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Abstract 

Silver nanoparticles were synthesized using sodium borohydride and employed in a 

galvanic replacement reaction to produce hollow gold nanoparticles. The resulting hollow gold 

nanoparticles exhibited a resonance peak at 976nm, consistent with their hollow morphology and 

localized surface plasmon resonance properties. These characteristics make them promising 

candidates for drug delivery systems and targeted cancer therapies. To simulate drug loading, 

Methyl Orange and Acid Orange 5 were used as dye analogs for small-molecule drugs. This 

study confirms the feasibility of dye loading into Tween 20-stabilized hollow gold nanoparticles. 

Langmuir Isotherm modeling was used to evaluate loading behavior, yielding a maximum 

loading capacity of 62.19 and an equilibrium constant of 0.016 for Acid Orange 5, while Methyl 

Orange exhibited a maximum loading capacity of 56.67 and an equilibrium constant of 0.019. 

The Langmuir model fit well for Acid Orange 5 but not for Methyl Orange, which was linear at 

low concentrations, suggesting behavior more indicative of a very high K value and a system 

approaching saturation rapidly. These results demonstrate how dye structure and surface 

functionalization influence loading efficiency and binding behavior, offering insight into the 

optimization of nanoparticle-based drug delivery systems. 
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Introduction 

In their lifetime both men and women in the United States have about a 40 percent 

chance of developing invasive cancer.1 There are more than 200 types of cancer, most of which 

do not have a cure.2 One major feature of cancer is the rapid growth and spread of abnormal cells 

to healthy organs and tissues, taking up nutrients and space that healthy organs need to function.2 

This process is called metastasis and is the primary cause of death from cancer.2 Many forms of 

treatment are being studied including chemotherapy, radiation therapy, surgical intervention, and 

targeted therapy.3 Most patients receive a combination of treatments.4 

 Chemotherapy is a common cancer treatment that uses powerful drugs to kill or inhibit 

the growth of cancer cells by targeting fast-dividing cells.3,4 The primary advantage of 

chemotherapy is the ability to target fast-dividing cells, making it effective for many types of 

cancer.3,4 It can potentially shrink tumors, alleviate symptoms, and increase survival rates. 

However, chemotherapy also has significant downsides.3–5 It often causes severe side effects, 

including fatigue, nausea, hair loss, and a weakened immune system, which can impact the 

patient's quality of life.3,4 Additionally, chemotherapy may not be effective for all cancers, and 

there’s a risk of resistance developing.3,4 

 Therapies involving radiation are a widely used treatment for cancer that use high-energy 

particles or waves to destroy or damage cancer cells.3 A significant advantage is the ability to 

target specific areas of the body which minimizes damage to surrounding healthy tissue.3 This 

precision can lead to effective tumor shrinkage and symptom relief, and it is often used in 

combination with surgery or chemotherapy to enhance treatment outcomes.3 However, radiation 

therapy also has drawbacks.3 Patients may experience side effects such as fatigue, skin irritation, 

and, in some cases, long-term changes in the treated area, such as fibrosis or secondary cancers.3 
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Additionally, radiation is not suitable for all types of cancer, particularly those that are not 

localized.3 

 Surgical intervention is another primary treatment for many cancers, as it offers the 

potential for the complete removal of tumors and affected tissues.3 One of its main advantages is 

the immediate physical removal of cancer, which can lead to significant improvement in survival 

rates, especially if the cancer is detected early.3 Surgery can also provide relief from symptoms 

caused by tumors pressing on other organs.3 However, there are notable downsides to consider. 

Not all cancers are operable due to their location or stage.3 Even successful surgeries can require 

further treatments like chemotherapy or radiation to address any remaining cancer cells.3 Surgery 

itself also carries risks of complications, such as infection and bleeding.3 

 Targeted therapy is a type of cancer treatment that uses drugs to precisely identify and 

attack cancer cells.3,6,7 This approach targets specific molecules such as proteins, genes, or the 

tissue environment that contributes to the growth and survival of cancer cells.3,6,7 Targeted 

therapy is better compared to other approaches because of the precision of the treatment which 

leads to greater effectiveness and fewer side effects.6,7 It can also be personalized, as treatment 

can be tailored based on the specific genetic makeup of a patient’s tumor.5–7  

Nanotechnology has become an essential tool in delivering these drugs precisely to the 

cancer cells and is also used in the processes of disease diagnosis and therapy8. The unique 

properties of nanoparticles (NP) enable the precise delivery of therapeutic agents directly to 

cancer cells.8 This precision comes from the ability of nanoparticles to be engineered at the 

nanoscale, which allows them to interact effectively with biological systems.8 Studies indicate 

that the size of these nanoparticles facilitates their uptake into cells through endocytosis and 

enables direct translocation to reach intracellular and subcellular targets.9,10 One type of 
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nanoparticle that has gained interest for cancer therapy is hollow gold nanoparticles (HAuNPs), 

which is a desirable form of nanoparticles due to their surface-to-volume ratio and high 

permeability.11–13 Their hollow structure makes them well-suited for drug loading, enabling the 

encapsulation and controlled release of chemotherapeutic agents at the intended location inside 

of the patient's body.11–14 If the drug is bound to the outside of the nanoparticle there is a greater 

chance of disassociation in the body before the nanoparticle reaches its target, causing the 

treatment to be less successful.11,13 Once the nanoparticle reaches its intended location, the drug 

payload is released upon interacting with the cancer cells.11,13 

 Antibodies or other targeting molecules, such as peptides, can be grafted onto the surface 

of hollow nanoparticles to guide them specifically to cancer cells.11 These targeting molecules 

are designed to recognize and bind to particular receptors overexpressed on the surface of cancer 

cells, which are often absent or present in lower amounts on normal cells.11 When the 

nanoparticles are introduced into the body, the targeting molecules on their surface seek out and 

bind to these receptors.11 This binding directs the nanoparticles to accumulate at the tumor site, 

enhancing the precision of drug delivery.11 This targeted delivery system is crucial for the 

success of nanoparticle-based cancer therapies, as it enables the drug payload within the 

nanoparticles to be delivered directly to cancer cells.11 

 The penetration of IR light allows the payload inside of the nanoparticle to be released.14 

When near-infrared (NIR) light is directed at nanoparticles, especially those made of materials 

like gold, these nanoparticles absorb the light energy and convert it into heat through a process 

called photothermal conversion.14 Gold nanoparticles can rapidly increase in temperature when 

exposed to NIR light.14 NIR light can penetrate biological tissues more effectively than visible 

light because of its longer wavelength which helps it scatter less as it passes through tissues.14 
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This makes NIR light ideal for reaching deeper tissues without causing significant damage to the 

surrounding cells.14 Dung et al. determined that NIR light between 650–900nm is preferred for 

photo-thermal cancer therapy because both blood and soft tissues are highly transparent within 

this range.15 

 Hollow nanoparticles represent a promising advancement in cancer therapy, yet the 

specific characteristics that a drug molecule needs for efficient loading into a nanoparticle are not 

well understood.  

Hollow gold nanoparticles loaded with Doxorubicin, a chemotherapy drug, have 

demonstrated significant potential for targeted cancer therapy, particularly when combined with 

NIR light-triggered drug release.16–18 A study by You et al. showcases the use of HAuNPs, 

approximately 40nm in diameter, that achieve an exceptionally high Doxorubicin payload of up 

to 63% by weight.16 This was accomplished by leveraging the large surface area of the hollow 

structure, allowing Doxorubicin to attach to both the inner and outer surfaces of the HAuNPs.16 

Upon NIR laser irradiation, the HAuNPs generate heat, which rapidly releases Doxorubicin in a 

controlled manner.16 This release is enhanced in acidic environments, such as the tumor 

microenvironment, making the system highly specific to cancerous tissues.16 In vitro studies 

showed that NIR irradiation of Doxorubicin-loaded HAuNPs led to significant cancer cell 

killing.16 A second study by Sheth et al. showed that unlike Doxorubicin loaded into HAuNPs, 

Doxorubicin-coated solid gold NPs do not respond to NIR laser irradiation to release the drug.17 

These results suggest that plasmon absorption of the NIR light and subsequent elevation of 

temperature around Doxorubicin-loaded HAuNPs mediates the release of Doxorubicin.16,17  

Other drugs like Paclitaxel and Cisplatin have been successfully used for nanoparticle-

targeted therapy.19,20 Paclitaxel was loaded into HAuNPs through a double-emulsion solvent 
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evaporation technique, where Paclitaxel was trapped inside polymeric microspheres which serve 

as the primary drug carrier, encapsulating Paclitaxel within their matrix.19 In this system, 

HAuNPs are embedded within the polymeric microspheres, acting as a photothermal agent that 

triggers drug release when exposed to NIR light.19 Alternatively, Cisplatin was directly absorbed 

into the hollow cavity of the HAuNPs.20 The drug was loaded through electrostatic interactions 

where the positive charges on Cisplatin are attracted to the negatively charged gold nanoparticle 

surface.20 This attraction facilitates the initial adsorption of Cisplatin molecules onto the 

HAuNPs.20 Additionally, coordination bonding between the amine groups in Cisplatin and the 

gold surface forms a metal-ligand coordination bond, which is stronger than electrostatic 

interactions.20 Although these drugs have all shown success in loading a drug molecule into a 

HAuNP, no clear generalizations can be made because the conditions and nanoparticle 

characteristics differ in all four of the studies. 

 This study aims to further examine the loading efficiency of a series of dye molecules 

acting as a drug model with different bulk and polarity while keeping the nanoparticle 

characteristics and loading conditions constant throughout dye loading to determine if hollow 

gold nanoparticles have a loading capacity. This study will determine if there is a limit on the 

amount of a drug molecule that can be loaded in (or on) the nanoparticle for targeted therapy 

treatments by determining the maximum loading capacity of a HAuNP. By testing multiple trials 

with progressively higher concentrations of dye, the loading curve of the HAuNP can be 

accurately mapped out, which represents how much dye it can hold at different concentrations. 

The goal of this study is to identify the factors that increase the equilibrium constant, which 

reflects a high binding affinity between the dye and the nanoparticle. A larger equilibrium 

constant implies that the HAuNP reaches its maximum dye loading with lower dye 
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concentrations. Understanding this will help us optimize HAuNPs for targeted drug delivery 

applications, and we can better understand the physical and chemical properties that influence 

drug encapsulation and release. This knowledge is needed to develop nanoparticles that release 

drugs at a controlled rate once they reach their target, maximizing therapeutic effects while 

minimizing damage to healthy cells. 

The synthesis of HAuNPs is most commonly done using galvanic replacement reactions, 

a type of redox reaction, in which a more reactive metal is replaced by a less reactive metal in a 

solution.21 Galvanic replacement is driven by the difference in electrochemical potential between 

a solid metal, which has a lower reduction potential, and another metal ion, which has a higher 

reduction potential.21 HAuNPs are most commonly synthesized using AgNPs, as shown in 

Figure 1.21 This involves a two-step process where first, AgNPs are synthesized, and then, gold 

is added to the solution in the form of chloroauric acid (HAuCl4).21  

 

Figure 1. A schematic illustration of the synthesis of HAuNPs using AgNPs. The addition of 

HAuCl4 will oxidize AgNPs to a silver-core gold-shell NP. Further addition of HAuCl4 will 

oxidize the remaining silver, leaving HAuNPs. 

The synthesis of AgNPs was done using a reducing agent and the strength of the reducing 

agent affects the synthesis of the NPs.22 Sodium borohydride (NaBH4) is a strong reducing agent 
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commonly used for this purpose.22 This synthesis utilizes a reduction reaction in which silver 

nitrate (AgNO3) serves as a source of silver ions (Ag⁺) that get reduced to silver atoms (Ag⁰) by 

NaBH4.22 NaBH₄ donates electrons to the silver ions, leading to the formation of silver 

nanoparticles (Equation a).22  

2𝐴𝑔𝑁𝑂3  (𝑎𝑞) + 2𝑁𝑎𝐵𝐻4  (𝑎𝑞) → 2𝐴𝑔  (𝑠)
0 + 2𝑁𝑎𝑁𝑂3  (𝑎𝑞) + 𝐵2𝐻6  (𝑔) + 𝐻2  (𝑔)  (a) 

The reduction process with NaBH₄ impacts the shape, size, and stability of the AgNPs.23 

However, because NaBH₄ is used in excess during the synthesis, it must be quenched and 

removed to prevent further reduction, as the excess NaBH₄ could reduce other metal ions, such 

as gold, in the case of mixed-metal NP formation.23 If NaBH₄ is not properly quenched, it could 

result in a solution containing both silver and gold nanoparticles, rather than just gold replacing 

silver to form pure gold NPs.23 Quenching is achieved by washing the nanoparticles by 

centrifuging and removing the supernatant containing excess NaBH₄, followed by replacing the 

supernatant with ultrapure water.23 This process can be repeated multiple times to ensure 

thorough removal of residual NaBH₄ and any byproducts, leaving the nanoparticles stabilized in 

a clean solution.23 

In nanoparticle synthesis, a capping agent is essential to stabilize the particles in 

solution.24 Tween 20 makes for a great capping agent and plays a vital role in ensuring the 

stability of the NPs.24,25 Capping agents, like Tween 20, are amphiphilic molecules with a 

hydrophilic (polar) head and a hydrophobic (nonpolar) tail (Figure 2).24 The hydrophobic tail 

interacts with the surface of the nanoparticle, while the hydrophilic head faces the surrounding 

aqueous medium.24 Since the NPs are in a polar water solution, Tween 20's nonpolar tail binds to 

the surface of the NPs, while the polar head interacts with the solvent.24 
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Figure 2. A capping agent bound to a nanoparticle via hydrophobic interactions. 

Capping agents like Tween 20 provide several benefits. They stabilize nanoparticles in 

solution by preventing aggregation and ensuring a more uniform distribution.24,25 This is crucial 

because, without a capping agent, the Van der Waals forces between the particles could cause 

them to aggregate and form large clusters.24 By surrounding the particles with a capping agent, 

repulsive interactions, either electrostatic or steric, prevent the particles from coming into close 

contact, thus reducing aggregation.24 This stabilization enhances the potential for the 

nanoparticles to be used in applications such as targeted drug delivery.24 

Tween 20 (Figure 3) was chosen as the capping agent in this study because it effectively 

stabilizes the nanoparticles without the toxic effects associated with other agents.24 Since Tween 

20 is a Lewis base, it can interact with the surface of the AgNPs, binding to the particles while 

being soluble in the aqueous environment.24 
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Figure 3. Structure of Tween 20. 

HAuCl4 is the primary source of gold ions (Au³⁺) in the reaction, supplying these ions to 

participate in the redox process.21 When HAuCl₄ is introduced to the AgNP solution, the metal 

with the lower potential (silver) is oxidized and transformed into a metal ion, from Ag to Ag+, 

and the metal ion with the higher potential (gold) is reduced and transformed into a solid metal, 

from Au³⁺ to Au, at the contact surface.22 Through these processes, HAuNPs can be successfully 

synthesized.21,22 The reduction of gold ions is facilitated by the higher reduction potential of 

HAuCl₄ compared to the silver oxidation potential, making the reaction thermodynamically 

favorable.22 The oxidation state of the gold influences this reaction so that for every 1 gold atom, 

3 silver ions are displaced from the nanoparticle until a solid shell of gold is formed. 22 

3𝐴𝑔(𝑠) + 𝐴𝑢𝐶𝑙4  (𝑎𝑞)
  − → 𝐴𝑢(𝑠) + 3𝐴𝑔   (𝑎𝑞)

+ + 4𝐶𝑙   (𝑎𝑞)
−                (b) 

Through the galvanic replacement reaction (Equation b), the gold progressively replaces 

the silver in the nanoparticle core.21 This replacement continues until the silver core is dissolved 

and removed, leaving behind a hollow gold nanoshell.21 

 Drug loading into hollow NPs involves combining the drug molecules with the NP in 

solution, followed by processes such as sonication, heating, or stirring to encourage the drug 

molecules to enter the inner cavity.26 Sonication was chosen for its simplicity, speed, and 

effectiveness in promoting nanoparticle–solute interactions without significantly altering particle 

structure. Previous studies have shown that while sonication, heating, and stirring can all 

enhance drug loading, the differences in loading efficiency among these methods are often 
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negligible under similar conditions.27 Therefore, sonication was selected based on both its 

operational efficiency and widespread use in comparable nanoparticle loading protocols. Dyes 

are used as a replacement for drug molecules for the ease of measuring the loading capacity of 

HAuNPs.26 A measured concentration of dye is added to the HAuNPs in solution, and the UV-

Vis spectrum is measured using a UV-Vis spectrometer. Comparing the concentration of dye 

added to the solution, to the concentration of dye in the solution after encapsulation, the loading 

capacity of dye on/in the HAuNPs can be measured. Dye no longer in solution is either in the 

cavity of the HAuNP or bound to the surface of the particle. 

 Methyl Orange and Acid Orange 5 were chosen based on their structure, polarity, bulk, 

and weight, which closely mimic key characteristics of drug molecules. Both dye’s molecular 

weights are around 300g/mol, Methyl Orange at 327.34g/mol, and Acid Orange 5 at 375.4g/mol, 

which is important because the majority of drug molecules fall below 500g/mol.28,29 

 

  

Figure 4. Comparison of dye structures: Methyl Orange (1) and Acid Orange 5 (2). 

 Methyl Orange (1) and Acid Orange 5 (2) differ in their functional groups, as 

shown in Figure 4, which affect their interaction mechanisms with HAuNPs. Methyl Orange and 

Acid Orange 5 are both azobenzene dyes, sharing a common structural core composed of two 

aromatic rings linked by an azo group (–N=N–). Each dye contains a sulfonate group (SO₃⁻) 
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positioned para to the azo linkage, enhancing water solubility which increases the chance that the 

dye is absorbed into the particle.30 Both dye's water-solubility ensures that they can be 

effectively dissolved in the solution and loaded into the HAuNPs. They can also interact well 

with the nanoparticle's surface or be encapsulated within the nanoparticle cavity. The dye’s 

primary structural difference lies in the substituents on the opposite benzene ring of the 

azobenzene core. Methyl Orange features a dimethylamino group, a tertiary amine, while Acid 

Orange 5 contains a phenylamino group, a secondary amine. 

These differences impact both the steric bulk and the protonation behavior of the dyes. 

The dimethylamino group in Methyl Orange is less bulky and unlikely to become protonated 

under physiological or mildly acidic conditions, giving it a more hydrophobic and neutral 

character.30 In contrast, the secondary amine in Acid Orange 5 can more readily form a conjugate 

acid in slightly acidic environments, resulting in a positively charged species.30 This charge can 

enhance electrostatic interactions with the negatively charged HAuNP surface or cavity. 

Additionally, the phenyl ring in Acid Orange 5 introduces greater aromatic surface area, 

enabling stronger π–π stacking interactions with the nanoparticle surface compared to Methyl 

Orange.30 These structural and electronic differences are critical for evaluating how drug-like 

molecules with varying size, charge, and aromaticity interact with hollow gold nanoparticles. By 

using these two dyes as models, this study assesses how these molecular features influence 

loading efficiency and binding strength, as reflected by the equilibrium constant. Molecules with 

higher loading efficiency and stronger binding (larger equilibrium constants) may exhibit slower 

release under physiological conditions, as they are more tightly associated with the nanoparticle 

surface or cavity. In contrast, molecules with lower binding affinity may desorb more readily, 
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suggesting faster release. Thus, equilibrium binding behavior can serve as a useful predictor of 

potential release profiles in nanoparticle-based drug delivery systems. 

An important aspect of evaluating HAuNPs as drug delivery systems is understanding 

how drug-like molecules adsorb onto their surfaces. The adsorption of Methyl Orange and Acid 

Orange 5 onto HAuNPs is modeled using the Langmuir isotherm, which assumes a surface with 

a fixed number of identical binding sites, each capable of holding one molecule of dye, and no 

interaction between adsorbed molecules.31,32 This is essential for determining the loading 

capacity of the particles for each dye. The key parameters that can be extracted from this model 

are the equilibrium constant (K), which reflects the affinity between the dye and the nanoparticle 

surface, and the maximum loading capacity (qmax), which indicates the saturation limit. Together, 

these values will provide insights into the dye-nanoparticle interactions. 

 The equilibrium reaction is described as a reversible process where the dye molecules 

interact with the surface, forming a surface-dye complex (Equation c).33 K can be determined by 

the ratio of the concentrations of the products (the surface-dye complex) to the concentrations of 

the reactants (the dye and the surface), as shown in Equation d.33 

𝐷𝑦𝑒 + 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ↔ 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 × 𝐷𝑦𝑒            (c) 

𝐾 =
[𝑆𝑢𝑟𝑓𝑎𝑐𝑒×𝐷𝑦𝑒]

[𝐷𝑦𝑒][𝑆𝑢𝑟𝑓𝑎𝑐𝑒]
           (d) 

 The Langmuir Isotherm equation (Equation e) finds Θ, which is the fractional coverage 

of the surface, in this case, the fraction of available sites on the HAuNPs that are occupied by the 

dye.31 The equilibrium constant describes the affinity between the dye molecules and the 

nanoparticle surface.31 This value is important because a larger K value indicates a stronger 

interaction and more efficient binding of the dye onto the nanoparticles. K can be calculated 
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from the experimental data and the strength of affinity that Methyl Orange and Acid Orange 5 

have on the HAuNP surface can be determined. 

Θ =
𝐾[𝐷𝑦𝑒]

1+𝐾[𝐷𝑦𝑒]
                              (e) 

 According to the Langmuir Isotherm, once all the surface sites are occupied, when Θ=1, 

no more dye can bind to the nanoparticles, leading to a maximum loading capacity (qmax).31 Θ 

can be calculated by dividing the amount of dye loaded (q) by qmax (Equation f).33 

Θ =
𝑞

𝑞𝑚𝑎𝑥
                               (f) 

Combining Equations e and f, the amount of dye loaded (q) is related to the equilibrium 

dye concentration by Equation g. 

𝑞 =
𝑞𝑚𝑎𝑥𝐾[𝐷𝑦𝑒]

1+𝐾[𝐷𝑦𝑒]
                             (g) 

 In this experiment, we assume that the equilibrium dye concentration is approximately 

equal to the initial dye concentration added to the system.31 This assumption is justified because 

the amount of dye that binds to the nanoparticles is small compared to the total dye added, due to 

the relatively low nanoparticle concentration, so the free dye concentration remains effectively 

unchanged. Therefore, q can be plotted directly against the initial dye concentration to model 

adsorption behavior and extract parameters such as K and qmax.31 

 The process of adsorption is largely determined by non-covalent interactions, including 

electrostatic forces, van der Waals forces, hydrogen bonding, and hydrophobic interactions.34 

The contribution of each interaction depends on the surface chemistry of the nanoparticles and 

the chemical properties of the adsorbates. In this study, the use of Tween 20-stabilized HAuNPs 

introduces surface functional groups, primarily hydrophilic polyoxyethylene chains and 
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hydrophobic alkyl tails, that influence the strength and nature of dye–nanoparticle interactions.24 

The hydrophilic ethylene oxide groups form a steric and solvation barrier around the 

nanoparticle surface, which can hinder direct contact between the dye and the gold core, 

especially for dyes that rely on π–π stacking or electrostatic binding.24 However, the hydrophobic 

components of Tween 20 may facilitate weak van der Waals or hydrophobic interactions with 

dye molecules that have nonpolar or aromatic regions.24 

These effects can differentially impact Methyl Orange and Acid Orange 5. Methyl 

Orange, with its dimethylamino group and less bulky structure, has greater hydrophobic 

character and less steric hindrance, which may allow it to interact more readily with the 

hydrophobic regions of Tween 20, enhancing its ability to load into the cavity despite the 

surfactant coating.24,30 In contrast, Acid Orange 5 has a bulkier phenylamino group and a greater 

potential for π–π stacking interactions, which may be partially blocked or reduced by the steric 

effects of the Tween 20 coating.24,30 As a result, the surface chemistry introduced by Tween 20 

may contribute to differences in loading efficiency between the two dyes, by modulating how 

their structures interact with or are excluded from the nanoparticle surface. 

Understanding these adsorption characteristics is essential not only for determining 

loading efficiency but also for predicting drug release profiles and optimizing nanoparticle 

design for targeted cancer therapy. 
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Experimental 

Materials 

20mM solution of Sodium Borohydride (NaBH4), 10mM solution of Silver Nitrate (AgNO3), 

0.1g/L solution of Tween 20, 10.85mM solution of Aqueous Chloroauric Acid (HAuCl4), 

200µM solution of Methyl Orange, 200µM solution of Acid Orange 5, pH 7 Phosphate buffer, 

ultrapure H2O. 

Synthesis of Silver Nanoparticles from Sodium Borohydride 

 The synthesis of hollow gold nanoparticles (HAuNPs) was adapted from a procedure to 

make silver nanoparticles (AgNPs). Stock solutions of 10mM Silver Nitrate (AgNO3) and 20mM 

Sodium Borohydride (NaBH4) were made using ultrapure water. AgNPs were made by 

measuring out 180mL ultrapure water and combined with 6mL of stock NaBH4 solution to 

initiate the reaction. The solution was mixed using a magnetic stir bar. While the solution was 

mixing, 6mL of stock AgNO3 solution was added dropwise. The solution turned a marigold 

yellow color. The solution was mixed for 20 minutes to ensure that the reaction was complete. 

Afterward, the silver nanoparticle solution was centrifuged by adding 15mL of solution 

to 5mL of 0.1g/L Tween 20 solution in 9 centrifuge tubes. They were centrifuged twice at 6500 

rpms for 8 minutes until the supernatant was clear and dark solids were present at the bottom of 

the tube. The supernatant was removed, and an equivalent volume of Tween solution was added. 

The tubes were shaken and centrifuged again at 6500 rpms for 8 minutes. The supernatant was 

removed and replaced by ultrapure water but this time the amount added was half of the volume 

that was originally in the tube. Silver nanoparticles were confirmed using UV-Vis spectroscopy. 
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Synthesis of Hollow Gold Nanoparticles from Silver Nanoparticles 

 30mL of silver nanoparticle solution was measured out into a beaker and began stirring 

rapidly. While the solution was mixing, 2mL of 10.85mM HAuCl4 solution was added dropwise. 

The solution turned a clear navy-blue color. HAuNPs were confirmed using UV-Vis 

Spectroscopy. 

Load Dyes to Hollow Gold Nanoparticles 

 Methyl Orange and Acid Orange 5 were used and combined with HAuNPs. A 200µM 

stock solution of Methyl Orange and a 200µM stock of Acid Orange 5 were made using pH 7 

phosphate buffer. For each dye, seven different dye concentrations were combined with 500µL 

of HAuNPs in microcentrifuge tubes. The tubes were sonicated and then centrifuged at 6500 

rpms for 8 minutes. The supernatants were collected after centrifuging and combined in a 

graduated cylinder so that the total volume could be recorded from each solution. After removing 

the supernatant, 1mL of pH 7 phosphate buffer was added to the microcentrifuge tubes 

containing the nanoparticle pellet, and then they were sonicated and centrifuged again at 6500 

rpms for 8 minutes, collecting the new supernatant. This process was repeated for a total of three 

washes.  

Instrumentation 

Silver nanoparticles were confirmed within solution by using UV-Vis spectroscopy. The 

sample was run at room temperature conditions on an Olis-Carey 8453 UV-Vis 

spectrophotometer. A quartz cuvette was used to perform a scan which was run from 300nm to 

600nm to capture the expected peak between 390nm and 430nm of the AgNPs. 

Hollow gold nanoparticles were confirmed within solution by using UV-Vis 

spectroscopy. The sample was run at room temperature conditions on an Olis-Carey 8453 UV-
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Vis spectrophotometer. A quartz cuvette was used to perform a scan run from 800nm to 1100nm 

to capture the expected peak around 980nm of the HAuNPs. 

 The absorbance of the supernatants of both Methyl Orange and Acid Orange 5 were 

analyzed using UV-Vis spectroscopy. The samples were run at room temperature conditions on 

an Olis-Carey 8453 UV-Vis spectrophotometer. A quartz cuvette was used to measure the 

absorbance at 430nm for Methyl Orange and 434nm for Acid Orange 5.  



 23 

Results and Discussion 

Synthesis of Silver Nanoparticles 

 The synthesis of AgNPs was successfully carried out using a chemical reduction method 

with NaBH4 as the reducing agent. Upon the dropwise addition of AgNO3 to the NaBH4 solution 

under continuous stirring, the reaction mixture turned a distinct marigold yellow color. This 

color change is attributable to the localized surface plasmon resonance (LSPR) properties of 

AgNps and is a qualitative indicator of AgNP formation.35 The reduction reaction of AgNO3 to 

AgNPs, facilitated by NaBH4, followed Equation a.  

2𝐴𝑔𝑁𝑂3  (𝑎𝑞) + 2𝑁𝑎𝐵𝐻4  (𝑎𝑞) → 2𝐴𝑔  (𝑠)
0 + 2𝑁𝑎𝑁𝑂3  (𝑎𝑞) + 𝐵2𝐻6  (𝑔) + 𝐻2  (𝑔)  (a) 

NaBH4 served as both the reducing agent and a capping agent.23 During the reduction 

process, BH4
 - ions were adsorbed onto the surface of the silver nanoparticles, imparting a 

negative surface charge.23 This surface charge prevented particle aggregation by electrostatic 

repulsion, yielding a stable NP solution.23 

AgNPs have unique optical properties that can be studied through LSPR.35 This happens 

when light of specific wavelengths hits the nanoparticles and the electrons on their surface start 

to vibrate in sync with the light waves.35 Certain wavelengths of light scatter away from the 

nanoparticles due to this interaction.35 This scattering removes certain wavelengths from the light 

beam, so when the light passes through a UV-Vis spectrometer, those wavelengths are missing 

and appear as an absorbance peak in the spectrum.35 

The stability and optical properties of the synthesized AgNPs were characterized using UV-

Vis spectroscopy. As shown in Figure 5, a single LSPR resonance peak was observed at 

approximately 405nm, confirming the formation of AgNPs. This finding is consistent with 

literature values, where AgNPs synthesized with NaBH4 typically exhibit a resonance peak 
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between 390nm and 430nm, depending on particle size and shape.36 These results are also 

consistent with this study’s expectations, as both Miller and Soilis identified silver nanoparticles 

with a single resonance peak around 410nm.37,38 The broadness of the peak indicates that there is 

some aggregation of the particles and there is a less uniform size distribution.  

  

Figure 5. The absorbance spectrum for AgNPs from NaBH4 synthesis after washing. The 

maximum wavelength is at 405nm, confirming silver nanoparticles. 

Synthesis of Hollow Gold Nanoparticles 

 The synthesized silver nanoparticles were used to make hollow gold nanoparticles. 2mL 

of 10.85mM HAuCl4 was added dropwise to the solution, resulting in the formation of hollow 

gold nanoparticles. Ren et al. report that when HAuCl4 is added to the silver nanoparticles, a 

gold shell gradually forms around the AgNPs.21 Further addition of HAuCl4 fully reduces the 

silver, creating a hollow gold nanoparticle.21 HAuNPs can be detected by studying LSPR and 

each peak will indicate a different nanoparticle structure.35 Using UV-Vis spectroscopy, Wang et 

al. observed a resonance peak at 957nm.39 That study used 3-aminopropyltriethoxysilane 
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(APTES) as a capping agent whereas this study uses Tween 20. Miller reported a resonance peak 

at about 980nm using NaBH4 as a capping agent.37 A thinner shell or a larger hollow cavity can 

shift the LSPR peak further into the NIR region.35 NaBH4’s role as a reducing agent might have 

created a thinner shell or a larger cavity in the HAuNPs, resulting in a peak further into the NIR 

region. As shown in Figure 6, a single LSPR resonance peak was observed at 976nm confirming 

the formation of HAuNPs. 

 

Figure 6. The absorbance spectrum of HAuNPs. The maximum wavelength is at 976nm, 

confirming hollow gold nanoparticles. 

Loading Studies 

 To understand the loading capacity of HAuNPs, the dyes Methyl Orange and Acid 

Orange 5 were loaded into HAuNPs to mimic a drug. Using Miller’s Beer’s law calibration curve 
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for both dyes, the slope of the line of each curve provided the molar absorptivity values (Table 

1).37 Using those values, the concentration of dye in/on the HAuNPs can be found.  

Dye Molar Absorptivity Maximum Wavelength (nm) 

Methyl Orange 0.0122 430 

Acid Orange 5 0.0114 434 

Table 1. Molar Absorptivity and Maximum Wavelength for dyes Methyl Orange and Acid 

Orange 5 determined by Miller. 

To determine the amount of dye loaded onto or into the HAuNPs, the concentration of 

dye in the supernatant was subtracted from the concentration of dye initially added to the 

HAuNPs. This calculation follows Equation h.  

[𝐷𝑦𝑒]𝑖 − [𝐷𝑦𝑒]𝑓 = [𝐷𝑦𝑒]𝑖𝑛                   (h) 

 The amount of dye loaded into the nanoparticles was converted to nanomoles and was 

plotted against the concentration of dye initially added and fitted to the Langmuir adsorption 

isotherm (Equation g). The results for Methyl Orange are shown in Figure 7 and for Acid Orange 

5 in Figure 8. 

 

Figure 7. The Langmuir Model for Methyl Orange. 
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Figure 8. The Langmuir Model for Acid Orange. 

 The resulting fits yielded the values shown in Table 2. 

Dye qmax (µM) K 

Methyl Orange 56.67 0.019 

Acid Orange 5 62.19 0.016 

Table 2. Langmuir isotherm parameters for Methyl Orange and Acid Orange 5 adsorption onto 

HAuNPs. 

 The Langmuir model fit Acid Orange 5 data well, suggesting consistent adsorption 

behavior across the concentration range. The K value indicated a measurable, but not overly 

strong, binding affinity, which is a characteristic of reversible interactions like π-π stacking. The 

secondary aromatic amine and additional phenyl ring increase its potential for π-π stacking 

interactions with other aromatic groups on the gold nanoparticle surface on the HAuNP surface 

and with Tween 20.  

 In contrast, the Methyl Orange data showed a poor fit to the Langmuir model. The 

isotherm was linear at low concentrations and leveled off quickly, behavior more indicative of a 

very high K value and a system approaching saturation rapidly. This suggests that Methyl 
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Orange binds strongly or even irreversibly under the tested conditions, making it difficult to 

capture the true equilibrium distribution. While the curve could still yield a K value numerically, 

its interpretation should be approached with caution due to the deviation from ideal Langmuir 

behavior. 

Miller reported Methyl Orange having a K value of 0.022 and Acid Orange 5 having a K 

value of 0.042. Miller also reported that Methyl Orange achieved higher loading concentrations 

than Acid Orange 5.37  

The use of Tween 20 as a capping agent in this study introduces a key variable that may 

influence dye-loading behavior compared to Miller’s study using uncapped HAuNPs synthesized 

solely with NaBH₄.37 Tween 20 is a nonionic surfactant composed of a hydrophobic tail and a 

hydrophilic polyoxyethylene head.24,25 The polyoxyethylene groups are Lewis bases, which can 

interact with metal surfaces and stabilize the nanoparticles by steric hindrance and hydration 

shell formation.24,25 

This surface capping likely created a more hydrophilic environment around the HAuNPs, 

potentially altering the adsorption dynamics of the dye molecules.40 For Methyl Orange, which is 

smaller and less sterically hindered, this hydrophilic shell may have impeded close contact with 

the gold surface, reducing binding affinity and leading to a less ideal fit to the Langmuir model. 

This is supported by the lower K value (0.019) and the deviation from ideal Langmuir behavior, 

especially the early linear increase and eventual leveling off of dye adsorption. The leveling 

suggests rapid saturation or competitive interactions that deviate from the assumption of uniform 

binding sites. 

In contrast, Acid Orange 5, with its bulkier and more aromatic structure, may benefit 

from additional π–π stacking interactions with the nanoparticle surface or Tween 20’s aromatic 
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regions, leading to a better fit with the Langmuir model and a clearer saturation point. The K 

value for Acid Orange 5 (0.016) is close to that of Methyl Orange, yet the Langmuir fit is 

stronger, suggesting that the size and shape of the dye molecules become even more important 

when a capping agent like Tween 20 is present. Methyl Orange, being smaller, may be more 

affected by the steric barrier created by the Tween 20 layer, while Acid Orange 5, with its 

bulkier and more aromatic structure, may still interact effectively with the nanoparticle surface 

despite the capping. 

In comparison, Miller’s uncapped HAuNPs showed higher K values for Acid Orange and 

better Langmuir model fits overall.37 This difference underscores how Tween 20 can impact dye-

nanoparticle interactions by modifying surface chemistry, altering available binding site 

accessibility, and introducing steric and solvation effects that are absent in bare nanoparticle 

systems. While the trends observed in this study highlight the importance of surface chemistry in 

dye loading behavior, more research is needed to fully understand the interplay between dye 

structure, nanoparticle capping, and loading efficiency. The findings suggest that Tween 20 

alters dye–nanoparticle interactions in complex ways that may not be fully captured by the 

Langmuir model.  
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Future Directions 

 This project can be expanded in several ways. One avenue is to further explore how 

surface functionalization with capping agents like Tween 20 affects dye–nanoparticle 

interactions and loading efficiency. Investigating a broader range of capping agents with varying 

hydrophobicity, chain length, and charge could help clarify how steric hindrance and surface 

polarity influence adsorption behavior. Additionally, testing a wider range of dye concentrations 

could better define the true loading capacities of the HAuNPs. This would allow for a more 

accurate mapping of the full loading curve for both Methyl Orange and Acid Orange 5 and help 

determine the appropriate adsorption model for Methyl Orange, which did not fit the Langmuir 

model as well as Acid Orange 5.  
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Conclusion 

 This study investigates a potential drug delivery system using hollow gold nanoparticles. 

The successful synthesis of hollow gold nanoparticles was demonstrated via a galvanic 

replacement reaction, with the hollow gold nanoparticles exhibiting a localized surface plasmon 

resonance peak at 976nm. This shows that hollow gold nanoparticles have the potential to be 

used as drug delivery systems and possible targeted therapy treatment for cancer. Drug molecule 

loading was simulated through the adsorption of model dyes Methyl Orange and Acid Orange 5. 

Langmuir Isotherm modeling revealed that Acid Orange 5 showed both a strong fit and high 

loading capacity, while Methyl Orange deviated from the expected Langmuir behavior, 

potentially due to rapid surface saturation or non-ideal interactions with the Tween 20-stabilized 

surface. These differences emphasize the impact of dye structure and surface functionalization 

on adsorption behavior. Overall, these findings highlight the importance of nanoparticle surface 

chemistry in tuning loading efficiency and binding strength, which are critical factors in the 

development of effective, targeted drug delivery systems. Future studies should explore 

additional capping agents and a broader range of drug analogs to further refine the design of 

nanoparticle-based therapies.  
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