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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. GaPplX, as a hemin
analog, can be rapidly taken up by CSHR-expressing bacteria, such as Staphylococcus aureus
(S.aureus). Previous works shown that GaPplX has aPDI activity at micromolar level of
concentration following 10 seconds of 405-nm light exposure using LED array. The
photosensitizing ability of GaPplX 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 pug/mL.

I1. 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 FesO4 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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CHAPTER 1. 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”.! 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.? 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.® 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.*
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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.*
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.!
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.l 4°

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.5’ 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.®? 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.'*** 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.® 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.’® These challenges have motivated efforts to target intracellular
bacteria using vehicles like liposomes and nanoparticles to carry bactericidal agents.*’*8

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.t° 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.?® 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.?! 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.?? 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).” 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).2* Many strains of M. abscessus not only
resist antibiotics, but also have high tolerance to disinfectants and can cause of postsurgical and
postprocedural infections.?>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. 6

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 (102) 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, 'Oz is not affected by most drug resistance mechanisms.?” 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.?8 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.?*2 PS is irradiated to
generate excited-state singlet (*PS) 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 (°PS), from which Oz or ROS are formed.?°

There are two types of photochemical mechanisms for converting oxygen into *O2 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 Il reactions, *PS
reacts with oxygen (a ground-state triplet) by energy transfer to generate the highly reactive singlet
oxygen. Type | and type Il reactions are believed to happen simultaneously, and the ratio of
occurrence between the two depends on the type of PS and its microenvironment.®® However,
because singlet oxygen has a short lifetime in biological systems and a short radius of action (0.02
um), the type II reaction usually induces localized damage, which makes it suitable for treating

bacterial infections with minimal harm to nearby cells or tissues.3*

. U e-
Excited . —
Triplet
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5 state Type |

state

Type ll
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Figure 1.1. Type | and Il mechanisms of photodynamic inactivation. Adapted from Liu et al. *3
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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.®*
Photofrin has low dark toxicity and is widely used, but can cause skin photosensitivity that requires
patients to avoid strong sunlight for weeks.®® Second-generation photosensitizers are capable of
generating 102 with higher efficiency, such as verteporfin, texaphyrin, and temoporfin (Figure

1.2c-e).3

@  (H)C),COONa  CHj R CH,
(HoC),COONa CHa HyC
H
HyC O} (H;0),0C
Hs
R CH, (H,C),COONd  CH,

R= HO*&H and/or —CH=CH,
Hs

Photofrin

¢ Hscooc y

H,CO0C @

HOO OOCH;,
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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(ll)-phthalocyanine (0.1 uM; Figure 1.3a) and
irradiation at 600—700 nm (15 J/cm?) resulted in a 4-5 logzo reduction in each case. 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.” Over 99.9% (P < 0.005) reduction in biofilm was observed
after irradiation at 664 nm (216 J/cm?) in the presence of methylene blue (500 pg/mL).3” Methylene
blue (50 pg/mL, 163.8 J/cm?) was also effective in inactivating both Gram-positive and negative
bacteria, especially periodontopathic bacteria.3* 3 Treatment of S. aureus and MRSA with Ru(l1)-
based PS (0.3—12 puM; Figure 1.3c) and irradiation with 530 nm light (90 J/cm?) resulted in over 7

logzo reduction (> 99.99999%) under both normoxic and hypoxic conditions.*
\ - ‘s
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Figure 1.3. Molecular structures of (a) Zn(Il)—phthalocyanine, (b) methylene blue and (c) Ru(ll)-
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.*® Another derivative, tetra(N-methyl-4-pyridyl)porphyrin
(TMPyP), caused over 6 logio reduction (99.9999%) in Gram-positive strains of S.aureus (MSSA
and MRSA), and two Gram-negative strains of E.coli and P.aeruginosa.?®

5-aminolevulinic acid (ALA; Figure 1.4d) is the precursor in porphyrin synthesis in both
eukaryotes and bacteria.***#?> ALA has been applied as a prodrug for the in situ production of
protoporphyrin IX (PplX) for aPDI1.** ALA has the advantage of being administered more easily
than PpIX because of its low molecular weight and solubility in water.**** 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.*+4°

(]

Chlorin e6 meso-tetrahydroporphyrin

Figure 1.4. Molecular structures of (a) chlorin e6, (b) meso-tetrahydroporphyrin, (c) TMPyP and
(d) ALA.
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1.1.4 Iron-Dependent Uptake of Hemin and Ga(lll)-Protoporphyrin 1X (GaPplX)

Porphyrins are involved in many biological processes in living organisms.*® Naturally
occurring porphyrins are mostly derived from PplX (Figure 1.5). Metallated protoporphyrins that
mimic hemin (FePplX), a photochemically inactive species, are more effective than non-
metallated porphyrins for aPDI. Stojiljkovic found that gallium-substituted protoporphyrin
(GaPplX) has the lowest MIC against S. aureus compared with PplX and other metal complexes
(FePpIX, MnPpIX, MgPplX and ZnPplX).*” There are many more studies on the antibacterial
activity of GaPplX, however there is hardly any work on GaPplX as an aPDI agent.*3%° In this
chapter we are focusing on the aPDI activities of GaPplX, its complex with hemoglobin (GaHDb),

and also with Ag nanoparticles (GaHb-AgNP).

HO"Np ¢ OH HO™ S0 o' ™0
Protoporphyrin IX (PpIX) Metalloporphyrins

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.>°->4 PpIX coordinates with an
Fe(II) atom at the center, which is vital for heme’s electron transfer and redox properties.*? Hemin,
the oxidized from of heme (Fe(l11)PplIX), 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.>" 55-%¢ 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-%8 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.

g hemophore

CSHR-expressing
bacteria (Type 1)

hemophore-harvesting
bacteria (Type 2)

Figure 1.6. CSHR-expressing bacteria (Type 1) and hemophore-harvesting bacteria (Type 2).%8-%

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.®® 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).%?

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.5!

A study in our laboratory further confirmed that the rapid uptake of GaPplX by Type 1 bacteria
such as S. aureus is regulated by CSHRs. 405-nm excitation of GaPplX 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 GaPplX 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.%85°
Due to the indirect type 2 uptake mechanism, Y. enterocolitica was much slower than S. aureus in
taking up GaPplX. After being incubated with 8.8 uM GaPplX for different time intervals, the
bacteria were examined using confocal microscopy, which revealed S. aureus to be rapidly and
strongly labelled by GaPplX within the first 15 min, whereas the labeling of Y. enterocolitica was

initially weak and gradually increased over time (Figure 1.9).%?
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Figure 1.8. Absorbance (---) and emission (—) spectra for GaPplX (8 uM in DMSO, red) with

comparison to Ppl1X (blue).?
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Figure 1.9. Confocal fluorescence microscopy of GaPpIX uptake (bar = 5 um). (a) S. aureus
(PC1203) after 15 min exposure; (b—d) Y. enterocolitica (WA-314, ovoid form) after 15, 30, and

60 min incubation.®?

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

cell suspensions were cultured in iron-deficient media before being mixed with GaPplIX in PBS.

26
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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 GaPplX 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.53
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Figure 1.10. Flow cytometry of S. aureus treated with GaPplX. (a) Spectra of fluorescent
intensity; (b) fluorescence intensity as a function of incubation time. Ctrl~ means equal volume
of PBS without GaPplX.

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.*% 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).%2 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.*? 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 pm).
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.%?

1.1.5 GaPplX has Rapid and Robust aPDI Activity

Earlier work in our lab has shown that when using visible light, GaPplX 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 GaPplX was established using a light-emitting diode (LED) array
with monochromatic emission at 405-nm (1.40 J/cm?) to irradiate bacteria treated with GaPplX,

TMPyP, and PplX as reference PS. The aPDI activity of GaPplX 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 GaPplX dark toxicity (data not shown here).®® Total eradication (>6 logio reduction)
was observed at 235 nM (Figure 1.12a). By comparison, the aPDI activity of TMPyP and PplX
were 8 and 32-fold less potent than that of GaPplX. GaPplX also showed similar potency against
several clinical isolates of MRSA using the same condition (Figure 1.12b).%® No significant

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

GaPplX.
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Figure 1.12. (a) Antimicrobial photodynamic inactivation of a laboratory strain of S. aureus
(PC1203) using GaPplX, TMPyP, or PplX, with 10-s exposure to 405-nm light from a LED
array (1.4 J/cm?). (b) aPDI activity of GaPplX against several clinical isolates of MRSA (NRS
383, NRS 385, NRS 386 and NRS 387). Adapted from Morales et al.®

1.1.6 AgNP as a PDI-Enhancing Agent

The antimicrobial efficacy of silver has been well known for centuries.®” 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.%®"2 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.”*"> 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.%7" 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.’

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.”®% Moreover, smaller AgNPs (1-10 nm) are known to be
electroactive, which has been reported to enhance their reactivity.®#2 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 0157:H7.8384 |t 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.®
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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 Oz 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.® 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.® 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.® 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.® &’

In order to enhance the aPDI activity of GaPplX we chose to hybridize it with AgNPs, whose
absorbance overlaps with that of GaPplX absorbance centered at 405 nm. We expect the excitation
of GaPplX to be further amplified by AgNPs, further enhancing the production of 02 and ROS.
Our goal is to coat AgNPs with modified hemoglobin (Hb) in which hemin is substituted by
GaPplX, and to apply those toward aPDI treatment against bacteria that can cause skin infections.
The reason for using Hb is that GaPplX has poor solubility in water at physiological pH, although
it is highly soluble in organic solvents such as DMSO.88° As the native carrier of heme, Hb not
only increases the solubility of GaPplX and eliminates the use of organic solvent, but also targets

the bacteria more specifically through its recognition by CSHRs.*
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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 o and two
B globular subunits. Each subunit has a binding pocket that associated with a prosthetic heme
group. In a high pH and low CO:2 environment, Hb exists in a relaxed form that is conducive for
binding oxygen.®* Oxidation of the iron atom from Fe?* to Fe®" reduces its atomic diameter,
allowing it to pulled into the plane of the porphyrin ring.%? 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.® 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 GaPplX, 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.** Hemin was first
removed by treating Hb with mild acid to produce apohemoglobin (apoHb, Figure 1.14), which
was extracted using a literature procedure.®® Removal of the hemin is reflected by the
disappearance of the Soret band (Amax ~ 400 nm) from the absorbance spectrum (Figure 1.15). At
0 °C, 4 equiv. of GaPplX was added to 1 equiv. of apoHb to produce GaHb. The Soret band (Amax
~ 415 nm) reappeared with a slight redshift relative to free GaPplX and Hb, consistent with

previously reported results.%
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Figure 1.14. GaHb is prepared by removing hemin from hemoglobin then inserting GaPplIX.
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Figure 1.15. Absorbance spectra of Hb (red), apoHb (green), GaHb (blue), and GaPplX (orange).

Hemoglobin in physiological conditions exists in a dimer—tetramer equilibrium (Ka ~3 uM),*’
and to a less significant extent a monomer—dimer equilibrium (Kq << 1 pM).*® We believe apoHb
and GaHb to exist mostly as ap-dimer subunits in our experiments, according to previous
literature.®® The dissociation constant for hemin and the Hb af-subunit have been measured by
Hargrove, with estimates in the range of 1.7-42 pM.1® To determine whether Hb had a similar
binding affinity for GaPplX, we used fluorescence polarization to measure the dissociation
constant between GaPplX 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 af-subunit (~32 kDa), the tumbling rate of GaPplIX (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 (Kg).1%

We incubated the 100 nM of GaPplX with different amounts of apoHb of3-subunit for over 4
hours in phosphate buffered saline (PBS) at 4 °C before measurement. The absorption density (q)
was measured as a function of afp-subunit concentration at 37 °C (Figure 1.16). Our results gave a
dissociation constant (Kd) of 24 nM; if both o and B units are assumed to bind GaPplX equally, the
actual Kq value is close 48 nM. This number is quite large compared with the Kq value of hemin-
Hb dimer reported in the literature (1.7-42 pM), but there are several reasonable explanations for
the discrepancy.’® 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 Kq value
was generated by measuring the changes of the fluorescence intensity (Al) of GaPplX between
bound and unbound states. Another reason could be that FePplX bound Hb more tightly than

GaPplX.
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Figure 1.16. Normalized changes in fluorescence intensity (Al) of 200 nM GaPplX versus
concentration of apoHb af-subunits, fitted to a Langmuir—Freundlich isotherm. g is normalized
changes of the fluorescence intensity; Ka is association constant in nM™; ¢ is ap-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

344

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 (Amax 405 nm, 1.4 J/cm?). 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 GaPplX, followed immediately by a 10-second
exposure to 405-nm LED light (140 mW/cm?). 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 GaPplX 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 pg/mL), GaHb (0.66 pg/mL), GaPplX (27 ng/mL), and 10-nm AgNP
(5 pg/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.1%2

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.'®® 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/cm?) or 24 hours
incubation before the same light treatment. The results showed over 80% of intracellular MRSA
were killed at 22.6 ng/mL GaHb-AgNP and over 90% kill at 45.3 pg/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 pg/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.®
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Figure 1.22. Percent and log reduction in intracellular MRSA cell viability when treated with
45.3 ug/mL, 22.6 pg/mL and 11.3 pg/mLof GaHb-AgNPs, after an immediate or 24-hour
delayed exposure to 405-nm LED source (10 seconds, 140 mW/cm?). 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



43

treatment, we observed a high density of AgNPs around the bacteria, some of which had damaged

cell walls.

10 pm B ] ' 2 pum

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 ng/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.*® 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 pg/mL to 64 pg/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.



46

We also investigated the effect of aPDI on the inhibition of S. aureus biofilm formation.
Suspension of MRSA 300 bacteria were treated with GaHb, GaPplX, GaHb-AgNP and AgNP at
concentrations ranging from 0.6 to 40 pug/mL in units of AgNP or 3.5 to 233.5 ng/mL in units of
GaPplX, 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 ug/mL,
depending on the strain.%* Thus, greater than 90% inhibition was observed when the concentration
of vancomycin was over 0.25 ug/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

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

20 4 _ ; [ 20 4 . : (]
T T 1
] [ I [)
5 °7. - S g o i ST
3 " ) 3
= -20 4 = -20 4
£ £
§ -40 § 404
@ 3
o -60 GaHb o 60 4 = GaHb-AgNP
» GaPplIX = AgNP
-80 - GaHb-AgNP -80 4
100 L=y T T T T T r -100 T T r r r r r
233.5 1168 58.4 29.2 14.6 7.3 36 40 20 10 5 25 125 06
GaPplX Concentration (pug/mL) AgNP Concentration (ng/mL)

Figure 1.25. aPDI for MRSA biofilm inhibition when treated with various concentrations of (a)
GaHb, GaPplX, and GaHb-AgNP, and (b) GaHb-AgNP and AgNP after a 10-second exposure to
a 405-nm light (140 mW/cm?). 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/cm?). 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.'® 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.'® 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, GaPplX, GaHb-
AgNP or AgNP at either 20 and 40 ug/mL in units of AgNP or 116.8 and 233.5 ng/mL in units of
GaPplX, 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, GaPplX, GaHb-AgNP or AgNP, after a 10-second exposure to 405-nm light (140
mW/cm?). Each treatment was conducted in triplicate. 2 GaHb and GaHb-AgNP at same molar
equivalent as GaPplX.
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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-1.1% 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.107-1%8

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 ng/mL), antiseptic (0.1% PVP-
| or 0.04% CHG), or both were added to bacterial suspensions of 10" 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 Rv0203.1%° 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.’%®1% 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 ng/mL GaHb-
AgNPs only, 22.6 ng/mL GaHb-AgNPs and 0.1% PVP-I, 0.1% PVP-I only, 22.6 ng/mL GaHb-
AgNPs and 0.04% CHG, and 0.04% CHG only, after a 10-second exposure to 405-nm light (140

mW/cm?). 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 ug/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.tt-113
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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 ug/mL GaHb-AgNPs

for up to 24 hours prior to irradiation. Only at 45.3 ug/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/cm?).

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 pg/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

100

M Irradiated at O hr
M Irradiated after 24 hrs
m Dark

1]

45.28 22.64 11.32 5.66
GaHb-AgNP (png/mL)

9

o

8

[=]

7

o

6

[=]

5

o

A

% Cell Viability

3

o

2

[=]

1

Q

Figure 1.31. Cell viability assay for cytotoxicity against J774 cells. (N = 3). Irradiated cells were
incubated for O or 24 hours prior to 10-second exposure to 405-nm light (140 mW/cm?).

1.3 Conclusions

GaHb-AgNPs are effective photosensitizers against S. aureus and MRSA. The uptake of
GaPplX 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
ug/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 MQ-cm and passed through a 0.22-um 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 GaPplX was performed as published previously.!14115

Preparation and characterization of GaHb. Cofactor-free bovine Hb (apohemoglobin, or
apoHb) was prepared as previously reported.*%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 HCI, then
treated with 10 mL of cold ethyl methyl ketone while stirring. The solution was maintained at 0
°C 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 x 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 °C for future use.

For the preparation of GaHb, 15 mg of apoHb was dissolved at 0 °C in 10 mL of PBS (pH 6.5,
then treated dropwise with 200 pL of chilled 0.01 M NaOH containing 0.6 mg GaPplX (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 GaPplX. The GaHb
solution was dialyzed against PBS and deionized water, then lyophilized to yield a pink solid.
Insertion of GaPplX into apoHb was confirmed by UV-visible and CD spectroscopy.'%?

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 pL 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 pL of a GaHb-AgNP
suspension with 20 pL of 2% phosphotungstic acid solution and allowing it to stand for 30 minutes.
A 10 pL 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 GaPplX and apoHb In a solid black 96-well plate
(Corning Costar), various concentrations (0 nM-20 uM) of apoHb were mixed with 100 nM of
GaPplX (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 °C in capped culture tubes, until an
optical density of 1.0 was achieved (A = 600 nm), corresponding to a bacteria concentration of 10°
cfu/mL. A 100-uL aliquot of bacteria were then added to 10 mL of tryptic soy media containing 3
mM 2,2°-bipyridine and cultured at 37 °C 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/cm?).

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.'!8 In a typical
experiment, bacterial suspensions in 96-well plates (107 cfu/mL; 50 uL/well) were treated with 50-
uL aliquots of GaHb-AgNP solutions with final concentrations ranging from 22—1900 ng/mL in
GaPplX 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 GaPplX 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 GaPplX. 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.*®*2° Murine
macrophage cells (J774) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS at 37 °C in a 5% CO: 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 pg/mL) to kill extracellular MRSA. GaHb-AgNP was
subsequently added to each well at concentrations ranging from 11.3 to 45.28 pg/mL (three
replicates per test agent). After 24 hours incubation at 37 °C with 5% COz, 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 °C for 18-22 h before counting viable
colonies. Data are presented as logio (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 °C 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.t2122 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 pg/mL and/or vancomycin at a concentration range of 0.5 to 64 pg/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 (A = 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.'?32* 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 (A = 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 °C in capped culture tubes, until an optical density of 1.0 was achieved (A = 600
nm). aPDI was performed using a monochromatic LED array emitting at 405 nm with a tunable
power density (max. 140 mW/cm?).

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

uL/well) were treated with solutions of GaHb-AgNP or its components with final concentrations
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of 20 or 40 pug/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 °C in a 5% CO: atmosphere, with multiple passages
before use. Approximately 10° 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 10° cells was diluted with 7.2
mL of growth medium and added to a 96-well plate in 80-uL aliquots (10* cells/well), then
incubated for 18-24 hours at 37 °C. Experimental wells were treated with 20-puL aliquots of 10-
nm GaHb-AgNP (40-200 pg/mL), with final concentrations ranging from 5.7 to 45.3 pg/mL.
Control wells were treated with 20 pL of 0.005% Triton X-100 in growth medium (Ctrl") or
medium alone (Ctrl*). Cells were incubated with GaHb-AgNPs at 37 °C 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/cm?. Wells were immediately treated with 10 uL of MTT reagent (5 mg/mL)
then incubated for 4 hours at 37 °C, followed by 100 pL of detergent solution (10% Triton X-100
+ 0.1 M HCI 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 °C 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 10° cells was diluted with 7.2 mL of
growth medium and added to a 96-well plate in 80-pL aliquots (10* cells/well), then incubated for
2 to 3 days at 37 °C until confluent. Experimental wells were treated with 20-pL aliquots of 10-
nm GaHb-AgNP (40-200 pg/mL), with final concentrations ranging from 5.7 to 45.3 pg/mL. Cells
were incubated with GaHb-AgNPs at 37 °C 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/cm?. Wells
were immediately treated with 10 pL of MTT reagent (5 mg/mL) then incubated for 4 hours at 37
°C, followed by 100 pL of detergent solution (10% Triton X-100 + 0.1 M HCI 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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CHAPTER 2. 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.** The surface chemistry of gold
nanoparticles (AuNPs) is well established.>® 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.’® Iron oxide
NPs exist in various forms and have been used as medicines for treating chronic anemia (e.g.
ferumoxytol).® Iron oxide NPs with superparamagnetic properties have also been developed for
other biomedical applications such as contrast agents for magnetic resonance imaging,® as
transducers for magnetic hyperthermia,*"*2 and as carriers for field-directed drug delivery.*® 3

Bulk magnets have multiple ferromagnetic domains (Figure 2.1), and their magnetization (M)
is the vector sum of all domains.* 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® The
remanent megnetization (Mr) can be nullified by applying a coercive field Hc in the opposite
direction to the initially applied field.®

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

retain their magnetic moment when the external field is removed.'* Several types of iron-oxide
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NPs show superparamagnetism at room temperature, namely FesOs (magnetite) and y-Fe203
(maghemite). Supermagnetic iron-oxide NPs typically have no hysteresis loop, but have much
larger magnetic susceptibilities than that of paramagnetic materials.* 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.!

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

Ms

4
y

Figure 2.2. Theoretical model of magnetization M as a function of magnetic field H. Adapted
from Teja et al.*
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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,'®?? and dynamic modes of
darkfield imaging for enhanced contrast in environments with intrinsically high noise.?2°
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.?

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.?? 2’ The mean diameter of these
synthesized MGNPs was 100 nm.? 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,?22° using them on a large scale increases the amount of
hazardous waste generated, which is less appealing from the perspective of green chemistry.3%-1

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-* 18-21.24. 3244 Viarigble-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 FesO4 (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 AuCla ions, followed by nucleation and seeded growth by
the stepwise addition of N-methylhydroxylamine (NMH).?22" 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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Na,S,04/EDTA (RSD 20-30%)

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 FesO4 from mixtures of aqueous
FeCls and FeCly, a procedure commonly referred to as the Massart method.*® This economical and
green chemistry produces superparamagnetic FesOas 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 FesOs with crystalline domains on the order of 5
nm.?” Solutions are deaerated to minimize premature oxidation. For best results, slow mixing with
immersion in an ultrasonic bath helps to disperse the co-precipitated FesOa.

The colloidal FesO4 dispersions are stabilized with a conditioning polymer, an important factor
in aqueous MGNP synthesis. Previously, we found that colloidal FesO4 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.?? 2” However, other nonionic polymers and
polyelectrolytes can also be employed as peptizing agents for co-precipitated FesOs, which

suggests that chemisorption might not be necessary for MGNP synthesis. To test this, colloidal
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FesOa4 was stabilized with polyethylene glycol (PEG), dextran, polyvinylpyrrolidone (PVP), or one
of several polyelectrolytes, treated with histidine and AuCls 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 FesOa, prior to treatment with AuCls 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 AuCls 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 FesO4 for MGNP
synthesis but requires the added step of removing excess polymer and histidine prior to adding

AUuCla.
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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 FesO4 washed prior to reaction; (C) Au:Fe mole ratio = 4:1,

conditioned FesOs washed prior to adding AuCls. 2 15 wt% polymer. ® 0.015 wt% polymer. ¢ A
weak magnetic response was observed, suggesting low incorporation of Fe. ¢ 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.

Reac_ti_on Stabilizing Mean size RSD
Condition® Polymer (TEM)
[Au:Fe] =9 PEG, 5 kDa 550 nm 20%
(A) Dextran, 8 kDa @ 560 nm © 28%
Dextran, 50 kDa 260 nm >30%!
Dextran, 100 kDa 2 465 nm >30%
PAA, 1.2 kDa" 1.2 um° 29%
Pectin, >100 kDaP 500 nm 23%
PLH, 5-25 kDa 235 nm 27%
PSS, 70 kDa 360 nm >30%
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%
©) 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 AuCla.

Prior studies on MGNP synthesis indicated that the final Au:Fe mole ratio was much higher
than the mole ratio based on initial AuCls and FesOa (35.5 versus 9, respectively).?” To determine
whether MGNPs could be synthesized using less AuCls, 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 AuCla4
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 PVVP (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,* 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 AuCls and colloidal Fe3O4 conditioned
with 5-kDa PEG and L-histidine ([Au:Fe] = 9). (b—d) TEM images of MGNPs prepared from
AuCls and colloidal FesOa 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 FesO4 with 5-kDa PEG and L-histidine are sufficient to support the

scalable synthesis of MGNPs.
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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 FesO4 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 FesO4 washed prior to reaction. (A) rate of NMH
addition = 2.5 mL/h. (B) rate of NMH addition = 5.0 mL/h. 2 Mean values from 14 independent
experiments (standard error 27%).

Reaction . . Stabilizing Mean size
scale Reaction Condition Polymer (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) [AuFe] =1 PEG, 5 kDa 73nm >30%
[Au:Fe] = 0.5 PEG, 5 kDa 97 nm? 27%%
PEG, 20 kDa 150 nm >30%
Dextran, 50 kDa 178 nm 29%
250 mL [Au:Fe] =0.5 PEG, 5 kDa 129 nm >30%
150 -
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Figure 2.6. TEM image and size distribution analysis of MGNPs synthesized with constant
mechanical stirring and reagent addition (JAu:Fe] = 0.5). Reactions were performed on a 50-mL
scale. Scale bar: 100 nm
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2.2.2 Removing Residual Iron Oxide from MGNPs

While the synthesis of MGNPs is efficient with respect to AuCls, 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 FesOa, but is also likely
to include various Fe(lll) oxides and oxyhydroxides, which are well known to form insoluble
deposits.*® In previous studies, residual iron oxide was effectively removed by treatment with
bis(2-hydroxyethyl)dithiocarbamate (DTC),?> 2 formed in situ by the addition of diethanolamine
to CS2.4” 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 AuCls 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 Na—-EDTA and 10 mM Na2S20s at
room temperature. Scale bar: (a) 1 um and (b, ¢) 100 nm.
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Methods for removing iron oxide deposits often employ polyprotic acids to aid their dissolution
as iron salts.*® 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 H3POQa4 to provide the best overall outcomes,
however many samples contained residual iron oxide that resisted acid dissolution, suggestive of
Fe(l11) 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(lll) ions and
enhance their extraction from iron ores.*® The addition of 10 mM Na2S203 accelerated the etching
of residual iron oxide deposits, with efficient removal achieved using 1 mM EDTA under ambient
conditions (Figure 2.7c). The Na2S203 -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.>® 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.>! 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.?? 2
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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 Naz-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, dn = 108.6 nm) and dynamic
light scattering (Figure 2.10c, dn = 114.2 nm), both of which indicated a unimodal particle size

distribution.



87

14 4
1.2 4

1.0 4

oD

08+

0.6 4

04

T T T 1 T 1
200 300 400 500 60O 700 800
Wavelength (nm)

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.
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Figure 2.10. NTA size analysis of MGNCs before (a) and after (b) removing residual FesO4 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 (dn = 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 (hex = 1064 nm) showed weak signals between 500 and 2000 cm™ (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™ (Figure 2.11b, red), which could due to the adsorption of ions
and molecules used during the cleansing process, namely HsPOas, Na2S20sand 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 HsPO4, Na2S203, or EDTA. The results showed that both Na2S203
treated MGNPs and cleansed MGNPs share the S-S band at 450 cm™ and Au-S band at 260 cm'™*
(Figure 2.11b, red and orange).>*>® This demonstrates clearly that Na2S20s3 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™ region were eliminated (Figure 2.11c, black and red). We also saw surface-enhance

Raman scattering blow 600 cm™ regions (Figure 2.11c, red).
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Figure 2.11. (a) ATR-IR spectra and (b) Raman spectra (Aex = 1064 nm) acquired from samples
after various surface treatments; sharp peak in orange at 500 cm™ from Si wafer. (c) FT-Raman
spectra (Aex = 1064 nm) from samples after each step. The Raman signals intensities of Fe3O4
and PEG-his-Fe304 samples were amplified 500x 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 FesO4 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.>
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(Il) or Fe(lll) ions or molecular iron-oxide. A previous study synthesized Au-rich
Fe—Au alloy nanoparticles that showed homogeneous nucleation of gold along with iron.> As they
decreased the initial Au:Fe mole ratio, this alloy nanoparticle had a red-shift of plasmon
resonances,® 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.%¢-% 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 (I111) and Fe (I11) in aqueous solution with the assistance of surfactants.>*° They
are relatively small in size (6-8 nm), however exhibited a small magnetic hysteresis at room

temperature, which suggests superparamagnetic nanoparticles.
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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 1l 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).
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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.
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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 MQ-cm and passed through a 0.22-um 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-uL 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
(dn) 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% HCI.

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 y-
Fe203.5! 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 (Fe3Oa4) was prepared
by co-precipitation, using 648 mg of FeCls (4 mmol) and 398 mg of FeCl2-4 H20 (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 FesO4 was precipitated by
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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 FesO4, 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 FesO4
(2.5 mg in 500 uL) was added to 10 mL of an aqueous solution of L-histidine (1 mg/mL), adjusted
to pH 5-6 using 0.1 M HCI, then incubated at room temperature for 1 h. Excess histidine was
removed by precipitating the colloidal FesOa4 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-uL aliquot of 5% w/v
HAUCI4 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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ABSTRACT: Antimicrobial photodynamic therapy (aPDT) is JNANOMOIAr GaRAIKE
a promising method for the topical treatment of drug-resistant 7 0
staphylococcal infections and can be further improved by
identifying mechanisms that increase the specificity of photo-
sensitizer uptake by bacteria. Here we show that Ga(Ill)-
protoporphyrin IX chloride (Ga-PpIX), a fluorescent hemin
analog with previously undisclosed photosensitizing properties,
can be taken up within seconds by Staphylococcus aureus
including multidrug-resistant strains such as MRSA. The uptake
of Ga-PpIX by staphylococci is likely diffusion-limited and is
attributed to the expression of high-affinity cell-surface hemin receptors (CSHRs), namely iron-regulated surface determinant
(Isd) proteins. A structure—activity study reveals the ionic character of both the heme center and propionyl groups to be
important for uptake specificity. Ga-PpIX was evaluated as a photosensitizer against S. aureus and several clinical isolates of
MRSA using a visible light source, with antimicrobial activity at 0.03 #M with 10 s of irradiation by a 405 nm diode array (1.4 J/
cm?); antimicrobial activity could also be achieved within minutes using a compact fluorescent lightbulb. GaPpIX was not only
many times more potent than PpIX, a standard photosensitizer featured in clinical aPDI, but also demonstrated low cytotoxicity
against HEK293 cells and human keratinocytes. Ga-PpIX uptake was screened against a diverse panel of bacterial pathogens
using a fluorescence-based imaging assay, which revealed rapid uptake by several Gram-positive species known to express

CSHRs, suggesting future candidates for targeted aPDT.

KEYWORDS: staphylococci, MRSA, photodynamic therapy, hemin, porphyrins, targeted delivery

S taphylococcus aureus and its multidrug-resistant (MDR)
strains remain the leading cause of hospital-associated
infections, despite attempts to address this problem over the
last several decades.' ™ Vancomycin, the current gold standard
for combating methicillin-resistant S. aureus (MRSA), is
compromised by the rise of vancomycin-resistant strains, and
while newer drugs such as linezolid and daptomycin have been
recommended as alternatives,” MRSA strains with demon-
strated resistance against these have already emerged.” In fact,
the speed with which S. aureus and other pathogens can
develop or acquire antibiotic resistance threatens to jeopardize
any therapy that relies on conventional drug paradigms.”

A possible exception to this argument is antimicrobial
photodynamic therapy (aPDT), in which a photosensitizer is
delivered to microbial pathogens for generating singlet oxygen
and other reactive oxygen species (ROS) upon irradiation with
light.”” aPDT cannot be easily overcome by established
mechanisms of antibiotic resistance'” and has been found to be
particularly effective against Gram-positive MDR bacteria such
as MRSA."" aPDT can be applied in situations that are not
limited by light penetration into tissue, and has been found to
be compatible with keratinocytes;'” established clinical aPDT
examples include the topical treatment of acne'*'* and the

<7 ACS Publications  © 2018 American Chemical Society
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decolonization of bacteria in oral cavities (periodontal
disease).'”"® Ongoing clinical trials and in vivo studies indicate
that aPDT should also be effective for disinfection of open
wounds,' ™" and decolonization of exposed skin prior to
surgery to mitigate postoperative infections.”

Topically administered aPDT holds great promise to reduce
or prevent MRSA infections, but the efficient delivery and
selective uptake of photosensitizers should also be consid-
ered.'”" For example, many photosensitizers are cationic or
hydrophobic in nature, resulting in their indiscriminate uptake
into mammalian cells as well as bacteria. This not only
contributes toward collateral cytotoxicity, but also reduces the
amount of available photosensitizer for aPDT. Such issues are
being addressed by developing photosensitizer conjugates for
their targeted delivery to bacteria.”’ Molecular uptake
pathways associated with bacterial virulence are especially
attractive in this regard, although incorporation of a targeting
ligand may result in added complexity.

Hemin acquisition systems offer natural portals for the
bacterial uptake of photosensitizers and obviate the need to
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Figure 1. Absorbance (---) and emission (—) spectra for Ga-PpIX (8 uM in DMSO, red) with comparison to PpIX (blue). Structure of Ga-PpIX

shown at left.

design synthetic conjugates. Although hemin itself (Fe(III)-
protoporphyrin IX chloride, or Fe-PpIX) does not have
photosensitizing properties, deferrated species such as PpIX
and hematoporphyrin (HP) are highly photoactive and have
been widely used in aPDT.**** Non-iron metalloporphyrins
are also good candidates for uptake by hemin acquisition
systems, many of which are chemically more robust than their
unmetalated forms.”'™*’ Seminal work by Stojiljkovic has
shown that non-iron PpIX species are readily taken up by
bacterial hemin uptake pathways and also exhibit low collateral
toxicity in human cell lines and in rodent models.”* Non-iron
PpIX sgecnes have been investigated as antimicrobial
agents,” but remarkably their utility for aPDT remains to
be explored,” despite the long history of porphyrin-based
photosensitizers in photodynamic therapies.

In this work, we show that Ga(IlI)-protoporphyrin IX
chloride (Ga-PpIX), a fluorescent analog of hemin, exerts an
antimicrobial effect against S. aureus and several clinical isolates
of MRSA at nanomolar concentrations, following a 10-s
exposure to a visible light source array operating at 405 nm.
The uptake of Ga-PpIX by S. aureus is faster than our ability to
measure experimentally and appears to be diffusion-controlled.
The primary mechanism of Ga-PpIX uptake involves cell-
surface hemin receptors (CSHRs), most likely the iron-
regulated surface determinant (Isd) proteins in the case of .
aureus,”** which can be exploited for targeted delivery.
Structure—uptake studies using various PpIX derivatives reveal
important features for rapid and specific uptake by this
pathway. We also show that Ga-PpIX is superior in potency to
several other photosensitizers, yet has low dark cytotoxicity to
human kidney cells and keratinocytes, as well as negligible
phototoxicity to the latter under aPDT conditions. Lastly, we
establish the importance of CSHRs for targeted Ga-PpIX
uptake by screening a wider panel of Gram-positive and
-negative bacteria having diverse hemin acquisition systems,
and we identify several other pathogens as candidates for rapid
aPDT.

B RESULTS AND DISCUSSION

Photophysical Properties of Ga-PplX. Absorption
spectroscopy of PpIX (prepared by deferration of hemin
chloride with iron powder) and Ga-PpIX (prepared by
microwave heating with anhydrous GaCl;) reveals a distinct
change in the Q bands (475—650 nm) characteristic of metal
substitution but a modest narrowing of the Soret band at 405
nm (Figure 1).*® Fluorescence spectroscopy reveals a blueshift
in the emission band of Ga-PpIX of over 80 nm, with a primary
emission band at 575 nm and secondary emission at 628 nm.
The fluorescence quantum yield of Ga-PpIX at 405 nm is 6.3%,
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which is sufficient for quantitative image analysis of bacterial
labeling or uptake. The singlet-oxygen quantum yield (¢,) of
Ga-PpIX is estimated by the electron paramagnetic resonance
(EPR)-based method, described by Nakamura et al,* using a
405 nm light-emitting diode (LED) array for excitation and
tetrakis( 1-methyl-4-pyridinio)porphyrin (TMPyP) as a refer-
ence compound (¢, in water: 77%).* Standard curves of EPR
signal intensities yield a ¢, of 45% (Figure S2, Supporting
Information).

Bacterial Uptake of Ga-PplX. In a previous study on the
bacterial recognition of hemin, we found S. aureus to be
especially avid in its binding of hemin conjugates with
observable adhesion on the order of minutes, leading us to
postulate the role of high- afﬁmty CSHRs (specifically Isd
proteins) in rapid hemin uptake.”” Isd expression is well-
known to be activated by the ferric uptake regulator (fur) gene
and increases upon iron deprivation.””*® This leads us to
compare Ga-PpIX uptake by S. aureus cultured in standard and
iron-limited conditions, with modest levels observed by the
former but dramatically higher uptake by the latter,
corresponding with greater avidity (Figure S4, Supporting
Information). Iron-deficient conditions are relevant from a
clinical perspective, as the body withdraws all available sources
of iron during infection, inducing pathogens to express various
iron acquisition systems including CSHRs.

In this study, Ga-PpIX was deployed as a fluorescent hemin
analog to characterize its rate of uptake by S. aureus using flow
cytometry. Suspensions of S. aureus (PC 1203) cultured in
iron-deficient media were rapidly mixed with Ga-PpIX in
phosphate buffered saline (PBS), incubated at room temper-
ature for fixed intervals between 10 s and 40 min, and then
fixed with 4% paraformaldehyde and subjected to flow
cytometry. Remarkably, only minor variations in fluorescence
were observed, regardless of exposure times to Ga-PpIX
(Figure 2). The absence of a fluorescence buildup period over
time implies that the capture of Ga-PpIX by CSHRs is likely
diffusion-controlled.

While the rapid bacterial uptake of Ga-PpIX is of primary
interest, we considered whether Ga-PpIX accumulation might
be affected adversely by the activation of bacterial efflux
pumps, a known mechamsm for removing excessive hemin to
prevent acute iron toxicity.” In this study, we did not obtain
conclusive evidence of Ga-PpIX-activated efflux, relative to the
time scale of photodynamic inactivation (see below). Given
our observation of rapid Ga-PpIX uptake, we reasoned that
maximum aPDT efficacy could be achieved by applying light
irradiation immediately after introducing Ga-PpIX, and would
also circumvent hemin efflux as a potential resistance
mechanism.
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Figure 2. Flow cytometry of S. aureus treated with Ga-PpIX as a
function of incubation time (plotted on log scale; Ctrl™ = no Ga-
PpIX). Bacteria were fixed with paraformaldehyde prior to analysis.
All runs based on gated bacteria populations and reported as mean
fluorescence values.

To elucidate the most relevant structural features for Ga-
PpIX uptake by S. aureus, we performed a competitive uptake

assay using one equivalent of hemin against Ga-PpIX (1),
PpIX (2), and 11 other fluorescent porphyrin derivatives, with
evaluation by fluorescence imaging after 15 min of
coincubation (Figure 3 and Table S1, Supporting Informa-
tion). These studies were guided in part by insights taken from
the X-ray structures of hemin and Ga-PpIX within the binding
pocket of IsdH:"’ (i) apical coordination of the trivalent metal
center by a tyrosine residue; (ii) flanking of the vinyl groups on
pyrrole rings A and B by nearby aromatic residues; and (iii)
the extension and presumed hydration of the propionyl groups
(rings C and D) outside of the binding pocket.

The competitive uptake assay produced three important
observations: (i) the uptake of Ga(IIT)-PpIX (1) was strongly
affected by competition with hemin chloride, with greater than
80% reduction in fluorescence versus the positive control
without hemin; (ii) the uptakes of diacids PpIX (2), Zn(II)-
PpIX (3), HP (4), and Zn(II)-HP (5) were moderately
affected by hemin; and (iii) uptakes of dimethyl diesters 6—8
(derived from 1, 2, and 4), tetraesters 9 and 10 (di-O-acetyl
and -succinyl derivatives of 8), diacetyldeuteroporphyrins

HO

1: M = GaCl (Ga-PplX)
2: M = 2H (PpIX)
3: M =2Zn (Zn-PplX)

RO CO,Me

o
CO;Me
8: R = H (HP diMe)
9: R = COCHj (DiAcHP diMe)
10: R = CO(CH,),CO,H
(DiSuccHP diMe)
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Figure 3. Competitive uptake of PpIX derivatives 1—13 by S. aureus (PCI 1203) versus one equivalent of hemin (15 min coexposure). Ga-PpIX 1
uptake inhibition (red) is greater than that of other PpIX diacid and diester derivatives (blue and black, respectively). All values are relative to
uptake in the absence of hemin; see Supporting Information for complete details.
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Figure 4. (a) Antimicrobial photodynamic inactivation of S. aureus (PC 1203, ATCC 10537) using Ga-PpIX in PBS (pH 7.4), with 10-s exposure
to 405 nm light from a LED array (1.4 J/cm?). aPDI activities of two other photosensitizers (TMPyP and PpIX) were evaluated under identical
conditions for comparison. (b) aPDI activity of Ga-PpIX against several clinical isolates of MRSA. Bacteria were plated after irradiation and
incubated at 37 °C for 20 h to obtain log reduction values; antimicrobial action and eradication correspond to 3- and 6-log reductions in CFU/mL,

respectively. All experiments were performed in triplicate.

(DiAcDP) 11 and 12, and verteporfin 13 were all less affected
by hemin relative to their diacid counterparts, indicating
nonspecific uptake as a major or dominant mechanism.

The competitive uptake of 1 (in red) versus compounds 2—
S (in blue) suggests that the CSHRs on S. aureus have stronger
affinity for ionic heme groups (with trivalent metal ions) and
weaker affinity for neutral ones, with nonspecific uptake
pathways gaining significance in the latter case. Replacement of
carboxylic acids with nonionizable esters (compounds 6—13)
resulted in further loss of selective uptake, to the extent that
CSHR expression no longer played a major role. These
observations were confirmed by control experiments using S.
aureus cultured in standard (iron-replete) media, with a large
decrease in the uptake efficiency of 1 and a moderate decrease
in the case of 2, but with little or no effect for several diester
derivatives, indicating uptake of the latter to be independent of
CSHR activity (Figure S5 and Table S2, Supporting
Information). We therefore conclude that the ionic character
of the heme group is important for selective uptake by CSHRs
and that esterification of the propionyl groups increases
lipophilicity and contributes toward loss of specificity.

Antimicrobial Photodynamic Inactivation (aPDI). Ga-
PpIX was initially evaluated as a photosensitizer against a
laboratory strain of S. aureus (PC 1203). Studies were
performed in the context of topical administration using a
hand-held LED array operating at 405 nm (30 mW/cm? per
LED), a visible wavelength with no risk of DNA damage.
Antimicrobial photodynamic inactivation (aPDI) experiments
were performed on bacterial suspensions in 96-well plates;
wells were treated with aliquots of Ga-PplIX, followed
immediately by a 10-s exposure to 405 nm light using the
LED source (140 mW/cm?; see Experimental Section for
complete details). The aPDI activity of Ga-PpIX against .
aureus is remarkably rapid and potent, with 10 s of irradiation
(ca. 1.4 J/cm?®) resulting in a 2.87 + 0.12 log reduction in
colony-forming units (CFU) per mL at 0.03 #M, and complete
eradication (>6 log reduction in CFU/mL) at 0.24 uM (Figure
4a). Light exposure for 30 s did not produce a clear increase in
potency for aPD], although eradication was observed at a lower
Ga-PpIX dose (Table 1). In contrast, Ga-PpIX exhibited only
modest bactericidal activity in the absence of light, with a 3-log
reduction at approximately 70 #uM. The photodynamic effect

1567

Table 1. aPDI Activity of Ga-PpIX against Various S. aureus
Strains

light exposure antimicrobial activity (3- eradication (>6-log
(in seconds)” log reduction) reduction)
aPDI
conc. (uM) pouncy" conc. (uM)
S. aureus (PCI 1203; ATCC 10537)
0 s (dark) 70
10s 0.03° 2400 0.24
30s <0.06" 0.12
MRSA (USA200), Clinical Isolate NRS 383
0 s (dark) 363
10s 0.06 600 0.12
30s <0.06" <0.06"
MRSA (USAS00), Clinical Isolate NRS 385
0 s (dark) >145°
10s 0.09 >1600 0.47
30s <0.06" <0.06"
MRSA (USA700), Clinical Isolate NRS 386
0 s (dark) >145°
10s 0.12 >1200 0.24
30s 0.06 >2400 0.24
MRSA (USA800), Clinical Isolate NRS 387
0 s (dark) 726
10s 0.06 1200 1.88
30s 0.06 >0.24

“Irradiated with 405 nm LED array (140 mW/cm? per well), with 10-
and 30-s exposure times corresponding to 1.4 and 4.2 J/cm?,
respectively. “Fold reduction in Ga-PpIX concentration, relative to
dark toxicity (no light exposure). “3-log reduction within 16 of
experimental value. “Lowest concentration tested at this fluence; > 3-
log CFU/mL reduction. “Highest concentration tested; < 3-log CFU/
mL reduction. “Highest concentration tested; < 6-log CFU/mL
reduction.

thus increased the potency of Ga-PpIX against S. aureus by
over three orders of magnitude relative to its dark toxicity.
The aPDI activity of Ga-PpIX was compared against two
other photosensitizers with similar 4,,,, values, under identical
conditions: TMPyP (4,,,, 421 nm), a tetracationic porphyrin
that has also been noted for its rapid and potent aPDL*""** and
PpIX (A 405 nm), the photoactive species generated in situ
during clinical aPDT with S-aminolevulinic acid."*'* aPDI

DOI: 10.1021/acsinfecdis.8b00125
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studies using the 405 nm LED source show both photo-
sensitizers to be active at this wavelength, but less potent than
Ga-PpIX by an order of magnitude (Figure 4a). The dark
toxicities of TMPyP and PpIX against S. aureus were evaluated
and determined to be 7.4 uM and 36 uM, respectively,
meaning that their photodynamic effects increased their
potency by less than two orders of magnitude.

To establish the efficacy of Ga-PpIX-mediated aPDI against
MDR strains of S. aureus, we tested several clinical isolates of
MRSA known to exhibit resistance to various antibiotics
including macrolides, aminoglycosides, lincosamides, and
fluoroquinolones (Figure 4b and Table 1). Antimicrobial
activity against these strains was achieved using 0.06—0.12 uM
Ga-PpIX and 10 s of irradiation by the 405 nm LED source;
increasing the irradiation time to 30 s guaranteed a 3-log
reduction in all strains using 0.06 #M, with >6-log reduction in
two cases. These results support our assumption that Ga-PpIX
can be developed for aPDT against S. aureus infections,
regardless of their MDR status. The consistent response to Ga-
PpIX treatment is encouraging, as efficacy between strains can
vary in antimicrobial photodynamic therapy.

To determine whether Ga-PpIX-mediated aPDI could be
achieved using a less powerful light source, experiments were
also performed using a 20-W compact fluorescent lightbulb
(CFL) with violet light emission near the Soret band of Ga-
PpIX (Apax 406 nm; Figure S7, Supporting Information). aPDI
against S. aureus could be achieved at micromolar concen-
trations within § min and <1 gM within 15 min exposure to
the CFL source, the latter corresponding with a 2-log increase
in potency relative to dark toxicity (Figure 5 and Table S3,

0+ LR N N I I A
- . .
g Vv 5 * e ..
3 £ T .,
%) v 2 . =
= 34 . o
.é i action
g ®  no irradiation
® 5min
g A 10 min
e 6 v 15min
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v
.
0.1 01 1 10 100
[GaPpIX] (uM)

Figure 5. Normalized survival plots of S. aureus (PC 1203) as a
function of Ga-PpIX concentration and exposure time to 406 nm light
from a 20-W compact fluorescent lightbulb (CFL). Antimicrobial
action and eradication correspond to 3- and 6-log CFU/mL
reduction, respectively.

Supporting Information). Ga-PpIX mediated aPDI against
clinical MRSA strains using the CFL source was comparable to
that observed with the laboratory S. aureus strain (1-5 uM);
the aPDI activity of PpIX was also evaluated with CFL
irradiation and found to be less than that of Ga-PpIX as
expected (Table S3). Overall, we find that Ga-PpIX can
produce respectable levels of aPDI with an off-the-shelf CFL
source, when using exposure times on the order of minutes. In
this context, it is worth mentioning a recent report in which §
UM of photosensitizer (TMPyP) was sufficient to produce
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aPDI using ambient lighting at a power density of 0.13 mW/
cm?, within a 10 min exposure time. A

Cytotoxicity Studies. Ga-PpIX was tested for toxicity
against human kidney cells (HEK293) and keratinocytes
(HaCaT), the former to address potential systemic effects and
the latter for topical exposure with and without light
irradiation. HEK293 cells were evaluated for dark toxicity
using the MTT assay following a 72-h incubation with Ga-
PpIX from 0.6 uM up to 20 uM, above the limits needed for
aPDI based on the response curves in Figure S. Signs of
mitochondrial cytotoxicity were observed starting at S uM (p <
0.05); however, cell viabilities remained above 90% even at the
highest concentration (Figure 6a).
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Figure 6. (a) Cytotoxicity of Ga-PpIX against HEK293 cells versus
concentration; #, p < 0.05 (N = 3). (b) Effects of Ga-PpIX (20 uM)
and 405 nm irradiation (10-s LED exposure) on HaCaT cells with
different incubation times following treatment. Dark controls (no light
exposure) presented in dark gray; %, p < 0.005 (N = 3). A complete
set of p values is provided in the Supporting Information (Tables S4
and SS).

Viability assays were also performed with HaCaT cells using
20 uM Ga-PpIX and 10 s of irradiation by the LED source,
with different incubation times (Figure 6b). Modest dark
toxicity was observed after a 22-h incubation period (85%
viability; p > 0.1), but a 10-s exposure to 405 nm irradiation
stimulated cell growth or activity, with no adverse effect by Ga-
PpIX (165—170% viability; p < 0.005). The stimulation of cell
activities by short periods of laser or LED irradiation has been
noted by others, particularly in the context of low-level light

DOI: 10.1021/acsinfecdis.8b00125
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Figure 7 CSHR-expressing bacteria (Type 1) and hemophore-harvesting strains (Type 2), distinguished by their rates of hemin (or Ga-PpIX)

uptake.”’

therapy."* We thus conclude that Ga-PpIX mediated aPDI is
compatible with mammalian systems, under the conditions
presented in this study.

Rapid Uptake of Ga-PpIX by Other Bacterial
Pathogens. S. aureus is not the only bacterial species that
can express CSHRs enabling rapid hemin acquisition; indeed,
studies aimed at elucidating the roles of specnﬁc heme
transporters in aPDT are just now emerging.”’ To determine
whether Ga-PpIX might be considered for targeted aPDT
against additional pathogens, we developed a fluorescence
imaging assay and screened a diverse panel of Gram-positive
and negative bacteria for rapid Ga-PpIX uptake. On the basis
of prior studies,”” we expected bacteria to fall into three types:
(1) those capable of rapid hemin acquisition via expression of
CSHRs; (2) those that acquire hemin by the release and
recovery of harvesting proteins (hemophores),” with a
consequent delay in hemin acquisition rate; and (3) species
that do not produce hemin-harvesting systems for iron
acquisition (Figure 7).

Bacteria were typically cultivated under iron-deficient
conditions and treated with Ga-PpIX at a fixed concentration
for 15 to 60 min, then centrifuged and redispersed in PBS and
imaged by fluorescence microscopy using a standard micro-
scope. Those that achieved fluorescence saturation within the
first 15 min were assigned as Type 1; those that accumulated
fluorescence more slowly were assigned as Type 2 (Figure 8
and Table 2). Type 1 bacteria include Gram-positive species
such as staphylococci (S. aureus and S. epidermidis), Bacillus
anthracis, Cornyebacterium diphtheria, and Streptococcus pneu-
moniae. CSHRs for the first four species are well characterized,
but the hemin acquisition system for S. pneumoniae is currently
unassigned and awaits further study.”””’ We note that at least
two Type 1 pathogens are on government watchlists: B.
anthracis can be weaponized for biological warfare with up to
90% mortality rate upon inhalation or ingestion,r and S,
pneumoniae is a vector for community-acquired pneumonia,
especially among young children.””

To further illustrate the differences in Ga-PpIX uptake
between Type 1 and Type 2 bacteria, we performed confocal
fluorescence microscopy on S. aureus and Yersinia enterocolitica,
a Gram-negative species that acquires hemm through HemR, a
TonB-dependent hemophore receptor.”® As expected, S. aureus
was strongly and uniformly labeled within the first 15 min,
indicative of saturation; in contrast, the fluorescence of Y.
enterocolitica was initially weak and heterogeneous but
gradually increased over a 60 min period (Figure 9). This
supports our hypothesis that hemin (or Ga-PpIX) acquisition
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Figure 8. Ga-PpIX uptake by representative bacteria, classified into
three types based on rates of saturation. Threshold of significance
(gray line) is defined by the escence of S. enterica, a Type 3
species, and set at a unit value of one. Data for image analysis
collected in triplicate; see Supporting Information for complete

details.

by Type 2 bacteria is delayed by the extra step of hemophore
retrieval (Figure 7).

In conclusion, CSHR-expressing pathogens such as S. aureus
can be targeted for potent photodynamic inactivation within
seconds using Ga-PpIX and 405 nm light irradiation. A
structure—activity study reveals the importance of ionic
character and the presence of free propionyl units in the
specific uptake of Ga-PpIX. Antimicrobial activity is achieved
with nanomolar Ga-PpIX using a monochromatic LED source;
a lower but still respectable level of aPDI could be achieved
with micromolar Ga-PpIX using an off-the-shelf CFL source.
Ga-PpIX is highly active against several strains of MRSA, yet
exhibits low dark toxicity against HEK293 cells and negligible
phototoxicity against HaCaT cells under aPDI conditions,
paving the path toward in vivo studies using skin infection
models. Lastly, rapid Ga-PpIX uptake by several other (Type
1) pathogens has been established, broadening its potential
scope for targeted aPDT.

B EXPERIMENTAL SECTION

Hemin chloride and all reagents were obtained from
commercial sources and used as received unless otherwise
noted (see Supportmg Informatlon) The optimized syntheses
of Ga-PpIX (1),”” PpIX (2),*" and derivatives 6, 11, and 12 are
described in Supporting Information; the syntheses of Zn-
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Table 2. Bacterial Pathogens Featured in Ga-PpIX Uptake
Assay”

Culture Hemin Acquisition
Bacteria, by Classification Conditions Proteins®
Type 1 (CSHRExpressing)
Bacillus anthracis (Ames 35) tryptic soy Isd (C,EX1,X2),
BslK, Hal
Corynebacterium diphtheriae brain—heart HmuT, Hta (A,B)*
(5159) infusion
Staphylococcus aureus(PCI 1203)  tryptic soy Isd (A,B,C,EH)
Staphylococcus epidermidis tryptic soy Isd (A,B,C,E,H)
(ATCC 155)
& iae (CDC  brain—heart 49,50
csi1 1) infusion” N
Type 2 (Hemophore Producing)
Acinetobacter baumannii (DSM  nutrient broth unassigned®' >
6974)
Escherichia coli O157:H7 (CDC  tryptic soy ChuA, Hma, ShuA™
EDL 933)

Klebsiella pneumoniae(S 389) nutrient broth unidentified**

Listeria monocytogenes(J0161) brain—heart HupC, Hbp2/SvpA
infusion
Haemophilus influenzae (AMC gonococcal Hgp (A,B,C), Hup,
36-A-5) medium” HxuC

Pseudomonas aeruginosa (PAO1-  Luria—Bertani Has (A,R), PhuR
LAC)

Yersinia enterocolitica (WA-314)  Luria—Bertani HemR
Type 3 (Nonharvesters)

Enterococcus faecium (VRE) brain—heart

infusion
Sulf_?‘nella enterica typhimurium  nutrient broth
“Details taken from ref 46 unless otherwise noted. $% CcO,
atmosphere. “Abbreviations: Bsl, B. anthracis S-layer; Chu, E.coli
heme utilization; Hal, heme-acquisition leucine-rich; Has, heme
acquisition system; Hbp, hemin binding protein; Hem, hemin
receptor; Hgp, hemoglobin/haptoglobin binding protein; Hma,
heme acquisition protein; Hmu, hemin uptake; Hta, hemin transport
associated; Hup, heme uptake; Hxu, hemopexin uptake; Isd, iron-
regulated surface determinant; Phu, Pseudomonas heme uptake; Shu,
Shigella heme uptake; Svp, surface virulence-associated protein.

Y- éiiteroeolitica
(15 miin)

S: ‘:atl}eus
(15 min)

¥ enterocolitica
(30-min)

Y. enterocolitica
(60 min)

Figure 9. Confocal fluorescence microscopy of Ga-PpIX uptake (bar
=5 um). (a) S. aureus after 15 min incubation; (b—d) Y. enterocolitica
(ovoid form) after 15, 30, and 60 min incubation.

1570

PpIX (3),”” hematoporphyrin (HP; 4) and Zn-HP (5),%° PpIX
dimethyl diester (7),"" HP dimethyl diester (8),°" and di-O-
acetyl- and di-O-succinyl-HP dimethyl diester (9, 10)*” were
synthesized from PpIX or HP as previously described in the
literature. Absorption spectra were collected on a Varian
CaryS0 spectrometer. Photoemissions were measured on a
Cary Eclipse fluorimeter with a gate time of 5 ms. EPR spectra
were obtained using a Bruker EMX X-band spectrometer
operating at 9.5 GHz and 5.02 mW, with a field modulation
amplitude of S g at 100 kHz. Flow cytometry was performed
using a BD Accuri C6 instrument (4./A., = 488/585 nm).
Fluorescence images were acquired using an upright micro-
scope with Hg lamp and filter set for 2, > 570 nm (Olympus
BXS1, U-MWG2), or a laser scanning confocal microscope
with 488 nm excitation and appropriate bandpass filter
(Olympus FV1000, DM405/488; BAS05—605). Care was
taken to minimize UV or laser exposure time to less than § s to
avoid bleaching of molecules. Fluorescence data analyses were
performed in triplicate using Image] 1.47v based on mean pixel
intensities from labeled bacteria (8-bit format).

Microbiological Culture Conditions. Bacterial strains
were obtained from the American Type Culture Collection
(ATCC), BEI Resources, or Microbiologics, and cultured at 37
°C in an aerobic atmosphere unless otherwise noted. Bacterial
suspensions were typically incubated for up to 16 h until an
optical density of 1.0 was achieved at 600 nm. Bacterial counts
were estimated in units of CFU/mL by plating serial dilutions
onto agar plates, followed by incubation for 16 h at 37 °C.
Iron-challenged conditions were typically achieved by first
growing the bacteria in standard (iron-replete) media, then in
media containing 3 mM 2,2"-bipyridine (Table 2). Further
details and variations on bacterial culture conditions are
provided in the Supporting Information.

Bacterial Uptake Assays of Ga-PpIX and Related
Derivatives. Bacteria were cultured and assayed in iron-
deficient media unless otherwise noted. A stock solution of Ga-
PpIX (200 #M) was prepared by dispersing 2.54 mg in 1 mL of
10% DMSO in PBS for 10 min protected from light, followed
by filtration and 20-fold dilution in PBS just prior to use. For
flow cytometry, bacterial suspensions (10° CFU in 0.5 mL)
were incubated with Ga-PpIX (73 uM) for specified periods
(10 s—40 min), then fixed with 0.5 mL of 4% paraformalde-
hyde and subjected to analysis without further processing. A
region of interest (ROI) based on forward scatter (FSC) and
side scatter (SSC) parameters was used to gate bacterial
populations (ca. 5 X 10* per data point) to exclude fluorescent
debris.”> For fluorescence imaging, bacterial suspensions (10*
CFU in 0.5 mL) were incubated with Ga-PpIX or related
derivatives (73 uM) for 15 min, then centrifuged and
resuspended twice in 0.5 mL deionized water, then deposited
onto glass slides in 10-yL aliquots and dried in air. More
details on image processing and flow cytometry analysis are
provided in the Supporting Information (Figures $3—S5).

Competitive Hemin Uptake Assay. Suspensions of S.
aureus (PCI 1203) were centrifuged and redispersed 3 X in 0.5
mL PBS and adjusted to a concentration of 10° CFU/mL.
Stock solutions of hemin and PpIX derivatives 1—13 were
mixed in a 1:1 ratio (0.5 mL), then added to bacterial
suspensions (10° CFU in 0.5 mL) and incubated for 15 min at
room temperature. For control studies, hemin or fluorophore
solutions were substituted with PBS to maintain constant
concentration. Bacteria were harvested and washed as
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described above and then evaluated by fluorescence micros-
copy for relative uptake efficiency.

Antimicrobial Photodynamic Inactivation (aPDI).
Studies were performed in triplicate using 96-well microtiter
plates with irradiation from a 405 nm LED array (Rainbow
Technology Systems, 140 mW/cm®) or a 20-W compact
fluorescent lightbulb (CFL; Sunlite SL20/BLB) housed in an
ellipsoidal reflector dome with emission at 406 nm (ca. 12.4
mW/cm?; see Supporting Information). Antimicrobial assays
were performed on planktonic bacteria at 10’ CFU/mL with
variable exposure times to CFL irradiation, followed by plating
on agar and incubation at 37 °C. In a typical experiment,
bacterial suspensions were transferred into microtiter plates
then treated with 100-uL aliquots of Ga-PpIX with final
concentrations ranging from 0.03 to 120 uM, followed
immediately with LED irradiation (10 s) or CFL irradiation
(up to 15 min). The irradiated bacteria were plated onto agar
in serial 10-fold dilutions (10’—10" CFU/mL); controls
included one set of wells without photosensitizer (Ctrl*) and
one set of wells with photosensitizer but without irradiation
(dark toxicity). Bacterial counts were determined by the drop-
plate method using TS—agar plates”* and recorded as mean log
values with an error of one standard deviation. Bacterial
susceptibilities were quantified by subtracting mean log values
from an initial value of 7, with the threshold for antimicrobial
activity defined as a 3-log reduction in cell count.

Cytotoxicity (MTT Oxidation) Assays. HEK293 cells
(ATCC CRL-1573) and HaCaT cells (AddexBio) were
cultured in DMEM containing 10% FBS, and incubated at
37 °C in a 5% CO, atmosphere, with multiple passages before
use. Trypsinized cells were added to 96-well microtiter plates
(10* cells/well) and incubated for 18—24 h before treatment
with Ga-PpIX (100 uM stock solution), with final concen-
trations ranging from 0.6 to 20 M. Control wells were treated
with DMEM/FBS (Ctrl*) or 0.005% Triton X-100 in media
(Ctrl™). HEK293 cells were incubated for 72 h, then treated
with MTT ($ mg/mL, 10 uL/well) and incubated for another
4 h at 37 °C. HaCaT cells were treated with 20 uM Ga-PpIX
and irradiated for 10 s using the 405 nm LED source, then
incubated for 0 or 22 h prior to MTT treatment. All cells were
fixed by adding 0.1 M HCI in isopropanol containing 10%
Triton X-100 (100 xL/well) and mixed for 12 h on a plate
rocker in dark at room temperature. Absorbance readings were
acquired at 570 nm (main absorbance) and 650 nm
(background).

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
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Data from photophysical measurements of Ga-PplIX;
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uptake assays; details on LED and CFL sources;
additional data from aPDI studies using CFL source; t-
tests for cytotoxicity assays; synthesis and 'H NMR
spectra of PpIX derivatives 1, 2, 6, 11, and 12 (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: alexwei@purdue.edu.

1571

ORCID ©

Ana V. Morales-de-Echegaray: 0000-0002-9468-5068
Waleed Younis: 0000-0001-5572-0142

Mohamed N. Seleem: 0000-0003-0939-0458
Alexander Wei: 0000-0002-8587-1037

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge financial support from the Depart-
ment of Defense (W911SR-08-C-0001) through the U.S. Army
RDECOM (Edgewood Contracting Division), the National
Science Foundation (CMMI-1449358), the National Institutes
of Health (RO1 AI130186), and the Purdue University Center
for Cancer Research (P30 CA023168). We thank BEI
Resources at NIAID for providing several of the bacterial
strains used in this study, David McMillin for assistance with
fluorimetry, Maria Mercado Ojeda and Zackery Hernandez for
contributions toward antimicrobial studies, Gregory Knipp for
providing HEK293 cells, and Kathy Raghed and ]. Paul
Robinson for their kind assistance with flow cytometry.

B REFERENCES

(1) Tarai, B,, Das, P., and Kumar, D. (2013) Recurrent challenges
for clinicians: Emergence of methicillin-resistant Staphylococcus aureus,
vancomycin resistance, and current treatment options. J. Lab.
Physicians S5, 71-78.

(2) (2013) Antibiotic Resistance Threats in the United States, Centers
for Disease Control and Prevention, Atlanta, GA.

(3) (2014) Antimicrobial Resistance: Global Report on Surveillance.
Fact Sheet No. 194, World Health Organization.

(4) Rodvold, K. A, and McConeghy, K. W. (2014) Methicillin-
Resistant Staphylococcus aureus Therapy: Past, Present, and Future.
Clin. Infect. Dis. 58, S20—527.

(5) Gu, B, Kelesidis, T., Tsiodras, S., Hindler, ]., and Humphries, R.
M. (2013) The emerging probl of linezolid-resi Staph-
ylococcus. ]. Antimicrob. Chemother. 68, 4—11.

(6) Skiest, D. J. (2006) Treatment Failure Resulting from Resistance
of Staphylococcus aureus to Daptomycin. J. Clin. Microbiol. 44, 655—
656.

(7) Chambers, H. F., and DeLeo, F. R. (2009) Waves of Resistance:
Staphylococcus aureus in the Antibiotic Era. Nat. Rev. Microbiol. 7,
629—-641.

(8) Wainwright, M. (1998) Photodynamic antimicrobial chemo-
therapy (PACT). . Antimicrob. Chemother. 42, 13—28.

(9) Hamblin, M. R,, and Hasan, T. (2004) Photodynamic therapy: A
new antimicrobial approach to infectious disease? Photochem.
Photobiol. Sci. 3, 436—450.

(10) Giuliani, F., Martinelli, M., Cocchi, A., Arbia, D., Fantetti, L.,
and Roncucci, G. (2010) In vitro resistance selection studies of
RLP068/Cl, a new Zn(II) phthalocyanine suitable for antimicrobial
photodynamic therapy. Antimicrob. Agents Chemother. 54, 637—642.

(11) Agrawal, T, Avci, P., Gupta, G. K., Rineh, A., Lakshmanan, §.,
Batwala, V., Tegos, G. P., and Hamblin, M. R. (2015) Harnessing the
power of light to treat staphylococcal infections focusing on MRSA.
Curr. Pharm. Des. 21, 2109-2121.

(12) Zeina, B, Greenman, J., Corry, D., and Purcell, W. M. (2003)
Antimicrobial photod: ic therapy: A of g ic effects
on keratinocytes in vitro. Br. J. Dermatol. 148, 229-232.

(13) Hongcharu, W., Taylor, C. R., Aghassi, D., Suthamjariya, K.,
Anderson, R. R, and Chang, Y. (2000) Topical ALA-Photodynamic
Therapy for the Treatment of Acne vulgaris. J. Invest. Dermatol. 115,
183—192.

(14) Ttoh, Y., Ninomiya, Y., Tajima, S., and Ishibashi, A. (2000)
Photodynamic therapy for Acne vulgaris with topical 5-aminolevulinic
acid. Arch. Dermatol. 136, 1093—1095.

DOI: 10.1021/acsinfecdis.8b00125
ACS Infect. Dis. 2018, 4, 1564-1573

110



ACS Infectious Diseases

(15) Braun, A,, Dehn, C., Krause, F., and Jepsen, S. (2008) Short-
term clinical effects of adjunctive antimicrobial photodynamic therapy
in periodontal treatment: A randomized clinical trial. J. Clin.
Periodontol. 35, 877—884.

(16) Sigusch, B. W., Engelbrecht, M., Vélpel, A., Holletschke, A.,
Pfister, W., and Schiitze, J. (2010) Full-Mouth Antimicrobial
Photodynamic Therapy in Fusobacterium nucleatum—Infected Perio-
dontitis Patients. J. Periodontol. 81, 975—981.

(17) Cassidy, C. M., Tunney, M. M., McCarron, P. A,, and Donnelly,
R. F. (2009) Drug delivery strategies for photodynamic antimicrobial
chemotherapy: From benchtop to clinical practice. ]. Photochem.
Photobiol,, B 95, 71—80.

(18) Kharkwal, G. B., Sharma, S. K., Huang, Y.-Y.,, Dai, T., and
Hamblin, M. R. (2011) Photodynamic Therapy for Infections:
Clinical Applications. Lasers Surg. Med. 43, 755—767.

(19) Maisch, T., Hackbarth, S., R 1 , J., Felg

) 5 =)

A,

Strains Displaying Different Antibiotic Resistance Phenotypes.
Antimicrob. Agents Chemother. 59, 7657—7665.

(32) Bhaumik, J. (2007) Synthetic Porphyrinic Macrocycles for
Photodynamic Therapy and Other Biological Applications, Ph.D. Thesis,
North Carolina State University, Raleigh, NC.

(33) Hammer, N. D., and Skaar, E. P. (2011) Molecular mechanisms
of Staphylococcus aureus iron acquisition. Annu. Rev. Microbiol. 65,
129-147.

(34) Maresso, A. W., Garufi, G., and Schneewind, O. (2008) Bacillus
anthracis secretes proteins that mediate heme acquisition from
hemoglobin. PLoS Pathog. 4, e1000132.

(35) Nakamura, K., Ishiyama, K, Ikai, H., Kanno, T., Sasaki, K.,
Niwano, Y., and Kohno, M. (2011) Reevaluation of analytical
methods for photogenerated singlet oxygen. J. Clin. Biochem. Nutr. 49,
87-95.

(36) Frederiksen, P. K., Mcllroy, S. P., Nielsen, C. B., Nikolajsen, L.,

Baumler, W., Landthaler, M., and Roder, B. (2011) Photody
inactivation of multi-resistant bacteria (PIB) — a new approach to
treat superficial infections in the 21st century. J. Dtsch. Dermatol. Ges.
9, 360—366.

(20) Septimus, E. J., and Schweizer, M. L. (2016) Decolonization in
Prevention of Health Care-Associated Infections. Clin. Microbiol. Rev.
29, 201-222.

(21) Alonso, C., and Boyle, R. W. (2010) Bioconjugates of
Porphyrins and Related Molecules for Photodynamic Therapy. In
Handbook of Porphyrin Science (Kadish, K. M., Smith, K. M., and
Guilard, R, Eds.) Vol. 4, pp 121-190, World Scientific. DOI:
DOI: 10.1142/9789814280228 0017.

(22) Dickson, E. F. G., Kennedy, ]. C., Pottier, R. H., and Patrice, T.
(2003) Photodynamic therapy using S-aminolevulinic acid-induced
protoporphyrin IX. In Photodynamic Therapy (Patrice, T., Ed.) pp
81—104 Royal Society of Chemistry, Cambridge. DOI:
DOI: 10.1039/9781847551658-00081.

(23) Malik, Z., Hanania, J., and Nitzan, Y. (1990) New trends in
photobiology bactericidal effects of photoactivated porphyrins— An

Sk , E., Jorg M., Mikkel K. V,, and Ogilby, P. R. (2005)
Two-Photon Photosensitized Production of Singlet Oxygen in Water.
J. Am. Chem. Soc. 127, 255—269.

(37) Maltais, T. R., Adak, A. K., Younis, W., Seleem, M. N., and Wei,
A. (2016) Label-free detection and discrimination of bacterial
pathogens based on hemin recognition. Bioconjugate Chem. 27,
1713—-1722.

(38) Carpenter, B. M., Whitmire, J. M., and Merrell, D. S. (2009)
This is not your mother’s repressor: The complex role of fur in
pathogenesis. Infect. Immun. 77, 2590—2601.

(39) Wakeman, C. A, Stauff, D. L., Zhang, Y., and Skaar, E. P.
(2014) Differential Activation of Staphylococcus aureus Heme
Detoxification Machinery by Heme Analogues. J. Bacteriol. 196,
1335—1342.

(40) Moriwaki, Y., Caaveiro, J. M. M., Tanaka, Y., Tsutsumi, H.,
Hamachi, I, and Tsumoto, K. (2011) Molecular basis of recognition
of antibacterial porphyrins by heme-transporter IsdH-NEAT3 of
Staphylococcus aureus. Biochemistry 50, 7311-7230.

(41) Eichner, A, G les, F. P., Felg ger, A., Regensburger, J.,
Hol T., Schneider-Brachert, W., Baumler, W., and Maisch, T.

alternative approach to antimicrobial drugs. J. Photochem. Photobiol,, B
S5, 281-293.

(24) Pilpa, R. M., Robson, S. A, Villareal, V. A, Wong, M. L,
Phillips, M., and Clubb, R. T. (2009) Functionally distinct NEAT
(NEAr Transporter) domains within the Staphylococcus aureus IsdH/
HarA protein extract heme from methemoglobin. J. Biol. Chem. 284,
1166—-1176.

(25) Behnam Azad, B.,, Cho, C. F., Lewis, J. D, and Luyt, L. G.
(2012) Synthesis, radiometal labelling and in vitro evaluation of a
targeted PPIX derivative. Appl. Radiat. Isot. 70, 505—511.

(26) Hu, Y., Geissinger, P., and Woehl, J. C. (2011) Potential of
protoporphyrin IX and metal derivatives for single molecule
fluorescence studies. J. Lumin. 131, 477—481.

(27) Bonnett, R, and Martinez, G. (2001) Photobleaching of
sensitisers used in photodynamic therapy. Tetrahedron 57, 9513—
9547.

(28) Stojiljkovic, 1., Kumar, V., and Srinivasan, N. (1999) Non-iron
metalloporphyrins: Potent antibacterial compounds that exploit
haem/Hb uptake systems of pathogenic bacteria. Mol. Microbiol. 31,
429-442.

(29) Wilks, A., and Barker, K. D. (2010) Mechanisms of Heme
Uptake and Utilization in Bacterial Pathogens. In Handbook of
Porphyrin Science (Kadish, K. M., Smith, K. M., and Guilard, R., Eds.)
pp 357-398, World Scientific, Singapore. DOI: DOIL: 10.1142/
9789814322386 _0024.

(30) Olczak, T., Maszczak-Seneczko, D., Smalley, ]. W., and Olczak,
M. (2012) Gallium(11I), cobalt(III) and copper(Il) protoporphyrin
IX exhibit antimicrobial activity against Porphyromonas gingivalis by
reducing planktonic and biofilm growth and invasion of host epithelial
cells. Arch. Microbiol. 194, 719—724.

(31) Arivett, B. A, Fiester, S. E,, Ohneck, E. J., Penwell, W. E,,
Kaufman, C. M., Relich, R. F., and Actis, L. A. (2015) Antimicrobial
Activity of Gallium Protoporphyrin IX against Acinetobacter baumannii

1572

(2013) Dirty hands: photodynamic killing of human pathogens like
EHEC, MRSA and Candida within seconds. Photochem. Photobiol. Sci.
12, 135-147.

(42) Eckl, D. B,, Dengler, L., Nemmert, M., Eichner, A., Biumler,
W., and Huber, H. (2018) A Closer Look at Dark Toxicity of the
Photosensitizer TMPyP in Bacteria. Photochem. Photobiol. 94, 165—
172.

(43) Nakonieczna, ], and Grinholc, M. (2012) Photodynamic
inactivation requires innovative approach concerning numerous
bacterial i and multic sensitizing agents. Photodiagn.
Photodyn. Ther. 9, 359—361.

(44) Hashmi, ], Huang, Y., Sharma, S., Kurup, D., De Taboada, L.,
Carroll, J., and Hamblin, M. (2010) Effect of pulsing in low-level light
therapy. Lasers Surg. Med. 42, 450—466.

(45) Nak zna, ., Kossakowska-Zwierucho, M., Filipiak, M.,
Hewelt-Belka, W., Grinholc, M., and Bielawski, K. (2016) Photo-
inactivation of Staphylococcus aureus using protoporphyrin IX: the role
of haem-regulated transporter HrtA. Appl. Microbiol. Biotechnol. 100,
1393-1405.

(46) Crosa, J. H., Mey, A. R,, and Payne, S. M. (2004) Iron Transport
in Bacteria, ASM Press, Washington, D.C. DOI: DOI: 10.1128/
9781555816544

(47) Spencer, R. C. (2003) Bacillus anthracis. J. Clin. Pathol. 56,
182—187.

(48) Allen, C. E., and Schmitt, M. P. (2009) HtaA is an iron-

lated hemin binding protein involved in the utilization of heme
iron in Corynebacterium diphtheriae. J. Bacteriol. 191, 2638—2648.

(49) Tai, S. S., Lee, C. J., and Winter, R. E. (1993) Hemin utilization
is related to virulence of Streptococcus pneumoniae. Infect. Immun. 61,
5401—-5405.

(50) Romero-Espejel, M. E., Gonzalez-Lopez, M. A., and de Jesus
Olivares-Trejo, J. (2013) Streptococcus pneumoniae requires iron for its

DOI: 10.1021/acsinfecdis.8b00125
ACS Infect. Dis. 2018, 4, 1564-1573

111



ACS Infectious Diseases

viability and exp two b proteins that bind haemoglobin
and haem. Metallomics S, 384—389.

(51) McConnell, M. J., Actis, L., and Pachon, J. (2013) Acinetobacter
baumannii: human infections, factors contributing to pathogenesis and
animal models. FEM Microbiol. Rev. 37, 130—155.

(52) Zimbler, D., Penwell, W., Gaddy, J., Menke, S., Tomaras, A.,
Connerly, P., and Actis, L. (2009) Iron acquisition functions
expressed by the human pathogen Acinetobacter baumannii. BioMetals
22, 23-32.

(53) Eijkelkamp, B. A., Hassan, K. A,, Paulsen, 1. T., and Brown, M.
H. (2011) Investigation of the human pathogen Acinetobacter
baumannii under iron limiting conditions. BMC Genomics 12, 126.

(54) Torres, A. G., and Payne, S. M. (1997) Haem iron-transport
system in enterohaemorrhagic Escherichia coli O157:H7. Mol.
Microbiol. 23, 825—833.

(85) Fouts, D. E,, Tyler, H. L., DeBoy, R. T., Daugherty, S., Ren, Q,
Badger, J. H., Durkin, A. S., Huot, H., Shrivastava, S., Kothari, S., et al.
(2008) Complete Genome Sequence of the N2-Fixing Broad Host
Range Endophyte Klebsiella pneumoniae 342 and Virulence
Predictions Verified in Mice. PLoS Genet. 4, e1000141.

(56) Stojiljkovic, I, and Hantke, K. (1992) Hemin uptake system of
Yersinia enterocolitica: similarities with other TonB-dependent systems
in Gram-negative bacteria. EMBO J. 11, 4359—4367.

(57) Bohle, D. S., Dodd, E. L., Pinter, T. B. J., and Stillman, M.
(2012) Soluble diamagnetic model for malaria pigment: Coordination
chemistry of gallium(III)protoporphyrin-IX. Inorg. Chem. 51, 10747—
10761.

(58) Erdman, J. G., Ramsey, V. G., Kalenda, N. W., and Hanson, W.
E. (1956) Synthesis and properties of porphyrin vanadium complexes.
J. Am. Chem. Soc. 78, 5844—5847.

(59) Clark, E., and Kurtz, D. M. (2017) Photosensitized H,
production using a zinc porphyrin-substituted protein, pl
nanoparticles, and ascorbate with no electron relay: participation of
Good’s buffers. Inorg. Chem. 56, 4584.

(60) Xu, S., Hu, B., Cui, Q,, Zhou, W., Luo, H., and Liu, Z. (2011)
Synthesis of 3,8-bisacetyl deuteroporphyrin dimethyl ester. Chin. J.
Appl. Chem. 28, 657-661.

(61) Byrne, C. J,, and Ward, A. D. (1988) A facile porphyrin
esterification/etherification procedure. Tetrahedron Lett. 29, 1421—
1424.

(62) Bonnett, R., Ridge, R. J., Scourides, P. A,, and Berenbaum, M.
C. (1981) On the nature of ‘haematoporphyrin derivative’. J. Chem.
Soc., Perkin Trans. 1, 3135—3140.

(63) Benincasa, M., Barriére, Q, Runti, G., Pierre, O., Bourge, M.,
Scocchi, M., and Mergaert, P. (2016) Single Cell Flow Cytometry
Assay for Peptide Uptake by Bacteria. Bio-Protocol 6, €2038.

(64) Herigstad, B., Hamilton, M., and Heersink, J. (2001) How to
optimize the drop plate method for enumerating bacteria. J. Microbiol.
Methods 44, 121—129.

1573

DOI: 10.1021/acsinfecdis.8b00125
ACS Infect. Dis. 2018, 4, 1564-1573

112



Downloaded via PURDUE UNIV on April 8, 2019 at 17:20:41 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

EﬂVlRUﬂmfmﬂl
Soemcsalchoonny | ETTERS

pubs.acs.org/journal/esticu

Protein Corona Analysis of Silver Nanoparticles Exposed to Fish

Plasma

Jiejun Gao,” Lu Lin,” Alexander Wei,** and Maria S. Sepﬁlveda*"@

"Department of Forestry and Natural Resources and Bindley Biosciences Center and “Department of Chemistry, Purdue University,

West Lafayette, Indiana 47907, United States

© Supporting Information

ABSTRACT: Nanoparticles (NPs) in contact with biological
fluids experience changes in surface chemistry that can impact
their biodistribution and downstream physiological impact.
One such change involves the formation of a protein corona
(PC) on the surface of NPs. Here we present a foundational
study of PC formation following the incubation of
polyvinylpyrrolidone-coated AgNPs (PVP-AgNPs, 50 nm) in
the plasma of smallmouth bass (Micropterus dolomieu). The
level of PC formation increases with exposure time and is also
affected by gender, with AgNPs incubated in male plasma
having PCs slightly thinner than and { potentials less negative
than those of AgNPs incubated in female plasma. Proteomic

analysis also revealed gender-specific differences in PC composition: in particular, egg-specific proteins (vitellogenin and zona
pellucida) were identified in only PCs derived from female plasma, raising the possibility of their roles in AgNP-related
reproductive toxicity by promoting their accumulation in developing oocytes.

B INTRODUCTION

Silver NPs (AgNPs) have been studied extensively as agents of
concern in ecotoxicology. In fish populations, numerous studies
have shown that AgNPs can cause hatching delays, abnormal
larval development, and early mortality in juveniles.' ™ AgNPs
are known to induce the level of expression of genes related to
metal detoxification and radical scavenging action and can also
activate pro-inflammatory responses to oxidative stress that can
result in cellular and DNA damage."S AgNPs are widely
distributed throughout the fish body: in addition to the vascular
system and alimentary canal, they have been found in the brain,
heart, yolk, retina, gill arches, and ovaries."® The toxicological
impact of AgNPs on humans and other organisms has not yet
been adequately defined by scientific data, in part because of
limitations in mechanistic insights. However, it is known that
NPs in mammalian serum or plasma nucleate the rapid and
dynamic formation of a protein corona (PC), whose “biological
identity” can influence their biodistribution and uptake with
subsequent effects on cell and organ function.””"” For example,
the PC composition can promote or deter the interaction of
NPs with outer membrane receptors for specific cell uptake'""'*
or impact their blood circulation lifetime.'*"*

PC formation is governed by both protein—NP and protein—
protein interactions. Factors that influence PC composition can
be intrinsic (size and topology, surface chemistry, and charge
density) or extrinsic (protein activities, pH, and ionic
strength)."*™'7 Exposure time is also important, as the
dynamics of surface adsorption and exchange can cause the
PC size and composition to evolve substantially over relatively

<7 ACS Publications  © 2017 American Chemical Society 174

short periods. For example, the thickness of PCs formed on
silica and polystyrene NPs of variable size and surface chemistry
has been observed to increase over time, with the PC
composition remaining roughly constant.'”

Nearly all PC studies are based on NPs exposed to
mammalian serum or plasma.'*™* Similar phenomena should
occur in other vertebrate species such as fish; however, studies
involving fish plasma are just now emerging.** Here we provide
a foundational study of PCs formed upon exposure of NPs to
plasma extracted from male and female smallmouth bass
(Micropterus dolomieu), one that offers valuable insights into
how NPs might accumulate in specific organs. We observed
PCs on polyvinylpyrrolidone (PVP)-coated AgNPs to undergo
time-dependent changes in size and composition. Notably,
compositional differences are gender-dependent, with PCs
derived from female bass containing significant levels of
vitellogenin (VTG) and zona pellucida (ZP), proteins known
to be critical for egg development. These novel findings suggest
a mechanism for the accumulation of NPs in ovaries and
developing eggs, via targeted delivery to follicular cells
expressing cognate receptors.
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Figure 1. Changes in the hydrodynamic size and { potential (mode =+ standard error; N = 3) of PVP-AgNPs, before and after incubation with fish
plasma extracted from adult female (F) or male (M) smallmouth bass for 1 or 24 h. Untreated PVP-AgNPs were measured at 1 and 24 h to
determine changes in size and ¢ potential over time. Gender-related differences in ¢ potential after protein corona (PC) formation were also

established (*p < 0.05).

B MATERIALS AND METHODS

Smallmouth Bass Plasma Collection. Ten adult fish (six
females and four males) were collected from the St. Joseph
River (Elkhart, IN) during the peak of their spawning season
(middle to late March). Fish were captured uninjured using
electrofishing methods. Blood samples (~1 mL) were collected
and kept on ice prior to centrifugation (1000g for 20 min); the
resulting plasma was frozen and stored at —80 °C until it could
be further processed. Fish were dissected after bleeding for
confirmation of gender.”*

VTG Analysis. The presence or absence of VTG in plasma
was confirmed by Western blotting (Figure S1). The primary
antibody used was a polyclonal anti-VTG antibody from
Biosense (Bergen, Norway), imaged by a secondary antibody
labeled with IRDye 700 (Li-Cor, Lincoln, NE). Vascular
endothelial growth factor (VEGF) was used as a reference
protein, as it is expressed at steady levels in fish plasma, and
detected using a polyclonal antibody from Anaspec (Fremont,
CA) and a secondary antibody labeled with IRDye 800 (Li-
Cor). Plasma samples were pooled by gender, as VTG was
found in only female plasma.

Characterization of PVP-AgNPs and Their Protein
Coronas. PVP-AgNPs (50 nm, Nanocomposix, San Diego,
CA) were used as provided and incubated with either female or
male bass plasma (NP:protein weight ratio of 1:500) for 1 or 24
h. Untreated PVP-AgNPs and fish plasma without PVP-AgNPs
were included as controls. The dispersion stability was
characterized by ultraviolet—visible (UV—vis) spectroscopy
using a Cary-50 spectrophotometer (Varian, Palo Alto, CA).
Nanoparticle tracking analysis (NTA) was performed at 25 °C
using a Nanosight LM-10 (Malvern Instruments, Marlborough,
MA) to quantify particle size distribution. The hydrodynamic
size and { potentials were measured at 25 °C using a Zetasizer
NanoZ$ (Malvern).

Isolation and Sodium Dodecyl Sulfate—Polyacryla-
mide Gel Electrophoresis (SDS—PAGE) Analysis of PC-
Coated NPs. PVP-AgNPs (1 ug/mL) coated with fish plasma
proteins (1 pg/mL) were incubated at 30 °C for 1 or 24 h and
then collected by centrifugation (15000g for 20 min at 4 °C).
Solid pellets were separated from free plasma, then redispersed
in a fresh solution, and digested following a published
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protocol.”® Aliquots were eluted by 12% SDS—PAGE and
visualized with a silver stain kit (Thermo Fisher Scientific,
Rockford, IL).

Liquid Chromatography—Mass Spectrometry (LC—
MS) Analysis. Protein corona pellets were digested for LC—
MS/MS analysis,l" using a Dionex UltiMate 3000 RSLC Nano
System coupled to a Q Exactive HF Hybrid Quadrupole-
Orbitrap mass spectrometer (Thermo Scientific, Waltham,
MA). A database search of nonredundant proteins from
chordates (NCBI) was performed using the Mascot MS/MS
Ion Server (Matrix Science, Boston, MA). Relative mass
fractions of proteins were estimated with the exponentially
modified protein abundance index;”” additional details are
provided in the Supporting Information.

Statistical Analysis. All statistical analyses were conducted
using SPSS 22.0. One-way analysis of variance (ANOVA)
followed by post hoc Tukey’s multiple-comparison tests was
used to compare means across treatments.

B RESULTS AND DISCUSSION

UV—vis analysis of PVP-AgNPs indicates an absorption peak at
430 nm, with a 10 nm red-shift upon PC formation (Figure
§2). A § nm increase in hydrodynamic size is observed after the
first hour of incubation with fish plasma, with a further increase
(2—3 nm) after a 24 h period (Figure 1). In addition, the ¢
potentials for PC-coated AgNPs are less negative after the first
hour of incubation and remain essentially the same after 24 h.
The changes in size and { potential are both expected: with
regard to the latter, adsorption of protein to negatively chz_n'%ed
NPs has been observed previously to reduce ¢ potentials.' ">’
It is well-known that the early adsorption of proteins to NP
surfaces is kinetically driven and often dominated by hydro-
phobic species such as apolipoproteins (see below); however,
the population of these high-abundance species declines as they
are replaced with proteins with lower abundance but higher
affinity for the NP surface or components in the inner “hard”
corona layer." " It should be mentioned that incubation of
PVP-AgNPs in fish plasma resulted in some agglomeration and
colloidal instability, especially for AgNPs incubated in male
plasma for 24 h. This is again not surprising, as the kinetic
destabilization of imperfectly passivated metal colloids is well-
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known. Nevertheless, NTA indicates the great majority of
AgNPs to be stable, with an overall size increase due to PC
formation (Figure S3).

We also observe a significant, gender-based difference in PC
formation. Specifically, PVP-AgNPs added to male plasma
exhibit a larger change in { potential relative to those added to
female plasma (p < 0.05), whereas differences in hydrodynamic
size are less significant. This observation is in contrast to the
only other study of gender-related effects in PC formation using
20 nm AgNPs exposed to human plasma, which reported
minimal physical or biochemical differences.”” We attribute the
gender-related differential in { potentials to variations in PC
composition, which will be discussed below.

SDS—PAGE analysis provides additional evidence that PC
composition is both gender-specific and time-dependent
(Figure 2 and Figure S7). PCs derived from male fish plasma

Lane1 Lane2 Lane3 Laned Lane5 Lane 6 Lane 7
Marker Plasma-F PC-F, th PCF, 24h Plasma-M PC-M, 1h  PC-M, 24h

Figure 2. SDS—PAGE gel showing elution of proteins from protein
coronas (PCs) formed after incubation of PVP-AgNPs with plasma
from adult female (F) or male (M) smallmouth bass, for 1 or 24 h.
Compositional differences can be correlated with both gender
differences and incubation time. Significantly higher levels of smaller
proteins (<25 kDa) were found in PCs isolated from male plasma
(black arrows; see Figure S7 for a more heavily stained image). A
decrease in the relative abundance of midsized proteins (50—80 kDa)
was observed in PCs formed after incubation for 24 h in female
plasma. Original female plasma and male plasma are included for
comparison.

(lanes 6 and 7) contain significantly higher quantities of smaller
proteins (<25 kDa), relative to those from female plasma. The
profiles of corona proteins from either gender are also quite
different than those in the parent fish plasma (lanes 2 and 5),
indicating that PC formation is an innately selective process.
LC—-MS/MS data indicate PCs derived from fish plasma
contain a larger fraction of low-molecular weight proteins (<25
kDa, >50% by mass) and a smaller fraction of high-molecular
weight proteins (=100 kDa, <10% by mass) relative to those in
bulk plasma (Figure $4). In particular, PCs derived from female
fish plasma carry an especially large fraction of <20 kDa
proteins, which increased to >50% by mass after incubation for
24 h. The protein sizes and distributions in these PCs are in a
range similar to those reported in studies involving citrate- and
PVP-coated AgNPs (20 nm) in human plasma, in which the
majority of the proteins were <60 kDa.” It is worth noting that
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the PC composition is also influenced by the chemistry of the
core NP: for example, PCs formed on polystyrene NPs contain
mostly proteins in the 60—70 kDa range, whereas PCs formed
on silica NPs exposed to the same plasma source contain much
larger proteins (150—200 kDa).'”

A total of 337 proteins were identified in PC-coated AgNPs
by LC—MS/MS proteomic analysis (Figure S5). For PCs
derived from female fish plasma, 135 and 147 proteins were
identified from AgNPs incubated for 1 and 24 h respectively;
for those derived from male plasma, 194 and 193 proteins were
identified. Fewer than 18% (60 proteins) were common to all
PCs, and fewer than 40% (128 proteins) were shared between
genders. These values are much lower than those of PCs
formed on 20 nm AgNPs in human plasma, which shared 70%
of all proteins between genders.”” In PCs derived from female
fish plasma, roughly two-thirds of the proteins (89 of 135) are
common to both 1 and 24 h incubation samples, while the
number of proteins unique to either condition is relatively low
(n = 19 and 26, respectively). On the other hand, while more
than half of the proteins in male-derived PCs (109 or 193) are
found in both 1 and 24 h incubation conditions, a surprisingly
large number of proteins are unique to a given sample (n = 67
and 64, respectively), an interesting finding that warrants
further investigation.

The relative proportions of high-abundance proteins in PCs
differs substantially from those in the bulk plasma. In both fish
sexes, the populations of parvalbumin, apolipoproteins, and
other lipid transport proteins in PCs are far smaller than that
found in the bulk, whereas the proportion of immunoglobulins
in PCs is significantly higher. The amount of hemoglobin in
PCs is also initially higher than that of the bulk during the first
hour but has receded by the 24 h mark. Furthermore, levels of
fibrinogen and fibronectin in PCs isolated from male plasma are
lower than those measured in the bulk and decrease over time;
a similar trend is observed for the egg-specific proteins VTG
and ZP in PCs isolated from female plasma. No correlations
between relative abundance and function are being suggested at
this time; however, the mere presence of serum proteins such
as VTG and ZP may be sufficient to modulate the uptake and
delivery of NPs to specific organs (see below).

The relative distribution of proteins in PCs derived from
female and male fish plasma can be broken down according to
their primary functions (Figure 3; for a complete list, see Tables
S1 and S2). The most abundant proteins are those associated
with the immune system (immunoglobulins and complement
proteins), followed by those for vascular and oxygen transport
(hemoglobin, plasminogen, and fibrinogen/fibronectin). Lipid
transport proteins (lipoproteins and apolipoproteins) were also
present but to a lesser extent; high-density lipoproteins (HDLs,
ApoA) were associated with PVP-AgNPs regardless of gender
or length of incubation. Low-density lipoproteins (LDLs) and
two apolipoproteins (ApoB-100 and ApoE) were also found in
all PCs. Earlier studies with polystyrene and silica NPs in
human serum have yielded similar observations,””’" leading to
hypotheses that lipid transport proteins may be involved in the
movement of NPs from the bloodstream into organs and across
the blood—brain barrier."*

Several other proteins were identified in significant quantities
within PCs, some at much higher concentrations relative to that
in the bulk plasma (Figure 3b). Ceruloplasmin and
plasminogen are particularly noteworthy; other metal-ion
regulators such as Ca’/calmodulin-dependent protein kinase
II (CaMKII) and transferrin are also present. Acute-phase
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as vitellogenin (VTG) may be transported into developing follicles within the ovaries by cognate receptors.

proteins associated with the inflammatory response are also
represented within the PCs, including amyloid A, antitrypsin,
kallikrein, kininogen, and vitamin K-dependent protein (Tables
S1 and S2). Notably, many plasma proteins are incorporated
preferentially into PCs while others appear to be excluded; for
example, parvalbumin, lipid transport proteins, and macro-
globulin are present at levels much lower than those in bulk
plasma, and angic »gen (a blood p ) is

1
T
-
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hardly present at all, especially during the early stages of PC
formation (Figure 3 and Figure S6).

The most significant finding in this study is the incorporation
of VTG and ZP in PCs derived from female fish plasma. VTG,
a precursor to egg yolk that plays critical roles in oogenesis, is
synthesized in the liver and transported to the ovaries via the
bloodstream.* The significant inclusion of VTG in PCs formed
on SiO, NPs exposed in zebrafish plasma has also been

DOI: 10.1021/acs estlett.7b00074
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reported very recently, with evidence of sex-specific NP uptake
by immune cells.** VTG and ZP are produced at elevated levels
by female smallmouth bass during the spawning season and are
taken up by developing follicles within fish ovaries by receptor-
mediated endocytosis (Figure 4).*%*° These egg-specific
proteins are incorporated at an early stage of PC formation,
but their levels decrease after a 24 h incubation, which suggests
that they reside in the outer “soft” corona layer and are thus
readily presented to follicular cells expressing their cognate
receptors. This suggests that the biological response to PVP-
AgNPs may depend not only on gender but also on the window
of exposure during the fish’s reproductive cycle.

Previous research has shown that AgNPs can accumulate in
fish ovaries, which can lead to abnormal follicular development
with subsequent loss of fecundity and reproductive
capacity.”* ™" Early exposure of fish eggs to AgNPs or silver
ions can also result in the defective development of embryos
and larvae, resulting in their decreased rates of survival. =+
Given the rapid inclusion of VTG and ZP from female fish
plasma into PCs, we postulate that these egg-specific proteins
can promote translocation of AgNPs to the ovaries.

In summary, the PC around AgNPs exposed to fish plasma
offers a rich source of information about the physiological
condition of the host species. Unlike studies involving
mammalian sera, gender plays an important role in PC
composition, with significant differences in { potential,
diversity, and relative proportions of the constituent proteins,
and the incorporation of gender-specific protein markers. The
latter may be important in directing circulating NPs to specific
organs and tissues and promoting their uptake via cell-surface
receptors. In particular, the inclusion of VTG and ZP in the
PCs of AgNPs in the bloodstream of female fish may provide a
mechanism for accelerating their movement to ovaries and
developing eggs. Experiments to confirm this hypothesis will be
performed in due course.
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ABSTRACT

Au-Fe O, composite nanoparticles (NPs) are of great technological interest due to their
combined optical and magnetic properties. However, typical syntheses are neither simple nor
ecologically friendly, creating a challenging situation for process scale-up. Here we describe
conditions for preparing Au-Fe O_ NPs in aqueous solutions and at ambient temperatures,
without resorting to solvents or amphiphilic surfactants with poor sustainability profiles. These
magnetic gold nanoclusters (MGNCs) are prepared in practical yields with average sizes slightly
below 100 nm, and surface plasmon resonances that extend to near-infrared wavelengths, and
sufficient magnetic moment (up to 6 emu g') to permit collection within minutes by handheld
magnets. The MGNCs also produce significant photoluminescence when excited at 488 nm.
Energy dispersive X-ray (EDX) analysis indicates a relatively even distribution of Fe within the

MGNCs, as opposed to a central magnetic core.
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1. Introduction

Nanoparticles with hybrid magnetic—plasmonic prop-
erties are highly prized for applications in separations,
biosensing, and nanomedicine [1-11]. These NPs are
often comprised of a superparamagnetic iron-oxide core
coated with a shell of metallic Au or Ag, which supports
a localized plasmon resonance and a certain degree of
chemical protection to the magnetic core. The metal-
lic shells can be functionalized by a variety of surface
chemistries, many of which enhance the dispersion and
compatibility of NPs in biological media [12-19]. This
has enabled the use of Au-FexOy NPs for isolating and
purifying biomolecular species like proteins and DNA,
as multimodal contrast agents in biomedical imaging,
and as photothermal agents for hyperthermia-mediated
cancer therapies [3,8,10,11,20-26]. The optical proper-
ties of these nanocomposites can also be exploited for
surface-enhanced Raman scattering (SERS) and other
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plasmon-enhanced processes, for the specific detection
of trace analytes in aqueous media [27-29].

Despite their strong technological potential, nearly
all syntheses of Au-Fe O  NPs have one or more steps
that use nonpolar organic solvents, elevated temper-
atures, or a high concentration of non-biodegradable
surfactants. All of these are negative factors from the
perspective of sustainable manufacturing and lifecycle
assessment, with significant burdens on the environ-
ment, energy consumption, and waste, which translates
to higher production costs [30]. Sustainable manufac-
turing is practiced by chemical industries worldwide,
with the intent of meeting the triple bottom-line goals
of societal acceptance, cost-effective production, and
environmental sustainability. Nano-manufacturing is
based on similar principles, but must address inevitable
tradeoffs between materials performance and sustaina-
ble production while still providing a net technological
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advantage. We thus seek alternative, greener methods for
synthesizing Au-Fe O NPs, with minimum concerns
for environmental impact upon scaled production.

Recently, we reported a mild method of synthesizing
magnetic gold nanoclusters (MGNCs) that is both sim-
ple and eco-friendly, and demonstrated their utility for
detecting trace organic pollutants by SERS [29]. In this
paper we describe an optimized and highly reproducible
method for synthesizing MGNCs in aqueous alcohol,
based on systematic adjustments in reagent concentra-
tions and reaction conditions. Energy-dispersive X-ray
(EDX) imaging by scanning electron microscopy (SEM)
supports a heterogeneous distribution of Fe within
MGNCs. The magnetization of the MGNCs can be as
high as 6 emu g!, sufficient for their precipitation by
handheld magnets to enable applications in biomolecu-
lar separations.

2. Materials and methods

All materials were obtained from commercial sources
and used as received, unless otherwise noted. Deionized
water was obtained from an ultrafiltration system
(Milli-Q, Millipore, Temecula, CA, USA) with a meas-
ured resistivity above 18 M(-cm, and passed through a
0.22-pm filter to remove particulate matter. CS, was used
as supplied and stored with minimum exposure to air.

Nanomaterials were characterized by transmission
electron microscopy (TEM) using a Tecnai-T20 micro-
scope (FEI, Hillsboro, OR, USA). TEM samples were
prepared by floating carbon-coated grids on top of an
aqueous NP dispersion for 30 min, followed by removal
of the grid and drying in air for at least 60 min prior
to analysis. Energy-dispersive X-ray (EDX) analysis by
scanning transmission electron microscopy (STEM)
was performed using a Tecnai G2 T20 microscope
(FEI) equipped with a LaB6 filament and X-Max 80
silicon drift detector (Oxford, UK), with data collected
by a high-angle annular dark field (HAADF) detector
(Fischione, Export, PA, USA) and recorded bya2k x 2k
CCD imaging camera (Gatan, Pleasanton, CA, USA)
using Inca software (ETAS, Stuttgart, Germany). Atomic
absorption spectroscopy (AAS) was performed with a
Perkin-Elmer (Waltham, MA, USA) 3110 spectrometer,
using materials dissolved in aqua regia. Attenuated total
reflectance-infrared (ATR-IR) analyses were performed
on powder samples deposited on a ZnSe window, using a
Nexus 670 spectrometer (Thermo, Waltham, MA, USA)
flushed with N, to remove atmospheric CO, and mois-
ture. Photoluminescence (PL) imaging was performed
on air-dried samples with an Olympus (Tokyo, Japan)
FV1000 laser scanning confocal microscope using a
10x confocal objective and 4.5x zoom lens, and three
different laser lines with appropriate filters (excita-
tion/emission = 488/505-525 nm; 543/560-620 nm;
635/655-755 nm).
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Hydrodynamic size analysis of aqueous disper-
sions was performed by nanoparticle tracking analysis
(NTA) using a Nanosight LM-10 (Malvern Instruments,
Worcestershire, UK), with 405-nm laser excitation and
distilled, particle-free water stored in polyethylene con-
tainers. Three tracking videos were collected per sample
with a minimum of 2000 particle tracks per run, yield-
ing hydrodynamic size (d, ) values based on mode peak
analysis. Inductively coupled plasma mass spectrometry
(ICP-MS) was performed at the University of Illinois.
Magnetic properties were measured at room tempera-
ture on neat powders using a MPMS-3 magnetometer
(Quantum Design, San Diego, CA, USA) in vibrating
sample magnetometer mode, with applied magnetic
fields up to 10 kOe, and calibrated with colloidal y-Fe,O,
[31]. Extinction spectra were obtained using a Cary-50
visible-near infrared spectrophotometer (Varian, Palo
Alto, CA, USA) in transmission mode.

2.1. Synthesis and modification of colloidal iron
oxide

Colloidal iron oxide (Fe,O,) was prepared by co-pre-
cipitation, using 648 mg of FeCl, (4 mmol) and 398 mg
of FeCl,-4 H,O (2 mmol) dissolved in 5 ml of deaer-
ated, deionized water, added dropwise to 15 ml of a 28%
NH,OH solution over a period of 10 min in a glass test
tube, while immersed in an ultrasonic cleaning bath.
Colloidal Fe,O, was formed immediately upon addition;
care was taken to maintain anaerobic conditions during
the dropwise addition of iron salts to the NH,OH solu-
tion. The reaction mixture was then removed from the
ultrasonic bath and agitated for 2 min by vortex mixing
to generate a homogeneous dispersion. Colloidal Fe,O,
was precipitated by applying an external handheld
magnet along the walls of the reaction tube, then redis-
persed in deionized water. This process was repeated
several times to remove weakly magnetized colloidal
oxides. 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 8 mg ml™\.

To prepare mPEG-coated Fe,O,, 20 mg of 5-kDa
mPEG-NH, was dissolved in 1 ml of dry, deaerated
methanol (4 mM) and stirred for 10 min, treated with
one equivalent of CS, (4 umol) diluted in methanol and
stirred for another 10 min, then treated with triethylamine
(4 umol) and stirred for 30 min at room temperature,
resulting in mPEG-dithiocarbamate (DTC). Absorption
spectroscopy confirmed DTC formation by the appear-
ance of a doublet at 255 and 295 nm [32]. The freshly
prepared mPEG-DTC solution was then combined with
1 ml of colloidal Fe,O, dispersed in water (8 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.
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2.2. Synthesis of magnetic gold nanoclusters
(MGNCs)

A 0.25-ml aliquot of freshly prepared dispersion
of mPEG-DTC-treated colloidal Fe,O, (1 mg) was
added to 4 ml of an aqueous solution of L-histidine
(1 mg ml™"), adjusted to pH 5-6 using 0.1 M HCI,
then incubated at room temperature for 1 h. In a sep-
arate container, a 0.6-ml aliquot of 1% w/v HAuCl,
solution was diluted with 14.8 ml deionized water,
adjusted to pH 9-10 using 5 M NaOH, then com-
bined with the colloidal Fe,O -histidine solution
with vortex mixing and allowed to sit for 20 min.
The reaction mixture (now pH 8-9) was treated with
20 mM N-methylhydroxylamine (NMH) to initiate
reduction, added in five 0.2-ml portions with mixing
every 5 min, with a noticeable change in color by the
third addition. MGNCs were generated in significant
quantities after 2 h at room temperature, and fully
formed after 12 h. The reaction gradually increased
in acidity to a final range of pH 6-7.

As-produced MGNCs were separated by selective
precipitation using a handheld NdFeB magnet produc-
ing linear field gradients of 1-3 kG cm™', followed 15-20
min later by decantation of 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 pre-
cipitation, to yield MGNC:s that were essentially devoid
of non-magnetic gold NPs.

Excess Fe,O, was removed from MGNCs by treat-
ing aqueous suspensions with a 0.5 M solution of
diethanol-DTC in methanol (DE-DTC; final concentra-
tion 2 mM), prepared in situ from diethanolamine and
CS, [32]. Ina typical cleansing procedure, 20 pl of 0.5 M
DE-DTC was added to 5 ml of redispersed MGNCs
(O.D. 0.4), followed by vortex mixing and mild soni-
cation for several seconds, incubation for 1 h at room
temperature, then two rounds of magnetic precipitation
and redispersion in water.

3. Results and discussion

The co-precipitation of iron salts (commonly referred to
as the Massart synthesis) is one of the simplest and most
cost-effective approaches for preparing colloidal Fe,O,
[33]. However, this method is known to be sensitive to
multiple reaction parameters, and often produces colloi-
dal Fe,O, with a broad size polydispersity, making it less
suitable for NP syntheses requiring strict size control.
On the other hand, the Massart synthesis is ideal from
the perspective of sustainable materials chemistry, as it
generates no organic waste or toxic byproducts. In our
hands, co-precipitation typically yielded polycrystalline
aggregates of Fe,O, with domain sizes of 5-6 nm, and
we have found these to be a reliable feedstock in the
preparation of magnetic gold nanoclusters.
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Preliminary studies on the electroless deposition of
Au onto colloidal Fe,O, were inspired by the work of
Gao and coworkers, who showed that metallization can
be induced on surfaces coated with poly-L-histidine via
hydroxylamine reduction under basic conditions [11].
We find that the amino acid L-histidine also facilitates
the reduction of HAuCl, onto colloidal Fe,O,, but typ-
ically yields submicron composites in the absence of
other surface-active agents (see below). After testing
several different surface modifiers, we determined that
treating colloidal Fe,O, with mPEG-DTC (formed in
situ from 5-kDa mPEG-NH, and CS, [34,35]) provided
the best control in MGNC synthesis, with average clus-
ter sizes close to 100 nm (Figure 1). Optical extinction
spectroscopy indicated a broad plasmon resonance band
with a maximum at 600 nm, but extending far into the
near-infrared region. Previous electron diffraction anal-
ysis of MGNC:s established the Au component to have
an fcc structure [29].

TEM images reveal that the MGNCs are often
accompanied by significant amounts of extraneous
inorganic material, presumed to be residual iron oxide.
To remove this we turned to water-soluble dithiocarba-
mates (DTCs), which are well known for their chelation
of transition-metal ions [36], and for their chemisorp-
tion onto metal surfaces [32,37]. DTCs have an espe-
cially high affinity for Fe?* and Fe®*, suggesting utility
as a digestive deferrating agent. This proved to be the
case: treatment of as-prepared MGNC dispersions with
DE-DTC, prepared in situ from a 2:1 mixture of dietha-
nolamine and CS, in methanol, removed all visible oxide
from the MGNC surfaces and also from solution (Figure
1(b)). DE-DTC treatment does not introduce any nota-
ble changes to the optical or magnetic properties of the
final dispersions, indicating that the MGNCs are uncom-
promised by the cleansing step. Likewise, attenuated
total reflectance infrared (ATR-IR) spectroscopy indi-
cates essentially no difference between MGNCs before
and after treatment with DE-DTC (Figure 2).

The MGNC:s are isotropic with morphologies varying
from roughened spheres to raspberry-like clusters, with
the latter being most common. TEM analysis indicates
a range of grain sizes within MGNCs between 8 and
25 nm; again, treatment with DE-DTC did not appear
to have any significant impact on either MGNC mor-
phology or grain size.

Earlier reports have shown that colloidal gold nano-
particles and nanoclusters can produce detectable levels
of linear photoluminescence (PL) when excited at visible
wavelengths, with emission intensities scaling roughly
with particle volumes [38,41]. Analysis by laser scanning
confocal microscopy (A, 488 nm) yields a strong PL
within the spectral window of 505-525 nm; however,
no appreciable emissions are observed upon excitation
at longer wavelengths (Figure 3). This is in accord with
the reported mechanism for PL, which is produced by
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Figure 1. (a) Synthetic scheme for magnetic gold nanoclusters (MGNCs). (b) TEM image of clean MGNCs (inset: MGNC prior to DE-DTC
treatment). (c) Optical extinction spectrum of MGNCs. (d) MGNCs before and after magnetic precipitation.
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Figure 2. ATR-IR spectra acquired from pelleted samples after
each step. Weak signals between 1900 and 2300 cm™' are
artifacts from instrumentation.

plasmon-enhanced emissions from excited d-band holes
within gold nanostructures [38].

Control experiments illustrate the essential roles of
both histidine and a peptizing agent for MGNC syn-
thesis. Removal of either from the process results in
the formation of small (10-12 nm) Au particles either
loosely associated with iron-oxide nanoparticles, or
embedded in a poorly dispersible oxide matrix (Figure
4). A weakly coordinating ligand such as histidine is
necessary to encourage the adsorption of gold ions onto
Fe,O, surfaces, while a strongly anchored dispersant

encourages the dissociation of iron-oxide particles from
the parent aggregate. While the precise role of mPEG-DTC
remains unclear, replacing it with low molecular-weight
DTCs does not produce the desired MGNCs. We note
that the reaction is sensitive to histidine concentration
(0.2 g ml™! after dilution); too much prevents the dep-
osition of Au onto colloidal Fe,0,, resulting instead
in smaller, non-magnetic NPs. The pH of the Fe,0,-
histidine solution is also important, as histidine is cationic
at pH 5-6 and can adsorb in that form onto Fe,O, surfaces.

The MGNC:s are responsive to field gradients pro-
duced by handheld NdFeB magnets, enabling their facile
separation and decantation from magnetically inactive
gold NPs within a 15-20 min period. The exact com-
position of the iron oxide is unknown but likely to be a
mixture of Fe,O, and y-Fe,0,, the latter produced upon
oxidation by Au ions. Several experiments were con-
ducted to optimize the incorporation of Fe O_ in the
MGNCs, in order to achieve higher magnetic moment.
The mole ratio of gold to iron (Au/Fe) was varied to
evaluate its effect on MGNC formation, size distribution,
and magnetic response (Figure 5). A mole ratio of 6-9
produced MGNC:s of relatively uniform size and shape,
but lower Au/Fe ratios had variable effects on MGNC
structures and also produced greater amounts of residual
iron oxide, to the extent that their removal was prob-
lematic. Conversely, Au/Fe ratios well above 9 produce
considerable amounts of non-magnetic colloidal Au
(Figure 5(d)), which is readily determined by the resid-
ual reddish tint in solution after magnetic precipitation.

The effect of solution pH on MGNC formation
was also evaluated at a fixed Au/Fe mole ratio of 9.
Reductions performed under relatively acidic condi-
tions (initial pH < 8) produces poorly dispersed MGNCs
trapped in a matrix of amorphous iron oxide, whereas
reactions performed at an initial pH of 8-9 produces
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Figure 3. Laser scanning confocal fluorescence of MGNCs at different excitation wavelengths: (a) 488, (b) 546, (c) 647 nm. (d)

Corresponding transmission image.

Figure 4. TEM images of (a) Au nanoparticles produced without L-histidine treatment of mPEG-DTC-coated Fe,0, NPs; (b) aggregates
produced without mPEG-DTC treatment of histidine-coated Fe,O, NPs. Bar = 50 nm.

well-dispersed MGNCs with a narrower size and shape
polydispersity (Figure 6). Reactions performed at pH > 9
generates very small particles and with poor dispersion
stability.

All reactions up to this point were performed on a
small (1-5 ml) scale for the systematic evaluation of
reaction conditions. To determine whether the opti-
mized MGNC synthesis could be reproduced on a larger

scale, the reaction was performed in bigger tubes (ca.
20 ml final volume; see Materials and methods), which
produced MGNCs very similar in size as those made
on a 1-5 ml scale (Figure 7). The dry weight of MGNCs
following removal of residual iron oxide (see below) was
estimated to be 10 mg (42% yield). The reproducibility
rate is 50%, which is acceptable given the heterogene-
ous nature of the colloidal Fe,O, feedstock. Refinement
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Figure 6. MGNCs synthesized using a fixed Au/Fe mole ratio of 9, with different initial pH values: (a) 6-8; (b) 8-9; (c) 9-10. Bar =50 nm.
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Figure 7. (a, b) TEM images of MGNCs prepared on a 20-ml scale, before and after cleansing with DE-DTC. (c) Size histogram of
DTC-treated MGNCs by TEM image analysis (d,, = 95 nm). (d) Hydrodynamic analysis of MGNCs by NTA (d, = 109 nm; standard

error = 3 nm); Scale bar = 50 nm.

of co-precipitation conditions may further improve the
reproducibility of Au deposition onto colloidal Fe,O,
surfaces.

The size distribution of DE-DTC-treated MGNCs
prepared on a 20-ml scale was characterized by TEM
image analysis (d = 95 + 9 nm; N = 161) and by nanopar-
ticle tracking analysis (NTA; d, from 3 runs = 109 nm).
The size analysis outcomes are similar and validate the
accuracy of the latter method, in accord with other stud-
ies showing similar matches between TEM and NTA
[35,39].

Elemental analysis was performed using ICP-MS
and AAS to determine the percentage and distribution
of iron within the DTC-cleansed MGNC:s. Despite an
initial Au/Fe ratio of 9 in the reaction mixture, ICP-MS
and AAS both show MGNCs to have much higher mole
ratios (Au/Fe = 35.5 and 26.8, respectively), meaning
that most of the starting Fe,O, is not incorporated into
the product. We presume that (a) the reduction of Au
onto histidine-coated Fe,0, is inefficient, relative to its
autocatalytic deposition on Au islands formed subse-
quently, and (b) much iron oxide is lost by the speciation
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Figure 8. EDX-SEM data for DTC-cleansed MGNCs. (a) Backscattering image (bar = 500 nm), (b~d) elemental mapping for Au (Ma,:
2,123 eV), Fe (La, ,: 705 eV), and merged Au/Fe respectively. () Linescan across MGNCs, confirming the colocalization of Au and Fe.

Figure 9. EDX data for MGNCs in HAADF-STEM mode, prior to cleansing by DE-DTC. (a) HAADF-STEM image (bar = 100 nm), (b—d)
elemental maps for Au, Fe, and merged Au/Fe respectively. The distribution of Fe within MGNCs is relatively even.

of dissolved Fe upon addition of AuCl,, which is a strong
oxidant and a source of halide counterions.

EDX imaging was performed to determine the spatial
distribution of Fe within the MGNCs. Low-resolution
EDX-SEM imaging of MGNCs cleansed with DE-DTC
confirmed colocalization of iron and gold within the
MGNCs, but with a low content of Fe (Figure 8). To
determine whether a core-shell morphology might be

present, a higher resolution analysis was performed on
individual MGNCs in HAADF-STEM mode, prior to
DE-DTC cleaning (Figure 9). These images indicate a
heterogeneous distribution of Fe with significant signal
intensities within the MGNCs, but offer no evidence of
a well-defined core-shell morphology.

We postulate that Fe,O, is entrapped by the rapid
growth and coalescence of Au domains, resulting in
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Figure 10. (a) Magnetization curve of MGNCs in powder form, taken at room temperature; (b) expansion of low-field region.

composite Au nanoparticles containing clusters or
veins of superparamagnetic iron oxide. We note that
a similar deposition mechanism has been described in
the formation of Au-Fe,O, ‘nanoroses, in which 5-nm
Fe,0, particles were used to nucleate the deposition and
growth of Au clusters [22]. Interestingly, EDX analyses
from that study were also unable to confirm the existence
of well-defined iron-oxide cores.

Despite the low Fe concentration, the MGNCs have
sufficient moment to respond to local field gradients
produced by rare-earth magnets (Figure 1(d)). The
magnetic properties of MGNCs were characterized in
powder form using a superconducting quantum inter-
ference device (SQUID) in vibrating sample magneto-
metry mode, with a field sweep of + 10 kOe. Several
MGNC samples were measured, yielding saturation
magnetization (M) values between 1.6 and 6.0 emu g*
(Figure 10(a)). This variability in magnetization is to
be expected, given the stochastic nature of Fe,O, incor-
poration into the MGNCs during electroless deposi-
tion. On the one hand, this variability may limit the
use of MGNC:s in situations that require well-defined
moment-to-mass ratios; on the other, many applications
can tolerate a significant variation in magnetic moment,
particularly those that require a magnetomotive func-
tion. It is worth mentioning that MGNCs are weakly
ferromagnetic at room temperature, with H_ on the
order of 35 Oe (Figure 10(b)). The source of coercivity
in MGNCs remains to be determined; however, we note
that remanent magnetization has been observed in other
magnetic gold NPs, including those without any ferro-
magnetic elements [40].

4. Conclusions

A practical, eco-friendly synthesis of magnetic gold
nanoclusters can be performed in aqueous alcohol with-
out the use of harsh reagents, amphiphilic surfactants, or
phase transfer from organic solvents. The final particles
are produced with a narrow size distribution close to

100 nm, absorb strongly at NIR wavelengths, and can
be collected within minutes using handheld magnets.
EDX-SEM imaging supports the colocalization of Fe and
Au within individual MGNCs. The MGNCs produce
significant photoluminescence when excited at 488 nm.
Lastly, ongoing studies have confirmed that MGNCs
are highly biocompatible with cellular systems, and can
thus be used to support a variety of bionanotechnology
applications.
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