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ABSTRACT 

Material discovery and development has been playing a significant role in shaping human 

civilizations, by studying and improving materials for appealing observations to aid in our 

survival as well as to satisfy our curiosity. From the common earthly materials that give us 

strong building structures and hunting weapons to the Silicon Age that contributes to the creation 

of modern electronics and computers, the development of novel and enhanced materials 

continues to grow. Recently, a new field has emerged that is rapidly expanding the engineering 

circle; these are called nanomaterials. By shrinking bulk materials into structures with nanoscale 

dimensions, there is a deviation from classical physics, and quantum effects begin to dominate 

the properties of these materials. The nanometer range brings a high surface area-volume ratio 

which enhances the reactivity of the material, and thus size-dependent properties are 

materialized. Such behaviors can be applicable in several areas such as biomedical, catalysis, 

optics, processing, sensing and more. Nanomaterials can be further functionalized to grant new 

and enhanced functions, features and capabilities needed for a specific application. This 

dissertation aids to explore the functionalization of 1D and 2D nanomaterials for various 

applications. The proposed 1D and 2D nanostructures for testing will be polymer hydrogel 

nanofibers and silica nanoparticulate thin films, respectively. Nanofibers are unique by acting 

like swollen nanoreactors to enable functionalization via aqueous absorption and reaction. Silica 

nanoparticulate films have high nano-porosity, which can wet the thin coating intrinsically with 

aqueous and organic solvents or with non-organic solvents upon additional surface chemistry 

modification. In this dissertation, the functionalization of 1D and 2D nanostructures with 

chemical compounds and metal colloids will be tested, and the performance of the nanomaterials 

and nanocomposites for various applications will be evaluated.  
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CHAPTER ONE: INTRODUCTION 

 

Motivation 

For centuries, humans have been driven to search for innovative materials for various 

applications as well as new approaches to improve the materials’ functionality, performance, 

and cost-effectiveness. Material discovery and development play a significant role in shaping 

human civilizations, by studying and improving materials to aid in our survival as well as to 

satisfy our curiosity. As a result, different eras in human history are named after the key 

materials incorporated in the predominant technologies (Figure 1). For example, in the Stone 

Age (2.5 mil - 3000 BCE), rock and earthly materials were simple but groundbreaking to serve 

as tools and other essentials (1). Things began to heat up during the Bronze Age (3300 - 1200 

BCE), where smelting and casting metals such as copper and bronze were introduced to give 

more defined intricate shapes and improved hardness to tools (2). Glass and iron were 

discovered in the Iron Age (1200 - 300 BCE) (3) and porcelain and ceramic in the 

Middle/Porcelain Ages (300 BCE - 1300 CE) (4), becoming fundamental materials in all 

aspects of human civilization to this day. During the Industrial Revolution or Steel Age (1300 - 

1950 CE), steel was highly used, and the field of metallurgy continues to grow as more alloys 

were being discovered and tested for structural and technological applications (5). Now, the 

Silicon Age (1950 CE - Present) is a memorable era that brought silicon and silicon oxide which 

are chiefly used in the production of computers and electronics (6). The field of material science 

and engineering became more concretely established, and many inventions of innovative 

materials and technology began to materialize. To this day, the search has never stopped, the 

innovation and development of advanced materials continues to grow, so what is next? 
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Figure 1. A timeline depicting the history of materials that made up the predominant 

technologies. 

 

In recent decades, a new field of materials has emerged that is rapidly expanding the 

engineering circle; these are called nanomaterials, where it is the little things that matter. By 

shrinking bulk materials into structures with nanoscale dimensions, there is a deviation from 

classical physics, and quantum effects begin to dominate the properties of these materials (7). 

Such dimensions fall within 1 - 1000 nanometers, and nanostructures can be classified in terms 

of structural dimensions (Figure 2). Zero-dimensional (0D) nanostructures are those where the 

dimensions are all nanoscale and include nanoparticles (NPs). One-dimensional (1D) 

nanostructures are comprised of nanorods, nanowires, nanofibers, and nanotubes, where one 

dimension is outside of the nanoscale range. Two-dimensional (2D) nanostructures are those 

with two dimensions outside of the nanoscale range. These comprise of 2D nanomaterials with 

a monolayer structure and those engineered into an ultrathin structure such as nanosheets or thin 
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films. Three-dimensional (3D) nanomaterials are groupings of the previously described 

materials, so aggregates, colloidal crystals and bundles are classified as such. The overall 

nanostructure offers a high surface area-volume ratio, enhancing the reactivity of the material 

and materializing size-dependent properties (7, 8). 

 

Figure 2. Schematic of nanomaterial classification based on structural dimension. 

 

The ever-growing development of nanomaterials over the recent decades leads to 

significant advances in various application areas. The global market of nanomaterials was 

estimated to be 8.5 billion US dollars in 2019 and is expected to grow with an annual rate of 

13.1% in 2020-2027 (9, 10). For instance, colloidal semiconductor nanocrystals, also known as 

quantum dots, shone brightly in the field of optics where the quantum size effect gives efficient 

and tunable photoluminescence over a narrow emission range (11, 12). Polymer nanofibers are 

highly applicable in biomedical applications as tissue scaffolds and wound dressings due to 
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their large surface area, porosity, mechanical strength, and flexibility (13, 14). Van-der-Waals 

heterostructures made of various atomically thin layers of transition metal dichalcogenides 

stacked on top of each other give rise to high-performance nanoelectronics as a result of their 

unique interlayer coupling and optoelectronic properties (15). Graphene aerogels are great 

components for energy storage and conversion due to their high porosity, surface area and 

electrical conductivity (16). These are but a few examples, and it is obvious that nanomaterials 

hold great potential for future technology. 

However, despite their increasing popularity, pristine nanomaterials have their 

limitations. Compromises tend to be made when selecting nanomaterials for a specific 

application as no sole material can satisfy all the desired requirements. Also, the nanomaterial’s 

functionality and performance can be impacted by intrinsic structural and chemical properties or 

incompatibility with the corresponding environment. For instance, carbon nanomaterials are 

inherently hydrophobic, making them insoluble in aqueous media for sustainable processing and 

biomedical applications (17). Also, nanomaterials can aggregate in dispersions, which increases 

the overall size, reduces the total surface area and minimizes their performance (18, 19). For 

instance, silver NPs are great as antimicrobial agents but can accumulate in the human body and 

can cause cytotoxicity (20). Therefore, to overcome this challenge and realize their full 

potential, functionalization is essential for performance enhancement and composite generation. 

Surface functionalization aids to grant new and enhanced functions, features and 

interactions needed for a specific application (Figure 3). It is a common term where the process 

typically occurs at the surface of the material, however, it can also be within the material itself. 

Molecular functionalization is performed via two paths. In covalent functionalization, chemical 

reactions are used to attach the molecules to the material via permanent covalent bonds to 
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promote specific chemical species and alter the physical and chemical properties (21, 22). For 

instance, the wettability of zinc oxide nanowires can be converted from hydrophilic to 

superhydrophobic by undergoing electrochemical deposition with stearic acid (23). Silica NPs 

can also be functionalized with amine groups to promote further attachment of antibodies for 

immune-sensing and targeted therapy applications (24). In non-covalent functionalization, 

chemisorption and/or physisorption occurs to absorb the guest molecules onto the nanomaterials 

via weak interactions such as hydrogen bonding, π–π interactions, van der Waals forces, and 

electron donor-acceptor ligands (22). This is important with carbon-based nanomaterials, where 

there is no interruption in the π system of the graphenic nanostructure, and the intrinsic 

properties like mechanical strength and electric conductivity are not affected (25, 26). 

 

Figure 3. Substrate properties, types of modification and impact on material surface features. 

Reprinted with permission from Reference (22). Copyright 2013 Elsevier. 
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In addition, functionalization can generate composites to further magnify the material 

engineering and development. By combining two or more materials into one, novel and 

enhanced properties are promoted to contribute to the functionality and performance of the 

overall structure and material. For example, silver NPs can be treated with organic surfactants to 

improve the dispersibility in epoxy resin in order to create conductive polymer composites (27). 

Moreover, the development of new approaches for NP synthesis aids to expand the technique, 

so that the 0D nanomaterials can be attached onto the substrate materials (21). For example, 

silver NPs were formed in situ by poly(vinyl alcohol) and stabilized by sodium poly(γ-glutamic 

acid) to fabricate a nanocomposite film for surface-enhanced Raman scattering (28). Now to 

ensure proper functionalization, it is critical to consider the structure and intrinsic properties of 

the substrate nanomaterial. 

1D and 2D nanomaterials are promising to study in the development of functionalization 

methods for various applications. Firstly, the elongated 1D and ultrathin 2D nanostructures are 

in the optimal range to be used as substrate materials. 0D nanostructures are free-standing in 

suspension, making it difficult to isolate and remove all the NPs after usage. Unsuccessful 

removal can promote unwanted production and side-reactions during catalysis (29) and toxicity 

in biomedical applications (30). 3D nanomaterials can have low post-processibility to attach the 

molecules throughout the structure, limiting the available functionalization strategies for such 

materials (31). The high aspect ratio 1D nanostructures are often synthesized in a forest-like 

array (32), monolayer network (33), or a multi-layered dense mat (14), while 2D nanostructures 

are engineered as single or few atomic layers (34) or ultrathin films (15). As such, 1D and 2D 

nanomaterials make for great substrates in which the functionalization can be performed with 

high accessibility and consistency, giving high-performance materials and devices that are also 
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easy to handle. In addition, the functionalized 1D/2D nanomaterials can be easily incorporated 

with other materials to fabricate composites and devices for multi-functionality. Overall, a lot of 

research efforts has been invested to the study of nanomaterial functionalization, but there is 

still much to learn to develop novel strategies to create 1D/2D nanostructure-based 

functionalized materials and composites. 

The work presented in this dissertation aims to explore the functionalization of 1D and 

2D nanomaterials for different applications. The selected 1D and 2D nanostructures are polymer 

hydrogel nanofibers and silica nanoparticulate thin films, respectively. Both nanomaterials offer 

high degree of flexibility in chemistry, physical properties, and fabrication mechanisms, which 

can lead to functionalization designs curated for a specific purpose. The remainder of this 

chapter aims to provide a comprehensive background on hydrogel nanofibers and silica 

nanoparticulate films in regard to their corresponding material class and nanostructure. This 

also gives deep insight on the many ways on how the nanostructure can affect the substrate 

properties and functionalization processes that can demonstrate versatility in fabrication. 

 

1D Nanostructure – Polymer Hydrogel Nanofiber 

Hydrogels and Polyelectrolyte Gels 

Hydrogels are a unique material class that has gained substantial research attention over 

the past years. They are water-soluble crosslinked 3D networks, possessing a high-water 

capacity and a distinct rubbery and soft material nature (35). Their ability to absorb and retain 

water stems from both the hydrophilic functional groups that interact with water molecules and 

the crosslinks between the polymer network chains. This allows for the gel to swell at a high 

capacity while maintaining its structure. The hydrogel structure and properties are influenced by 
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conditions under which the hydrogel was formed, such as the degree of crosslinking and the 

chemistry of the units that make up the network. The elasticity and viscosity of a gel decreases 

as the number of crosslinks increases, resulting in stiffer hydrogels with higher compressive and 

tensile strength (36, 37). More crosslinks also result in more areas in the gel to be locked in 

place, minimizing the free volume, and reducing the swelling behavior. For example, 

poly(ethylene glycol)- polyacrylamide hydrogels crosslinked with a rosin-based agent 

demonstrated high swelling overall but decreases with increasing agent concentration as a result 

of higher crosslink density (Figure 4) (37). Additionally, the swelling capacity are higher in 

hydrogels containing charged ionic groups due to higher osmotic pressure (38). 

 

Figure 4. a) Schematic illustration of preparation and network of hydrogels (the transparent 

RPAM hydrogel (swollen state) with 1.5 w/v% FPA–PEG200–AC, 5 mm thickness); b) 

swelling behavior of hydrogels with different concentrations of FPA–PEG200–AC; c) optical 

images of the before and after swollen hydrogels. Modified from Reference (37). 
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Though hydrogels are relatively new compared to metals and other materials, 

discoveries over a few decades yielded a wide diversity and demonstrated the appeal of these 

materials. Hydrogel research in the earlier decades mainly focused on developing simple 

crosslinked networks of polymers and are commonly used for biomedical and drug delivery 

purposes. The first landmark paper on a hydrogel was by Wichterle and Lim in 1960 where they 

reported on the development and usage of poly(2-hydroxyethyl methacrylate) gels as soft 

content lenses (39). In general, hydrogels are commonly fabricated by either undergoing 

polymerization of water-soluble monomers with the addition of a chemical crosslinker (40, 41) 

or crosslinking hydrophilic polymers through physical or chemical means (42, 43). The most 

frequently studied polymers were poly(2-hydroxyethyl methacrylate) (44, 45), poly(vinyl 

alcohol) (46, 47) and poly(ethylene glycol)/poly(ethylene oxide) (48, 49). The simplicity of the 

first-generation hydrogels is befitted for straightforward applications as well as fundamental 

exploration of physicochemical hydrogel properties (50, 51). 

The field later shifted into the development of advanced hydrogel systems with 

additional functionality. In the 1960s, Katchalsky and his colleagues introduced hydrogels that 

can covert chemical energy to mechanical work (52, 53). Starting from 1978, Tanaka was a 

pioneer in developing ‘smart’ gels in which he made discoveries such as the phase transitions 

and swelling behavior of a poly(N‐isopropylacrylamide) gel under external conditions like 

temperature (54, 55) and solvent composition (55, 56). Later in the mid-1990s, crosslinking in 

hydrogels became a big highlight as new physical interactions are employed to regulate and 

enhance the mechanical, thermal and degradation properties of the gels as well as promote in 

situ hydrogel formation. Such crosslinking methods include stereo-complexation (57), inclusion 

complex formation (58), metal-ligand coordination (59), and peptide interaction (60). The 
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generation of such advanced hydrogel materials not only continues to apply in biomedical 

applications (60, 61) but paces a way into industrial applications as potential devices such as 

actuators (62), sensors (63) and filters (64). 

Polyelectrolytes are a distinct polymer class that has been greatly used in the hydrogel 

research field. Their constitution comprises of a polymeric backbone with covalently-linked 

repeat units of charged functional groups which allows for the macromolecules to possess both 

properties of polymers and simple electrolytes (65). Polyelectrolytes are classified into three 

groups: polycations, polyanions and polyampholytes. The macromolecules are typically found 

as polycations and polyanions with repeat units of cations and anions, respectively. 

Polyampholytes are rare macromolecules that comprise of both cationic and anionic groups in 

the polymeric backbone and are often synthetic in nature as co-polymers (66). When immersed 

in polar solvents such as water, the ionic groups dissociate, and a net charge on the 

polyelectrolytes is created due to partial or complete dissociation. Strong polyelectrolytes are 

completely dissociated and thus fully charged in solutions at most pH conditions. Weak 

polyelectrolytes partially dissociate in solution, and their charges can be influenced by solution 

pH, ionic strength and counterion concentration (40). In addition, the charged ionic groups can 

interact with other charged molecules and entities via electrostatic forces and other weak 

interactions, enabling encapsulation and/or a change in the swelling behavior (64). 

As a result, polyelectrolyte hydrogels have been studied extensively for the development 

of functional materials. Oppositely charged polyelectrolytes interact with each other via 

electrostatic forces to form different types of complexes. With increasing salt concentration, the 

mixtures equilibrate and yield compositions ranging from solid precipitates to elastic liquid 

coacervates to dissolved solutions (67). Thus, hydrogels can be produced from coacervation and 
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ionic crosslinking; however, polyelectrolytes offer additional complexities to the hydrogel 

system due to the dynamic nature of the ionic groups and their density differences in the 

polymer chains (68). Despite these complications, polyelectrolyte gels do hold great potential as 

innovative materials for a wide range of applications. For example, electrostatic complexation 

in the chitosan-sodium polyacrylate hydrogel is reversible upon increasing the ionic strength, 

which aids to promote biodegradability (63). The structural stability and mechanical properties 

of the gel in the swollen state can be improved by employing chemical or physical crosslinking 

that promote the formation of covalent bonds. In addition, polyelectrolyte gels demonstrate 

ionic conductivity and can be used for the development of flexible and stretchable electronic 

devices (69). Polyelectrolyte hydrogels are also responsive to external stimuli due to the 

polyelectrolytes’ sensitivity to pH, solvent polarity, ionic strength, electricity and temperature 

(70). This makes them highly beneficial in the design of drug delivery vessels, tissue scaffolds 

and soft actuators (71). As viscoelastic materials, hydrogels and polyelectrolyte gels can be 

designed in various morphologies and shapes, which dictate the ultimate functions and 

applications of the hydrogel. 

Nanofiber Structural Advantages 

Polymer nanofibers are promising 1D nanostructures that can be implemented in a 

variety of applications and technology due to their outstanding properties and structural 

characteristics. Nanofibers are ultrathin long cylindrical structures with diameters ranging from 

one micron to less than 100 nanometers (Figure 5). The properties of a fiber material are 

correlated based on four fundamental structural levels (Figure 6). Firstly, the molecular level is 

represented by the macromolecules, in which both the chemical groups and the flexibility of 

molecular chains can affect the fiber structure (72). The presence of bulky and polar functional 
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groups can result in steric and electrostatic repulsion, resulting in larger nanofiber formation 

(73). Flexible polymer chains tend to allow for more linear alignment in the stretched and 

constrained matrix, resulting in increased fiber flexibility. Longer chains promote more polymer 

chain entanglements within a concentrated regime to favor and enhance the formation of the 

nanofiber structure. In addition, with greater accessibility to their functional groups, the 

polymers can also interact with each other to form domains. This takes us to the second level 

where the supramolecular structure is characterized by alternating amorphous and crystalline 

regions in the fiber. Higher degree of crosslinking and interacting forces give more crystalline 

regions that result in greater mechanical strength and stability in the polymer network (74). 

Irregular packing and flexion of the chains produces amorphous regions, which can easily 

deform in the matrix. The coordination and orientation ordering are dependent on the molecular 

characteristics of the polymers and the processing method. 

 

Figure 5. Electron micrograph of polymer nanofibers. 
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Figure 6. Diagram of the multilevel structure of fibers and textiles. Notation: cr — crystalline 

regions; am — amorphous layers. Reprinted with permission from Reference (72). Copyright 

2009 Springer. 

 

Moreover, the third and fourth structural levels are represented by the microstructure 

and macrostructure of the fiber, respectively. The microlevel focuses on the overall fiber 

morphology, which includes the diameter, cross-sectional shape, and layer heterogeneity. Due 

to the higher crosslinking and crystallinity, fibers with lower diameters tend to have greater 

stiffness and tensile strength but lower ductility (75, 76). The morphology of a nanofiber is 

typically a long thin cylindrical structure, but those with defects and pores can increase the total 

surface area (77). The local stress concentration is higher around such features and increases as 

the feature size increases, improving the fiber’s strength and stiffness (78). Also, 

supramolecular configurations can be heterogenous across the fiber matrix, influencing the 

overall mechanical stability (58). Lastly, the fiber material on the macrolevel is characterized by 

the spatial rearrangement of the fibers. Nonwoven mats comprise of randomly aligned fiber, 
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while textiles tend to position the fibers in a specific alignment and pattern. Aligned fiber mats 

are found to have greater tensile strength and modulus compared to nonwoven mats (79). In 

addition, though the fibers themselves have greater stiffness and strength, the overall fiber mats 

promote flexibility due to their soft material character and viscoelasticity. High production of 

the nanofibers generates highly porous mesh networks with great interconnectivity yet overall 

lower mat thickness, yielding stable and flexible substrate materials (80). 

In addition, the diffusion and absorption rate are greatly boosted due to the smaller fiber 

diameter and high specific surface area. In a simple case of 1D diffusion where the polymer 

fiber can be considered as an infinitely long solid cylinder, the Fick’s second law in differential 

form is shown in Equation 1, where C is the concentration of the diffusing substance in the 

matrix, t is the diffusion time, r is the radius of the diffusion front (0 ≤ r ≤ R, where R is the 

mean fiber diameter), and D is the diffusion coefficient (81).  

𝜕𝐶

𝜕𝑡
= 𝐷 (

𝜕2𝐶

𝜕𝑟2  +  
1

𝑟

𝜕𝐶

𝜕𝑟
)       (1) 

As an example, most polymers have a water diffusion coefficient within 10-13 – 10-8 m2/s, so the 

path length and duration for water to reach the center will be shorter in a nanoscale cylinder 

matrix. The diffusion rate of the fluid is inversely proportional to the cross-sectional area in the 

system, so the rate can be estimated to be greater in hydrogel fibers with smaller diameters (82). 

Now it is to note that the model is simplified where it is assumed that the fiber’s concentration 

for the water is at zero and that the diffusion front as it is traveling down towards the center of 

the medium remains saturated throughout the diffusion process. Many other factors can affect 

the diffusion in a hydrogel fiber such as degree of swelling and shrinking (83), viscosity of the 

matrix (84), and the effective diffusion rate and solute size of the substance (85). Nonetheless, 



15 

there is great potential in utilizing hydrogel nanofibers due to their structural advantages and 

chemical properties. 

Development of Hydrogel Nanofibers 

Hydrogel nanofibers are a unique subset which combines the structural advantages of a 

nanofiber with the functional properties of a hydrogel. The nanofiber structure provides high 

specific surface area, flexibility in both the fiber and the mat, excellent mechanical properties, 

and adaptable surface functionality. The hydrogel aspect exhibits great viscoelasticity, excellent 

swelling behavior and high-water capacity. With a broad cache of hydrophilic polymers to use, 

nanofibers can be designed with a hydrogel system of one polymer or a polymer blend to attain 

a set of properties applicable for a specific application. There are various methods to produce 

the hydrogel nanofibers. Table 1 summarizes the advantages and disadvantages of the different 

methods for nanofiber fabrication (86). The drawing technique is a simple method where a 

sharp tip is withdrawn from the liquid droplet at a constant slow rate to produce continuous 

individual fibers (87); however, there are several drawbacks such as slow productivity and low 

scalability. Additionally, small molecules can self-assemble through weak interactions to form 

small nanofiber structures (88), while phase separation involves the gelation of dissolved 

polymer under specific solvent and reaction conditions and then extraction via freeze-drying 

(89). Both processes form small nanofiber structures but are complex, time-consuming, and 

only applicable to specific polymers. Template synthesis entails the ejection of a liquid polymer 

through a membrane with cylindrical nanopores. Though the fiber diameter is tuned by the pore 

size of the mold and a variety of polymers can be employed, continuous long fibers cannot be 

produced, only stopping at several micrometers in length. Among all the developed methods, 

electrospinning is considered the most widely used technique to fabricate nanofibers. 
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Table 1. Comparison of different nanofiber fabrication methods. Modified from Reference (86). 

 

Method 
Control on 

Fiber Dimension 
Advantages Disadvantages 

Drawing No 
- Simple process 

- Simple equipment 

- Difficulty in 

controlling the fiber 

diameter 

- Not scalable 

- Small productivity 

Self-assembly 
Depends on the 

precursors 

- Easy to obtain smaller 

nanofibers (with 

diameter of a few nm 

and length of a few 

microns 

- Complex process 

- Difficulty in 

controlling the fiber 

diameter 

- Strongly dependent 

on the nature of 

materials 

Phase 

separation 
No 

- Simple procedure 

- Improved mechanical 

properties by 

increasing polymer 

concentration 

- Simultaneous 

presence of nano and 

macro architecture 

- Limited range of 

materials 

- Difficulty in 

controlling the fiber 

diameter 

- Not scalable 

Template 

synthesis 
Yes 

- Wide range of 

materials 

- Using different 

templates, the 

diameter of fibers can 

be easily changed 

- It cannot make 

continuous nanofibers 

- It is not possible to 

create complex 

morphologies because 

of the lack of 

templates 

Electrospinning Yes 

- Cost effective 

- Thinner diameters of 

fibers 

- Continuous fibers 

- Wide range of 

materials 

- Adjustable porosity of 

electrospun structures 

- Variety of shapes and 

sizes 

- Diversity of assembly 

organization from 1D 

to 2D and even 3D 

materials 

- Jet instability 

- Beads formation 

- Low production rate 

- Capillary clogging 

- Solvent recovery 

issues 

- Scalable 
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Electrospinning is the most common method to produce nanofibers owing to its low-

cost, simplicity, tunability and versatility. The technique was first patented by Cooley in 1903 

(90); however, electrospinning and nanofibers only began to gain high interest among scientists 

and industries in the early 1990s. Reneker and his colleagues paved the way through their work 

that provides in-depth explanations and studies on the physics behind electrospinning (91-93). 

The process undergoes an electro-hydrodynamical phenomenon that involves two stages. 

Firstly, upon applying an electrical field to a polymer solution, charges begin to accumulate at 

the droplet which causes it to sharpen to a cone shape until an inversion occurs and a fiber jet is 

formed (92). Secondly, as the jet travels towards the collector, the like charges within the fiber 

matrix undergoes repulsion and bending instabilities, causing the fiber to stretch into a thin 

structure with nanoscale diameters (93). The morphology, structural size and deposition rate of 

the nanofibers vary based on the solution, processing parameters and environment factors (94, 

95). The technique is versatile to spin fibers from a wide variety of polymers in which each 

polymer for electrospinning requires particular parameters, and solutions may be prepared from 

a single polymer or a blend of multiple species, depending on the mechanical, structural, and 

chemical properties that is required for a specific application. 

Poly(acrylic acid) and Poly(allylamine hydrochloride) System  

The polymer blend of poly(acrylic acid) (PAA) and poly(allylamine hydrochloride) 

(PAH) is an interesting system for hydrogel fabrication. As seen in Figure 7, the structures of 

PAA and PAH consist of simple carbon backbones with repeat units of carboxyl and amine 

functional groups, respectively (96). They are weakly charged polyelectrolytes which undergo 

dissociation at the corresponding pKa values of 6.4 for PAA and 8.7 for PAH (97). The 

protonated amine and deprotonated carboxylate groups can complex via ionic crosslinks at low 
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ionic strength and neutral pH (98). A ladder-like alignment of the polyelectrolytes gives a 

balance of electrostatic and hydrogen bonding, which can help to stabilize the PAA/PAH 

complex (99). Such interactions are commonly employed for the assembly of polyelectrolyte 

complex multilayer films and for stimuli-responsive applications (100, 101). However, the 

complex is sensitive to pH and ionic strength. Increasing the salt concentration encourages 

extrinsic ion pairing where the free ions in the solution can interact with the functional groups 

of PAA and PAH, decreasing the crosslink density (96). At low pH, the carboxyl groups 

become protonated and uncharged, which greatly reduces the number of crosslinks and 

increases the degree of swelling. Hydrogen bonds that remain in the complex can be easily 

disrupted by water molecules, leading to the eventual disassembly of the weak polyelectrolyte 

complex network. To improve the material stability, the two groups react via hydrolysis when 

undergoing thermal crosslinking to promote amide bond formation. 

 

Figure 7. Layer-by-layer assembled PAH/PAA material model system. (a) pH-governed 

molecular state changes of PAH and PAA. (b) Schematic of the pH and ionic strength (IS)-

dependent molecular organization of the ionically cross-linked PAH/PAA networks. Reprinted 

with permission from Reference (96). Copyright 2015 Royal Society of Chemistry. 
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The PAA/PAH complex system has potential to be fabricated into nanofibers that are 

suitable for functionalization. It has not been greatly studied compared to other polyelectrolyte 

fiber systems such as PAA/poly(vinyl alcohol) and PAA/chitosan. However, it is worth 

pursuing for the following reasons. Firstly, solution preparation is simple and quick, as these 

two water-soluble polymers can be easily mixed into a homogenous polymer solution upon 

stirring at room temperature. The PAA/PAH hydrogel nanofibers can be generated via 

electrospinning and physical crosslinking for stable flexible porous substrates. The polymers 

interact electrostatically in the as-spun fibers, and thermal treatment promotes hydrolysis and 

covalent bond formation to enhance the material stability. The simple structure of the 

macromolecules minimizes the fiber structure formation while making the functional groups 

accessible. In terms of application, crosslinked PAA/PAH fibers has been tested for their 

swelling response under various pH (102). In addition, by using a PAA/PAH molar ratio with 

PAA in excess, the high amount of carboxyl groups can interact with specific compounds and 

entities in the hydrogel fiber matrix to promote encapsulation. This is beneficial for several 

applications; for example, the fiber mats has been used as a potential drug delivery vessel with 

tunable pH-responsive release (103) and as a filter to capture free heavy metal ions in waste 

(64). What is also interesting is that metal NPs can be formed and loaded inside the PAA/PAH 

nanofibers to generate flexible nanocomposites (104, 105). Thus, the PAA/PAH hydrogel 

nanofiber is a promising system to promote aqueous absorption and in-situ 0D nanomaterial 

fabrication. 
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2D Nanostructure – Silica Nanoparticulate Thin Film 

Silica-Based Nanomaterials 

Silicon dioxide, also known as silica, is one of the widely used materials in modern 

technology and science. It is the most abundant oxide material on earth, commonly found in 

nature as quartz. Silica can exist in an amorphous form or a variety of crystalline forms. 

Throughout history, due to its ease of extraction and accessibility, silica has been a main 

precursor for manufacturing of glass and ceramics (106). It is a great refractory material due to 

its high melting point, low thermal expansion, creep resistance and inert character. Silica is also 

implemented as an aggregate for the production of concrete, mortar, and sandstone, which are 

highly applicable for construction of buildings and roads (107). A high-purity grade silica called 

fused silica is greatly used in the electronics and semiconductor fields due to its high dielectric 

strength, wide bandgap, and insulating property (108). In addition, ultra-pure silicon can be 

derived from processing raw silica material which is later utilized for the fabrication of 

computers and electronic chips (6). 

With the growing field of nanotechnology, nano-silica has become a significant 

industry. The commercial colloidal silica market was estimated to be ~$252 million in 2022 

with a projected compound annual growth rate for 2022-2030 of ~3.9% (109). The research on 

silica nanomaterials has increased due to their unique structures and properties. The specific 

surface area and thus the reactivity of the silica material is significantly increased by setting the 

structure to nanoscale dimensions. For example, the unique optical properties observed in nano-

silica are attributed to optically active defects on the surface, and the number of neighboring 

atoms that can stabilize the defects increases with increasing particle size, decreasing the 

photoluminescence activity (110). In addition, these inorganic nanomaterials have demonstrated 
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excellent chemical, mechanical and thermal stability, good biocompatibility, and low toxicity 

(111). The Stöber process with tetraethyl orthosilicate as the precursor in alkaline medium is 

commonly used to synthesize the silica nanomaterials (112). A variety of shapes and 

morphologies can be adopted with great cost-effectiveness and scalable synthetic availability. 

For instance, liquid dispersions of monodisperse colloidal silica are formed upon undergoing 

the reaction under vigorous stirring or ultrasonication (112). Moreover, the addition of 

surfactants to the reaction produces mesoporous silica NPs with tunable pore sizes, large pore 

volumes and enhanced total surface area (113), which makes them advantageous as drug 

carriers and catalytic supports (114, 115). Silica thin films are generated by physical vapor 

deposition and chemical deposition methods (116), which will be discussed more in detail in the 

later section. 

In addition, the possible applications for nano-silica are further expanded through 

surface functionalization. Silica is a great support material to employ chemical reactions in 

order to modify the surface chemistry and promote new properties. A common technique is the 

functionalization reaction with silane compounds, also known as silanization. This reaction 

typically occurs on the surface of support materials such as titanium dioxide (117), silica (118), 

and other metal oxides (119, 120). Silanes react with the surface hydroxyl groups to be grafted 

onto the surface of the support with the desired end groups on the other side of silane molecules 

exposed to the environment. Silanization using silanes with specific functional groups aids to 

modify the surface chemistry in order to improve the silica host material and to promote new 

functions. For example, surface functionalization with fluoroalkyl silanes on silica particles 

promotes fluorinated groups to induce hydrophobicity (121). In addition, aminosilane 

modification introduces amine groups to the silica surface for subsequent chemical 
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functionalization with alkyl groups such as stearic acid to promote hydrophobicity, as shown in 

Figure 8 (122). Furthermore, multiple silane compounds can be grafted onto silica for dual 

functionality; for example, a silica particle coupled with both mercaptosilane and alkylsilane 

demonstrated the improved chemical bridging between silica and rubber and enhanced 

hydrophobicity, respectively (123). Thus, functionalized silica can be used in the development 

for multifunctional silica-based materials for nanomedicine (111, 124), environmental 

remediation (125), sensors (126), optics (127) and more. 

 

Figure 8. Schematic of amino modification of silica nanoparticles using 

tris(hydroxymethyl)aminomethane (Tris) and additional grafting with stearic acid to promote 

hydrophobicity. Amination increases the reactivity and significantly enhances the grafting 

density of stearic acid on the particles. Modified from Reference (122). Copyright 2020 

American Chemical Society.  

 

Thin Film Morphologies and Applications 

Thin films are exceptional 2D nanostructures in which materials are confined in a film 

geometry with a thickness ranging from one nanometer to several microns. Such geometry helps 

to enhance the chemical and physical properties of the host material and to modify surface 

morphology. Upon constructing films with nanoscale thicknesses, size-dependent properties are 
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materialized for new and unique behaviors (128). For instance, Grove in 1852 deposited iron 

oxide layers onto a silver-plated substrate that demonstrated interference effect and color 

variation with increasing film thickness (129). Another example is with anti-reflective coatings 

which are thin layers of dielectric material that minimize the reflection for a specific wavelength 

by choosing a film thickness of a quarter of the wavelength (130). Thin films has been used in 

optical (131), electronic (131, 132), magnetic (133), mechanical (134) and thermal applications 

(135). In addition, film coatings promote a large specific surface area with uniform coverage to 

support reactivity and high performance. Typically, thin films are formed as a solid layer, but 

employment of nanostructured surface and matrix encourages additional properties and 

capabilities. 

Textured and porous films are a unique class from the traditional solid films due to their 

structural features. These films contain surface texture and matrix pores which exhibits wetting 

properties such as superhydrophobicity and superhydrophilicity (136). With such films, routes 

to new applications are unveiled such as self-cleaning (137), anti-fogging (138) and bacteria-

resistant coatings (139, 140). Nanoparticulate thin films are a specific type of porous film that is 

of great interest. The composition comprises a layered assembly of inorganic NPs as the 

structural units (Figure 9). The particles are tightly packed to give a thin uniform film with 

nanopores, which are formed by the voids between the NPs. The nanoporosity feature promotes 

a nano-wicking effect, which is the rapid infiltration of fluids into the film network through the 

nanopores, and thus exhibits superhydrophilic behavior (Figure 10) (138). However, films 

created from precursor particles of two different sizes can increase the surface roughness and 

promote hydrophobicity (141). In addition, upon using specific material types such as metal and 

metal oxides, the unique thickness-dependent properties are included alongside the wettability 
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behavior (138, 142). As a result, nanoparticulate thin films have great potential to be used as 

stable substrates for functionalization within the matrix through liquid absorption and chemical 

reactions. 

 

Figure 9. Electron micrographs of silica nanoparticulate thin film on silicon wafer: top-view 

(top) and cross-section view (bottom). 
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Figure 10. a) Still images from video contact angle measurements for a first and second drop 

(0.5 μL) of water, b) time-dependent change in contact angle for a first water drop as a function 

of the number of deposited bilayers, and c) time-dependent change in contact angle for a second 

water drop as a function of the number of deposited bilayers. Multilayer film:  PAH 7.5/SiO2 

8.0 (7 nm nanoparticles in a 0.03 wt% solution) with PAH 4.0/SPS 4.0 adhesion layers. 

Modified from Reference (138). Copyright 2006 American Chemical Society. 

  

Vapor Deposition and Sol-Gel Processing of Thin Films 

The resulting film structure is dependent on the deposition method, the substrate, and the 

film material. There are several techniques to fabricate thin films, which are categorized into 

two main groups: physical and chemical deposition methods. Physical deposition methods 

mainly involve evaporating the growth species of the target materials and then solidifying onto 
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the surface to form the film. These methods includes sputtering, thermal and electron beam 

evaporation, and laser ablation (116). Physical deposition is advantageous by producing films 

with high reproducibility and purity from a variety of source materials for the film composition 

like semiconducting materials (143), ceramics (144) and polymers (145). However, the 

drawbacks of physical vapor deposition are the need for sophisticated and costly machinery, 

low throughput, and poor conformity on complex substrate geometries (116). 

Chemical deposition techniques are more widely implemented due to their lower 

economical cost and production of good quality films and are classified into two subsets: 

chemical vapor deposition and sol-gel processing. Chemical vapor and atomic layer deposition 

methods entail transporting volatile molecules in an inert gas to the target substrate and reacting 

at an elevated temperature to create a solid thin film (116). These techniques offer greater 

deposition rates, better conformity, and high throughput. The reaction also does not require 

vacuum conditions, which makes it more advantageous over physical vapor deposition. 

Chemical vapor deposition methods are used to deposit a broad range of thin film materials 

such as metals (146), semiconductors (147), insulators (148), silicides (149), and organics 

(150). However, the processes are still expensive and energy-intensive, while the usage and 

production of highly toxic and flammable compounds pose safety risks. 

Chemical solution deposition, also known as sol-gel processing, is the simplest and most 

versatile technique to fabricate thin films. The deposition is carried out in solution or liquid 

phase at lower temperatures with low equipment requirement (151). In addition, deposition via 

dipping can be performed with substrates of complex shapes and large areas and requires small 

quantities of precursors, making this type of film processing more economical and feasible. 

There are several sol-gel methods. The most common synthesis involves the controlled 
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hydrolysis and polycondensation of metal alkoxides in organic or aqueous medium that results 

in the development of a colloidal solution, which will be coated onto a support and heated to 

form metal oxide films (152). Additionally, chemical bath deposition, also known as controlled 

precipitation or solution growth technique, is the oldest method to prepare chalcogenide and 

metal oxide films via subsequent immersion in dilute solutions of metal ions and ligand anions 

such as hydroxides, sulfides and selenides (153). In terms of application methods of the films, 

spin-coating and dip-coating are popular (Figure 11) (154). Spin-coating involves depositing 

the precursor solution on a spinning substrate, which spreads the solution evenly and induces 

fast evaporation to produce uniform coatings with defined thicknesses. However, the substrate 

size is limited to the spin coater, and the solution loss during the spinning process is great. 

As such, dip-coating is a more economical and efficient alternative to produce thin 

films. The dip coating process involves four basic steps: immersion, dwelling, withdrawal and 

drying (155). The substrate is immersed into the coating solution and left for a set time. Then it 

is removed and dried to obtain the resulting film. Though simple in execution, the dip-coating 

process is complex in which the film structure is dependent on multiple solution parameters 

such as concentration, viscosity, ionic strength and pH, as well as processing parameters such as 

dwell time, withdrawal speed and number of dip cycles (138, 155, 156). The key advantage of 

dip-coating is the capability to tailor the composition and microstructure of the film through 

different types of precursor solutions. Subsequent immersion into various coating solutions 

induces layer-by-layer (LbL) assembly to fabricate multilayer film structures. For example, 

alternating immersion of oppositely charged polyelectrolytes such as polystyrene sulfonate and 

PAH can create stable multilayer structures (157). Dilute colloidal dispersions such as silica 

(138, 156) and titanium dioxide (142, 158) can also be used alongside in subsequent absorption 
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with a polyelectrolyte to create the intermediate film structure in preparation to obtain the 

nanoparticulate thin films. 

 

Figure 11. Scheme of synthesis of film samples by sol-gel method synthesized from colloidal 

sol via spin-coating and dip-coating. Modified from Reference (154). 
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Development of Silica Nanoparticulate Films 

Silica NPs can be utilized as the building blocks for nanostructured film fabrication via 

the dip-coating technique. During this sol-gel process, alternating absorption of the negatively 

charged colloid silica particles and positively charged polycations results in LbL assembly, 

giving rise to a multilayer architecture held together by a balance of electrostatic interactions 

and hydrogen bonds (138). Films can be generated with a well-defined thickness, colloid-

polymer composition, and stable structure on various types of supports, and can be modified by 

using different polycations and colloid sizes (156). The multilayer colloid-polyelectrolyte 

structure acts as the intermediate product to achieve the desired thickness and particle density. 

Upon calcination, the polymer is degraded, and the silica bonds at the contact points react to 

form siloxane bonds to obtain the resulting silica nanoporous thin film. 

The silica nanoparticulate film is a promising 2D nanomaterial support that is suitable 

for functionalization. Firstly, the nanoporosity of such film promotes nano-wicking and intrinsic 

superwetting behavior, which translates into fast absorption of fluids into the highly porous 

matrix. Thus, precursors can infiltrate and be contained in the film for functionalization. In 

addition, surface functionalization via silanization with various types of silane compounds can 

occur to introduce new chemical groups to the film surface and matrix to promote a specific 

function such as hydrophobicity or to prepare the silica film for additional processing 

treatments. In our case, the development of lubricant infused surfaces (LISs) with 

nanoparticulate films is studied. LISs have been implemented onto textured films with 

microstructures, but only few groups investigated the design for nanoparticulate films for the 

slippery property (158, 159), as seen in Figure 12, but not for anti-biofouling applications. The 

same also goes for the in-situ loading of metal NPs within the nanoporous films. Furthermore, 
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colloidal silica is known to be chemically inert, biocompatible, and less toxic, making the silica 

nanoparticulate film universally applicable for biomedical and industrial applications. Thus, the 

silica NP-based thin film is a promising system for further processing via absorption and 

surface/matrix functionalization. 

 

Figure 12. LbL slippery lubricant infused porous surface (SLIPS) coatings repel different 

complex fluids on arbitrarily shaped glass surfaces. a) Time-lapsed images taken from Movie 2 

showing the sliding of honey in the inside of a glass vial coated with LbL SLIPS (lower row). In 

contrast, honey strongly sticks to an uncoated glass vial (upper row). b) Time-lapsed images 

taken from Movie 3 showing the absence of pinning and staining of crude oil in the inside of a 

LbL SLIPS-coated glass tube (lower row); while an untreated sample is stained by the crude oil 

(upper row). Reprinted from Reference (159). 
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Dissertation Overview 

Chapter 1 presents the motivation and need to develop functionalization strategies for 

1D and 2D nanomaterials, particularly hydrogel nanofibers and silica nanoparticulate thin films. 

It highlights humans’ drive to search for innovative materials and composites, the ever-growing 

development of nanomaterials and surface functionalization, and the prospects to design the two 

selected nanostructures to be suitable for the explored applications.  

In Chapter 2, the polymer hydrogel nanofibers were used to load transition metal NPs 

and nanoalloys to generate stable flexible nanocomposite catalysts. The metal precursors were 

encapsulated via metal ion-carboxylate interactions within fibers composed of crosslinked PAA 

and PAH. Metal NPs are formed in situ with a narrow small size range and high abundance 

through wet chemical reduction. The loading technique was observed to achieve uptake 

tunability by varying the metal ion molar ratio in the immersion solution to form nanoalloy 

particles within the polymer fiber matrix at specific metal compositions. In terms of application, 

the metal NP-loaded hydrogel nanofibers showed potential catalytic property against redox 

compounds.  

In Chapter 3, silica nanoparticulate films were designed into LISs to promote anti-

biofouling against biofilms. Such nanostructures comprised of silica NPs in a thin film 

morphology which fosters high nanoporosity and versatile functionalization with silane 

compounds. Modifying the surface chemistry with fluorinated silanes and infusing with a 

fluorinated lubricant generates slippery surfaces that repels water and hydrocarbon liquids. The 

slippery property is translated to anti-biofouling and reduced adherence of bacterial strains 

under static and shear flow conditions.  
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In Chapter 4, the silica nanoparticulate films were also processed to embed metal NPs 

for the production of antimicrobial coatings. The metal precursors and reducing agent can easily 

infiltrate via nano-wicking to form NPs throughout the film matrix as a result of the film’s high 

porosity and wettability. Aminosilane functionalization helps to improve the ion encapsulation 

and NP attachment. Such metal-loaded nanoporous films aims to promote an antimicrobial 

property to kill the bacteria and inhibit bacterial growth.  

Finally, chapter 5 provides a concluding summary and future outlook of the work and 

contributions in this dissertation. 

 

Research Statement 

This dissertation project aims to investigate and develop functionalization methods and 

applications for hydrogel nanofibers and silica nanoparticulate thin films as the studied 1D and 

2D nanostructures, respectively. The following objectives are established: 

 

1. To determine if absorption, diffusion, and reaction is affected by using the 

desired substrate material fashioned in a specific geometrical nanostructure 

2. To explore various approaches for in-situ metal NP loading in 1D and 2D 

nanomaterials 

3. To offer new set of unique nanomaterials and nanocomposites for a wide 

range of applications and fields 

 

The success of the dissertation project will aid in providing a more concrete 

understanding on the functionalization of 1D and 2D nanostructures through the presented 

works and encouraging further exploration and advancement in nanocomposite development. 
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Relevance to NASA’s Missions  

As this dissertation has been supported by a NASA Space Technology Research 

Fellowship (grant number GR103203), it is critical to discuss the impact of this research work 

for the future of space exploration. A new era of space exploration is here with the 

establishment of the NASA’s Artemis program (160). The plan centers around two main goals. 

Firstly, the human landing on the moon with minimal technical risks is set to be achieved in 

year 2024. At the same time, sustainable lunar exploration and the construction of a lunar base 

will be established in mid to late 2020s. This global initiative aims to motivate the development 

and improvement in the engineering, technology, and process systems to conduct sustained 

lunar exploration safely and successfully and to prepare for the future Moon to Mars space 

travel. As a result, commercial companies in America as well as international partners are 

exploring and designing innovative ideas and products to contribute to the Artemis program.  

Thus, there is a great need to develop and manufacture new material systems that will 

benefit the extended lunar missions. The proposed nanomaterials in this dissertation hold 

several advantages. Firstly, there is versatility in functionalization mechanisms that can tailor 

the material for a wide range of applications. Hydrogel nanofibers are stable flexible substrates 

that can absorb high capacity of water and aqueous solutions. With the high swelling and the 

accessibility to their chemical groups, the fibers can function as swollen nanoreactors to absorb 

and encapsulate specific reactants for in situ complexation or formation inside the fibers. In our 

case, metal NPs are loaded in situ to fabricate metal NP-nanofiber composites for catalysis. By 

curating the metal NP loading based on the type and composition, they can be made applicable 

for various applications such as biomedical uses, catalysts, energy generation and more.  
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Similarly, silica nanoparticulate films are stable supports that allow absorption of fluids 

into the film via nano-wicking. Various functionalization reactions, especially with silanization 

of various types of silane compounds, can be performed to easily modify the silica films for 

new properties and/or for additional processing. In our case, the silica thin films are modified to 

promote anti-biofouling and antimicrobial activity in order to mitigate biofilm growth. This is 

especially favorable for space applications to develop coating materials in water distribution 

systems that help protect both the space crew’s health and the hardware integrity on the 

spacecrafts and space stations.  

In addition, the fabrication of hydrogel nanofibers and silica nanoparticulate films is 

low-cost, robust, and simple. These nanostructure forms also aid to reduce material 

consumption and substrate mass, making it easy to send the low-density materials to the space 

stations for development and usage. Likewise, the principles and strategies that were employed 

the PAA/PAH fibers and silica nanoparticulate films in this dissertation can be expanded to 

other polymer nanofiber and inorganic film systems. This is especially critical for in situ 

manufacturing and resource utilization in the sustainable lunar development and mission where 

the needed materials are created on-site from local resources (160). Hydrophilic polymers and 

inorganic colloids generated from the processes can be further utilized to fabricate hydrogel 

nanofibers and nanoparticulate films for future supports for innovative materials and 

nanocomposites.  
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CHAPTER TWO: METAL ION LOADING AND NANOPARTICLE 

FORMATION IN PAA/PAH HYDROGEL NANOFIBERS 

 

A portion adapted from Li Sip, Y. Y.; Fox, D. W.; Shultz, L. R.; Davy, M.; Chung, H. S.; 

Antony, D. X.; Jung, Y.; Jurca, T.; and Zhai, L. “Cu–Ag Alloy Nanoparticles in Hydrogel 

Nanofibers for the Catalytic Reduction of Organic Compounds”. ACS Applied Nano Materials, 

vol. 4, no. 6, 2021, pp. 6045-6056, doi:10.1021/acsanm.1c00881. (161) 

 

Introduction 

Transition-metal NPs have been extensively studied for many potential applications in 

sensors (162, 163), catalysis (164, 165), optical devices (166, 167), disease diagnoses and 

treatments (168), tissue engineering (169), and medical imaging (170). NPs can manifest 

intriguing properties that are not evident in conventional bulk metal materials. For example, a 

higher surface area-volume ratio and enhanced reactivity in NPs (171) enable various functions 

such as surface plasmonic effect (172), antimicrobial property (173), electrical conductivity (27) 

and catalysis (174). Nanoalloys are NPs that are comprised of multiple types of metals and are of 

greater interest than monometallic NPs due to potential enhancement and/or novelty in physical 

and chemical properties. Their chemical and physical properties can be tuned by varying the 

metal composition, atomic ordering, and size of the clusters (175, 176). For example, different 

neighboring atoms can provide synergistic effects to enhance catalytic efficiency (177, 178). 

Alloying certain combinations of metals in the form of a nanoalloy exhibits enhanced catalytic 

activities for various reactions, such as electrochemical fuel cell reactions (179, 180), oxidation 

reactions (181-183) and renewable energy production (184-186), to improve the analyte 
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selectivity and complex stability. As a result, transition-metal NPs and nanoalloys are 

advantageous and can be used as free-standing materials or incorporated into supports to 

generate nanocomposites.  

When designing the nanoalloy catalysts, two types of metal groups are considered: noble 

and base metals (187). The noble metals are a group of metals which are chemically stable and 

exhibit high catalytic performance (188, 189) and include Ag, Au, Pt and Pd. The base metals are 

a group of common metals that can easily oxidize because of their lower redox potentials but are 

favorable due to cost-efficiency and greater material selectivity (190, 191). These include Co, 

Cu, Fe, Ni, and Zn. Alloy formation with noble metals promotes exceptional performance; 

however, the material cost and price will be great. Base-metal only or noble/base-metal alloys 

are preferred to reduce the cost and increase catalyst variety. In addition, fabrication of ternary or 

even quaternary base-metal nanoalloys with a specified metal composition aims to obtain 

feasible supported catalyst materials (192, 193). Thus, to achieve the optimum catalytic effect for 

a specific reaction, the metal material selection and ratio are necessary. 

The classical reverse micelles method allows the preparation of colloidal suspensions of 

metallic NPs (194). Two solutions containing a reducing agent (first microemulsion) and metal 

precursor (second microemulsion) are mixed to form the colloidal suspension of metallic NPs. 

Metal NP formation involves two stages: nucleation and growth (195). In the presence of a 

reducing agent, the metal ions are reduced into solid metal of zero-oxidation state. Reduced 

atoms aggregate into small particles called nuclei which function as starting cores for particle 

formation. The nuclei then grow larger as more metal atoms diffuse through the solution or 

matrix, which is dependent on the metal ion/atom diffusion rate. An environment that allows for 

lower diffusion of metal ions/atoms results in the formation of particles of smaller dimensions, 
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and vice versa. Nanoalloys are comprised of more than one metal in the structure, and the 

diffusion rate, in turn, plays a role in the disposition of additional metal types and the definition 

of the particle structure and orientation (196). Low diffusion rates are promoted by high 

viscosity, low pressure and lower reaction temperature environments (197). Furthermore, 

heterogenous nucleation entails the formation of nuclei at the active sites on surfaces or 

impurities and is favorable due to a lower free energy change (198). As such, the NPs can be 

deposited on a support by i) a direct synthesis of support in the microemulsion using an 

appropriate organometallic precursor, ii) impregnation of the support with the colloidal 

suspension of reduced metallic NPs, and iii) precipitation of metal on the support (e.g., metal 

oxides and polymers) during the reduction step. Therefore, there is a search for a substrate 

material that can support heterogeneous nucleation and slow diffusion.  

Hydrogels are promising support materials to contain metal NPs via metal precipitation 

(199, 200). Hydrogels are chemically stable hydrophilic polymer gel networks with water as the 

dispersing medium (201). The functional groups in the polymer chains interact via bonding or 

intermolecular forces with each other to form the network system (202). Polyelectrolytes are 

commonly used to form hydrogels as the oppositely charged groups of polycations and 

polyanions interact by electrostatic forces, forming a stable crosslinked structure (203). Further 

stabilization of the hydrogel network such as thermal or chemical crosslinking promotes 

chemical bond formation that strengthens the structural integrity with intramolecular covalent 

bonding rather than with the weak intermolecular forces. Thus, hydrogels are incorporated into 

various industrial, environmental and biomedical applications (174, 204-206), and can be utilized 

in various inter-complex aggregate forms as bulk network or long fibers (203). 
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Hydrogel nanofibers have unique properties that make them promising candidates to 

support the production of nanoalloys. Firstly, nanofibers have appropriate structures for metal 

ion loading such as a small aperture with diameters ranging from several micrometers to less 

than 100 nanometers, a characteristic three-dimensional structure and a high surface area-volume 

ratio (207, 208). The flexibility of the nanofiber substrate allows for folding and rolling with no 

loss in the structural integrity and for ease of fitting into containers of varying dimension and 

shape (209). In addition, the high surface area-volume ratio of hydrogel nanofibers corresponds 

to high water content, high gel strength and swelling (210). Thus, hydrogel nanofibers have been 

used as potential nanoreactors to contain aqueous reactions (199). The hydrogel matrix allows 

for aqueous absorption into the fibers and provides a viscous environment to promote the 

formation of metal particles as small as several nanometers. The swollen state of the nanofibers 

can facilitate the exposure of the metal nanostructures to the surrounding and allow for further 

aqueous reactions with analytes or compounds, behaving like a liquid phase membrane. The 

most efficient technique to produce hydrogel nanofibers is via electrospinning; an electro-

hydrodynamical phenomenon that is used to produce polymer fibers with diameters that can 

range from a few nanometers to several micrometers (207). It is a low-cost, robust, simple and 

versatile method for fiber production that is diversely applicable in materials science, 

technology, life sciences and medicine (211). The electrospinning technique is convenient and 

versatile with a broad selection of polymers to manufacture nanocomposites for wide-ranging 

applications. In addition, the nanofiber mats can be functionalized with chemicals, NPs and 

biomolecules to access novel properties (199, 211). 

In this study, transition-metal NPs and nanoalloys were produced in a stable flexible 

nanofiber support. Figure 13 depicts a general schematic of metal ion loading and the in-situ NP 
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formation in the fibers. The hydrogel nanofibers were produced through electrospinning, 

followed by thermal crosslinking. The stable fibers were immersed into metal salt solutions to 

encapsulate the metal ions. The uptake tunability for multiple metal types was also investigated 

by varying the molar ratio of the metal ions in the immersion solutions. The metal ions were then 

chemically reduced to form the NPs inside and on the surface of the nanofibers. The formed NPs 

in the fibers were characterized for morphology, distribution, composition, and chemical states. 

Finally, the catalytic activity of the NP-loaded fibers was evaluated through the catalytic 

reduction of organic redox compounds.  

 

Figure 13. Schematic of metal ion loading and encapsulation into a hydrogel nanofiber via 

metal-carboxylate interactions and the in-situ multi-metallic alloy NP formation. 
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Experimental Methods 

Materials and Chemicals 

PAA (25 wt. % in partial salt solution, average Mw ~240000) and methylene blue 

(powder, certified by Biological Stain Commission) was purchased from Sigma-Aldrich, Inc. 

PAH (powder, Mw 15000-20000) was obtained from J&K Scientific Inc. Chloroauric acid 

(HAuCl4, 99+%) was from STREM Chemicals, Inc. Chromium (III) nitrate (Cr(NO3)3, crystal, 

reagent grade), cobalt (II) acetate tetrahydrate (Co(CH₃CO₂)₂ · 4 H₂O, 97%), copper (II) sulfate 

pentahydrate (CuSO4 · 5 H2O, 98%, extra pure) and manganese (II) chloride (MnCl2, 99+%, 

anhydrous) were from ACROS Organics, Inc. N,N-Dimethylformamide (DMF, certified ACS), 

hydrochloric acid (HCl, 12 N, certified ACS plus), silver nitrate (AgNO3, crystalline) and 

sodium hydroxide (NaOH, pellets) were from Fisher Chemical, Inc. Iron (II) chloride (FeCl2, 

anhydrous), nickel (II) chloride hexahydrate (NiCl2 · 6 H2O, 98%), sodium borohydride (NaBH4, 

98% min.) were obtained from Alfa Aesar, Inc. 4-Nitrophenol (4NP), 4-amino,3-nitrophenol 

(4A3NP), 4-amino,2-nitrophenol (4A2NP) and 2-amino,5-nitrophenol (2A5NP) were purchased 

from TCI America. All aqueous solutions and water rinses were prepared using deionized water 

further purified from the Thermo Scientific Barnstead Nanopure water purification system under 

resistivity of around 17 MΩ·cm. 

Hydrogel Fiber Fabrication 

The electrospinning solution comprised a polymer blend with two polyelectrolytes, PAA 

and PAH. The polymer solution was prepared in a 6:1 PAA: PAH molar ratio based on the 

monomer unit and ~29 wt. % total polymer concentration and was stirred at room temperature 

until it became homogeneous. The solution was then loaded into a plastic syringe and pumped 

out by a NE-1000 syringe pump at a flow rate of 0.04 mL/h. Electrospun nanofibers were 
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produced by applying a voltage of ~8.7 kV from a voltage supplier (Power Supply 

PS/EQ050P024-22, Glassman High Voltage Inc.). The fibers were collected onto various 

substrates on top of an aluminum foil-covered plate at a needle-collector distance of 12 cm. The 

electrospinning apparatus was set up in a vertical setting. The nanofiber mats were then 

thermally treated at 145 °C under vacuum for several hours for crosslinking and stability. 

Ion Loading and Particle Formation 

Aqueous absorption of the metal ion precursors occurred in the hydrogel matrix of the 

PAA/PAH nanofibers. The electrospun crosslinked nanofiber mats were immersed in a 0.01 M 

metal salt solution for 1 h to allow the metal ions to be fully dispersed in the nanofibers. To 

simultaneously load ions of two or more metal types, the fibers were immersed into solutions 

comprised of the desired metal salts at specific molar immersion ratios and a final concentration 

of 0.01 M each. The metal NPs were then formed in situ within the fiber matrix. After loading 

the metal ion precursors, the soaked nanofibers were removed and rinsed with deionized water to 

remove excess metal ions. The mats were then placed in 0.01 M NaBH4 for ten minutes for the 

chemical reduction and formation of the NPs, as observed by the presence of bubbles and a color 

change in the mats. 

Characterization 

The properties and structure of the pristine crosslinked hydrogel fibers were first 

evaluated. Brunauer–Emmett–Teller (BET) analysis was conducted on the Micromeritics ASAP 

2020 Accelerated Surface Area and Porosity analyzer to obtain the total surface area of the 

nanofiber mat. The surface morphology of the fiber mat was characterized with the Zeiss Ultra 

55 scanning electron microscope (SEM). The stability of the crosslinked fiber was assessed by 

immersing it in various solvents such as HCl, DMF and NaOH for several days. The swelling 
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behavior was also assessed by soaking a fiber mat in water for 30 minutes and then briefly 

drying it with a tissue. The swelling ratio was calculated with Equation 2, where Wd and Ws are 

the weight of dry and swollen fibers, respectively. 

Swelling ratio (%) = (𝑊𝑠 − 𝑊𝑑)/𝑊𝑑 × 100     (2) 

The nanofibers after metal ion loading and NP formation were then characterized. Firstly, 

the bonds and interactions in the fiber mat sample were analyzed by Fourier-transform infrared 

(FTIR) spectroscopy, using the Shimadzu IRSpirit QATR-S AT instrument. The background 

baseline IR spectrum was based on the ambient atmosphere. A small amount of dried mat sample 

was taken and placed onto the stage for measurement. After baseline correction and smoothing, 

the FTIR spectra of each sample were obtained. Peaks of interest were associated with the 

carboxylic group of PAA and its bond changes when the metal ions and atoms are present. 

Additionally, the metal NP distribution inside and on the surface of nanofibers was characterized 

by transmission electron microscopy (TEM) and scanning-transmission electron microscopy 

(STEM) on the TEM Tecnai F30 instrument. The structural and elemental morphology of the 

metal NPs were observed and determined by energy-dispersive X-ray spectroscopy (EDX) line-

scan analysis and mapping. Furthermore, X-ray photoelectron spectroscopy (XPS) was used to 

characterize surface chemical and oxidation states of the NP-loaded fiber mats and was 

performed with a Thermo Scientific ESCALAB Xi+ X-ray Photoelectron Spectrometer 

Microprobe with a twin-crystal, micro-focusing monochromator and an Al anode. The XPS 

analysis chambers were held at a pressure below 1.0×10-7 torr during measurement. Furthermore, 

X-ray fluorescence spectroscopy (XRF) was performed using the PANalytical Epsilon 

instrument to determine the metal ion ratio in the multi-metal loaded fibers. 
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Catalysis Studies 

Catalysis studies were first conducted with the organic dye MB as a simple redox system 

and a preliminary proof-of-concept for the catalytic property. Each nanofiber mat sample (22 x 

22 mm, ~2 mg) was placed in a 4-sided disposable plastic cuvette containing 2 mL of 60 mg/L 

MB and 1 mL of 0.1 M NaBH4. The top of the cuvette was covered with Parafilm to prevent 

spillage. The samples were measured on the Cary Win Ultraviolet (UV)-visible 

spectrophotometer at 2-minute intervals for 30 minutes. MB studies were measured in a 

wavelength range of 200-800 nm, with a characteristic peak max for analysis at 664 nm. 

The catalytic activity of the nanocomposites was additionally investigated through the 

reduction of 4NP, commonly used as a benchmark reaction for comparing the catalytic activity 

of materials due to its facile monitoring and kinetic rate elucidation through a pseudo first-order 

rate law (212). In 1-cm quartz cuvettes, the reaction solution of 0.39 µmol of 4NP, 0.2 mmol 

NaBH4, and 0.3-2 mg catalyst sample in 3 mL deionized water was monitored from 225-475 nm 

at timed intervals with an Agilent Cary 60 spectrophotometer. The characteristic peak max for 4-

nitrophenolate (the anion produced in the presence of NaBH4) is 400 nm. 

A multi-nitrophenol cocktail was also employed for greater predictability for the catalytic 

property of the multi-metal loaded fibers (213). The cocktail included 0.39 µmol of 4NP, 

4A3NP, 2A5NP and 4A2NP. All reactions were conducted under air, at ambient temperature 

(21-23 °C, 45-55% relative humidity). In 1-cm quartz cuvettes, reactions were conducted in situ 

with a reaction solution of the nitrophenol cocktail, 0.2 mmol NaBH4, and 1 mg catalyst sample 

in 3 mL deionized water, monitored from 225-475 nm at timed intervals with an Agilent Cary 60 

spectrophotometer. The cocktail results in a cumulative bimodal peak in the visible region with a 

maximum at λmax = 400 nm and a shoulder at λ = 500 nm. The values across both observed peaks 
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were averaged to obtain the final absorbance and to ensure the rate is not biased towards the 

main constituents of each peak (4NP and 2A5NP at 400 nm, and 4A2NP and 4A3NP at 500 nm). 

The catalytic studies with 4NP only and the multi-nitrophenol cocktail were performed in 

collaboration with Dr. Jurca’s research group.  

The catalytic reduction of MB and the nitrophenol species is observed by a color change 

over time and is commonly described in terms of the Langmuir-Hinshelwood model as pseudo-

first order. Catalyst performance is quantified in terms of the apparent rate constant kapp (min-1) 

as shown in Equation 3. 

−kappt = ln (
A

A0
) = ln (

C

C0
)       (3) 

The kapp value is derived from the slope of ln (C/C0) as a function of time (t), and C/C0 is 

obtained from the absorbance (A/A0). The kapp rates were then normalized to the mass of the 

catalyst used to derive the comparative rate constant K (min-1 g-1) to facilitate a more accurate 

comparison across multiple measurements and samples.  

 

Results and Discussion 

Hydrogel Fiber Characterization 

Hydrogel nanofibers are suitable metal ion reservoirs due to their large surface area, high 

stability, high swelling and rich functional groups (200). A polymer blend of PAA and PAH was 

chosen as the hydrogel system for electrospinning. Firstly, PAA and PAH are weakly charged 

polyelectrolytes that can be mixed to give different phases depending on the balance of water, 

polymer, and ions within the system (67). PAA/PAH was prepared as a single-phase liquid under 

high salt concentration and low pH (98), which was used as the electrospinning solution. To 

promote complexation, the carboxyl and amine groups of PAA and PAH interact with each other 
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via electrostatic forces, which typically occur in low salt concentrations and neutral pH (98). The 

electrospinning process allowed for the polyelectrolyte chains to become highly confined and 

more aligned within the fiber matrix and to enhance availability for the electrostatic interactions 

as the fiber jet is stretched thin and water is evaporated (102, 214). In addition, using high-

molecular weight polymers (Mw for PAA = 240000, Mw for PAH = 17500 -20000) promote high 

degree of molecular interactions and polymer chain entanglement. Thus, solid polyelectrolyte 

complex-based nanofibers were generated. However, the as-spun fibers would disintegrate in 

water as the water molecules dissociated the weak intermolecular forces, so a post-treatment is 

required to improve the structural stability. Therefore, the PAA/PAH fibers underwent thermal 

crosslinking to promote amide bond formation between the carboxyl and amine group of the two 

polyelectrolytes and thus enhance the structural integrity. The PAA/PAH molar ratio was also 

considered. Molar ratios with lower PAA content such as in 2:1 and 4:1 resulted in increased 

difficulty to spin the fibers, and those with higher PAA content such as in 8:1 and 10:1 could 

decrease the structural stability due to fewer crosslinking bridges. Therefore, the PAA/PAH 

molar ratio of 6:1 was chosen as the optimized ratio for the electrospinning and stability. The 

resulting fibers after electrospinning and thermal crosslinking had diameters of ~200-300 nm and 

were intact even after being immersed in various strong solvents such as 3 M HCl, NaOH or 

DMF, as observed in the SEM images (Figure 14). Furthermore, the total surface of the 6:1 

PAA/PAH fiber mat was found to be 12.82 m2/g, and the swelling ratio was observed to be 

approximately 500%. Thus, crosslinked PAA/PAH nanofiber mats are suitable to contain metal 

NPs in which they will be stable and swollen throughout the immersion process into various 

aqueous solutions during the metal ion loading and NP formation. 
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Figure 14. SEM images of crosslinked PAA-PAH nanofibers: a) dry state and b) after 3M HCl, 

c) 3M NaOH and d) 3M DMF immersion for several days. 

 

Monometallic Precursor Loading 

Hydrogel nanofibers are interesting substrate materials to generate and contain NPs via 

metal ion absorption and aqueous chemical reduction. Wet chemical reduction is by far the 

simplest and most common method to synthesize metal NPs and involves two general stages 

(195). Firstly, nucleation occurs when the precursor units are reacted to and assembled into small 

atomic clusters called nuclei. In the wet chemical reduction method, the metal ions from metal 

salt solutions are reduced using aqueous reducing agents into zero-charged state metal atoms 

which group into nuclei. The reduction reaction and thus the nucleation rate can be influenced by 

the metal precursor concentration (195), the strength of the reducing agent (215) and 

environmental parameters such as the solvent type, pH and temperature (195, 216). In addition, 

the chemical groups in the fiber system can promote high affinity and encapsulation for the metal 
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ions, which reduces the total free energy change and supports heterogenous nucleation. Then in 

the growth stage, the nuclei coalesce and increase in size to form the NPs. The growth rate is 

dependent on diffusion in which the greater mobility of the nuclei and precursors results in faster 

coalescence and larger particle formation and vice versa. The hydrogel nanofiber thus provides a 

unique environment to form in-situ metal particles in a narrow size range due to its viscous 

polymer matrix and metal-ligand interactions. 

The FTIR spectra of the pristine PAA/PAH fibers and the metal ions-loaded samples 

showed the interactions between the metal species and the carboxyl group. The pristine fibers 

had a distinct strong peak at 1705 cm-1 for the C=O carbonyl stretch and a medium two-peak 

signal around 1170-1250 cm-1 for the C-O stretch in carboxylic acids, indicating the presence of 

the protonated carboxylic acid group in PAA (217). In the metal ion-containing samples (Figure 

15a), the peaks at around 1705 and 1170-1250 cm-1  decreased, and the peaks at around 1400 and 

1550 cm-1 increased which represented the symmetric (νs) and asymmetric (νas) stretches of the 

carboxylate group, respectively (218). The change in the peaks indicated carboxylate formation 

where the available carboxyl groups were deprotonated to give negatively charged carboxylate 

groups which then interacted with the positively charged metal ions, enhancing the metal ion 

affinity and encapsulating the metal ions inside the fibers (217, 218). When the metal ions were 

reduced and formed into NPs (Figure 15b), the peaks at around 1705 and 1170-1250 cm-1 

disappeared, and the peaks at 1400 and 1550 cm-1 became sharper. Upon chemical reduction and 

NP formation, the carboxyl groups remained deprotonated as they interacted with the surface of 

the metal particles. 



64 

 

Figure 15. FTIR spectra of PAA/PAH fibers loaded with a) metal ions and b) metal NPs. 

 

Monometallic NP formation and distribution in the hydrogel fibers were further 

evaluated. With the metal ions contained in the matrix, wet chemical reduction can be performed 

via immersion in a sodium borohydride solution. A strong reducing agent such as sodium 

borohydride promotes fast reduction and thus formation of small NPs. All immersion and 

reactions were conducted at room temperature. Figure 16 depicts TEM images of fibers loaded 

with Ag, Cu and Au NPs. Variations in the metal morphology and distribution were evident 

among using different metal ion types, which is due to the differences in the ion-carboxylate 

affinity. The interaction with Ag+ ions is weaker, which resulted in faster ion diffusion during the 

reduction and growth of larger Ag NPs (~10-15 nm) on the fiber surface. The affinity with Cu2+ 

ions is stronger than Ag+, so the diffusion is slower, resulting in a mix of some large Cu NPs on 

the surface (~7-10 nm) and smaller Cu NPs within the fiber (4-5 nm). Au3+ ions had the strongest 

affinity, resulting in reduced diffusion and growth of small Au NPs (3-5 nm) within the fiber 

matrix. Therefore, the PAA/PAH fiber system had demonstrated how the ion affinity to the 
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fiber’s functional groups aids in the diffusion dynamics and therefore the metal particle 

morphology and distribution. 

 

Figure 16. TEM images of the hydrogel fibers loaded with Ag, Cu and Au NPs, which were 

fabricated in situ via metal ion absorption and wet chemical reduction. 

 

CuAg NP Formation and Catalysis 

The synthesis and application of bimetallic NPs in the hydrogel nanofibers were 

examined (161). Two methods were explored to generate bimetallic CuAg particles. Firstly, 

successive reduction (denoted as 2-step) involves the growth and deposition of the secondary 

metal onto smaller NPs made of the primary metal and would result in more core-shell 

morphology (219). After forming Cu NPs, the fibers were immersed in a silver salt solution to 

absorb Ag+ ions and then in NaBH4 to reduce to Ag0. The fibers after successive reduction 

(Figure 17a) displayed an interesting assembly of NPs. The initial Cu NP formation results in 4-

5 nm particles inside the fiber. After successive reduction, the particle amount inside the fiber 

appeared to increase, and larger particles were visible on the fiber surface with the particle size 

around 10 nm. From the elemental maps, Ag had a uniform distribution within the fiber, 

suggesting an interaction of Ag ions with the Cu NPs to form small nanoalloys rather than core-

shell particles. A more concentrated distribution of Ag near the surface represented the larger 

particle formation. Another bimetallic NP synthesis method is simultaneous reduction (denoted 
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as 1-step), where both metal ion types are absorbed and then reduced at the same time to allow 

the metal precursors to coalescence into alloy particles (219). The fibers after simultaneous 

reduction (Figure 17b) had a metal NP distribution with a majority of particle size ranging from 

14 to 20 nm and a few particles with larger sizes of up to 40 nm. The distribution elemental maps 

displayed similar patterns as with the monometallic Ag and Cu NPs, indicating the difference in 

ion affinity and diffusion with the particle formation. 

 

Figure 17. STEM images and elemental map scans of CuAg nanoalloys in PAA/PAH hydrogel 

nanofibers formed via a) successive reduction and b) simultaneous reduction. 

 

When two or more metals are mixed and interacting within a single structure, the metals 

undergo electronic interactions and changes. XPS was used to observe and determine the 

oxidation states and binding energy (BE) shifts in the monometallic and bimetallic NP-loaded 
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fiber samples, specifically in the Cu 2p and Ag 3d regions (Figure 18 and Table 2). The Cu NP-

loaded sample displayed BE peaks at 932.49 and 952.26 eV which represented the Cu 2p3/2 and 

Cu 2p1/2 values for metallic Cu, respectively. The Ag NP loaded sample has peaks at 368.08 and 

374.07 eV which represented the Ag 3d5/2 and Ag 3d3/2 values for metallic Ag, respectively. The 

values obtained for the core peaks in the monometallic Cu and Ag NPs were used as references 

for the comparison with the CuAg nanoalloys produced through two studied synthesis methods. 

The 1-step CuAg nanoalloy fiber showed Cu 2p peaks at 932.99 and 952.7 eV which had 

shifted to higher BE by 0.5 and 0.44 eV, respectively. The Ag peaks in the same sample were 

present at 368.22 and 374.27 eV, which increased from the references by 0.14 and 0.2 eV, 

respectively. It was observed that the core level shifts of both Cu and Ag in the 1-step CuAg 

nanoalloys were of the same direction which was possibly due to valence electron hybridization 

and intra-atomic charge redistribution (220, 221). The positive BE shifts indicated that the 

valence electrons were moved out of the orbitals and the metals had to hold onto the remaining 

electrons. The shifts were also found to be greater in Cu than in Ag, which supports that the 

valence electrons in Cu were more readily released or taken. Thus, the 1-step CuAg nanoalloys 

had an alloy morphology, and the positive BE shifts supported the charge redistribution between 

the two metals during alloying. 

The 2-step CuAg nanoalloy fibers showed Cu 2p peaks at 933.32 and 952.97 eV. The 

values seemed close to those of Cu2O. However, it could be considered as metallic Cu with BE 

shifts due to the lack of the Cu2O satellite peak. As a result, the core peaks moved to higher BE 

by 0.83 and 0.71 eV, respectively. The Ag peaks in the same sample presented at 368.38 and 

374.42 eV, which shifted to higher BE by 0.30 and 0.35 eV compared to the Ag NP sample, 

respectively. The shifts were also in the same direction, suggesting that intra-atomic charge 
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redistribution occurred in the 2-step CuAg nanoalloy as well. The positive shifts in Cu and Ag 

core peaks were greater in the 2-step CuAg nanoalloys than those in the 1-step CuAg nanoalloys, 

suggesting that more electrons were released and redistributed between the Cu and Ag regions of 

the 2-step nanoalloys. In addition, there were peaks at 370.82 and 376.86 eV which were 

evidence for Ag nanoclusters of 5nm or less (222). The presence of such peaks provided 

additional support for small CuAg nanoalloys inside the fibers. The initial step for the formation 

of the Cu cores in the two-step method resulted in Cu NPs of an average 4 nm in size. Ag could 

have undergone galvanic exchange with the Cu particles and formed the 4-5 nm-sized bimetallic 

particles. 

 

Figure 18. XPS spectra comparison with a) the Cu 2p scans and b) the Ag 3d scans of the 

monometallic NPs and bimetallic nanoalloys in the fibers. 
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Table 2. Peak BE values and BE shifts of the corresponding peaks with the values from 

monometallic NP-loaded samples used as references. 

 

Sample ID Orbital 
Peak BE 

(eV) 

BE 

Shift 

(eV) 

 

Sample ID Orbital 
Peak BE 

(eV) 

BE 

Shift 

(eV) 

Cu only  
Cu 2p3/2 

Cu 2p1/2 

932.49 

952.26 

- 

- 
 Ag only  

Ag 3d5/2 

Ag 3d3/2 

368.08 

374.07 

- 

- 
         

Cu 1-step 
Cu 2p3/2 

Cu 2p1/2 

932.99 

952.7 

0.50 

0.44 
 Ag 1-step 

Ag 3d5/2 

Ag 3d3/2 

368.22 

374.27 

0.14 

0.20 
         

Cu 2-step 
Cu 2p3/2 

Cu 2p1/2 

933.32 

952.97 

0.83 

0.71 
 Ag 2-step 

Ag 3d5/2 

Ag 3d3/2 

368.38 

374.42 

0.30 

0.35 

     
Ag 

nanoclusters 

Ag 3d5/2 

Ag 3d3/2 

370.82 

376.86 

- 

- 

 

In terms of application, the catalytic activity of the nanocomposites was evaluated. 

Firstly, MB was used as a simple redox system and a preliminary proof-of-concept for the 

catalytic properties of the Cu and Ag monometallic and bimetallic systems. MB was reduced at 

the thiazine group to give the leucomethylene blue compound, evident by a color change from 

blue to colorless. Metal NPs on hydrogel fibers facilitate the electron relay between the donor 

BH4
- and the acceptor MB to promote catalytic reduction (223). In Figure 19a, Both K values of 

the bimetallic nanoalloy sample are higher than those with the monometallic NPs (162.02 min-1g-

1 for Cu NPs, 219.31 min-1g-1 for Ag NPs). The CuAg NP fibers thus had greater catalytic 

performance, which is due to the synergistic effect and enhanced electron transfer (186). 

Furthermore, the 2-step CuAg nanoalloys had a higher K (652.78 min-1 g-1) than the 1-step CuAg 

nanoalloys (437.97 min-1g-1). The 2-step CuAg nanoalloys contained a high amount of small 

bimetallic NPs inside the fibers and several larger NPs outside. Ag NPs have a higher K value 

than Cu NPs. The smaller NPs and more Ag on the particle surface can promote catalytic 

activity. Likewise, the small NPs inside the fiber provided a high surface area, which increased 
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the reactive sites and electron density to absorb and reduce the MB molecules (219, 224). In 

addition, as previously seen in the XPS data, the BE shifts in the 2-step CuAg nanoalloys were 

greater, suggesting that more electrons were taken and redistributed between the orbital overlap, 

particularly at the CuAg interfaces. As a result, a greater number of electrons can participate in 

the MB reduction reaction, leading to increased catalytic activity (224). 

The reduction of 4NP was also investigated as a common benchmark for the catalytic 

performance of materials and composites. The reaction proceeds through several intermediates 

(225) to ultimately reduce 4NP to 4-aminophenol, resulting in a visible color change from yellow 

to colorless. Comparing the normalized rates K (Figure 19b), the monometallic Cu and Ag NPs 

outperform both nanoalloys (1-Step Cu-Ag and 2-Step Cu-Ag) under a single run. The complex 

reaction pathway of 4NP reduction yields multiple intermediates that can have different 

adsorption affinities and surface residence times with different materials, which could lead to 

disparate selectivity and affect the overall redox catalytic properties of the nanoalloy (213, 226). 

Furthermore, reactive metal atoms can become less reactive to certain absorbates due to the 

charge redistribution and valence hybridization in multi-metallic systems. Pozun et al. (227) 

stated that compression and a larger orbital overlap occur when alloying a smaller metal atom 

such as Cu with a larger metal like Ag and that the large metal atoms become less likely to 

interact with the 4NP compound. Nonetheless, the 4NP study showed that there were notably 

small standard deviation values for catalytic rates for both CuAg nanoalloy samples compared to 

the large errors observed in monometallic Cu and Ag, implying an elevated level of consistency 

and uniformity for the bimetallic systems. The results further indicated a higher stability towards 

leaching/degradation for the bimetallic systems as leaching of ultra-small highly active colloidal 

NPs from supported systems can trigger unexpectedly high 4NP reduction rates, as observed 
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herein (228). Overall, bimetallic alloy NPs were successfully formed in electrospun hydrogel 

fibers via successive or simultaneous reduction to generate nanocomposites for catalytic 

reduction of organic redox compounds. 

 

Figure 19. Catalytic reduction of a) methylene blue and a) 4-nitrophenol exhibited by the 

PAA/PAH fibers with monometallic Cu and Ag NPs and CuAg nanoalloys. 

 

Tunable Absorption in Hydrogel Fiber 

To further explore the in-situ alloy NP formation process, the simultaneous absorption of 

multiple metal ion types is critical to evaluate possible tunability. A key parameter that can 

influence the ion composition in the fibers is the affinity between the metal ion and the 

carboxylate, which can be correlated to the complex stability constant. The stability constant 

value is an equilibrium constant for the complex formation in solution (Equation 4) that 

measures the interaction strength between the metal ion (M) and the ligand (L) to form the 

complex (Equation 5) (229). 

Stability constant =  
[ML]

[M][L]
     (4) 

M + L ↔ ML       (5) 

The acetate group is similar in chemical structure to the carboxyl group of PAA, so the stability 

constant of the metal ion-acetate complex was considered a good theoretical quantitative 
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measure for the ion affinity in the fiber system. Cr3+, Mn2+, Fe2+, Co2+ and Ni2+ ions were the 

metal ions of interest for the study, as these metal species are commonly present in Cantor alloy 

systems (230). The metal salt aqueous solutions were mixed in 50/50 molar ratios and the fibers 

were immersed into the mixture to simultaneously uptake the ions. XRF analysis was used to 

determine the elemental mass composition of the metal ion-loaded fibers after immersion, which 

were then converted to molar percentages. The metal ratios from the stability constants were 

calculated and compared. Table 3 displayed the stability constant values for the target metal 

ions-acetate complex formation at equilibrium, and Table 4 presented the theoretical and 

experimental XRF metal ratios in percentage and absolute differences. When the metal species 

had similar stability constants (i.e., Fe2+, Mn2+, Ni2+), the uptake in the fiber was a similar molar 

ratio as the overall immersion solution. In the cases where one species had a greater stability 

constant (i.e., Co2+, Cr3+), the absorption for such metal was greater and thus the ratio differed 

from the immersion ratio. Additionally, the theoretical and experimental ratios were similar with 

minimal difference in values (|x| < 10), except for NiCo and CoCr. The uptake for Co ions could 

be affected due to the presence of additional acting interactions that can increase the Co affinity. 

Overall, the metal-acetate stability constant proved to be a useful criterion to control the ion 

uptake composition. 

 

Table 3. Stability constants and equilibrium states of the metal-acetate complexes (231). 

 

Metal ion Equilibrium Stability constant 

Mn2+ M-L 0.8 
Ni2+ M-L 0.74 
Fe2+ M-L 0.6 
Co2+ M-L 1.1 
Cr3+ M-L3 9.6 
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Table 4. Theoretical and experimental metal molar ratio percentages with the calculated absolute 

differences |x|. 

 

Ratio Calc M1 Calc M2 Exp M1 Exp M2 Difference |x| 

MnNi 51.95 48.05 49.97 50.03 1.98 

MnFe 57.14 42.86 51.71 48.29 5.43 

MnCo 42.11 57.89 33.24 66.76 8.87 

MnCr 7.69 92.31 2.76 97.24 4.93 

NiFe 55.22 44.78 52.75 47.25 2.47 

NiCo 40.22 59.78 14.98 85.02 25.24 

NiCr 7.16 92.84 2.50 97.50 4.65 

FeCo 35.29 64.71 37.85 62.15 2.56 

FeCr 5.88 94.12 5.75 94.25 0.13 

CoCr 10.28 89.72 26.94 73.06 16.66 

 

The metal ion uptake was further evaluated at varying molar ratios in the immersion 

solutions to observe uptake tunability. The premise is to load multiple metal types in the 

hydrogel fibers at a desired ratio and generate alloy NPs. Firstly, the MnNi data (Figure 20a) 

showed similar molar percentages for uptake and immersion, demonstrating near-equimolar ion 

uptake as both metal ions have similar affinity to the carboxylates in the fibers. In the case of 

MnCo (Figure 20b), the ratio became skewed due to more Co2+ uptake in the fibers, supported 

by the stronger ion-carboxylate interactions. Fortunately, increasing the Mn salt concentration 

and thus the MnCo immersion ratio to 75/25 brought the uptake ratio to ~60/40, which is close to 

an equimolar ratio. The ratio for the MnCr uptake was skewed (Figure 20c) as Cr3+ ions have a 

higher stability constant and thus greater affinity. Lowering the Cr salt concentration in the 

immersion ratio to 5% was able to bring the MnCr uptake to ~40/60. Thus, the studies proved 

that the uptake can be tuned to achieve a specific ion composition in the fibers. 
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Figure 20. XRF metal molar percentages in the PAA/PAH fiber after simultaneous 2-metal ion 

immersion at various ratios with a) MnNi, b) MnCo and c) MnCr. The dotted line marked the 

50% ratio. 
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5-metal Loading and Catalysis  

The uptake tunability was further evaluated to attain a near-equimolar composition with 

multiple metal types in the hydrogel fibers. The Cantor alloy is a well-known base 

multicomponent alloy system in the field and comprises of equiatomic FeMnNiCoCr (230). 

Firstly, 4-metal ion uptake studies were performed for FeMnNiCo and FeMnNiCr at various 

immersion ratios. To note, Fe2+, Mn2+, and Ni2+ had similar stability constants, so the ion uptake 

would be similar to the molar ratio in the immersion solution. Therefore, the 3-metal ion stock 

solution was created at an equimolar ~33/33/33 ratio and denoted as (FeMnNi) in the graphs. 

Then, the 4-metal immersion ratios comprised of FeMnNi stock and the addition of Co2+ or Cr3+. 

As seen in Figure 21a, the uptake was tested within the range of 50/50 to 90/10 for 

(FeMnNi)Co. The uptake ratio of FeMnNiCo was close to equimolar in the fibers when the 

(FeMnNi)Co immersion ratio was 80/20. In Figure 21b, the uptake was tested in the range of 

92.5/7.5 to 99.5/0.5 for (FeMnNi)Cr. The FeMnNiCr uptake ratio was near-equal between 

immersion ratios of 97.5/2.5 and 99/1. Considering these findings, the 5-metal ion uptake study 

was performed within these ranges (Figure 21c). As such, the uptake molar composition was 

near-equimolar at a (FeMnNi)CoCr immersion ratio of 78/19.5/2.5. There was a slight increase 

in the resulting Fe2+ molar percentage, which could be due to some redox reactions when all five 

metal ions were present. Fe2+ could have oxidized to Fe3+, increasing its affinity to the carboxyl 

group and thus increasing the uptake. Also, it should be noted that the solubilities of the solutions 

and possible side reactions between the metal salts were to be considered to ensure a 

homogenous solution. Nonetheless, the fibers immersed at such ratio can be further treated for 

alloy NP formation and characterization. 
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Figure 21. XRF metal molar percentages with various immersion ratios for a) (FeMnNi)/Co and 

b) (FeMnNi)/Cr and c) (FeMnNi)/Co/Cr. The dotted lines marked the equimolar ratios (25% 

intervals for 4-metal, 20% for 5-metal). 
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After chemical reduction with NaBH4, the 5-metal NPs in the fibers were characterized 

for morphology, composition, and oxidation state. Firstly, the STEM image (Figure 22a) 

displayed a PAA/PAH fiber loaded with 5-metal NPs throughout the fiber matrix. Based on a 

close-up of a NP on the fiber’s surface, the particle size was estimated to be ~10 nm. The 

elemental map scans (Figure 22b) showed that the EDX signals for Cr, Mn, Fe, Co, and Ni were 

more concentrated where the particle sat, indicating the presence of a multicomponent nanoalloy 

structure. Figure 23 shows the XPS scan spectra for the corresponding elements present in the 5-

metal NP-loaded fiber system. The functional groups in the PAA/PAH fibers backbone were 

evident in C, O and N 1s scans (Figure 23a-c). The chemical states of the loaded noble metals 

(Figure 23d-h) indicated that there were more metal oxide species formed as the NPs. This 

could be due to some dissolved oxygen gas present in the aqueous NaBH4 solution during 

sample preparation or gradual oxidation with atmospheric gases during sample storage. 

Nonetheless, multicomponent alloy NPs were successfully formed in the hydrogel nanofibers 

and can be used as potential redox catalysts. 

 

Figure 22. a) STEM images of the 5-metal NP-loaded PAA/PAH hydrogel fiber with a close-up 

image and b) elemental map scans of a particle on the fiber surface. 
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Figure 23. XPS scan spectra of 5-metal NP-loaded hydrogel fibers: a) C 1s, b) O 1s, c) N 1s, d) 

Fe 2p, e) Mn 2p, f) Ni 2p, g) Co 2p and h) Cr 2p scans. 
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The catalytic property of the 5-metal NP-loaded fibers was evaluated in comparison to 

the pristine fibers and monometallic NP-loaded fibers. 4NP is a common benchmark model to 

test the catalytic performance of NPs and nanocomposites but is prone to disparate selectivity. A 

nitrophenol cocktail screening was used as the alternative model reaction to minimize competing 

side reactions and improve catalytic performance predictability (213). Figure 24a plotted the 

catalytic activity of the nanocomposites based on the absorbance A/A0 over the given reaction 

time. A decrease in A/A0 indicated a color change in the solution as a result of the chemical 

reduction of the nitrophenol species. Figure 24b displayed the K values normalized to the 

sample mass, where higher K indicated greater catalytic performance. Pristine and Cr NP-loaded 

fibers showed minor change in A/A0 as well low K values (~1 min-1 g-1), indicating little to no 

catalytic activity. The Fe NP-loaded fibers showed more decline in A/A0, with a K of 3.82 min-1 

g-1.The fibers with monometallic Co, Mn and Ni NPs demonstrated fast A/A0 decline within 75 

minutes, with the K values of 37.25, 37.09 and 20.33 min-1 g-1, respectively. The A/A0 with the 

5-metal NP-loaded fibers decreased more gradually with a K of 10.08 min-1 g-1, ending the 

reaction at ~160 minutes and resulting in a slower catalytic performance. The overall order of 

catalytic performance for the metal NP-loaded fibers was as follows: Co > Mn > Ni > 5-metal > 

Fe > Cr. It should be noted that the reaction time was longer compared to other composite metal 

catalysts. This could be due to the low amount of catalyst material in the fibers, which could be 

increased by using higher loading concentration or multiple loading cycles. In addition, the 

formed NPs could have more of their metal oxide species, which could have reduced catalytic 

performances compared to the metal counterparts. Overall, there is potential in fabricating 

catalyst composites from a hydrogel fiber substate and multicomponent alloy NPs.  
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Figure 24. a) The A/A0 versus reaction time plots and b) the calculated K values against a multi-

nitrophenol cocktail using the pristine hydrogel fibers and the monometallic and 5-metal NP-

loaded fibers. 

 

Further Optimization on Selective Loading 

The ion uptake was further optimized to selectively obtain the desired uptake ratio with 

greater accuracy. MnCo was chosen as the system of interest as the monometallic Mn and Co 

NP-loaded fibers demonstrated the highest catalytic performance against the multi-nitrophenol 

cocktail. It was also advantageous in studying the bimetallic uptake between two metal ion types 

with a difference in the stability constants (Mn2+ = 0.8, Co2+ = 1.1). Table 5 displayed the MnCo 

molar percentages using various immersion ratios. The standard MnCo immersion ratios (90/10, 

75/25, 50/50, 25/75, 10/90) give the uptake ratios that are skewed from the immersion ratios. 

Upon setting the resulting uptake ratios as the optimized immersion ratios instead (95.2/4.8, 

86.0/14.0, 65.2/34.8, 37.8/62.2, 17.8/82.2), the MnCo uptake percentages were close to 90/10, 

75/25, 50/50, 25/75 and 10/90, respectively. Figure 25a further showed the MnCo molar ratios 

with the optimized immersion ratios, depicting a more linear trend. Therefore, selective loading 

at a specific ion ratio into the hydrogel nanofiber is achievable by reversing the desired ratio and 

taking the measured uptake ratio as the new immersion ratio.  
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Upon chemical reduction and NP formation, the catalytic property of the optimized 

composites for multi-nitrophenol reduction was then assessed (Figure 25b). The monometallic 

Mn and Co NP-loaded fibers had a K value of 37.09 and 37.25 min-1 g-1. The bimetallic NP-

loaded fibers demonstrated an interesting trend in the catalytic performance. Firstly, the K value 

of the optimized 50/50 MnCo sample was 42.00 min-1 g-1, showing greater catalytic activity than 

the monometallic counterparts. However, the catalytic activity was lower with 75/25 and 25/75 

MnCo samples at K values of 34.54 and 27.36 min-1 g-1. This could be due to a change in the NP 

morphology, forming smaller segregated domains on the NPs at these ratios (232). The 90/10 

and 10/90 MnCo samples were more catalytically active with K values of 48.46 and 63.09 min-1 

g-1, respectively. This could be due to doping in the NP crystal structure. The 10/90 MnCo NP-

loaded fibers had the highest catalytic performance, where the doped Mn acted like single-atom 

domains in the small Co NPs and enhanced the electron transport to react with the nitrophenol 

derivatives more readily. Overall, bimetallic NPs at a specific metal ratio could be formed within 

the hydrogel fiber support to be used as a potential redox catalyst.  

 

Table 5. Molar percentages of MnCo at standard and optimized immersion ratios.  

 

Immersion Ratio 

XRF Metal 1 

Mol % 

XRF Metal 2 

Mol % 

MnCo 90/10 82.223 17.777 

MnCo 75/25 62.186 37.814 

MnCo 50/50 34.818 65.182 

MnCo 25/75 14.038 85.962 

MnCo 10/90 4.774 95.226 

MnCo 95.2/4.8 90.425 9.575 

MnCo 86.0/14.0 77.251 22.749 

MnCo 65.2/34.8 53.560 46.440 

MnCo 37.8/62.2 24.209 75.791 

MnCo 17.8/82.2 10.885 89.115 
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Figure 25. a) XRF metal molar percentages with the optimized immersion ratios for MnCo and 

b) the resulting K values for multi-nitrophenol cocktail reduction.  

 

Conclusion 

To conclude, the hydrogel nanofibers make promising substrates to fabricate and contain 

metal nanostructures from embedded metal ions due to the large surface area, high stability in 

various solvents, high swelling activity, and rich functional groups. The viscous polymer matrix 

and the affinity of the carboxyl groups in PAA aid in manipulating the diffusion dynamics of the 

metal ion and the formation of the metallic NPs. Variation in the loading methods such as 

successive and simultaneous reduction resulted in differences in distribution, size range and 

catalytic activity among the nanoalloys. In addition, the ion uptake during simultaneous loading 

was tunable to achieve near-equimolar percentages by correlating the ion-acetate stability 

constants to the ion affinity to the fiber and varying the molar ratio in the immersion solution. 

Multicomponent alloy NPs of up to five metal types were generated successfully in the hydrogel 

fibers, though the composite demonstrated a middling catalytic performance to a multi-

nitrophenol cocktail. Further optimization to selectively load MnCo at specific molar ratios was 

performed, with 10/90 MnCo NP-loaded fibers showing the best catalytic performance. Overall, 
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nanoalloys in electrospun crosslinked hydrogel nanofibers produced stable flexible 

nanocomposites for catalytic reduction of organic redox compounds and have been demonstrated 

as potential materials of interest to further study nanoalloy formation within a polymer matrix.  
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CHAPTER THREE: SLIPPERY LUBRICANT-INFUSED SILICA 

NANOPARTICULATE FILM PROCESSING FOR ANTI-BIOFOULING 

APPLICATION 

 

Adapted from: Li Sip, Y. Y.; Jacobs, A.; Morales, A.; Sun, M.; Roberson, L. B.; Hummerick, M. 

E.; Roy, H.; Kik, P.; and Zhai, L. “Slippery Lubricant-Infused Silica Nanoparticulate Film 

Processing for Anti-Biofouling Applications,” Journal of Applied Biomaterials and Functional 

Materials. 2023;21. DOI:10.1177/22808000231184688 (233) 

 

Introduction 

Microbial biofilms are significant, yet often can be a troublesome aspect of life. The 

concept of a biofilm was first established in 1930s by Henrici (234) and Zobell (235). Biofilms 

consist of bacterial cells adhered to surfaces and contained in a dense self-produced organic 

polymer matrix (236, 237). The complex extracellular polymer networks provide protection 

against various environmental stresses and biological and chemical agents (236, 238). Biofilm 

formation can be influenced by the hydrodynamics and surface properties of the surrounding 

environment (239). Biofilms are beneficial in the natural environment to promote microbe 

survival and symbiosis (240) as well as in synthetic systems for applications in agriculture, food 

fermentation (241), bioremediation (236, 242) and corrosion inhibition (243). However, biofilm 

formation is detrimental in the healthcare (244), water distribution (245) and food industries 

(246) as bacterial biofilm build-up poses a threat to human health and hardware material 

integrity. 
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Accumulation of bacterial biofilms onto surfaces causes biofouling, which pollutes tubing 

and equipment. Biofouling and biofilm growth can result in an increased risk of pathogen 

transmission and contamination to humans (244, 245), where waterborne diseases are 

responsible for an estimate of over 40,000 hospitalizations at a cost of $970 million per year 

(247). In addition, biofouling can cause the malfunction of key equipment such as water 

distribution units and radiators, where biofilm build-up can impede and eventually block the 

liquid flow (245, 248). Likewise, the metabolic activity of the microbes in the biofilm can result 

in the formation of organic acids and compounds, which can lead to corrosion and deterioration 

of equipment and tubing (249). Furthermore, the impact is more devastating in space stations and 

to astronauts. Microbial biofilms in space can adapt to new environmental features such as 

microgravity and elevated radiation to allow for feasible growth (250, 251). Due to isolation 

from necessary replacement parts and medical resources, astronauts and equipment are more 

vulnerable to bacterial exposure and microbial corrosion, respectively (249, 252). In 2010, 

biofilms caused a reduced flow rate in the water processor assembly unit on the International 

Space Station, and a filter replacement of every 3-6 months was recommended but deemed 

impractical due to limitation in logistics and crew time (253). As a result, it is critical to 

implement biofilm mitigation and prevention strategies. 

Several techniques are studied and employed to minimize bacterial biofilm accumulation. 

Biocides such as iodine, colloidal silver and oxidizing chemicals and ionizing radiation such as 

UV light can promote cellular damage and inhibit repair mechanisms to kill bacteria and 

minimize growth; however, bacterial cells have demonstrated greater resistance to many biocides 

and UV, which reduces effectiveness and leads to the need for higher dose concentrations (254-

256). Physical cleaning and washing of pipes are also very costly in detergents and water, 
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especially in payload and spacecraft (246, 255). A passive approach such as the implementation 

of anti-biofouling surfaces can be more advantageous in biofilm mitigation to reduce the need for 

replacement or maintenance (250, 254). Such surfaces can be implemented onto the inner region 

of the pipe to minimize bacterial adherence and thus inhibit biofilm formation and growth at the 

first stage (239, 247). The surfaces that are physically and/or chemically modified can exhibit 

specific surface parameters such as increased surface texture, hydrophobicity, low stiffness, and 

positive charges, which have been demonstrated to discourage bacterial adhesion and thus deter 

biofilm formation and growth (257-260). However, there are variations in biofilm adhesion 

results due to the differences in bacterial strains and surface characteristics (260). Thus, there is a 

need for an anti-biofouling surface that can employ the effect against a wide range of bacterial 

strains. 

LISs are one such interesting material for anti-biofouling applications. The concept of 

LISs was first introduced by Aizenberg and colleagues, who were inspired by the slippery 

surface property of the Nepenthes pitcher plant (261). LISs promote excellent repellency to a 

broad range of liquids (261, 262), in which such a slippery surface can be translated as an 

advance at minimizing the adhesion of bacteria cells and thus preventing biofouling (263-267). 

LISs are fabricated by simply infusing a lubricant liquid into rough textured or porous film 

substrates to obtain smooth slippery surfaces (268). The textured or porous substrates are 

comprised of micro- or nanostructures such as micropillars and wells which aim to hold the 

lubricant sturdily within the solid textures via capillary and intermolecular forces (268-271). In 

particular, nanoporous nanoparticulate thin films have been demonstrated as the potential 

substrate for LIS design (272, 273) and anti-biofouling application (264). 
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Nanoparticulate thin films are unique substrates in which inorganic NPs as structural 

units are assembled into a highly nanoporous thin film matrix (141). Silica nanoparticulate thin 

films are well-suited as a host substrate for a LIS design. Firstly, the surface textures and matrix 

pores of a silica NP-based film promote a nano-wicking effect, which is the rapid infiltration of 

fluids into the film network through the nanopores, and thus exhibits stable superhydrophilic 

behavior (138). This is advantageous over other nanoparticulate film systems where the stability 

of the superhydrophilic state in titanium oxide nanoparticulate films requires light activation for 

improvement (274). In addition, upon using specific material type such as metal and metal 

oxides in the inorganic NP units, unique thickness-dependent properties are included alongside 

the wettability behavior (138, 275, 276); for example, silica films have demonstrated low 

refractive index, antireflection and antifogging (138). In addition, the surface chemistry of the 

porous matrix can be modified via coupling and functionalization reactions. For example, silica 

is versatile in coupling with silane compounds to promote various functional groups on the 

surface (277) for properties such as wettability (278, 279), metal ion extraction (280) and 

lubricant infusion (139). The high porosity and the textured top surface of the modified film 

substrate can express greater lubricant infusion and retention (138, 141). Furthermore, 

implementation as a thin film structure aids in reducing material consumption and cost (254). 

Therefore, a silica nanoparticulate thin film is promising to design slippery LISs to minimize 

bacterial adherence and growth. 

In this study, we developed LIS films for anti-biofouling applications with the silica 

nanoparticulate thin film as the host substrate material. Figure 26 displays a schematic of the 

overall fabrication process. The nanoparticulate thin film was fabricated via sequential 

absorption and LbL assembly based on polycations and silica NPs, followed by calcination of the 
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LbL films to create stable nanoporous films with high porosity. Two particle sizes (22-nm and 

50-nm) were used in the LbL assembly process to generate thin films with different 

morphologies and thus properties. The films were functionalized with fluorinated silane 

compounds to modify the surface chemistry and wettability and then infused with a fluorinated 

lubricant. The nanoporous film was characterized to determine its morphology, thickness, 

surface roughness, wettability, and porosity. The resulting LIS film was characterized in terms of 

its wettability, slippery property, lubricant stability and finally its performance against bacterial 

biofilm adherence and growth as a result of its slippery property. 

 

Figure 26. Fabrication schematic for the proposed LIS nanoparticulate film. 

 

Experimental Methods 

Materials and Chemicals 

PAH (Mw 15000-20000) was obtained from J&K Scientific. PAA (25% w/v in partial salt 

solution, Mw 240000), ethanol (anhydrous, 99.5+%), 3M Fluorinert lubricant (FC-70) and 

colloidal silica (Ludox TM-40, 40% w/v suspension, 22 nm size) were purchased from Sigma-

Aldrich. Silica microspheres (5% aqueous dispersion, 50 nm size) were obtained from 

Polysciences. Sodium chloride (NaCl) (crystalline), hydrochloric acid (HCl, 12 N, certified ACS 

plus) and sodium hydroxide (NaOH, pellets) were obtained from Fisher Chemicals, Inc. 

Trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (TPFS) (97%) were obtained from Alfa Aesar. 

All aqueous solutions and water rinses were prepared using deionized water further purified from 
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the Thermo Scientific Barnstead Nanopure water purification system under resistivity of around 

17 MΩ·cm. For the substrates, Fisherbrand glass slides (25×75×1 mm) were purchased from 

Thermo Fisher, and silicon wafers were obtained from Platypus Technologies, Inc. 

Nanoparticulate Film Fabrication 

The nanoparticulate thin film was generated via sequential absorption and LbL assembly, 

using the nanoStrata dipping unit (138). The dipping time for the polymers and the silica 

particles was set for 15 minutes, followed by one 2-minute water rinse and two 1-minute water 

rinses. An adhesion layer containing five bilayers of PAA and PAH was first created to ensure 

adequate adhesion of the initial LbL structure to the substrate. The PAA and PAH solutions (0.01 

M each, based on the monomer molar mass) were prepared at pH 3-4. Then the body layer 

containing sixteen bilayers of PAH polymer and silica particles was fabricated. The PAH 

solution (0.01 M) was set at pH 7.5. The silica particle dispersion (0.03% w/v, with 0.1 M NaCl) 

was at pH 9 and consisted of either 22-nm or 50-nm silica particles to create thin films of 

different morphologies denoted as 22-NP and 50-NP, respectively. The pH of the solutions was 

adjusted accordingly. The LbL samples were then calcined in a tube furnace at 400 °C for three 

hours. The films fabricated on silicon wafers were specifically used for ellipsometry to minimize 

light backscattering. The films on glass substrates were used for the remaining characterization 

and tests, especially for the transmittance measurement and bacterial cell visualization due to the 

transparency of glass. 

TPFS Functionalization and Lubricant Infusion 

Liquid phase deposition of TPFS (281) was performed to change the surface chemistry of 

the films, as shown in Figure 27. The calcined samples were immersed into a solution 

containing 1% v/v TPFS in ethanol for one hour, heating at 60-65 °C. The samples were 
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removed and washed in the following order: with 100% ethanol, deionized water and finally 

70% v/v ethanol-water mixture. The samples were left to dry at room temperature. They were 

then placed in the vacuum oven at 100 °C under vacuum for four hours to functionalize the TPFS 

to the surface and pores of the film. Samples after functionalization will be denoted as 22-TPFS 

and 50-TPFS. 

 

Figure 27. Schematic of the TPFS functionalization onto the silica surface. 

 

Lubricant infusion was then performed to create the slippery LIS. TPFS-functionalized 

samples were immersed in FC-70 for two minutes so that the lubricant could cover and fully 

penetrate through the nanoporous film. The samples were removed and held vertically for five 

minutes to drain out most of the excess lubricant. The samples were then briefly rinsed in a water 

bath to remove additional unretained lubricant. Samples after infusion will be denoted as 22-LIS 

and 50-LIS. 

Characterization 

The calcined nanoparticulate films were visualized and characterized with the following 

instruments. The surface morphology of the calcined nanoparticulate films was observed with 

Zeiss Ultra-55 SEM. The film thickness was measured using the Dektak XT surface 

profilometer. The porosity of the nanoparticulate films was estimated using an effective medium 
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approximation in terms of the effective refractive index. The effective refractive index (neff) was 

obtained with the Woollam M2000 mapping variable angle spectroscopic ellipsometer. The 

spectra were fitted using the CompleteEASE software according to the film thickness and 

material specifications of the film and substrate. The refractive index at 550 nm was chosen as 

the value of interest for neff. The porosity was calculated based on the Bruggeman model 

(Equation 6) which represents a binary aggregate system with no defined homogenization. The 

term nd is the refractive index of the dispersed phase (silica = 1.47), nc is the refractive index of 

the continuous phase (air = 1), and ϕ is the fill fraction of the dispersed phase. The porosity was 

obtained by subtracting ϕ from 1. 

𝜙
𝑛2

𝑑−𝑛2
𝑒𝑓𝑓 

𝑛2
𝑑+2𝑛2

𝑒𝑓𝑓
+ (1 − 𝜙)

𝑛2
𝑐−𝑛2

𝑒𝑓𝑓

𝑛2
𝑐+2𝑛2

𝑒𝑓𝑓
= 0    (6) 

The films after surface chemistry modification and processing were further characterized. 

Static water contact angles for the nanoparticulate films during each processing stage were 

measured with the CAG100 contact angle goniometer. The slippery property of the LIS films 

was further visualized by utilizing a goniometer and a specialized stage that provided a tilt angle 

of 15º. Various liquids such as water, ethanol and vegetable oil were dropped at 3 µL volume 

onto the lubricated film, and videos of the resulting effect were captured. 

Lubricant Stability Testing 

The lubricant stability was analyzed by monitoring the film transmittance in different 

washing conditions. The optical properties of the proposed nanoparticulate coating derived from 

the silica intrinsic property and film porosity were examined to provide transparency and anti-

reflection effect. This emerged as a unique study where the change of the film transmittance 

could be observed as the lubricant gradually depletes from the coating over time. Various 

parameters in the washing process involved using water at various temperatures (5 °C denoted as 
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cold water, 25 °C denoted as r.t. water, 60 °C denoted as hot water), an ethanol-water mixture 

(denoted as EtOH-water), and Dulbecco's phosphate-buffered saline (DPBS) medium. The 

transmittance spectra were obtained using the ThermoFisher Evolution 220 UV-visible 

spectrophotometer. The transmittance value measured at the wavelength of 450 nm was taken. 

The transmittance of the TPFS-functionalized film would act as the control limit for the 

comparison. 

Bacterial Biofilm Growth Studies 

Preliminary testing for the anti-biofouling property was first conducted with biofilm 

growth in liquid media under no-shear flow conditions. Staphylococcus aureus (S. aureus, 

MRSA USA300) and Escherichia coli (E. coli, BL21) were used to test the films against a 

common Gram-positive and Gram-negative bacterial species, respectively. The film samples on 

glass underwent UV sterilization for three minutes prior to being added to a sterile 12-well plate. 

The strains were each grown in Luria Broth (LB) medium overnight at 37 °C in loosely capped 

tubes on an orbital shaker. The inoculums were prepared and diluted to obtain a stock suspension 

with 5-6×108 cell concentration. The 12-well plate was seeded at 1% cell concentration in the 

following: 3% w/v tryptic soy broth (TSB) medium with 1.5% w/v NaCl for S. aureus or M9 

minimal medium for E. coli. The bacterial cultures were incubated at 37 °C for 24 hours. 

Another test protocol was conducted based on the ASTM E2562 standard test method for 

the quantification of bacterial biofilm grown with shear and continuous flow using a CDC 

biofilm reactor and Pseudomonas aeruginosa (P. aeruginosa, 10145). Figure 28 shows a visual 

image of the CDC biofilm reactor setup. Two 20-L carboys were sterilized with ethanol and 

sterile water. The reactor components and the modified carboy lids with connected ports and 

bacterial vents were cleaned and then autoclaved in a dry cycle for sterilization. 20 L of 100 
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mg/L sterile TSB media were added to the carboy for the continuous input flow. The film 

samples on glass were cut into 1×1 cm square coupons, sterilized with ethanol and UV exposure, 

and installed into the rod holders. The reactor was then assembled, the tubing was connected, and 

the flow lines were clamped. The biofilm reactor was then activated. 500 mL of 300 mg/L sterile 

TSB media was aseptically added into the reactor vessel through the inoculation port, and then 1 

mL of P. aeruginosa preculture (1×108 cells/mL) was inoculated into the vessel. The inoculation 

port was rinsed with sterile water. The reactor was stirred at 125±60 rpm at 21±2 ºC for 24 hours 

to allow the culture to grow in the vessel. Then the flow lines were unclamped, and a continuous 

flow of TSB media was pumped into the reactor at a flow rate of 12±0.2 mL/min for 24 hours, 

with excess media being flowed into the waste carboy. 

 

Figure 28. CDC biofilm reactor setup based on the ASTM E2562 test method. 
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Biofilm Coverage Analysis and CFU Determination  

For imaging and coverage quantification of the attached biofilm, the film samples in the 

bacterial studies were removed from the liquid culture and then carefully dipped into DPBS 

medium three times to remove the unattached planktonic bacteria. The samples were immersed 

in 0.1% w/v crystal violet aqueous solution for 20 minutes. The samples were removed and 

gently rinsed with deionized water to remove excess stain solution and then left to air dry. 

Images of the stained samples were obtained on the Zeiss Axioscope 5 at 50x objective 

magnification in dark field mode. Three different areas on each sample were imaged for 

triplicate measurements. The images were processed on the ImageJ software to obtain the binary 

images via intensity thresholding and then the biofilm area percentage by measuring the area 

fraction of the dark pixels. 

Colony forming unit (CFU) values were determined for the film samples from the biofilm 

reactor study. The coupons were vortexed in 2 mL of phosphate buffer saline (PBS) media for 30 

seconds to detach the biofilm from the coupons. 180 µL of PBS was added to the wells of a 96-

well plate, and 20 µL of the suspensions was pipetted across the first lettered row. Then an eight-

fold serial dilution was performed by transferring 20 µL of the suspensions stepwise from one 

well to the next. A spot plating technique was employed by transferring 5 µL onto a R2A agar 

plate, spotting the plate with three rows for triplicate results. The plates were left briefly on the 

workbench to allow for solvent evaporation and then were incubated at 35 ºC overnight. The 

colonies were counted using a manual colony counter, and the CFU was determined by 

multiplying the number of colonies by the dilution factor and then dividing over the volume used 

for spotting. The CFU among the samples was compared in terms of log values, and two trial 

runs for CFU determination were conducted and averaged for the final CFU values. 
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Results and Discussion 

Nanoparticulate Film Characterization 

The investigation of the morphology and properties of a silica nanoparticulate thin film is 

essential to determine if such film is a suitable base substrate for LIS fabrication. Three criteria 

for a stable LIS design were proposed by Wong et al. (261). 1) The lubricant liquid must be able 

to wick, wet and stably adhere within the substrate, which can be achieved by using a textured, 

rough and/or porous substrate to promote van der Waals and capillary forces. 2) The solid 

substrate and lubricant liquid must have stable preferential interactions and affinity with each 

other, which can be attained by modifying the surface chemistry and physical properties. 3) The 

lubricant liquid and working fluids must be immiscible. Thus, these criteria should be considered 

to determine if a stable LIS can be generated with the proposed substrate. 

Firstly, structural morphology could help to determine the wicking capability of silica 

nanoparticulate film. Figure 29 displays the top view of the films generated with the two studied 

particle sizes and on glass and silicon substrates. The substrate was thoroughly covered with 

silica particles that assembled into densely packed films, with a greater number of large cracks 

and pores observed on the glass samples. Table 6 lists the thickness, refractive index, and 

porosity of the calcined film structures. The thicknesses for the 22-NP and 50-NP films were 

327±25 and 135±41 nm, respectively. The 22-NP film has a refractive index of 1.247 and a 

calculated porosity of 0.46. The 50-NP film has a refractive index of 1.114 and a porosity of 

0.741. A thinner film was generated using the 50-nm-sized NPs. The ratio between attractive and 

gravitational forces would decrease with increasing particle size, in which the larger and heavier 

particles would be pulled down more easily and deposited less on the substrate. The porosity of 

50-NP (1-ϕ = 0.741) was higher than 22-NP (1-ϕ = 0.460) due to looser packing and the increase 
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in pore size during LbL assembly. A more porous film can then promote increased capillarity 

(282); however, the surface energies of the film and the wicking liquid must be compatible. 

 

Figure 29. SEM images of calcinated nanoparticulate films based on various silica particle sizes 

and glass and silicon substrates. 

 

Table 6. Data on the structural characteristics of the calcinated nanoparticulate films. 

 
 

22-NP film 50-NP film 

Thickness (nm) 327 ± 25 135 ± 41 

Refractive index (neff) 1.247 1.114 

Porosity (1-ϕ) 0.460 0.741 

 

Wettability and Slippery Property 

The low surface energy of the film is required to provide enough hydrophobic 

interactions to wick a low-surface energy lubricant liquid. FC-70 has a similar structure to 

polytetrafluoroethylene and can be assumed to have a similar surface energy value (~18.5 

mJ/m2) (283). Silica intrinsically has a high surface energy (340 mJ/m2) (284) but can undergo 

surface functionalization to modify the surface property. Silanes are commonly used as surface 
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functional groups for silica because they readily react through hydroxyl groups on the target 

surface and introduce desired functional groups. In the study, the fluorosilane compound TPFS 

was used to react with silica films to introduce fluorinated groups and decrease the surface 

energy as shown in the water contact angle measurements. The 22-NP and 50-NP films after 

calcination had contact angle values of 4.9º and 2.4º, respectively (Figure 30a). The contact 

angles then increased to ~115.4° for 22-TPFS and 138.9º for 50-TPFS (Figure 30b), indicating 

successful functionalization of fluorinated groups to the films. The inset displayed a water 

droplet pinning effect when inverting 22-TPFS film. Infusion with the fluorinated lubricant FC-

70 slightly decreased the water contact angle by reducing the surface roughness (Figure 30c, 22-

LIS = ~119.7°, 50-LIS = 120.3°). Upon closer inspection, a visible lubricant ridge can be seen on 

the 50-LIS film (Figure 30d).  

The slippery property of the LIS films was tested by observing the droplet motion at a tilt 

angle of 15°. Water droplets slid off the surface quickly within 1 s for 22-LIS film and 2 s for 50-

LIS film. (Figure 31a). Vegetable oil droplets slid at a slower pace than water, with minimal 

difference in the sliding rate between the two LIS films (Figure 31b). With ethanol on the 22-

LIS film, the droplets slid for 1 s before stopping and slowly wetting the surface (Figure 31c). 

On the 50-LIS film, the ethanol droplet was pinned in place, indicating the loss of the slippery 

property. Overall, the slippery effect was present in repelling water and hydrocarbon oil, which 

was on par with the work from You et al. (285) who tested FC-70 infused surfaces against 

various polar and nonpolar liquids. Thus, upon TPFS functionalization, the films were more 

compatible to allow the fluorinated lubricant to wick and retain in the matrix. 
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Figure 30. Images of water droplets on 22-nm and 50-nm NP films on glass at various 

processing stages: a) after calcination (22-NP, 50-NP), b) after TPFS functionalization (22-

TPFS, 50-TPFS) and c) after lubricant infusion (22-LIS, 50-LIS). d) Close-up images of droplets 

on LIS films. 
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Figure 31. Time-lapse images of droplets on LIS films tilted at 15º (22-LIS outlined blue, 50-

LIS outlined green): a) with water, b) vegetable oil and c) anhydrous ethanol. 
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Lubricant Retention and Depletion 

The lubricant stability in the LIS films was tested by monitoring the film transmittance 

over wash cycles under various conditions. The transmittance of the TPFS-functionalized film 

was found at 87% and would act as the control limit, marked by the magenta dotted lines in the 

graphs. When the lubricant is depleted from the film matrix, the transmittance would decrease 

towards the control limit. Thus, minimal transmittance change during the washing process 

indicates sufficient lubricant stability and retention. Firstly, the transmittance of the 22-LIS film 

(Figure 32a) showed little change when the samples were washed with cold water (5 °C, 94-

96%) and with DPBS (92-95%). With the room temperature water washes (25 °C), the film 

transmittance remained at a plateau (94-96%) until 80 washes, indicating an eventual lubricant 

loss. Transmittance greatly decreased after 5 washes in warm water (60 °C). The transmittance 

change was more gradual with the ethanol-water mixture washes, decreasing from ~94% to 91% 

within 15 washes, plateauing before dropping towards the control limit after 50 washes. In 

comparison, the transmittance of the 50-LIS films (Figure 32b) was maintained at 94-96% when 

the samples were washed with cold water, room temperature water and DPBS. Transmittance 

decreased from 95% to 87% within 15 warm water washes. With the ethanol-water mixture 

washes, the film transmittance plateaued within 5 washes until it gradually dropped within the 

next 25 washes. 

Sufficient lubricant stability in the films is crucial to ensure the LIS functionality and 

longevity. The wash cycle tests with water at 5 and 25 °C and DPBS media showed overall 

minimal transmittance change and thus minimal lubricant loss. Thus, the LIS films are 

immiscible to water and salt solutions at ambient conditions. However, the LIS films were 

negatively affected under certain conditions. The film transmittance and thus lubricant stability 
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greatly decreased in water at 60 °C, which would be due to the decrease in lubricant viscosity 

upon exposure to higher temperatures. Additionally, ethanol and ethanol-water mixtures caused 

lubricant loss, reduced sliding effect, and eventual wetting on the surface. Ethanol may be 

displacing the lubricant at the top surface as FC-70 has a low kinematic viscosity at 12 cSt (286) 

and thus could form strong polar interactions with the silica substrate (287). Nevertheless, the 

LIS films demonstrated the potential to employ a slippery property in ambient aqueous 

conditions. 

 

Figure 32. Film transmittance was monitored during 100-wash cycles with various solvent 

parameters and types: a) for 22-LIS and b) for 50-LIS film. The Magenta dotted line displayed 

the transmittance value of the TPFS-functionalized films which acted as the control limit. 
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Anti-Biofouling Bacterial Studies 

The anti-biofouling property of the LIS films was tested first in no-shear flow conditions. 

Figure 33 shows the area coverage percentages for the films at the different processing stages 

after bacterial growth and brief washing. Firstly, in the E. coli study (Figure 33a), the coverage 

on untreated glass showed 60.0±18.8%. The 22-nm NP and 50-nm NP films contained 

86.3±8.0% and 70.6±14.8% E. coli coverage, respectively. The 22-TPFS and 50-TPFS films 

were covered at 56.8±12.2% and 61.4±4.3%. The LIS films demonstrated the lowest E.coli 

coverage values, 9.1±5.6% for 22-LIS and 10.0±8.5% for 50-LIS. In the S. aureus study (Figure 

33b), there was 88.3±6.4% of S. aureus on the glass substrate. The 22-NP and 50-NP films had 

coverages of 56.8±9.7% and 90.5±7.3% respectively. The 22-TPFS and 50-TPFS films were 

79.0±9.6% and 40.4±2.6% covered. The LIS films were low in S. aureus coverage with 

6.9±2.9% for the 22-LIS and 5.5±1.9% for the 50-LIS. 

 

Figure 33. Biofilm coverage percentages after a 24-hour no-shear incubation period with a) E. 

coli and b) S. aureus. 
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The anti-biofouling property was further tested by installing the samples into a biofilm 

reactor system with shear and continuous flow, using P. aeruginosa as the bacterial species for 

testing. The dark-field images (Figure 34a) showed that the bacterial biofilm (shown in violet) 

covered the surface of the glass substrate, calcined films, and TPFS-functionalized films, while 

the coverage was scarcer on the LIS films. The 50-LIS film had a greater amount of biofilm 

present on the surface compared to the 22-LIS films. The area coverage percentage values are 

compared in Figure 34b. The glass substrate had a coverage of 99.6±0.3%. The 22-NP, 50-NP, 

22-TPFS and 50-TPFS films were also high, ranging within 99.6-99.9 ± 0.1-0.3%. The LIS films 

had the lower coverages, with 37.4±19.4% for the 22-LIS and 70.0±27.7% for the 50-LIS. 

Figure 34c shows the log CFU values to determine the biofilm amount on the films. The glass 

substrate contained a log CFU of 8.56±0.21. The log CFU for the 22-NP and 50-NP films was 

8.79±0.11 and 8.73±0.12, respectively. A log CFU value of 8.74±0.21 and 8.88±0.07 were 

determined for the 22-TPFS and 50-TPFS films. The LIS films showed lower log CFU values at 

8.48±0.05 and 8.49±0.19 for the 22-LIS and 50-LIS, respectively. 

 



111 

 

Figure 34. P. aeruginosa biofilm coverages and biofilm amounts on films after a 2-day growth 

in the biofilm reactor system under shear and continuous flow: a) dark-field images (scale bar 50 

µm) of the film surface containing crystal violet-stained biofilms, b) area coverage percentages 

and c) log CFU values. 

 

Biofilm formation begins at the point when the bacteria adhere to the surface where they 

will grow and build up the colonies. LIS films prevent the adhesion of the bacteria to surfaces 

due to their slippery property, which was observed in the low biofilm coverage percentages and 

log CFU values in the no-shear bacterial and biofilm reactor studies. To note, reduced bacterial 

coverage can be achieved by generally employing substrates with hydrophobicity, low stiffness, 

increased roughness, and positively charged surfaces (260). However, bacterial adhesion and 

growth are complex and depend on the bacterial characteristics and strains and a combination of 
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substrate surface properties. Therefore, results for bacterial adhesion can vary greatly. LIS 

implementation, however, uses a lubricant top layer to separate the substrate surface from the 

impinging liquids (268), which then prevents initial bacterial adhesion. Microbial growth was 

still evident on the LIS films since the FC-70 lubricant is non-toxic, and the bacteria can settle 

via gravitational sedimentation, but upon a brief rinse, the biofilm was easily removed. 

Therefore, the slippery property was the sole contributor to the low area coverages in no-shear 

conditions (~ 9-10% for E. coli and ~ 5-7% for S. aureus after 24-hour incubation) and under 

shear continuous flow (37 and 70% for P. aeruginosa after 2 days in the reactor). In comparison, 

Xiao et al. (263) found marginal performance from a FC-70 infused porous polymer substrate 

against marine zoospores and B. Amphitrite cyprids without shear flow compared to the uncoated 

substrate. Thus, there is potential to use our LIS design for no-shear conditions, but optimization 

would be necessary to employ it for water processing and distribution systems. 

As such, the proposed LIS design has its limitations as observed throughout the work. 

Ethanol and ethanol-water mixtures could cause displacement of the lubricant layer, which 

reduced lubricant content and slippery effect. Increased temperatures decrease the FC-70 

viscosity and cause lubricant loss as well. In addition, the films during the biofilm reactor study 

had low biofilm coverage and amount, but the error ranges were large over the 2-day trial. To 

improve the LIS design, a lubricant liquid with a higher viscosity could be used instead for more 

stable lubricant containment within the matrix (288). Xiao et al. (263) observed excellent results 

from the LISs containing Krytox 103 and Krytox 100 (< 5% cyprids on the surface) compared to 

FC-70 LIS (10%). Also, Sunny et al. (264) infused Krytox 100 into silica NP thin films, which 

showed little to no visible stained area and minimal protein absorption after flowing water over 

the substrates at 10 mL/min for 24 hours. In addition, the LIS design can be optimized by 
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increasing the film thickness and surface roughness to contain the lubricant more efficiently 

(273). Furthermore, a component to kill the bacteria such as metal NPs (173, 289) and 

antimicrobial drugs (290) could be implemented as an alternative when the LIS film becomes 

compromised. 

 

Conclusion 

In summary, the silica nanoparticulate film demonstrated potential as a base substrate to 

fabricate LISs for anti-biofouling applications. Stable films with nanoscale thickness (~135-325 

nm) and high nanoporosity (0.46-0.74) were generated via LbL assembly and calcination. Upon 

modifying the surface chemistry with fluorinated silane compounds and infusing a fluorinated 

lubricant, stable LIS films were generated, in which water and hydrocarbons could be repelled 

from the surface. The transmittance of the LIS films has minimal changes when washed in cold 

water, room-temperature water and DPBS media demonstrating that the lubricant within the 

matrix was retained well. However, lubricant loss was evident in warm water and ethanol-water 

mixture. Nevertheless, the LIS films demonstrated a slippery property in aqueous ambient 

conditions. Furthermore, the anti-biofouling effect of the LIS films was demonstrated, showing 

low biofilm coverage (5-10%) against various bacteria species under no-shear flow as well as 

low coverages (37 for 22-LIS and 70% for 50-LIS) and low log CFU values (~8.5) under shear 

and continuous flow. Further modification to improve lubricant retention or counter for the loss 

can aid in developing better coatings for biofilm mitigation. 
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CHAPTER FOUR: SILICA NANOPOROUS FILMS LOADED WITH 

METAL NANOPARTICLES FOR ANTIMICROBIAL PROPERTY 

 

Introduction 

Antibiotics have been one of the most significant medical interventions that help to 

reduce human mortality rates. The golden age of antibiotic research began with Ehrlich, who 

conducted the first drug screening using a library of synthetic compounds and developed arsenic-

based drugs in the early 1900s. (291) Then sulfonamides were tested against some diseases by 

Domagk in 1932 (292). The natural beta lactam antibiotic penicillin was discovered by Fleming 

in 1928 (293), which then led to the study and mass production of synthetic penicillin and its 

derivatives (294-296). This also propelled the implementation of antibiosis in antibiotic research 

to extract natural antibacterial products from microbes for further purification and synthesis. The 

isolation and study of antibiotics from the Actinomyces species were led by Waksman in the late 

1930s, identifying more than twenty new substances such as streptomycin and neomycin (297). 

Today, such a large arsenal of antibiotics is still in clinical use, but their efficacy is being 

compromised by antibiotic resistance development in microbes. 

The emergence of antibiotic-resistant bacteria is an increasing global concern in medicine 

and public health over the past decades. Antibiotic resistance is becoming more prevalent as 

strains continue to evolve with new genetic modifications that can create specific proteins to 

inactivate the drug or reduce drug efficacy (298). For example, a bacterial enzyme called 

penicillinase that cleaves the beta lactam ring in penicillin was discovered after several years of 

introducing the drug to the market (299). To increase antibiotic-resistant bacterial populations, 

the resistant genes can be either vertically transferred from parent to offspring cells or undergo 
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various horizontal transmission mechanisms such as conjugation, transformation, and 

transduction to other cells, resulting in the spread of the information (298, 300). As a result, 

some strains in pathogenic bacterial species such as Mycobacterium tuberculosis (301) and 

Staphylococcus aureus (302) has evolved into “superbugs”, gaining resistance against multiple 

drugs as well as increased virulence and transmissibility. To further exacerbate the problem, the 

discovery of new antibiotic classes after the 1970s has declined, and most antibiotics in clinical 

trials today are the derivatives of the known drugs (303). Therefore, the search for new and 

effective therapeutic agents is greatly needed to counterbalance the rapid bacterial evolution. 

Metal species that have demonstrated antibacterial activity are a promising solution to 

develop novel materials against antibiotic-resistant bacteria. Firstly, the mechanisms of action 

are different from those of conventional antibiotics by simultaneously targeting multiple 

biomolecules and disrupting the cellular functions (304, 305), thus making it difficult for bacteria 

to adapt and develop resistance. Other means include altering permeability to destabilize the 

bacterial cell membrane and wall (306) and generating reactive oxygen species and free radicals 

to induce oxidative stress and toxicity (307). The most common antibacterial metals include 

silver (Ag), copper (Cu) gold (Au), zinc (Zn) and titanium dioxide (TiO2). These metals have 

been shown to have strong inhibitory and bactericidal effects on a wide range of microbes in 

their ionic and solid states (308, 309) as well as with metal oxide species (310, 311). They have 

been greatly studied and used in fields such as water disinfection (312), food preservation (313), 

agriculture (314) and medicine (312, 315). However, a main drawback in implementing metals 

as antimicrobial agents is the potential toxicity to humans as a result of excess and accumulative 

release of metal ions (316-318). So, it is critical to obtain a proper balance between the 

antibacterial effect and biocompatibility of the metal-based products. 
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With the rapid advancement of nanotechnology, metal and metal oxides can be 

engineered into NPs. Such nanostructures are formed through various synthesis methods such as 

thermal decomposition (319, 320), chemical reduction (321, 322), sonochemical synthesis (323), 

electrochemical synthesis (324) and biosynthesis (325). NPs range from 1 to 1000 nm and 

exhibit a quantum size effect and increased reactivity due to their higher surface area-to-volume 

ratio (326). As a result, metal-based NPs are greatly studied for various applications as a way to 

reduce costs and apply strong functionality in smaller amounts. In the biomedical field, metal 

NPs are being utilized as imaging contrast agents (327-329), drug carriers (330-332) and 

therapeutics (333-335). Metal NPs have been greatly investigated and applied as antibacterial 

agents to kill or inhibit a wide range of bacterial species and to combat antibiotic resistance (335-

338). In addition, the immobilization of metal NPs onto support materials provides sustained 

release and reduced toxicity, reducing the need for frequent and higher dosing. Thus, 

antibacterial metal NPs can be incorporated into a broad range of materials and products such as 

combination antibiotics (339, 340), textiles (341, 342), wound dressings (343, 344), filters (345), 

and medical devices (346). However, there has been little investigation into embedding metal 

NPs into nanoporous thin films for the development of novel antibacterial composites. 

In this work, metal NP loading in a nanoparticulate silica thin film was explored. The 

first route involved incorporating the metal loading into the sequential absorption process to 

reduce process steps and time. Ag and Cu-based metal salts are added to the colloid silica 

dispersion to promote electrostatic screening and to load the metal precursors into the LbL 

matrix. Another route is to perform a post-treatment on pristine silica nanoparticulate thin films 

via immersion into a metal salt solution to load the metal precursors. Surface modification of the 

silica with desirable functional groups was also performed to promote better metal ion 
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encapsulation. The NP formation was then performed via wet chemical reduction using the 

strong reducing agent. The elemental analysis was conducted on samples to determine the 

metals’ presence. The metal NP-loaded films were then tested for antibacterial properties via 

zone-of-inhibition testing. 

 

Experimental Methods 

Materials and Chemicals 

PAH (Mw 15000-20000) was obtained from J&K Scientific. PAA (25% w/v in partial salt 

solution, Mw 240000), ethanol (anhydrous, 99.5+%) and colloidal silica (Ludox TM-40, 40% 

w/v suspension, 22-nm size) were purchased from Sigma-Aldrich. Sodium chloride (NaCl) 

(crystalline), silver nitrate (AgNO3) (crystalline), hydrochloric acid (HCl, 12 N, certified ACS 

plus) and sodium hydroxide (NaOH, pellets) were obtained from Fisher Chemicals, Inc. Copper 

(II) sulfate pentahydrate (CuSO4·5H2O) (98%, extra pure) was purchased from Acros Organics, 

Inc. Hydrogen tetrachloroaurate (III) hydrate (HAuCl4·xH2O) (99.8% Au) was obtained from 

Strem Chemicals, Inc. Sodium borohydride (NaBH4) (98% min) was purchased from Alfa Aesar, 

Inc. (3-aminopropyl)-trimethoxysilane (APTMS) (97%) was obtained from Fluka. All aqueous 

solutions and water rinses were prepared using deionized water further purified from the Thermo 

Scientific Barnstead Nanopure water purification system under resistivity of around 17 MΩ·cm. 

For the substrates, Fisherbrand glass slides (25×75×1 mm) were purchased from Thermo Fisher. 

Incorporation of Metal during LbL assembly 

Noble metal loading was first conducted by incorporating the metal into the sequential 

absorption process where the LbL films were assembled. This was denoted as Route 1. The 

nanoStrata dipping unit was used where the dipping time for the polymers and the silica particles 
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was set for 15 minutes, followed by one 2-minute water rinse and two 1-minute water rinses. An 

adhesion layer containing five bilayers of PAA and PAH was first created to ensure adequate 

adhesion of the initial LbL structure to the substrate. The PAA and PAH solutions (0.01 M each, 

based on the monomer molar mass) were prepared at pH 3-4. Then the body layer containing 

sixteen bilayers of PAH polymer and silica particles was fabricated. Figure 35 shows a 

schematic for the sequential absorption process for the body layer with modification to 

incorporate the noble metal salt. The PAH solution (0.01 M) was set at pH 7.5. The silica particle 

dispersion consisted of 0.03% w/v 22-nm silica particles at pH 9. Also, 0.01 M AgNO3 or CuSO4 

was added to the dispersion in place of NaCl to promote electrostatic screening as well as 

incorporate the metal ion precursors into the film. The films containing Ag or Cu were denoted 

as Ag-R1 and Cu-R1. The pH of the solutions was adjusted accordingly. The LbL samples were 

then calcined in a tube furnace at 400 °C for three hours. The calcined films were immersed in 

0.01 M NaBH4 to reduce the ions and form the noble metal NPs. 

 

Figure 35. A schematic of Route 1, where the noble metal salt was incorporated into the body-

layer sequential absorption process. 

 

Film Modification and Metal Loading Post Treatment 

A post-treatment was also used to load the metal ions into films after LbL assembly and 

calcination. This was denoted as Route 2. Figure 36 shows a visual schematic of the post-
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treatment. The pristine silica nanoparticulate films were fabricated and denoted as Si-film. To 

improve the metal ion encapsulation, the films were functionalized with APTMS via liquid phase 

deposition. Firstly, the calcined films were rinsed with ethanol and water to remove any debris 

and excess salt. The films were immersed into 0.15% v/v APTMS in ethanol in a sealed 

container and allowed to sit for 24 h with stirring so that the silane molecules can be reacted onto 

the surface and matrix of the Si-film. The films were then removed and rinsed with an ethanol-

water mixture. The APTMS-functionalized films (denoted as APTMS-film) were dipped into 

0.01 M of silver nitrate (AgNO3), copper chloride (CuCl2) or chloroauric acid (HAuCl4), 

followed by a water rinse to remove any excess ions. The corresponding films were denoted as 

metal-R2. Then the films were immersed into 0.01 M NaBH4 for 5 min to reduce the ions and 

form metal NPs. Additional cycles were performed to increase the metal content, denoting M-R2 

(n). 

 

Figure 36. A schematic of Route 2, where the calcined films are modified with APTMS to 

encapsulate the metal ions for NP formation. 

 

Characterization and Bacterial Studies 

Visual images were recorded to display the colored films after metal loading and 

chemical reduction. The surface morphology of films processed via Route 1 was observed via 

the ultra-55 Zeiss SEM. The presence of Ag or Cu were determined via EDX. The static water 

contact angle was measured with the CAG100 contact angle goniometer. For films produced via 
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Route 2, XPS was performed to determine an estimated percentage of the APTMS compound 

and loaded metal with increasing loading cycles. 

The antimicrobial properties of the metal in the films were determined by zone-of-

inhibition testing. The strains of interest were Staphylococcus aureus (S. aureus, methicillin-

resistant, MRSA USA300) and Escherichia coli (E. coli, BL21) to test the films against a Gram-

positive and Gram-negative bacterial species, respectively. The methicillin-resistant S. aureus is 

a Gram-positive staph bacterium with high resistance to various common antibiotics (347). E. 

coli is a common Gram-negative bacterium found in human intestines with some pathogenic 

strains that can cause serious infections (348). The strains were each grown in LB medium 

overnight at 37 °C in loosely capped tubes on an orbital shaker. The inoculums were prepared 

and diluted to obtain a suspension of 1×108 cell concentration. The bacteria were seeded and 

spread onto LB agar plates with sterile cotton swabs. The film samples on glass were UV-

sterilized for three minutes before being placed onto the agar. The plates were incubated at 37° C 

for 24 h. Visual recordings of the plates after incubation were then obtained to compare the areas 

around the samples. 

 

Results and Discussion 

Metal Incorporation in LbL films  

The noble metal loading step was first integrated into the sequential absorption process 

when fabricating the LbL films (Route 1). The addition of salt to the silica dispersion aids in 

increasing the ionic strength and promote electrostatic screening during the LbL assembly, 

resulting in a stable multilayer film buildup and dense film formation with minimal surface 

roughness and high nanoporosity (349). NaCl is commonly used but was substituted for AgNO3 
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and CuSO4 here to also add the metal precursors in the films for antimicrobial properties. Instead 

of 0.1 M NaCl, 0.01 M AgNO3 or CuSO4 was added to the 22nm-silica particle dispersion, 

which gave a coloration to the solution and the final LbL films (Figure 37). The solution was 

initially clear with slight coloration but became more turbid and colored throughout the 

sequential absorption process as a result of a precipitation reaction in basic conditions. Silver 

salts mixed with sodium hydroxide in an aqueous solution typically form silver hydroxide which 

further reacts to the more stable brown silver oxide (Ag2O) (350, 351). Copper salts in basic 

conditions can precipitate into the bright blue copper hydroxide (Cu(OH)2) (352). Furthermore, 

looking at the resulting films, the Ag-R1 films displayed a faded uniform brown tint, while the 

Cu-R1 films showed no visible color except some darkening at the edges. Indeed, the deposition 

of the metal hydroxide precipitates could affect the resulting film morphology. 

 

Figure 37. Silica particle dispersion and the resulting LbL films with the addition of a) AgNO3 

and b) CuSO4.  

 

Hence, the Ag-R1 films were further examined. Firstly, the color of the films underwent 

a change in color upon various treatments (Figure 38a). The Ag-R1 film after LbL assembly and 

calcination had a faded brown tint compared to glass. The color was slightly reduced after the 

water wash as a result of some silver precipitates being removed. The film darkened after 

chemical reduction with NaBH4, indicating the formation of Ag NPs. However, upon closer 
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inspection, the dark color was patchy, suggesting that the Ag NP distribution was uneven. In 

addition, the calcined Ag-R1 film had a water contact angle of 18.5-18.8° (Figure 38b), which 

was higher compared to a pristine silica nanoparticulate film (~5°). The increase in contact angle 

could be due to the addition of silver precipitates within the film and thus a decrease in film 

porosity. The films after washing and reduction were visualized under SEM and analyzed with 

EDX. The washed Ag-R1 films (Figure 38c) have Ag precipitates (depicted in white) with an 

average size of 100 nm and silica particles densely packed with a few voids. The reduced films 

(Figure 38d) showed an increase in voids and loss of the white spots, indicating that the 

precipitates were dissolved, and that Ag was redistributed throughout the film. The EDX spectra 

also revealed the presence of weak Ag signals in both treated films. 

 

Figure 38. Ag-loaded silica nanoparticulate films fabricated via Route 1: a) visual image of 

films on glass after LbL and calcination, washing and chemical reduction, b) water contact angle 

image of calcined Ag-silica film, and c) SEM images and EDX spectra of Ag-silica films after 

water washing and d) after chemical reduction. 
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Subsequently, the Cu-R1 films after chemical reduction were examined in terms of the 

film structure and Cu content. The middle of Cu-R1 films (Figure 39a) showed a poorly packed 

film structure with very few large precipitates (depicted in white). The EDX spectra revealed no 

Cu signal present during analysis. The SEM image of the film near the edge (Figure 39b) has a 

more densely packed structure with some large cracks. A small EDX signal for Cu was present, 

likely due to the thicker film structure and higher deposition of the copper precipitates. In 

general, the overall assembly of the silica particles was not uniform throughout the film, creating 

an uneven film morphology. The presence of Cu was also little and only found near the edges of 

the film, demonstrating inconsistency with the copper distribution. 

 

Figure 39. Cu-loaded silica nanoparticulate films fabricated via Route 1 after reduction: a) SEM 

images and EDX spectra of the middle and b) edge of the films. 

 

Overall, there are limitations in employing Route 1. Firstly, the formation of metal 

hydroxides and oxides could reduce the number of ions and thus the ionic strength, hampering 

the electrostatic screening and producing a poorly constructed LbL film. The deposition and 

reduction of the precipitates also affected the film morphology by introducing large voids and 

cracks within the structure. Lowering the pH of the silica dispersion could mitigate the issue by 
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minimizing precipitation. The noble metal ions are stable in neutral to acidic conditions (pH < 7) 

(350, 353); however, silica particle aggregation occurs at pH below 9 as a result of deionization 

of the silanol groups, which would limit particle deposition and packing. Therefore, the LbL 

incorporation method proved to be insufficient and challenging to optimize, and a different 

approach was needed. 

Metal Loading Post-Treatment 

A post-treatment to load the metal precursors into the pristine silica nanoparticulate films 

was then investigated as another method to incorporate the noble metal (Route 2). The films 

demonstrated a nano-wicking effect due to the high nanoporosity of the film and the high surface 

energy of the silica. As a result, metal salt and reducing agent aqueous solutions could penetrate 

through the film matrix and form the NPs on the silica surface. However, the silanol groups 

weakly interact with metal ions and can be easily displaced by the incoming fluid in a second 

addition or immersion. Therefore, functionalizing the silica surface with chemical groups that 

have stronger ion interactions would be favorable. Figure 40a provides a schematic of the 

APTMS functionalization. The APTMS compounds react with the hydroxyl groups on the 

surfaces, forming covalent bonds and attaching to the surface. The amino functional groups in 

APTMS can then interact strongly with metal ions, capturing and retaining the ions on the 

surface (354). The Ag-R2 samples with unmodified and APTMS-functionalized films are 

displayed in Figure 40b. The Ag-R2 Si-film had a very faded yellow-brown color compared to 

the glass, as most of the Ag precursors may have been washed away by the water rinses and 

NaBH4 addition. The color in the Ag-R2 APTMS film was more prominent as the amino groups 

of APTMS helped to encapsulate the ions, limiting their mobility, and thus improving the in-situ 

NP formation. Likewise, additional dip cycles were performed to increase the noble metal 



132 

content in the ATPMS-films. The brown-yellow color of the Ag-R2 films increased in intensity 

with increasing dip cycles (Figure 41a). The Ag/N ratios of Ag also increased as more Ag 

precursors were bound by the amino ligands (Figure 41b). Therefore, the APTMS-films could 

be further tested to load NPs of various metals.  

 

Figure 40. a) Schematic depicting APTMS functionalization and b) image of glass, Ag NP-

loaded unmodified and APTMS-functionalized films. 

 

 

Figure 41. a) Image of Ag NP-loaded APTMS-films with increasing dip cycles, and b) the 

corresponding Ag/N ratios. 
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Elemental analysis of the films via XPS can support and confirm the presence of the 

functionalized silane compound and the loaded metals. Table 7 displayed the survey data for the 

Si-film, APTMS-film, and metal NP-loaded films after five dip cycles. The metals of interest 

were Ag, Au, and Cu. The Si-film consisted of only silicon (Si) and oxygen (O) at 28.83 and 

71.17 at.%, respectively. The APTMS-film has Si (31.02 at.%) and O (55.30 at.%) for the silica 

nanoparticulate film, as well as carbon (C) (11.18 at.%) and nitrogen (N) (2.50 at.%) which 

confirmed the presence of APTMS. The metal-loaded samples had similar percentages for Si 

(~27-29 at.%), O (~52-57 at.%), C (~12-17 at.%) and N (~1.7-2.4 at.%). The metal content after 

five dip cycles was as follows: Ag at 0.57 at.%, Cu at 0.50 at.% and Au at 0.14 at.%. 

Additionally, Figure 42a displays the metal/N ratios of the corresponding metal-loaded films. 

The overall order of metal loading from both the atomic percentages and the metal/N ratios was 

Ag > Cu > Au, which could be due to the difference in metal ion-ligand coordination modes as 

seen in Figure 42b. In transition metal complexes, the coordination number is the number of 

ligands bonded or interacted with a central metal ion or atom (355). Ag+ and Cu2+ complexed 

with amino groups with coordination numbers of 2 and 4, respectively. Au3+ could have a 

coordination number of 6, similarly to other M3+ - NH2 systems. Thus, the number of ion-amine 

complexes decreases as the coordination number increases, which reduces the amount of metal 

being encapsulated in the silica nanoparticulate film. Overall, upon modifying the silica 

nanoporous films with APTMS, the post-treatment process was easy and quick to promote the 

metal ion encapsulation and wet chemical reduction to load the noble metal NPs into the film for 

antibacterial properties.  
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Table 7. XPS survey data for Si-film, APTMS-film, and metal-loaded films (Ag, Au, Cu after 

five dip cycles). 

 

 Atomic percentages (at.%)  

Element Si-film APTMS-film Ag-R2 (5)  Au-R2 (5) Cu-R2 (5)  

Si 28.83 31.02 28.92 27.26 28.10 

O 71.17 55.30 56.56 52.84 52.36 

C - 11.18 11.83 16.99 17.03 

N - 2.50 1.69 2.41 1.96 

Metal - - 0.57 0.50 0.14 

 

 

Figure 42. a) The metal/N ratios with various metals loaded into APTMS-functionalized silica 

films, and b) a schematic of the metal ion-amino coordination modes with Ag+, Cu2+ and Au3+. 
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Zone-of-Inhibition Studies 

Zone-of-inhibition testing was conducted to evaluate quantitively for antibacterial 

properties of the metal-R2 films. Figure 43 shows the various film samples that were treated 

with APTMS and loaded with the antimicrobial metal NPs (Ag, Au, and Cu) in 5 dip cycles. 

Figure 44 shows the zone-of-inhibition plate results against E. coli and S. aureus. Upon close 

inspection, the Ag-R2 film exhibited a clearing around the sample in the plate containing E. coli, 

indicating that the film was inhibiting bacterial growth. Ag NPs are highly effective, where the 

antibacterial effect mainly stems from the oxidation and release of ions which can affect 

membrane permeability and disrupt cellular functions (336, 356). However, Ag did not inhibit 

the growth of S. aureus, which could be due to the insufficient amount of Ag in the film. 

Furthermore, the Au-R2 and Cu-R2 films did not have an inhibition zone in the plates of either 

bacterial strain. Though Cu and Au NPs are also quite potent (357), the amount in the APTMS 

films may be insufficient to effectively kill the bacteria. 

 

Figure 43. Visual image of the unmodified, APTMS-functionalized, and metal-loaded films on 

glass substrates. 
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Figure 44. Zone-of -inhibition testing with various film samples (glass, Si-film, APTMS-film, 

Ag-R2 (5), Cu-R2 (5), Au-R2 (5)) against a) S.aureus and b) E.coli. Inset was an enlarged image 

of Ag-R2 (5) on the plates. 

 

Therefore, further optimization will be needed to improve the antibacterial efficacy of the 

nanocomposites. From the bacterial study results, the metal content might be too low to promote 

a sufficient antibacterial effect, so using higher metal salt concentrations and performing more 

dip cycles could help to load more metal precursors. Increasing the film thickness during the 

fabrication of the silica nanoporous films could also provide greater volume and thus greater 

metal loading capacity. Additionally, nanoalloys with two or more metal types are promising to 

promote a synergistic antibacterial effect (358-360) and could be achieved via simultaneous 

loading and reduction. Furthermore, hybrid systems with both metal NPs and antibiotics also 

enhance the bactericidal property of a composite (339, 361). Overall, the post-treatment route is 

advantageous in terms of simplicity and versatility, and thus metal NP incorporation into a 

nanoparticulate film can lead to the development of novel composites for various applications. 



137 

Conclusion 

To conclude, the metal loading and NP formation in a nanoparticulate silica thin film was 

investigated to generate new composites for antibacterial applications. Firstly, incorporating the 

metal loading into the sequential absorption process that generates the silica nanoparticulate thin 

films can minimize processing steps and time. However, optimization proved to be difficult due 

to precipitate formation, pH incompatibility and poor LbL assembly. As an alternative, a post-

treatment was developed where the metal precursor and reducing agent would permeate into the 

pristine silica film via nano-wicking. APTMS was used to modify the silica nanoparticulate film 

with amino groups to better encapsulate the metal ions. As a result, the antibacterial metal NPs 

were successfully loaded into the nanoporous films after five dip cycles (Ag at 0.57 at.%, Cu at 

0.50 at.%, and Au at 0.14 at.%). Finally, bacterial growth inhibition with E. coli was evident with 

the Ag-loaded film, but the antibacterial efficacy could be further improved by increasing the 

metal content, loading multi-metallic nanoalloys or employing an antibiotic-metal NP hybrid 

system. Overall, the proposed method is simple and tunable to functionalize silica 

nanoparticulate thin film and load with different metal NPs for biomedical and engineering 

applications.  
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CHAPTER FIVE: CONCLUSION AND FUTURE OUTLOOK 

 

With the growing demand and drive to develop innovative materials and technologies, 

surface functionalization continues to help tailor pristine nanomaterials for new and enhanced 

properties and applications. Through chemical reactions or absorption onto their surface, the 

functionalized materials gain new features and functions to enhance its performance. As such, 

1D and 2D nanostructures hold great potential as substrate materials in which functionalization 

processes can have consistent access to their high surface area and can be further implemented to 

the development of new nanocomposites. The dissertation work had explored and designed new 

surface functionalization strategies for the studied 1D/2D nanomaterials in accordance with their 

material class and structure. 

Firstly, hydrogel nanofibers were demonstrated as a promising 1D nanomaterial for in-

situ NP fabrication and composite development. The nanofiber structure gives rise to overall 

stability of the fiber matrix due to crosslinks and supramolecular organization between the PAA 

and PAH chains. High production of long continuous nanofibers results in flexible porous mats 

that foster high total surface area and plenty of accessible functional groups. The polyelectrolyte 

hydrogel system promotes high aqueous absorption with affinity for specific charged molecules. 

In our case, metal ions were encapsulated into PAA/PAH fibers via interactions with the excess 

carboxylate groups. Upon fast chemical reduction, NPs of small sizes and great abundance can 

be generated in the fibers, and variations were observed as a result of the diffusion dynamics that 

is influenced by the viscous gel matrix and the metal-carboxylate interactions. 

The hydrogel nanofiber system was further assessed for the production of nanoalloys. 

Employing methods such as successive and simultaneous loading resulted in differences in 
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distribution, size range and catalytic activity among the nanoalloys. Upon further studying 

simultaneous absorption, the ratio of metal ions would vary due to the ion-carboxylate affinity 

which can be correlated to the stability constants of a similar complex. Uptake tunability was 

observed by varying the molar ratio of the immersion solution, opening up the possibility to 

generate nanoalloys in the fibers with near-equimolar metal percentages. The uptake procedure 

was optimized to selectively load metal NPs for a specific metal ratio, though more 

characterization and testing are needed to better understand the phenomenon. In terms of 

application, the loaded fibers demonstrated adequate catalytic property against organic redox 

compounds. 

In addition, silica nanoparticulate films were studied as the 2D nanostructure for surface 

functionalization. The nanoporosity feature is key for material design by promoting nano-

wicking that allows for the rapid infiltration and retention of fluids in the film network. 

Functionalization on silica is versatile and advantageous in promoting various types of chemical 

groups on the surface for a broad range of applications. As such, silica nanoparticulate thin films 

were demonstrated as potential support materials for biomedical applications. They were first 

modified to create LISs. The wettability of the film was incompatible to effectively permeate 

fluorinated lubricants due to high surface energy of silica. To overcome this, surface 

modification was performed to introduce fluorinated groups to the film’s surface in order to 

reduce the surface energy and change the surface chemistry. The affinity to the fluorinated 

lubricant was improved, which then generated stable LISs that were able to repel water and 

hydrocarbons in ambient conditions. The slippery property was employed to demonstrate anti-

biofouling activity against bacterial biofilms. The work was in hopes that the functionalized 

films can be implemented as an ultrathin inner pipe lining for biofilm mitigation in water 
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distribution systems, especially in space stations and spacecrafts. The proposed fabrication 

process is simple, robust, and low-cost, and the material consumption to generate the films is 

minimal. Further modification and optimization such as improving the nanoporous film 

morphology and/or infusing a lubricant with higher kinematic viscosity is needed to improve 

lubricant retention and develop the longevity of the coatings. 

The silica nanoparticulate films were also designed to produce antimicrobial coatings. 

Metal NPs such as silver and copper were used as antibacterial agents that were incorporated into 

the thin films via in-situ wet chemical reduction. Integration of the metal loading into the dip-

coating process was first tested, but the resulting films were poor in structure and had uneven 

distribution. In comparison, the development of loading the metal in the pristine nanoparticulate 

films was superior. Surface functionalization with silanes consisting of amine end groups was 

performed to enhance the metal ion encapsulation in the film. Through the nano-wicking effect 

and infiltration of the aqueous solutions, the surface and matrix of the film were treated to 

promote the amine groups and embed the antimicrobial metal NPs. The resulting films 

demonstrated antibacterial efficacy, but additional modifications such increasing the metal 

content, loading multi-metallic nanoalloys or employing an antibiotic-metal NP hybrid system 

can help to improve the film coatings. 

Both nanostructures offer high degree of flexibility in chemistry, physical properties, and 

fabrication mechanisms which help to develop new functionalization designs curated for a 

specific purpose. Firstly, the overall process of forming metal NPs in situ within the hydrogel 

nanofiber matrix is versatile as it can be employed for any aqueous metal precursor solutions. By 

loading NPs of specific metal types, nanocomposites can be generated for other applications such 

as sensors, energy production and storage, tissue engineering, wound dressings and so much 
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more. In addition, the PAA/PAH nanofiber can act as a model for tunable in-situ NP formation in 

fibers, and the principles elaborated in this work can be transferred to other hydrogel fiber 

systems. In regard to the silica nanoparticulate thin films, silane functionalization and nano-

wicking played key roles where two different silane reactions were explored to give different 

properties and enhance the development and performance of the resulting films for the 

corresponding applications. The in-situ formation of metal NPs in the film is also new and can be 

expanded to investigate nanoalloy formation dynamics. The overall process is also applicable for 

other nanoparticulate films such as those made of alumina and titanium dioxide. The tunability in 

the silane treatment and NP loading opens up multiple routes for new material designs in a wide 

range of applications in the biomedical as well as industrial fields. Overall, the work from this 

dissertation helps to explore the functionalization of the 1D and 2D nanostructures from different 

material and structure classes for the development and advancement of new functionalization 

strategies and nanocomposite design. 

 



149 

APPENDIX A: FULL LIST OF PUBLICATIONS AND PRESENTATIONS 

  



150 

i. Li Sip, Yuen Yee; Jacobs, Annabel; Morales, Alejandra; Sun, Mengdi; Roberson, Luke 

B.; Hummerick, Mary E.; Roy, Herve; Kik, Pieter; and Zhai, Lei. “Slippery Lubricant-

Infused Silica Nanoparticulate Film Processing for Anti-Biofouling Applications”, 

Journal of Applied Biomaterials & Functional Materials. September 2023. 

DOI:10.1177/22808000231184688 

ii. Didier, Charles M.; Fox, David; Pollard, Kevin J.; Baksh, Aliyah; Iyer, Nisha R.; Bosak, 

Alexander; Li Sip, Yuen Yee; Orrico, Julia F.; Kundu, Avra; Ashton, Randolph S.; Zhai, 

Lei; Moore, Michael J.; and Rajaraman, Swaminathan. “Fully Integrated 3D 

Microelectrode Arrays with Polydopamine-Mediated Silicon Dioxide Insulation for 

Electrophysiological Interrogation of a Novel 3D Human, Neural Microphysiological 

Construct”. ACS Applied Materials & Interfaces. July 2023, 15(31):37157-37173. DOI: 

10.1021/acsami.3c05788 

iii. Nierenberg, Daniel; Flores, Orielyz; Fox, David; Li Sip, Yuen Yee; Finn, Caroline M.; 

Ghozlan, Heba; Cox, Amanda; Coathup, Melanie; McKinstry, Karl Kai; Zhai, Lei; and 

Khaled, Annette R. “Macromolecules Absorbed from Influenza Infection-Based Sera 

Modulate the Cellular Uptake of Polymeric Nanoparticles”. Biomimetics. November 

2022, 7(4):219. DOI: 10.3390/biomimetics7040219 

iv. Burnstine-Townley, Alex A.; Afrin, Sajia; Li Sip, Yuen Yee; Fox, David; and Zhai, Lei. 

“In Situ Formation of Nanoparticles on Carbon Nanofiber Surface Using Ceramic 

Intercalating Agents”. Journal of Composite Science. October 2022, 6(10):303. DOI: 

10.3390/jcs6100303 

v. Li Sip, Yuen Yee; Jacobs, Annabel; Morales, Alejandra; Sun, Mengdi; Roberson, Luke 

B.; Hummerick, Mary E.; Roy, Herve; Kik, Pieter; and Zhai, Lei. “Slippery Lubricant-



151 

Infused Silica Nanoparticulate Film Processing for Anti-Biofouling Applications”, 73rd 

International Astronautical Congress in France, Sep 2022. Oral Presentation. 

vi. Fox, David W.; Antony, Dennis-Xavier; Li Sip, Yuen Yee; Fnu, Joshua; Rahmani, 

Azina; Jurca, Titel; and Zhai, Lei. “Electrospun hydrogel fibers guide HKUST-1 

assembly”. Materials Today Communications. September 2022, 33(2):104535. DOI: 

10.1016/j.mtcomm.2022.104535 

vii. Shar, Angela; Aboutalebianaraki, Nadia; Misiti, Kaylee; Li Sip, Yuen Yee; Zhai, Lei; 

and Razavi, Mahdi. “A novel ultrasound-mediated nanodroplet-based gene delivery 

system for osteoporosis treatment”.  Nanomedicine: Nanotechnology, Biology and 

Medicine. April 2022, 41:102530. DOI: 10.1016/j.nano.2022.102530 

viii. Hwang, Jae-Hoon; Li Sip, Yuen Yee; Kim, Keug Tim; Han, Gaehee; Rodriguez, Kelsey 

L.; Fox, David W.; Afrin, Sajia; Burnstine-Townley, Alex; Zhai, Lei; and Lee, Woo 

Hyoung. “Nanoparticle-Embedded Hydrogel Synthesized Electrodes for Electrochemical 

Oxidation of Perfluorooctanoic Acid (PFOA) and Perfluorooctanesulfonic Acid (PFOS)”. 

Chemosphere. February 2022, 296(2022):134001. DOI: 

10.1016/j.chemosphere.2022.134001 

ix. Fox, David W.; Schropp, Anthony A.; Joseph, Trisha; Azim, Nilab; Li Sip, Yuen Yee; 

and Zhai, Lei. “Uniform Deposition of Silver Nanowires and Graphene Oxide by 

Superhydrophilicity for Transparent Conductive Films”. ACS Applied Nano Materials. 

July 2021, 4(8):7628-7639. DOI: 10.1021/acsanm.1c00654 

x. Li Sip, Yuen Yee; Fox, David W.; Shultz, Lorianne R.; Davy, Marie, Chung, Hee-Suk; 

Antony, Dennis-Xavier; Jung, Yeonwoong; Jurca, Titel; and Zhai, Lei. “Cu–Ag Alloy 



152 

Nanoparticles in Hydrogel Nanofibers for the Catalytic Reduction of Organic 

Compounds”. ACS Applied Nano Materials. May 2021. 4(6):6045-6056. DOI: 

10.1021/acsanm.1c00881 

xi. Li Sip, Yuen Yee; Fox, David; and Zhai, Lei. “Multicomponent CoCrFeMnNi Nanoalloy 

Particle Formation in Hydrogel Nanofibers”, 2021 Virtual Material Research Society 

Spring Meeting & Exhibit, Apr 2021. Oral Presentation.  

xii. Nierenberg, Daniel; Flores, Orielyz; Fox, David; Li Sip, Yuen Yee; Finn, Caroline; 

Ghozlan, Heba; Cox, Amanda; McKinstry, K. Kai; Zhai, Lei; and Khaled, Annette R. 

“Polymeric Nanoparticles with a Sera-Derived Coating for Efficient Cancer Cell Uptake 

and Killing”. ACS Omega. Feb 2021, 6(8):5591-5606. DOI: 10.1021/acsomega.0c05998 

xiii. Esfahani, Amirsalar R.; Zhang, Zeyang; Li Sip, Yuen Yee; Zhai, Lei; and Sadwani, 

A.H.M. Anwar. “Removal of heavy metals from water using electrospun polyelectrolyte 

complex fiber mats”. Journal of Water Process Engineering. June 2020, 37:101438. DOI: 

10.1016/j.jwpe.2020.101438 

xiv. Azim, Nilab; Kundu, Avra; Royse, Madison; Li Sip, Yuen Yee; Young, Mikaeel I.; 

Santra, Swadeshmukul; Zhai, Lei; and Swaminathan, Rajaraman. “Fabrication and 

Characterization of a 3D Printed, Microelectrodes Platform with Functionalized 

Electrospun Nano-Scaffolds and Spin Coated 3D Insulation Towards Multi- Functional 

Biosystems”. Journal of Microelectromechanical Systems. May 2019, PP (99):1-13. DOI: 

10.1109/JMEMS.2019.2913652 

xv. Barrios, Elizabeth; Fox, David; Li Sip, Yuen Yee; Catarata, Ruginn; Calderon, Jean E.; 

Azim, Nilab; Afrin, Sajia; Zhang, Zeyang; and Zhai, Lei. “Nanomaterials in Advanced, 



153 

High-Performance Aerogel Composites: A Review”. Polymers. April 2019, 11(4):726. 

DOI: 10.3390/polym11040726 

xvi. Li Sip, Yuen Yee; and Zhai, Lei. “Nanocomposites of electrospun polyelectrolyte 

hydrogel nanofibers and loaded metal nanoparticles for catalytic reduction of organic 

dyes”. Spring 2019 ACS National Meeting & Expo: Chemistry for New Frontiers, Apr 

2019. Poster Presentation.  

xvii. Diaz, Angie M.; Zhang, Zeyang; Lee, Briana; Hernandez Luna, Felix M.; Li Sip, Yuen 

Yee; Lu, Xiaoyan; Heidings, James; Tetard, Laurene; Zhai, Lei; and Kang, Hyeran. 

“Evaluation of Single Hydrogel Nanofiber Mechanics Using Persistence Length 

Analysis”. ACS Omega. December 2018, 3:18304-18310. DOI: 

10.1021/acsomega.8b02822 



154 

APPENDIX B: PERMISSIONS FOR COPYRIGHTED MATERIALS 

  



155 

For Figure 3 

 

 

 

 

 

 



156 

For Figure 6 

 

 

 

 

 

 

 



157 

For Figure 7 

 



158 

For Figure 8 

 

 

For Figure 10 

 


	Functionalization of 1D and 2D Nanostructures and Their Applications
	STARS Citation

	ABSTRACT
	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	LIST OF ABBREVIATIONS
	CHAPTER ONE: INTRODUCTION
	Motivation
	1D Nanostructure – Polymer Hydrogel Nanofiber
	Hydrogels and Polyelectrolyte Gels
	Nanofiber Structural Advantages
	Development of Hydrogel Nanofibers
	Poly(acrylic acid) and Poly(allylamine hydrochloride) System

	2D Nanostructure – Silica Nanoparticulate Thin Film
	Silica-Based Nanomaterials
	Thin Film Morphologies and Applications
	Vapor Deposition and Sol-Gel Processing of Thin Films
	Development of Silica Nanoparticulate Films

	Dissertation Overview
	Research Statement
	Relevance to NASA’s Missions
	References

	CHAPTER TWO: METAL ION LOADING AND NANOPARTICLE FORMATION IN PAA/PAH HYDROGEL NANOFIBERS
	Introduction
	Experimental Methods
	Materials and Chemicals
	Hydrogel Fiber Fabrication
	Ion Loading and Particle Formation
	Characterization
	Catalysis Studies

	Results and Discussion
	Hydrogel Fiber Characterization
	Monometallic Precursor Loading
	CuAg NP Formation and Catalysis
	Tunable Absorption in Hydrogel Fiber
	5-metal Loading and Catalysis
	Further Optimization on Selective Loading

	Conclusion
	References

	CHAPTER THREE: SLIPPERY LUBRICANT-INFUSED SILICA NANOPARTICULATE FILM PROCESSING FOR ANTI-BIOFOULING APPLICATION
	Introduction
	Experimental Methods
	Materials and Chemicals
	Nanoparticulate Film Fabrication
	TPFS Functionalization and Lubricant Infusion
	Characterization
	Lubricant Stability Testing
	Bacterial Biofilm Growth Studies
	Biofilm Coverage Analysis and CFU Determination

	Results and Discussion
	Nanoparticulate Film Characterization
	Wettability and Slippery Property
	Lubricant Retention and Depletion
	Anti-Biofouling Bacterial Studies

	Conclusion
	References

	CHAPTER FOUR: SILICA NANOPOROUS FILMS LOADED WITH METAL NANOPARTICLES FOR ANTIMICROBIAL PROPERTY
	Introduction
	Experimental Methods
	Materials and Chemicals
	Incorporation of Metal during LbL assembly
	Film Modification and Metal Loading Post Treatment
	Characterization and Bacterial Studies

	Results and Discussion
	Metal Incorporation in LbL films
	Metal Loading Post-Treatment
	Zone-of-Inhibition Studies

	Conclusion
	References

	CHAPTER FIVE: CONCLUSION AND FUTURE OUTLOOK
	APPENDIX A: FULL LIST OF PUBLICATIONS AND PRESENTATIONS
	APPENDIX B: PERMISSIONS FOR COPYRIGHTED MATERIALS

