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Imaging technologies in current clinical practice are not
capable of accurately differentiating active bacterial
infections from other causes of inflammation or

oncologic processes. With antimicrobial resistance being
one of the biggest threats to human health,1 there is an
urgent need to improve diagnostic practices, especially for
deep-seated infections which are not easily accessible, and
optimize clinical management and antibiotic selection.
Positron emission tomography (PET) offers the possibility
to noninvasively and specifically detect bacteria in vivo,
distinguish between different bacterial classes, identify
antibiotic-resistant organisms, and monitor therapeutic
responses.2 This potential is based on bacteria-class
specific metabolism of small molecules (e.g., sugars) by
pathogenic bacteria and has been in use for many decades
to identify and differentiate bacteria in clinical micro-
biology laboratories.3 As the potential for clinical imaging
of infections becomes evident, different approaches are
emerging in the development of pathogen-specific imaging
agents.4 In this issue of ACS Central Science, a team led by
David Wilson reports the use of carbon-11 radiolabeled
D-alanine to image clinically relevant bacterial infections
using PET.5

The biochemical machinery that regulates microbial
processes has historically been targeted for antibiotic
discovery, and more recently for chemical sensors such as
fluorescent probes and pathogen-specific imaging agents.
The basic principle follows that if mammalian and bacterial
cells have different biophysical structures and metabolic
processes, chemical sensors can be designed and engineered
to selectively target and accumulate in bacteria. Small

molecule pathogen-specific radiotracers under development
target differences in carbohydrate uptake and metabolism
(e.g., 18F-fluorodeoxysorbitol and 18F-fluoromaltotriose),
folate biosynthesis (e.g., 11C-para-aminobenzoic acid
and 18F-fluoropropyl-trimethoprim), and bacterial cell wall
biosynthesis (e.g., D-[11C]alanine, as reported in this issue),
etc (Figure 1).
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Carbon-11 labeled D-alanine allows detection of
live bacteria in vivo by positron emission
tomography.
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Figure 1. Bacteria-specific imaging. Mammalian and bacterial cells
have different biophysical structures and metabolic processes. Thus,
chemical sensors can be engineered to selectively target and
accumulate in bacteria, and be developed for bacteria-specific imaging.
Adapted from Ordonez et al.4 Reprinted with permission from ref 4.
Copyright 2019 AAAS.

© 2020 American Chemical Society
97

https://dx.doi.org/10.1021/acscentsci.0c00096
ACS Cent. Sci. 2020, 6, 97−99

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscentsci.0c00096&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00096?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00096?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00096?goto=recommendations&?ref=pdf
https://doi.org/10.1021/acscentsci.0c00743
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=""&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c00096?fig=fig1&ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c00096?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


Amino acids are formed of amine and carboxyl functional
groups, and a side chain that is linked to a chiral α-carbon,
and thus exist as L- and D-enantiomers. While the more
abundant L-amino acids are the building blocks of proteins
in most cell types, their D-enantiomers have distinct
functions. D-Amino acids are essential to the composition
of bacteria, but are not utilized in the same way by most
mammalian tissues. The bacterial cell wall, which is absent
in mammalian cells, is composed of glycan strands cross-
linked by peptides formed of D-amino acids. The most
abundant D-amino acid in this structure is D-alanine, which
is either biosynthesized from racemization of L-alanine or
captured from exogenous sources.6 Parker et al. were able to
radiolabel D-alanine with 11C, with >90% stereochemical
purity. Since D-[11C]alanine is chemically identical to D-alanine,
it is recognized by the same enzymes and incorporated into the
bacterial cell wall, giving bacteria a measurable radioactive
output in a wide range of pathogenic bacteria.

The progression of bacteria-specific imaging agents from
concept to clinical translation requires a robust preclinical
evaluation of radiotracer candidates in clinically relevant
animal models.4 Pathogen-specific imaging agents should
be able to distinguish between true infection and sterile
inflammation, provide a signal that is proportional to the
bacterial burden, and ideally have low background retention
in nontarget organs. In rodent models of acute bacterial
infection D-[11C]alanine outperformed more conventional
PET agents 18F-fluorodeoxyglucose and 68Ga-citrate in
distinguishing infection from sterile inflammation, and it
also successfully monitored treatment response. However,
the behavior of any given radiotracer in vivo is dependent
not only on its target efficacy but also on other factors such
as pharmacokinetics, intracellular enzyme kinetics, and
bacterial and host metabolism. Indeed, D-amino acids are
enantioselectively recognized by certain enzymes (e.g.,
D-amino acid oxidase) present in mammalian cells, which
may explain the background signal observed in the animals
that received D-[11C]alanine.

Bacteria residing at infected sites in situ could also have
altered or reduced metabolism due to the local micro-
environment or antibiotic treatments. Therefore, it would
be critical to select highly active and conserved metabolic
pathways in bacteria. Indeed, the incorporation of D-amino
acids into the peptidoglycan in the bacterial cell is a highly
conserved process, lending a robust strategy to label
bacteria. However, data on whether the metabolic state of
the bacteria could affect readouts and the sensitivity of this
approach would need to be determined. Some bacteria-
specific imaging agents currently under development, e.g.,
11C-para-aminobenzoic acid, are not affected by the bacterial

growth phase.7 A sensitivity threshold for bacteria-specific
radiotracers of ∼105‑6 bacteria/ml would be promising for the
management of acute infections, which generally present with
high bacterial burdens (108 bacteria/ml).4 As the efficacy
spectrum of many antibiotics is dependent on the class of
bacteria (Gram-positive or Gram-negative organisms), this
distinction will allow narrowing of the antimicrobial
regimen. Therefore, both general bacteria-specific as well
as bacteria-class specific imaging agents are needed, and
dual-imaging strategies utilizing radiotracers with short
physical half-lives could allow sophisticated methods to
both specifically detect bacteria in vivo as well as distinguish
between different bacterial classes. Finally, while many
recent studies have focused on the discovery and develop-
ment of bacteria-specific radiotracers, this approach is
broadly applicable to other classes of infectious pathogens
(e.g., fungi).
From a discovery standpoint, the data presented by

Parker et al. offer an opportunity for synthetic chemists to
design second generation radiolabeled amino acids with
optimized pharmacokinetics and reduced mammalian
metabolism. Several fluorescent-labeled D-amino acids
have been described and are shown to get incorporated
into the bacterial cell wall.8 It would be interesting to
explore the promiscuity of the peptidoglycan biosynthesis
using functionalized non-natural radiolabeled D-amino acids.
While fluorinated analogues of L- and D-alanine have shown
defluorination in vivo, leading to high bone uptake, these
were fluoroalkylated, and the use of alternative radiofluo-
rinated side-chains remains largely unexplored.9 By employing
diverse chemical approaches and different radioisotopes, the
imaging protocols could also be modified. Since the rate of
incorporation of D-amino acids into the bacterial cell wall is
variable and depends on the organism and growth phase,
longer lived radioisotopes could offer the opportunity of
imaging at later time points, allowing more time for bacterial
incorporation of the radiotracer. The findings by the Wilson
team successfully demonstrate that radiolabeled D-amino

Both general bacteria-specific as
well as bacteria-class specific

imaging agents are needed, and
dual-imaging strategies utilizing
radiotracers with short physical

half-lives could allow
sophisticated methods to both
specifically detect bacteria in vivo
as well as distinguish between

different bacterial classes.
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acids can flag bacteria in vivo and have clinical translation
potential. In addition, they highlight the opportunity for
new and innovative chemical design to be applied to the
development of radiotracers for bacterial imaging.
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