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ABSTRACT: Introduction: Bacterial outer membrane vesicles
(OMVs) are emerging as important players in the host−
microbiome interaction, while also proving to be a promising
platform for vaccine development and targeted drug delivery. The
available methods for measuring their biodistribution, however, are
limited. We aimed to establish a high-efficiency radiolabeling
method for the treatment of OMVs. Methods: 99mTc-HYNIC-
duramycin was incubated with OMVs isolated from E. coli
BL21(DE3) ΔnlpI ΔlpxM. Radiolabeling efficiency (RLE) and
radiochemical purity (RCP) were measured with size-exclusion
high-performance liquid chromatography. The biodistribution was
quantitatively measured in mice using SPECT/CT imaging. Results:
RLE was 81.84 ± 2.03% for undiluted OMV suspension and 56.17 ± 2.29% for 100× dilution. Postlabeling purification with a spin-
desalting column results in 100% radioactivity in the OMV fraction according to HPLC, indicating 100% RCP of the final product.
The biodistribution was found to be in line with previous data reported in the literature using other OMV tracking attempts.
Conclusions: Our findings illustrate that using HYNIC-duramycin for labeling of the OMVs enhances efficiency and is easily
implementable for in vivo imaging studies, significantly improving upon earlier methods.

1. INTRODUCTION
Bacterial OMVs are nanoscale EVs released by Gram-negative
bacteria into the environment. Their composition�protein
and lipid�is similar to the bacterial outer membrane.1,2 The
role of OMVs in bacterial life and host−microbiome
interactions is multifaceted, being involved in bacterial
competition, gene transfer, nutrient transport, antibiotic
resistance, and stress response mechanisms.2−4 OMVs are
also emerging as a versatile vaccine platform.5,6 Genetically
modified OMVs also represent a promising platform for
targeted drug delivery applications due to their optimal size
and shape for enhanced permeability5 and the presence of
targeting surface molecules.6

Our knowledge regarding their biodistribution is limited.7−12

However, quantifying their biodistribution currently poses a
challenge to researchers, as the most widely used methods are
based on fluorescent labeling and measuring with either whole-
body fluorescence imaging devices or microscopy.
Nuclear medicine imaging is a promising tool that may offer

a solution to these challenges. Advances in imaging methods
allow the in vivo quantification of radiolabeled compounds at
multiple time points in the same animal coupled with high-
resolution structural imaging (e.g., CT and MRI). The key to

these methods is to use a reliable and high-quality radiolabeling
procedure.
Radiolabeling methods for OMVs have been reported

earlier.13−16 The approach of Pastor et al.13 is based on the
classic stannous-chloride reduction of technetium with a
reported >95−97% radiolabeling yield. Siddiqui et al.14

describe a method for the radiolabeling of bacteria and
OMVs for PET imaging. They demonstrated that 64Cu-labeled
YbT can be incorporated into FyuA-expressing bacteria and
their OMVs selectively. Zhe Li et al.15 report a deferoxamine-
based 89Zr-labeling method of avian pathogenic E. coli OMVs.
Our group has previously reported an OMV radiolabeling
method based on the surface display of SpyCatcher, a widely
used protein ligation system.16

There are many more possible approaches to EV radio-
labeling. A favorable approach would be one that can be used
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for a wide variety of bacterial strains. Such a method should
target a common OMV component. Due to their biogenesis,
the inner leaflet of the OMV membrane is rich in
phosphatidylethanolamine (PE), which is also present in the
outer leaflet in smaller quantities. Duramycin is a naturally
occurring lantibiotic that binds to PE in the envelope of Gram-
positive and Gram-negative bacteria.17,18 Technetium-labeled
duramycin has also been developed, and kit formulations of
HYNIC-conjugated duramycin for radiolabeling are commer-
cially available19−25 (Figure 1). We have previously carried out

successful duramycin-based labeling of eukaryotic EVs.
However, based on our experience, most labeling approaches
that generally work for eukaryotic EVs translate very poorly for
OMVs due to the differences in structure.
Our aim in this study was to develop a radiolabeling method

based on duramycin that enables the measurement of the
OMV biodistribution using SPECT.

2. RESULTS AND DISCUSSION
2.1. Radiolabeling and Serum Stability. Our experi-

ments were carried out on our previously developed double
mutant E. coli BL21(DE3) ΔlpxM ΔnlpI strain which makes
OMV production more efficient and has an altered LPS
phenotype with reduced proinflammatory effects. The OMVs
of this strain have previously been characterized by our
group.16 A TEM photomicrograph of the vesicles is presented
in Figure 2.
The protein content of the OMV suspensions was measured

before radiolabeling using a modified Lowry assay, which
resulted in 3.24 ± 0.24 mg/mL (mean ± SD). Although these
numbers indicate a high concentration, it is important to keep
in mind that some remaining peptide contaminants from the
culture medium and the choice of protein assay can highly
influence perceived OMV protein content.16 Before OMV
radiolabeling, HYNIC-duramycin was radiolabeled with freshly
eluted 99mTc following the manufacturer’s instructions
resulting in >95% RCP. Next, the radiolabeled HYNIC-
duramycin solution was mixed with a dilution series of an
OMV isolate and incubated at 37 °C to let duramycin bind to
the PE present in the OMVs. The suspensions were applied to
preparative spin-desalting columns to separate the vesicles
from unreacted duramycin and other contaminants. To
estimate RLE, the ratio of eluate activity to the sum of eluate
and column activities was calculated. Our results suggest a
sublinear dependence of RLE on the concentration of the
OMV in the investigated concentration range (Figure 3A):
56.17 ± 2.29% efficiency at 1% OMV concentration and 81.84
± 2.03% efficiency at 100% OMV concentration. We also
compared the radiochemical purity (RCP) before and after
desalting using SEC-HPLC (Figure 3B). Prior to desalting, a

second peak was observable, which was entirely removed after
desalting, resulting in 100% RCP (Figure 3B). We did not
observe any increase in the RCP of the 1% sample measured
10 min apart (58.82% initially and 54.85% for the same sample
measured 10 min later), suggesting that the radiolabeling
reaction has reached a plateau. All further experiments were
done by radiolabeling the OMV suspension without dilution
(100%). To mimic serum conditions, we have incubated
freshly radiolabeled vesicles purified using a Zeba spin-
desalting column in fetal bovine serum (FBS) in a ratio of
2:8 (OMV:FBS) at 37 °C, shaking. We sampled the mixture
for SEC-HPLC analysis every 20 min up to 125 min after the
start of incubation. This experiment was done in triplicates.
The radiochromatograms showed no considerable change
during this time period, still having no second peak, indicating
that radiolabeling has 100% stability during the timeline of the
experiment (Figure 3C).
2.2. In Vivo Imaging. Using the radiolabeled OMVs, we

carried out SPECT/CT measurements to assess the biodis-
tribution of their biomaterials (Figure 4). Preclinical SPECT
has multiple advantages over optical imaging methods often
used for EV biodistribution studies. The small animal SPECT
studies can be readily scaled up to human medicine. The use of
CT or MRI-based attenuation and scatter correction coupled
with novel reconstruction methods make SPECT a quantita-
tive imaging modality.
The radiolabeled OMV isolates were intravenously admin-

istered to two BALB/c mice via the lateral tail vein. SPECT/
CT images were acquired 90 min p.i. to determine the in vivo
stability and biodistribution of the OMVs (Figure 4a,b). Mice
were closely monitored for 4 h following the injection of
radiolabeled OMVs. We did not observe any signs of systemic
inflammation in this period. Organ activities and activity
concentrations, both normalized to an injected dose (ID), are
presented in Figure 4. The liver uptake was the highest,
accounting for 62.75% of the ID, reaching 0.47%ID/ml. The
spleen and bladder activities were also high, with 3.85% and

Figure 1. Structure of HYNIC-duramycin. ABU: α-aminobutyric acid.

Figure 2. OMV characterization results: TEM photomicrograph. The
scale bar represents 100 nm.
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2.71% of the ID, respectively, and with a mean activity
concentration of 0.26 and 0.30%ID/ml, respectively. All other
organs measured (brain, heart, lungs, and kidney) had very low
uptake (Figure 4 c,d). The pattern of biodistribution�

enrichment in the liver and spleen�is similar to previously
reported OMV biodistribution data.9,10 Differences in delivery
methods, imaging time, and imaging modalities mean that a
fair comparison cannot be made unequivocally. The most

Figure 3. OMV radiolabeling results. (A) The radiolabeling efficiency shows a strong dependence on the OMV dilution. (B) Radio-SEC-HPLC
chromatogram of the radiolabeled undiluted OMV suspension before (red) and after spin-desalting (solid line = mean; light colored area = mean ±
SEM). The lack of the second peak after purification indicates 100% radiochemical purity of the product. Chromatograms were scaled to correct
slight differences in dilution. (C) Radio-SEC-HPLC chromatograms of radiolabeled OMVs taken after 25 and 125 min of incubation in FBS. Solid
lines represent the mean values of 3 chromatograms. The difference between the two curves is shaded gray.

Figure 4. In vivo imaging results. (a) A maximum intensity projection (MIP) of a SPECT/CT image showing the distribution of radiolabeled
OMVs 90 min postinjection. (b) A surface-rendered image depicting the position of VOI’s used for the quantification of OMV biodistribution.
Organ uptake data are represented as the percentage of the injected dose (c) and the percentage of the injected dose normalized to VOI volume
(d). Bars represent the mean, while error bars represent the min and max of the two animals.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04632
ACS Omega 2024, 9, 42808−42813

42810

https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04632?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


prominent feature of HYNIC-duramycin’s distribution pattern
in rodents is the kidney uptake which remains highly elevated
for at least 8 h postinjection according to previously published
data.19,20,26−28 The very low uptake (1.19%ID/ml 2 h p.i.)
measured during our experiments suggests that [99mTc]-
HYNIC-duramycin did not dissociate from the OMVs in
vivo. We also did not observe any thyroid or stomach uptake
that would indicate free pertechnetate.
A possible limitation to our approach could be the reliability

on duramycin’s ability to bind to the OMVs. At first, it might
seem logical to assume that this labeling would only work on
OMVs isolated from duramycin-sensitive bacterial strains;
however, a recent study revealed that duramycin can even bind
to the membrane of a resistant strain and sensitivity does not
only depend on PE content.17 Also, to determine the amount
of OMVs in a given volume based on these results, more data
would be needed regarding the size dependence of the OMV
PE/lipid ratio and duramycin binding affinity.
In conclusion, we have demonstrated that 99mTc-labeled

HYNIC-duramycin can be used to radiolabel OMVs for in vivo
SPECT imaging. Due to the availability of commercial kits,
radiolabeling is easy to carry out with a high RLE, and
postlabeling purification using a spin-desalting column results
in 100% radiochemical purity. We believe that our method
could also be adapted to PET imaging by changing the HYNIC
group to a suitable chelator (e.g., NODA-GA).

3. MATERIALS AND METHODS
3.1. Culture Conditions. Lysogeny broth was used for E.

coli BL21(DE3) ΔnlpI ΔlpxM cultures.16 An amount of 25 g
of lysogeny broth (Miller) powder (Sigma-Aldrich, USA) was
dissolved in 1 L of Milli-Q water, and the pH was adjusted to
7.0 with NaOH before autoclaving.
3.2. Outer Membrane Vesicle Isolation. For OMV

isolation, a combination of ultrafiltration, tangential flow
filtration, and ultracentrifugation was used.16 Briefly, 2 × 250
mL starter cultures were incubated at 37 °C and 180 rpm
shaking for 16 h. After OD600 measurement, the pooled
culture was centrifuged at 5000 g for 15 min at 4 °C to pellet
the bacteria. After the supernatant was filtered using a vacuum
filter with 0.45 μm pore size, a stirred-cell ultrafiltration device
equipped with a 100 kDa MWCO ultrafiltration disc was used
to concentrate it to 60 mL. The volume of the concentrate was
further reduced using a TFF-easy device (Hansa Biomed,
Estonia) to ∼5 mL. After washing the concentrate with 60 mL
of PBS with TFF, it was ultracentrifuged for 2 h at 150000 g, 4
°C, using an XL-80 ultracentrifuge with a Type 50.2 Ti rotor
(Beckman-Coulter, USA). The pellet was resuspended in 500
μL of PBS and filtered using a Costar Spin-X 0.45 μm
centrifuge filter (Corning, USA). OMV isolates were stored at
4 °C for up to 4 weeks.
Protein content was determined with a Lowry kit (Thermo

Fisher Scientific, USA) using a 96-well microplate working in
triplicates. Absorbance was measured with a BioTek (USA)
Synergy 2 plate reader.
The quality of OMV isolates was checked using SDS gel

electrophoresis (15%, SDS-PAGE) and transmission electron
microscopy (TEM) as described elsewhere.16

3.3. Radiolabeling and Serum Stability. HYNIC-
duramycin kits were purchased from Molecular Targeting
Technologies (USA). Briefly, 0.5 mL of freshly eluted 99mTc-
pertechnetate (4.047 GBq eluted from an Ultra-Technekow
FM 2.15−43.00 GBq technetium generator (Curium, Nether-

lands) solution was applied to the glass vial of the kit. The vial
was incubated at 80 °C for 20 min to complete labeling,
resulting in a specific activity of 262 MBq/μg as confirmed
with reversed-phase HPLC. A dilution series was made from
the OMV suspension in PBS (100%, 60%, 30%, and 1%). A
volume of 50 μL of radiolabeled [99mTc]HYNIC-duramycin
was mixed with 50 μL of each OMV sample and incubated for
30 min at 37 °C, 200 rpm shaking, in a neoMix cool
thermomixer (Neolab, Germany). Excess duramycin was
removed using 0.5 mL 40 kDa MWCO Zeba spin-desalting
columns (Thermo Scientific, USA) equilibrated with PBS
according to the manufacturer’s instructions. The radioactivity
of the eluates and columns was measured using an ISOMED
2010 dose calibrator (Nuvia, France). Radiolabeling efficiency
(RLE) was calculated as the ratio of eluate activity and total
activity of column + eluate.
To test the serum stability of the radiolabeled OMVs, 3 × 20

μL of the radiolabeled 100% OMV sample was mixed with 3 ×
80 μL of Gibco fetal bovine serum (Thermo Fisher, USA) and
incubated at 37 °C, 200 rpm shaking, in a neoMix cool
thermomixer (Neolab, Germany). Starting at 25 min post-
incubation, 10 μL samples were taken every 20 min and
analyzed with size-exclusion high-performance chromatogra-
phy.
3.4. High-Performance Liquid Chromatography.

Radiolabeled samples were analyzed using either RP-HPLC
or SE-HPLC. A Jasco HPLC system was equipped with a PU-
2089 pump, a UV-2089 UV detector, and a gamma-RAM
Model 4 radio-HPLC detector (LabLogic, USA).
A Chromolith FastGradient RP-18e 50-2 mm column

(Supelco, USA) was used to measure the radiochemical purity
of 99mTc-HYNIC-duramycin. Milli-Q water with 0.1%
trifluoroacetic acid (solvent A) and 100% acetonitrile (solvent
B) were used as mobile phases. A sample volume of 1 μL was
used, and the gradient elution protocol was as follows: 0−5
min: 100% solvent A, 5−10 min: 0−80% solvent B, 13−15
min: 80%−0% solvent B, and 15−18 min: 100% solvent A. A
flow rate of 0.320 mL/min was used.
A Tricorn-5/50 column with a bed volume of ∼1 mL

(Cytiva, Germany) packed with Sepharose CL-4B (Cytiva,
Germany) was used for each OMV measurement. PBS (pH
7.4) was used as the mobile phase. The flow rate was set to 0.5
mL/min for the total elution time of 5 min per chromatogram.
Samples were diluted in PBS to ∼50 kBq/μL, and a sample
volume of 10 μL was injected. Chromatograms were
background- and decay-corrected. RLE was determined as
the ratio of the areas under the first peak (corresponding to
OMVs eluted with the void volume) and the entire
chromatogram (also containing small particles eluted with
total volume).
3.5. In Vivo Imaging. Two healthy 6-week-old male

BALB/c mice (body weight = 18.2 and 19.3 g) were used for
biodistribution studies. All procedures were conducted in
accordance with the ARRIVE guidelines and the guidelines set
by the Animal Care and Use Committee of the IEM and
Semmelweis University (PE/EA/929-5/2021). A volume of
120 μL of radiolabeled OMV suspension with an activity of
54.9 ± 15.55 MBq (mean ± SD) was administered
intravenously into the lateral tail vein. Mice were anesthetized
with isoflurane (1.5%) for the whole duration of imaging.
SPECT/CT (nanoScan SPECT/CT (Mediso, Hungary))
equipped with multipinhole mouse collimators. Helical CT
scan settings: 50 kVp and 980 μ, 300 ms exp time, 1:4 binning,
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pitch 1, zoom factor 1.2, and 687 projections (360 projections/
rotation). Static SPECT scan settings: 90 min p.i. using a 30 s
frame time, zoom factor 1.43, 120 frames in 2 rotations, and 4
detectors. CT images were reconstructed with an iterative
algorithm using 30 iterations and 0.13 mm isovoxel. SPECT
images were iteratively reconstructed with a medium filter: 64
iterations and 0.12 mm isovoxel. VOIs were manually
delineated around the selected organs (brain, lungs, heart,
liver, spleen, kidney, and bladder). VOI uptake data are
reported in % organ activity/injected dose and % organ
activity/(injected dose × VOI volume).
3.6. Data Analysis. All numerical data were organized with

Microsoft Excel (Microsoft, USA). Analysis and illustration
were done in python 3 using pandas,29 numpy,30 and
matplotlib.31
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■ 4.ABBREVIATIONS
CT, computed tomography; EV, extracellular vesicle; FBS, fetal
bovine serum; HPLC, high-performance liquid chromatog-
raphy; HYNIC, hydrazinonicotinic acid; ID, injected dose;
LPS, lipopolysaccharide; MRI, magnetic resonance imaging;
MWCO, molecular weight cutoff; OMV, outer membrane
vesicle; PE, phosphatidylethanolamine; PET, positron emis-
sion tomography; RCP, radiochemical purity; RLE, radio-
labeling efficiency; RP-HPLC, reversed-phase HPLC; RPM,
revolutions per minute; SDS-PAGE, sodium dodecyl sulfate
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HPLC; SPECT, single-photon emission computed tomog-
raphy; TFF, tangential flow filtration; VOI, volume of interest
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