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Small molecule sensors targeting the bacterial cell wall
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Francisco, CA 94158, USA

2Department of Medicine, University of California, San Francisco, San Francisco, CA 94158, USA
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Abstract

This review highlights recent efforts to detect bacteria, using engineered small molecules that are 

processed and incorporated similarly to their natural counterparts. There are both scientific and 

clinical justifications for these endeavors. The use of detectable, cell-wall targeted chemical probes 

has elucidated microbial behavior, with several fluorescent labeling methods in widespread 

laboratory use. Furthermore, many existing efforts including ours, focus on developing new 

imaging tools to study infection in clinical practice. The bacterial cell wall, a remarkably rich and 

complex structure, is an outstanding target for bacteria-specific detection. Several cell wall 

components are found in bacteria but not mammals, especially peptidoglycan, lipopolysaccharide, 

and teichoic acids. As this review highlights, the development of laboratory tools for fluorescence 

microscopy has vastly outstripped related positron emission tomography (PET) or single photon 

emission computed tomography (SPECT) radiotracer development. However, there is great 

synergy between these chemical strategies which both employ mimicry of endogenous substrates 

to incorporate detectable structures. As the field of bacteria-specific imaging grows, it will be 

important to understand the mechanisms involved in microbial incorporation of radionuclides. 

Additionally, we will highlight the clinical challenges motivating this imaging effort.
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A. Introduction and scope of review:

The last decade has showed remarkable progress in detecting and characterizing bacterial 

pathogens non-invasively. Cell-wall derived techniques abound in this area, are both driving 

our understanding of microbial behavior and inviting new human-compatible imaging 

technologies. In this review, we will focus on the bacteria-specific structures found in or 

proximal to the cell wall, including transporter proteins and membrane-bound components 

such as penicillin-binding proteins. In particular, we will discuss elements targeted for 

fluorescent probe and positron emission tomography (PET) and single photon enhanced 

computed tomography (SPECT) tracer development, with an emphasis on clinically relevant 

approaches and discoveries. This review will generally be limited to non-mycobacterial 

structures and components seen in multiple species of gram-positive and gram-negative 

pathogens.

We will begin by highlighting the clinical challenges motivating this imaging effort, and 

follow with a discussion addressing fluorescent versus PET/SPECT detection methods, with 

the latter focused on imaging human-relevant pathogens via tomographic techniques. In 

general, fluorescent tools that study bacteria and their behavior in vitro are much more 

highly evolved in the literature, with numerous elegant studies highlighting the incorporation 

of fluorescent D-amino acid analogues and other cell-wall specific structures. The review 

will then describe direct versus pre-targeted detection strategies. Steric effects frequently 

justify the incorporation of “clickable” moieties into bacterial structures, which can be 

subsequently detected via bio-orthogonal reactions with frequently bulky and structurally 

complex fluorescent probes. Finally, we will illustrate several small-molecules targeting cell 

wall structures that either bind cell-wall related proteins, or are metabolic precursors for the 

cell wall itself. This discussion will enumerate the basic differences between gram-negative 

and gram-positive cells which could potentially allow distinguishing between the two in key 

disease contexts. As the structural features of the bacterial cell wall are detailed, we will see 

that several components are likely bacteria-specific, whereas others are frequently found in 

fungi, mammals, and other organisms.

B. Clinical justifications:

Imaging studies are frequently used in the evaluation of infected patients, particularly 

important in identifying the presence and location of infection, and documenting response to 

antimicrobial therapy. These imaging approaches generally rely on structural changes, 

detecting abnormal tissue edema or fluid by standard radiography, computed tomography 

(CT), and magnetic resonance (MR). In contrast, the nuclear imaging techniques positron 

emission tomography (PET) and single photon emission computed tomography (SPECT) 

add biochemical and functional information. Current clinical methods include 2-

deoxy-2-[18F]fluoro-D-glucose([18F]FDG)-PET, the [111In]WBC scan, and gallium-derived 
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tools (67Ga and 68Ga for SPECT and PET respectively)1–6. The mechanisms of these tracers 

are beyond the scope of this review, but they generally image the host immune response to 

active infection rather than the bacteria themselves. Therefore, these tools may fail to 

differentiate active infection from sterile inflammation.

In response to this limitation, newer radiotracers have targeted bacteria-specific metabolism, 

by exploiting basic differences between mammalian and bacterial cells. For example, 

sorbitol-derived radiotracers are highly sensitive to Enterobacteriaceae but not mammalian 

cells7, while para-aminobenzoic acid (PABA)8,9 and trimethoprim-derived probes10 can 

detect the bacterial folate generating pathway. These and related approaches are expected to 

have an expanding clinical role in the next decade. Cell-wall and membrane-targeted agents 

also hold special promise, complementing the detection of cytoplasmic and nuclear targets. 

Targeted structures include both structural constituents of the cell wall (peptidoglycan, 

teichoic acids, LPS), and relevant cell-wall and membrane proteins especially transporters. 

The use of all pathogen-targeted imaging methods is somewhat complicated by the normal 

human microbiome11. However, the microbiome is generally well-sampled, easily accessible 

via the skin and aerodigestive tract. Many analytic tools investigating the microbiome are ex 
vivo, for example using the stool and/or biofluids such as sputum12–14. Therefore the 

described imaging methods are most helpful in settings where these traditional sampling 

methods fail. In particular, rapid methods to diagnose bacterial infection will be most helpful 

for triaging acutely ill patients. Depending on the radiotracers used, imaging studies can 

reveal (1) the location of infection (2) the type of organism i.e. gram-negative versus gram-

positive (3) response to antimicrobial therapy and (4) the presence of resistant pathogens. 

We believe that new imaging tools are essential in the following clinical scenarios:

1. Infection of deeper, normally sterile spaces:

Successful diagnosis of infection involving the intervertebral discs and other joint spaces 

(hips, knee, etc.) is frequently difficult in clinical practice, even using magnetic resonance 

imaging (MRI). Percutaneous sampling of these spaces is frequently needed which can be 

insensitive, costly and potentially dangerous for the patient. For example, vertebral discitis-

osteomyelitis represents a major diagnostic challenge even when advanced imaging is 

employed, highlighted in several reports15,16. Another example of a sterile region that is not 

easily accessed is the biliary tract and pancreas. It can be difficult to diagnose cholangitis 

(infection of the biliary system)17 and infected pancreatitis which may occur in the context 

of pancreatic pseudocysts18. The pancreas and biliary system are not easily sampled, and 

diagnostic tools compatible with full-body cross-sectional imaging are needed.

2. Infection that occurs in the presence of inflammatory mimics:

For several entities, imaging and other diagnostic studies cannot separate acute infection 

from sterile inflammation. This distinction is of critical importance for treatment, since 

opposite treatments are frequently used for these two entities. A patient who has an acute 

bacterial joint infection requires urgent antibiotic therapy, while the inflammation associated 

with rheumatoid arthritis or gout is treated with nonsteroidal anti-inflammatory drugs 

(NSAIDS) or corticosteroids. Other critical infections include those of the diabetic foot19, or 

P. aeruginosa pneumonias in cystic fibrosis patients20.
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3. Infection in patients who cannot mount an immune response:

As discussed above, most nuclear medicine tools used in clinical practice image the host 

response to infection rather than the bacteria themselves. Both [18F]FDG and [111In]WBC 

scans identify immune cells trafficked to the area, while gallium-derived radiotracers sense 

transferrin21 which is upregulated in the acute phase of infection22. A large number of 

patients cannot mount an immune response, especially seen in human immunodeficiency 

virus (HIV), blood/bone marrow cancers, hereditary diseases and drug-related disorders. 

Frequently these patients can be afebrile, and have a normal or low white blood-cell count. 

Accurate methods to detect living bacteria would be critical in this population.

C. Fluorescence- the origin of nuclear imaging tools:

As highlighted by this review, many of the newer imaging methods (i.e. PET and SPECT) 

targeting the cell wall have been motivated by related fluorescence-based techniques. 

Fluorescent molecules have largely been studied in vitro and have contributed significantly 

to our understanding of bacterial behavior especially cell-wall remodeling. The advantages 

and disadvantages of fluorescent detection are highlighted in Table 1, with the clear benefits 

being (1) lower cost (2) diversity of chemical structures employed and (3) activatable or 

“tunable” signals. In contrast, PET and SPECT hold major advantages for in vivo imaging, 

with both techniques compatible with clinical translation. In contrast to fluorescence-based 

methods, which have a limited depth of penetration into tissues, PET and SPECT have been 

used in humans for decades to assess the metabolic activity of deeper, non-accessible human 

organs including the brain23–25. PET is highly sensitive, with the obtained spatial resolution 

benefitting from modern time-of-flight scanners26. Most academic centers in the United 

States have adopted PET as their primary nuclear imaging tool, based on both this high 

sensitivity and ease of radionuclide incorporation into small-molecules structures of interest 

including metabolites. This is particularly true for 11C and 18F radionuclei for which 

substitution likely induces fewer perturbations of biologic behavior. For 11C metabolites, 

structures can be generated that are chemically identical to those of their parent molecules27. 

This strategy is also a key feature of the most commonly used PET radiotracer [18F]FDG, 

which is a substrate for both glucose transporters (GLUTs) and hexokinase. Many 

radionuclides have been used to image infection, including 11C (PET, t1/2 =20 min), 
68Ga(PET, t1/2 = 68 min), 18F(PET, t1/2 = 110 min), 99mTc (SPECT, t1/2 = 6 h), 64Cu (PET, 

t1/2 = 13 h), 111In (SPECT, t1/2 = 67 h), 201Tl (t1/2 = 73 h), 67Ga(SPECT, t1/2 = 78 h), 89Zr 

(PET, t1/2 = 78 h), 124I (PET, t1/2 = 4.2 d).

With respect to the bacterial cell wall, several recent studies have demonstrated the synergy 

of optical and nuclear imaging. Work published by Ning et al. from the Murthy group using 

maltohexose derivatives highlights the scope and limitations of both approaches for in vivo 
imaging. Figure 1 depicts both NIR-dye modified28 and 18F labeled29 maltohexose 

derivatives, both synthesized using click chemistry. Similarly, there is a rich history in the 

fluorescence literature describing the use of D-amino acid derived probes targeting the 

bacterial cell wall. Figure 2A shows the structures of two D-amino acid derived structures 

that use 7-hydroxycoumarin 3-carboxylic acid and 4-chloro-7-nitrobenzofuran to make 

HADA and NADA respectively, fluorescent sensors used for in vitro analysis30. In contrast 
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Figure 2B depicts D-amino acid derived structures for PET namely D-

[methyl-11C]methionine (D-[11C]met) and D-[3-11C]alanine (D-[11C]ala)31–33 which were 

used both in vitro and in vivo to study pathogenic bacteria. The radiosynthesis of D-[11C]ala 

from a glycine precursor using a cinchonidinium-derived chiral catalyst is depicted in Figure 

2C.

D. Direct versus “clickable” detection technologies:

Especially with respect to fluorescent D-amino acids (FDAAs), bacterial structures have 

shown marked promiscuity in incorporating fluorophore-modified small molecules. 

However, any significant deviations from canonical structures (i.e. D-alanine and D-

glutamate) impart changes to biochemical behavior based on size, lipophilicity, and 

solvation properties34. Figure 3 shows the dramatic relationship between FDAA side-chain 

and bacterial accumulation with smaller linkers seemingly favored. Numerous tools for 

chemical biology have been developed to address this issue, by incorporating structures 

capable of detection into biologic systems. If visualization of FDAAs via muropeptide 

incorporation in the periplasm is considered “direct,” an indirect approach would be the 

incorporation of a chemically and biochemically inert D-amino acid into peptidoglycan, that 

is identified later via reaction with a second, fluorescent chemical moiety. This may be 

accomplished via a “bio-orthogonal” or “click” reaction whereby the two components are 

reactive with each-other, but otherwise stable in the biologic milieu35. The first methods 

used for click-chemistry dependent D-amino acid visualization36 is described in Figure 4A, 

while more advances in click chemistry are highlighted in Figures 4B/C including nitrone-

based cycloaddition chemistry, where strained cyclooctyne-bearing fluorophores are reacted 

with nitrone derivatives of alanine and lysine and the corresponding adducts studied for 

bacterial incorporation37. In addition to the previously described steric advantages of using 

less bulky metabolites in biologic systems, another major consideration is pre-targeting. In 

other words, the modified cell-wall metabolite could be introduced into a biologic system 

over time if needed, with subsequent observation more dependent on the pharmacokinetics 

and reactivity of the fluorescent label. This mechanism of bacterial detection has been 

explored beyond D-amino acid utilization, with similar methods used to image N-acetyl 

muramic acid and KDO incorporation via generating a fluorescent product38. These cell-

wall components are described more precisely later in the review. To our knowledge, a 

clickable, pre-targeted approach has not been described to image bacteria-specific structures 

using SPECT or PET. This is true despite the heavy use of bio-orthogonal methods to image 

antibodies and other biomolecules in nuclear imaging39–42. For in vivo imaging, click 

approaches need to overcome significant technical hurdles including addressing the use of 

copper for many reported in vitro methods43.

E. Targeting proteins proximal to the cell wall:

The first class of molecules we will consider are cell-wall specific proteins especially 

peptidoglycan-remodeling enzymes and bacterial-metabolite specific transporters. The most 

established approach to imaging cell-wall proteins is via modified antibiotic structures, with 

several recent in vivo methods targeting bacterial transport.

Parker et al. Page 5

ACS Infect Dis. Author manuscript; available in PMC 2021 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Antibiotic targets: fluorescent and radiolabeled sensors:

There is extensive literature regarding antibiotics, and their corresponding cell-wall protein 

targets as bacteria-specific imaging probes. Of note, antibiotics targeting the cell wall are not 

intrinsically fluorescent (as is the case for DNA-targeted antibiotics mithramycin, 

chlromamycin A3, and olivomycin), and thus conjugation to a fluorophore is required. 

Specifically, cell wall-targeted antibiotics that have been conjugated with fluorophores 

include β-lactams, vancomycin, ramoplanin, and polymyxin B44–47 meeting varying degrees 

of success in bacterial detection. Figure 5 contrasts two vancomycin-derived compounds that 

have been conjugated for visualization via SPECT and fluorescence45,48,49. Fluorescent 

conjugates have been used for imaging especially using NIR fluorophores50, but importantly 

they also may be turned “on” or “off” during binding, metabolism, and response to the 

microenvironment. Therefore these probes have been used to study antimicrobial resistance, 

mode of action, and toxicity; for an outstanding review see Stone et al. 201849. An important 

limitation in developing related PET and SPECT tracers is that much of this information is 

potentially lost in using a radionuclide that is always “on.” Other important limitations of 

imaging radiolabeled antibiotics via SPECT and PET are the signal depends on probe-

protein affinity and the concentration of the target which may not be sufficient and there is 

no turnover benefit, i.e. the maximum signal is stoichiometric. These considerations suggest 

that imaging probes metabolized and incorporated by living, intact bacterial machinery have 

a significant advantage. Historically the most successful imaging probes are those that 

undergo biotransformation and incorporation for example FDG51, although this thinking is 

challenged by the dramatic successes of affinity-based imaging methods for example those 

targeting PSMA in humans52. Regardless, antibiotic-derived PET and SPECT tracers have 

historically shown limited in vivo success detecting bacterial infection53,54, although more 

recently reported trimethoprim analogues have shown outstanding data in preclinical 

models10. In other cases, labeled antimicrobial agents can be used to help us better 

understand therapeutic resistance, as is the case for [11C]rifampin55.

2. Bacteria-specific metabolite transporters:

In the last decade, there has been a pronounced interest in imaging pathogens using bacteria-

specific metabolic pathways. This is best accomplished using PET probes that are 

metabolized and incorporated by bacteria but not their mammalian hosts. Published 

approaches include radiolabeled versions of para-amino benzoic acid (PABA)8,9, 

trimethoprim10, sorbitol7,56,57, maltose/maltotriose/maltohexose29,58–60, arabinofuranoses61, 

and bacterial siderophores62. These technologies in particular the sorbitol-derived 

radiotracer 2-deoxy-2-[18F]fluorosorbitol ([18F]FDS) have recently been applied to patients 

suffering from bacterial infection. There are outstanding reviews of this emerging field 

published elsewhere63–65, but an important consideration is that these approaches likely rely 

heavily on bacteria-specific transport. The transporter used by [18F]FDS was incompletely 

characterized by Weinstein et al., but they did note that [18F]FDS uptake was outcompeted 

by concentrations of sorbitol above 40 mg/ mL7. As indicated above, several probes have 

also targeted the maltose-maltodextrin transport system66. For [18F]FDG, active transport of 

the probe (via GLUT 1,3,4) is very important and difficult to saturate. At our institution we 

determined that the concentration of glucose present in a patient-administered [18F]FDG 
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sample was approximately 1 mM, reinforcing the need for a high transporter Km if 

competing unlabeled metabolites are present67.

F. Structure of gram-negative and gram-positive cell walls:

The basic differences between gram-negative and gram-positive bacteria are essential to 

consider in developing cell-wall targeted metabolic probes. The basic membrane structures 

are highlighted in Figure 6A, which shows the relative contribution of peptidoglycan, the 

strong and elastic polymer that both protects bacteria from attack, and contributes to cell-cell 

signaling and quorum sensing68,69. Of course it is the peptidoglycan component that renders 

bacteria gram-negative versus gram-positive, with the latter organisms better identified by 

Gram staining due to the higher concentration of peptidoglycan (90% by dry-weight versus 

10% in gram-negatives). The basic structure of the peptidoglycan monomer is shown in 

Figure 6B indicating the sugar-derived components N-acetyl glucosamine and N-acetyl 

muramic acid as well as the muramic acid pentapeptide. Extensive data has shown that both 

pathogen classes can be detected using D-amino acid derived sensors, which may be of 

value in vivo in documenting the presence of infection versus other diseases32,33. However, 

for antibiotic selection in the acute setting, determining the presence of gram-negative or 
gram-positive pathogens would also be of high value. Therefore, structures found only in 

gram-negative or gram-positive organisms are of high interest. In gram-negatives these 

include lipopolysaccharide (LPS), which is composed of a lipid and polysaccharide 

composed of O-antigen, outer core and inner core, found in the outer membrane.59–61 In 

gram-positives, cell-wall teichoic acids are used. As discussed subsequently many of these 

components have been targeted by fluorescence methods and other detection methods.62–68

G. Cell wall component-derived sensors:

Our group and others are particularly enthusiastic about small molecules that are readily 

incorporated into the bacterial cell wall, with structural modifications that allow subsequent 

detection. This is in contrast to previously described sensors that interface with membrane 

proteins, for example penicillin-binding proteins and sugar transporters. The data on D-

amino acids is particularly robust, having been used by both fluorescence and PET to 

characterize living bacteria. Another peptidoglycan constituent is N-acetyl muramic acid 

which has been modified for bacterial detection via a bio-orthogonal approach. We will also 

briefly summarize gram-negative and gram-positive specific structures that have been 

targeted for imaging especially LPS.

1. Peptidoglycan:

Not surprisingly, peptidoglycan has been investigated extensively as a way of detecting 

bacteria and differentiating them from mammalian cells. This is certainly true pathologically 

where Gram staining can identify peptidoglycan-rich bacteria such as S. aureus as well as 

identify their typical morphology. Numerous antibiotics are based on inhibition of 

peptidoglycan-processing enzymes, for example the penicillins, cephalosporins, and 

vancomycin70–72. More recently, microbe detection has become a critical focus for 

developing new chemistries. Many of these have employed D-amino acids which are 

incorporated into peptidoglycan via distinct pathways. Literature supports an intracellular, 
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racemase-dependent assimilation of the canonical D-amino acids D-alanine and D-

glutamine73,74, but a more permissive “swapping” of muropeptide DAAs in the periplasm 

whereby D-alanine can be substituted for an introduced substrate75. This mechanism has 

been used extensively by FDAAs in recent literature, via either direct incorporation of a 

FDAA or use of a bio-orthogonal DAA/ fluorescent detector pair. One exciting feature of 

fluorescence-based methods is the potential to build a full palette of frequency-specific 

molecules76.

More recently the use of DAA-derived sensors for PET has been explored, using 11C-labeled 

DAAs whose chemical structures match those of endogenous peptidoglycan substrates31,32. 

Numerous data have shown that while exogenous D-alanine and D-glutamine show the most 

avid incorporation into bacteria, other DAA show significant accumulation75,77. Since this is 

true for D-methionine, a radiosynthesis of D-[11C]met was developed, that showed 

accumulation of signal in living bacteria but not heat-killed inoculation31. This study set the 

stage for developing the more synthetically challenging DAA substrates like D-[11C]ala that 

show an order of magnitude enhancement of sensitivity to bacteria33. One limitation that has 

been inadequately addressed is the metabolic fate of D-amino acid derived structures in 

mammals. For example, mammals may convert D-amino acids to their corresponding L-

amino acids via the activity of D-amino acid racemases78 or to their corresponding α-keto 

acids via D-amino acid oxidases79. For example, D-alanine itself can be converted to 

pyruvate, with rapid subsequent metabolism in bacteria and mammalian tissues. Developing 

D-amino acid sensors that are resistant to these and other host metabolic pathways 

represents a critical component of imaging probe development.

While D-amino acid-derived probes target peptidoglycan muropeptides, another approach to 

detecting the cell wall uses bacteria-specific sugars especially muramic acid and N-acetyl 

muramic acid. The sugar backbone of peptidoglycan is composed of this amine sugar as well 

as N-acetyl glucosamine making a repeating “NAM-NAG” structure. A recently published 

method uses a modified N-acetyl muramic acid that is incorporated into peptidoglycan, and 

subsequently detected using a bio-orthogonal reaction80 as highlighted in Figure 7. In 

contrast N-acetyl glucosamine is a substrate for bacterial, mammalian, and fungal 

metabolism and thus derived imaging methods derived from this structure would likely lack 

the desired bacterial specificity. In fungi, N-acetyl glucosamine molecules connected via 

β-(1,4) linkages form chitin, a primary component of the cell wall.81 In humans, N-acetyl 

glucosamine is used as a treatment for osteoarthritis and inflammatory bowel disease (IBD) 

including Crohn’s disease and ulcerative colitis.82 The first in vivo study using 

N-[18F]fluoroacetyl-D-glucosamine targeted tumors, based on the hypothesis that the 

hyaluronic acid concentration is a tumor biomarker.83 A more recent study developed a new 

radiosynthesis of this compound, that was used to image E. coli infection in rats.84 

Although, N-[18F]fluoroacetyl-D-glucosamine demonstrated selectivity to live bacterial 

infection in comparison to sterile inflammation, FDG still outperformed this probe with 3-

fold greater accumulation in the targeted region.
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2. Gram-negative specific components:

The marked uptake of [18F]FDS in Enterobacteriaceae relative to gram-positive bacteria 

highlights the possibility of specifically imaging this class of bacteria.7 The accumulation of 

[18F]FDS appears to be transporter and kinase dependent, but there are also structural 

constituents of the gram-negative cell wall that might be targeted for specific detection of 

this class. For example, a major component of the outer membrane of bacteria are 

lipopolysaccharides (LPS) also known as “endotoxin.”85 LPS is composed of three 3 

structural components. O-antigen, the outermost polysaccharide domain. The core domain, 

containing the sugar 3-deoxy-D-manno-oct-2-ulosonic acid (KDO). Lipid A is a 

phosphorylated glucosamine disaccharide connected to several fatty acids. In the last several 

years, a chemical strategy of in vitro sensing LPS has been reported and used based on the 

bacteria-specific KDO structure38,86,87. As highlighted in Figure 8, this labeling technique 

uses an azide-modified analogue of 3-deoxy-D-manno-octulosonic acid. Click chemistry can 

subsequently be used to detect metabolic incorporation of this moiety.

3. Gram-positive specific components:

As previously discussed, strategies targeting peptidoglycan should inherently produce higher 

signal in gram-positive organisms, although recent PET experiments highlight that this is not 

always the case32. Teichoic acids are polymers of sugar alcohols (ribitol, glycerol) linked to 

carbohydrates via phosphodiester bonds88. They are found within the cell wall of several 

important gram-positive pathogens including the genera Staphylococcus and Streptococcus. 

Teichoic acids can be either tethered to components of peptidoglycan more superficially (in 

particular D-alanine and muramic acid) or anchored to the lipid membrane and referred to as 

lipoteichoic acids (LTA’s). Several components involved in the biosynthesis of teichoic acids 

are the “Tar” enzymes: TarA, TarB, TarF, TarK, TarL, TarO.89 Understanding the roles and 

expressions of these enzymes would be crucial in targeting teichoic acid components for 

gram-positive detection via a chemical biology approach, which to our knowledge has not 

been reported. Recent papers have described fluorescence microscopy and force microscopy 

imaging of cell wall teichoic acids, concluding that the distribution of wall teichoic acids 

affects cell morphology, elongation, and division.90 In addition, an antibody-based imaging 

method has been explored to detect gram-positive organisms. Specifically, an 89Zr-labeled 

antibody (anti-LTA mAb) specific for LTA ([89Zr]SAC55) was synthesized, that exhibited 

specific binding in vitro (2 fold increase over background) to LTA-expressing bacteria.91 

The potential of this method was highlighted via in vivo studies that showed statistically 

significant distinction of infection over sterile implant sites. Finally, a series of structures 

have been reported that are sensitive to the glycoprotein structure of the gram-positive cell 

surface, but whose precise mechanism of detection has not been elucidated. These include 

boronic acid-containing probes for example the recent BODIPY derivative BacGO92, 

hexidium93, and wheat-germ agglutinin94.

H. Species-specific cell wall structures:

Detecting a single species can frequently be of high clinical interest, especially in a 

suspected case of tuberculosis. Imaging specific to M. tuberculosis would be very important 

because this disease is so difficult to diagnose and treat. The complex cell wall of 
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mycobacteria95 contains numerous possibilities to sense this bacteria. For example, several 

reports have described sensing trehalose glycolipids, with related strategies explored for 

fluorescence and nuclear imaging96,97. Other examples of potentially species-specific 

structures are siderophores and their associated membrane receptors98,99.

I. Conclusions:

Sensors of bacterial cell wall components have taken a central role in elucidating microbial 

behavior, and are expected to impact diagnostic imaging tools in the near future. As 

highlighted in this review, there is tremendous synergy between fluorescence-based tools 

that are primarily used in vitro, and radiotracers developed for in vivo PET and SPECT 

imaging. Several of the structural components found in gram-positive and gram-negative 

bacterial cell walls are not seen in humans or other pathogens, representing a strong 

foundation for bacteria-specific imaging. Patient-compatible tracers based on this premise 

will join a complement of innovative imaging methods bound for clinical use. In the field of 

bacteria-specific imaging, the diversity of approaches considered represents a major strength 

moving forward, with the potential to benefit many acutely ill patients.
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Synopsis:

Cell-wall targeted probes, labeled for both fluorescence microscopy and nuclear imaging 

can improve our understanding of microbial behavior in vitro and in vivo.
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Figure 1. 
Maltodextrin transporter-targeted fluorescent and PET probes published from the Murthy 

group, highlighting the synergy between optical imaging and PET. (A) Data obtained using 

the MDP-2 NIR probe in a simple preclinical model of bacterial infection, in which 

fluorescent signal is seen in living E. coli but not in LPS-induced inflammation in the 

opposite flank (adapted from Ning et al. 2011). (B) Similar findings for the MH18F 

maltohexose-derived positron emission tomography tracer (adapted from Ning et al. 2014).
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Figure 2. 
Comparison of D-amino acid derived structures modified for fluorescent detection and 

positron emission tomography (PET) imaging, with the sites of modification marked in red. 

(A) Two D-amino acid structures incorporating hydroxycoumarin and nitrobenzofuran-

derived fluorophores, HADA and NADA respectively (Kuru et al. 2012). (B) Two 11C-

labelled amino acids D-[α−11C]met (Neumann et al. 2017) and D-[3-11C]ala (Parker et al. 
2020) with the 11C nucleus highlighted in red. (C) The enantioselective radiosynthesis of 

D-[3-11C]ala from an achiral glycine-derived precursor via reaction with 11C methyl iodide 

in the presence of a cinchonidinium-derived phase-transfer catalyst.
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Figure 3. 
Use of D-amino acid derived structures to label peptidoglycan, via direct incorporation. This 

study employed linkers of various lengths suggesting the preference of S. aureus for smaller 

D-amino acid derived structures (adapted from Fura et al. 2015).
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Figure 4. 
Bio-orthogonal chemistry developed to detect D-amino acids. (A) Chemistry developed by 

Siegrist et. al. used either an alkyne or azide containing side-chain with subsequent click 

reaction with a fluorescent moiety. (adapted from Siegrist et al. 2013). (B) A newer approach 

to bio-orthogonal chemistry using nitrone and strained alkyne cycloaddition chemistry. (C) 

Nitrone cycloadditions applied to D-alanine and D-lysine analogs (adapted from MacKenzie 

et al. 2015).
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Figure 5. 
Vancomycin-derived conjugates used for single photon emission computed tomography 

(SPECT) and fluorescence imaging. (A) Modified 201Tl-containing derivative of 

vancomycin (Jalilian et al. 2008) (C) A commercially available BODIPY functionalized 

vancomycin.
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Figure 6. 
Targeted cell wall structures in fluorescent and SPECT/PET Probe development (. (A) Basic 

structures of gram-negative and gram-positive cell walls highlighting the location of 

peptidoglycan, lipopolysaccharide, teichoic acids, and transporters (adapted from Slavin et 
al. 2017)100 (B) Structure of the peptidoglycan monomer; both muropeptide D-amino acids 

and N-acetyl muramic acid from the sugar backbone have been targeted for detection.
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Figure 7. 
Use of bio-orthogonal chemistry to detect peptidoglycan incorporation of N-acetyl muramic 

acid (adapted from Liang et al. 2017). (A) The chemical structure of native peptidoglycan, 

with biorthogonal modified peptidoglycan and site(s) of fluorescent labelling indicated. (B) 

Structures of N-acetyl muramic acid monomer and its functionalized derivatives.
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Figure 8. 
Use of bio-orthogonal chemistry to detect incorporation of 3-deoxy-D-manno-octulosonic 

acid (KDO) in gram-negative bacteria (adapted from Dumont et al. 2012). (A) The chemical 

structure of lipopolysaccharide with KDO content highlighted, with biorthogonal modified 

peptidoglycan and site(s) of fluorescent labelling indicated. (B) Structures of modified KDO 

(KDO-N3) and alkyne-bearing fluorescent dye used (C) Fluorescent microscopy showing 

detection of bacteria using KDO-N3 with magnified view showing localization of signal to 

the membrane.
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Table 1.

Comparison between optical imaging and radionuclide-based PET and SPECT imaging.

OPTICAL PET/SPECT

In vitro analysis Yes Yes

In vivo analysis Yes Yes

Penetrating depth ~cm Full body

Activatable Yes No

Detected component Fluorophore Radionuclide

Detection method Photons Positrons/Gamma rays

Concentration nM fM-pM

Instrumentation Smaller, more portable Larger, PET/CT or PET/MR
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