (PLAL) with a 

microchip laser (MCL). This was done without a reducing agent. Despite the laser’s low 
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pulse energy, the approach was highly efficient. It enabled the synthesis of gelatin-

stabilized Au NPs averaging 4 nm, without damaging gelatin’s structure. Meanwhile this 

is difficult to achieve with conventional methods. At low gelatin concentrations, the 

process also appeared to influence gelatin’s secondary structure. Applying this method to 

type I collagen resulted in most Au NPs becoming trapped in the aggregated matrix, but 

a small fraction of well dispersed, small Au NPs was obtained. The lower yield may come 

from PBS degradation under laser irradiation, suggesting PBS should be avoided in future 

work. Overall, this MCL-PLAL method offers a distinct and promising strategy for 

synthesizing NPs under mild conditions in sensitive biological systems. 
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3-1. Introduction 

The first report on metal nanoparticle (NP)-hydrogel composites was published by 

Willner et al.,1 and they have gradually gained attention in materials science and applied 

chemistry.2-5 Loh et al. later identified several important strategies for achieving 

uniformly dispersed NP-hydrogel systems: 

❖ forming hydrogels in the presence of metal NP suspensions 

❖ physically embedding metal NPs into hydrogels after gelation 

❖ generating metal NPs within pre-formed gels 

❖ using metal NPs as cross-linking agents during gel formation 

❖ constructing gels from combinations of NPs, polymers, and specific gelator 

molecules. 

These approaches have led to the development of a wide variety of NP-hydrogel 

composites designed for different functional purposes.6 Collagen is one of the most 

widely explored polymer matrices for hydrogel precursors, primarily due to its excellent 

biocompatibility and biodegradability.7-14 Combining collagen with functional synthetic 

polymers allows the introduction of new properties while maintaining its natural 

bioactivity. These hybrid materials have found broad applications in both biomedical 

fields and materials sciences.15-17 Among the introduced functionalities, temperature 

sensitivity is especially valuable for drug delivery systems. 2 For example, Chmielewski 

et al. developed hydrogels based on collagen peptides and PEG that demonstrate thermo-

responsive behavior.7 

Biopolymers, such as collagen, are commonly used as stabilizing matrices for metal 

nanoparticles (NPs), helping to prevent their aggregation. Embedding metal NPs within 

polymer frameworks not only enhances their stability but also confers unique 

physicochemical characteristics to the resulting hydrogel, broadening its application 

potential. In 2008, Slowinska et al. introduced a crosslinked collagen hydrogel 

functionalized with tiopronin-capped gold nanoparticles (AuNPs) via a condensation 

reaction mediated by 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC).8,9,13 These 

collagen AuNP composites demonstrated favorable biodegradability and low cytotoxicity, 

making them promising candidates for drug delivery, photothermal therapy, imaging, and 

targeted cellular applications.13 Beyond gold, collagen based composites incorporating 

other transition metals such as silver,15, 16 iron oxide,17, 18 chromium oxide (Cr₂O₃),19 
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gadolinium oxide (Gd₂O₃),20 lanthanum oxide (La₂O₃),21,22 and iron-doped zinc (Fe:Zn)  

23 have also been developed.24,25 However, most of these fabrication methods rely on pre-

synthesized, surfactant-coated nanoparticles, which can lead to undesired chemical 

modifications of collagen and introduce residual contaminants.26 An exception is the 

approach reported by Jiao, Zou, and Yan et al., who developed a method for creating 

collagen hydrogels containing Au NPs through electrostatic interactions between 

positively charged collagen and anionic gold complexes ([AuCl₄]⁻), followed by 

biomineralization.27,28 This technique eliminates the need for preformed nanoparticles, 

providing a more straightforward route to producing collagen Au NP hydrogel 

composites. 

In a prior work in which the author was listed as a co-author, it was demonstrated that 

the addition of transition metal ions could rapidly and selectively induce gelation in 

collagen solutions, resulting in the formation of collagen-transition metal (Col-TM) gels 

(Scheme 3A).29 For instance, introducing a solution of K₂PtCl₄ into purified type I 

collagen dissolved in phosphate-buffered saline (PBS) led to gelation through cross-

linking between collagen fibers and Pt(II) ions, producing transparent and mechanically 

stable Col-Pt gels. This approach presents new opportunities for utilizing collagen in 

transparent gel systems for biomedical applications, such as 3D cell and organoid cultures. 

Based on this phenomenon, it was anticipated that converting Col-TM gels into collagen-

transition metal nanoparticle (Col-TMNP) gels would yield materials with both desirable 

mechanical properties and added functionalities resulting from the embedded 

nanoparticles. 

However, the rapid gelation initiated by metal ion addition creates difficulties for 

applying conventional solution-phase reduction methods to form nanoparticles within the 

gel. Moreover, previously explored strategies involving complexation and 

biomineralization proved ineffective for metal NP formation, as collagen lacks sufficient 

reducing power. To overcome this, the author has identified the need for a more versatile 

reduction technique that is not limited by the physical form of the material. Separately, 

the author has also developed a method to synthesize gold nanoparticles using microchip 

laser (MCL) ablation of bulk gold, which avoids metal-ion coordination entirely. 

Although this MCL approach efficiently generates gold NPs,30 it still faces a challenge: 

the PBS buffer decomposes under laser ablation, causing nanoparticle aggregation. That 
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problem still remains unresolved. 

In this context, the author has proposed employing radiochemical reduction as a 

strategy. Since the first reports on the radiochemical synthesis of metal nanoparticles, this 

technique has been regarded as a clean and efficient method, as it does not require 

chemical reducing agents.31-34 It is also well established that nanoparticles produced via 

this route tend to be uniformly dispersed, due to reduction and nucleation processes, 

which can occur at the same time.35 Additionally, high energy radiation sources like γ-

rays and electron beams provide deep penetration, supporting the scalability of the 

synthesis. Based on these advantages, the author has hypothesized that reducing metal 

ions within Col-TM gels using radiochemical methods would facilitate in situ 

nanoparticle formation, resulting in Col-TMNP gels. This study presents the fabrication 

of Col-TMNP gels using γ-ray irradiation (Scheme 3B) and evaluate their elasticity and 

thermo-responsive behavior. 

 

Scheme 3 Schematic comparison of previous and current work on collagen based gels. 

3-2. Experimental section 

3-2-1. Materials  

Type I collagen (pepsin-treated, porcine skin) and unpurified collagen sponges were 

provided by NH Foods Ltd. Collagen nanofiber (CNF) solution in PBS was prepared 

following a published method. 29 PBS powder was purchased from Sigma-Aldrich and 

dissolved in water (pH 7.4). Acetic acid was from KISHIDA CHEMICAL, and ethanol 

(99.5%) and silver nitrate were purchased from Nacalai Tesque. Other chemicals, 

including gelatin, NaCl, Tris-HCl buffer, DMSO, acetone, n-hexane, HAuCl₄·3H₂O, 

K₂PtCl₄·3H₂O, CuCl₂·2H₂O, NiCl₂·6H₂O, and THF, were obtained from FUJIFILM 

Wako. PdCl₂ was sourced from Kanto Chemical, and H₂PtCl₆·6H₂O was purchased from 

Tanaka Kikinzoku Kogyo. 

3-2-2. Preparation of Col-TMNP Gels 
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5 mL of 0.2 wt% CNF in PBS was placed in a vial. Then, 2.5 µmol of a metal ion solution 

was added to form a Col-TM gel. The vial was sealed and irradiated with γ-rays from a 

60Co source (Koga Isotope, Ltd.) with a total dose of ~20 kGy. The resulting Col-TMNP 

gel was collected for analysis. Gel shrinkage was assessed by measuring the change in 

volume. 

3-2-3. TEM Sample Preparation 

Transmission electron microscopy (TEM) was performed using a JEOL JEM-2100 at 200 

kV. Holey carbon coated copper grids (EM Japan) were treated by glow discharge to 

improve hydrophilicity. The Col-TMNP gel was sliced into 1-5 mm pieces and placed on 

the grids, then dried in a vacuum oven at 60 °C for 24 hours. Particle size was analyzed 

from TEM images using ImageJ, averaging data from 300 particles. 

3-2-4. SEM Sample Preparation 

Scanning electron microscopy (SEM) was conducted using a JEOL JSM-6701F at 15 kV. 

Gels were freeze-dried for 4 days, coated with osmium using an HPC-30 coater, and 

imaged. SEM images were analyzed using JEOL PC-SEM software. 

3-2-5. Compression Testing 

Compression tests were done at room temperature using a SHIMADZU EZ-Test or AGS-

20NX system. Gels were shaped into cylinders (6 mm diameter, 3-8 mm height), and the 

compression speed was set to 1 mm/min with a maximum force of 200 mN. Diameter and 

height were measured three times with a digital caliper, and elastic modulus was 

calculated from the 5-10% strain region of the stress-strain curve. 

3-2-6. Swelling Ratio Measurement 

Col-TMNP gels were freeze-dried (24 h) and weighed (Wdry). They were then immersed 

in 2 mL PBS for 24 h, gently blotted, and reweighed (Wwet). The swelling ratio was 

calculated as: 

𝑺𝒘𝒆𝒍𝒍𝒊𝒏𝒈 𝒓𝒂𝒕𝒊𝒐 =  
𝑊𝑤𝑒𝑡 − 𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
× 100% 

Each measurement was repeated four times, and the average value was reported. 

3-2-7. Photothermal Activity 

A thermocouple (K-type, HD-1400K) was inserted into the Col-TMNP gel and placed in 

the laser path. A 515 nm Yb:YAG laser (Spectra-Physics) was directed at the sample from 

25 cm away, at 50 mW for 5 minutes. The temperature was recorded continuously during 
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and after laser exposure. This process was repeated twice, and the average of three 

independent runs was reported. The laser setup is shown in Figure 18. 

 

Figure 18 Laser set up for a photothermal experiment, 515 nm 

3-3. Results and Discussions 

The Col-Au gel was prepared following a previously established method, by mixing 0.2 

wt% collagen nanofiber (CNF) solution with an aqueous HAuCl₄ solution (2.5 μmol) 

(Figure 19A). This gel was then subjected to γ-ray irradiation using a 60Co source, 

delivering a total absorbed dose of approximately 20 kGy. After irradiation, the gel 

changed color from nearly colorless to reddish-brown, indicating the successful formation 

of gold nanoparticles (AuNPs) through surface plasmon resonance. Importantly, the gel 

retained its structure after irradiation, though its volume decreased to about 40% of its 

original size (Table 5). This shrinkage suggests that the crosslinking between CNFs via 

metal ions remained intact, while a portion of the water in the gel network was expelled. 

10 cm

15 cm

thermocouple
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Figure 19 Synthesis and characterization of collagen-gold nanoparticle (Col-AuNP) gels via γ-ray irradiation. 
(A) Schematic of the preparation process: 0.2 wt% collagen in PBS is mixed with HAuCl₄ to form a Col-Au gel, 
which is then irradiated with γ-rays generate the Col-Au NP gel. 
(B) TEM image and size distribution histogram of Au NPs, showing a mean diameter of 4.2 ± 1.2 nm. 
(C, D) SEM images of the Col-Au NP gel structure 

Transmission electron microscopy (TEM) analysis confirmed the presence of Au NPs 

with an average diameter of 4.1 ± 1.2 nm (Figure 19B). In contrast, TEM images of the 

pre-irradiated Col-Au gel showed no nanoparticles, verifying that NP formation occurred 

only after γ-ray exposure. When the pure collagen solution (without added gold) was 

irradiated under the same conditions, a shrunken gel also formed, but it was opaque and 

white, lacking the distinctive properties seen in the Col-Au NP gel. 

Scanning electron microscopy (SEM) was also performed to observe structural 

differences between the gels. SEM images of the original Col-Au gel displayed a complex 

and uneven surface morphology (Figure 19C), whereas the Col-Au NP gel showed more 

clearly separated collagen fibers and a less complex structure (Figure 19D). These 

changes suggest that γ-ray irradiation may promote molecular level rearrangements 

within the collagen network, which could influence the mechanical properties of the 

resulting gel. 

Building on the successful formation of Col-AuNP gels using γ-ray irradiation, the author 

extended this method to prepare Col-TMNP gels with other metals, including platinum, 

palladium, silver, nickel, and copper. Col-Pt gels, known for their mechanical strength, 

were synthesized using potassium tetrachloroplatinate (K₂PtCl₄) and hexachloroplatinic 

acid (H₂PtCl₆), followed by γ-ray exposure. These irradations produced shrunken, 

HAuCl4
(2.5 μmol) (60Co, 20 kGy dose)
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brownish gels that retained their gel-like consistency. TEM analysis confirmed the 

formation of platinum nanoparticles, with average sizes of 3.1 ± 1.6 nm for Pt(II) and 3.4 

± 1.2 nm for Pt(IV) systems (Table 5, entries 2 and 3). In the case of palladium, although 

the Col-Pd gel was initially formed by mixing collagen with H₂PdCl₄, the resulting Col-

Pd NP gels became fragile and unsuitable for further testing after γ-ray treatment (entry 

4). For silver, the addition of silver nitrate (AgNO₃) did not produce a Col-Ag gel due to 

the immediate formation of silver chloride precipitates, likely caused by residual chloride 

ions in the PBS buffer (entry 5). Nickel and copper systems, using NiCl₂ and CuCl₂ 

respectively, formed opaque white gels, and TEM results suggested little to no 

nanoparticle formation (entries 6 and 7). This is probably due to the higher redox 

potentials of Ni and Cu, which makes them harder to reduce compared to noble metals. 

Interestingly, when non-purified collagen (containing both Type I and Type III collagen) 

was used instead of purified collagen, Col-Au NP gels still formed successfully. In this 

case, irradiation of a gel prepared with HAuCl₄ produced AuNPs with a particle size of 

4.5 ± 1.5 nm (entry 8). On the other hand, gelatin, a denatured single chain form of 

collagen failed to form a gel either before or after γ-ray irradiation. 

Table 5 Effect of different metal ions on nanoparticle size and gel shrinkage after gamma-ray irradiation 

Entry Metal ion Size (nm)b 
Shrinkage 
(%vol/vol) 

1 HAuCl4 4.1 ± 1.2 40 

2 K2PtCl4 3.1 ± 1.6 44 

3 H2PtCl6 3.4 ± 1.2 36 

4 PdCl2 – – 

5 AgNO3 – – 

6 NiCl2 – 35 

7 CuCl2 – 21 

8a HAuCl4 4.5 ± 1.5 25 

comment 1 a is done for Col(1+3 types), b is measured by TEM 

3-3-1. Compression Experiment 

The mechanical strength of the Col-TMNP gels was assessed through compression tests, 

and the results are shown in Figure 20A. The original Col-TM gels had relatively low 

elastic moduli: 2.5 kPa for Col-Au, 3.1 kPa for Col-Pt(II), and 1.9 kPa for Col-Pt(IV). In 

contrast, after γ-ray irradiation and nanoparticle formation, the Col-TMNP gels showed 
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significantly increased stiffness. Col-AuNP reached 10.1 kPa about five times greater 

than the original Col-Au gel. Similar improvements were seen for the platinum-based 

gels: Col-Pt(II)NP and Col-Pt(IV)NP showed increased moduli of 5.8 and 16.9 kPa, 

respectively. To determine whether these changes were statistically meaningful, two-

tailed Student’s t-tests were performed. The Pt(II) series did not show significant 

differences (p > 0.05), but the Au(III) (p = 0.074) and Pt(IV) (p = 0.030) series approached 

or met the commonly accepted threshold (p ≈ 0.05), indicating meaningful improvements 

in mechanical properties. The observed stiffening and shrinkage of the gels are likely due 

to covalent crosslinking between collagen chains, initiated by radicals generated during 

γ-ray irradiation. Figure 20D outlines the proposed mechanism: radiolysis of water 

produces highly reactive species hydrated electrons (eaq⁻), hydrogen radicals (H•), and 

hydroxyl radicals (HO•) which are distributed uniformly throughout the gel due to the 

deep penetration of γ-rays. These species reduce metal ions to form nanoparticles and 

simultaneously create radicals on collagen molecules via hydrogen abstraction. These 

collagen radicals then form new covalent crosslinks (Figure 20E), increasing stiffness and 

compacting the gel matrix. 

Although the specific role of ionic species in the original Col-TM gels is not fully 

understood, it is assumed that the initial metal-ligand coordination bonds are replaced by 

stronger covalent bonds during the reduction process. The resulting contraction of the gel 

is attributed to the closer packing of collagen chains due to these covalent linkages. 

Importantly, while the gel size decreased, its overall shape remained intact suggesting 

that metal ions initially served as a structural template during gel formation. 

Further experiments using more concentrated collagen solutions revealed even higher 

stiffness in the resulting Col-TMNP gels. For example, Col-Pt(IV)NP prepared from 

concentrated collagen reached an elastic modulus of 88.3 kPa (Figure 20B). Statistical 

analysis confirmed the significance of these changes (p < 0.05). On the other hand, using 

purified versus unpurified collagen (containing both type I and type III) had no notable 

effect on the gel’s stiffness (Figure 20C). 
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Figure 20 Evaluation of elasticity and proposed mechanism of metal nanoparticle formation in collagen gels under 
γ-ray irradiation. Measurements (mean ± standard deviation) were based on four independent replicates (n=4). 
Statistical significance was determined using a two-tailed Student’s t-test, with significance levels indicated as 
*p < 0.05, **p < 0.01, and ***p < 0.001; N.S. indicates no significant difference. (A) Comparison of Col-TMNP gels 
with Col-TM controls, with statistical tests performed relative to the corresponding Col-TM samples. (B) 
Influence of collagen concentration, analyzed against 0.2 wt% Col-TMNP as the reference group. (C) Influence of 
collagen purity. (D) Illustration of the radiochemical reaction pathways. (E) Schematic depiction of nanoparticle 
generation and radical induced crosslinking within collagen matrices. 

3-3-2. Swelling Ratio 

To assess the water absorption capacity of the gels which influences their thermal and 

mechanical stability and ability to transport molecules the swelling behavior of Col-

TMNP gels was measured. Freeze-dried Col-TMNP gels were soaked in PBS for 24 hours, 

and the swelling ratio was calculated. The irradiated collagen gel (without metal ions) 

showed a swelling ratio of 430% (Table 6). Interestingly, Col-TMNP gels had similar 

swelling ratios to the pure Col gel, indicating that the overall gel morphology especially 

pore size and the spacing between collagen chains is mainly shaped during the γ-ray 

irradiation step, not by the transition metal cross-linking. 

However, the type of collagen used had a noticeable effect. Gels made with purified type 

I collagen showed significantly higher swelling than those made from mixed type I + III 
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collagen. Although the exact cause is unknown, this result suggests that type I collagen 

forms a more flexible network that absorbs more water. 

When compared to previous studies, the swelling ratios observed here are relatively high. 

For example, Demeter et al.36 reported about 250% swelling in electron beam-crosslinked 

collagen hydrogels, and Walimbe et al.37 found much lower swelling (~35%) in 

hyaluronan-collagen gels, likely due to the stiffness added by collagen. In contrast, our 

Pt(IV)-containing Col-TMNP gels reached swelling ratios up to 690%. This differs 

significantly from Fu et al.’s report, where silver nanoparticles reduced swelling in 

collagen gels.38 

These findings highlight that both the type of collagen and the specific nanoparticles 

embedded within the gel play crucial roles in determining water uptake. In particular, 

some metal nanoparticles such as Pt(IV) appear to increase gel flexibility and water-

holding ability. Thus, by choosing appropriate metal nanoparticles and collagen types, it 

is possible to finely tune the swelling behavior of collagen based hydrogels. This opens 

up new opportunities for their use in applications like drug delivery, wound healing, and 

soft tissue engineering, where controlled swelling is essential. 

Table 6 Swelling behavior for Col samples 

 

3-3-3. Photothermal Activity of Au:Col and Pt:Col Gels 

To explore the potential of Col-TMNP gels for practical use, the author further evaluated 

their photothermal behavior. Gels containing gold and platinum nanoparticles (Col-AuNP 

and Col-PtNP), as well as control Col gels without metal NPs, were subjected to 

photothermal experiments. Yb:YAG green laser (515 nm) with a power of 50 mW was 

used to irradiate the samples at room temperature. Each sample was exposed to the laser 

for 5 min, followed by a 5 min cooling period with the laser turned off. This heating and 

cooling cycle was repeated twice, and temperature changes were recorded throughout. 

Gel Type I (%) Type I + III (%) p 

Col gel 430 ± 194 360 ± 59 0.464 

Col-AuNP 540 ± 87 410 ± 53 0.070 

Col-Pt(IV)NP 490 ± 78 690 ± 64 0.063 
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The results, shown in Figure 21, revealed that Col-AuNP gels experienced a temperature 

increase of 6 °C after 5 minutes of laser exposure. Col-PtNP gels showed a 3 °C rise, 

which is lower due to platinum’s weaker light absorption compared to gold. Even the 

metal free Col gel showed a small increase of 1 °C, likely due to minor localized heating. 

Importantly, the temperature changes during the second cycle were nearly identical to the 

first, indicating good photothermal stability under the test conditions. 

These findings are in line with previously reported studies. For example, Yang et al.39 

demonstrated that SiO₂@Au core-shell nanoparticles could raise temperatures by 4 to 

9.7 °C under 532 nm laser irradiation, depending on gold cluster morphology. Their high 

photothermal efficiency was linked to strong near field interactions and uniform gold 

distribution. Jaque et al.40 also emphasized that the composition and structure of 

nanoparticles significantly influence their photothermal performance. 

Overall, the Col-AuNP gels in this study showed effective and stable photothermal 

conversion, making them promising candidates for biomedical applications such as 

photothermal therapy. 

 

Figure 21 Time-dependent temperature profiles under Yb:YAG green laser irradiation (515 nm). Error bars represent 
standard deviations based on four independent measurements. Photothermal activity of newly prepared Col-
TMNPs  
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3-4. Conclusions 

In this study, a practical method for preparing collagen/metal nanoparticle (Col-

TMNP) composite gels using a radiation-induced reduction approach was established. By 

incorporating transition metal ions such as gold and platinum, the author has successfully 

produced stiff collagen gels, with the elastic modulus reaching up to 88 kPa following γ-

ray irradiation. This work was motivated by the challenges encountered in nanoparticle 

synthesis within collagen matrices using conventional solution-based reduction methods, 

where rapid gelation induced by metal ions prevented successful NP formation.29 

To overcome this, the author turned her attention to γ-ray irradiation, a clean and 

versatile method that does not require chemical reducing agents and can be applied 

regardless of the material’s physical form. The resulting process enables straightforward 

and contaminant-free fabrication of Col-TMNP gels. 

The developed hydrogels demonstrated promising properties for applications in 

both biomedical and environmental areas. Very important functional characteristics, 

including mechanical strength, elasticity, swelling behavior, and photothermal response, 

were influenced by both the type of metal ion used and the preparation conditions. 

Significantly, γ-ray irradiation not only facilitated uniform nanoparticle synthesis but also 

triggered covalent crosslinking within the collagen network, improving stiffness and 

slightly reducing water absorption. 
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Concluding Remarks 

This doctoral work has established a foundation for the design and synthesis of 

biopolymer-stabilized metal nanoparticles, with particular focus on integrating gold (Au) 

and platinum (Pt) nanoparticles into chitosan and collagen-based matrices. 

The research systematically explored three distinct synthesis strategies matrix-transfer on 

chitosan, pulsed laser ablation in liquid with gelatin and collagen, and γ-ray induced 

radiochemical reduction within collagen hydrogels. Each of these approaches offered 

unique advantages for nanoparticle incorporation under mild, biocompatible conditions. 

It has been demonstrated that even structurally sensitive biomaterials, such as gelatin and 

collagen, can successfully host metal nanoparticles without compromising their native 

properties. The study highlighted how mild, surfactant-free, and reducing-agent-free 

approaches can yield well-dispersed nanoparticles while preserving or enhancing the 

functional characteristics of the biopolymer matrices in the MCL-PLAL method. 

Meanwhile, the γ-ray irradiation technique enabled the one-pot formation of metal 

nanoparticles and covalent crosslinking of collagen networks, producing robust hydrogels 

with tunable mechanical, optical, and photothermal properties.  

Altogether, this research contributes to the growing field of hybrid nanomaterials by 

providing practical and sustainable strategies for synthesizing metal nanoparticle-

biopolymer composites. These findings could pave their ways for future applications in 

biomedicine, soft robotics, sensing technologies, and environmental remediation. All 

these areas where the synergy between inorganic nanostructures and natural polymers 

hold immense promise. 
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