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Abstract

Detecting bacterial cells with high specificity in deep tissues is challenging. Optical probes 

provide specificity, but are limited by the scattering and absorption of light in biological tissues. 

Conversely, magnetic resonance imaging (MRI) allows unfettered access to deep tissues, but lacks 

contrast agents for detecting specific bacterial strains. Here, we introduce a biomolecular platform 

that combines both capabilities by exploiting the modularity of M13 phage to target bacteria with 

tunable specificity and allow deep-tissue imaging using T1-weighted MRI. We engineered two 

types of phage probes: one for detecting the phage’s natural host, viz., F-pilus expressing E. coli; 
and the other for detecting a different (F-negative) bacterial target, V. cholerae. We show that these 

phage sensors generate 3–9-fold stronger T1 relaxation upon recognizing target cells relative to 

non-target bacteria. We further establish a preliminary proof-of-concept for in vivo applications, 

by demonstrating that phage-labeled bacteria can be detected in mice using MRI. The framework 

developed in this study may have potential utility in a broad range of applications, from basic 

biomedical research to in situ diagnostics, which require methods to detect and track specific 

bacteria in the context of intact living systems.
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1. Introduction

The ability to image bacteria in deep tissues has the potential to transform clinical practice 

by improving the diagnosis of bacterial infections and allowing spatiotemporal tracking of 

treatment outcomes within the body.1,2 With effective tools to noninvasively detect bacteria, 

diagnostic procedures could surpass current practice based on biopsy and cell culture, 

which are invasive, prone to sampling errors, and generally provide delayed results.3,4 In 

preclinical research, bacterial imaging tools are needed to characterize disease mechanisms 

and host–microbiota interactions and for evaluating new therapeutic approaches in animal 

models of infection.5 The most common techniques used to detect live bacteria in preclinical 

research are fluorescence and bioluminescence imaging. However, optical imaging is limited 

to shallow depths owing to absorption and scattering of light by biological tissue. Tissue-

penetrant imaging techniques are therefore required to locate bacteria in opaque animals. 

To this end, nuclear imaging is widely used to visualize bacteria in vivo using radioactive 

tracers conjugated to ligands such as antibiotics, antimicrobial peptides, and sugars, which 

confer selectivity for bacteria over mammalian cells.6–12 Although nuclear imaging achieves 

high sensitivity, its spatial resolution is limited (mm-scale in rodents), and ionizing radiation 

is required to penetrate tissues.

Compared with nuclear imaging, magnetic resonance imaging (MRI) can generate 3-

dimensional images with a high anatomical resolution (~100 μm in rodents) and excellent 

soft-tissue contrast, without posing any radiation risk. However, efforts to directly image 

bacteria using MRI have been hindered by the inadequate specificity of existing approaches: 

contrast agents are most often used to report on bacteria indirectly by detecting immune 

cells that home to sites of infection.13–15 The first example of an MRI probe targeting 

bacteria involved a Gd3+ chelate conjugated to zinc dipicolylamine, which binds to 

negatively charged phospholipids in the bacterial membrane. The presence of Gd3+ increases 

the spin–lattice relaxation rate of bacterial cells, thereby allowing their detection by T1 

weighted MRI.16 Subsequently, similar Gd3+ chelates were conjugated with antibiotics to 

target pathogenic microbes for imaging using T1 weighted MRI.17–20 Contrast agents based 

on iron oxide nanoparticles have also been used to image bacteria by targeting cell-surface 

antigens; however, the negative contrast (i.e., labeled cells appear dark) generated by these 

probes is sometimes difficult to disambiguate from signal voids caused by magnetic field 

inhomogeneities and susceptibility differences in tissue.21–23 The principal limitation of 

the aforementioned MRI approaches (Table S1†) is that they are not capable of detecting 

specific bacterial species but instead broadly distinguish bacteria from mammalian cells. 

Given this limitation, there is a need to develop new MRI tools that can be modularly 

tailored to detect specific bacteria and ideally provide bright (i.e. T1 weighted) signals, 

which are robust to field inhomogeneities.

Here, we introduce a new MRI-based approach to detect and image bacterial cells with high 

specificity by exploiting a non-lytic filamentous bacteriophage, known as M13. The phage 

†Electronic supplementary information (ESI) available: Borg–Ozbakir et al. SI-2022. The file contains detailed methods, 
supplementary Fig. S1–S5, Tables S1–S4, and associated references. See DOI: https://doi.org/10.1039/d3sd00026e
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capsid is composed of five proteins (pIII, pV, pVII, pVIII, and pIX) that can be genetically 

and chemically modified to simultaneously achieve multiple functionalities such as binding 

to drug molecules and targeting specific cells. The modularity of M13 bacteriophage has 

been widely exploited to transport drugs and genetic payloads to various in vivo targets, 

including tumors,24–32 infections,33–37 gut microbiota,38,39 and even difficult-to-reach 

locations, such as past the blood–brain barrier.40,41 M13 phage also provides an excellent 

scaffold for bacterial detection due to its natural affinity for strains that express F-pili, and its 

ability to be genetically engineered to specifically target other F-negative bacterial species. 

To this end, phages have been applied for imaging specific bacteria by loading the phage 

capsid with fluorescent dyes and nuclear isotopes (Table S2†).42–46 However, the application 

of phage technology for MRI has been sparse (Table S3†), with no reported examples (to 

our knowledge) of using phages to detect and visualize bacteria using MRI. In this study, we 

explored whether phages could be adapted as MRI sensors by genetically engineering their 

capsid to bind Mn2+, a T1-weighted contrast agent; and whether the resulting Mn2+-loaded 

phage could be used to image bacteria that express F-pili, and further tuned to detect other 

F-negative bacterial strains.

2. Materials and methods

Detailed methods are provided in ESI.†

2.1 Mn2+ loading of purified phage

To load DP1-phage with Mn2+, purified phage particles were incubated with MnCl2 at 

a 5 : 1 (Mn2+ to DP1) molar stoichiometry, mixed briefly by vortexing (~5 s), and then 

placed in a rotator (~15 r.p.m.) for approximately 15 min. To convert the phage titer into 

molar concentration of pVIII, we estimated that 2172 pVIII molecules were present in 

individual phage particles. The phage–manganese mixture was then treated with PEG:NaCl 

precipitation buffer and chilled on ice for 30 min. Phages were subsequently purified by 

three rounds of precipitation and centrifugation (17 000 × g, 10 min at 4 °C), resuspended in 

200–300 μL of HEPES buffer (20 mM, pH 7.0), and quantified based on optical absorbance 

(ESI†). Phages were freshly loaded with Mn2+ before each experiment.

2.2 MRI characterization of phage

Plastic tubes containing phage suspensions in HEPES buffer were placed in water-filled 

agarose (1% w/v) moulds in a 3D printed MRI phantom designed to minimize magnetic 

susceptibility differences between the samples and the surrounding environment. All in vitro 
MRI experiments were performed using a Bruker 7 Tesla vertical-bore MRI scanner with 

a 66 mm diameter transceiver coil. To measure the spin–lattice relaxation rate (R1), phage 

suspensions were imaged using a rapid acquisition with relaxation enhancement (RARE) 

pulse sequence with the following parameters: echo time, TE: 12.6 ms, RARE factor: 4, field 

of view: 4.7 cm × 4.7 cm, matrix size: 128 × 128, slice thickness: 1.5–2 mm, and variable 

repetition times, TR: 173.5, 305.9, 458.6, 638.8, 858.7, 1141.1, 1536.1, 2198.4, and 5000 

ms.
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The Fiji package of ImageJ was used to measure the average signal intensities in 

manually drawn regions of interest (ROI) encompassing phage samples. To estimate R1, 

the change in signal intensity as a function of repetition time (TR) was fitted to the 

equation S
S0

= 1 − exp −R1 × TR , which describes the growth of magnetization by spin–lattice 

relaxation following radiofrequency excitation. The molar relaxivity (r1) of phage was 

derived by global fitting of R1 versus the concentration of pVIII and a 95% confidence 

interval were calculated using the nlparci() function in Matlab (R2022b). To test whether 

DP1-phage is selective for Mn2+, the Mn2+-loaded phage was resuspended in HEPES buffer 

supplemented with divalent metals at physiologically relevant (extracellular) concentrations: 

1.8 mM CaCl2, 1 mM MgCl2, 20 μM FeSO4, and 10 μM ZnCl2. Phages were subsequently 

purified by two rounds of PEG precipitation, resuspended in 200–300 μL of HEPES buffer, 

quantified based on absorbance, and characterized by relaxometric titration as described 

above.

2.3 Preparation of bacterial cells for MRI

Starter cultures of bacterial cells (E. coli ER2738, E. coli Nissle, E. coli BL21, V. cholerae, 

and P. aeruginosa) were grown in 5 mL of lysogeny broth overnight at 37 °C. For E. coli 
ER2738 cells, the growth medium was supplemented with tetracycline (10 μg mL−1) to 

maintain episomal expression of the F-pilus. The pre-inoculum was added to fresh lysogeny 

broth at a 1: 100 dilution (v/v) and grown for 12–16 h at 37 °C. Cell density was quantified 

by measuring the optical density at 600 nm. To prepare bacterial cells for phage-based MRI, 

the overnight culture (10 mL) was briefly incubated (~5 min.) with Mn2+-loaded phage 

particles at a phage-to-cell stoichiometry of 50 : 1, mixed by inversion, and centrifuged at 

3000 × g for 10 minutes in a cold room (4 °C). The supernatant was decanted, and the cells 

were resuspended in 1 mL HEPES buffer. The cells were washed again and resuspended in 

150 μL HEPES in MRI-compatible plastic tubes. The resuspension was centrifuged at 3000 

× g for 10 min to form pellets for MRI. In preparation for MRI, the plastic tubes were placed 

in water-filled agarose (1% w/v) moulds in an MRI phantom, as described above. Images 

were acquired in the coronal plane using a RARE sequence with the same parameters as 

described for phage relaxometry. R1 values were estimated by modeling the exponential 

growth of signal intensities in manually drawn ROIs encompassing the cell pellet.

2.4 Phage MRI in mice

V. cholerae cells were incubated with CTX–DP1 phage as described above, resuspended in 

165 μL Matrigel® at 4 °C, and centrifuged at 3000 × g for 10 minutes. After decanting the 

supernatant, the cells were stirred into a slurry and carefully aspirated into a pre-chilled 16G 

syringe with the headspace pre-filled with sterile saline solution. In preparation for injection, 

the syringe was warmed to room temperature for ~10 min. Female C57BL/6J mice between 

5–7 weeks of age were anesthetized with 2.5% isoflurane and secured in an animal cradle 

with anesthetic gas (1–2% isoflurane in medical oxygen) continuously delivered through 

a nose cone. Approximately 100 μL cell slurry was injected subcutaneously in one flank, 

whereas identically prepared phage-free cells were implanted in the contralateral flank of the 

same animal to serve as control. Imaging was performed using a Bruker 7 Tesla vertical-bore 

MRI scanner with a 40 mm diameter transceiver coil. Throughout the imaging session, 
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body temperature was maintained at ~37 °C by circulating warm air with feedback-driven 

temperature control. The respiration rate (beats per minute) and body temperature were 

continuously monitored with a pneumatic transducer (Biopac Systems, Goleta, CA, USA) 

and fiber optic rectal probe (OpSens, Quebec, Canada), respectively.

To measure R1, images were acquired at multiple repetition times in the axial plane using 

a RARE sequence with identical parameters as described for phage relaxometry. Next, 

T1-weighted images were acquired using a fast low-angle shot (FLASH) sequence with the 

following parameters: TR: 83.7 ms, TE: 3 ms, flip angle: 30 °C, averages: 10, matrix size: 

128 × 128, field of view: 3.13 cm × 3.13 cm, slice thickness: 1 mm, in-plane resolution: 

244 × 244 μm2. R1 values are signal intensities were estimated in manually drawn ROIs 

encompassing the injection site. All animal procedures were approved by the Institutional 

Animal Care and Use Committee of UC Santa Barbara (protocol #946).

3. Results and discussion

3.1 Display of a manganese-binding peptide on the phage coat creates MRI contrast

We hypothesized that M13 phage could be used to generate MRI contrast by engineering 

the pVIII coat protein to bind Mn2+. Of the five proteins in phage M13, we chose pVIII 

to bind Mn2+ because the latter is present in multiple copies (typically >2000 copies per 

phage), thus allowing a large payload of Mn2+ to be delivered by the phage to target 

bacterial populations. The resulting bacteria could, in turn, be detected using MRI owing to 

an increase in their spin–lattice relaxation rate (Fig. 1a). To load Mn2+ on the phage coat, we 

used a Mn2+-binding peptide, DP1, from the radiation-resistant extremophile, Deinococcus 
radiodurans.47,48 DP1 exhibits micromolar affinity for Mn2+ (Kd ~ 10 μM)47,49 and a small 

size (10 amino acids), making it convenient to genetically fuse with pVIII, which typically 

tolerates 6–8 amino acid insertions.50 We truncated DP1 to eight amino acids without 

incurring a detectable loss of Mn2+ binding, as determined using a fluorescent dye that 

assays free Mn2+ (Fig. S1†). To produce the engineered phage, we used a two-plasmid 

system51 comprising a scaffold plasmid that harbors the M13 origin of replication and 

packaging sequences; and a packaging plasmid that encodes the nine proteins, pI-pIX, 

required for phage assembly, but is not packaged itself as it lacks the M13 replication 

components (Fig. S2†). We modified the pVIII sequence in the packaging plasmid to 

incorporate truncated DP1 at its 5′-end. We expressed DP1-functionalized phage (hereafter, 

DP1-phage) by transformation of E. coli with both plasmids and purified phage particles 

from culture supernatants by precipitation with NaCl and poly(ethylene) glycol (PEG). 

Phage formation was verified by Western blotting and size-exclusion chromatography (Fig. 

S3a and b†). To load DP1-phage with Mn2+, we incubated phage with MnCl2 in a 5 : 

1 Mn2+-to-pVIII stoichiometry and purified the resulting phage using three additional 

rounds of precipitation with PEG–NaCl to remove unbound Mn2+. Using this approach, 

we consistently achieved a Mn2+ loading of 47.3 ± 0.9% (mean ± s.e.m, n = 3, measured 

relative to [pVIII]), as determined by inductively coupled plasma-mass spectrometry (Fig. 

1b).

Having formed Mn2+-loaded DP1-phage, we characterized its ability to increase the baseline 

spin–lattice relaxation rate of water. To this end, we performed relaxometric titration of 
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phage suspensions in HEPES buffer using a 7 T MRI scanner. The relaxation rate (R1) of 

water increased proportionally with phage concentration, achieving a peak gain of 531 ± 

81% at 60 μM pVIII (Fig. 1c). The contrast effect of DP1-phage can be quantified by its 

molar relaxivity (defined as the rate of increase in R1 with [pVIII]), which is calculated 

to be 29 mM−1 s−1 (95% CI: [26, 32], n = 4). On the contrary, DP1-phage that was not 

pre-incubated with MnCl2 did not change the relaxation rate, indicating that phage alone 

does not generate MRI contrast (Fig. 1c). Mn2+ ions appeared stably bound to the phage 

coat as evidenced by a negligible loss in the relaxation rate of phage following prolonged 

incubation with divalent Zn2+ ions (Fig. S3d†). Furthermore, the molar relaxivity of Mn2+-

loaded phage was not significantly affected by incubation with physiologically relevant 

concentrations of common divalent metal ions, indicating the selectivity of DP1-phage 

towards Mn2+ (Fig. S3c†).

3.2 DP1-phage facilitates specific detection of E. coli (F+) strains using MRI

To evaluate whether DP1-phage can be used for bacterial detection by MRI, we exploited 

the ability of M13 phage to bind to the F-pilus, a cell-surface receptor that aids in the 

transfer of genetic material between bacteria.52,53 Notably, the F-pilus provides a site of 

attachment for M13 phage, which binds to the tip of the pilus using the pIII coat protein. 

Because only specific E. coli strains express the F-pilus, targeting this receptor provides 

a common testing ground for evaluating phage-based biosensors.42–44,54 To test whether 

DP1-phage can detect F-pilus harboring E. coli strains, we treated ER2738, a F-positive 

strain of E. coli, with DP1-phage (pre-loaded with Mn2+) at a phage-to-cell ratio of 50 : 

1. After briefly (~5 min) mixing the phage and cell suspension, we washed the cells twice 

to remove any unbound phage, formed pellets by centrifugation, and immediately acquired 

relaxation measurements at 7 T. We observed a 35 ± 1.4% (mean ± s.e.m., n = 6) increase 

in the spin–lattice relaxation rate of ER2738 cells following incubation with Mn2+-loaded 

DP1-phage (Fig. 1d). In contrast, cells treated with DP1-phage that was not loaded with 

Mn2+ did not show a substantial increase in their relaxation properties (ΔR1/R1 = 0.08 ± 

0.004%, n = 3) (Fig. 1d), which is consistent with our relaxometric data that phage alone 

(i.e. without Mn2+) is incapable of generating MRI contrast (Fig. 1c).

To test whether detection was specific to the F-positive strain, we incubated Mn2+-loaded 

DP1-phage with representative bacterial strains that lack F-pili, including P. aeruginosa, V. 
cholerae, E. coli BL21, and E. coli Nissle. Compared to the F-positive ER2738 cells, we 

observed a 4–9× smaller change in the relaxation rates of all F-negative bacterial strains 

(Fig. 1e), indicating that recognition of the F-pilus is necessary for DP1-phage to generate 

an increase in the cell’s relaxation rate. Specificity was conferred by the phage scaffold 

because relaxation measurements acquired after incubating E. coli ER2738 (F-positive) and 

BL21 (F-negative) with free Mn2+ did not reveal a significant difference between the two 

strains (Fig. S4†). Furthermore, DP1-phage could be stably stored at 4 °C for at least two 

months and retained the ability to specifically enhance the relaxation rate of the E. coli 
ER2738 strain to a similar extent as freshly prepared phage (Fig. 1f). Finally, mammalian 

cells were unaffected by incubation with DP1-phage, demonstrating neither a significant 

change in their relaxation rates (Fig. S5a†) nor signs of cytotoxicity, as assessed by trypan 

blue viability assay (Fig. S5b†).
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3.3 DP1-phage can be engineered to detect V. cholerae using MRI

Having validated the ability of DP1-phage to detect its natural F-positive host, we wondered 

whether we could reprogram the phage probe to detect a bacterial strain that lacks F-pili. In 

principle, phage tropism can be tailored to any particular bacterial species by swapping 

out F-pilus-binding residues from pIII and replacing them with protein domains from 

other phages that recognize surface receptors in the targeted species.54,55 Accordingly, 

we constructed a chimeric DP1–CTX phage by replacing residues 18–236 of pIII with 

residues from phage CTXΦ, which targets the intestinal pathogen, V. cholerae, via a surface 

receptor.54,56,57 We purified DP1–CTX phage from E. coli and validated that the chimeric 

phage exhibited Mn2+ loading (56.3 ± 0.3%, n = 3) and molar relaxivity (20 mM−1 s−1, 

95% CI: [17, 23], n = 4) comparable to those of DP1-phage (Fig. 2a and b). We then 

tested the ability of DP1–CTX phage to detect V. cholerae cells using MRI. To this end, 

we treated overnight cultures of V. cholerae with purified DP1–CTX phage and quantified 

relaxation rates as previously described. Phage-treated V. cholerae showed a 49 ± 4.9% (n 
= 3) increase in their spin–lattice relaxation rate relative to phage-free cells, whereas cells 

treated with Mn2+-free DP1–CTX phage showed no increase in their relaxation rate (Fig. 

2c). Detection was specific to V. cholerae, as incubation of DP1–CTX phage with non-target 

strains produced markedly smaller changes in their relaxation rates relative to phage-free 

cells (Fig. 2d).

To test whether DP1–CTX phage could be imaged in vivo, we injected phage-treated V. 
cholerae cells into the flanks of C57/BL6 mice; the contralateral flank was injected with 

phage-unlabeled V. cholerae. We then measured the relaxation rates in a region of interest 

(ROI) placed at each injection site. As expected, the flank containing V. cholerae cells 

pre-labeled with phage showed a faster relaxation rate than contralateral flank in all animals 

analyzed (Fig. 3a). We further acquired T1-weighted images of the flanks using a fast low-

flip angle pulse sequence. Consistent with the phage-induced increase in R1, the injection 

sites corresponding to V. cholerae labeled with DP1-phage appeared brighter compared to 

the control flank (Fig. 3b and c). Taken together, these results indicate that DP1-phage can 

be engineered to recognize a different bacterial target and provide a preliminary proof of 

concept that the phage probe can be used to detect and visualize bacteria in vivo using MRI.

4. Conclusions

In summary, our findings demonstrate the potential of engineered filamentous phage 

nanomaterials for the targeted imaging of bacteria using MRI. This phage-based approach 

offers a number of advantages over existing MRI approaches to image bacteria. First, DP1-

phage is composed of non-toxic and biocompatible components, which makes it suitable 

for imaging live bacterial cells without potential adverse effects (unlike antibiotic- and 

antimicrobial peptide-based probes). Second, phages are simple to produce in bulk and 

have high stability, allowing for multiple imaging sessions with a single batch of purified 

phage particles. Third, compared with existing T1 weighted MRI probes that are not specific 

to any particular bacterial species, DP1-phage can, in principle, be tailored to image any 

bacterial strain by engineering pIII to display receptor-binding domains from phages that 

target particular bacteria.
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While this study establishes a basic framework for imaging bacteria with DP1-phage, there 

are areas that require further optimization to develop this approach for imaging bacterial 

populations in real-time in vivo. First, increasing phage relaxivity would improve sensitivity, 

allowing smaller bacterial loads to be detected using MRI. This improvement can be 

achieved by screening for DP1 variants that display tighter binding to Mn2+ or by combining 

tandem repeats of DP1 with pVIII to increase the availability of Mn2+-binding sites on 

the phage coat. The size of the phage can also be reduced by genetic engineering,25,58 

which would improve its ability to penetrate tighter spaces and potentially increase the 

amount of phage present at the target location. Second, additional studies are needed to 

determine and optimized the pharmacokinetics and delivery efficiency of DP1-phage for in 
vivo applications, as well as to investigate potential immune responses that may arise from 

its use.59 To this end, it is worth noting that filamentous phages have been widely used in 

animal models ranging from mice to non-human primates, and considerable improvements 

in phage delivery and biodistribution can be achieved by engineering phage surface 

properties.60–63 Ultimately, the approach developed in this study could have significant 

implications for studying bacterial infections and the microbiota in animal models by 

providing a modular platform for the development of targeted probes that can be used to 

accurately identify and localize a wide range of bacterial species using MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Engineering M13 phage to bind Mn2+ enables the detection of F-positive bacterial strains 

using MRI. (a) Schematic of our MRI approach that exploits the modularity of M13 phage 

for bacterial detection. A Mn2+-binding peptide (DP1) was genetically fused to a phage 

coat protein (pVIII), thus allowing M13 phage to be loaded with Mn2+ through multivalent 

binding interactions. The resulting Mn2+-loaded DP1-phage was used to detect bacterial 

cells that express F-pili, which are bound by the M13 pIII coat protein. Alternatively, 

DP1-phage may be targeted to image other (F-negative) bacterial strains by engineering pIII 

to bind to specific cell surface receptors in these strains. (b) Mn2+ loading in DP1-phage was 

confirmed using inductively coupled plasma mass spectrometry (ICP-MS). The phage titer 

in these experiments corresponded to ~3 μM pVIII. (c) Mn2+-bound DP1-phage increases 

the spin–lattice relaxation rate (R1) of water in proportion to pVIII concentration. Based on 

ICP-MS studies, the solution concentration of phage-loaded Mn2+ in these experiments is 

estimated to be ~47% the molarity of pVIII, viz. 0, 9, 19, and 28 μM. Phage alone, that 

is without Mn2+, did not change the relaxation rate of water. Error-bars that are not visible 

are smaller than the marker size. (d) MRI-based detection of E. coli ER2738, a prototypical 

F-positive strain. R1 measurements were acquired on pellets formed by centrifugation of 

log-phase cultures of E. coli ER2738. A significant increase in R1 relative to that of 

phage-free cells was only observed in cultures incubated with Mn2+-loaded DP1-phage. (e) 

Detection by DP1-phage is strain-specific, as incubation of F-negative bacterial strains with 
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the phage produces 4–9× smaller changes in relaxation rate compared to E. coli ER2738. 

The labels refer to representative F-negative strains as follows: BL, E. coli BL21; Pa, 

Pseudomonas aeruginosa; Ni, E. coli Nissle; Vc, Vibrio cholerae. (f) DP1-phage was stable 

over at least two months of cold storage (4 °C), retaining its ability to specifically detect E. 
coli ER2738, similar to freshly purified phage. Relaxometry measurements were performed 

at room temperature and physiological pH (HEPES buffer, pH 7.4) using a 7 Tesla MRI 

scanner. Error bars represent standard deviation from n = 3–6 biological replicates; ** 

denotes P < 0.01; *** denotes P < 0.001; n.s. non-significant, P > 0.05 (2-tailed t-test, 

unpaired).
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Fig. 2. 
Engineering DP1-phage to target a V. cholerae cell-surface receptor enables the detection of 

a non-host (i.e., F-negative) strain using MRI. (a) Mn2+ loading in DP1–CTX phage, which 

targets V. cholerae, was confirmed using ICP-MS. The phage titer in these experiments 

corresponded to ~3 μM pVIII. (b) Mn2+-bound DP1–CTX phage increases the spin–lattice 

relaxation rate (R1) of water in proportion to pVIII concentration. Based on ICP-MS studies, 

the solution phase concentration of phage-loaded Mn2+ in these experiments is estimated to 

be ~56% the molarity of pVIII, viz. 0, 11, 22, and 34 μM. (c) MRI-based detection of V. 
cholerae. R1 measurements were acquired on pellets formed by centrifugation of log-phase 

cultures of V. cholerae. A significant increase in R1 relative to phage-free cells was only 

observed in cultures incubated with Mn2+-loaded DP1–CTX phage. (d) Detection by DP1-

phage is strain-specific, as incubation of non-target bacterial strains with the phage produces 

smaller changes in R1 compared to V. cholerae. The labels refer to non-target strains as 

follows: BL, E. coli BL21; Pa, Pseudomonas aeruginosa; Ni, E. coli Nissle; and ER 2738, 

E. coli (F+) strain. Relaxometry measurements were performed at room temperature and 

physiological pH (HEPES buffer, pH 7.4) using a 7 Tesla scanner. Error bars represent the 

standard deviation from n = 3 biological replicates; ** denotes P < 0.01; *** denotes P < 

0.001; n.s. non-significant, P > 0.05 (2-tailed t-test, unpaired).
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Fig. 3. 
Imaging of phage-labeled bacteria in mice. (a) C57/BL6 mice were injected bilaterally 

in their hind flanks with V. cholerae cells pre-labeled with DP1–CTX phage and phage-

unlabeled cells. The flanks harboring phage-labeled bacteria showed a significant increase 

in their spin–lattice relaxation rates (R1) relative to both the surrounding tissue and 

contralateral flank. Error bars represent the standard deviation; ** denotes P < 0.01 (2-tailed 

t-test, unpaired). (b) T1-Weighted images of the hind flanks of mice. Each numbered scan, 

1–4, corresponds to an axial section from a distinct mouse. Regions of interest (ROIs) 

corresponding to flanks injected with phage-labeled V. cholerae are marked by solid orange 

boundaries. The phage-bearing ROIs appear hyperintense relative to the phage-free flanks 

(encompassed by dotted orange boundaries). (c) Lines are drawn to connect paired values 

of T1-weighted signal intensity measured in the same mouse. The numbers correspond to 

images of mice shown in (b). Phage-bearing flanks showed a statistically significant increase 

in signal intensity relative to phage-free flanks (P value = 0.025). * denotes P < 0.05; 

(2-tailed paired t-test).
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