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Previously, we reported hyperpolarized 129Xe chemical exchange saturation transfer (Hyper-CEST) NMR 
techniques for the ultrasensitive (i.e., 1 picomolar) detection of xenon host molecules known as 
cryptophane. Here, we demonstrate a more general role for Hyper-CEST NMR as a spectroscopic method 
for probing nanoporous structures, without the requirement for cryptophane or engineered xenon-binding 
sites. Hyper-CEST 129Xe NMR spectroscopy was employed to detect Bacillus anthracis and Bacillus 10 

subtilis spores in solution, and interrogate the layers that comprise their structures. 129Xe-spore samples 
were selectively irradiated with radiofrequency pulses; the depolarized 129Xe returned to aqueous solution 
and depleted the 129Xe-water signal, providing measurable contrast. Removal of the outermost spore 
layers in B. anthracis and B. subtilis (the exosporium and coat, respectively) enhanced 129Xe exchange 
with the spore interior. Notably, the spores were invisible by hyperpolarized 129Xe NMR direct detection 15 

methods, highlighting the lack of high-affinity xenon-binding sites, and the potential for extending Hyper-
CEST NMR structural analysis to other biological and synthetic nanoporous structures. 

Introduction  

Here, we demonstrate a 129Xe nuclear magnetic resonance (NMR) 
spectroscopic method that allows both sensitive analysis and 20 

detection of intact bacterial spores in aqueous solution, without 
further sample preparation. NMR spectroscopy has been used 
previously to analyze spore contents1-3 but typically offers limited 
detection sensitivity, due to small polarization of the nuclear spin 
reservoir, where the difference in spin populations aligned 25 

parallel or anti-parallel to an external magnetic field at thermal 
equilibrium is typically just ~10 in a million nuclei. Thus, 
significantly enhanced NMR signals can be obtained with 
hyperpolarized (HP) samples. Our laboratory4-8 and others9-18 
have explored biosensing and bioimaging applications with the 30 

noble gas nucleus 129Xe, which has one-half nuclear spin number 
(I = ½), and can be hyperpolarized to near unity by spin-exchange 
optical pumping.19 To make the technique more sensitive for 
demanding applications, chemical exchange provides another 
source of NMR signal amplification. 35 

When exchanging magnetic species are present, chemical 
exchange saturation transfer (CEST) can achieve signal 
amplification based on cumulative magnetization transfer through 
selective saturation.20 This gives the possibility of designing 
extremely sensitive contrast agents that respond to various 40 

exchange events, for example, with techniques known as 
PARACEST21 and LIPOCEST.22 For exchange experiments 
involving HP 129Xe, it was originally demonstrated that the strong 
gas-phase HP 129Xe signal can serve to amplify the weaker 

dissolved-phase signal, with xenon polarization transfer contrast 45 

(XTC) providing useful information on lung-tissue density.23 
More recently, the analogous technique, Hyper-CEST, involving 
HP 129Xe host-guest chemistry in solution was developed.9 This 
technique has been applied to 129Xe exchange between bulk 
aqueous solution and high-Xe-affinity, water-soluble organic host 50 

molecules (i.e., cryptophanes9, 24-26), organic solvents,27 and gas-
filled protein structures known as gas vesicles.28 Here, we further 
generalize this approach, by performing Hyper-CEST NMR 
analysis of spore samples in the absence of cryptophane or other 
high-affinity xenon-binding sites. 55 

A subset of bacteria produce a highly resistant, dormant cell type, 
called the spore, which is produced in response to specific 
stresses, most notably starvation.29 Although essentially 
metabolically dormant30 the spore can break dormancy (a process 
called germination) very soon after the spore detects signals that 60 

indicate conditions for resuming growth are present. A small 
fraction of spore-forming species are pathogenic, including 
Clostridium difficile, one of the most important healthcare-
associated infectious agents31 as well as Bacillus anthracis, a 
major biothreat agent.32 The threat posed by these and other 65 

pathogenic species has intensified efforts to better understand the 
roles of spore structures in resistance, as well as to improve 
methods of spore detection. The spore's unusual—and 
incompletely understood—structural integrity in the face of 
extreme temperatures, mechanical stress, chemical denaturation 70 

and other stresses is essential to maintaining viability as well as 
resisting host defense and decontamination.33 A molecular 
understanding of the protective structures encasing the spore has 
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been a goal of basic research for many decades.34  
Spores have a distinctive architecture, composed of a series of 
concentric layers, each of which contributes to resistance and 
other spore properties (Figures 1a, 1b).33, 34 In some species, 
including B. anthracis, the outermost spore layer is the 5 

exosporium, a pleomorphic shell composed of proteins and 
glycoproteins (Figure 1a). The exosporium is present in 
pathogenic and nonpathogenic species (for example, see Traag et 
al.35). Beneath the exosporium, and separated by a gap, is the 
coat, which is present in all bacterial spores (Figure 1b).34 10 

Although these two layers play key roles in spore resistance, their 
chemical properties and molecular organization remain 
incompletely understood. This lack of information hinders efforts 
to improve anti-spore therapeutics, decontamination and spore 
detection. In particular, sensitive methods for spore detection that 15 

do not require major sample preparation and discriminate 
between pathogenic and nonpathogenic spore-forming species are 
needed. No existing method achieves all these goals, and 
distinguishing among even highly divergent species without 
DNA sequencing has been especially challenging. For example, 20 

fluorescence-based assays have been developed that readily 
detect bacterial spores,36-40 but cannot discriminate between 
species, because the target analyte, dipicolinic acid (DPA), is 
present in bacterial spores of all species. Raman spectroscopy 
similarly identifies spores from dominant calcium DPA signals.41 25 

Methods that identify subcellular structures in spores that vary 
among species (and, in particular, between certain pathogenic and 
non-pathogenic species) could be very helpful for improving 
pathogen detection. Recently, Liu et al. showed the ability to monitor the germination 
and proliferation of bacteria using 1H-CEST MRI, where labile 30 

protons inside the cytoplasm or on the cell surface served as 
endogenous contrast agent; however, bacterial spores were 
invisible by this technique, due to limited water accessibility 
within spores.42  
Here, we present Hyper-CEST 129Xe NMR analysis of wild-type 35 

and mutant B. anthracis and B. subtilis spores, where detection 
limits of 105-109 spores per milliliter were achieved in aqueous 
solution. 129Xe gas irradiated by radiofrequency pulses in the 
spore interior efficiently transfers loss of magnetization to the 
bulk solution, which provides contrast between different spore 40 

structural components. We analyzed strains of B. anthracis that 
vary in exosporium, or exosporium and coat structure and strains 
of B. subtilis that vary in coat structure. These strains show 
readily distinguishable Hyper-CEST behaviors, in a manner 
consistent with the hypothesis that spore layers cause variations 45 

in the rate of xenon diffusion between aqueous solution and the 
spore interior. By determining the Xe accessibility of the spore 
interior to the outer environment, Hyper-CEST NMR provides a 
rapid, nondestructive measure of molecular porosity. Importantly, 
this methodology distinguishes between spores with and without 50 

exosporia. As a result, in combination with other technologies, it 
provides a novel method for distinguishing between different 
bacterial spores, and assigning structural-functional significance 
to different spore components.  

Experimental section 55 

Bacterial strains. 

 
Figure 1. 129Xe Hyper-CEST experiment with spores. (A) B. anthracis 
strains: A, Sterne 34F2 (wild type), B, Sterne-JAB-13 (bclA), C, RG56 
(cotE). (B) B. subtilis strains: D, PY79 (wild type), E, AD28 (cotE), F, 60 

AD142 (cotE gerE). While some coat likely remains in AD142 spores,43 
we have not indicated this in the figure, for simplicity. (C) Scheme 
showing Hyper-CEST NMR experiment with spores. 

All strains are in either the attenuated Sterne strain 34F2 (for B. 
anthracis) or PY7944 (for B. subtilis) backgrounds. The B. 65 

anthracis strain RG56 lacks the exosporium and has a minor 
defect in the coat (due to a mutation in cotE) and strain Sterne-
JAB-13 possesses the innermost layer of the exosporium (the 
basal layer) but lacks the hair-like projections (or nap) that 
project from the basal layer-outer surface.45, 46 The B. subtilis 70 

strains AD28 and AD142 lack the outer layers of the coat, or 
almost the entire coat, due to mutations in cotE, or cotE and gerE, 
respectively.47, 48 We note that while the genes named cotE in B. 
anthracis and B. subtilis are indeed orthologous, their mutant 
phenotypes have important differences between these two 75 

species, as described. 

Hyper-CEST experiment with spores. 

Before starting the Hyper-CEST experiment, fresh HP 129Xe was 
delivered via bubbling through a 3-mL liquid sample contained in 
a 10-mm diameter NMR tube. Immediately before the pulse 80 

sequence (Figure S1) started, HP Xe bubbling was stopped by 
solenoid valves to stabilize the liquid sample for NMR 
acquisition. The NMR tube was airtight during the Hyper-CEST 
experiment, which was achieved with a homebuilt continuous-
flow HP Xe delivery setup.8 85 

Figure 1c illustrates the Hyper-CEST experiment involving 
spores. As a starting point for all sets of Hyper-CEST 
experiments, a consistent amount of fresh HP Xe resided in the 
sample suspension. As the first step of the Hyper-CEST pulse 
sequence, DSnob-shaped 180-degree selective pulses were 90 

looped numerous times continuously, at frequencies of interest. 
Pulse power was calibrated to give maximum saturation 
performance. Xenon resonances within the RF pulse’s selected  
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Figure 2. Hyper-CEST NMR profile and depolarization curve of wild-
type B. anthracis spores at 1.2 × 109 cfu/mL. (A) NMR profile acquired at 
0.5 ppm resolution, at 278 K, with 600 pulse cycles for saturation 
exchange (11.6 s saturation time). Two peaks (196.2 ppm and 193.4 ppm) 5 

are shown for the spores and water, respectively. (B) Saturation 
frequencies for depolarization curve were 197.5 = (193.2 + 4.5) ppm and 
188.9 = (193.2 - 4.5) ppm, for ‘on’ and ‘off’ resonance, respectively.  

frequency range (corresponding to the Xe-spore interaction) were 
depolarized. The ensuing chemical exchange accelerated 10 

depolarization of xenon in the whole sample, as measured by loss 
of Xe(aq) signal. After the overall polarization was reduced by 
saturation pulses and chemical exchange, the sample was 
irradiated with a 90-degree hard pulse to observe the final 
magnetization state of 129Xe in solution.  15 

Results and Discussion 

Hyper-CEST profile for spores.  

Multiple (100-600) selective 180-degree radio-frequency (RF) 
pulses were delivered to spore samples at the various resonance 
frequencies, of duration between 1.0 s and 9.5 s. By scanning the 20 

saturation frequencies, different Xe(aq) signal intensities were 
acquired and plotted as the exchange profile. At frequencies of 
observable Xe depolarization, HP Xe and depolarized Xe were 
dynamically exchanging among distinguishable chemical 

environments related to spores. 25 

Figure 2 shows the profile of wild-type B. anthracis at 1.2×109 
cfu/mL, in the 188-203 ppm frequency range and at 0.5 ppm 
resolution. A Xe(spore) signal was observed to be actively 
exchanging with the Xe(aq) signal. After the profile was fit by 
Voigt line shape, two signals were identified (Figure 2a). The 30 

secondary peak at 196.3 ppm (7.6 ppm wide) was assigned to 
Xe(spore); while the main peak at 193.4 ppm (4.5 ppm wide) was 
assigned to Xe(aq). Similar profiles were also observed for all 
spore samples listed above (Figures S2-S6), at much lower spore 
density of 1.2×107 cfu/mL. The linewidth of the Xe(spore) peak 35 

appeared quite broad for all strains. We hypothesize that due to 
lack of high-affinity binding sites, the exchange rates between 
xenon and multiple exchange sites that reside at or near the 
dehydrated spore interior are fairly rapid, leading to the merged 
broad peak. The Xe(spore) peak chemical shifts are summarized 40 

in Table 1, which identify a similar Xe-spore interaction (196-199 
ppm) across the different spore samples.  

Depolarization rate measurement for spores.  

To compare the Hyper-CEST performances across spore strains, 
and to make the CEST effect more observable, the HP Xe 45 

depolarization background needed to be removed. Two 
frequencies, 197.5 ppm and 188.9 ppm, were selected for Hyper-
CEST ‘on’ and ‘off’ resonance, and kept the same in the two 
series of data points. The number of saturation pulses in the 
sequence was increased from 0 to 2000 in steps of 200 (Figure 50 

2b), corresponding to saturation times between 0 s and 38 s. 
Meanwhile, the Xe(aq) signal decreased exponentially as more 
pulse power was applied to the sample. The exponential decay 
time (T1) of HP Xe, for the two selected frequencies, was 
extracted by fitting the decay curves. In Figure 2b, the decay time 55 

constants (T1) were fitted to be 16.5 s (on) and 29.6 s (off). The 
existence of chemical exchange with the ‘on resonance’ group 
greatly accelerated the decay rate. 

Saturation transfer efficiency (Hyper-CEST contrast). 

We quantified the contrast generated by the Hyper-CEST 60 

experiment by computing the saturation transfer efficiency (ST), 
which is directly proportional to the MR image contrast: 

 (1) 

In equation 1, I represents the integral of Xe(aq) signal acquired 
in a Hyper-CEST experiment with set saturation frequency, 65 

duration, and power. L represents the duration of Hyper-CEST 
pulse sequences, which is the sum of time spent in shaped 
saturation pulses and delays. The summing index k indicates the 
experiment number in Figure 2b, and k′ is the total number of 
experiments. Thus, ST is normalized to give values less than 1, 70 

and to give greater weight to the signals (indicating loss of 
polarization) obtained in the later experiments. This weighted 
sum, corresponding to ST, provides the proportion of saturation-
transferred magnetization, over the initial value. Therefore, ST 
quantifies the efficiency of the Hyper-CEST experiment for each  75 
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Figure 3. Comparison of saturation transfer (ST) efficiencies across six 
spore strains measured at 1.2×107 cfu/mL. 

sample. 

Enhanced Hyper-CEST due to altered exosporium. 5 

We analyzed one B. anthracis strain (RG56) lacking the 
exosporium due to inactivation of cotE and one missing the major 
exosporium protein BclA (Sterne-JAB-13). B. subtilis spores lack 
an exosporium. In Table 1, ST is listed for all strains at 1.2×107 
cfu/mL. Both B. anthracis spore variants gave dramatically 10 

enhanced Hyper-CEST contrast compared to wild-type 34F2. 
Strain Sterne-JAB-13 had strongly increased sensitivity to Hyper-
CEST, with complete removal of the exosporium (in RG56) 
showing only a small additional enhancement. This is consistent 
with the interpretation that the hair-like projections on the 15 

exosporium surface create a significant barrier to xenon 
exchange. Significantly, wild-type B. anthracis (Sterne 34F2) 
was almost undetectable by Hyper-CEST at concentration of 107 
cfu/mL (Figure S7), which gave rise to a ST value of nearly zero.  
In fact, 100-fold higher concentration (109 cfu/mL) was required 20 

for this strain to be readily detected (Figure 2). 

Enhanced Hyper-CEST from B. subtilis spores with coat 
defects. 

To determine whether Hyper-CEST can be used also to monitor 
the molecular features of the spore coat, we analyzed wild-type B. 25 

subtilis, and strains lacking the outer layers or almost the entire 
coat (strains PY79, AD28, and AD142, respectively). We found 
that in the absence of the outer layers of the coat, the Hyper-
CEST contrast was enhanced by more than 2-fold (comparing 
PY79 and AD28, Figure 3). Strain AD142 (lacking almost the 30 

entire coat) gave an additional 2-fold increase in Hyper-CEST 
contrast. We conclude that spores lacking coat layers are more 
sensitively detected by Hyper-CEST. We infer that this increase 
is due to the spore interior being more accessible to xenon in 
solution. To measure the limit of detection of the most Xe-35 

accessible strain, we performed Hyper-CEST on strain AD142 at 
concentrations from 104 to 106 cfu/mL. Clear Hyper-CEST 
contrast was observable at 105 cfu/mL (Figure S8).  

Possible origin of xenon exchange in spores.  

With a ~4.3-angstrom diameter, and very polarizable electron  40 

Table 1. Saturation transfer (ST) efficiency and exchange signal NMR 
chemical shift for six spore strains. 

cloud, Xe is known to exhibit affinity for sub-nanometer-sized 
void spaces in materials, proteins, and organic cages.49-51 Xe is 
also very sensitive to its environment, as reflected by the ~4 ppm 45 

chemical shift difference between the Xe(aq) and Xe(spore) 
NMR peaks. Our data are consistent with xenon occupying 
hydrophobic sites in the largely dehydrated spore interior,3 where 
the chemical shift will differ from xenon in bulk water and result 
in a reservoir for exchange behavior. As highlighted above, 50 

spores with fewer outer layers presented stronger Hyper-CEST 
contrast. The best contrast was observed with strain AD142, 
which largely lacks the coat.43 This argues that the cortex, inner 
membrane and core are sites of Xe exchange.  

New approach for xenon biosensing. 55 

Besides finding naturally existing xenon binding sites (i.e, 
hemoglobin52), many efforts in xenon biosensing have focused on 
developing small molecules18 or proteins53-55 with singular high-
affinity xenon binding sites, but this remains a formidable 
challenge. Noteworthy are water-soluble cryptophanes, which 60 

bind a single xenon atom with modest affinity (KD = 25-200 µM 
at rt); however, challenges in cryptophane synthesis and 
functionalization limit broad use for HP 129Xe NMR. The spore 
experiments suggest an alternate approach, to exploit xenon 
interactions with nanoporous structures in solution. As 65 

demonstrated here, Hyper-CEST NMR can reveal xenon 
interactions that are otherwise invisible using direct detection HP 
129Xe NMR methods. No “bound” 129Xe NMR signal was directly 
observed for any of the spore samples at concentrations of 
1.2×107 cfu/mL, which is consistent with the lack of high-affinity 70 

xenon-binding sites in the spore samples. By producing a Xe-
bound resonance frequency that is detectable by Hyper-CEST 
NMR (via accumulated cycles of magnetization transfer in 
solution), the spores most likely possess a significant number of 
low-affinity Xe binding sites, with KA ≈ 10-100 M-1; single Xe 75 

binding sites have been seen for many proteins.56, 57 Additionally, 
the exchange rates must be fast compared to the timescale of the 
HP 129Xe longitudinal relaxation time (T1 ≈ 75 s) in order to 
produce the observed enhancement in sensitivity relative to direct 
detection schemes.  Many biological and synthetic structures 80 

Spore Strain ST Efficiency 

129Xe(spore) 
NMR chemical 

shift (ppm) 

B. anthracis 

Sterne 
34F2 0.01 ± 0.01  196 ± 8 

Sterne 
JAB-13 0.12 ± 0.01 199 ± 2 

RG56 0.14 ± 0.01 198 ± 1 

B. subtilis 

PY79 0.11 ± 0.01 198 ± 1 

AD28 0.21 ± 0.03 199 ± 2 

AD142 0.42 ± 0.06 197 ± 1 
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should have the necessary size and porosity to achieve useful 
chemical exchange. 
Importantly, the variation in ST efficiency observed for the three 
B. anthracis strains and the three B. subtilis strains cannot easily 
be attributed to differences in gross morphology. None of the 5 

mutant strains differs sufficiently from wild type in their 
dimensions to account for the effects we detect.43, 46 Hyper-CEST 
NMR provides a noninvasive method for probing interior spore 
structures that are otherwise difficult to assess at the molecular 
level. The current findings argue that the bacterial spore interior 10 

is accessible to small hydrophobic molecules of the size of Xe. 
Small molecules, such as methane, which differ somewhat from 
Xe in size, hydrophobicity, and diffusion rate, may also be able to 
penetrate through the spore protection layers, giving further 
opportunity to analyze the spore structure.  15 

Conclusion 

We have successfully analyzed various bacterial spores using a 
sensitive Hyper-CEST NMR technique. The ability of Xe to 
diffuse readily within the spore layers and interact with the 
interior to give rise to Hyper-CEST signal‒without cryptophane 20 

or other engineered binding sites‒suggests many new 
applications for Hyper-CEST NMR in studying nanoporous 
structures commonly found in biological systems and materials 
science. In this example, the most Xe-accessible spore sample 
(strain AD142) was detected at a concentration of just 105 25 

cfu/mL, which is ~7 orders of magnitude more sensitive than 
previous efforts at spore detection using NMR spectroscopy.1, 2 
Moreover, this result did not require specialized sample 
preparation and was achieved without spore destruction, thereby 
allowing downstream analysis of the sample.  30 

The finding that Hyper-CEST contrast increased in spores where 
outer structures were absent strongly suggests that Xe in aqueous 
solution gains ready access to the spore interior, where the rate of 
the exchange process depends on the thickness and/or 
composition of the outer layers present. The finding that the 35 

exosporium effectively limits Xe entry into the spore is notable 
and is consistent with the view that the exosporium acts as a 
molecular sieve. Specifically, the hairy nap on the exosporium 
outer surface provided a remarkably effective barrier to xenon 
entry. Taken as a whole, our results show that Hyper-CEST NMR 40 

provides a novel method for noninvasive spore detection and a 
powerful tool for probing the physical and chemical properties of 
the spore interior. Hyper-CEST is an especially powerful method 
to distinguish between spores that are morphologically similar but 
differ in characteristics that mediate Xe exchange. We conclude 45 

that, in combination with genetic manipulation of spore 
ultrastructure, Hyper-CEST NMR can generate new insights into 
spore composition and function that have previously been 
difficult or impossible to analyze. 

Methods 50 

NMR sample preparation. 

Spores were prepared as previously described.46 Spore number 
was measured by counting colony-forming units. Before each 
NMR experiment, the spores were suspended in MilliQ water to 
desired number densities (1.2×109 cfu/mL for strain 34F2, 55 

1.2×107 cfu/mL for all samples, and 1.2×104-1.2×107 cfu/mL for 
strain AD142). To prevent germination, all spores were stored at 
278 K prior to experiments, and kept at 278 K during 
experiments.  

Hyperpolarized 129Xe NMR setup. 60 

All NMR spectra were acquired with a Bruker BioDRX 500 MHz 
NMR spectrometer. RF pulse frequency for 129Xe was 138.12 
MHz. Spore suspension samples were observed using a 10-mm 
PABBO NMR probe. HP 129Xe was generated using a home-built 
129Xe hyperpolarizer, based on the commercial model 65 

IGI.Xe.2000 by GE. A gas mixture of 10% nitrogen, 89% helium, 
and 1% natural abundance xenon (Linde Group, NJ) was used as 
the hyperpolarizer input. 129Xe was hyperpolarized to 10-15% 
after optical pumping of Rb vapor with 795 nm circularly 
polarized laser.  70 

Sample temperature was controlled by VT unit on the NMR 
spectrometer to 278 ± 1 K, to ensure spore stability. All acquired 
NMR spectra using the Hyper-CEST pulse sequence were 
processed with 10 Hz Lorentz line broadening. Xe(aq) signal 
intensities under different saturation frequencies and/or times 75 

were integrated and relative values were used for further 
derivations.  
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