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I. Gallium-hemoglobin Coated Silver Nanoparticles for Antimicrobial Photodynamic Therapy 

Against Bacterial Pathogens 

One of the mechanisms for bacterial pathogens’ hemin acquisition is through cell-surface 

hemin receptors (CSHRs), which are responsible for rapid hemin recognition. GaPpIX, as a hemin 

analog, can be rapidly taken up by CSHR-expressing bacteria, such as Staphylococcus aureus 

(S.aureus). Previous works shown that GaPpIX has aPDI activity at micromolar level of 

concentration following 10 seconds of 405-nm light exposure using LED array. The 

photosensitizing ability of GaPpIX can be further enhanced by incorporating with hemoglobin 

(GaHb) and 10 nm silver nanoparticles (AgNP). The results suggested a higher aPDI activity of 

GaHb-AgNP than any of its components against MRSA strains and neglectable cytotoxicity 

against keratinocytes. GaHb-AgNPs were also found having aPDI activity against intracellular 

MRSA and Mycobacterium abscessus but not effective against S. aureus biofilm. GaHb-AgNPs 

have no significant toxicity toward macrophages with concentrations lower than 22.64 μg/mL.    

 

II. Synthesis and Properties of Magnetic Gold Nanoparticles 

   Superparamagnetic gold nanoparticles support hybrid magnetic and plasmonic properties 

that can be exploited for a variety of applications. In this paper we present new insights on the 
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synthesis of magnetic gold nanoparticles (MGNPs) with an emphasis on efficiency, scalability, 

and waste reduction, supported by a comprehensive analysis of their physical and materials 

properties. Aqueous suspensions of colloidal Fe3O4 are conditioned with 5-kDa polyethylene 

glycol and L-histidine to mediate the nucleation and growth of gold by a mild reducing agent. 

Isotropic MGNPs on the order of 100 nm can be synthesized using scalable reaction conditions 

with Au:Fe mole ratios as low as 1:2 and cleansed with generally regarded as safe (GRAS) 

chemicals for the removal of residual iron oxide. High-resolution energy-dispersive x-ray imaging 

of individual MGNCs revealed these to be ultrafine composites of gold and SPIO rather than core–

shell structures. The attenuated total reflectance infrared (ATR-IR) spectroscopy and Raman 

spectroscopy indicated that the cleansing step does change the optical properties of the synthesized 

MGNPs. Magnetometry of MGNCs in bulk powder form confirmed their superparamagnetic 

nature, with bulk moments between 6 to 7 emu/g. 
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 ANTIMICROBIAL PHOTODYNAMIC INACTIVATION 

TARGETING MULTIDRUG RESISTANCE WITH GALLIUM-

HEMOGLOBIN-COATED SILVER NANOPARTICLES 

This chapter is based on our work published on ACS Infect. Dis. 2018, 4, 1564−1573 

1.1 Introduction 

1.1.1 Multidrug-Resistant Bacteria 

The rise of drug-resistant bacteria is a growing challenge to biosecurity and public health. The 

Infectious Diseases Society of America (IDSA) recognizes antimicrobial resistance as “one of the 

greatest threats to human health worldwide”.1 If the bacteria survive an encounter with antibiotics, 

they are given the opportunity to develop resistance by adapting cell structure or metabolism to 

neutralize the antibiotic in the future. Bacteria can acquire resistance by modification of present 

genetic material or by gaining new genetic material.2 Once resistance is acquired, it can also share 

its genes vertically with descendent bacteria or horizontally with unrelated  bacteria.2 More strains 

of bacteria have become antibiotic-resistant, and some have even become resistant to multiple 

antibiotics and chemotherapeutic agents. The emergence of multidrug-resistant (MDR) bacteria is 

posing a critical threat to all aspects of modern medicine. Firstly, patients infected with MDR 

bacteria tend to have far worse outcomes compared to the patients infected with more susceptible 

organisms. As a result, MDR bacteria threaten to compromise many modern therapies such as 

cancer care, organ transplantation, and surgical procedures.3 Secondly, these infections are usually 

associated with enormous  additional cost. In the US, the added costs of infections caused by MDR 

bacteria are estimated to be at least $21 billion per year more than that due to susceptible 

organisms.1  
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There are many reasons for the rise of drug-resistant bacteria, such as inappropriate or 

excessive prescription of antibiotics and the overuse of antibiotics on livestock. These factors 

induce microbes to adopt various mechanisms to counter external chemical threats. Some strains 

have become resistant to most first-line antibiotic agents. The most famous example is the 

methicillin-resistant Staphylococcus aureus (MRSA). Many MRSA strains are resistant not only 

to methicillin but also to amoxicillin, penicillin, oxacillin, and many other common antibiotics.1 

MRSA is also found to be resistant to disinfectants, and therefore is a major source of hospital-

acquired infections that are responsible for over 11,000 deaths and 80,000 infections every year.1 

Vancomycin has been resurrected as a final defense against MRSA infections, however 

vancomycin-resistant Staphylococcus aureus (S. aureus) is now quite common and there are 

almost no alternative treatment options available.1, 4-5 

Direct resistance to antibiotics is not the only mechanism for bacteria like S. aureus to survive 

against antibiotic therapies. Although S. aureus is considered to be an extracellular pathogen, it is 

becoming increasingly apparent that intracellular reservoirs of S. aureus are potentially responsible 

for relapses of infection after antimicrobial therapy.6-7 Many in vitro studies have shown that S. 

aureus is capable of invading a number of non-professional phagocytic cells, as well as 

keratinocytes, fibroblasts, endothelial, and epithelial cells.8-12 Professional phagocytes such as 

neutrophils, macrophages and dendritic cells are designed to ingest and kill microbes. In vitro 

studies confirmed that S. aureus is one of several types of microbial pathogens that can induce the 

expression of antiapoptotic genes and employ cytoprotective mechanisms to survive phagocytosis 

by neutrophils and macrophages.13-14 The role of the host cells in this process is to provide a refuge 

that promotes intracellular growth of S. aureus, and contributing to its dissemination during a 

relapse infection until they are sacrificed through apoptosis.15 When translocated inside the 
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mammalian cells, bacteria are able to evade the host immune response as well as many antibiotics 

due to low cell permeability.16 These challenges have motivated efforts to target intracellular 

bacteria using vehicles like liposomes and nanoparticles to carry bactericidal agents.17-18  

Another important contribution to microbial survival in hostile environments is the capability 

of pathogens to form biofilms. A biofilm is a sessile microbial community in which cells are 

attached to a surface or to other cells, embedded in a protective extracellular biopolymer. It was 

observed that bacterial cells inside the biofilm are thousands of times more resistant to 

conventional antibiotics than free-living (planktonic) forms.19 Biofilm growth plays an important 

role during infection by evading several clearance mechanisms by the host. Examples of failed 

clearance strategies include antimicrobial agents, shear stress, host phagocytic elimination, and 

host radical and protease defense. In contrast to inheritable antibiotic resistance mechanisms, 

biofilm-associated antibiotic resistance is due to susceptible bacteria having a dormant phenotype, 

which decreases their sensitivity.20 While low metabolic rates may partially explain the 

antimicrobial resistance of biofilm-forming bacteria, the biofilm matrix may also simply impede 

drug access to actively growing cells by acting as a diffusion barrier.21 For example, chlorine, a 

commonly used disinfectant, did not reach >20% of the bulk media’s initial concentration within 

a mixed Klebsiella pneumoniae and Pseudomonas aeruginosa biofilm, as measured by a chlorine-

detecting microelectrode. Moreover, the penetration profile suggested that chlorine was 

neutralized within the matrix. Biofilm development also has the potential for seeding dispersal; 

detached micro-colonies may migrate from the original infection site to uninfected regions of the 

host.22 As such, biofilm growth is an enduring source of bacteria that can persist in the presence 

of antimicrobial agents and the host immune response, while enabling continuous dissemination. 

Therefore, there is a need for effective treatment options to battle biofilm-associated infections.       
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Rapid growing mycobacterial (RGM) species are increasingly being recognized as vector of 

various superficial and deep infections in human beings. One species that is frequently isolated 

from clinical skin specimens is Mycobacterium abscessus (M. abscessus).23 M. abscessus is 

ubiquitous in soil and water, and is the most common non-tuberculous mycobacterium that can 

cause complicated skin and soft tissue infections (SSTIs).24 Many strains of M. abscessus not only 

resist antibiotics, but also have high tolerance to disinfectants and can cause of postsurgical and 

postprocedural infections.25-26 The drug resistance of M. abscessus arises from both intrinsic and 

acquired resistance, and has become a serious health issue that is in need for effective methods of 

treatment.26 

1.1.2 Antibacterial Photodynamic Inactivation 

As more bacteria strains have become resistant to antibiotics, there are fewer antibiotic 

treatments available, driving the need to find novel approaches to combat MDR bacteria. 

Antibacterial photodynamic inactivation (aPDI) has attracted increasing attention because it offers 

several potential advantages over antibiotics. aPDI utilizes a photochemical mechanism for killing 

or inactivating microorganisms, based on the conversion of molecular oxygen into excited-state 

singlet oxygen (1O2)  or reactive oxygen species (ROS) using exogenous compounds known as 

photosensitizers (PS). Firstly, aPDI can have low cytotoxicity if the PS is taken up preferentially 

by the target cell relative to non-target cells, with irradiation confined to the infected area. 

Secondly, 1O2 is not affected by most drug resistance mechanisms.27 This may be because its high 

reactivity short lifetime does not provide the bacteria enough time to develop resistance. Lastly, 

ROS generated by aPDI can attack multiple cell structures and disrupt different metabolic 

pathways.28 Therefore, aPDI has great potential to circumvent MDR with low collateral toxicity. 
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In aPDI, cell damage and death are the results of oxidative stress that is induced by irradiation 

with light at a resonant wavelength, usually within the visible wavelength range (400 nm to 700 

nm), corresponding to a light penetration depth from 0.1 cm to 1 cm.29-32 PS is irradiated to 

generate excited-state singlet (1PS) in or on the surface of the bacteria, and can return to the ground 

state by fluorescence or heat emission. However, the excited-state PS can also undergo intersystem 

crossing to a longer-lived triplet state (3PS), from which 1O2 or ROS are formed.29  

There are two types of photochemical mechanisms for converting oxygen into 1O2 or ROS 

(Figure 1.1). Type I reactions generate radicals by electron transfer from 3PS to molecular oxygen, 

which can react with other molecules and give rise to cytotoxic ROS. In type II reactions, 3PS 

reacts with oxygen (a ground-state triplet) by energy transfer to generate the highly reactive singlet 

oxygen. Type I and type II reactions are believed to happen simultaneously, and the ratio of 

occurrence between the two depends on the type of PS and its microenvironment.33 However, 

because singlet oxygen has a short lifetime in biological systems and a short radius of action (0.02 

μm), the type II reaction usually induces localized damage, which makes it suitable for treating 

bacterial infections with minimal harm to nearby cells or tissues.34  

 

Figure 1.1. Type I and II mechanisms of photodynamic inactivation. Adapted from Liu et al. 33 
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1.1.3 Photosensitizers 

Many PS have been investigated as agents for photodynamic therapy. Photofrin and 

hematoporphyrin (Figures 1.2a and b) are the first generation of PS approved for medical use.34 

Photofrin has low dark toxicity and is widely used, but can cause skin photosensitivity that requires 

patients to avoid strong sunlight for weeks.35 Second-generation photosensitizers are capable of 

generating 1O2 with higher efficiency, such as verteporfin, texaphyrin, and temoporfin (Figure 

1.2c-e).34  

 

 

Figure 1.2. Molecular structures of (a) photofrin, (b) hematoporphyrin, (c) verteporfin, (d) 

texaphyrin and (e) temoporfin. 
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PS have been explored extensively for antibacterial PDI. For example, treatment of wild-type 

Staphylococcus aureus and MRSA with Zn(II)–phthalocyanine (0.1 μM; Figure 1.3a) and 

irradiation at 600–700 nm (15 J/cm2) resulted in a 4–5 log10 reduction in each case.36 The efficiency 

and selectivity of aPDI treatment was unaffected by the presence of serum proteins. In another 

study, methylene blue (Figure 1.3b) was tested on antibiotic-resistant biofilm harvested from the 

endotracheal tube of infected patients.37 Over 99.9% (P < 0.005) reduction in biofilm was observed 

after irradiation at 664 nm (216 J/cm2) in the presence of methylene blue (500 μg/mL).37 Methylene 

blue (50 μg/mL, 163.8 J/cm²) was also effective in inactivating both Gram-positive and negative 

bacteria, especially periodontopathic bacteria.34, 38 Treatment of S. aureus and MRSA with Ru(II)-

based PS (0.3–12 μM; Figure 1.3c) and irradiation with 530 nm light (90 J/cm2) resulted in over 7 

log10 reduction (> 99.99999%) under both normoxic and hypoxic conditions.39  

 

Figure 1.3. Molecular structures of (a) Zn(II)–phthalocyanine, (b) methylene blue and (c) Ru(II)-

based PS (left: TLD 1411; right: TLD1433) . 
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Porphyrin and its derivatives have shown exceptional broad spectrum of aPDI. For example, a 

study compared chlorin e6 with meso-tetrahydroporphyrin (Figure 1.4a and b) by testing both of 

them on Gram-positive and negative bacteria. The results shown that only the porphyrin derivative 

was effective in both types of bacteria.40 Another derivative, tetra(N-methyl-4-pyridyl)porphyrin 

(TMPyP), caused over 6 log10 reduction (99.9999%) in Gram-positive strains of S.aureus (MSSA 

and MRSA), and two Gram-negative strains of E.coli and P.aeruginosa.28  

5-aminolevulinic acid (ALA; Figure 1.4d) is the precursor in porphyrin synthesis in both 

eukaryotes and bacteria.41-42 ALA has been applied as a prodrug for the in situ production of 

protoporphyrin IX (PpIX) for aPDI.43 ALA has the advantage of being administered more easily 

than PpIX because of its low molecular weight and solubility in water.43-44 However, ALA was 

also reported to cause pain during treatment, and requiring prolonged incubation time (4–6 hours) 

for its conversion into PpIX before aPDI could be administered.44-45     

 

Figure 1.4. Molecular structures of (a) chlorin e6, (b) meso-tetrahydroporphyrin, (c) TMPyP and 

(d) ALA. 



23 

 

1.1.4 Iron-Dependent Uptake of Hemin and Ga(III)-Protoporphyrin IX (GaPpIX)  

Porphyrins are involved in many biological processes in living organisms.46 Naturally 

occurring porphyrins are mostly derived from PpIX (Figure 1.5). Metallated protoporphyrins that 

mimic hemin (FePpIX), a photochemically inactive species, are more effective than non-

metallated porphyrins for aPDI. Stojiljkovic found that gallium–substituted protoporphyrin 

(GaPpIX) has the lowest MIC against S. aureus compared with PpIX and other metal complexes 

(FePpIX, MnPpIX, MgPpIX and ZnPpIX).47 There are many more studies on the antibacterial 

activity of GaPpIX, however there is hardly any work on GaPpIX as an aPDI agent.48-49 In this 

chapter we are focusing on the aPDI activities of GaPpIX, its complex with hemoglobin (GaHb), 

and also with Ag nanoparticles (GaHb-AgNP). 

 

 

Figure 1.5. Molecular structures of protoporphyrin IX (PpIX) and metalloporphyrin 

The heme molecule is one of the most important enzyme co-factors in nature. It plays key roles 

in  oxygen transport, nitric oxide synthesis, and electron transfer.50-54 PpIX coordinates with an 

Fe(II) atom at the center, which is vital for heme’s electron transfer and redox properties.42 Hemin, 

the oxidized from of heme (Fe(III)PpIX), serves as an iron source for many bacterial pathogens, 

and are taken up by Gram-positive and Gram-negative bacteria through specific hemin acquisition 
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pathways.51, 55-56 Bacteria can be divided into two types according to their heme acquisition 

mechanisms. Type 1 bacteria are known to express cell-surface hemin receptors (CSHRs), which 

support the direct acquisition of hemin. Type 2 bacteria can acquire heme by the secretion and 

recovery of extracellular proteins called hemophores, which introduces additional steps to the 

hemin acquisition process (Figure 1.6).57-58 The hemophore harvesting strategy enables bacteria to 

sample a larger volume for scavenging hemin, but additional time is required for hemophore 

release and retrieval, and is a slower process compared to the Type 1 pathway. 

 

 

Figure 1.6. CSHR-expressing bacteria (Type 1) and hemophore-harvesting bacteria (Type 2).58-59 

 

Previous work in our laboratory has shown that when hemin derivatives are conjugated to glass 

slides, select Gram-positive bacteria such as S. aureus and Bacillus anthracis could be captured 

and detected within 15 min, while most other bacteria took over 30 min before a signal would be 

attained.58 The reason for the significant differences in capture rate is that S. aureus and B. 

anthracis are both Type 1 bacteria, and can acquire hemin directly using the receptor proteins 

expressed on their outer cell walls. Both species produce iron-regulated surface determinants (Isd), 

a family of CSHRs which are believed to be the main factors for rapid hemin uptake (Figure 1.7).42, 

60-61  
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Figure 1.7. A model for Isd-mediated heme-iron transport and utilization by S. aureus. Adapted 

from Skaar et al.61 

A study in our laboratory further confirmed that the rapid uptake of GaPpIX by Type 1 bacteria 

such as S. aureus is regulated by CSHRs. 405–nm excitation of GaPpIX can produce a strong 

luminescence with emission bands that are blue shifted relative to those of PpIX (Figure 1.8), 

which made it possible to visualize GaPpIX uptake through confocal fluorescence microscopy. S. 

aureus (PC1203) was compared against Yersinia enterocolitica (WA-314), a Type 2 bacteria that 

utilizes the hemophore HasA to capture and deliver the heme to the surface receptor HemR.58-59 

Due to the indirect type 2 uptake mechanism, Y. enterocolitica was much slower than S. aureus in 

taking up GaPpIX. After being incubated with 8.8 μM GaPpIX for different time intervals, the 

bacteria were examined using confocal microscopy, which revealed S. aureus to be rapidly and 

strongly labelled by GaPpIX within the first 15 min, whereas the labeling of Y. enterocolitica was 

initially weak and gradually increased over time (Figure 1.9).62  



26 

 

 

Figure 1.8. Absorbance (---) and emission (—) spectra for GaPpIX (8 µM in DMSO, red) with 

comparison to PpIX (blue).62  

 

 

Figure 1.9. Confocal fluorescence microscopy of GaPpIX uptake (bar = 5 μm). (a) S. aureus 

(PC1203) after 15 min exposure; (b‒d) Y. enterocolitica (WA-314, ovoid form) after 15, 30, and 

60 min incubation.62  

 

We further explored the uptake rate of GaPpIX by S. aureus using flow cytometry. S. aureus 

cell suspensions were cultured in iron-deficient media before being mixed with GaPpIX in PBS. 
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The mixtures were incubated at room temperature for fixed time intervals between 10 s to 40 min. 

followed by fixation using 4 % paraformaldehyde and subjected to flow cytometry (Figure 1.10). 

During the analysis, the bacteria population was identified based on cell size (forward scatter) and 

granularity (side scatter). The results showed that there was no significant change in fluorescence 

density between each data point, which indicates no fluorescence buildup in the bacteria over time. 

Our observation suggests that the uptake of GaPpIX by CSHRs is likely diffusion-limited. Our 

results did not provide evidence for activation of bacterial efflux pumps, a mechanism for bacteria 

to protect themselves from acute iron toxicity by removing excessive hemin, within the time scale 

of aPDI.63 

 

Figure 1.10. Flow cytometry of S. aureus treated with GaPpIX. (a) Spectra of fluorescent 

intensity; (b) fluorescence intensity as a function of incubation time. Ctrl– means equal volume 

of PBS without GaPpIX.  

 

The Isd family of receptor proteins (the probable CSHRs for S. aureus) are known to be 

regulated by the ferric uptake regulator (fur) gene. Iron-deficient conditions induce fur expression, 

resulting in elevated Isd expression.64-65 We confirmed the increased expression of CSHR by 

culturing S. aureus in iron-limited conditions, which resulted in much greater uptake of GaPpIX 
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compared to S. aureus cultured in standard conditions (Figure 1.11).62 The iron-deficient condition 

is clinically relevant because humans and other organisms sequester iron to limit acquisition by 

bacterial pathogens, a response called nutritional immunity, which is an effective antimicrobial 

strategy that restricts bacterial growth.42 For this reason, bacteria have developed tactics such as 

hemin harvesting to overcome iron deficiency, giving rise to opportunities for exploiting hemin 

uptake for pathogen-specific aPDI.  

 

 

Figure 1.11. Fluorescence images of S. aureus (PC1203) treated with GaPpIX (bar = 10 μm). 

Bacteria were cultured in either (a) standard media or (b) iron-challenged media prior to 

exposure to Ga-PpIX for 15 min, with the latter showing stronger fluorescence intensities.62  

1.1.5 GaPpIX has Rapid and Robust aPDI Activity  

Earlier work in our lab has shown that when using visible light, GaPpIX is an effective and 

fast-acting aPDI agent against laboratory strain of S. aureus (PC1203) and also clinical isolates of 

MRSA. The aPDI potency of GaPpIX was established using a light-emitting diode (LED) array 

with monochromatic emission at 405-nm (1.40 J/cm2) to irradiate bacteria treated with GaPpIX, 

TMPyP, and PpIX as reference PS. The aPDI activity of GaPpIX against S. aureus is rapid, with 
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antimicrobial action (>99.9%) at 59 nM after 10 sec of irradiation, a 2000-fold increase in potency 

relative to GaPpIX dark toxicity (data not shown here).66 Total eradication (>6 log10 reduction) 

was observed at 235 nM (Figure 1.12a). By comparison, the aPDI activity of TMPyP and PpIX 

were 8 and 32-fold less potent than that of GaPpIX. GaPpIX also showed similar potency against 

several clinical isolates of MRSA using the same condition (Figure 1.12b).66 No significant 

cytotoxicity was found against kidney cells (HEK 293) or skin cells (HaCaT), up to 20 µM of 

GaPpIX.   

  

 

Figure 1.12. (a) Antimicrobial photodynamic inactivation of a laboratory strain of S. aureus 

(PC1203) using GaPpIX, TMPyP, or PpIX, with 10-s exposure to 405-nm light from a LED 

array (1.4 J/cm2). (b) aPDI activity of GaPpIX against several clinical isolates of MRSA (NRS 

383, NRS 385, NRS 386 and NRS 387). Adapted from Morales et al.66  

 

1.1.6 AgNP as a PDI-Enhancing Agent 

The antimicrobial efficacy of silver has been well known for centuries.67 Silver exhibits low 

toxicity to mammalian cells, but is highly toxic to most bacteria. Although silver-resistant bacteria 

have been more frequently reported, silver is still considered as one of the alternative treatments 

for the world wide emergence of antibiotic– and other biocide-resistant bacteria.68-72 In primeval 

times, silver was used for making utensils, and dental alloy fillings, and was used to treat open 
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wounds and burns due to its antiseptic activity.73-75 Silver ions can induce bacterial death by 

disrupting or inhibiting protein function, and by compromising the permeability of  the bacterial 

cell wall (Figure 1.13). Some studies found that silver ions are able to inhibit bacterial replication 

by binding and denaturing the DNA.76-77 Another mechanism of the antibacterial effect of silver 

ions on E. coli and S. aureus may be related to its affinity for thiol group on proteins, which 

interferes with DNA processing.78  

Silver nanoparticles (AgNPs) have been found to be more potent bactericides than silver ions 

and other silver salts, possibly due to their extremely large surface area, which provides better 

contact with microorganisms.79-80 Moreover, smaller AgNPs (1–10 nm) are known to be 

electroactive, which has been reported to enhance their reactivity.80-82 AgNPs have a very broad 

range of antimicrobial activity and can kill both Gram-negative and Gram-positive bacteria, 

including MDR strains such as MRSA and ampicillin-resistant E.coli O157:H7.83-84 It was 

proposed that AgNPs act against Gram-negative bacteria in two stages: first, AgNPs attach to the 

cell membrane surface and drastically disturb its permeability and resporation; second, AgNPs 

release silver ions to help further induce cell death.82 

 

 

Figure 1.13. Schematic overview of antimicrobial interactions of AgNPs in bacteria.  
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AgNPs also exhibit a strong surface plasmon resonance (SPR), which is a desirable property 

for aPDI because the production of 1O2 can be significantly increased due to the strong resonant 

coupling between the surface plasmon and PS, meaning that light-absorbing PS near metal 

nanoparticles have a stronger absorption cross section due to the localized surface plasmon.85 The 

strength of plasmon–PS resonance coupling is highly sensitive to the spectral overlap between the 

molecular absorption and the surface plasmon bands of metal nanostructures.85 One study showed 

that the resonant coupling between the absorption band of J-aggregate molecules (a self-

organizable supramolecular dye) and the plasmonic band of AgNPs greatly enhanced the exciton 

lifetime, while the coupling with AuNPs yielded a reduced exciton lifetime.86 Other studies on the 

aPDI activity of hybrid PS–AgNPs found a strong plasmon- resonant coupling between AgNPs 

and PS molecules, which increased singlet oxygen production by up to three orders of magnitude 

and resulted in highly efficient PDI against both Gram-positive and Gram-negative bacteria.85, 87   

In order to enhance the aPDI activity of GaPpIX we chose to hybridize it with AgNPs,  whose 

absorbance overlaps with that of GaPpIX absorbance centered at 405 nm. We expect the excitation 

of GaPpIX to be further amplified by AgNPs, further enhancing the production of 1O2 and ROS.  

Our goal is to coat AgNPs with modified hemoglobin (Hb) in which hemin is substituted by 

GaPpIX, and to apply those toward aPDI treatment against bacteria that can cause skin infections. 

The reason for using Hb is that GaPpIX has poor solubility in water at physiological pH, although 

it is highly soluble in organic solvents such as DMSO.88-89 As the native carrier of heme, Hb not 

only increases the solubility of GaPpIX and eliminates the use of organic solvent, but also targets 

the bacteria more specifically through its recognition by CSHRs.90 
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In this chapter, we discuss the development of GaHb-coated AgNPs, and investigate their aPDI 

effect against vectors of skin infections such as MRSA and Mycobacteria abcessus, and work 

toward the long-term goal of developing a topical agent for aPDI treatment of skin infection. 

1.2 Results and Discussion 

1.2.1 Characterization of GaHb 

Hemoglobin (Hb) is a protein in red blood cells that carries oxygen. In humans, the most 

common type of hemoglobin is called Hb A, a non-covalent tetramer comprised of two α and two 

β globular subunits. Each subunit has a binding pocket that associated with a prosthetic heme 

group. In a high pH and low CO2 environment, Hb exists in a relaxed form that is conducive for  

binding oxygen.91 Oxidation of the iron atom from Fe2+ to Fe3+ reduces its atomic diameter, 

allowing it to  pulled into the plane of the porphyrin ring.92 This slight conformational shift also 

assists the binding of oxygen by the remaining three heme subunits within Hb.   

During an infection, bacteria attempt to acquire heme iron for survival, as over 70% of the iron 

in the human body is in the form heme. As discussed previously, there is very little free heme in 

the body, with Hb being the most accessible form available to extracellular pathogens.93 In order 

to scavenge hemin and Hb, bacteria often secrete hemolysin to lyse the red blood cell and release 

Hb. In some cases, such as Mycobacteria, they obtain Hb or hemin from vacuoles within 

macrophages.  As described in section 1.1.4, free Hb can then be acquired directly by CSHR-

expressing bacteria, then degraded for extraction of hemin from that. Other type of  bacteria 

(mostly Gram-negative) rely on the extracellular hemophores to bind free Hb and return them to 

cells. 

In our system, GaHb uses Hb as a carrier for GaPpIX, and also facilitates its acquisition by 

CSHR-expressing bacteria for targeted aPDI. We used a commercially available bovine Hb, which 
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has over 90% sequence homology with human Hb but costs significantly less.94 Hemin was first 

removed by treating Hb with mild acid to produce apohemoglobin (apoHb, Figure 1.14), which 

was extracted using a literature procedure.95 Removal of the hemin is reflected by the 

disappearance of the Soret band (λmax ~ 400 nm) from the absorbance spectrum (Figure 1.15). At 

0 ºC, 4 equiv. of GaPpIX was added to 1 equiv. of apoHb to produce GaHb. The Soret band (λmax 

~ 415 nm) reappeared with a slight redshift relative to free GaPpIX and Hb, consistent with 

previously reported results.96  

 

 

Figure 1.14. GaHb is prepared by removing hemin from hemoglobin then inserting GaPpIX. 
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Figure 1.15. Absorbance spectra of Hb (red), apoHb (green), GaHb (blue), and GaPpIX (orange). 

 

Hemoglobin in physiological conditions exists in a dimer–tetramer equilibrium (Kd  ~3 μM),97 

and to a less significant extent a monomer–dimer equilibrium (Kd << 1 pM).98 We believe apoHb 

and GaHb to exist mostly as αβ-dimer subunits in our experiments, according to previous 

literature.99 The dissociation constant for hemin and the Hb αβ-subunit have been measured by 

Hargrove, with estimates in the range of 1.7–42 pM.100  To determine whether Hb had a similar 

binding affinity for GaPpIX, we used fluorescence polarization to measure the dissociation 

constant between GaPpIX and apoHb dimer. Briefly, fluorescence polarization is a powerful tool 

to study changes in molecular orientation and mobility, with direct application toward the 

measurement of binding constants. In homogeneous solution, GaPpIX molecules are assumed to 

tumble isotropically; upon exposure to polarized light at 405 nm, those molecules whose 

absorption transition moments are aligned with the plane of excitation are excited preferentially 

with a characteristic lifetime associated with size-dependent tumbling. In the presence of a receptor 
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protein such as the apoHb αβ-subunit (~32 kDa), the tumbling rate of GaPpIX (0.67 kDa) decreases 

significantly upon binding, causing an increase in polarized signal. The changes are proportional 

to the fractional concentration of protein–ligand complex formed at the time of excitation, and can 

be modeled according to a Langmuir–Freundlich isotherm to obtain an effective association 

constant (Ka), which is inverted to yield the dissociation constant (Kd).101 

We incubated the 100 nM of GaPpIX with different amounts of apoHb αβ-subunit for over 4 

hours in phosphate buffered saline (PBS) at 4 ºC before measurement. The absorption density (q) 

was measured as a function of αβ-subunit concentration at 37 ºC (Figure 1.16). Our results gave a 

dissociation constant (Kd) of 24 nM; if both α and β units are assumed to bind GaPpIX equally, the 

actual Kd value is close 48 nM. This number is quite large compared with the Kd value of hemin-

Hb dimer reported in the literature (1.7–42 pM), but there are several reasonable explanations for 

the discrepancy.100 One could be the difference in assays: Hargrove and coworkers used 

apomyoglobin as the hemin receptor, and the rate constant was indirectly derived from the 

disappearance of apomyoglobin and the formation of holomyoglobin. In comparison, our Kd value 

was generated by measuring the changes of the fluorescence intensity (ΔI) of GaPpIX between 

bound and unbound states. Another reason could be that FePpIX bound Hb more tightly than 

GaPpIX. 
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Figure 1.16. Normalized changes in fluorescence intensity (ΔI) of 100 nM GaPpIX versus 

concentration of apoHb αβ-subunits, fitted to a Langmuir–Freundlich isotherm. q is normalized 

changes of the fluorescence intensity; Ka is association constant in nM-1; c is αβ-subunit 

concentration. Measurements were run in triplicate.  

  

1.2.2 Coating and Characterization of AgNPs with GaHb 

Commercially available, citrate-stabilized 10-nm AgNPs were mixed with GaHb in PBS (1 

mg/mL) and incubated overnight at 4 °C. The next day, free GaHb molecules were removed from 

the mixture by centrifugation, followed by redispersion in 15 mM borate buffer (pH 8.5). GaHb-

coated AgNPs showed a slight redshift in plasmon resonance compared with AgNPs before coating 

(Figure 1.17). We also observed a shoulder in the spectra of GaHb-AgNP around 450–500 nm, 

indicating a certain degree of aggregation (Figure 1.17). 
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Figure 1.17. UV-visible spectra of 10-nm AgNP and GaHb-AgNP assembly. 

We evaluated the hydrodynamic size and zeta potential of GaHb-AgNP using dynamic light 

scattering (DLS) (Figure 1.18 and Table 1.1). The surface zeta potential of AgNPs coated with 

GaHb shifted by +15 mV relative to citrate-stabilized AgNPs, whereas the mean hydrodynamic 

size increased from 14 nm to 17 nm. It is known that zeta potential of bovine Hb by itself at pH 

8.5 is slightly anionic (-8 mV). When surface citrate was displaced by GaHb, the zeta potential of 

AgNPs became less negative, and behaved more like GaHb.   
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Figure 1.18. Zeta potentials for (a) AgNP; (b) GaHb-AgNP; DLS size distributions by volume 

for (c) AgNP; (d) GaHb-AgNP. 

 

Table 1.1 Zeta potential and mean hydrodynamic sizes of AgNPs and GaHb-coated AgNPs. 

 Zeta Potential (mV) Mean hydrodynamic size (nm) 

AgNP –34.4 14 
GaHb-AgNP –19.0 17 

 

We also examined GaHb-coated AgNPs by transmission electron microscopy (TEM), using 

negative staining with 1% phosphotungstic acid in order to resolve the protein coating. However, 

the images were not able to show a definite protein layer (Figure 1.19). This could due to the small 

size of AgNPs that the resolution of the instrument combined with negative staining were not 

enough to present the protein coating on each NP.     
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Figure 1.19. TEM image of (a) GaHb-AgNP and (b) AgNP. With 1% phosphotungstic acid 

staining, no significant negative contrast was shown in (a).  

1.2.3 GaHb-AgNPs in aPDI against S. aureus  

Previous studies in our group by Dr. Ana Morales showed that GaHb-AgNP was a fast-acting 

aPDI agent against a S. aureus laboratory strain (PC1203), as well as several MRSA clinical 

isolates, when using a monochromatic LED source (λmax 405 nm, 1.4 J/cm2). The synergistic effect 

between GaHb and AgNP was also confirmed: bacteria suspensions in 96-well plates were treated 

with aliquots of GaHb-AgNP, GaHb, AgNP and GaPpIX, followed immediately by a 10-second 

exposure to 405-nm LED light (140 mW/cm2). The results showed that the aPDI activity of GaHb-

AgNP was over 3 orders of magnitude more potent than the other treatments at equivalent AgNP 

or GaPpIX concentrations (Figure 1.20).  
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Figure 1.20. Log reduction in S. aureus cell viability when treated with PBS pH 7.4 (control), 

10-nm GaHb-AgNP (5.7 µg/mL), GaHb (0.66 µg/mL), GaPpIX (27 ng/mL), and 10-nm AgNP 

(5 µg/mL), after a 10-s exposure to a 405-nm LED source (140 mW/cm2). All experiments were 

run in triplicate. Adapted from Morales et al.102 

 

To determine whether GaHb-AgNPs were being internalized by S. aureus, we performed TEM 

analysis on sectioned bacteria to evaluate the location of GaHb-AgNPs using different incubation 

time (5 minutes, 30 minutes and 1 hour). In all case, AgNPs were consistently found to reside on 

the outside of the bacteria membrane (Figure 1.21).     
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Figure 1.21. TEM image of S. aureus incubated for 1 hour with GaHb-AgNPs. Arrows indicate 

GaHb-AgNPs on the outer bacterial wall.   

1.2.4 GaHb-AgNPs in aPDI against Intracellular MRSA 

The relapse of S. aureus infection after a first round of antibiotic treatment has become a major 

health issue. S. aureus infections were originally considered to be strictly extracellular in nature, 

but more recent studies have found that multiple cell types can host S. aureus cell internally and 

provide them with an antibiotic-free environment to grow and multiply until lysis occurs.103 An 

enrichment of macrophages is expected at the infection site. The main role of macrophages and 

neutrophils is to ingest and eliminate invading pathogens. While neutrophils have a very short life 

span and are unlikely to be useful carriers of intracellular pathogens, macrophages are much longer 

lived and can travel through the circulatory system from the original infection site, promoting the 

spread of secondary infections. In this study, we choose to investigate the aPDI effect of GaHb-

AgNP on intracellular S. aureus in macrophages.  

MRSA 300, a MDR strain that is closely associated with community outbreaks in the United 

States, was chosen to infect a murine macrophage cell line (J774). Cells were cultured in iron-

deficient conditions and treated with gentamicin after infection to eliminate extracellular bacteria. 
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Infected macrophages were than exposed to GaHb-AgNPs at three different concentrations, 

followed either by immediate exposure to 405-nm LED light for 10 seconds (1.4 J/cm2) or 24 hours 

incubation before the same light treatment. The results showed over 80% of intracellular MRSA 

were killed at 22.6 μg/mL GaHb-AgNP and over 90% kill at 45.3 μg/mL GaHb-AgNP, when 

irradiated immediately after treatment (Figure 1.22). A 24-hour delay in light exposure yielded a 

lower percentage kill, although the differences were within 10% when 22.6 μg/mL GaHb-AgNP 

was used. This could be a result of macrophage’s efflux pump activity that cleared some GaHb-

AgNPs out of the cell before aPDI could be applied.16 

 

 

Figure 1.22. Percent and log reduction in intracellular MRSA cell viability when treated with 

45.3 μg/mL, 22.6 μg/mL and 11.3 μg/mLof GaHb-AgNPs, after an immediate or 24-hour 

delayed exposure to 405-nm LED source (10 seconds, 140 mW/cm2). Each condition was run in 

triplicate. 

 

TEM analysis was used to characterize the fate of intracellular bacteria and their colocalization 

with GaHb-AgNPs (Figure 1.23). Due to the large volume of the bacteria solution required for 

TEM processing, it was not practical to apply aPDI conditions. Nevertheless, TEM image analysis 

confirmed the colocalization of intracellular MRSA and GaHb-AgNPs: even without 405-nm light 
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treatment, we observed a high density of AgNPs around the bacteria, some of which had damaged 

cell walls. 

 

 

Figure 1.23. Co-localization of GaHb-AgNPs with intracellular MRSA cells observed by TEM. 

(a) J774 macrophages infected with MRSA (yellow arrows) without GaHb-AgNPs; (b) 

morphologically intact (red arrows) and damaged (blue arrow) intracellular MRSA after treated 

with 45.28 μg/mL GaHb-AgNPs for 16 hours. 

 

1.2.5 GaHb-AgNPs in aPDI against Biofilms 

Bacteria biofilm form are much more resistant to various antimicrobial treatments than 

planktonic bacteria and can also survive harsh conditions and withstand the host’s immune system. 

There are three major stages involved in the biofilm development: initial attachment, biofilm 

maturation, and dispersal.18 Biofilm formation frequently occurs in the human anterior nostrils, a 

common ecological niche for S. aureus colonization.. In the human population, about 20-25% 

have become persistently colonized by S. aureus. A potential antibiofilm agent that can either 

facilitate the dispersion of preformed biofilms or inhibit the formation of new biofilms is needed.  
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In this study we examined the combined effect of GaHb-AgNP-mediated aPDI and 

vancomycin against pre-formed and mature S. aureus biofilms. Since one of the potential 

mechanisms for biofilm to be antibiotic-resistant is forming a diffusion barrier, we hypothesized 

that aPDI  could synergize with antibiotic activity by weakening the barrier and therefore increase 

the permeability of antibiotics. MRSA 300 was cultured under conditions that produced a strongly 

adherent biofilm. GaHb-AgNP, vancomycin or both were added to the biofilm at concentrations 

ranging from 0.3 μg/mL to 64 μg/mL, followed by 10 seconds of 405-nm light exposure. The 

biofilm culture was incubated at 37 °C for 24 hours, then stained using 0.1% crystal violet. 

Unfortunately, the results showed hardly any reduction in biofilm mass after aPDI treatment with 

or without vancomycin (Figure 1.24). 
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Figure 1.24. aPDI against MRSA biofilms treated with various concentrations of (a) GaHb-

AgNPs and vancomycin; (b) vancomycin only; (c) GaHb-AgNPs only, after a 10-second 

exposure to 405-nm light (140 mW/cm2). Each treatment was conducted in triplicate. 
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We also investigated the effect of aPDI on the inhibition of S. aureus biofilm formation. 

Suspension of MRSA 300 bacteria were treated with GaHb, GaPpIX, GaHb-AgNP and AgNP at 

concentrations ranging from 0.6 to 40 μg/mL in units of AgNP or 3.5 to 233.5 ng/mL in units of 

GaPpIX, followed by 10 seconds of 405-nm light exposure. Treated cells were incubated at 37 °C 

for 24 hours, and biofilm mass was quantified using 0.1% crystal violet. Unfortunately, the percent 

inhibitions were again not significant for any of the treatments (Figure 1.25). Even when combined 

with vancomycin, no synergistic aPDI effect was observed (Figure 1.26). The minimum inhibitory 

concentration (MIC) of vancomycin to MRSA is known to be between 0.125 to 1 μg/mL, 

depending on the strain.104 Thus, greater than 90% inhibition was observed when the concentration 

of vancomycin was over 0.25 μg/mL but barely any inhibition when using GaHb-AgNP only. 

Interestingly, we also observed that GaHb-AgNPs, when used at concentrations higher than 2.5 

μg/mL in AgNP unit, actually promoted biofilm growth.    

 

Figure 1.25. aPDI for MRSA biofilm inhibition when treated with various concentrations of (a) 

GaHb, GaPpIX, and GaHb-AgNP, and (b) GaHb-AgNP and AgNP after a 10-second exposure to 

a 405-nm light (140 mW/cm2). Each treatment was conducted in triplicate. 
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Figure 1.26. aPDI for MRSA biofilm inhibition when treated with various concentrations of (a) 

GaHb-AgNPs and vancomycin; (b) vancomycin only; (c) GaHb-AgNPs only, after a 10-second 

exposure to 405-nm light (140 mW/cm2). Each treatment was conducted in triplicate. 
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1.2.6 GaHb-AgNPs in aPDI against M. abscessus 

Currently the available treatment strategies for M. abscessus infections consist of prolonged 

antimicrobial drug therapy.105 Some of these come with severe side effects, forcing a pre-mature 

termination of therapy. For example, amikacin is a powerful antibiotic that is administered 

intravenously and is associated with multiple side effects such as hearing loss, dizziness and 

numbness. Over half of the patients that receive amikacin injections had to discontinue treatment 

or reduce the dosage.105 Alternative treatment regimens are needed to maximize efficacy while 

minimizing side effects. 

In this study we first investigated the effect of aPDI effect on the inhibition against four M. 

abscessus strains (Figure 1.27). Bacteria suspensions were treated with GaHb, GaPpIX, GaHb-

AgNP or AgNP at either 20 and 40 μg/mL in units of AgNP or 116.8 and 233.5 ng/mL in units of 

GaPpIX, followed by a 10-second exposure to 405-nm light. Treated cells were then plated and 

incubated at 37 °C for four days before counting. One strain (ATCC 49093) showed minimal 

reduction, but the remaining three (ATCC 44263, ATCC 44273 and ATCC 44266) responded to 

aPDI treatment. However, despite this positive result, aPDI with GaHb-AgNP did not provide a 

significant increase in potency relative to GaHb or GaPpIX. 
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Figure 1.27. aPDI against M. abscessus strains when treated with various concentrations of 

GaHb, GaPpIX, GaHb-AgNP or AgNP, after a 10-second exposure to 405-nm light (140 

mW/cm2). Each treatment was conducted in triplicate. a GaHb and GaHb-AgNP at same molar 

equivalent as GaPpIX.  
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1.2.7 GaHb-AgNPs and Antiseptic in aPDI against M. abscessus 

Povidone-iodine (PVP-I) and chlorhexidine gluconate (CHG) are widely used antiseptics 

against conventional skin infections caused by S. aureus, Enterobacteriaceae and viruses. 

Previous studies here indicated that clinically prevalent M. abscessus strains are highly resistant 

to most commercial formulations of CHG, and are only partially susceptible to PVP-I.106 Since the 

skin is a primary source of pathogens following a surgical procedure, insufficient mycobactericidal 

activities of the currently used antiseptics increase the risk of post-surgical infections.107-108  

In this study we examined the combination of GaHb-AgNP with antiseptics as a bactericidal 

treatment against M. abscessus (ATCC 44263). GaHb-AgNP (22.6 μg/mL), antiseptic (0.1% PVP-

I or 0.04% CHG), or both were added to bacterial suspensions of 107 CFU/mL and exposed to 10 

seconds of 405-nm light using the LED source. Treated cells were plated right away and incubated 

at 37 °C for four days before counting. The results showed no significant synergistic effect between 

the antiseptics and aPDI with GaHb-AgNP (Figure 1.28). There is a significant gap of knowledge 

regarding the heme acquisition pathway of M. abscessus and of mycobacteria in general. It is 

known that M. tuberculosis acquire nonheme iron via iron-chelating molecules named 

siderophores, which chelate ferric ion with extremely high affinity, allowing its solubilization and 

extraction from most mineral or organic complexes. Only until recently, studies suggested that 

mycobacteria can acqurie metalloporphyrins such as heme by secreting hemophores such as 

protein Rv0203.109 The mechanism of mycobacterial heme uptake needs to be further explored.  

Nevertheless, in both mechanisms it is known that, heme or nonheme iron are both directed to 

specific cell surface receptors for further iron extraction.109-110 Therefore the recognition and 

uptake of GaHb-AgNP may not be as efficient as CSHR-expressing bacteria, such as S. aureus, 

and that may contribute to the lower potency toward M. abscessus. 
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Figure 1.28. aPDI against M. abscessus (ATCC 44263) when treated with 22.6 μg/mL GaHb-

AgNPs only, 22.6 μg/mL GaHb-AgNPs and 0.1% PVP-I, 0.1% PVP-I only, 22.6 μg/mL GaHb-

AgNPs and 0.04% CHG, and 0.04% CHG only, after a 10-second exposure to 405-nm light (140 

mW/cm2). Each treatment was conducted in triplicate. 

 

1.2.8 Cytotoxicity of GaHb-AgNPs 

GaHb-AgNPs have proven to be exceptional photosensitizers with nanomolar aPDI effect 

against clinically relevant MRSA strains, and also have great potential in targeting intracellular 

MRSA, following a 10-second irradiation with a 405-nm LED source. As a step toward preclinical 

evaluation, we also investigated the cytotoxicity of GaHb-AgNPs against keratinocytes using 

HaCaT cells and macrophages using J774 cells.    

The dark toxicity against HaCaT cells was evaluated using GaHb-AgNP concentrations 

ranging from 5.7 to 45.7 μg/mL. HaCaT cells were incubated with GaHb-AgNPs at 37 °C for 22 

hours before measuring cell viability using the MTT assay. No significant cytotoxicity was seen 
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at the highest concentration (Figure 1.29). The increase in cell population at high concentrations 

may due to the production of non-lethal levels of ROS, resulting in a hormetic response that can 

enhance the cellular function, homeostasis and growth factor production.111-113  

 

Figure 1.29. Cell viability assay for dark toxicity against HaCaT cells. (N = 3). Positive control 

(CTRL+) represents cells without GaHb-AgNPs; negative control (CTRL–) represents cells 

treated with 0.005% Triton X-100.   

 

The phototoxicity of GaHb-AgNPs against HaCaT cells was evaluated using a 10-second 

exposure to 405-nm light. HaCaT cells were pre-incubated with 22.6 or 45.3 μg/mL GaHb-AgNPs 

for up to 24 hours prior to irradiation. Only at 45.3 μg/mL, the highest concentration, we observed 

phototoxicity (Figure 1.30).  
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Figure 1.30. Cell viability assay for phototoxicity against HaCaT cells. (N = 3). Cells were 

incubated for various times prior to a 10-second exposure to 405-nm light (140 mW/cm2). 

 

The cytotoxicity of GaHb-AgNPs against J774 cells was also evaluated using a 10-second 

exposure to 405-nm light. J774 cells were pre-incubated with GaHb-AgNPs ranging from 5.7 to 

45.3 μg/mL for up to 24 hours, prior to 405-nm light irradiation. Cell viability was measured using 

the MTT assay, with J774 cells maintaining over 80% cell viability in the absence of light, or if 

irradiated 24 hours after incubation (Figure 1.31). Cytotoxicity was also not observed when light 

exposure was conducted immediately after introducing GaHb-AgNPs, except at the highest 

concentration. 

  



54 

 

 

Figure 1.31. Cell viability assay for cytotoxicity against J774 cells. (N = 3). Irradiated cells were 

incubated for 0 or 24 hours prior to 10-second exposure to 405-nm light (140 mW/cm2). 

1.3 Conclusions 

GaHb-AgNPs are effective photosensitizers against S. aureus and MRSA. The uptake of 

GaPpIX by S. aureus is diffusion-limited due to its high expression of CSHRs. GaHb-AgNPs also 

showed potential for the treatment of intracellular MRSA by achieving 80% bacterial kill at 22.64 

μg/mL. Within J774 cells, GaHb-AgNPs had a lower level of aPDI activity against M. abscessus 

strains following a 10-second light exposure, suggesting the absence of CSHR for rapid uptake. 

We did not observe significant aPDI effect against S. aureus biofilm by treatment with GaHb-

AgNPs or in combination with vancomycin. GaHb-AgNPs exhibit negligible dark toxicity and 

phototoxicity against keratinocytes and macrophages under aPDI conditions, making them highly 

attractive for future clinical research or aPDI against topical bacterial infections.    
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1.4 Materials and Methods 

All chemical reagents were obtained from commercial sources and used as received unless 

otherwise noted.  Bovine hemoglobin was obtained from Sigma-Aldrich; 10-nm AgNPs were 

obtained from NanoComposix. Deionized water was obtained from an ultrafiltration system (Milli-

Q, Millipore) with a resistivity >18 MΩ-cm and passed through a 0.22-μm filter to remove 

particulate matter. Absorbance spectra were collected on a Varian Cary-50 spectrophotometer. 

DLS and zeta potential data were collected on a ZetaSizer Nano (Malvern Instruments) with data 

analysis using Zetasizer v.7.12. Transmission electron microscopy (TEM) images were obtained 

using a Philips CM-10 (FEI) using an accelerating voltage of 100 kV. Synthesis and 

characterization of GaPpIX was performed as published previously.114-115  

Preparation and characterization of GaHb. Cofactor-free bovine Hb (apohemoglobin, or 

apoHb) was prepared as previously reported.116-117 Briefly, 153 mg of Hb was dissolved at 0 °C in 

5 mL of chilled water; the solution was adjusted to pH 2 by dropwise addition of 3 M HCl, then 

treated with 10 mL of cold ethyl methyl ketone while stirring. The solution was maintained at 0 

ºC throughout this process and allowed to stand for 2–3 minutes until a clear separation of layers 

was observed. The heme was then extracted from the solution, and the aqueous layer containing 

apoHb was washed extensively with ethyl methyl ketone (4 ⨯ 10 mL) to ensure full removal of 

heme. The apoHb solution was transferred to dialysis tubing (12 kDa MWCO) and dialyzed first 

against deionized water, then PBS (pH 7.4), then again with pure water. apoHb was lyophilized 

and stored as a white solid at 4 ºC for future use.  

For the preparation of GaHb, 15 mg of apoHb was dissolved at 0 ºC in 10 mL of PBS (pH 6.5, 

then treated dropwise with 200 µL of chilled 0.01 M NaOH containing 0.6 mg GaPpIX (4 equiv). 

The reaction mixture was slowly stirred at 0 °C for 3 h, then subjected to centrifugation at 4000 

rpm (2700 g) for 10 min to remove precipitated proteins. The supernatant was then passed through 
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a Sephadex-G25 column with 0.01 M PBS (pH 6.3) to remove unbound GaPpIX. The GaHb 

solution was dialyzed against PBS and deionized water, then lyophilized to yield a pink solid. 

Insertion of GaPpIX into apoHb was confirmed by UV-visible and CD spectroscopy.102  

Coating, purification, and characterization of GaHb-AgNPs. A 10-mL aliquot of 10- or 40-

nm citrate-stabilized AgNPs (0.02 mg/mL) in sodium citrate buffer (pH 7.7) was centrifuged at 

900 g for 5 minutes, then decanted to remove residual aggregates. The supernatant with combined 

with 200 µL of GaHb solution in PBS (1 mg/mL, pH 7.4) and allowed to stir overnight. In the case 

of 40-nm particles, the mixture was centrifuged at 5700 rpm (3300 g) for 20 minutes; the 

precipitate was then resuspended in 15 mM borate buffer (pH 8.5). In the case of 10-nm particles, 

higher centrifugation speeds caused the GaHb-AgNPs to aggregate. This problem was solved by 

using a 100-kDa MWCO Centricon tube and centrifugation at 4000 rpm (2700 g) for 5 min, 

followed by dilution of the residual AgNP suspension in 15 mM borate buffer. The procedure was 

repeated three times before characterizing the purified GaHb-AgNPs by UV-visible spectroscopy 

and DLS.  

TEM samples with negative staining were prepared by first mixing 20 µL of a GaHb-AgNP 

suspension with 20 µL of 2% phosphotungstic acid solution and allowing it to stand for 30 minutes. 

A 10 µL aliquot of this mixture was then deposited onto Formvar-coated Cu grids (400 mesh) and 

allowed to sit for 25 minutes, followed by blotting the edge with a tissue and drying in air. 

Measurement of binding constant between GaPpIX and apoHb In a solid black 96-well plate 

(Corning Costar), various concentrations (0 nM–20 μM) of apoHb were mixed with 100 nM of 

GaPpIX (triplicate per concentration tested) and incubated on shaker in the dark at 4 °C for over 4 

hours. A Spark 10M multimode microplate reader (Tecan) was used to measure the fluorescence 

polarization of GaHb at room temperature, with a 405-nm laser for excitation. Fluorescence 
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emission was measured using a 585-nm filter with a bandwidth of 20 nm. Data were fitted to the 

Langmuir-Freundlich isotherm model using OriginPro 2017.  

Antimicrobial photodynamic inactivation (aPDI). S. aureus or MRSA strains were first 

cultured in tryptic soy broth (TSB) for up to 16 hours at 37 ºC in capped culture tubes, until an 

optical density of 1.0 was achieved (λ = 600 nm), corresponding to a bacteria concentration of 109 

cfu/mL. A 100-μL aliquot of bacteria were then added to 10 mL of tryptic soy media containing 3 

mM 2,2’-bipyridine and cultured at 37 ºC until an optical density of 0.8 was reached 

(approximately 4 hours). aPDI was performed using a monochromatic LED array emitting at 405 

nm (Rainbow Technologies Systems) with a tunable power density (max. 140 mW/cm2).  

aPDI studies were performed in triplicate using planktonic bacteria at 107 cfu/mL in 96-well 

microtiter plates with variable exposure times to 405-nm irradiation. Colony growth counts were 

performed in triplicate by the drop-plate method using tryptic soy agar (TSA) plates.118 In a typical 

experiment, bacterial suspensions in 96-well plates (107 cfu/mL; 50 μL/well) were treated with 50-

μL aliquots of GaHb-AgNP solutions with final concentrations ranging from 22–1900 ng/mL in 

GaPpIX equivalents, followed immediately with exposure to the LED array for 10 seconds. 

Controls included one set of wells without photosensitizer, and one set of wells with 

photosensitizer but without light exposure (dark toxicity). Bacterial suspensions from each well 

were diluted in serial tenfold dilutions (6 rounds) and plated onto agar and incubated for 20 hours 

at 37 °C. Colonies were counted and reported in colony-forming units per milliliter (cfu/mL).  

Flow cytometry analysis of bacterial uptake of GaPpIX by S. aureus. Flow cytometry (FC) 

was performed on S. aureus fixed with paraformaldehyde (2 wt% final concentration) using flow 

cytometer CytoFLEX S (Beckman Coulter Life Sciences). Paraformaldehyde was introduced at 

fixed intervals after incubation with GaPpIX. A yellow laser (561 nm) was used for excitation. 
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Fluorescence emission was measured on the PE channel using a 585-nm filter with a band width 

of 42 nm. Blank PBS runs were included in between experiments to remove false positives. A 

region of interest (gate) containing 98% or more of the collected bacterial population was defined 

using FSC and SSC parameters, and was applied toward all runs. Data were processed using pre-

released version of software Kaluza Flow Cytometry Analysis (Beckman Coulter life Sciences). 

Eradication of intracellular MRSA. The ability of GaHb-AgNP to reduce the burden of 

intracellular MRSA was evaluated utilizing previously described methods.119-120 Murine 

macrophage cells (J774) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS at 37 °C in a 5% CO2 atmosphere. J774 cells were exposed to MRSA 

USA300 cells at a multiplicity of infection of approximately 10:1. After 1 h of infection, J774 cells 

were washed with gentamicin (100 µg/mL) to kill extracellular MRSA. GaHb-AgNP was 

subsequently added to each well at concentrations ranging from 11.3 to 45.28 µg/mL (three 

replicates per test agent). After 24 hours incubation at 37 °C with 5% CO2, the test agents were 

removed and the J774 cells were washed and lysed using 0.1% Triton-X. The solution was serially 

diluted in phosphate-buffered saline and transferred to TSA plates in order to determine viable 

MRSA inside the J774 cells. Plates were incubated at 37 ºC for 18–22 h before counting viable 

colonies. Data are presented as log10 (MRSA cfu/mL) and percent kill in infected J774 cells. 

TEM ultrathin cell sample processing. MRSA USA300 cells and J774 cells infected with 

MRSA USA300 were treated with GaHb-AgNP then fixed over night at 4 °C with 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer. The cells were washed with cacodylate buffer 3 times 

then treated with a solution of 1% osmium tetroxide and 0.8% FeCN for 1 hour. The residual 

osmium tetroxide was rinsed off using water. The cell dehydration process was conducted with 50, 
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75, 95 and 100% of alcohol. The fixed cells were embedded in flat molds using Embed 812 resin 

(Electron Microscopy Sciences) with catalyst and left to cure at 70 ºC overnight. 

Microtomy was performed in Purdue Life Sciences Microscopy Facility using a Leica Ultracut 

E for semi-thin and ultrathin sections. Semi-thin sections were cut at 500 nm thickness and heat-

fixed onto a glass slide, then stained with Toludine Blue and examined for areas of interest.  Final 

block faces were trimmed down to approximately 1.5 mm x 1 mm, and ultra-thin sections were 

cut and harvested at 85nm and transferred from the diamond knife boat onto 100-mesh 

copper/Formvar grids using Perfect Loop (Electron Microscopy Sciences). All sectioning was 

performed using an ultra 45-degree diamond knife (Diatome). Post-staining of TEM grids was 

performed with 4% aqueous uranyl acetate for 10 minutes, rinsed twice in two 400 mL of distilled 

H20, then treated with 2% lead citrate for 5 minutes. 

MRSA biofilm eradication assessment. GaHb-AgNPs and vancomycin hydrochloride (Gold 

Biotechnology) were examined for their ability to degrade pre-formed, mature staphylococcal 

biofilms using the microtiter dish biofilm formation assay, following the procedure described in a 

previous report.121-122 An overnight culture of MRSA USA300 was diluted 1:100 in culture 

medium (TSB + 1% glucose) and incubated at 37 °C for 24 h to form a strongly adherent biofilm. 

The bacterial suspension was removed, and GaHb-AgNPs were added at concentrations ranging 

from 0.4 to 45.3 μg/mL and/or vancomycin at a concentration range of 0.5 to 64 μg/mL in TSB. 

GaHb-AgNPs were incubated with the biofilm at 37 °C for 24 h. To quantify the biofilm mass, the 

bacterial suspension was removed, and wells were washed with phosphate-buffered saline to 

remove residual planktonic bacteria. An aliquot of 0.1% crystal violet was added to each well to 

stain the biofilms. After 30 min, wells were washed with sterile water and dried, then de-stained 

using 100% ethanol prior to quantifying biofilm mass using a spectrophotometer (λ = 595 nm). 
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Data are presented as percent loss of MRSA USA300 biofilm for each test agent relative to the 

buffer control wells.  

MRSA biofilm inhibition assessment. Vancomycin, GaHb-AgNPs and its components were 

examined for their ability to inhibit the formation of staphylococcal biofilm using the microtiter 

plate biofilm formation assay.123-124 An overnight culture of MRSA USA300 was diluted 1:100 in 

culture medium (TSB + 1% glucose). Compounds were added in the first row and serially diluted 

with media containing bacteria, then incubated at 37 °C for 24 hours. In order to quantify biofilm 

mass, the bacterial suspension (planktonic cells) was removed and wells were washed with 

phosphate-buffered saline to remove residual planktonic bacteria. An aliquot of 0.1% crystal violet 

was added to each well to stain the biofilms. After 30 minutes, wells were washed with sterile 

water and dried, then de-stained using 100% ethanol prior to quantifying biofilm mass using a 

spectrophotometer (λ = 595 nm). Data are presented as percent inhibition of MRSA USA300 

biofilm for each test agent to buffer control wells.  

aPDI of GaHb against M. abscessus. Strains were first cultured in Difco Middlebrook 7H9 

broth (Becton-Dickinson) enriched with Middlebrook OADC enrichment (Becton-Dickinson) for 

3–4 days at 37 ºC in capped culture tubes, until an optical density of 1.0 was achieved (λ = 600 

nm). aPDI was performed using a monochromatic LED array emitting at 405 nm with a tunable 

power density (max. 140 mW/cm2).  

aPDI studies were performed in triplicate using planktonic bacteria at 107 cfu/mL in 96-well 

microtiter plates with various compounds and concentrations. Colony growth counts were 

performed in triplicate by the drop-plate method using Mycobacteria 7H11 agar base plates (Hardy 

Diagnostics). In a typical experiment, bacterial suspensions in 96-well plates (107 cfu/mL; 100 

μL/well) were treated with solutions of GaHb-AgNP or its components with final concentrations 
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of 20 or 40 μg/mL in AgNP equivalents, or 178.1 or 356.1 nM in GaPpIX equivalents, followed 

immediately with or without a 10-second exposure to the LED array. Controls included one set of 

wells with 15 mM borate buffer plus photosensitizer. Bacterial suspensions from each well were 

diluted in serial tenfold dilutions (6 rounds) and plated onto agar and incubated for 3–4 days at 

37 °C. Colonies were counted and reported in colony-forming units per milliliter (cfu/mL).  

Toxicity assessment against HaCaT cells. HaCaT cells (AddexBio) were cultured in growth 

medium (DMEM containing 10% FBS) at 37 ºC in a 5% CO2 atmosphere, with multiple passages 

before use. Approximately 106 HaCaT cells were plated in a T-25 flask and grown to 70–80% 

confluence in 5 mL of medium over a period of 1 day. The adherent cells were washed with PBS 

then released into the media by treatment with 0.25% trypsin/EDTA at room temperature and 

counted using a hemocytometer. A 0.8-mL suspension containing 106 cells was diluted with 7.2 

mL of growth medium and added to a 96-well plate in 80-µL aliquots (104 cells/well), then 

incubated for 18–24 hours at 37 ºC. Experimental wells were treated with 20-µL aliquots of 10-

nm GaHb-AgNP (40–200 µg/mL), with final concentrations ranging from 5.7 to 45.3 µg/mL. 

Control wells were treated with 20 µL of 0.005% Triton X-100 in growth medium (Ctrl–) or 

medium alone (Ctrl+). Cells were incubated with GaHb-AgNPs at 37 ºC at different time intervals 

(0, 0.5, or 22 hours) to address NP uptake as a variable, then irradiated with a 405-nm LED array 

for 10 s at 140 mW/cm2. Wells were immediately treated with 10 µL of MTT reagent (5 mg/mL) 

then incubated for 4 hours at 37 ºC, followed by 100 µL of detergent solution (10% Triton X-100 

+ 0.1 M HCl in isopropanol) to halt MTT oxidation and fix the cells. The plate was covered with 

aluminum foil and left on a rocker overnight at room temperature, then read at 570 nm (main 

absorbance) and 650 nm (background). 
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Toxicity assessment against J774 cells. GaHb-AgNPs were assayed against a murine 

macrophage (J774) cell line to determine their in vitro cytotoxicity effect. J774 cells were cultured 

in growth medium (DMEM containing 10% FBS) at 37 ºC in a 5% CO2 atmosphere, with multiple 

passages before use. Approximately 106 cells were plated in a T-25 flask and grown to 70–80% 

confluence in 5 mL of medium until confluent. The adherent cells were washed with PBS then 

released into the media by treatment with 0.25% trypsin/EDTA at room temperature and counted 

using a hemocytometer. A 0.8-mL suspension containing 106 cells was diluted with 7.2 mL of 

growth medium and added to a 96-well plate in 80-µL aliquots (104 cells/well), then incubated for 

2 to 3 days at 37 ºC until confluent. Experimental wells were treated with 20-µL aliquots of 10-

nm GaHb-AgNP (40–200 µg/mL), with final concentrations ranging from 5.7 to 45.3 µg/mL. Cells 

were incubated with GaHb-AgNPs at 37 ºC at different time intervals (0 or 24 hours) to address 

NP uptake as a variable, then irradiated with a 405-nm LED array for 10 s at 140 mW/cm2. Wells 

were immediately treated with 10 µL of MTT reagent (5 mg/mL) then incubated for 4 hours at 37 

ºC, followed by 100 µL of detergent solution (10% Triton X-100 + 0.1 M HCl in isopropanol) to 

halt MTT oxidation and fix the cells. The plate was covered with aluminum foil and left on a rocker 

overnight at room temperature, then read at 570 nm (peak absorbance) and 650 nm (background). 
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 SYNTHESIS AND PROPERTIES OF MAGNETIC GOLD 

NANOPARTICLES 

2.1 Introduction 

Hybrid nanomaterials that support multiple functions have received increasing interest for 

nanomedicine applications. Among them, the two most popular materias are gold and iron oxide.  

Both gold and iron oxide are well known for their high biocompatibility and are frequently utilized 

in research applications involving biosensing and nanomedicine.1-4 The surface chemistry of gold 

nanoparticles (AuNPs) is well established.5-6 AuNPs can be fabricated to absorb or scatter light at 

visible to near-infrared wavelengths, the latter having relatively high transmittivity through 

biological tissues for applications in biological imaging or photo-activated therapies.7-8 Iron oxide 

NPs exist in various forms and have been used as  medicines for treating chronic anemia (e.g. 

ferumoxytol).9 Iron oxide NPs with superparamagnetic properties have also been developed for 

other biomedical applications such as contrast agents for magnetic resonance imaging,10 as 

transducers for magnetic hyperthermia,11-12 and as carriers for field-directed drug delivery.10, 13  

Bulk magnets have multiple ferromagnetic domains (Figure 2.1), and their magnetization (M) 

is the vector sum of all domains.14 When an exernal magnetic field (H) is applied to a ferromagnetic 

material, M increases with H until it reaches saturation (MS, Figure 2.2). In many cases, these 

domains do not fully return to their original orientations when H is lowered to zero. This 

phenomenon is reflected in the magnetization curve as a hysteresis loop (Figure 2.2).14-16 The 

remanent megnetization (MR) can be nullified by applying a coercive field HC in the opposite 

direction to the initially applied field.16  

Superparamagnetic materials can also be magnetized by an applied magnetic field, but do not 

retain their magnetic moment when the external field is removed.14 Several types of iron-oxide 
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NPs show superparamagnetism at room temperature, namely Fe3O4 (magnetite) and γ-Fe2O3 

(maghemite). Supermagnetic iron-oxide NPs typically have no hysteresis loop, but have much 

larger magnetic susceptibilities than that of paramagnetic materials.14 The unique combination of 

these properties makes it possible to use localized magnetic field gradients to concentrate NPs at 

a specific site to enhance applications in drug delivery.13, 17 

  

Figure 2.1. Magnetic domains in a bulk ferromagnetic material. Adapted from Teja et al.14 

 

Figure 2.2. Theoretical model of magnetization M as a function of magnetic field H. Adapted 

from Teja et al.14  
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Magnetic gold nanoparticles (MGNPs) are composites of colloidal Au and iron oxide. The 

hybrid physical peoperties of MGNPs offer greater potential for innovative nanotechnologies. 

Specifically, MGNPs can integrate plasmon-enhanced activity with magnetomotive function to 

support novel sensor and imaging modalities or nano-manufacturing processes. In addition, 

MGNPs have been used to support magnetomotive versions of surface-enhanced Raman scattering 

(SERS) capable of detecting trace analytes at picomolar levels,18-22 and dynamic modes of 

darkfield imaging for enhanced contrast in environments with intrinsically high noise.23-25 

Recently, MGNPs have been used as laser-activated “drill bits” that can generate high-aspect ratio 

channels in thermoplastic films and glass, with etch rates accelerated by magnetic field gradients.26  

To support the transition from proof-of-concept studies to practical nanotechnologies, one 

requires a synthesis method of MGNPs that is both scalable and sustainable: reaction conditions 

should be efficient, and minimize the production of hazardous or toxic waste. Previous work from 

our lab has established a method of synthesizing Au–iron oxide NPs that can be performed in water 

using mild reaction conditions with low environmental impact.22, 27 The mean diameter of these 

synthesized MGNPs was 100 nm.23 However, the conversion of gold chloride into MGNPs was 

performed on a small scale and was relatively inefficient, and the removal of residual iron oxide 

was performed using dithiocarbamate salts. Although dithiocarbamates are excellent ligands for 

coordination and surface chemistry,28-29 using them on a large scale increases the amount of 

hazardous waste generated, which is less appealing from the perspective of green chemistry.30-31  

Here we optimized the synthesis method with an improved sustainability profile, and also 

increased the reproducibility and scale of this reaction using a low gold to iron ratio while 

maintaining control over particle size distributions. Moreover, this protocol allows the removal of 

residual iron oxide under milder conditions using generally regarded as safe (GRAS) chemicals. 
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Attenuated total reflectance infrared (ATR-IR) spectroscopy and Raman spectroscopy indicates 

that the cleansing step does not affect the optical properties of the synthesized MGNPs. 

Characterization of MGNP microstructure by scanning transmission electron microscopy (STEM) 

with energy-dispersive X-ray (EDX) analysis establishes their existence as true nanocomposites 

of gold and iron oxide, rather than as core–shell structures which has been commonly assumed in 

earlier studies of Au–iron oxide NPs.3-4, 18-21, 24, 32-44 Variable-temperature magnetization studies 

show that although MGNPs exhibit superparamagnetism at room temperature, their magnetic 

behavior under field-cooled (FC) and zero field-cooled (ZFC) conditions is surprisingly similar to 

that of AuNPs, but with increased magnetization by 3 orders of magnitude. We postulate that the 

ferromagnetic properties of gold are enhanced by doping with iron oxide. 

2.2 Results and Discussion 

In previous work, we established a stepwise method for converting colloidal Fe3O4 (prepared 

by co-precipitation) and gold chloride into composite MGNPs on a small scale (<20 mL) by using 

L-histidine to mediate the adsorption of AuCl4 ions, followed by nucleation and seeded growth by 

the stepwise addition of N-methylhydroxylamine (NMH).22,27 While this procedure has potential 

for scalable synthesis, inadequate control over addition or mixing compromises both 

reproducibility and reaction efficiency. In this work, we describe methods of synthesizing MGNPs 

with improved reproducibility and control over size and magnetization (Scheme 2.1). The revised 

synthesis conditions also minimize the use of hazardous reagents and can be performed using 

scalable processes. 
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Scheme 2.1. Aqueous synthesis and purification of magnetic gold nanoparticles (MGNPs). 

EDTA = ethylenediaminetetraacetate; NMH = N-methylhydroxylamine. RSD = relative standard 

deviation. 

2.2.1 Scalable Preparation of MGNPs 

The synthesis begins with the co-precipitation of colloidal Fe3O4 from mixtures of aqueous 

FeCl3 and FeCl2, a procedure commonly referred to as the Massart method.45 This economical and 

green chemistry produces superparamagnetic Fe3O4 in high yields with low amounts of waste, 

although often at the expense of particle size and dispersion control. In this work, co-precipitation 

generates a reliable and practical feedstock of Fe3O4 with crystalline domains on the order of 5 

nm.27 Solutions are deaerated to minimize premature oxidation. For best results, slow mixing with 

immersion in an ultrasonic bath helps to disperse the co-precipitated Fe3O4.  

The colloidal Fe3O4 dispersions are stabilized with a conditioning polymer, an important factor 

in aqueous MGNP synthesis. Previously, we found that colloidal Fe3O4 treated with polyethylene 

glycol having a terminal dithiocarbamate (PEG-DTC, 5 kDa) led to the formation of MGNPs with 

a mean size of 100 nm, with the notion that chemisorptive PEG chains helped to stabilize MGNP 

dispersions during reduction and particle growth.22, 27 However, other nonionic polymers and 

polyelectrolytes can also be employed as peptizing agents for co-precipitated Fe3O4, which 

suggests that chemisorption might not be necessary for MGNP synthesis. To test this, colloidal 
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Fe3O4 was stabilized with polyethylene glycol (PEG), dextran, polyvinylpyrrolidone (PVP), or one 

of several polyelectrolytes, treated with histidine and AuCl4 ions using a Au:Fe mole ratio of 9:1, 

then reduced with NMH on a 5-mL scale (Scheme 2.1, steps 3–4). Most of these reactions yielded 

submicron particles with large variations in mean particle size and dispersity, as measured by their 

relative standard deviations (RSD; Table 2.1 and Figure 2.3, condition A). Significant amounts of 

non-magnetic GNPs were also produced, which became evident after harvesting MGNCs with a 

handheld NdFeB magnet.  

Size control and synthetic efficiency were improved by removing excess polymer and histidine 

from the conditioned Fe3O4, prior to treatment with AuCl4 ions (Figure 2.3, condition B). The 

supernatant of these solutions was less tinted after magnetic precipitation, indicating fewer non-

magnetic GNPs and more efficient conversion of AuCl4 into MGNPs. This step also increased the 

speed of MGNP formation, as judged by the onset of plasmon-resonant absorption during NMH 

addition, implying that MGNP nucleation and growth in condition A was significantly delayed 

due to competition from soluble Au–histidine complexes. We thus conclude that nonionic 

polymers without chemisorptive end groups can be used to stabilize colloidal Fe3O4 for MGNP 

synthesis but requires the added step of removing excess polymer and histidine prior to adding 

AuCl4. 
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Table 2.1. Stabilizing polymers tested in MGNP synthesis at different Au:Fe mole ratios. (A) 

Au:Fe mole ratio = 9:1, in the presence of 1 wt% polymer and 1 mg/mL histidine; (B) Au:Fe 

mole ratio = 9:1, conditioned Fe3O4 washed prior to reaction; (C) Au:Fe mole ratio = 4:1, 

conditioned Fe3O4 washed prior to adding AuCl4. a 15 wt% polymer. b 0.015 wt% polymer. c A 

weak magnetic response was observed, suggesting low incorporation of Fe. d Small sample size 

(N < 10).  PAA = polyacrylic acid; PLH = poly-L-histidine; PSS = polystyrenesulfonate. All 

reactions were performed on a 5 mL scale in test tubes, with manual addition of reagents. 

 

Reaction 

Condition§ 

Stabilizing 

Polymer 

Mean size 

(TEM) 
RSD 

[Au:Fe] = 9 PEG, 5 kDa 550 nm 20% 

(A) Dextran, 8 kDa a 560 nm c 28% 

 Dextran, 50 kDa 260 nm >30%d 

 Dextran, 100 kDa a 465 nm >30% 

 PAA, 1.2 kDa b 1.2 μm c 29% 

 Pectin, >100 kDa b 500 nm 23% 

 PLH, 5–25 kDa 235 nm 27% 

 PSS, 70 kDa 360 nm >30%d 

 PVP, 50 kDa 780 nm 15% 

[Au:Fe] = 9 PEG, 5 kDa 117 nm 21% 

(B) PSS, 70 kDa 150 nm 22% 

 PVP, 50 kDa 62 nm 24% 

[Au:Fe] = 4 PEG, 5 kDa 170 nm 13% 

(C) Dextran, 50 kDa 136 nm 31% 

 Dextran, 100 kDa 290 nm 25% 

 PLH, 5–25 kDa 107 nm 30% 

 PVP, 50 kDa 109 nm 21% 
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Figure 2.3. Stabilizing polymers tested in MGNP synthesis at different Au:Fe mole ratios. (A) 

Au:Fe mole ratio = 9:1, in the presence of 1 wt% polymer and 1 mg/mL histidine; (B) Au:Fe 

mole ratio = 9:1, conditioned Fe3O4 washed prior to reaction; (C) Au:Fe mole ratio = 4:1, 

conditioned Fe3O4 washed prior to adding AuCl4. 

Prior studies on MGNP synthesis indicated that the final Au:Fe mole ratio was much higher 

than the mole ratio based on initial AuCl4 and Fe3O4 (35.5 versus 9, respectively).27  To determine 

whether MGNPs could be synthesized using less AuCl4, we reduced the initial Au:Fe mole ratio 

from 9:1 to 4:1 and examined the effect of several different stabilizing polymers on a 5-mL scale 

(Figure 2.3, Condition C). These reactions produced MGNPs with mean sizes larger than those 

prepared using condition B, but still smaller than those prepared using condition A. Furthermore, 

magnetic precipitation resulted in a colorless supernatant, indicating complete conversion of AuCl4 

into MGNPs. Among the nonionic polymers tested, PEG (5 kDa) and was observed to provide 

better control over MGNP size dispersity and shape than dextran (50 or 100 kDa) or PVP (50 kDa) 

(Figure 2.4). Poly-L-histidine (PLH), which has been shown to nucleate the growth of ultrathin 

layers of Au on magnetic NPs,44 was also effective for MGNP synthesis but less appealing than 

the combination of PEG and histidine from the perspective of cost and scalability.  
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Figure 2.4. (a) TEM image of MGNPs prepared from AuCl4 and colloidal Fe3O4 conditioned 

with 5-kDa PEG and L-histidine ([Au:Fe] = 9). (b–d) TEM images of MGNPs prepared from 

AuCl4 and colloidal Fe3O4 stabilized by (b) 5-kDa PEG, (c) 50-kDa dextran, or (d) 50-kDa PVP 

([Au:Fe] =4). All reactions were performed on a 5-mL scale; MGNPs were subjected to a 

cleaning process prior to TEM analysis. Scale bars: 100 nm. 

Subsequent refinements were conducted on a larger scale using a mechanical stirrer and a 

syringe pump for controlled addition of reducing agent, which improved reproducibility between 

reaction batches. Use of an overhead mechanical stirrer at constant speed (150 rpm) and addition 

of NMH solution at constant rate (2.5–5.0 mL/h) removed many of the variations introduced by 

manual mixing and addition on a small (test tube) scale. This enabled us to adjust reaction 

parameters in a more systematic fashion, and to establish well-defined conditions for scalable 

MGNP synthesis. 

Mechanically stirred reactions were first performed on a 20-mL scale using 5-kDa PEG as a 

conditioning polymer and using Au:Fe mole ratios of 4:1 or 2:1 (Table 2.2 and Figure 2.5 

Condition D). The latter condition produced MGNPs with mean sizes near 100 nm and without 
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formation of nonmagnetic GNPs. Increasing the reaction scale to 50 mL with further reductions in 

Au:Fe mole ratio produced MGNPs below 100 nm, albeit with broader size dispersity. In particular, 

the reaction condition with the lowest Au:Fe mole ratio used (1:2) proved to be reliable: an analysis 

of 13 independent syntheses showed that MGNPs were produced with an average size slightly 

below 100 nm (Figure 2.6; standard error = 14.8%), and with a RSD below 30% for any given 

batch. Switching 5-kDa PEG to a higher molecular weight polymer (20-kDa PEG, 50-kDa dextran) 

resulted in larger MGNPs without improving size dispersity. Lastly, we tested our optimized 

conditions on a 250-mL scale, which yielded MGNPs of similar size and dispersity (Figure 2.5, 

Condition F). While further improvements in size control are desirable, we conclude that the 

conditioning of colloidal Fe3O4 with 5-kDa PEG and L-histidine are sufficient to support the 

scalable synthesis of MGNPs.  

 

Figure 2.5. MGNP synthesis using PEG, mechanical stirring and continuous addition of reducing 

agent, at different scales and Au:Fe mole ratios. Reactions were mixed in beakers with an 

overhead stirrer operating at 150 rpm; conditioned Fe3O4 washed prior to reaction. Condition D: 

20 mL scale, rate of NMH addition = 2.5 mL/h. Condition E: 50 mL scale, rate of NMH addition 

= 5.0 mL/h. Condition F: 250 mL scale, rate of NMH addition = 5.0 mL/h. 
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Table 2.2. MGNP synthesis using mechanical stirring and continuous addition of reducing agent, 

at different scales and Au:Fe mole ratios. Reactions were mixed in beakers with an overhead 

stirrer operating at 150 rpm; conditioned Fe3O4 washed prior to reaction. (A) rate of NMH 

addition = 2.5 mL/h. (B) rate of NMH addition = 5.0 mL/h. a Mean values from 14 independent 

experiments (standard error 27%). 

Reaction 

scale 
Reaction Condition 

Stabilizing 

Polymer 

Mean size 

(TEM) 
RSD 

20 mL [Au:Fe] = 4 PEG, 5 kDa 170 nm 13% 

(A)  PEG, 5 kDa  (150-200)  

 [Au:Fe] = 2 PEG, 5 kDa (50-80)  

  PEG, 5 kDa (100)  

50 mL [Au:Fe] = 2 PEG, 5 kDa 123 nm  >30% 

(B) [Au:Fe] = 1 PEG, 5 kDa 73 nm >30% 

 [Au:Fe] = 0.5 PEG, 5 kDa  97 nma 27% a 

  PEG, 20 kDa 150 nm >30% 

  Dextran, 50 kDa 178 nm 29% 

250 mL [Au:Fe] = 0.5 PEG, 5 kDa 129 nm >30% 

 

 

 

Figure 2.6. TEM image and size distribution analysis of MGNPs synthesized with constant 

mechanical stirring and reagent addition ([Au:Fe] = 0.5). Reactions were performed on a 50-mL 

scale. Scale bar: 100 nm 



84 

 

2.2.2 Removing Residual Iron Oxide from MGNPs 

While the synthesis of MGNPs is efficient with respect to AuCl4, considerable amounts of iron 

oxide are left over at the end of the reaction, much of which is physically adsorbed onto MGNP 

surfaces (Figure 2.7a). The residual iron oxide is presumed to be mostly Fe3O4, but is also likely 

to include various Fe(III) oxides and oxyhydroxides, which are well known to form insoluble 

deposits.46 In previous studies, residual iron oxide was effectively removed by treatment with 

bis(2-hydroxyethyl)dithiocarbamate (DTC),22, 27 formed in situ by the addition of diethanolamine 

to CS2.47 This deferration procedure, while simple in operation, has the drawback of introducing 

toxic compounds that raise the burden and cost of waste disposal, and is less compatible with 

efforts to improve the sustainability of scalable process chemistry. We thus examined alternative 

conditions for cleansing MGNPs of residual iron oxide, focusing on chemicals with GRAS status. 

 

 

Figure 2.7. TEM images of (a) MGNPs isolated after AuCl4 reduction, prior to removal of 

leftover iron oxide; (b) MGNPs with residual iron oxide deposits, after 2-h exposure to 0.5 M 

phosphoric acid; (c) MGNPs after 2-day exposure to 1 mM Na2–EDTA and 10 mM Na2S2O3 at 

room temperature. Scale bar: (a) 1 μm and (b, c) 100 nm. 
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Methods for removing iron oxide deposits often employ polyprotic acids to aid their dissolution 

as iron salts.46, 48 An initial survey of different acids at various strengths revealed tradeoffs between 

selective iron oxide etching from MGNP surfaces and complete dissolution, the latter being 

significant at pH values below 1. We found 0.1–0.5 M H3PO4 to provide the best overall outcomes, 

however many samples contained residual iron oxide that resisted acid dissolution, suggestive of 

Fe(III) oxide (Figure 2.7b). Further removal of residual iron oxide could be achieved under mildly 

basic conditions by redispersing partially cleansed MGNPs in EDTA solutions, driven by the 

formation and solubilization of Fe–EDTA complexes. This approach afforded cleaner MGNPs, 

but also resulted in a significant loss of particles with irreversible aggregation (Figure 2.8). We 

then examined the effect of adding thiosulfate, a reducing agent that can reduce Fe(III) ions and 

enhance their extraction from iron ores.49 The addition of 10 mM Na2S2O3 accelerated the etching 

of residual iron oxide deposits, with efficient removal achieved using 1 mM EDTA under ambient 

conditions (Figure 2.7c). The Na2S2O3 -EDTA etching condition is sufficiently mild that most of 

the surface iron oxide can be removed without affecting MGNP size or structure. It is worth noting 

that the combination of thiosulfate and EDTA also has some capacity for etching Au but is retarded 

by the affinity of EDTA for Fe ions.50 On the other hand, as will be discussed further below, a 

small amount of iron oxide can persist even after prolonged treatment times; we suspect these to 

be hematite or goethite, which are well known to be more resistant to dissolution than other iron 

oxide species.51 This represents a common tradeoff between the use of GRAS chemicals for greater 

sustainability, and the use of stronger reagents for efficient cleaning. For example, the complete 

removal of iron oxide can be achieved by treatment with dithiocarbamate salts, but at the expense 

of producing toxic waste.22, 27 
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Figure 2.8. TEM images of (a) MGNPs with residual iron oxide deposits, after 2-h exposure to 

0.5 M phosphoric acid; (b) acid treated MGNPs after 1-hour incubation in 1 mM Na2-EDTA at 

60 °C. Scale bars: 100 nm. 

2.2.3 Characterization of  MGNPs 

Cleaned MGNPs could be redispersed upon treatment with thiolated PEG (5-kDa) and 

characterized as stable colloidal suspensions. Although MGNPs generated using a Au:Fe mole 

ratio of 1 or 0.5 are in the size range of 60–90 nm (Figure 2.5, Condition E), the peaks in the optical 

extinction spectra of the latter was redshifted to almost 700 nm (Figure 2.9). The PEGylated 

MGNPs were well dispersed and more uniform in size, compared to MGNPs before cleaning 

(Figure 2.10a and b). The hydrodynamic sizes of the cleansed and PEGylated particles were 

characterized by nanoparticle tracking analysis (NTA; Figure 2.10b, dh = 108.6 nm) and dynamic 

light scattering (Figure 2.10c, dh = 114.2 nm), both of which indicated a unimodal particle size 

distribution.  
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Figure 2.9. Optical extinction spectra of MGNPs generated using Au:Fe mole ratio of 1.0 (black) 

and 0.5 (red). MGNPs were cleansed of residual iron oxide and coated with 5-kDa PEG-SH. 

 

 

Figure 2.10.  NTA size analysis of MGNCs before (a) and after (b) removing residual Fe3O4 and 

coated with PEG-SH. Hydrodynamic size: (a) mean: 156.6 ± 4.4 nm, mode: 104.4 nm, standard 

deviation (SD): 68.6 nm; (b) mean: 124.1 ± 1.3 nm, mode: 108.6 nm, SD: 44.1 nm. Errors in (a) 

and (b) represent standard error of the mean (N = 3); (c) number-based size distribution of 

cleaned MGNCs by dynamic light scattering (dh = 114.2 nm). 

 

ATR-IR spectroscopy indicates that after incorporating gold with functionalized iron oxide, 

the spectra peak signatures in the functionalized iron oxide were dwarfed by other IR signals 

(Figure 2.11a). Essentially, we saw no difference in spectra between MGNPs before and after the 

removal of residual surface iron oxide (Figure 2.11a). Analysis of freshly prepared MGNPs by 

Raman microscopy (ex = 1064 nm) showed weak signals between 500 and 2000 cm-1 (Figure 

2.11b, black), which we attribute to surface iron oxide. After removal of residual materials, we 
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observed changes below 600 cm-1 (Figure 2.11b, red), which could due to the adsorption of ions 

and molecules used during the cleansing process, namely H3PO4, Na2S2O3 and EDTA. To identify 

the adsorbate, we first treated the MGNPs with NaCl to replace the surface molecules. As expected 

most of the signals were eliminated (Figure 2.11b, green). Then the same particles were treated 

individually with solutions of H3PO4, Na2S2O3, or EDTA. The results showed that both Na2S2O3 

treated MGNPs and cleansed MGNPs share the S–S band at 450 cm-1 and Au–S band at 260 cm-1 

(Figure 2.11b, red and orange).52-53 This demonstrates clearly that Na2S2O3 is the major species 

adsorbed on the MGNP surface. FT-Raman spectroscopy was also used to analyze samples after 

each step. After removal of residual materials, we observed that any associated peaks within the 

600–1600 cm-1 region were eliminated (Figure 2.11c, black and red). We also saw surface-enhance 

Raman scattering blow 600 cm-1 regions (Figure 2.11c, red). 

 

Figure 2.11. (a) ATR-IR spectra and (b) Raman spectra (ex = 1064 nm) acquired from samples 

after various surface treatments; sharp peak in orange at 500 cm-1 from Si wafer. (c) FT-Raman 

spectra (ex = 1064 nm) from samples after each step. The Raman signals intensities of Fe3O4 

and PEG-his-Fe3O4 samples were amplified 500× for clarity. 

 

Elemental analysis was performed using inductively coupled plasma mass spectrometry (ICP-

MS) and EDX to determine the percentage and distribution of iron and gold within the cleansed 

MGNPs. The ICP-MS showed that MGNPs synthesized using an initial Au:Fe mole ratio of 4, had 

a final mole ratio of 18. Despite the initial Au;Fe ratio of 0.5 in the reaction mixture at 50 mL scale, 
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the synthesized MGNPs also have a high final mole ratio of 36 in ICP-MS analysis. We presume 

that much Fe tends to reside on the particle surface as iron oxide rather than being incorporated 

inside the formed MGNPs, and the surface residual iron oxide was lost through the cleaning 

process. 

Compare to ICP-MS analysis, which requires a larger quantity of sample to be digested and 

ionized before quantification by the mass spectrometer, EDX is a non-destructive method that 

focuses on analyzing the specimens of interest. EDX mapping (Table 2.3) also showed MGNPs 

made of Au;Fe ratio of 0.5 to have much higher final mole ratio (Au:Fe = 21), meaning that most 

of the starting Fe3O4 was not incorporated into the product. EDX imaging also allowed us to 

evaluate the spatial distribution of iron and gold inside MGNPs. High-resolution analysis was 

performed on individual MGNPs using STEM in high-angle annular dark-field (HAADF) mode. 

As showing in the images, there is a small amount of residual iron oxide persist on the surface of 

MGNPs. As mentioned earlier, the residual iron oxide represents a common tradeoff between the 

use of GRAS chemicals for greater sustainability, and the use of stronger reagents for efficient 

cleaning. 

It is commonly assumed that Au/iron oxide nanoparticles are formed in a nanorose structure, 

in which 5-nm iron oxide particles were utilized to nucleate the deposition of Au clusters.54 

However, the images indicate a nearly homogeneous distribution of iron inside the MGNPs within 

the resolution limits of elemental mapping (Figure 2.12). Therefore, the evidence does not support 

that there are nanosized (>3 nm) iron-oxide domains reside within the MGNPs. There are two 

possible explanations for the homogeneous distribution of iron. Firstly, the rapid growth and 

coalescence of Au domains trapped clusters of superparamagnetic iron oxide smaller than 3 nm, 

which is the resolution limit of the instrument used. Secondly, the formed AuNPs are heavily 
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doped with Fe(II) or Fe(III) ions or molecular iron-oxide. A previous study synthesized Au-rich 

Fe–Au alloy nanoparticles that showed homogeneous nucleation of gold along with iron.55 As they 

decreased the initial Au:Fe mole ratio, this alloy nanoparticle had a red-shift of plasmon 

resonances,55 which is consistent with our observations of MGNPs (Figure 2.9). Another group 

also synthesized iron-doped gold nanoparticles via laser ablation on bulk Au/Fe alloy, and they 

observed a complete overlap of the distribution of gold and iron.56-58 They found the as-obtained 

nanoalloy not only have plasmonic properties but also are soft ferromagnetic to superparamagnetic. 

Similar magnetic properties were observed in  iron-doped gold nanoparticles that are synthesized 

by reducing Au (III) and Fe (III) in aqueous solution with the assistance of surfactants.59-60 They 

are relatively small in size (6–8 nm), however exhibited a small magnetic hysteresis at room 

temperature, which suggests superparamagnetic nanoparticles.  

 

Figure 2.12. EDX data for MGNPs in HAADF-STEM mode, after cleansing. (a) TEM 

brightfield (top, bar = 20 nm) and HAADF-STEM (bottom, bar = 40 nm) images; (b) elemental 

maps for iron (top) and gold (bottom). The distribution of iron within MGNPs is nearly 

homogeneous. 
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Table 2.3 Atomic percentage of iron and gold in MGNPs (Figure 2.12a). 

Atomic Percentage Fe Au 

Area 1 4.5 95.5 

Area 2 4.4 95.6 

 

Although the Fe concentration was low, the MGNPs had sufficient moment to be collected by   

local field gradients produced by rare-earth magnets. The magnetic properties of MGNPs were 

characterized in powder form using a superconducting quantum interference device (SQUID) in 

vibration sample magnetometry (VSM) mode, with a field sweep of ±30 kOe. Figure 2.13 shows 

the magnetic data of MGNPs at room temperature. As discussed in introduction section, the 

observed almost closed loop with negligible coercivity (HC) indicating the superparamagnetic 

nature of the MGNPs. The maximum MS value is between 6-7 emu/g (Fig. 2.13). 

 

Figure 2.13. (a) Magnetization curve of MGNPs in powder form, taken at room temperature; (b) 

expansion of low-field region.  

The magnetic properties of MGNPs were characterized in dry powder form using a physical 

property measurement system (PPMS) to conduct temperature-dependent dynamic magnetic 

measurements. Figure 2.14a shows the zero-field-cooled (ZFC) and field-cooled (FC) 
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magnetization curve using an applied field of 50 Oe. For the ZFC magnetization, MGNPs were 

first cooled to 5K in the absence of magnetic field. A magnetic field was then applied, and 

magnetization was measured as MGNPs were heated incrementally to 300K. The FC 

magnetization was measured by cooling the MGNPs to 5K in presence of field. We could not 

determine the blocking temperature of MGNPs within the temperature range we tested (5–300K). 

Whereas we noticed that the FC/ZFC curves of MGNPs are similar to those of 100-nm AuNPs 

(Figure 2.14b), but only 3 orders of magnitude higher. The 100-nm AuNPs were synthesized by 

conditioning 100 nm commercial AuNP with 5-kDa PEG and L-histidine to mediate the nucleation, 

followed by the growth of gold using NMH. These results suggest that iron oxide might be 

enhancing the ferromagnetic properties of the Au in MGNPs.  

 

 

Figure 2.14. Magnetization versus temperature of (a) cleansed MGNPs and (b) AuNPs (100 nm 

in size) measured under zero-field-cooled (ZFC; blue) and field-cooled (FC) conditions with 

applied magnetic field of 50 Oe (red). 

2.3 Conclusion 

A highly reproducible and efficient synthesis of MGNCs can be performed at 50 mL large-

scale using lower Au: Fe mole ratio, rate-controlled mechanical stirring and syringe pump. The 
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optimized method made it possible to make NPs with narrower and smaller size distribution of 60-

90 nm and to produce sufficient quantities of materials for preclinical testing. The optimized 

MGNCs has strong absorption at higher NIR wavelength and has strong magnetic moment.  

2.4 Materials and Methods 

Materials. All reagents were purchased from Sigma-Aldrich and used as received unless 

otherwise stated. Deionized water was obtained from an ultrafiltration system (Milli-Q, Millipore) 

with a measured resistivity above 18 MΩ·cm and passed through a 0.22-μm filter to remove 

particulate matter.  

Instrumentation. Transmission electron microscopy (TEM) images were acquired using a 

Tecnai T20 (FEI) operating at 200 kV with a CCD camera (Gatan US1000). TEM samples were 

prepared by dispensing a 25-μL drop of an aqueous MGNC dispersion onto Formvar/carbon-

coated grids, followed 15 min later by blotting and drying in air for at least 30 min prior to analysis. 

Energy-dispersive X-ray (EDX) analysis by scanning transmission electron microscopy (STEM) 

was performed using a Talos F200X (FEI) equipped with a SuperX energy-dispersive spectrometer 

and four silicon-drift-detector units. Data was collected using a high-angle annular dark-field 

(HAADF) detector and recorded with a CMOS imaging camera (FEI, 4k x 4k Ceta 16 M).  

Attenuated total reflectance-infrared (ATR-IR) spectroscopy was performed on powder 

samples deposited onto a ZnSe window, using a Nicolet Nexus 670 spectrometer (Thermo) flushed 

with N2 to displace atmospheric CO2 and moisture. Raman analysis was performed on aqueous 

samples, using a Nicolet 6700 FT-Raman spectrophotometer, and on solid samples, using 

Renishaw inVia Raman microscope. 

Hydrodynamic size analysis of aqueous dispersions was performed by nanoparticle tracking 

analysis (NTA) using a Nanosight LM-10 (Malvern Instruments), with 405-nm laser excitation 
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and distilled, particle-free water stored in polyethylene containers. Three tracking videos were 

collected per sample with a minimum of 2000 particle tracks per run, yielding hydrodynamic size 

(dh) values based on mean and mode peak analysis, with standard errors of the mean determined 

from triplicate experiments. Optical absorption spectra were recorded on a Cary-50 UV-Vis 

spectrophotometer (Varian). Dynamic light scattering (DLS) measurements were carried out using 

a Zetasizer Nano ZS system (Malvern) equipped with non-invasive backscatter optics and a He–

Ne laser at 633 nm.  

Multi-element analyses were performed using a Thermo Fisher ELEMENT 2 

(ThermoFinnigan/ FinniganMAT) Inductively Coupled Argon Plasma mass spectrometer (ICP-

MS) system. Samples were first dissolved in aqua regia, then diluted in 4% HCl.  

Magnetic properties were measured at room temperature on neat powders using magnetic 

property measurement system 3 magnetometer (MPMS 3-Quantum Design) in vibrating sample 

magnetometer mode, with applied magnetic fields up to 10 kOe, and calibrated with colloidal γ-

Fe2O3.61 Dynamic magnetic measurements as a function of temperature at 50 Oe were performed 

on a physical property measurement system (PPMS-Quantum Design) at different temperatures. 

Synthesis and modification of colloidal iron oxide. Colloidal iron oxide (Fe3O4) was prepared 

by co-precipitation, using 648 mg of FeCl3 (4 mmol) and 398 mg of FeCl2∙4 H2O (2 mmol) 

dissolved in 5 ml of deaerated, deionized water. The iron salt solutions were added dropwise to 20 

ml of a 28% NH4OH solution (from freshly opened bottle) over a period of 10 min in a glass test 

tube, while immersed in an ultrasonic water bath. Colloidal Fe3O4 was formed immediately upon 

addition. Anaerobic conditions were maintained during the addition of iron salts to the NH4OH 

solution. The reaction mixture was then removed from the ultrasonic bath and agitated for 2 min 

by vortex mixing to generate a homogeneous dispersion. Colloidal Fe3O4 was precipitated by 



95 

 

applying an external handheld NdFeB magnet, which produces a field gradient of 1–3 kG/cm, 

against the walls of the reaction tube, then redispersed in deionized water. This process was 

repeated three times to remove excess NH4OH and weakly responsive colloidal materials. Final 

weights of magnetically active materials were obtained after drying the precipitated colloids in an 

oven but were otherwise used as freshly prepared dispersions at a concentration of 10 mg/mL.  

To prepare PEG-stabilized Fe3O4, 20 mg of 5-kDa PEG was dissolved in 1 ml of deaerated, 

deionized water, then agitated using vortex mixing and allowed to sit at room temperature for 10 

min. The freshly prepared PEG solution was then combined with 1 mL of colloidal Fe3O4 dispersed 

in water (10 mg/mL) and incubated at room temperature for 1 h. Aliquots were removed and air-

dried for analytical characterization, but otherwise used as-prepared in the next step. 

Synthesis of magnetic gold nanoparticles. A freshly prepared dispersion of PEG-treated Fe3O4 

(2.5 mg in 500 μL) was added to 10 mL of an aqueous solution of L-histidine (1 mg/mL), adjusted 

to pH 5–6 using 0.1 M HCl, then incubated at room temperature for 1 h. Excess histidine was 

removed by precipitating the colloidal Fe3O4 using a handheld NdFeB magnet against the wall of 

the reaction vial, then draining the supernatant and redispersing the magnetic particles in deionized 

water.  This process was repeated three times. In a separate container, a 109-μL aliquot of 5% w/v 

HAuCl4 solution was diluted with 39 mL deionized water, adjusted to pH 9–10 using 5 M NaOH, 

then combined with the colloidal washed Fe3O4 solution with vortex mixing and allowed to sit for 

20 min. The reaction mixture (now pH 8–9) was treated with 5 mL of 320 mM N-

methylhydroxylamine (NMH) via syringe pump at a rate of 5 mL/h to initiate reduction, while 

being agitated with an overhead mechanical stirrer at 151 rpm. Noticeable color changes were 

observed during the process: During the initial addition of NMH, the solution changed quickly 

from brown to dark grey within 5 min. MGNPs were generated in significant quantities after 1 h 
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at room temperature, and fully formed after 12 h. The reaction gradually increased in acidity to a 

final range of pH 6–7.  

As-formed MGNPs were separated by selective precipitation using a handheld NdFeB magnet 

producing linear field gradients of 1–3 kG/cm, followed 15–20 min later by decantation of 

supernatant containing magnetically unresponsive materials. The retentate was subjected to two 

more rounds of redispersion into water at twice the original volume with mild sonication, followed 

by magnetic precipitation, to yield MGNCs that were essentially devoid of non-magnetic gold NPs. 
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