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ABSTRACT



COMBATING BACTERIAL INFECTIONS: UNDERSTANDING DEVICE INFECTIONS, NOVEL

IN SITUDETECTION AND NEW ANTIBIOTIC TECHNOLOGY

Paul James Renick, Ph.D.

The University of Texas at Arlington, 2020

Supervising Professors: Liping Tang and Mike Roner

Currently, there is a looming crisis in the field of antibacterial drug therapy. The emergence of
antibacterial drug resistance because of poor antibacterial stewardship, coupled with booming
elderly populations, economic disparity and climate change leading to societal instability is
undoing the successes of the 20th century in combating infectious disease. New approaches
and methods are needed to reverse these trends. My dissertation focuses on three key areas:
(1) develop a better understanding of device-related biofilm infections, (2) the use of a bacterial
specific D-glutamine positron emission tomography tracer for the direct visualization of infection,
and (3) the development of an acid-activated antimicrobial strategy. Each of these areas
represents an opportunity to reverse the negative trends of the past few decades. A greater
understanding of device-related biofilm infections can provide insight to new treatment
modalities, direct imaging of infection will allow more accurate diagnosis of infection and help
drive preclinical drug discovery by being able to non-invasively track therapy efficacy, while low
pH-activated antimicrobial peptides serve as an example of emerging technologies to directly
combat resistance under specific conditions found in infections. These are examples of next-
generation ideas applied to the development of antibacterial agents, enhanced imaging tools for

diagnosis and targeted antibacterial therapies.
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CHAPTER 1

INTRODUCTION
Currently medicine is facing a crisis in our armamentarium to fight bacterial diseases. While
great strides have been made in combating infectious disease via vaccination, antibiotics, and
sanitation, approximately eighty years-ago the first reports of drug resistance emerged (1-3).
The emergence of drug-resistant pathogens has led some to state that we are entering the post-
antibiotic era and return to pre-1920’s morbidity and mortality from infectious disease. The
antimicrobial resistance burden on world healthcare systems, coupled with the rise of older and
elderly populations in developed nations, poor antibacterial stewardship, the impact of climate
change, and geopolitical instability of a multipolar world pessimistically predicts a coming
medical crisis in infectious disease (4-6).
Considering the issues stated above, | wanted to take a look at technologies that could help in
the fight on antibiotic resistance. At a superficial level, this could be regarded as increasing our
knowledge of infectious disease and resistance development. Since resistance development is
tied to the use of antibiotics, | thought about how antibiotics are prescribed. The first time a
patient is prescribed antibiotics it is usually in the context of empiric therapy(7, 8). In most
cases, especially critical care cases where immediate intervention is required, empiric therapy
results in the use of broad spectrum agents against a methodical “best-guess” of pathogen
based on clinical presentation, past physician experience, and past clinical outcomes. With this
as a starting point | identified that areas that | believed would make a meaningful impact in
combating resistance. With this as a starting point | identified that areas that | believed would
make a meaningful impact in combating resistances. In medical devices many the infections are
caused bacterial biofilms(9). A better understanding of these types of biofilm infections would
allow for the development of new technologies for the prevention and treatment of biofilm
device-related infections. A second area for improvement would be in situ confirmation of
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infection and diagnosis of infection. If technologies can be developed to either provide more
information to guide empiric therapy or to identify bacteria from these in situ methods. As part of
my graduate work, | helped author a review of the current wound diagnosis technology,
including innovative methods of non-invasive diagnosis. Additionally, in collaboration with
UTSW, we developed a bacterial specific positron emission tomography based on the utilization
of D amino acids by bacteria. Better diagnosis will ideally result more judicious and appropriate
use of antibiotics which will ideally reduce the emergence of antibiotic resistance. Finally, the
development of new antibiotics that are efficacious, designed with the knowledge of the
resistance problem and have less-side effects would be beneficial to combating antimicrobial
resistance. Designing antibiotics around known resistance mechanisms has expanded the utility
of several classes of antibiotic such as penicillins, cephalosporins and quinolones. The advent
of delivery technologies such as PGLA microbeads and nanotechnology(10, 11) could improve
dosing and limit the exposure of the host microbiome to antibiotics. The host microbiome is
placed under the same selective pressure as pathogens and can serve as a reservoir of
resistance factors that can be spread via horizontal gene transfer(12). Some of these delivery
technologies using targeting approaches can also reduce the risk of antibiotic associated

adverse events(13, 14) improving patient safety as well as effecting only the pathogens.

Over the course of my graduate studies, | have explored these three areas that can help
reverse the negative trends of the past decades in the publications listed below for my article-

based dissertation.

#1. Renick P, Tang L. 2020. Device-Related Infections, p 171-188. In Li B, Moriarty TF, Webster

T, Xing M (ed), Racing for the Surface: Pathogenesis of Implant Infection and Advanced

Antimicrobial Strategies doi:10.1007/978-3-030-34475-7_7. Springer International Publishing.

13



Medical devices have been a life changing development in medicine with roles in restoring
mobility, vision, bodily functions, regulation of bodily functions and enable easy and relatively
painless introduction of drugs and nutrients. One of the main caused of medical device failure is
the establishment of biofilm infections on these devices, resulting in significant patient morbidity
and mortality. Bacteria exploit the localized inflammation and surface conditioning by host
proteins to infect these devices by non-specific and specific ligand binding. Once established
the local concentration of bacteria forms a biofilm, a colonial organization of bacteria encased in
an exopolysaccharide matrix. The presence of this matrix provides physical protection from the
environment, emergent drug resistance properties and an ideal environment for horizontal gene
transfer of drug resistance. These factors make treating biofilm extremely difficult and will
require new approaches for control and eradication.

Drawing on my own experience working in this field and a review of up to date literature, | wrote
a review with Dr. Tang on device related infection exploring the role of biofilm in device related

infection.

#2. Renick PJ, Mulgaonkar A, Co CM, Wu C-Y, Pennington J, Sherwood A, Velazquez A, Quan
B, Oz OK, Tang L, Sun X. Development of D-glutamine-derived PET tracer for diagnosing

bacterial infection in vivo. (to be submitted).

The second article focuses on the exploration of improved detection modalities, | have
collaborated with the Sun lab at UTSW in the development of [''C]-D-glutamine positron
emission tomography tracers to directly detect the presence of both gram-positive and gram-
negative myositis. Body of work shared here details the development and synthesis of the tracer
and the mouse myositis infection model that was used to validate the ability of the tracer that is

specific for the detection of bacterial infection.
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| was the key lead on both the microbiology and the development of the dual infection in the in
vivo mouse myositis model used for tracer development. My additional roles in the collaboration
were experimental design, data analysis and training of both UTSW and UTA students on both

the microbiology and animal methods.

#3 Li Shuxin, Renick PJ, Senkowsty, J, Nair, AM, Tang L. (2020). "Diagnostics for Wound

Infections” Advances in Wound Care. Ahead of Print.

| was a co-author of a review publication by Shuxin Li under Dr. Liping Tang covering the
diagnostics of wound infections. The review show-cased the current methods used to detect
wound infection and provided insight to the strengths and limitations of those methods.
Additionally, new technologies for use in this field were explored.

My contribution to the review was to provide information regarding the microbiological methods
discussed and information on in situ visualization of wound infection using nuclear medicine and

molecular methods.

#4. Chen W, Li S, Renick P, Yang S, Pandy N, Boutte C, Nguyen KT, Tang L, Dong H. 2019.
Bacterial acidity-triggered antimicrobial activity of self-assembling peptide nanofibers. Journal of

Materials Chemistry B 7:2915-2919.

There has been a dearth of antibacterial agents developed recently and from 2003-2017 there
were only 4 truly novel classes of antibacterial agents (linezolid, daptomycin, fidaxomicin and
monoclonal antibodies for B. anthracis) that were approved for clinical use with many approved
agents were improvements on existing classes. A strategy for new agent development focuses
on the development of multidomain antimicrobial peptides form self-assembling nanofibers in
basic and neutral pH, only disaggregating and becoming active in acidic conditions. This new

15



method for delivery also has the potential to reduce side-effects such as hemolysis and
cytotoxicity since they only activate under acidic conditions.

My role in this body of work was to perform in vitro efficacy screening of a library of these
peptides, evaluating the antimicrobial activity at physiological and acidic pH. | also was
responsible for modifying the testing methods under the nonstandard conditions need to

evaluate the activity at acidic pH.
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DEVICE RELATED INFECTIONS
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STRATEGIES. B. LI, T. F. MORIARTY, T. WEBSTER AND M. XING. (ED), SPRINGER
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Device-Related Infections

Abstract Device-related infection is responsible for a quarter of all health-care-associated
infections and can even compromise device function. These infections are caused by the
colonization of microorganisms during the implantation processes. Unfortunately, the treatment
option for device-related infection is limited. To make the situation worse, some of these
organism’s form biofilms that cover the device surface notably weakening the effectiveness of
antimicrobial treatments. This chapter summarizes our current understanding of the
pathogenesis of device-related infection. It also discusses our knowledge of the processes
governing the formation, regulation, and resistance of biofilms. Finally, we introduce several
new methods developed for diagnosing and treating biofilm infections on medical devices.
Keywords Medical device, infection, extracellular polymeric substances, biofilm, protein,
biomaterials, fibrinogen, implants, hydrophobic, quorum sensing, surface-active compounds,

diagnosis

Introduction

Medical devices have transformed health care significantly improving the lives of patients. The
incorporation of medical devices to treatment have restored mobility, regulated or restored body
functions and permitted easy and relatively painless drug delivery. Examples of these devices
include: as cardiac implants (pacemakers, vascular grafts, cardiac valves), central and
peripheral vascular catheters, endotracheal tubes, contact lenses, tissue fillers/breast implants,
orthopedic and prosthetic implants and urinary catheters (1). Unfortunately, implanting devices

can result in the introduction of normally benign flora or pathogenic organisms resulting in
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infection and compromising device function. This represents significant burden on the
healthcare systems and causes significant morbidity and mortality. Device-related infections
account for 25.6% of all health-care-associated infections in the US(2) and a 6.4% prevalence in
England with 1,000,000 reported per year(3). The routes of infection include surgical
implantation procedures, placement of devices in extended contact with mucous membranes
and hematogenous seeding(4, 5). Causative organisms include gram-positive bacteria such as
Staphylococcus aureus, Staphylococcus epidermidis, Coagulase-negative Staphylococci,
Streptococcal species, Enterococcus faecalis and Enterococcal species. S. aureus and S.
epidermidis are known to make up the majority of prosthetic implant infections(2, 3). Commonly
isolated gram-negative species include Pseudomonas aeruginosa, Escherichia coli, Proteus
miriabilis and Klebsiella pneumoniae(1, 3, 6). In addition to bacteria, yeasts, especially Candida
species can play a role in these infections(6).

Further complicating device infection is the formation of biofilms by the infecting
organisms. A biofilm is a highly organized aggregate of bacteria (or yeast) attached to a surface
or each other that secretes hydrated extracellular polymeric substances (EPS). The EPS is
comprised of polysaccharides, extracellular DNA, and proteins. Biofilms are known to exhibit
community behavior, communicating and regulation gene expression in the biofilm by quorum
sensing molecules. The biofilm aggregate represents a defense against hostile environments
(chemotherapy, immune response and predation) enabling the survival of the microorganisms in
the biofilm(7-14). Biofilm formation on devices occurs in several steps: attachment to
conditioned implant surfaces, microcolony formation, maturation and dispersal. A graphical

summary of these traits is shown in Figure. 1.
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Implant Surface Conditioning

Immediately after implantation, medical devices are rapidly coated with host proteins,
specifically plasma proteins that condition the surfaces of the implants. Most of the implant
devices are hydrophobic attracting proteins like albumin, immunoglobulin IgG and fibrinogen.
Once in contact with these surfaces, the proteins can either maintain a configuration similar to
the configuration in the liquid phase or, due to conditions in the local environment, unfold and
denature exposing occult epitopes to the immune system enhancing inflammation at the implant
site (15). An example of this is the binding and conformational change of the serum protein
fibrinogen. In Tang et al (20), it was demonstrated that fibrinogen underwent a time-dependent
conformational change, exposing the occult sequences P1 and P2. These epitopes enhanced
the recruitment of phagocytic cells to the implant, increasing levels of inflammatory cytokines,
suggesting that these two epitopes are linked to fibrotic reactions (16). In this background of
inflammation and surface coating, bacteria have developed a means to exploit and bind to these
host proteins that coat implanted materials. Figure 2 shows an image of S. aureus biofilm that

has formed on a host-conditioned catheter segment.

Bacterial Adhesion to Surfaces

Bacterial adhesion is a two-step process with a primary adhesion step (“docking”) and a
secondary adhesion step (“locking”) (17). The first stage of adhesion is random with the
organism arriving at the surface by chance. This process occurs by physiochemical interactions
(hydrophobic, electrostatic, van der Waals forces, temperature and hydrodynamic forces).
These interactions are reversible and can be altered by environmental conditions and depend

on the net sum of attractive and repulsive forces over a critical proximity to the surface (17).
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Overall, electrostatic interactions favor repulsion based on bacterial and surface negative
charges, while hydrophobic interactions drive primary adhesion (17, 18). The secondary
adhesion or “Locking” is facilitated by receptor-ligand reactions between the bacteria and the
surface. This step of adhesion is permanent unless disrupted by mechanical and physical
means. Once this secondary binding is complete, the process of biofilm formation begins (2, 8,
17). Figure 2 shows a scanning electron microscopy (SEM) established biofilm on a Teflon-
coated catheter segment.

Binding to abiotic surfaces by bacteria is driven by nonspecific means such as
electrostatic, hydrophobic and hydrophilic interactions mentioned above but different
mechanisms come into play on conditioned surfaces (2, 8, 17-19). In the case of device-related
infections, the bacteria encounter surfaces that are preconditioned by host proteins. Bacteria
have developed a wide array of adhesion that can exploit collagen, fibronectin, fibrinogen, and
lectin and can express a variety of surface-active compounds (SACs) to aid in attachment (17,
18, 20). S. epidermidis has been demonstrated to have competitive binding for fibronectin with
heparin (19) and the ability of S. aureus to bind to a variety of epitopes including fibrinogen,
collagen and bone sialoprotein is well documented (20-23). There is evidence that suggests E.
coli and Pseudomonas aeruginosa can alter their surface hydrophobicity by the secretion of
SACs (18). Pseudomonas aeruginosa expresses PA-IL and PA-IIL which recognize host
glycans (24). (24).Other bacteria cell surface features that initiate or aid in binding include
flagella, lipopolysaccharides (LPS), fimbriae, mycolic acids and lipopolysaccharides (8).
Additionally, their context and environmental conditions can result in distinct adhesion coming
into play to aid with surface attachment. The El Tor strain of Vibrio cholera when in contact with
borosilicate uses a mannose-sensitive hemagglutinin not associated with pathogenicity to bind
to these surfaces. In contrast with this, when the bacteria comes in contact to chitin, a virulence-
associated toxin-coregulated pilus is used to attach and begin biofilm formation (25). Another
feature of some of these adhesions is that they are transcriptionally regulated and are
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expressed either during the planktonic or sessile phases of life. Polysaccharide intercellular
adhesion (PIA) expressed by S. epidermidis is an example of these transcriptionally regulated
inhibitors. Interruption of the icxADBC operon controlling the expression of PIA results in
impaired adherence mutants, while expression in a deficient strain enables attachment to
surfaces (17, 26-28). The binding of organisms to surfaces can also promote the adhesion of
other organisms to the surface and each other (29). For example, Leung et al. demonstrated in
an in vitro biofilm model that colonization of biliary stents by E. coli enhances the binding of

Enterococcus (29).

Biofilm Formation

After adhesion to the surface, bacteria form microcolonies composed of single and multiple
species of bacteria, alter their phenotypes to a sessile existence and begin to express EPS. The
maturing biofilm develops stratified structures with nutrient channels and differing zones of
metabolic rates and genomic expression giving rise to a situation analogous to tissues in higher
organisms (30, 31). As the high densities of cells limit the rate of growth and nutrients (31),
biofilms display altruistic and cooperative properties (32). In multispecies biofilms, different
species can utilize alternative catabolic pathways and feed off the metabolites of other species
(32, 33). The resulting microenvironments with the developing biofilm result in different growth
responses and gene expression by the bacteria ultimately resulting in structurally complex
mature biofilms (30). Environmental stresses placed on the forming biofilm can speed the
development of the biofilm. In both S. aureus and S. epidermidis, the main polysaccharide in the
matrix is PIA, which is expressed via the icxADBC operon. In response to environmental
stresses such as antibiotic treatment, osmolarity, alcohols, low oxygen, low nutrients and heat
lead to increased expression of PIA and more rapid matrix development (2, 26, 27). The rate of

liquid flow and sheer stress also can result in modifications to the amount of the matrix
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produced depending on the vascularization and location in the body. Increased levels of PIA are
present in S. epidermidis catheter infections compared to other lower shear environments (2).
After maturation, complex signaling within biofilms can result in the dispersal of planktonic
bacteria and can occur actively or passively (10, 31, 34). Passive dispersal of biofilms occurs
because of abrasion, fluid shear (erosion and sloughing), predator grazing and medical
intervention (30, 31, 34). Active dispersal is initiated by the biofilms in response to
environmental or signaling cues. These cues include changes in nutrient levels, quorum-sensing
molecules, chemical signals and cyclic dimeric guanosine monophosphate (GMP) (34). Active
biofilm dispersion allows the bacteria to colonize other surfaces and serves as a survival

mechanism (30, 31, 34).

Quorum Sensing and Biofilm Regulation

Bacteria regulate physical processes and cooperative efforts via small molecule autoinducers
that are expressed at a basal level during growth in a process known as quorum sensing (QS)
(8, 10, 35-37). These molecules allow coordination of a response in a population dependent
manner by the activation or repression of gene expression. The localized QS molecules are
directly related to the population density and only induce behavior in locally high concentrations
of bacteria (35, 36, 38). Currently, there are three classes of QS molecules with example
systems and functions showing in Table 1. For a more comprehensive review of these systems,
see references (35-39).

QS molecules are known to play a role in biofilm formation and regulate societal traits such
as competence, sporulation, virulence factors, structural formations, dispersion, antimicrobial
expression, fratricide, bioluminescence and symbiosis (36, 39). QS molecules are reported to
be involved in altruistic cooperative group benefits even when confronted with other bacteria

that would exploit this altruism. An example would be a trade off in growth rates where slow
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rates with a high yield are ultimately better for the population than a fast growth rate with low
yield. The higher yields suggest a more efficient use of resources even at the expense of
individual bacteria (32, 36). The modulation of virulence factors by QS molecules implicates
them in the biofilm formation and infection processes. Multiple species of bacteria do not
express virulence factors until a critical concentration of bacteria is reached allowing them to
collectively avoid the host immune system (39-42). While QS systems can be extremely precise,
there is also a certain degree of leakiness in these communication systems allowing cross-talk
between species (35). In cystic fibrosis infections, P. aeruginosa can upregulate virulence
factors in response to intercepting Al-2 signals from nonpathogenic oropharyngeal flora (41).
Another cystic fibrosis pathogen, Burkholderia cepacia, can intercept P. aeruginosa QS signals
and up-regulate its virulence factors to establish infection (37, 41). Species crosstalk between
Haemophilus influenzae and Moraxella catarrhalis can help establish chronic infections and

resistance in polymicrobial otitis media (43).

The EPS Matrix

The essential part of the biofilm is the production of an EPS matrix which comprises roughly
90% of the biomass of the biofilms (44). The EPS represents both a habitat and a fortress for
the bacteria encased within. The organization of the matrix depends on the structural
components within the matrix and the metabolic activity occurring within the biofilm (13). The
largest component of the matrix is water comprising up to 97% of the matrix with the remaining
bulk of the materials being composed of soluble components like polysaccharides, proteins and
eDNA. Insoluble matrix components include amyloids, cellulose, pili, flagella and fimbriae (9).
The physical distances between microcolonies during the initial formation result in voids that
ultimately become pore and channels which facilitate nutrient and liquid transport within the

biofilm (9, 13). The formation of the matrix results in emergent properties that help the biofilms
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survive in the environment. The matrix provides localized gradients allowing for different
populations of bacteria to survive various niches and utilize different metabolic pathways for
survival. The material of the matrix also functions to absorb resources from the surrounding
environment. The matrix also serves to sequester secreted enzymes resulting in a de facto
external digestive system. This environment enables social behavior between bacterial species,
both cooperative and competitive (13, 33, 36). Since the matrix is a semi-solid gel, the matrix
can also form a skin and retain water protecting the biofilm from dehydration. Its gel like nature
also allows the migration of bacteria in the biofilm and in some cases can represent population
efforts that parallel the division of labor (9, 13). A key advantage of matrix formation is tolerance

and resistance from chemotherapy, host defenses and predation by Protista (45).

Biofilm Resistance

One of the prime advantages of the EPS matrix is the protection from antimicrobials, the
immune system and predators. In some cases, it has been noted that to affect biofilms
sometimes up to 1000-fold or more, antibiotics are required to kill the planktonic form of the
same bacteria (46). Biofilm resistance is a multifactorial process involving the biology, chemistry
and physics of the biofilm (11). The factors that have been associated with the increase in
antibiotic resistance are gradients (oxygen, nutrients, slowed agent diffusion, etc.) stress
responses, gene expression (resistance factors), dormancy and tolerance (3, 7, 8, 10-13, 31,
47, 48). Gradients present in the biofilm can result from the diffusion of agents into the biofilm
resulting in sublethal concentrations of antibiotics selecting for resistance. Gradients in nutrients
and oxygen lead to zones of decreased metabolism and dormant bacteria (13, 48). The slowing
metabolism of these phenotypes can affect antimicrobials that require active cellular metabolism
for efficacy (49-51). The enzyme sequestering effects of the matrix can lead to antimicrobial

deactivation and the matrix components can complex with antimicrobials leading to chelation
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and precipitation of these agents (13). Close proximity of bacteria in a biofilm facilitate horizontal
gene transfer of resistance mechanisms, especially under conditions of environmental stress (2,
7, 52). In addition, preexisting drug resistance could be present in biofilms. One of the most
used agents to treat biofilm infections is the ansamycin antibiotic rifampicin. While highly
efficacious, this RNA synthesis targeting agent requires a single mutation in the rpoB gene to
confer resistance. In vitro resistance determination studies have found that the frequency of
mutation conferring rifampin resistance is between 107 and 102 (53-55). Base on this
frequency, if the biofilm being treated has a population of 10° cfu, then by random chance there
are approximately 10-100 bacteria that have the mutation conferring rifampicin resistance. Thus,
monotherapy treatment with antibiotics will result in enrichment of the mutant population and
addressing this requires extended therapy with drug cocktails to avoid this enrichment (56-58).
A final source of biofilm resistance is the subpopulation of persister cells that develop in
biofilms. This cell phenotype can survive high levels of antibacterials while lacking any specific
resistance mechanisms (7, 47, 59). These dormant cells can survive blocking the activity of
antibacterials by depriving them of targets through metabolic inactivity and remain dormant (47).
Eventually when environmental conditions permit, these cells will emerge from dormancy and
proliferate. The exact mechanisms of persister formation are unknown but current theories
center on toxin and antitoxin systems (TA) (47, 60). The 5 classes of TA systems are composed
of a stable protein toxin that disrupts an essential metabolic function and a labile antitoxin which
is coded in an operon (see Table 2).

This arrangement results in tight co-transcription and translation (60, 61). One of the key
drivers of persister formation is environmental stress, especially antibiotic treatment. It is
believed that the TA system activity is modulated by the (p)ppGpp signaling nucleotide and that
persister cells can spontaneously form in bacterial populations (61).

Biofilms are also highly resistant to clearance by the immune system. When a device is
implanted, especially internal implants, the procedure can result in localized acute and chronic
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inflammation which can lead to a foreign body reaction. The implantation results in localized
acute and chronic inflammation plus a foreign body reaction to the implant (2, 15, 16). Ultimately
a fibrous capsule forms around the implant resulting in a zone of suppressed immune response
know as a locus minoris resistentiae which can increase the chance of infection and biofilm
formation (2, 62, 63). Studies have also uncovered that biomaterial implants can also alter
immune cell responses. The implanted biomaterial can activate the complement system,
platelets and neutrophils. Chronic inflammatory responses may lead to neutrophil exhaustion,
depletion of oxidative species and “frustrated phagocytosis” while other demonstrate that
leukocytes can react and then penetrate the biofilm (2). Studies performed in animal models
with S. aureus suggest that the immune response may skew from the traditional pro-
inflammatory response to a pro-fibrotic response. The S. aureus biofilm was able to alter
macrophage responses towards an anti-inflammatory response with significant reductions in IL-
1B, TNF-a, CXCL2 and CCL2 expression (2, 14). In addition to dampening the inflammation, S.
aureus biofilms have been shown to change macrophage responses to the M2 phenotype and
immune suppressive T cell response by increased expression Arg1 (64, 65). S. aureus can also
induce dysfunction and death in macrophages via various toxins, including Leukocidin (64).
Pseudomonas aeruginosa biofilms have been found to suppress neutrophils disrupting the

response and reducing neutrophil oxidation potential (66).

Diagnosis of Biofilm Infections on Medical Devices

Diagnosis of infections on biofilm infected devices is commonly determined using traditional
microbial growth means. For orthopedic devices, the device itself is sampled with three to six
biopsies of the surrounding tissues (67). Sonication of the devices or samples to remove the
adherent bacteria has proven to be superior to identifying delayed and late infections compared
to a tissue sample, histology and synovial culture (2, 3, 46, 68, 69). In most cases, removal of
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the device or sampling of the surface and associate materials (respiratory secretions, urine
samples, etc.) are used to confirm the presence of a biofilm (67). These conventional methods
are not without drawback. The main challenge is that it is difficult to survey the presence of
small colony variants in biofilms on different regions of medical implants. To overcome such
limitations, several new methods have been investigated in recent years. For example, indirect
methods of diagnosis have been successfully used to confirm implant infection including
immunoglobulin assays, the inflammatory marker C-reactive protein and histopathological
evaluation of samples (70). Other diagnostic methods include PCR (which can also screen for
drug resistance markers) (3, 70), next generation sequencing, fluorescent in situ hybridization
(FISH), Matrix Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry (MALDI-

TOF) mass spectroscopy and assay of a-defensin levels in the synovial fluid (2, 67).

Of recent interest has been the incorporation of nuclear medicine in visualization of
infected implanted devices and foci of infection. These methods have included computerized
tomography (CT) magnetic resonance imaging (MRI), ultrasound, and radionucleotide methods
such as Single Photon Emission Computed Tomography (SPECT) and Positron Emission
Tomography (PET). Current applications include combinations of both screening modalities to
generate anatomical information via CT scanning with the labeling data from either SPECT or
PET (SPECT/CT or PET/CT) (71-73). CT imaging utilizes X-rays to generate three dimensional
slices of the target while SPECT incorporates the gamma ray emissions from a radioisotope to
show specific areas of interest via the radiolabel’s interactions with the target (see Figure 3).
PET looks for the localization of specific radioisotope accumulation and measures the emission
of gamma photons from positron annihilations at 511 KeV which results in these photons
moving in opposite directions. The impact of these photons on detectors, result in a
simultaneous detection event that can be used to construct a three-dimensional image of the

areas where the radioisotopes have accumulated. Many of the combination systems are already
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available from commercial vendors and have seen use clinically (71, 72, 74-76). SPECT/CT has
been used to visualize a wide variety of infections including osteomyelitis, prosthetic joint
infections, mixed infections, infectious endocarditis and infected cardiac implant devices (72).
Currently, PET has been used to image tumors in cancer patients indirectly by using radiolabels
on metabolites that have enhanced uptake in tumors or white blood cells (WBCs) migrating to
the site of the tumor (see Table 3) (77-80). While these methods have been shown to work,
many rely on indirect measurements looking at a paired response to infection, such as
metabolite update and infiltration of immune cells and modulators (79, 81, 82). More direct
approaches have recently been successfully attempted using tagged antibodies, antimicrobials
and molecules that are utilized by the infecting pathogens including the differentiation between
gram-positive and gram-negative infections (75, 83-90). While targeting by antimicrobials and
immune cells is a proven approach, it must be considered that labeled agents of this type could
generate a skewed or no signal based on killing of the target. An approach taken by Ordonez et
al. (91) has used in silico screening to identify radiolabeled molecules that are specifically taken
up by bacteria and are not antimicrobial. There results identified ten promising leads that
identified three lead candidates (Para-aminobenzoic acid or PABA, D-mannitol and D-sorbital)
that were successful in in vivo testing, specifically identifying infection sites in a murine model of
myositis.

Both the SPECT and PET methods have limitations to their use that must be accounted
for in the final interpretation of the results and to prevent misdiagnosis. With the indirect
visualization of infection, distinctions between sterile inflammation and actual infection must be
made with the approach of infection specific tracers allowing this differentiation (75, 85, 89). In
the cases of combined systems (SPEC/CT and PET/CT) allowances must be made for the
proximity of the two independent screening modalities in the physical design of the device (92)
and CT measurements have to take into account photon attenuation and correction for
scattering. An example of successful imaging is shown in the SPECT/CT scan in Figure 3 from
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two different patients with suspected prosthetic hip infections. The top image is the emission of
the tracer administered to both patients while the second image is the traditional CT scan. The
final set of images is the superposition of both SPECT and CT images. By the combination of
these results, the clinicians were able to specifically identify that the infection was limited to
either the soft tissue and posterior aspect of the prothesis or the peri-prosthetic soft tissue. This
fusion of the imaging technology has further allowed the identification of the cortical,
corticomedullary and subperiosteal foci of chronic osteomyelitis with a specificity value of 89%
and a sensitivity of 100% (72, 93). These results would allow for a targeted intervention if
surgery and debridement would be required or allow non-invasive monitoring of efficacy of

pharmaceutical treatment.

Treatment of Biofilm Infections on Medical Devices

Treatment for device-related infections vary with the type of device and the location. In the case
of peripheral devices, the easiest course is to remove the device and treat the infection with
antibiotics (67). In some cases, central venous catheters can be kept in place and treated using
antimicrobial lock out therapy typically with combinations of disinfectants and antibiotic at
elevated levels above the minimum inhibitory concentration (MIC). With implanted devices such
as prosthetic joints, the timing of the detection is critical. Infections occurring within three weeks
of surgery can be treated with antibiotic therapy with a 70-90% success rate. For delayed or late
infections, the device is usually removed to ensure that the biofilm is eradicated. The gold
standard treatment is a two-stage surgical procedure where the infected device is removed, and
the devitalized tissue is debrided. An antibiotic-impregnated filler is placed in the wound and at
least six weeks of antimicrobial therapy is carried out (94). At the completion of antibiotic
therapy, the new sterile device is implanted. The success rate for the two-stage procedure is 93-

100% (2, 46, 70). Antibiotic therapy for the treatment of these infections is typically a
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combination therapy of rifampin, a fluoroquinolone followed by a glycopeptide (2, 70, 94, 95).
Other options in the combination therapy include daptomycin, linezolid, tigecycline,
cephalosporins and carbapenems (67), amoxicillin and trimethoprim-sulfamethoxazole (46).

Due to increasing rates of antimicrobial resistance mechanisms and the inherent
resistance of biofilms, some novel approaches to dealing with biofilm infection are being
explored. Therapy using bacteriophages and cocktails of bacteriophages are being used against
biofilms including phages that lyse the target bacteria and phage encoded enzymes to dissolve
the EPS matrix (96). Phages were used as successful therapeutic agents by the former Soviet
Union and Eastern European countries (97). In 2017, a personalized cocktail targeting drug
resistant Acinetobacter baumannii successfully cleared a persistent infection in a clinical setting
illustrating the utility of this therapeutic approach (98). The incorporation of phage therapy also
has been reported to enhance the efficacy of antibiotics against S. aureus biofilms in vitro (99).
Another novel therapeutic approach being explored is the use of antimicrobial peptides (AMPs).
AMPs are small positively charged peptides secreted by virtually every type of organisms to
combat pathogens (100-102). The AMP Database as of 2019 contains a total of 3055 entries
from all the kingdoms of life (Protista, Archaebacteria, Eubacteria, Plants, Fungi and Animals)
(103). The mode of action of these ubiquitous agents is through membrane disruption and
depolarization but recently evidence has been mounting that there are additional targets within
bacteria such as translation, transcription and replication that are affected by these peptides
(100, 101, 104). Currently, there are several classes of AMPs used clinically as systemic and
topical agents including colistin, polymyxin B, nisin and bacitracin in addition to synthetic AMPs
in development (104-106).

A challenge posed by is the modification of the environment around the wound is that it
typically becomes anoxic and mildly acidic (pH 5.0). Acidic pH values can both enhance or
inhibit the activity of antibiotics (107, 108). The MICs for gentamicin against S. aureus increase
as pH decreases while the opposite holds true for oxacillin (109). In purulent wounds, the
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bactericidal activity of ciprofloxacin and imipenem is inhibited (110). A novel approach to
adapting agents to this acidic environment is the design targeted delivery systems that only
activate in these mildly acidic conditions. A pH activated targeted delivery system has been tried
using poly (D, L, -lactic-co-glycolic acid) (PGLA) nanoparticles that were laced with PEG to
prevent non-specific interactions. To provide specificity to the target bacteria, a poly-L-lysine
was incorporated that becomes a positively charged cationic moiety by gaining electrons at an
acidic pH. This technology was successfully used to deliver vancomycin to S. aureus in an in
vitro system (110). The targeted delivery concept has also been applied to AMPs. Modification
of the Cardin and Weintraub heparin-binding sequences (AKKARA and ARKKAAKA) with
histidines yielded membrane damaging antimicrobials that only were activated under acidic
conditions and were active against Gram negative, Gram positive and yeast (111). A similar
approach has shown in vivo efficacy against H. pylori infection, a causative organism in the
generation of stomach ulcers. This pH responsive polypeptide AMP was designed with a
random distribution of positive and negative residues which, under a physiological pH adopted a
non-toxic, inactive random configuration. When exposed to acidic conditions, the AMP

transitioned to the antimicrobial helical configuration (112).

Conclusion and Summary

Device-related infection remains to be a major burden on the healthcare system. With the recent
improved knowledge on the pathogenesis of bacterial infection, we may be able to develop new
methods for the detection of bacterial activities and eradication of biofilm-encapsulated
microorganisms surrounding implanted medical devices. Equally important is the need for more
studies to explore the possibility of designing medical device surfaces that can reduce bacterial

colonization while restoring “normal” anti-microbial responses of immune cells. It is our belief
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that such a biological response-oriented approach will help in the creation of next generation

medical devices with significantly improved safety and functionality.
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Figure 1. A summary of the complexity of biofilms illustrating the colonial and organized nature
of this type of infection. Reprinted by permission from Springer Nature, Nature Reviews
Microbiology , Hall-Stoodely et al .2004 (10) Copyright 2004
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Figure 2. SEM images of Staphylococcus aureus biofilms on the surface of Teflon coated
catheters established in a mouse model of biofilm infection. The panel on the left shows the
biofilm (grey arrow) adhered to the catheter surface (black arrow). The right-hand image shows

the individual staphylococci (grey arrow matrix (white arrow) and host immune cells (black
arrow).
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Figure. 3 SPECT/CT images of infections in two patients with prosthetic hip infections. The
upper panels show the emission while the middle panels show the CT images while the bottom
panels show the superimposed images of 99mTC-HMPAO WBC uptake. Reprinted by

permission from Springer Nature, Clinical and Translational Imaging, Erba et al. (72)
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Tables

Table 1 The three classes of quorum sensing molecules used by bacteria.

Example
Bacteria Signaling molecule system Function
Acyl Homoserine
Gram negative Luxl/LuxR Bioluminescence
Lactones
Gram positive Small peptides Agr Virulence factors
Both gram negative and Interspecies
Al-2 LuxS

gram positive

communication

The Al-2 signaling molecules are unique in that they allow for cross-species

communication.

Table 2: The five toxin-antitoxin systems with their regulatory elements and mechanisms of

actions (61).

Regulatory
Type Element Mechanism of Action
I sRNA Binding to toxin mRNA preventing ribosome binding
I Protein DNA binding that suppresses toxin transcription
Il RNA-protein Toxin function inhibited by interaction with pseudoknots
complex antitoxin RNA
v Protein Blocking of toxin target site on cytoskeletal proteins
\% Endoribonuclease Cleavage of toxin mMRNA

All these systems are believed to play an active role in the generation of persister populations in

biofilms.

50



Table 3: PET radiolabels used to detect inflammation and infection. These have been used

successfully to identify tumors or infection.

Tracer Abbreviation Diagnosis Reference
8F-fluorodeoxyglucose BF-FDG Tuberculosis Ankarh et al. (2017)
(FDG) S. aureus Garrido et al. (2014)

biofilm infection | Neumann et al. (2017)
Bacterial Ordonez et al. (2018)
infection Palestro et al. (2017)
Sathekge et al. (2017)

Signore et al. (2017)

8F-labeled glutamate BAY 94-9392 Cancer Koglin et al. (2011)

analogs BAY 85-8050 Krasikova et al. 2011

Labeled White blood cells | "'In-WBCs Bacterial Neumann et al. (2017)
9mTc-WBC infection Signore et al. (2017)

Erba et al. (2014)

D-[methyl-""C]-methionine | [''C]-D-Met Bacterial Neumann et al. (2017)
infection

®8Ga-labled phage display | ®8Ga-A9-K- S. aureus Nielsen et al. (2016)

peptides DOTA biofilm

['®F]-fluoropropyl- ['®F]-FPTMP Bacterial Sellymer et al. (2017)

trimethoprim infection

2-['8F]-fluorodeoxysorbital | '®F-FDS Bacterial Weinstein et al. (2014)
infection

These have been used successfully to identify tumors or infection.
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CHAPTER 3
DEVELOPMENT OF D-GLUTAMINE-DERIVED PET TRACER FOR DIAGNOSING

BACTERIAL INFECTION /N VIVO

Complete reference
Renick PJ, Mulgaonkar A, Co CM, Wu C-Y, Pennington J, Sherwood A, Velazquez A, Quan B,
Oz OK, Tang L, Sun X. Development of D-glutamine-derived PET tracer for diagnosing bacterial

infection in vivo. (to be submitted).
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Abstract

D-amino acid imaging has been exploited in recent years for bacterial imaging in vivo, since D-
amino acids can only be metabolized by bacteria, but not mammalian cells. Among all amino
acids, it is well established that glutamine plays a pivotal role in controlling the growth and
biofilm formation of many bacteria. Given the essential nature of glutamine’s pivotal role in
bacterial survival, cell growth, biofilm formation, and even virulence, here we report a new
positron emission tomography (PET) imaging approach using D-5-[11C]glutamine (D-[5-11C]-
GIn) for potential clinical assessment of bacterial infection through a comparative study with its
L-isomer counterpart, L-[5-11C]-GIn. Both tracers were synthesized from the appropriate
enantiomeric precursor of tert-Butyl-2-((tert-butoxycarbonyl) amino)-4-lodobutanoate by
['"CIHCN trapping and cyanation followed by hydrolysis and purification to generate the
glutamine enantiomers. Using PET imaging, our results show that L-[''C]GIn tracer had
substantially higher systemic levels compared to D-[''C]gln tracer in both healthy and infected
animals. Interestingly, the uptake of L-[''C]gIn tracer are found to be higher than the uptake of
D-["'C]gln tracer in most organs, except kidney. Most importantly, our results show that PET
imaging with D-5-['"C]glutamine, but not L-5-[''C]glutamine, is capable of diagnosing both E.
coli and MSRA infection using murine dual-infection myositis models. Furthermore, D-5-
['"C]glutamine PET imaging was shown to be capable of significantly differentiating active
bacterial infection from sterile inflammation. These results support strong translational potential
of D-5-['"C]glutamine PET imaging for noninvasive detection of bacterial infectious diseases in

humans.

Keywords
D amino acid, metabolic imaging, glutamine, bacterial infection, positron emission tomography
Introduction

In recent years, increased research efforts have been placed to design PET probes
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based on differences in host versus bacterial in vivo consumption of D-amino acids (DAAs).
Although DAAs can be acquired through dietary intake and through in vivo conversion by host
amino acid racemases’, humans predominantly use only the L form of the twenty two amino
acids. The only systems in humans that utilize DAAs (D-serine, D-aspartate, D-alanine and D-
cysteine) by mammalian cells is limited to the central nervous and endocrine systems and, to
date, they are known to only use D forms of serine, aspartate, alanine, and cysteine

In contrast, bacteria can utilize both enantiomeric types of all amino acids (D and L
forms) via specialized amino acid transport proteins*®. By taking advantage of this differential
uptake capability, several studies have successfully exploited DAAs, such as D-["'C]methionine
and D-["'C]alanine, as PET probes and demonstrated their potential for clearly distinguishing
between sterile inflammation and infection caused by gram-positive and gram-negative bacteria
in animal models”®. Previous work has exploited the use of DAAs in bacterial cell wall,
specifically D-methionine and D-alanine. D-methionine is incorporated into the C-terminus of
peptidoglycan by transpeptidase reactions carried out by penicillin binding protein in addition to
incorporation into peptidoglycan muropeptides. D-alanine is incorporated into the peptide chains
in the cytoplasmic peptidoglycan synthesis steps by D-alanine ligase. D-glutamine plays a dual
role in the synthesis of peptidoglycan either as a substrate the formation of D-glutamate or is
directly incorporated by transpeptidase reactions. Glutamine uptake also plays a unique and
critical role in bacterial infection by affecting the expression of bacterial virulence expression
and biofilm production'®'2. However, the feasibility of developing D-glutamine probe for
detection bacterial infection has not been evaluated and was the main objective of this work.

The L-isomer of gln radiolabeled with 8F (half-life = 110 min) or "'C (half-life = 20 min)
has been evaluated in preclinical and clinical studies for cancer imaging'*'5. However, to the
best of our knowledge, there have been no such published reports for radiolabeled D-gIn. While
radiolabeling the gin molecule with ''C radionuclide is a significant advantage by maintaining

its native chemical form for in vivo evaluations, the challenges faced due to the short half-life
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of ""C, coupled with complex synthesis procedures maybe the reason for lack of published
data in humans for this tracer’s isomers. A fully automated synthesis and purification of a
clinical grade of L-5-["'"C]glutamine (L-[''C]gIn) was developed by our group' and the same
process was used to producing a D-5-["'C]glutamine tracer.

Here we reported successful synthesis of D-[''C]gln using a reliable and feasible method
with excellent potential for future clinical application. We first assessed the “normal” metabolism
of both D-gln tracer and L-gln tracer in different organs of healthy animals. Using a modified
neutropenic mouse myositis model infected with Escherichia coli and Staphylococcus aureus,
we subsequently evaluated the efficacy of using either D-gIn tracers or L-gIn tracers to
distinguish bacterial colonization and sterile inflammation. The use of neutropenic animals
simulates our worst-case patient scenario, representing patients that are critically ill with
reduced immune function. Our results showed preferential accumulation of D-gln tracer, but not
L-gln tracer, at the site with live bacterial colonization, allowing us to distinguish these foci from
sterile inflammation.

Results

Automated Synthesis of the D and L isomers of [''C]GIn: Both D-[''C]gIn and L-["'C]gIn
were fabricated to assess their potential as metabolism imaging tracers for diagnosing
bacterial infection. While the synthesis of L-[''C]gIn was based on modifications of previous
literature'”-'°, this is the first reported synthesis of the D isomer of glutamine (Figure 4.
Automated synthesis involved the production of ['""CJHCN, azeotropic drying of 18-C-
6/CsHCO3 solution, [""CJHCN trapping, and [''C] cyanation of eithter the R or S form of tert-
Butyl-2-((tert-butoxycarbonyl) amino)-4-lodobutanoate precursor to generate the tracers. Both
D and L isomers of clinical grade [''C]gIn were reproducibly synthesized with high efficiency (n
= 9), > 90% radiochemical purity (Figure 5 and Figure 6 for HPLC analyses) and a
radiochemical yield of approximately 33.5 + 16.0 % and 34.9 + 11.3 % for the D and L 5-

['"C]glIn, respectively (data were decay corrected from total collected H''CN activity). Both
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these tracers were synthesized reproducibly with > 99% enantiomeric radiochemical purity (n =

9).

['"C]GIn Tracer Biodistribution: The metabolism of [''C] D-gin and [''C] L-gIn tracer was

evaluated in both healthy and infected mice by comparing the biodistribution of the tracers.

In healthy animals, whole body quantification of the PET data show that L-[''C]gIn tracer had
substantially higher systemic levels compared to D-['"C]gIn tracer (Figure 7). When specific
organs are quantified this trend is reflected by significantly (P-values < 0.05) elevated uptake of
L-[""C]gIn the brain, heart, thyroid, lung, liver, bone and muscle of the healthy animals (Figures
3). An exception to this trend is the lower renal uptake of the L-[''C]gIn tracer when compared to
the D-["'C]gIn tracer (p-value < 0.001). Similar differential uptakes of both L-["'C]gIn tracer and D-

['"C]gIn tracer by various organs were found in infected animals (Figure 8).

PET Imaging in Infected Mice: The feasibility of D-[11C]gln tracer and L-[11C]gIn tracer for
infection detection was investigated. The infected mice were scanned from 20 to 40 min p.i. (static
PET scans) and then analyzed. By compare the visual PET images, we find that the foci of S.
aureus and E. coli can be easily identified in animals treated with D-[11C]gIn tracer, but not L-
[11C]gln tracer (Figure 8). Quantification of absolute tracer uptake showed that the uptake of D-
[''C]gIn by the S. aureus and E. coli foci was significantly higher (~ 2 fold) than the heat-killed
bacteria and the muscle background (p-values <0.0001 and 0.0004, respectively). There was no
significant difference of L-["'C]gIn tracer uptake values between the infection foci, heat-killed
bacteria or background muscle (Figure 8). Furthermore, the infection-to-muscle background
contrast for both the infectious foci was obviously distinguishable after PET imaging with D-

['"C]gIn; whereas, this was not the case for the L-['"C]gIn PET signal (Figure 8).
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Ex vivo analysis of the dual infection models post-imaging. Post-imaging tissues were
harvested for ex vivo analysis by histology and recovery of viable bacteria. Histology confirms the
presence of bacteria in the infection foci for both S. aureus and E. coli, while the heat-killed biopsy
samples show no evidence of intact bacteria in the tissues (Figure 9) confirming that the heat-
killed bacteria were not viable and had been lysed. Confirmation of an active infection was further
confirmed by recovery of viable S. aureus and E. coli from the infection foci, with median
recoveries of 6.23 and 7.23 log+o cfu/sample, respectively (Figure 9). No bacteria were recovered
from the heat-killed foci. Additional samples (liver, heart and blood) were taken, processed and
showed low to no recovered S. aureus or E. coli counts indicating the myositis infections were

predominantly confined to the infection sites (Figure 11).

Discussion

Pathogen-specific metabolic imaging has gained increasing popularity for use in the
diagnosis of infection. As our hypothesis is based on the incorporation of our D-["'C]gIn tracer into
the bacteria peptidoglycan and nitrogen assimilation pathways essential for biofilm formation and
bacterial virulence, an automatic production of the radiotracer with high enantiomeric purity was
essential. To the best of our knowledge, this is the first reported synthesis of D-[''C]gIn based on

an modified method use to generate L-[''C]gIn'"-'® with >90% radiochemical purity.

The D-["'C]gIn tracer has a biodistribution similar to the L-["'C]gIn tracer in both healthy
and infected animals. These results suggest that infection status does not affect the metabolism
of both tracers by different organs. Furthermore, the higher uptake of L-isomer than that of D-
isomer in many vital organs confirms the exclusive uptake of L-isomer by mammalian cells as

described earlier. The data also indicate the D-tracer is excreted via the renal system which is
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consistent with elimination of L-glutamine from the body?®?2. Most importantly and in support of
our hypothesis, PET imaging shows that D-["'C]gIn tracer, but not L-[''C]gIn, have significantly
high accumulation in the infection foci of both S. aureus and E. coli foci in vivo. It should be noted
that neutropenic animal model was used in this study to simulate clinical immune compromised
patient condition as established in earlier studies?>?5. The induction of neutropenia has been
shown to minimize the impact of innate immunity on establishing an infection commonly found in

immunocompromised patient population?-28 .

Glutamine plays a significant role in the metabolism of bacterial thus providing multiple
avenues to exploit as tracer for the detection of infection. Glutamine is a critical substrate for
glutamate which is used in peptidoglycan synthesis, a metabolite bridging carbon and nitrogen
metabolism and has a role in triggering the expression of virulence factors'> 2°-3°_ Specifically, D-
GIn can be incorporated by transpeptidase reactions into the cell wall of gram-positive and gram-
negative bacteria3'=3. Glutamine is an essential amino acid in the assimilation of nitrogen and
provides a bridge to carbon metabolism3*3¢ . The regulation and detection of glutamine has also
been implicated in the expression of virulence factors and biofilm formation. For example,
inhibition of glutamine synthesis (GS) and lack glutamine uptake results in reduced fitness and
ability to cause infection in bacteria including Listeria, Staphylococci, Streptococci, Enterococcus,
Salmonella and Bacillus'®'"-37. The ability to detect the presence of glutamine in the environment
serves as a trigger in some bacteria for the expression of virulence factors' and to help maintain
resistance factors®. Glutamine uptake and synthesis also plays a role in biofilm formation. The
transition from single celled bacteria to commensal aggregate in biofilm requires glutamine for

survival and growth.38-40,

While there are many exciting findings on D-[''C]gIn tracer present here, many questions
related to the clinical potential of the tracer has yet to be answered. For example, the minimal

detection level of the D-5-['"C]gIn tracer needs to be determined. Currently, we can successfully
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image infections with ~10°-107 bacteria and these levels are consistent with bacterial counts
isolated from infections in humans*'3. Nevertheless, for sucessful monitoring of antibacterial
therapies a lower limit would need to be determined to prevent prematurely stopping treatment.
Furthermore, it is not clear whether the presence of high numbers of commensal bacteria such

as the gut*-*¢ would interfere D-5-[""C]gIn PET imaging.

The overall data has shown that the D-5-[''C]gIn tracer has potential as an infection-
specific PET probe, with capability to distinguish active gram-positive and gram-negative bacterial
infections from host-specific sterile inflammatory responses. The central nature of glutamine in
affecting biofilm formation and virulence factor regulation makes it uniquely suited for labeling of
bacterial infections. Our results support the combination of PET D-5-['"C]gIn tracer with other
imaging techniques like CT or MRI would provide a critical quantitative measures of infection and
anatomical data that could guide intervention and real-time monitoring of therapy with improved

therapeutic outcomes.

Methods

Radiotracer production: Carbon-11 labeled carbon dioxide ([''C]CO.) was produced by the
“N(p,a)"'C reaction with 16.5 MeV proton beam from a GE PETtrace 880® Cyclotron using a
commercial N> target containing 1% O as target material in the UT Southwestern Medical
Center Cyclotron and Radiochemistry Facility (Dallas, TX). The automated synthesis of D-5-
['"C]-GIn (3, Scheme 1) was performed in Synthra Mel plus® synthesizer which involved the
following four major steps (see Figure 1): 1) Production and trapping of [''C]hydrogen cyanide
([""CJHCN), 2) ["'C]cyanation of precursor 1, 3) Hydrolysis of intermediate 2, and 4) Purification

and formulation of the final product.

Briefly, the prepared [''"C]CO: is sent to the synthesizer, trapped in the CO,-trap and cooled to -
190 °C using liquid nitrogen. It is converted to ['"C]CH. and then to [""C]JHCN by coupled gas

reactions. The [""C]HCN is sent to a reaction vessel and reacted with a mixture of 18-Crown-6
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and CsHCQOg3 in dimethyl formamide to produce ["'C]CsCN. The precursor is reacted with the
intermediate at 90°C for 8 min, followed by cooling to 35 °C. The intermediate mixture containing
2 (see Figure 1) is diluted with sterile water for injection (SWI), purified using an Oasis® HLB Light
cartridge, and eluted with anhydrous acetonitrile to a second reaction vessel. Here, the
intermediate is heated to 70°C under nitrogen flow and vacuum for 2 min, and then at 90°C for 1
min, followed by drying under vacuum for 3 min without nitrogen flow. The vessel is then cooled
to 50°C and a mixture of TFA/sulfuric acid is added to the intermediate. The reaction temperature
is then raised to 90°C for 5 min to form the crude product 3 (see Figure 1), followed by cooling.
The crude product is then diluted with SWI, passed through a column packed with Ag11-A8 ion
exchange resin, and eluted with SW1 into a formulation vial containing 23.4% sodium chloride for
injection. The final product is sterilized inside the dispensing hot cell using a 0.22 ym sterilizing
filter. The samples are then withdrawn for quality control testing prior to use in any study. Quality
control analysis was performed by radio-high performance liquid chromatography (radio-HPLC;
Agilent Technologies) analysis using Supelco Astec Chirobiotic™ T Chiral column, 250 x 4.6 mm,
5 pyL (Phenomenex) with 70% ethanol in water as the mobile phase. The UV Analysis was
performed at 210 nm at the flow rate of 1 mL/min. A Csl (Th) scintillation probe radiation detector

was used for the analysis.

Animals: CD-1° IGS female 6 — 8 weeks old (28 — 33 g weight) mice (Charles River
Laboratories) were used for the study. Throughout the experiment, the animals were housed in
laminar flow cages maintained at 22 + 2 °C, 50 — 60% relative humidity, under a 12-hour
light:12-hour dark cycle. The mice were permitted free access to autoclaved tap water and
commercial normal chow food*’ throughout the experiment. All animal experiments were

approved by the University of Texas Southwestern Institutional Animal Care and Use
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Committee in compliance with the United States Public Health Service Standards and National

Institute of Health guidelines.

Murine Myositis Model: The infection models were carried out in an ABSL-2 animal facility with
the approval the University of Texas Southwestern Institutional Animal Care and Use
Committee. Mice were rendered neutropenic by intraperitoneal injection with 150 mg/kg and 100
mg/kg of cyclophosphamide (Sigma-Aldrich) at 5 days and 1 day prior to infection. The day
before the study, inoculum of Staphylococcus aureus (MRSA ATCC® 33592) and Escherichia
coli (ATCC® 8739) were prepared by selection of 5-10 colonies from a trypticase soy agar stock
agar (TSA) plate were passed into trypticase soy broth (TSB) and incubated overnight at 37.0°C
with shaking. On the day of the infection, the cultures were pelleted and washed three times to
remove spent medium and toxins and resuspended in fresh TSB adjusted to approximately 1.0
x 108 cfu/mL by OD600nm using the calibration factor of 1.0 OD600nm equaling 0.9 x 108
cfu/mL for MRSA and 1.0 OD600nm equaling 4.30 x 108 cfu/mL, respectively. Both calibration
factors were determined in growth curve experiments to link an OD600 to a cfu/mL value. Heat-
killed cultures were prepared in the same manner but followed by autoclaving to ensure the
bacteria were killed. Inoculum counts (cfu) for each strain were serially diluted in an 8 point 1:10
series and spotted (10 pL, 4 replicates) for colony counts*®4° on TSA. Heat-killed samples were
plated in a similar manner to confirm sterility. Counts were performed after overnight growth at
37.0°C. The mice had their hind limbs and the shoulders of the fore limbs were shaved and
were then anesthetized using ~2% isoflurane. The shaved limbs and shoulders were sterilized
with alcohol swabs and the mice challenged with a 10 uL intramuscular injection of the ~108
cfu/mL inoculum (~10° cfu/mL final) into the anterior cranial tibialis of each of the hind limb
muscles (MRSA to the right leg and E. coli to the left leg). Heat-killed pathogen controls were

injected in a similar manner in the right shoulder (deltoid/trapezius) of the animal. The animals
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were monitored until they recovered from anesthesia and had access to food and water. The

infections were allowed to establish for a twelve hour period prior to imaging

PET Imaging: The mice were imaged at baseline (before infection) and 12 - 18 hours after
infection. Mice were anesthetized and maintained under 1.5 - 2% isoflurane for the scan duration.
PET/CT imaging was performed using the Siemens Inveon PET/CT Multimodal Scanner
(Siemens Medical Solutions, Knoxville, TN) with a custom-made imaging bed capable of
simultaneously imaging two mice. Mice were injected with 9 - 11 uCi/g (mouse body weight) of
the radiotracer and PET imaging was performed 20 minutes post-injection, for a scan duration of
20 minutes (static PET scans). The optimal imaging window of 20 minutes post-injection was
determined in a pilot study where the mice were dynamically scanned from 0-60 min p.i. (data not
shown). A CT was first acquired for attenuation correction. CT images were reconstructed from
180 projections (140 ms exposure, 80 KVp tube voltage and 500 pA current) over a full 360°
gantry rotation using the Feldkamp algorithm with a Shepp-Logan Filter and slight noise reduction.
PET images were reconstructed into a single frame using the 3D Ordered Subsets Expectation
Maximization (OSEM3D/MAP) algorithm. Random coincidence correction, attenuation correction,
and scatter correction were applied during the reconstruction of the final PET images. PET and
CT images were co-registered in Inveon Acquisition Workplace (Siemens Medical Solutions,
Knoxville, TN) for PET quantification. Regions of interest (ROI) were drawn manually, including
the regions in all planes containing the tissue. The target activity was calculated as Standardized

Uptake Value normalized to body weight (SUV).

Statistical Analysis: All statistical analyses were made using GraphPad Prism® software

(version 8). L versus D form isomer organ uptake in the biodistribution studies was done by
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unpaired t-test with Welch’s correction and an alpha value of 0.05. Multiple comparisons of the
uptake in infection foci was performed using analysis of variance with Welch’s correction and an

alpha value of 0.05.

Pathogen Recoveries: At the end of the in vivo imaging study, mice were humanely
euthanized and the infected hind limbs and control right shoulders were recovered by reflecting
the skin over the sites and aseptically removing the muscles, followed by homogenization in 2
mL sterile phosphate buffered saline (PBS). Between samples, the homogenizer aggregate was
sterilized by an isopropanol wash, followed by two sterile water rinses. Between samples
containing different bacteria, there were three isopropanol washes and three sterile water
rinses. The homogenates were brought to a final volume of 10 mL with sterile cold PBS, then
0.2 mL added to row A of a 96 well sterile round bottom plate. The plated samples serially
diluted in an 8 point 1:10 series by transferring 20 uL of sample to the next row (with 180 pL
sterile PBS) and mixed. This process was repeated until the eight dilution was reached (row H)
The plates were then spotted (10 uL in duplicate) for colony counts on TSA plate using the spot
(or drop) plate method “¢4°, The spots were dried at room temperature and then the plates were
incubated overnight at 37 °C in and the colonies were then counted for processing the CFU
count for each sample. Colony counts were converted to log cfu/mL using the following

equation:

cfu
Logm% = [(colony count)(dilution of count)(plate dilution factor)(spot dilution factor)]

Where the dilution of the count is the least dilute sample dilution with countable colonies, the
plate dilution factor is the dilution from the sample tube to the 96 well plate (10mL/ 0.2 mL = 50)
and the spot dilution factor is the dilution from the 96 well plate to the TSA plate (0.2 mL/0.01mL

= 20). Based on these dilutions, the limit of detection of this method was 3.0 logio CFU/m.
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Histology: Upon necropsy, limb musculature samples were collected, grossly trimmed for
orientation, and fixed in twenty-volumes of 10% neutral-buffered formalin for 48 hours with
agitation. Samples were submitted to UT Southwestern’s Histopathology Core for further
processing®. The Core dehydrated, cleared, and infiltrated limb musculature with paraffin prior
to rotary microtomy. On resulting serial sections made of step-levels through the muscle, routine
hematoxylin and eosin stain was performed, as well as a variation Brown & Brenn Histologic
Gram Stain. Regressive H&E was performed on a Sakura DRS-601 x-y-z staining robot utilizing
Leica Selectech Reagents, and the Gram Stain performed manually. In brief, serial sections
destined for gram staining were deparaffinized to water and stained for 2 minutes with 1%
crystal violet. Following distilled water rinse, sections were mordanted in Gram’s lodine for 5
minutes and again rinsed in distilled water. Slides were individually decolorized with acetone,
rinsed in distilled water, and aggregated in basic fuchsin for 5-10 minutes. Slides were rinsed in
distilled water and differentiated in Gallego’s Solution, prior to rapid sequential decolorization
through distilled water, acetone, picric acid, and acetone. Slides were finally cleared through

acetone-xylene and coverslips affixed with permanent mounting media.
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Figure 4. Radiosynthesis of D-5-[11C]-Glutamine. Combination of commercial TRACERIab
FXFM radiosynthesis module (GE healthcare) and an in-house developed module was used for
the synthesis of D-[11C]-GIn. Automated synthesis involved the following steps: (1) production of
['"C]HCN, azeotropic drying of 18-C-6/CsHCQO3 solution; (2) ['"C]JHCN trapping, [''C]cyanation;
and (3) in-line transfer to In-house developed module for hydrolysis of intermediate and

purification of final product.
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Figure 5. Quality control analysis of D-5-[11C]GIn by radio-HPLC. Supelco Astec ChirobioticTM
T Chiral Column, 250 x 4.6 mm, 5 ym column was used for the analysis with 70% ethanol/water
as the mobile phase. Flow rate was 1 mL/min, monitored at A = 210 nm followed by a gamma
radioactivity detector. One representative chromatogram has been shown for the radiotracer

production. Radiochemical purity of the shown product: 98.3%.
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Figure 6. Quality Control analysis of L-5-[11C]-Glutamine by radio-HPLC. Supelco Astec

ChirobioticTM T Chiral Column, 250 x 4.6 mm, 5 ym column was used for the analysis with 70
ethanol/water as the mobile phase. Flow rate was 1 mL/min, monitored at A = 210 nm followed
by a gamma radioactivity detector. One representative chromatogram has been shown for the

radiotracer production. Radiochemical purity of the shown product: 92%.
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Figure 7. Biodistribution of D and L-5-[11C]gIn in healthy mice. The top panel shows a
representative mouse at 12 hours (D-tracer) and at 18 hours (L tracer). The [11C]-L-gIn mouse
has a higher background compared to the [11C]-D-gln mouse indicating broad uptake of the L
enantiomer by host tissues The bottom panel shows the biodistribution of the tracers in the
quantified organs (except muscle). The mice were injected with the radiotracer at 12 hours (D-
enantiomer) and then 18 hours (L-enantiomer) after the infection the infection study at a
concentration of 8.7 — 13.4 uCi/g weight of the mice. PET imaging was performed 20 min p.i. for
20 min, n = 6 mice. Data are shown as box and whisker plots with error bars representing the min
and max values. The symbol in the box represents the mean. Statistical comparative analyses
were performed by unpaired t test with Welch’s correction, *, **, ***, p-values were < 0.05, 0.01,

and 0.005, respectively.
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Figure 8. Biodistribution of D and L-5-["'C]gIn in Infected Mice. The top panel shows a

representative mouse scanned with D tracer at 12 hours and L tracer at 18 hours. The levels of
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uptake are similar to the healthy mice and but the enhanced contrast between infection foci with
the D-5-["'C]gIn tracer is evident. The red circle indicates the E. coli infection site, the yellow
circle the MRSA infection site and the white circle the heat-killed injection site. The D-5-["'C]gIn
tracer shows no uptake at the heat-killed site. The bottom panel shows the biodistribution of the
tracers in the quantified organs (except muscle). The mice were injected with the radiotracer at
12 hours (D-enantiomer) and then the 18 hours (L-enantiomer) after the infection the infection
study at a concentration of 8.7 — 13.4 uCi/g weight of the mice. PET imaging was performed 20
min p.i. for 20 min, n = 6 mice. Data are shown as box and whisker plots with error bars
representing the min and max values. The symbol in the box represents the mean. Statistical

comparative analyses were performed by unpaired t test with Welch’s correction, *, **, ***, p-

values were < 0.05, 0.01, and 0.005, respectively.
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Figure 9. Raw uptake data in infected mice with values for the background (muscle), Heat-killed and
bacteria including the uptake ratios versus the muscle background and representative images. The mice
were injected with the radiotracer at a concentration of 8.7 — 13.4 uCi/g weight of the mice. PET imaging
was performed 20 min p.i. for 20 min, n = 6 mice. Same mice were scanned at 12 — 18 hours post-
infection with the D tracer and then the L tracer, respectively. The top panel shows axial PET/CT imaging
of one representative mouse infection with E. coli (EC, left hind limb, red circle), S. aureus (MRSA, right
hind limb, gold circle) and Heat-killed pathogen (HK, right shoulder grey shoulder). The bottom panel
shows the uptake data and contrast ratios of infection foci by background (A ratio value of 1 indicates no
difference between the foci and background uptake). Data are shown as box and whisker plots with min
to max value error bars. The symbol in the box represents the mean value. Comparisons of the groups
was done using Analysis of Variance with Welch’s correction with Dunnett’s post-hoc test. Comparisons
of the ratios were done using unpaired t tests with Welch’s correction. *, **, ***, p-values were < 0.05,
0.01, and 0.005. The data with the D-5-['"C]gIn tracer show a significant increase compared to
background and heat-killed bacteria while the L-5-["'C]gln tracer show no differences between the
means. A similar trend is observed with the uptake ratios the D-enantiomers ratios of 1.7 for E. coli and
2.2 for MRSA.
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Figure 10. Representative histology images (H&E) of E. coli and S. aureus infection and
representative recovered colony counts in the murine myositis model. Bacteria are indicated by
arrows in the S. aureus (clusters and individual cocci) and E. coli (rods) panels. No bacteria were
detected in the heat-killed tissue sections. Scale bars are 50 um. The lower right panel are the
recovered colony counts shown box and whisker plots with error bars representing the min and
max recovered counts. The cross symbols are the mean recovered values and the other symbols
are the individual recovered counts per mouse (n =5 for infected and 4 for heat killed controls
(HK)). Log 6.0-7.0 counts were recovered from the infected foci while there were no counts in the

heat-killed samples (below the limit of detection).
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Figure 11. Post-mortem processing of recovered infected tissues collected from the mouse
models post-imaging. The measured amount of bacterial CFUs in the collected tissues (infected
tissues, inflamed muscle injected with heat-killed bacteria, blood, and other non-infected organs
like heart, and liver) from the infected mouse models. Data is represented as box and whiskers
plot showing the individual data points, error bar represent the minimum and maximum range.
The cross symbol is the mean count. Mean of each dataset has been shown as the data label
for each group. n = 5 mice samples processed. For heart, liver, and blood, only 3 — 4 mice data
showed any viable counts, suggesting localized infection, rather than systemic entry of the

pathogens. The limit of detection for the recoveries was 3 x log1o cfu/sample.
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Abstract

Significance: Infection is one of the main factors responsible for delayed healing process in
chronic wounds and places an enormous economic burden on its treatment. In order to come up
with an effective treatment plan, cost-effective, rapid, and accurate diagnostics are highly

needed for the wound infection.

Recent Advances: Traditionally, clinicians can suspect wound infection through visual
observation of signs and symptoms of wound infection and confirm the diagnosis through
wound culture. Nowadays, many laboratory markers including white blood cell count,
erythrocyte sedimentation rate, c-reactive protein, procalcitonin, presepsin, and bacterial
protease activity have been quantified to assist the diagnosis of wound infection. Moreover,
imaging modalities and instrumentations including plain radiography, computed tomography,
magnetic resonance imaging, ultrasound imaging, spatial frequency domain imaging,
thermography, autofluorescence imaging and biosensor, have emerged for real-time wound

infection diagnosis and showed their unique advantages in deeper wound infection diagnosis.

Critical Issues: While the traditional diagnostic approaches provide valuable information, they
are costly, time-consuming and dependent on clinicians’ experience. Therefore, innovative
diagnostics are developed and tested to meet the criteria of wound infection diagnosis which

include fast, cheap, non-invasive, high specificity, and no need for special training/facilities.

Future Directions: Many laboratory markers have been studied as potential indicators for
wound infection and products that are designed to quantify those markers have been applied in
the field of wound infection diagnosis. Imaging modalities as well as instrumentations have also
been utilized and developed to detect infection in various type of wounds. This review

summarizes and compares all the available diagnostics for wound infection including those are
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currently used in clinic and those are still under laboratory development. We hope the paper can
serve as an instructional handbook for both clinicians and patients when the wound infection

OocCcurs.

SCOPE AND SIGNIFICANCE

Chronic wounds have affected approximately 20 million individuals worldwide and
annual cost for their treatment and management is estimated to be over $31 billion 3. There
are many factors contribute to the delay healing process of wound including chronic metabolic
disease (diabetes), neurological defect, vascular stenosis, nutritional deficiency, aging and
infection *°. Among these factors, infection is the most common factor that delays the wound
healing rate and requires immediately treatment. If a wound does not progress through the
normal stages of healing within three months or relapses, this can lead to a chronic wound.

There are three stages in the wound infection continuum including contamination,
colonization and infection 6. Wound contamination is the presence of non-replicating bacteria in
an open wound. The presence of small numbers of bacteria would not affect normal
inflammatory responses and wound healing processes ’. Wound colonization is further caused
by bacterial replication and proliferation. The increased number and persistent presence of
microorganisms can prolong the inflammatory phase of wound healing and lead to further tissue
damage 8. When the microorganisms migrate deep into the wound bed and reproduce rapidly,
they can trigger either a local or systemic immune reaction with the characteristics of infection °.
However, some microorganisms can produce a complex protective glycocalyx —also called as
biofilm — which makes the infected wounds hard to be detected and treated '°. The presence of
biofilm is ubiquitous in chronic wounds with estimates as high as 80% of chronic wounds
containing biofilm''. The bacterial phenotype also serves to enhance inflammation leading to
further tissue damage and provides protection from antimicrobial therapy as well as the immune
system'> '3, Invading bacteria have demonstrated the ability to skew early innate immune
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responses to allow establishment of the biofilm phenotype'™, which can occur rapidly within less
than 24 hours of infection™.

To diagnose wound infection, most practitioners reply on clinical characteristics 98% of
the time, followed by patient-reported symptoms (88%) and wound culturing (70%) '®. Clinical
signs of a superficial infection include increasing drainage, abnormal granulation tissue,
abnormal foul odor, increasing temperature, additional breakdown, edema, induration and
erythema 7. Since the signs and symptoms of infected wounds can vary with wound location,
onset and type, wound culturing is preferably considered as the gold standard in infection
diagnosis. Traditionally, techniques including swab culture (Levine technique), needle
aspiration, and tissue biopsy are widely used to identify pathogens in the wound bed '®. Among
them, swab culture is the most widely and frequently applied approach since it is simple,
timesaving, cheap, and patient friendly.

Through decades of research and development, tremendous improvements have been
made in wound infection diagnosis upon their efficiency and accuracy. In this review, we provide
the comprehensive view on different aspects of wound infection diagnostics, ranges from
approaches that are actively used in clinic to innovative studies that are undergoing laboratory
development, from clinical biological assay to imaging modalities as well as sensor-based
instrumentation. The ultimate goal of the paper is to provide both infection-specialized

physicians and patients a better evaluation of their choices in wound infection diagnosis.

TRANSLATIONAL RELEVanCE

Many new technologies have been created in recent years to diagnose infected wounds.
For example, serological tests such as erythrocyte sedimentation rate, wound fluid biomarkers
and procalcitonin have been tested for wound infection diagnosis '®2°. In addition to these
physiological assays, imaging modalities emerge and are being utilized as wound infection
diagnostic tools. Despite of traditional imaging modalities such as radiography and magnetic
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resonance imaging, new hybrid imaging techniques including single photon emission computed
tomography/computed tomography and positron emission tomography/magnetic resonance
imaging 2'. Innovative imaging approaches such as ultrasonography, thermography, and
multispectral imaging have arisen to fulfill the need of fast, cost-efficient and accurate diagnosis

of wound infection 2.

CLINICAL RELEVANCE

Wound infection is a great burden for wound care and affects millions of people worldwide?.
Chronic wounds, in addition to being infected, places a severe strain on the patient leading to
social isolation, psychological stress, constant pain and immobility?3. Understanding the pros
and cons of the current diagnostics used in clinic can help the development of innovative
diagnostics. These emerging diagnostics include quantification of those infection associated
biological markers and imaging modalities as well as instrumentations. Unlike the traditional
approaches, these new techniques can be used to quickly and accurately diagnose wound
infection. There is a great potential to use these techniques to provide additional information of
wound infection diagnosis and direct further treatment plans, which may lead to efficient wound

management and significant reduction in wound care costs.

DISCUSSION OF FINDINGS AND RELEVANT LIETERATURE

Visual Observations

Ahead of using any diagnostic tool, most clinicians suspect the wound infection through
eyeballing the wound and looking for the signs and symptoms of wound infection. Typically, an
infected wound shows signs of acute inflammatory responses, 8 which include erythema,
edema, changes in type/amount of exudate, bright red granulation tissue, epithelial
bridging/pocketing in granulation tissue, peri-wound maceration/excoriation, and delayed wound
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healing 2. However, due to the wound infection continuum, it is vital that clinicians are able to
distinguish critical colonization from bacterial infection. Signs like changes in exudate, presence
of friable granulation tissue can be caused by critical colonization, discoloration of the wound
bed, wound bridging instead of infection. A comprehensive list (Table 4) summarizing signs and
symptoms at different stages of the wound infection continuum can be a useful tool for clinicians
to assess patients’ wounds ?°. As demands on healthcare systems increase, expanding the role
of point of care medical personnel (i.e. nurses) in assessing the state of wounds is essential.
The Bate-Jensen wound assessment tool?® can be used for wound diagnosis and captures
much of the information listed above. This can help to streamline the diagnosis and move
towards implementing therapy in a timelier manner.

Since delayed wound healing process is a promising indicator and outcome for wound
infection, wound mapping tools such as wound tracing, scaled photographs, and planimetry can
be used to indirectly detect wound infection by monitoring wound size changes . If there is no
noticeable improvement of the wound within three weeks, the wound could be infected 28. It
should be noted that the impediment of wound healing can be associated with many factors
other than infection. Therefore, further investigation is inevitably needed to confirm the

diagnosis.

Odor Sensing and Pain Assessment

Odor sensing and pain assessment are also widely used by the clinicians for wound
infection diagnosis. Wound odor (or malodor) is often led by necrosis or extremely poor
vascularization of tissues, bacterial colonization or fungal infection in the wound, or a
combination of these, and is hence clinically used as an indication for wound infection 2°.
Deteriorating, highly exuding and fungating wounds usually possess malodor due to the

fermentation of amino acids in anaerobes to malodorous organic amines *.
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Wound pain has been considered as the most frequent sign heralding the onset of
infection *'. The pain mainly comes from the cellular injury and host immunological reactions
caused by the growth, multiplication and invasion of the microorganisms 2. Wound pain
assessment tools can help to assess the nature and severity of pain. Thorough and frequent
pain assessment is critical for early detection of infection as well as comprehension of the
patient’s distress and discomfort 3. Though provide positive prediction of wound infection, both
odor sensing and pain assessment cannot identify the microbial species and the quantity of the
colonization which are important parameters for instruction of further treatment. Therefore,
clinicians need to do further clinical/laboratory assessments to acquire quantitative information

within the infected wounds.

Clinical and laboratory assessments

Wound culture

Wound cultures are performed when infection is suspected through visual observation.
The culture is used to confirm the initial diagnosis, identify the quantity and species of the
present microorganisms, and determine the effective antibiotics **. The current literatures
provide three techniques on laboratory methods for diagnosing wound infections including deep-
tissue biopsy, needle aspiration, and swab culture *.

Deep-tissue biopsy is a quantitative culture of wound tissue, which is accomplished by
using aseptic technique in obtaining a tissue sample via punch biopsy, needle biopsy, or a
scalpel *. Through microscopic examinations, biopsy results are generally reported as the
number of organisms per gram of tissue. Compared with other tests, deep-tissue biopsy result is
considered more conclusive and accurate for the detection of microorganisms invading wound
tissue which makes the technique the gold standard for identifying wound infection 3’. However,
the biopsy procedure itself not only is a time consuming, costly, invasive, painful, and require
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special equipment as well as special training, but also has the risk for postsurgical trauma,
wound disruption, and bacteremia is fairly high . Therefore, it is usually not the primary choice
for wound cultures.

Needle aspiration of wound fluid is a good alternative where the wound has little loss of
skin, such as in puncture wounds or postsurgical wounds with suspected abscess. This
technique is able to obtain microbes below the surface of the wound via inserting a fine-gauge
needle into tissue to aspirate fluid and to quantify the concentrations of microbes 3. Although
needle aspiration is less invasive compared to tissue biopsy, it is still painful and the results are
not always reproducible *’.

Swab culture is the most commonly used technique in clinic due to its practical,
noninvasive, reproducible, and inexpensive features. It has been reported that swab culture has
sufficient correlation with tissue biopsy to identify causative organisms in an infected wound 3%
41, Among the existing approaches, the Levine’s technique is considered the best way to obtain
a swab culture #2. Usually, for quantitative swab cultures, the wound fluid stained swab is placed
in 1mL of diluent and vortexed to release microorganisms. After incubation under aerobic
condition, the type and the number of bacteria is measured and reported as the number of
organisms per swab '’. The major concern associated with swab culture is that only the surface
colonizing bacteria will be reflected instead of the pathogenic strain invading deeper tissues.
Moreover, upon detection of anaerobic organisms, false-positive and false-negative culture
results occurred more often with swab cultures than with tissue biopsies 3. A comparison of

these three wound culture techniques has been listed in Table 5.
Laboratory Markers
In addition to the wound culture techniques, laboratory markers can also be measured to

aid diagnosis of wound infection. These makers include white blood cell (WBC) count,
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erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), procalcitonin (PCT), presepsin,
microbial DNA, and bacterial protease activity (BPA).

Physiologically, when infection occurs, mobilization of neutrophils from the bone marrow
will result in the elevation of the neutrophil component of the WBC count #4. Thus, through
regular serological analysis, WBC count can be quantified to indicate the wound infection.
However, elevation of WBC count is not always consistently reported with a wound infection 4°.
For example, 56% of 189 patients diagnosed with a diabetic foot infection specifically had
normal WBC count on admission “¢. Therefore, unless there is a remarkable elevation in WBC
count, it cannot be used as a solid evidence for wound infection diagnosis.

ESR is an approach to measure the rate at which erythrocytes fall in the plasma of a
randomly drawn anticoagulated blood specimen and can indirectly indicate the activity of acute
phase reactants (infection/inflammation) 4. Theoretically, in response to infection, cytokine-
induced elevations in acute-phase proteins are positively charged and thus can induce the
aggregation of negatively charged erythrocytes which leads to higher ESR “8. Nevertheless, the
change of ESR levels can also be triggered by chronic inflammation or altered erythrocytes
such as sick cell disease “¢. Despite this artificial variation in ESR levels, supportive data from
ESR can be utilized in assisting the diagnosis of wound infection 4.

In response to inflammation and infection, CRP, a peptide produced in the liver, is
stimulated by cytokines primarily IL-6 and employed in complement binding and phagocytosis
by macrophages “°. By using light scattering from an aggregation of CRP-specific antibody,
concentration of CRP can be measured within 15 to 30 minutes *°. Several studies have
included CRP measurement in their study of wound infection. For example, Jeandrot et al.
found that higher grade of diabetic foot infection possessed significantly higher level of CRP 5.
Moreover, elevated serum CRP levels were found to correlate well with incisional surgical site

infection®2. Although CRP is frequently found to be elevated due to the acute infection, it is
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suggested to be used as supportive data instead of direct indicator towards infection due to its
short half-life (4 to 7 hours) 48 %,

PCT is a peptide hormone secreted by non-neuroendocrine parenchymal cells, can be
measured by time-resolved amplified cryptate emission, and serum level of PCT can increase
500~8000 times in patients with severe sepsis compared with healthy individuals 3. A serial of
studies has reported that patients with bacterial infections have elevated PCT levels . Study
has shown that PCT values were significantly higher among patients who developed
postsurgical infections compared with those who did not 2°. However, due to the relatively low
levels of PCT in infected individuals (ng/mL), high-sensitivity PCT is always acquired which
makes the procedure costly and limited to facilities 5°.

Presepsin, a soluble CD14 subtype, has been considered as a new, emerging, early
indicator for diagnosis and prognosis of wound infections. It is secreted by monocytes and
functions to stimulate the phagocytosis of monocytes within innate immunity responses 6. In
order to qualitatively and quantitatively measure presepsin, a presepsin assay kit is initially
used. Subsequently, a highly sensitive, and fully automated PATHFAST presepsin
measurement system was developed for faster processing *’. Based on the results of several
clinical studies, presepsin levels in patients with systemic bacterial infections are significantly
higher than those without infections %%°. However, there are still several limitations associated
to this approach, such as the influence of pathophysiological conditions on its concentration 61,
artificial elevation caused by the burn instead of infection 2, and alteration contributed by
chronic kidney syndromes 3.

As an adjunct to wound cultures, culture-independent investigation of the microbial DNA
applying the pyrosequencing %, PCR-denaturing gradient gel electrophoresis®, and quantitative
real-time PCR ¢ have identified a greater range of bacteria than traditional culture techniques.
However, these identification techniques are costly and they require special training as well as
the instrument which make them less translational into clinical application. Nowadays,
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DxWound, a PCR based microbial DNA analysis system, has been developed to provide
accurate and sensitive detection of an array of microbes including aerobic bacteria, anaerobic
bacteria, and fungi ®’. Moreover, the procedure is easy to handle and the report can typically
come out within one day. This rapid, comprehensive and actionable testing has a great potential
to help clinicians diagnose wound infection.

Bacterial protease is a large and diverse group of proteases produced exclusively by all
microorganisms and functions mainly in degrading host tissue proteins to sustain the bacteria .
Bacterial proteases are often secreted into the infected wound environment and therefore can
be utilized as diagnostic markers for wound infection. Moreover, the measurement of bacterial
protease activity (BPA) can help to understand the pathological behavior of the microorganisms
within the wound and provide information on wound infection prognosis . The most common
and basic method to assess the BPA is the incorporation of substrates of bacterial proteases,
such as collagen, gelation, and casein, into microbiological agar and a zone of clearance in the
agar will appear where extracellular bacterial protease presents 7°. However, this technique is
time consuming and lacks specificity. A point-of-care swab-based test, WOUNDCHEK™
Bacterial Status, has been developed by WOUNDCHEK Laboratories to help clinicians to detect
EPA within 15 minutes ”'. The product is still undergoing clinic trail and its potential to aid the
diagnosis and prognosis of wound infection has yet to be determined. A table that summarizes
and compares all the available laboratory markers for wound infection diagnosis is listed for

better comprehension (Table 6).

Imaging modalities and instrumentations
Traditional imaging modalities

In clinic, to confirm the diagnosis from visual observation/blood test and to examine the
existence of systemic/deep tissue infection, several current imaging modalities are applied to
aid wound infection diagnosis from time to time. These imaging modalities include plain
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radiography (X-ray), computed tomography (CT), magnetic resonance imaging (MRI), and
ultrasound imaging. These imaging modalities are not used as primary diagnostic tools for
wound infection due to the facts that they require specific instruments, imaging facility, and are
costly.

Plain radiography generally constitutes the initial examination for patients with soft-tissue
infections. This approach is widely used to obtain and interpret plain films due to its simple
operation, low cost, and wide availability "2. The radiographs can point out possible
inflammatory changes including an effacement of fat planes, swelling, and skin discontinuity in
deep ulcers. However, most of the findings are nonspecific and can be misled by other
conditions, such as trauma, venous insufficiency, systemic causes of subcutaneous edema, and
deep venous thrombosis 73. Fortunately, plain radiography can distinguish swelling caused by

infection from underlying fractures .

Computed tomography (CT) plays an important role in the diagnosis of soft-tissue
infection and intra-abdominal abscesses due to its wide availability, fast scanning speed, high
spatial resolution, and multi-planar reformatting capabilities . Compared with ultrasound
imaging which is best for superficial wound infections, CT can evaluate deeper structures and
the extent of surrounding inflammations 2'. Moreover, with the application of contemporary
contrast protocols, small infected collections, such as internal gas, debris, and peripheral
enhancement, can be identified 6.

Magnetic resonance imaging (MRI) has become a domestic imaging tool for the
diagnosis of soft-tissue infection due to its high spatial and contrast resolution. Anatomic and
pathophysiologic information about the extent of infection within both soft tissue and the
underlying bone can be provided by MRI 77. With the administration of complementary imaging
sequences and contrast medium, extent of infection, outline abscess collections and soft-tissue
edema can be defined "8. However, for foreign body detection within superficial wounds, there
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are difficulties to distinguish foreign bodies from adjacent structures, such as scar tissue,
calcifications, and tendons 2'. Besides, the high cost and low availability of the imaging
equipment limit the routine utilization of MRI.

Ultrasound imaging has been widely used and proved to increase diagnostic accuracy in
skin and soft tissue infections, such as abscess, wound infection and cellulitis 7°. Ultrasound
imaging is standing out among other imaging modalities due to its fast, cost-effective, portable,
readily available in many practice settings, and no ionizing radiation properties 8. Ultrasound
imaging has also been applied for evaluation of the suspected radiolucent foreign bodies 8. As
ultrasound imaging can be interfered by the air, when utilized for intra-abdominal infection
diagnosis, loops of intestines with intra-luminal gas can obscure its detection &. Operator skill is

also required to distinguish an abscess from other causes of skin swelling 8.

New imaging modalities

There are several innovative imaging approaches that are still under laboratory
development. These imaging approaches include spatial frequency domain imaging (SFDI),
thermography, fluorescence imaging and Positron Emission Topography. These fast and
noninvasive imaging technologies have a great potential to revolutionize wound infection
diagnosis.

Spatial frequency domain imaging (SFDI) is a new noncontact imaging approach that
can quantify volume fraction of tissue chromophores, such as oxy-hemoglobin, deoxy-
hemoglobin, and water &. It can study optical properties of wound tissue by separating and
quantifying absorbed and scattered incoherent monochromatic light 8. The technique has been
applied to identify infection in burn wound through quantifying changes in absorption and
reduced scattering that correlate with bacterial infection 8. Although SFDI technology is new to
the field of cutaneous wound research, it is promising for diagnosis of burn wound infection and
has a great potential to assess infections in diabetic wounds as well as pressure ulcers 88,
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Thermography is a technique that applying an infrared camera to measure infrared
radiation emitted from the wound tissue®. As a marker of inflammation, elevated temperature
can be used in multiple studies to diagnose infection around wound site &. Recently, smart
phone based thermography has been developed for diabetic foot ulcer detection and wound
healing prediction which elevated the technique to be simple, portable and cost-effective % °1,
Although the technique itself has limited accuracy and specificity %, it can offer complementary
information on wound infection and has a potential to be utilized remotely from the clinic.

Luminescence imaging, an emerging imaging modality that captures visible photons
emitted by Cherenkov radiation %, has recently been used to detect infection in skin wounds .
A portable luminescence imaging device for detecting both inflammatory responses and
infection in superficial wounds has been developed and tested using a pig full-thickness
cutaneous wound model . Since reactive oxygen species (ROS) levels can increase by an
order of magnitude in an infected wound %, this imager can display 2D ROS activity distribution
in real time through visualizing ROS-associated luminescence. Moreover, by analyzing ROS
intensity and distribution within infected wounds on a pig model, this approach has been
developed to distinguish infected wounds from uninfected ones. With unique properties of
simple, non-invasive, real-time, and portable, the imager has a great potential to be utilized in
clinic as a wound infection diagnostic.

Autofluorescence imaging is becoming an innovative approach for diagnosis of wound
infection due to the light absorbing properties of endogenously produced bacterial porphyrins.
Bacterial porphyrins are not only important for the metabolism of molecular oxygen and diatomic
gases, but also involved in gene regulation %. Many clinically relevant bacterial species, such as
S. aureus, MRSA, Escherichia coli, Enterococcus spp., Proteus spp., Klebsiella pneumonia, and
Enterobacter spp., have been detected using this approach without application of a contrast
agent % _A handheld portable autofluorescence imaging device has been developed and
tested to detect bacterial infection around diabetic foot ulcers in real time 1%, Moreover, a
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product, MolecuLight i:XTM, has been commercialized based on the prototype and can not only
improve the diagnostic accuracy of identifying wound infection, but also guide more timely and
appropriate treatment decisions at the point-of-care % 192, However, it should be noted that this
product has many limitations. Briefly, it cannot detect all microorganism which could infect
wounds, since not all microorganisms possess porphyrins. In addition, it cannot be used to
identify the exact species of the infected microorganisms due to the nonspecific fluorescence
from bacterial porphyrins. The wound must also not be actively bleeding or have blood on the
wound or periwound areas as this can block the fluorescence signal'®.
Biosensor

A small and inexpensive biosensor has recently been invented to provide clinicians with
instant diagnosis of a bacterial infection '®. A microwave-microfluidic biosensor was recently
made available for rapid, contactless and noninvasive quantification of E. coli within medium
solutions to increase the efficacy of clinical wound infection assessment. Through measuring
the variation of resonant amplitude and frequency responses of the microwave system, different
concentrations of bacteria can be detected in solutions with different pH values. The minimum
prepared optical transparency of bacteria was tested at an ODego value of 0.003 which indicates
the poor sensitivity of this device. Moreover, the growth of bacteria can be monitored over time
and that reveals the potential to use the device for rapid and real-time monitoring of bacterial
infection in the wound. A table that summarizes and compares all the available imaging
modalities and instrumentations for wound infection diagnosis is listed for better comprehension
(Table 7).
Positron Emission Tomography and Single Photon Emission Computed Tomography
Positron Emission Tomography (PET) relies on developing a three-dimensional image from the
accumulation of specific radioisotopes and resulting emission of gamma photons via positron
annihilations to construct a three-dimensional image of area of isotope accumulation. Originally,
these tracers have been successfully used in the clinic to image tumors since the labels can be
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adapted to metabolites that are preferentially taken up by tumors or by immune cells migrating
to tumors'%®197 Many of the same inflammatory modulators and responses are present in
infection and these have been used to indirectly detect loci of infection'®11°. Recently more
direct methods to target PET labels specifically for bacteria have been undertaken and are in
the process of being validated for use ""'-''*. PET can also be coupled with CT scanning to
provide a three-dimensional image with underlying anatomical features which can be used to
monitor the progress of therapy or provide a clinician with a guide in the event surgical
debridement is necessary 108 109,115

The limitations of PET and SPECT/CT in that indirect visualization has to be interpreted
correctly to prevent misdiagnosis resulting from sterile inflammation. While this can be resolved
by the incorporation of bacterial-specific tracers, in case of combination systems (PET/CT and
SPECT/CT) with independent screening modalities must be accounted for in the design of the
device''®. Photon attenuation and correction for scattering with CT must also be accounted for.
The equipment to perform these scans and the facility to produce the radioisotope tracers is
also expensive and based on the short half-life of the tracers, they must be produced and used
within a short timeframe.
Summary

With the growing population of patients whose wounds have a great chance to get
infected, there is a great need for a fast, costive, noninvasive, accurate, simple and specific
technique to assist clinicians in wound infection diagnosis. Current techniques used in clinical
practice including visual observation for clinical signs and symptoms, clinical/laboratory
assessments, and imaging modalities/instrumentations are more or less off the target. Based on
the recent development of product for diagnostics of wound infection, such as PCR kits
DxWound, bacterial protease activity kits WoundChek, and handheld portable bacteria imager
MolecuLight i:XTM, there is still giant space for improvement in order to meet the needs of the
growing wound care market. Nevertheless, with all these innovative products, the process of the
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wound infection diagnosis will become much simpler, faster and cheaper in clinics in the near

future.

TAKE-HOME MESSAGES

Wound infection is one of the main factors for delayed wound healing.

Wound infection continuum has three stages including contamination, colonization, and
infection.

Current wound infection diagnostics like visual observation of signs and symptoms of wound
infection and wound culture are costly, time-consuming, and lack of accuracy.

Pros and cons of the current wound culture techniques.

Multiple laboratory markers have been used for wound infection diagnosis, such as white blood
cell count, ESR, CRP, PCT, presepsin, Microbial DNA, and BPA. Pros and cons of using them
have been compared.

Other than traditional imaging modalities, new imaging modalities including SFDI,
thermography, luminescence imaging, autofluorescence imaging and bacterial specific PET
have been used for wound infection diagnosis. Summary and comparison of all the imaging
modalities have been listed.

Biosensor has been developed for wound infection diagnosis as well.
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Tables

Tables:

Table 4. Signs and symptoms within wound infection continuum

Contamination

All open wounds may contain microorganisms. They will not multiply or
persist until suitable nutritive and physical conditions are available for each
microbial species, or they successfully evade host’s defenses.
Consequently, their presence is only transient and wound healing is not
delayed.

Colonization

Microbial species successfully grow and divide, but do not cause damage
to the host or initiate wound infection.

Covert (subtle) signs of local infection:
Hypergranulation (excessive ‘vascular tissue’); Bleeding, friable granulation;
Epithelial bridging and pocketing in granulation tissue; Wound breakdown

Local and enlargement; Delayed wound healing beyond expectations; New or
infection increasing pain; Increasing malodor.
Overt (classic) signs of local infection:
Erythema; Local warmth; Swelling; Purulent discharge; Delayed wound
healing beyond expectations; New or increasing pain; Increasing malodor.
Extending in duration +/- erythema; Lymphangitis; Crepitus; Wound
Spreading breakdown/dehiscence with or without satellite lesions; Malaise/lethargy or
infection nonspecific general deterioration; Loss of appetite; Inflammation, swelling
of lymph glands.
_Syster_nlc Severe sepsis; Septic shock; Organ failure; Death.
infection

International Wound Infection Institute (IWIl) Wound infection in clinical practice. Wounds

International 2016
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Table 5. Comparisons among wound culture techniques

Descriptions

Advantages

Disadvantages

Deep-tissue
biopsy

Obtain tissue sample
via punch/needle
biopsy or a scalpel,
Quantitative results
acquired by
microscopic
examinations.

Conclusive and
accurate result for
detecting invading
microorganisms; Gold
standard for wound
infection diagnosis.

Time-consuming,
costly, invasive,
painful, require special
equipment and special
training; High risk for
postsurgical trauma,
wound disruption, and
bacteremia.

Needle aspiration

Obtain microbes
below the surface of
the wound via
inserting a fine-gauge
needle into tissue to
aspirate fluid.

Feasible for small
open wound and
detecting
subcutaneous
microorganisms; Less
invasive.

Time-consuming,
painful; May
underestimate bacterial
isolates.

Swab culture

Press sterile culture
swab against the
wound base to
extract wound fluid,
Using eluent for
incubation and
quantification.

Practical, noninvasive,
reproducible, and
inexpensive; Has
sufficient correlation
with tissue biopsy
outcome.

Time-consuming; Can’t
detect pathogenic
strain invading deeper
tissues; Weak in
detection of anaerobic
organisms.

Directly sampling of infected sights can be performed by swab culture, needle aspiration and

tissue biopsy and result in the detection of pathogenic microorganisms. While these methods

are widely used there are drawbacks, notably the time to culture the microorganisms (especially

anaerobes), swab culture is a superficial procedure and can miss deep tissue pathogens. Both

the needle aspiration and biopsy are painful and can induce pain additional trauma through

wound disruption. All the methods are only capable of identifying actively growing pathogens.

Molecular processing of sample via molecular techniques (PCR) can identify pathogens but are

limited by sample quality and ability to obtain a sample.
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Table 6. Laboratory markers for wound infection diagnosis

Descriptions

Pros and cons

Simple, fast, non-invasive, cost

protein (CRP)

White blood | Elevated neutrophil population can be offective: Low specificity. can't
cell count considered as a sign of infection. S, LOW Spe Y.
determine microbial species.
In response to infection, cytokine-induced . . .
- ) : Simple, fast, non-invasive, cost
Erythrocyte | elevations in acute-phase proteins are N -
? . e . effective; Artificial variation
sedimentation | positively charged and thus can induce . e ,
. . exists, low specificity, can’t
rate (ESR) the aggregation of negatively charged determine microbial species
erythrocytes which leads to higher ESR. P '
In response to inflammation and infection,
C-reactive CRP is stimulated by cytokines primarily Simple, fast, non-invasive;

IL-6. By using light scattering from
aggregation of CRP-specific antibody,
concentration of CRP can be measured.

Short half-time, can’t determine
microbial species.

Procalcitonin

PCT is a peptide hormone secreted by
non-neuroendocrine parenchymal cells
and can be measured by time-resolved

Fast, non-invasive; Costly,
require high-sensitivity

(PCT) amplified cryptate emission. patients with | facilities, can’t determine
bacterial infections have elevated PCT microbial species.
levels.
Presepsin is a soluble CD14 subtype Fast, non-invasive, high
secreted by monocytes and stimulates the | sensitivity, prognosis.
. phagocytosis of monocytes within innate Alterations can be contributed
Presepsin : ; o ; )
immunity responses. It can be quantified by other pathophysiological
by either an assay kit or PATHFAST conditions, can’t determine
presepsin measurement system. microbial species.
Culture-independent investigation of the -
; . . . Accurate, sensitive, non-
microbial DNA can identify a greater range | . . .
. . . " invasive, can determine
Microbial of bacteria than traditional culture microbial species. Costl
DNA techniques. It can be detected by require s e%ial tréinin glj]d
DxWound, a PCR based microbial DNA req P 9
; instruments.
analysis system.
Bacterial proteases are often secreted into
. the infected wound environment to . . .
Bacterial : . . Fast, non-invasive, prognosis.
degrade host tissue proteins for bacterial e :
protease o . Lacks specificity, can'’t
i sustenance. BPA can be quantified with : . . .
activity (BPA) determine microbial species.

WOUNDCHEK™ Bacterial Status, a point-
of-care swab-based test under clinic trial.
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Table 7. A summary of imaging modalities and instrumentations for wound infection diagnosis

Descriptions

Pros and cons

Plain radiography

Initial examination for patients with soft-
tissue infections; Can reveal
inflammatory changes and distinguish
swelling caused by infection from
underlying fractures.

Simple operation, low cost, wide availability;
Radioactive, most of the findings are nonspecific,
can be misled by other conditions.

Can diagnose soft-tissue infection and
intra-abdominal abscesses; Can

Wide availability, fast scanning speed, high spatial

foreign bodies.

Computed evaluate deeper structures and the resolution, multiplanar reformatting capabilities,
tomography (CT) extent of surrounding inflammations: h|gh.penetrat|on depth; Radioactive, sometimes
Can identify small, infected collections. requires contrast agent.
y ,
A domestic imaging tool for the
Magnetic diagposis of sof.t-tissue infection;_Can_ High spatial/contrag_t resolut_ion, non_—radioactive;
resonance _prowde gnatom|c and pathophysmloglc Co_stlly, Iow_gvanabnlty, require §peC|aI _ .
imaging (MRI) information about the extent of infection | training/facility, hard to distinguish foreign bodies
within both soft tissue and the from adjacent structures within superficial wounds.
underlying bone.
Can increase diagnostic accuracy in Fast, cost-effective, portable, readily available in
Ultrasound skin and soft tissue infections; Can many practice settings, no ionizing radiation; Can
imaging evaluate the suspected radiolucent be interfered by the air, low penetration depth, rely

on operator’s sKill.

Spatial frequency
domain imaging

A new noncontact imaging approach
that can quantify volume fraction of
tissue chromophores; Can identify

Noncontact, can distinguish infection and
noninfected burn wounds; Limited scanning area,

thermography has been developed for
diabetic foot ulcer detection and wound
healing prediction.

(SFDI) infection in burn wound. limited wound types.
Use an infrared camera to measure
infrared radiation emitted from the . . . .
wound tissue: Smart phone-based Simple, portable, cost-effective, real time imaging,
Thermography ’ P noninvasive, feasible for remote diagnosis; Limited

accuracy, limited specificity.

Luminescence
imaging

Using a CCD camera to capture visible
photons emitted by Cherenkov
radiation; Based on intensity and
distribution, a portable imager has been
developed to distinguish infected
wounds from uninfected ones on a pig
model.

Simple, portable, cost-effective, real time imaging,
noninvasive, feasible for remote diagnosis; Limited
specificity, still under laboratory investigation.

Autofluorescence
imaging

An innovative approach for diagnosis of
wound infection due to the light
absorbing properties of endogenously
produced bacterial porphyrins; A
handheld portable device has been
developed and tested to detect bacterial
infection around diabetic foot ulcers in
real time.

Simple, portable, cost-effective, real time imaging,
sensitive, feasible for remote diagnosis. Low
specificity, can’t determine microbial species.

Biosensor

A microwave-microfluidic biosensor for
quantification of E. coli within medium
solutions to increase the efficacy of
clinical wound infection assessment;
The growth of bacteria can be
monitored over time.

Small, cost-effective, rapid, contactless,
noninvasive, real time measurement, high
sensitivity; Limited detectable bacterial species,
still under laboratory investigation.
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ABSTRACT

A self-assembling peptide nanofiber was developed to sense the microenvironmental pH
change associated with bacterial growth. Using a near-infrared probe, a strong
correlation was observed between the local pH reduction of bacterial colonies with the
degree of peptide disassembly, which led to their enhanced antimicrobial activity against

anaerobic bacteria.

Introduction

Trigger-responsive nanomaterials have tremendous promise for targeted therapeutic
delivery strategies that improve the treatment of a variety of diseases.! Among various
approaches, self- assembly has been proven as an effective bottom-up approach to construct
functional nanomaterials. A wide range of molecular building blocks, including amphiphilic
polymers, lipids, proteins and peptides can be custom-designed and assembled into “smart”
nanomaterials that can sense various disease-specific micro- environmental conditions.?
Self-assembled nanomaterials can easily change their physicochemical properties in
response to the environmental change and lead to local release of therapeutics with enhanced
drug potency and reduced side effects on healthy tissues and cells. In recent years, great levels
of success have been achieved for nanomaterials designed for targeted cancer therapy.?
However, the development of self-assembled nanomaterials for targeted antimicrobial delivery
is just getting underway for infectious disease treatment.*

Similar to some of the tumor tissues, certain bacteria can reduce the local pH of the
infectious tissues through low oxygen triggered anaerobic fermentation.® Host immune
response can further lower the local pH where bacteria reside through the mechanism
of production of lactic acids during phagocytosis.® While the acidic pH is considered
as an undesirable factor
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causing the reduction of the antimicrobial activity of several classes of antibiotics,’ it can
be utilized as a natural physiological cue for the design of antimicrobial nanomaterials for
targeted antimicrobial delivery. Recent reports have demonstrated advances in the design
of acid-sensitive nanoparticles for targeting the bacterial membrane and delivery of small
molecule antibiotics to treat bacterial infections in acidic conditions.*? Acid-dependent helical
polypeptides were also reported to selectively target and eradicate pathogenic H. pylori
without affecting commensal bacteria in the stomach.*® These successful examples provide
the inspiration and highlight the feasibility of using pH as a physiological trigger to achieve
targeted antimicrobial therapy.

In this work, we sought to develop a novel acid-activatable antimicrobial therapy by
capitalizing on our recent development of self-assembling nanofibers (SANs) for bacterial
acidity triggered antimicrobial delivery. SANs are supramolecular assemblies of de novo
designed multidomain peptides (MDPs) that have been explored as highly cytocompatible
antimicrobial and cell penetrating nanomaterials.® The first generation of MDPs has a general
formula of K,(QL),K; (amino acid single code letter K: Lysine, Q: Glutamine, L: Leucine) to mimic
natural cationic antimicrobial peptides (AMPs). Unlike most conventional AMPs that exist as
monomers in solutions, MDPs can form supramolecular b-sheet nanofibers in which the
hydrophobic residues and non-polar surface are partially masked between the two
sheets, which has been proven as an important factor to minimize the cytotoxicity of
MDPs toward mammalian cells.® The cytocompatibility of SANs was greatly enhanced
compared to that of traditional monomeric AMPs. However, the confinement of the
hydrophobic moiety within the assembly can also reduce their antimicrobial activity while
monomeric AMPs are more potent to kill bacteria. As such, the current study by developing
SANs that undergo pH-responsive disassembly combines the advantages of both self-

assembled peptides in terms of their cytocompatibility and monomeric
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AMPs in terms of their antimicrobial activity to treat acidity- associated bacterial
infections. The central hypothesis is SANs under the physiological condition are bio-
inert because the membrane-interacting hydrophobic moieties of SANs are buried

inside the assembly and not accessible to the cell membrane. At the bacterial
colonization site with an acidic pH, MDPs become charged and the increased charge
density triggers SANs disassembly and subsequent release of activated peptides to effectively
interact with the cell membrane and kill bacteria (Figure 12).

Three MDPs with the sequences of WHs5(QL)sK2, WH7(QL)eK2, and WHo(QL)sK2
abbreviated as WHs, WH7 and WHy (H: Histidine, W: Tryptophan) were initially explored
as the building units to fabricate SANs. The sequences were chosen based on the following
considerations. First, the central repeating (QL) domain provides the driving force for SANs
formation under the neutral physiological condition as discussed in our previous studies.®”
Second, oligo-histidine with different lengths was incorporated at the N-terminus to
endow pH-responsiveness to SANs. At a pH below the pK; of histidine, peptides become
charged. The electro- static repulsion among the positively charged MDPs would
destabilize SANs and lead to the release of activated MDPs that can effectively eradicate
bacteria. Third, the number of histidine residues are varied to integrate and achieve a
good balance between self-assembly under the neutral condition and disassembly upon
acidification. MDPs with different numbers of histidine would render a small library to
explore the effect of charge on SANs stability, disassembly efficiency and their resulting
biological activities. Lastly, two lysine residues were appended at the C-terminus to
ensure sufficient solubility of SANs and minimize lateral fiber aggregation through
electro- static repulsion. All peptides contained a tryptophan residue for accurate
determination of the peptide concentration by UV spectroscopy. Elucidating the
physicochemical properties of MDPs as a function of pH is critical to tailor their
biological activities. Critical assembly concentration (CAC) measurements were first
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conducted to investigate their ability to assemble under different pH conditions. As shown
in Figure 13 Eig—S2 (ESIt), a non-linear relationship was observed for all three MDPs at pH 7.4
(Tris buffer, 20 mM) suggesting the formation of higher ordered assemblies as the
concentration increased. At an acidic pH (MES buffer, pH 5.7, 20 mM), a linear correlation was
found between the fluorescence intensity and peptide concentrations, suggesting most
peptides do not self-assemble and rather remain isolated. It is worth noting that we chose pH
5.7 as the acidic condition for this study to achieve a good balance between the protonation
degree of histidine (pKa = B6) and bacterial growth under the acidic condition. The pH-dependent
self-assembly and disassembly were further investigated and confirmed by circular dichroism
(CD) spectroscopy. At pH 7.4, all three peptides exhibited predominant b-sheet structures as
characterized by a minimum peak between 210-220 nm (Figure 14a S3a, ESIt) indicating the
formation of SANs. When the pH was reduced to 5.7, which was below the pKa point of histidine,
the presumed increase in positive charges and electrostatic repulsion triggered disassembly and
unfolding of b-sheets to random coils and/or weak helices. As shown in Figure 14b S3b (ESIt),
all three MDPs unfolded upon pH reduction, but to different degrees. WH7 and WH9 exhibited
more disordered structures thanWHS given the larger blue shifts of the minimum absorption down
to B203 nm indicating a greater tendency to disassemble. To quantitatively determine the extent
of SANs disassembly, spin dialysis was used to estimate the amounts of disassembled MDPs
upon pH reduction. Centrifugal filters with molecular weight (MW) cutoff at 10 kDa and 30 kDa
were used to separate the monomeric MDP and any potential non-specific aggregates (up to 9
mers) (due to their amphiphilic nature) from the residual higher ordered assemblies, respectively.
As shown in Table 8, no materials were detected in the filtrate for all three MDPs through spin
dialysis suggesting the stability and integrity of SANs at the neutral pH. At the acidic pH,
disassembly occurred as shown by the increased concentrations of MDPs in the filtrate using
both filters. It was estimated that 24.60% of WH5, 34.70% of WH7 and 41.00% of WH9 were
disassembled to monomers based on the dialysis result using the filter with a MW cutoff at 10
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kDa. Using a 30 kDa filter, the percentage of MDPs in the filtrate increased to 37.77%, 62.56%
and 71.46% for WH5, WH7 and WH9, respectively. The filtrate of WH9 at pH 5.7 was analyzed
by CD spectroscopy showing highly disordered random coil structures (Figure 14c, ESIT), thus
excluding the possibility of the presence of b-sheet oligomers in the filtrate. The oligomeric
species present in the filtrate is likely due to the non-specific aggregation between the amphiphilic
MDPs. Transmission electron microscopy (TEM) revealed the morphological change of MDPs
under different pH treatments.

For TEM characterization and the following biological evaluation, we primarily focused on WH9
because it is the most sensitive to pH change giving a higher extent of disassembly upon solution
acidification. At pH 7.4, WH9 spontaneously self-assembled to form elongated fibers (Figure 15a).
Reducing the pH to 5.7 led to a significant reduction of the fiber density and the formation of non-
specific spherical aggregates (Figure 15b). We suspect that these spherical aggregates were
formed from disassembled MDPs due to the drying effect during TEM sample preparation
process. The disassembly of SANs was verified by dynamic light scattering (DLS) measurements
showing a dramatically reduced particle size to below 2 nm when pH was reduced (Figure 15¢c
and Figure 16, ESIt). Although the number mean of the hydrodynamic diameter generated by
DLS does not represent the actual size of these nanofibers due to their non-spherical shape, the
dramatic size reduction suggests the effectiveness of solution acidity to trigger the disassembly
of SANSs.

Acidity-triggered SANs disassembly was further studied in the context of bacterial inoculation on
an agar plate. We chose Bacteroides fragilis as a model bacterium that undergoes anaerobic
growth leading to the acidification of the surrounding environment. We first determined whether
the growth of B. fragilis would influence the pH immediately adjacent to the bacterial colony. Using
a pH ratiometric near infrared probe developed recently,10 we measured the change of
fluorescent intensity of the probe with time using an in vivo Kodak imager. The results allow us to
calculate the pH nearby the colony on an agar plate at 0.5, 2.5, 7, and 22.5 h upon bacterial
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inoculation. Interestingly, we found that growth of B. fragilis released metabolites which can cause
the surrounding environment to become acidic (from pH 7.5 to pH 6.3 in less than 24 h) (Figure
17, ESIT). To test whether the in situ low pH can induce SANs disassembly, we synthesized and
prepared rhodamine (Rho)-labeled WH9. Rho-WH9 had very low fluorescent intensity due to
fluorescent quenching upon self-assembly. By reducing the local pH, WH9 disassembled leading
to the recovery of rhodamine fluorescence. Therefore, the fluorescence intensity of the peptide
reflects the degree of peptide disassembly and can be used to correlate with the
microenvironmental pH change associated with bacterial growth. To determine whether the acidic
environment nearby bacterial colonies causes SANs to disassemble, Rho-WH9 was applied on
both the bacterial colonies and non-inoculated agars as controls after 24 h of bacterial inoculation.
The fluorescence intensity was monitored immediately using an in vivo Kodak imager. The results
showed an average of 88% increase of the fluorescence intensity for peptides deposited on the
bacteria colonies than those on the agar media without bacteria (Figure 18a), suggesting a local
acidic pH can trigger the disassembly of SANs, leading to the recovery of self-quenched
fluorescence. The fluorescence intensity of the peptide across the bacterial colony was further
plotted as a function of imaging pixels (B0O.1 mm per pixel) starting from the outermost of a
colony (shown as 0 on the x-axis of Figure 18b), while moving toward the center (shown as 10
on the x-axis of Figure 18b). The local bacterial pH change across a single colony was
measured by the radiometric fluorescence probe described above and plotted in the same
manner. A good correlation was observed between the reduced pH and the increased
fluorescence of Rho-WH,, further confirming local bacterial acidity can trigger SANs
disassembly. The antimicrobial activities of WHy were tested against both Gram-negative
bacteria, Escherichia coli and B. fragilis and Gram-positive bacteria, Staphylococcus aureus
under the anaerobic condition where bacterial cultures became acidic over time peptides were
co-incubated with E. coli, B. fragilis and S. aureus for 48 h and the UV absorbance at 600
nm was measured for the estimation of the minimum inhibitory concentration (MIC) values.
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As shown in Table 9, WHy was effective against all three bacterial strains in the anaerobic
condition where the bacterial culture gradually became acidic to pH 6.4. The MIC values of
WHoy were determined at 10 mM against E. coli, 5 mM against B. fragilis and 5 mM against
S. aureus. In contrast, the MIC of WHg was estimated at 40 mM against E. coli in the aerobic
condition where the culture pH remained neutral (pH was between 7.2 and 7.5 during
culture). For aerobic bacterial cultures with a starting pH at 5.7, the MIC was determined as
10 mM comparable to that determined in the anaerobic condition. In comparison, the MICs
of WHs and WH? were determined at 40 mM and 20 mM in the acidic aerobic E. coli
cultures showing less potency to inhibit the growth of bacteria. The antimicrobial activity
also correlates well with the peptide’s ability to dissemble as detailed in the spin dialysis
experiment (Table 8).

The mode of antimicrobial action was investigated by epifluorescence microscopy. WHy was co-
incubated with E. coli aerobically so that the culture pH can be adjusted and maintained either
acidic or neutral during the entire culture. A live—dead assay was performed wherein E. coli
was incubated with WHjy for 3 h, followed by staining with SYTO9 and Propidium lodide (PI).
As shown in (Figure 19a), a much higher fraction of E. coli cells fluoresced red at the acidic
pH due to pH-triggered disassembly and release of peptides that can increase the membrane
permeability of Pl. At the neutral pH (Figure 19b), the peptide was confined within the SANs
and did not have sufficient freedom to access to and further permeate the bacterial cell
membrane. The live—dead assay was also performed in Gram-positive S. aureus culture showing
the same trend of pH-dependent antimicrobial activity (Figure 20, ESIT).

The physical interaction between WHy and bacteria was also studied by fluorescence
microscopy upon incubation of FITC- labelled WHs with E. coli followed by PI staining.
The binding affinity of WHo toward bacteria was greatly improved upon acidification as
demonstrated by the numbers of bacterial cells that were attached by peptides showing
green fluorescence on the cellmembrane (Figure 21a, ESIt) while atthe neutral condition
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much less binding occurred between the peptides and bacteria (Figure 21b, ESIt).
Scanning electron microscopy (SEM) was used to visualize any morphological change
induced in bacteria by exposure to WHg at the acidic condition. As compared to control
bacteria without peptide treatment (Figure 22a, ESIT), E. coliincubated with WHg under
the acidic culture condition showed significant membrane damage (Figure 22b, ESIt),
suggesting the mode of action is through bacterial membrane disruption by the
disassembled peptides.

A critical challenge associated with conventional AMPs is their moderate to severe
cytotoxicity and hemolytic activity. We have recently demonstrated that self-assembly can
be an effective approach to reduce the non-polar membrane-contact area of AMPs
leading to greatly improved cytocompatibility and bacterial cell selectivity.® To evaluate
the cytotoxicity of the newly designed WHs toward mammalian cells during blood
circulation, NIH/3T3 fibroblasts were incubated with peptides at various concentrations
and the cell viability was quantified by the MTT assay. 80 mM was selected as the upper
concentration threshold to avoid potential precipitate formation as the peptide
concentration increased in the mammalian culture media. As shown in Figure 23 (ESIY),
dose-dependent cell viability was measured showing 44-80% of cell viability up to 40 mM and
72% cells were still alive upon incubation with peptides at 80 mM. The hemocompatibility was
evaluated by incubating human red blood cells (RBCs) with WHg at different concentrations
for 1 h and released haemoglobin was measured by UV spectroscopy (Figure 24, ESIT).
Within the tested peptide concentrations up to 160 mM (16 times of the MIC) less than 5%
of hemolysis was observed with peptide-treated RBCs compared to the positive control group
of RBCs treated with Triton-100. Taken together, the pH-triggered antimicrobial activity and
excellent cytocompatibility and hemocompatibility of self- assembled WHy highlight their
great potential as a new anti- microbial strategy to effectively treat bacterial infections
associated with acidity.
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In summary, we have demonstrated a new pH-responsive antimicrobial nanomaterial
based on the self-assembly of de novo designed MDPs for acid-responsive antimicrobial
delivery at the site of infection associated with bacterial acidity. The MDP can be
designed to form stable nanofibrous structure in neutral pH with excellent cytocompatibility
and hemocompatibility. The pH-triggered disassembly was demonstrated in both the aqueous
solution and on a bacteria-inoculated agar plate and shown to be important factors for their
antimicrobial activity. This new antimicrobial strategy while awaiting more extensive in
vitro evaluation and in vivo studies holds great promise to treat bacterial infections in
which acidity plays an important role in bacterial pathogenesis. For future studies, SANs
based on custom- designed non-natural amino acids may offer diverse chemical functionality

and broader pH-tunability to suit various clinical needs in the combat of infectious diseases.

Materials and methods

Materials

Fmoc-protected amino acids, 2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (HCTU), MBHA rink amide resin, were
purchased from Novabiochem. Piperidine, diisopropylethylamine (DIPEA) 5(6)-
Carboxyfluorescein (FAM), 5(6)-carboxy-tetramethyl-rhodamine, Mueller Hinton Broth
(MHB), MTT assay kit were purchased from Sigma-Aldrich. LIVE/DEADTM BacLightTM
Bacterial Viability Kit, Centrifugation filters with molecular weight cutoff at 10 kDa and 30
kDa, Agar, TritonTM X- 100, Blood agar (TSA with 5% sheep blood) were purchased
from Fisher Scientific. Dulbecco’s modified Eagle medium (DMEM) culture medium was
purchased from Life Technologies. Fetal Bovine Serum (FBS) was purchased from
VWR. TEM staining reagent, uranium acetate dihydrate and TEM grid were purchased
from TED PELLA, INC. Escherichia coli (ATCC 25922), Bacteroides fragilis (ATCC
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25285) and Staphylococcus aureus (ATCC 29213) were purchased from ATCC.

Synthesis and purification of peptides

Multidomain peptides were synthesized on a Prelude® peptide synthesizer using
standard FMOC-solid phase peptide synthesis procedures. Fmoc groups were
deprotected by 20% (V/V) piperidine in N, N-dimethylformamide (DMF) for 5 min (2
times). HCTU was used as the coupling reagent and mixed Fmoc protected amino acids
in the presence of DIPEA with a molar ratio of 1:1:2.5 (amino acid: HCTU: DIPEA). Upon
the completion of the synthesis, the N- terminus of the peptides were acetylated in the
presence acetic anhydride and DIPEA in DMF. The acetylated peptides were cleaved
from the resin using a mixture of trifluoroacetic acid (TFA) / triisopropanolsilane (TIS) /
H20 (95/2.5/2.5 by volume) for 3 hours. The cleavage solution was collected through
filtration and neat TFA was used to wash the resin twice. TFA solution was evaporated
under moderate air flow. The residual peptide solution was precipitated in cold diethyl
ether, followed by centrifugation and washing with cold diethyl ether for four times. The
crude peptide was dried under vacuum overnight for HPLC purification. The peptide was
purified using a preparative reversed phase C4 column with a linear gradient of
water/acetonitrile containing 0.05% TFA. Elution was monitored at 230 nm and 280 nm.
The mass of the three peptides were confirmed by MALDI. WH5: expected [M+H]+: 2634,
observed [M+H]+: 2634; WH7: expected [M+H]+: 2908, observed [M+H]+: 2908; WH9:
expected [M+H]+: 3182, observed [M+H]+: 3182. Fluorescein and rhodamine terminated
peptides were synthesized as follows. After final deprotection of the peptide, the N-
terminus was coupled with 4 equivalents of 5(6)-carboxyl fluorescein or 5(6)-carboxy-
tetramethyl-rhodamine using a combination of 4 equivalents of HCTU and 8 equivalents
of DIPEA in DMF. The reaction mixture was stirred overnight. The completion of the
coupling reaction was confirmed by the Kaiser test. If necessary, the coupling of 5-(6)-
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carboxyl- fluorescein or 5(6)-carboxy-tetramethyl-rhodamine was repeated once. The
cleavage and puirification procedure followed the same procedure as described for the
nonlabelled peptides. The molecular weight was confirmed by MALDI. FITC-WH9:
expected [M+H]+: 3499, observed [M+H]+: 3500; Rho-WH?9: expected [M+H]+: 3553,

observed [M+H]+: 3554 (Figure 25).

Structural Characterization

Circular Dichroism (CD) Spectroscopy

Samples were prepared by dilution from the peptide stock solution to a concentration at
50 uM in either Tris buffer (pH 7.4, 20 mM) or MES buffer (pH 5.7, 20 mM). The samples
were incubated at 4°C overnight. Data were collected from 250 nm to 190 nm at room
temperature (RT) using a 1 mm cuvette, a bandwidth at 1 nm, scan rate at 100 nm/min
and a response time of 2 sec. Each spectrum was averaged from three scans. The mDeg
of rotation was converted to molar residual ellipticity via the formula
0=(mDeg*1000)/(c*n*l), where c is the concentration of the peptide solution expressed
in MM, n is the number of amino acids in the peptide sequence and | is the path length

of the cell used in mm.

Transmission Electron Microscopy (TEM)

Sample preparation was the same as that used in the CD experiment. Peptide solution
(10 L) was dropped onto a holey carbon grid (TED PELLA 01824). After 2 minutes,
excess solution was carefully removed with filter paper. 10 yL of 2 wt % uranyl acetate
aqueous solution was dropped onto the grid for negative staining. After 2 minutes, excess
staining solution was removed and the TEM samples were dried for overnight before
imaging.
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Critical aggregation concentration (CAC) measurement

Peptide solution (160 uM) was added in either 200 pL Tris buffer (20 mM, pH 7.4) or 200
pL MES buffer (20 mM, pH 5.7) with an increment of 2 pL each time. Fluorescence
spectra were acquired after each peptide addition by monitoring the emission of peptides
from 295 nm to 440 nm using an excitation wavelength at 280 nm. Fluorescence intensity
at 350 nm was plotted as a function of the peptide concentrations. The CAC was
determined to be the concentration at which nonlinearity started to develop as shown in

Figure 13.

Minimum inhibitory concentration (MIC) determination

For the MIC test in the aerobic condition, E. coli was cultured in MHB media under
constant shaking at 100 rpm at 37 °C to reach the mid-exponential growth phase. The
bacterial solution was plated on an agar plate for colony forming unit (CFU) counting.
Bacterial suspensions were diluted to approximately 2x105 CFU/mL in MHB media at
either pH 7.4 or 5.7. Peptide solutions at various concentration (80, 40, 20, 10, 5, 2.5
MM) were prepared in either Tris buffer (pH 7.4, 20 mM) or MES buffer (pH 5.7, 20 mM)
through filter sterilization and exposed under UV light for at least 30 mins. 50 uL of each
peptide solution was mixed with 50 pyL of bacterial solution in a 96-well plate and the
experiments were performed in triplicates. The plates were incubated at 37°C under
constant shaking at 100 rpm for 18 hrs and the optical density (OD) at 600 nm was
measured on a plate reader. The MIC was determined at the peptide concentration in
which OD reading is below 0.06 and no cloudiness was visible to naked eyes. For the
MIC test in the anaerobic condition, E. coli (ATCC 25922), B. fragilis (ATCC 25285) and
S. aureus (ATCC 29213) inocula were prepared using the BBL Prompt Inoculation
System to generate an approximate 1.5 x 108 CFU/mL that was further diluted to
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generate an inoculum at 1.0 x 10° CFU/mL in MHB media at pH 7.4. Peptide solutions
with various concentration (80, 40, 20, 10, 5, 2.5 yM) were prepared in Tris buffer (pH
7.4, 20 mM). All the reagents for the anaerobic test were reduced under anaerobic
conditions for at least 2 hrs prior to the initiation of testing and care was taken to minimize
all bacterial strains to oxygen exposure. 50 yL of each peptide solution was mixed with
50 pL of bacterial solution in a 96- well plate and the experiments were performed in
triplicates. The plates were incubated 48 hrs under constant shaking at 100 rpm. The
MIC was determined at the peptide concentration in which OD reading is below 0.06 and
no cloudiness was visible to naked eyes. For all MIC tests, bacterial culture without
peptides (with equal volume mixing of Tris buffer) was used as a negative control.
Gentamicin was used as the positive control that helps validate the MIC assay. The
aerobic control plates only and against the control drugs (Gentamicin and Moxifloxacin)
have MIC values within the CLSI control ranges and MBCs consistent with known
bactericidal modes of action. Gentamicin is efficacious against E. coli and S. aureus

although the MIC is shifted higher in anaerobic versus aerobic conditions.’

Scanning electron microscopy to examine the morphology of the bacterial membrane

400 pL bacterial suspensions (E. coli, 108 CFU/mL) were added to a 24-well plate with a
cover glass (d=12 mm) placed on the bottom of each well. After 24 hrs of incubation,
bacterial suspension was removed, and the plates were washed with PBS buffer (pH
7.4) to remove any non-adherent bacteria. 100 yL of fresh MHB media (pH 5.7) and 100
ML of 40 uM peptide solution in MES buffer (pH 5.7, 20 mM) were mixed and added in
each well and incubated at 37 °C for 1 hr. The media were removed, and the cover
glasses were washed with Tris buffer for three times. Bacteria were fixed using 4%
glutaraldehyde solution for overnight. The cover glasses were further dehydrated using
a series of graded ethanol solutions from 35, 50, 75, 90, 95 and 100% (contents of
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ethanol volume). Samples were placed on a carbon tape and further coated with a 5 nm-
thick gold layer. The morphology of the bacteria with and without peptide treatments were
observed using a field emission scanning electron microscope operated at an

accelerating voltage of 1.0 kV and a working distance of 5.8 mm.

Live and dead bacterial assay

400 uL of bacterial suspensions (E.coli, 108 CFU/mL) was added to confocal dish and
incubated at 37 °C for 24 hrs. Bacterial suspensions were removed from the confocal
dish and washed with PBS buffer (pH 7.4) for three times to remove any non-adherent
bacteria. 100 pyL of fresh MHB media and 100 pyL of 40 uM peptide solution in either Tris
buffer (pH 7.4, 20 mM) or MES buffer (pH 5.7, 20 mM) was added sequentially in the
confocal dish. After incubation at 37 °C for 3 hrs, the culture media were removed and
washed with PBS buffer (pH 7.4) for three times. Bacteria were stained with live/dead
bacteria assay kit solution at room temperature for 15 min. Finally, bacteria were washed
with PBS buffer (pH 7.4) for three times. Images were captured with epifluorescence and

processed with ImagedJ software.

Membrane localization assay

Bacterial suspensions (E. coli, 108 CFU/mL) were added to a confocal dish. After 24 hrs
of incubation, bacterial suspensions were removed, and confocal dish was washed with
PBS buffer (pH 7.4) for three times to remove any non-adherent bacteria. Next, 100 pyL
of MHB media and 100 pL of 7% FITC-labeled peptides were added to confocal dish to
reach a concentration at 40 uM. After 3 hrs of incubation, bacteria were washed with
PBS (pH 7.4) for three times. Bacteria were stained with Pl at room temperature for 15
min. Finally, bacteria were washed with PBS buffer (pH 7.4) for three times. Images were
captured using a fluorescence microscope and processed with ImagedJ software.
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Hemolytic activity test

Human red blood cells (RBCs) were donated from a volunteer and 4% of human RBCs
were prepared in PBS buffer (pH 7.4). 20 pL of peptide solution at various concentrations
(1600, 800, 400, 200, 100, 50, and 25 uM) were prepared in PBS buffer (pH 7.4).
Peptides were mixed with 180 pL of RBC suspensions in a 1.5 mL Eppendorf tube. The
mixtures were incubated at 37 °C for 1 hr, followed by centrifugation at 3000 g for 5 mins.
100 uL of the supernatant was taken out and transferred to a 96-well plate. Hemoglobin
release was determined by measuring the absorbance of the supernatant at 540 nm on
a microplate reader (Vitor2 1420 Multilabel Counter, PerkinElmer). RBCs treated with
1% Triton-X served as positive controls and untreated RBCs served as a negative control
group. Each sample was tested in three replicates. The percentage of hemolysis
remained is calculated using the following equation:

% hemolysis = (A peptide-A negative control)/ (A Triton X-A negative control) x 100

in which the negative control group contains RBC suspension mixed with PBS buffer

without peptides.

Cytotoxicity measurement

NIH/3T3 cells were seeded onto a 96-well plate at a density of 104 cells/well and
incubated for 24 hrs at 37 °C in an incubator with 5% of COZ2. After 24 hrs, the culture
medium was removed. 10 uL of peptide solution at various concentrations (800, 400,
200, 100, 50, 25, 12.5 yM) was mixed with 90 uL fresh culture medium in a 96-well plate.
After 24 hrs of incubation, the MTT assay was performed to quantify the cell viability by
monitoring the UV absorbance at 490 nm. Cell culture without peptides were used as a

negative control. All the experiments were performed in four replicates.
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Measurement of the microenvironmental pH in bacterial colonies

The pH value of the B. fragilis living milieu was measured using a pH ratiometric
fluorescence imaging probe based on our previous publication with minor modification.2
First, probes in PBS (0.5mg/mL) with different pH values were dropped on surface of the
blank TSAB (Trptic Soy Agar with 5% sheep blood) plate, imaged with an in vivo Kodak
imager (Ex 630nm, Em 700 nm, Exposure time 10s; Ex 760nm, Em 830 nm, Exposure
time 10s). The results were analyzed to acquire a correlation curve between fluorescence
ratio and indicated pH value and further plotted as a standard curve. Secondly, probes
suspended in DI water (0.5mg/mL) were dropped on individual B. fragilis colonies on a
TSAB plate and the plate without bacteria (as a control) and were imaged with the same
protocol. The pH around bacterial colonies was determined based on the standard curve

established above.
Statistical analysis
Student’s t-test was used to analyze the cell viability and hemolytic activity of peptides at
different concentrations. Experiments were performed in three replicates. A p-value of

less than 0.05 was considered to be statistically significant.
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Figure 12. Cartoon representation of cytocompatible and hemocompatible SANs formed by pH

responsive MDPs and their disassembly triggered by local bacterial acidity for the delivery of
activated MDPs to eradicate bacteria.

131



q 60 b 700
s = _
s 500- 3 600
%‘ 2 500
[ 400' g
Q
E £ 400
& 3004 E
3 € 300
Q @
2 2004 o
5 5 2004
= 2 |
i 100 “ 100 {CAC: 8.6uM
T LN B | T LI B T T T v"l‘l'l""l"'l‘l LI
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Concentration (uM) Concentration (uM)
C 600 d 700 -
3 S 600+
4 500 3 600
= &
% 400- £ 500+
s c
£ £ 400
< 300- £
Q [
£ g 300
8 2004 @
[
5 5 200
3 100 2 :
[T v
100 ; CAC: 6.6uM
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Concentration (uM) Concentration (uM)
e 700 f 700
;600- S 600
s ©
2 500 2 5004
2 D
S 400 S
£ £ 400
e ©
% 300 § 300
@ 200- ]
5 5 2004
=]
2 1004 i :
1004 i CAC:9.1uM
0 T LML T T L] i LML Ll T T T Ll T Ll v T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20
Concentration (uM) Concentration (uM)

Figure 13. CAC determination by monitoring the tryptophan fluorescence at various peptide
concentrations at pH 7.4 and pH 5.7. WH5 at (a) and pH 5.7 (b) pH 7.4; WHY7 at (c) pH 5.7 and

(d) pH 7.4; WH9 at (e) pH 5.7 and (f) pH 7.4.
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Figure 14. pH-dependent peptide secondary structures by CD spectroscopy at RT. (a) CD
spectra of peptides showing predominant B-sheet secondary structures in Tris buffer (pH 7.4, 20
mM); (b) CD spectra of peptides in MES buffer (pH 5.7, 20 mM) showing weak helices/random
coils; (c) CD spectrm of the filtrate of WH9 in MES buffer (pH 5.7, 20 mM) showing a random

coiled strcuture. Peptide concentration: 50 yM.
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Figure 15. Negatively stained TEM images of WHy at (a) pH 7.4 showing SANs formation and (b)
at pH 5.7 showing SANs disassembly. (c) pH-Dependent hydrodynamic size measurement by
DLS. Peptide concentration: 100 uM in Tris buffer (pH 7.4, 20 mM) and MES buffer (pH 5.7 20
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Figure 16. Particle size distribution by numbers (%) of WH9 at neutral and acidic condition.
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Figure 18. Local bacterial acidity triggered peptide disassembly as determined by in situ
fluorescence microscopy (a) Fluorescence intensity of Rho-labeled WHs deposited on 3
bacterial colonies (3 spots on the left panel) compared to those on agar media (right panel)
without bacteria showing that the acidic bacterial environment induces SANs disassembly that
led to the recovery of the self-quenched rhodamine fluorescence. (b) Correlation of the local
bacterial pH (orange line) with the fluorescence intensity of the Rho-labeled WHy (blue lines)
applied on bacterial colonies. The inset pictures are fluorescent microscopic images of bacterial
colonies upon Rho-labeled peptide treatment (right) and colonies containing the near infrared
pH probe (left).
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Live Dead Merge
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Figure 19. Fluorescence images of live/dead bacterial assay results (E. coli). Top panel: E.coli
treated with 20 yM WHq at (a0 pH 5.7 and (b) pH 7.4 for 3 h. Live bacteria were stained with
SYTO9 (green) and dead bacteria were stained with Pl (red). Scale bar: 20 uM
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Live Dead Merge

Figure 20. Fluorescence images of Live/dead bacterial assay results (S. aureus). Top panel: S.
aureus treated with 10 yM WH9 at (a) pH 5.7 and (b) pH 7.4 for 3hrs. Live bacteria were stained
with SYTOO9 (green) and dead bacteria was stained with Pl (red). Scale bar: 20 pm.
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FITC-WH,

Figure 21. Fluorescence images of E.coli treated with FITC-WH9 followed by PI staining in (a)

acidic (pH 5.7) and (b) neutral culture condition (pH 7.4). FITC-WH9 was found to attach on the

bacterial membrane in the acidic condition, causing membrane disruption and bacterial death as

Merged

a

pH 5.7

pH 7.4

stained by PI. Scale: 20 ym.
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Figure 22 SEM images showing the morphological change of E. coli with and without peptide
treatment in the acidic condition. a) E. coli without peptide treatment at pH 5.7. b) E. coli upon
WHqy incubation (2x MIC) for 1 hr at pH 5.7. The inset picture shows the damage of bacterial

membrane upon peptide treatment.
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Figure 23. NIH/3T3 cell viability of peptide-treated cells in relative to the control group without
peptide after 24 hrs of incubation with WHg at various concentrations. Statistically significant

differences are indicated by * P< 0.05.
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Figure 24. The percentage of hemolysis induced by WHg at various peptide concentrations.

Statistically significant differences are indicated by *** p <0.001
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Tables

Table 8. Quantification of disassembled MDPs

10 kDa filter 30 kDa filter
Peptides pH 7.4 pH 5.7 pH 7.4 pH 5.7
WH; 0 24.60 + 0.08% 0 37.77 £+ 0.56%
WH, 0 34.70 £ 0.08% 0 62.56 * 3.55%
WH, 0 41.00 £ 0.49% 0 71.64 £ 0.27%

Standard deviation is calculated based on 3 measurements for each
sample.

Table 9. Antimicrobial activity, cytotoxicity and hemolytic activity

MIC (M)
Anaerobic Acrobic Ilj.:_-"-:lr T::.\il
E. coli B. fragilis 5. aureus E coli
pH pH
7.4 5.7
10 5 5 > 40 10 = Bl = 160
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CHAPTER 6

CONCLUSIONS AND DISCUSSION
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While the discussion of biofilm infection on devices in Chapter 2 illustrates the challenges and
importance of controlling biofilm infection, it represents only one instance of biofilm infection.
Bacterial biofilms have been implicated in a variety of chronic human infections (1-3). The
diverse location of these infections presents its own challenges for treatment that must account
for anatomical location, host factors and the bacterial populations and phenotypes present in
these biofilms. By better understanding the biofilm life cycle, new interventions can be
developed to stop this type of infection. There are four key strategies that can be applied to this
goal: prevention, weakening, disruption and killing. The prevention of biofilm formation can
incorporate material science to develop materials that inhibit biofouling by modification of the
surface properties or activate under certain conditions exposing pharmacophores to kill
colonizing bacteria. A growing body of evidence also supports a variety of life-style factors and
co-morbidities that may predispose the host to infection, including obesity, diabetes and
smoking (4) much like factors that predispose people to chronic conditions like diabetes and
heart disease. This raised the possibility that by changing habits and modifying lifestyle
behaviors could play a role in reducing the incidence of biofilm infections. Traditional treatment
for infection involves antimicrobial chemotherapy and the unique nature of biofilm infections due
to their emergent resistance makes this a challenge (5, 6). The current three pharmacokinetic
and pharmacodynamic (PK/PD) parameters used to assess the drivers of efficacy, AUC/MIC,
Cmax/MIC and Time/MIC all share a fundamental weak point: each of these parameters
incorporate planktonically derived MIC value to set the therapeutic dose (7-9). A concerted effort
to examine these parameters considering experimental values that indicate kill biofilm cells
need to be undertaken. To combat resistance and to target subpopulations of bacteria within
biofilms, cocktails of antibiotics with different classes are currently used. With the use of
antibiotics comes the risk of resistance development so strategies are required to overcome this
limitation. Intrinsically, the use of antibiotic cocktails help suppress resistance this based on the
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different targets for given agents. The development of novel antibacterial agents will help add to

the options available clinically.

Chapter 4 describes the development of peptide nanofibers that activate in acidic
microenvironments driven by the presence of bacteria. The advantage of antibacterials like this,
besides the membrane disruptive activity, is that the agent becomes activated under specific
conditions. An advantage of this targeted activation would be to prevent the host microbiome
from being exposed to sub-MIC concentrations of antibacterial, thus selecting to resistant
phenotypes and placing commensals under the same selective pressure as the pathogens. In
this instance the normal flora in the body can act as a reservoir of antibiotic resistance (via
horizontal gene transfer) and, as many of these commensals are opportunistic pathogens, a
source of drug-resistant infection. The responsive assembling nanofibers become more active
under conditions driven by the bacteria, resulting in a de facto delivery system not only targeting
pathogens but activating in the environment generated by them. By coupling a mode of action
that is non-specific against bacteria (e.g. membrane disruption) with a delivery system, this
reduces the chances that resistant mutants will arise outside the infection environment or in
normal flora. This leads to the idea of responsive agents or formulations that would activate
under different physiological conditions to deliver antibiotics in a precisely targeted manner. The
development of this responsive AMP couples this targeted delivery with an antibacterial class
used by virtually every life form on the planet and thus has a proven track record of efficacy.
Such a targeting approach should also not be limited strictly to AMPs. This technology could
also be applied to other therapeutics, including EPS targeting agents, quorum sensing inhibitors
or disruptors and anti-virulence factor agents. These strategies represent new approaches to

interfere the establishment of biofilm or aid in the disruption of existing biofilm

While such approaches are innovative and can lead to new treatments, the lack of cidality of

some of these new technologies could prove challenging from a regulatory and safety
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perspective. It would probably be necessary to use these agents in conjunction with proven
antibacterial agents to prevent re-seeding of the biofilm or systemic infections as these agents
do not “kill”. It would also require the development of new techniques to determine the efficacy
of these agents in pre-clinical models as antibacterial efficacy is not a study endpoint. While
there would be regulatory hurdles to developing such agents, a precedent exists in the form of

B-lactamase inhibitors used to stop the inactivation of B-lactam antibiotics by these enzymes.

Finally, the detection of infection and determining an exact location of infectious foci are
extremely helpful in the initiation and guiding of antibacterial chemotherapy. The PET method
described in Chapter 3 will be able to provide highly detailed location information and, when
coupled with CT, highly precise anatomical information. Being able to pinpoint the locations or
presence of infection can determine the type of intervention needed, particularly in some
circumstances, the type antibacterial agent used. For example, prosthetic device infections are
predominantly caused by coagulase-negative staphylococci, Staphylococcus epidermidis and
Staphylococcus aureus. In cystic fibrosis infections, early in life the pathogens isolated are
Staphylococcus aureus and Hemophilus influenza, while in later life Pseudomonas aeruginosa
becomes the prominent pathogen. This information is factored into empiric therapy matrices that
are implemented during the initiation of antibacterial chemotherapy and being able to add a
spatial confirmation of the location of infection will help refine this process. Knowing the location
of an infection coupled with information on the most prevalent pathogens from clinical
experience can guide the selection of agents used to treat these infections. If surgical
interventions are required for debridement and cleaning of wounds or infection foci, these
imaging generated by the PET methods in Chapter 3 would provide the surgeon with a highly
accurate map of site ideally limiting the amount of trauma and ensuring the removal of infected
tissue. The directly labeling of pathogens using D-glutamine PET tracers will also help more

confidently confirm the presence of infection. The direct imaging ability of the D-gIn tracers also
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will allow physicians to monitor the effectiveness of therapy in a clinical setting and aid scientists
in the development of new and refinement of older technologies when targeting infectious foci.
This tool will immensely help in the preclinical development of antibacterial agents by monitoring
the efficacy of experimental agents and confirmation of PK/PD parameters in the treatment of

infection.

For chronic wounds, while sharp debridement is the “gold standard” for care of infected chronic
wounds(10, 11), it remains critical to determine what pathogens are present to guide the
appropriate therapy. The diagnostic tools presented in Chapter 4 provide this information. One
complicating variable with in-situ measurement is differentiation of normal flora from pathogens.
Tracers like the D-glutamine tracer in Chapter 3 would be lost in the background of the gut
normal flora and possibly on the skin as well. This does not necessarily rule out nuclear
medicine in the use of diagnosing wound infection. A hypothetical situation where it could prove
useful is if the infected wounds contain a higher signal than background or uninfected wounds.
Establishing these benchmarks through further experimentation would be necessary to confirm

the use of PET tracers for wound infection diagnosis.

An additional point of interest is the ability of the molecular and culture methods used in wound
infection diagnosis to identify the bacteria present. There is a growing body of literature that
points to microbiomes that stimulate healing and those that are present in non-healing chronic
wounds(12-14). The implication here is that the clinician could intervene with targeted agents
against certain microbes or through a combination of antimicrobials followed by probiotics,

restore or establish a “healing microbiome” in these chronic wounds (15-17).

The information and technologies presented here will help guide the development of new
therapies and treatment strategies. The increasing knowledge about biofilm infections will
generate new ideas to intervention and prevention. The use of nuclear medicine, specifically D-
glutamine PET tracers will allow the visualization of infection facilitating diagnosis, development
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of new agents and assessment of treatment. The development of targeted environmentally
activated antibacterial agents will help to reduce the development of drug resistance and inhibit
the spread of resistance to commensal bacteria. This increased body of knowledge and

application is occurring at an ideal time to help us prevent the emergence of the post-antibiotic

age.
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