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a bioorthogonal fluorescence-
based assay for assessing drug uptake and delivery
in bacteria†

Jocelyn M. F. Ooi, ‡a Jessica M. Fairhall, ‡*a Benjamin Spangler,b

Daniel J. W. Chong,a Brian Y. Feng,b Allan B. Gamble a and Sarah Hook*a

Bioorthogonal chemistry can facilitate the development of fluorescent probes that can be used to

sensitively and specifically detect the presence of biological targets. In this study, such an assay was

developed to evaluate the uptake and delivery of antimicrobials into Escherichia coli, building on and

extending previous work which utilised more resource intensive LCMS detection. The bacteria were

genetically engineered to express streptavidin in the periplasmic or cytoplasmic compartments, which

was used to localise a bioorthogonal probe (BCN-biotin). Azido-compounds which are delivered to

these compartments react with the localised BCN-biotin–streptavidin in a concentration-dependent

manner via a strain-promoted alkyne–azide cycloaddition. The amount of azido-compound taken up by

bacteria was determined by quantifying unreacted BCN-biotin–streptavidin via an inverse electron

demand Diels–Alder reaction between remaining BCN-biotin and a tetrazine-containing fluorescent dye.

Following optimisation and validation, the assay was used to assess uptake of liposome-formulated

azide-functionalised luciferin and cefoxitin. The results demonstrated that formulation into cationic

liposomes improved the uptake of azide-functionalised compounds into the periplasm of E. coli,

providing insight on the uptake mechanism of liposomes in the bacteria. This newly developed

bioorthogonal fluorescence plate-reader based assay provides a bioactivity-independent, medium-to-

high throughput tool for screening compound uptake/delivery.
1 Introduction

Gram-negative bacteria can be innately resistant to antimicro-
bials due to the unique barrier presented by their double
membrane cell envelope.1,2 The outer membrane (OM) is an
asymmetric lipid bilayer, constructed with an external lipo-
polysaccharide layer (LPS) and an internal phospholipid layer.
This presents a major barrier to large hydrophobic compounds,
however small hydrophilic molecules may gain entry to the
periplasm via transmembrane porins which span the OM.1 The
inner membrane (IM) is a typical phospholipid bilayer, home to
inner membrane transporters and multi-drug efflux pumps.
Small, polar molecules that are able to effectively pass through
the OM have the difficult task of diffusing across the IM, as well
as evading efflux pumps.1 Resistance to xenobiotics in Gram-
negative bacteria can be mediated through gene mutations
that reduce the number of porins in the OM, as well as
, Dunedin, New Zealand. E-mail: jess.

.nz

(NIBR) in Emeryville, California, USA

mation (ESI) available. See

e work.

the Royal Society of Chemistry
upregulating multi-drug efflux pumps.2 Gram-negative bacteria
have large tripartite protein systems, such as the Escherichia coli
(E. coli) AcrAB-TolC efflux pump, consisting of an IM transporter
(AcrB), membrane fusion protein (AcrA) and an OM channel
(TolC), which are able to efflux compounds from the periplasm
across the OM out of the cell.2

When attempting to design new antimicrobials, the combi-
nation of these separate barriers makes it difficult to determine
which physiochemical properties favour the desired compound
permeability prole.1 More tools are needed to help understand
the mechanisms behind these processes and how compound
properties affect uptake, accumulation, and overall distribution
within bacteria. While there are several in vitro assays available
for testing drug movement across membranes, these
approaches do not recapitulate the complex structure of the
Gram-negative cell envelope, such as the double membrane
and/or presence of porins and efflux pumps.3–7

A number of groups have looked at using whole-bacteria
assays to quantify internalised drugs, either via uorescence
or mass spectrometry,8–10 however challenges arise in differen-
tiating internalised drugs from extracellular drugs. In addition,
drugs/compounds that are subject to high efflux, or diffuse out
during washing steps, could lead to false-negative results.
Spangler and co-workers developed a method for determining
RSC Adv., 2022, 12, 15631–15642 | 15631
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Fig. 2 Schematic diagram of the fluorescence-based assay for
determination of uptake and accumulation of compounds in Gram-
negative bacteria. Upper Panel: live intact bacteria are preincubated
with BCN-biotin 1which binds to streptavidin located in the cytoplasm
(or periplasm). Azide-bearing compounds (represented by the green
triangle) enter into the cell and react with BCN-biotin–SA. Lower
panel: After incubation cells are washed and lysed. The amount of
unreacted BCN-biotin–SA is quantified using a tetrazine-containing
fluorescent dye 2. IEDDA cycloaddition results in inhibition of FRET
and fluorescence is measured by plate reader.
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compound uptake and localisation utilising bioorthogonal
strain-promoted alkyne–azide cycloaddition (SPAAC).11 The
assay used E. coli that had been genetically modied to express
streptavidin (SA) in the periplasm or cytoplasm to localise
a chemical reporter, bicyclo[6.1.0]nonyne (BCN)-PEG2-biotin
conjugate 1 (Fig. 1). Cells were then treated with azide-bearing
compounds and their “click” products detected via liquid
chromatography mass spectrometry (LCMS). In addition, TolC
decient (DTolC) strains were utilised to provide information
on compound efflux via this tripartite efflux pump.

The purpose of this research was to develop a uorescence-
based assay to determine the uptake of drug into E. coli, uti-
lising the same approach as Spangler et al., but with the benets
of reduced sample preparation, and a less complex and more
scalable detection method. In the rst step of the uorescence-
based assay, BCN-biotin 1 (Fig. 1) is bound to streptavidin (BCN-
biotin–SA) localised in either the periplasmic or cytoplasmic
compartments of genetically modied E. coli (Fig. 2). Both wild
type (WT) andDTolC E. coli, that lack the TolC of the AcrAB-TolC
efflux pump,11 were modied. Streptavidin is used due to its
high affinity for multiple biotin-containing reagents and its
localisation to the periplasm is achieved using the OmpA signal
peptide, while cytoplasmic localisation is achieved by omitting
this sequence.11 The bacteria are then incubated with azide-
bearing compounds. Following uptake the azide can react
with BCN-biotin–SA via SPAAC. The bacteria are then lysed and
a tetrazine dye (tetrazine-BDP-FL 2 (Fig. 1 and 2)) is added. Any
remaining unreacted BCN-biotin–SA will react with tetrazine-
BDP-FL 2 via an inverse-electron demand Diels–Alder (IEDDA)
cycloaddition, allowing for quantication of unreacted BCN-
biotin–SA, and thus an indirect measure of uptake and accu-
mulation of azido-compounds.12,13 Quenching of uorescence is
promoted by Förster resonance energy transfer (FRET) between
tetrazine and dye.13,14 Following reaction with BCN, FRET is
inhibited, and the uorescence of the dye is restored. In this
assay higher levels of uptake and accumulation will lead to
a reduction in the levels of unreacted BCN-biotin–SA available
to react with the tetrazine dye 2, and therefore a lower uores-
cent output signal.

Due to its electron-rich nature and the lack of steric bulk
surrounding the alkyne, BCN can react with both substituted
azides and tetrazines mediated via an inverse-electron demand,
unlike other cyclooctynes, which makes BCN the ideal cyclo-
octyne for this application.15–17 The bioorthogonal reaction
between azides and cyclooctynes, are much slower than the
IEDDA reaction between tetrazines and cyclooctynes, such as
BCN.13,18,19 However, azides consist of only 3 nitrogen atoms and
Fig. 1 Chemical structures of BCN-PEG2-biotin 1 and tetrazine-
BODIPY FL 2 used in this fluorescence-based assay.

15632 | RSC Adv., 2022, 12, 15631–15642
are much smaller than tetrazines. Therefore, the impact of
azide-functionalisation on the physiochemical properties of
drugs and small molecules is expected to be minimal in
comparison.11,20,21 Hence the SPAAC reaction is favoured for the
rst step of the assay. While, to achieve fast reaction with
remaining unreacted BCN-biotin and subsequent uorescence
signal, the IEDDA reaction between tetrazine and BCN is
considered the ideal bioorthogonal reaction for the nal step of
the assay.

Following development and optimisation of the bio-
orthogonal uorescence assay, we were interested in testing
whether the assay could be used to assess the impact of
formulating compounds into nanoparticles on bacterial drug
uptake. It has been suggested that some of the aforementioned
delivery challenges could be overcome using lipid nanoparticles
that can fuse with the bacterial OM and directly deliver drug to
the periplasm.22 Liposomes, which are vesicles comprising of
one or several natural or synthetic phospholipids bilayers,
possess a high surface-to-volume ratio and have been reported
to increase the antimicrobial activity of several antibiotics.23,24
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic diagram of the fluorescence-based assay for
determination of uptake and accumulation of liposomal encapsulated
compounds in Gram-negative bacteria. Live intact bacteria are pre-
incubated with BCN-biotin 1 which binds to streptavidin located in the
cytoplasm (or periplasm). Azide-bearing compounds (represented by
the green triangle) encapsulated in liposomes (shown in black) enter
into the cell (shown here to occur due to fusion between liposomal
lipids and the outer membrane of the bacterial cell) and react with
BCN-biotin–SA. After incubation cells are washed and lysed as shown
in Fig. 2 lower panel.

Fig. 4 Fold-change in fluorescence compared to control (without
BCN-biotin 1) in clarified E. coli lysate containing 1 : 1 PBS : MeCN at
different concentrations of BCN-biotin 1 reacted with (A) 500 nM, (B) 1
mM, or (C) 10 mM of tetrazine-BDP-FL 2 for 0, 1, 4, or 24 hours (n ¼ 3,
mean � SD).
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However, the mechanism by which this increased killing occurs
has not been able to be fully elucidated as minimum inhibitory
concentration (MIC) analysis alone does not provide a direct
measure of compound uptake. Assays utilising liposomes
composed of uorophore labelled lipids have been used to
measure liposomal fusion with bacterial membranes.25–27 These
assays however do not provide information on the fate of
encapsulated drug, nor do they determine the efficacy of lipo-
somal delivery systems compared to unformulated free drug.

In order to examine liposomal uptake and drug delivery via
the bioorthogonal uorescence assay, bacteria are treated with
azide-bearing compounds encapsulated within liposomes
(Fig. 3). Following uptake of the liposomes in bacteria, the
azide-bearing compounds are released from the liposome,
which can then react with BCN-biotin–SA. Bacteria are then
lysed and remaining BCN-biotin–SA is reacted with tetrazine-
BDP-FL 2, as described before (Fig. 2, lower panel). In this
assay, bacteria are also treated with unformulated azide-bearing
compounds, and thus providing a direct measure for the impact
of formulation on the uptake of compound in bacteria.

2 Results and discussion
2.1 Development of the bioorthogonal uorescence-based
assay

In order to determine optimal tetrazine dye 2 concentrations
and incubation times, preliminary experiments were conducted
in vitro using E. coli lysate. Tetrazine dye 2 at nal concentra-
tions of 500 nM, 1 mM, or 10 mM were reacted with a serial
dilution of BCN-biotin 1 starting at 100 nM in E. coli lysate
(Fig. 4). The change in uorescence was thenmonitored over a 4
to 24 hours period. From uorescence wavelength scans of
tetrazine dye 2 in PBS before and aer reaction with BCN-biotin
© 2022 The Author(s). Published by the Royal Society of Chemistry
1, it was determined that emission measurements between 520
and 550 nm provided the best signal over background (Fig. S1†).
Tetrazine dye 2 at concentrations of 500 nM (Fig. 4A) and 1 mM
(Fig. 4B) displayed linear detection of BCN-biotin 1 (6.25 nM to
100 nM). Based on this data (Fig. 4 and S1†) it was determined
that a 1 hour incubation was sufficient for cycloaddition and
inhibition of FRET, with incubation for longer periods of time
having no impact on signal strength. The reaction between BCN
and tetrazines have been reported with second-order rate
constants of up to 1245 M�1 s�1 in 1 : 1 organic:aqueous
media.13,18 At 1 mM of tetrazine this approximates a reaction
half-life of 13.4 minutes, therefore by 1 hour > 95% of BCN
would have reacted with tetrazine, this is likely why the longer
reaction times did not display any observable increase.

Tetrazine dye 2 at 1 mM showed the highest fold change in
uorescence, showing up to 2.7-fold increase in uorescence
when reacted with 100 nM BCN-biotin 1 (Fig. 4B), while 500 nM
tetrazine dye 2 displayed an approximate 2.4-fold increase
(Fig. 4A). No signicant fold change over background was
observed for 10 mM tetrazine dye 2, most likely due to only 1% of
tetrazine reacting at the highest concentration (100 nM of BCN)
providing insufficient signal over background uorescence.
Therefore, it was concluded that the optimal concentration of
tetrazine dye 2 for this assay was 1 mM, with an incubation time
of 1 hour.

Next, the ability of tetrazine dye 2 to detect BCN-biotin 1 that
had been localised within the periplasm and cytoplasm of the
modied E. coli was examined. Expression of a modied
streptavidin (containing an OmpA signal peptide for peri-
plasmic localisation or without for cytoplasmic localisation)11

was induced by supplementation of minimal media with L-
rhamnose. Optimisation experiments were carried out to
determine the appropriate carbohydrate composition of the
minimal media (Table 2, Section 4.2.3) as bacteria will prefer-
entially utilise glucose over secondary sugars such as rhamnose
RSC Adv., 2022, 12, 15631–15642 | 15633
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and arabinose.28 Bacteria were grown to mid log phase before
the addition of L-rhamnose and 40 mM BCN-biotin 1. Bacteria
were then grown overnight, washed and then lysed before being
incubated with MeCN containing 2 mM tetrazine-BDP-FL 2 (nal
concentration 1 mM) for 1 hour at room temperature. The
samples were then claried by centrifugation, and the super-
natant was collected for uorescence measurement. When
bacterial samples were grown in media supplemented with
glucose there was no observable difference in uorescence
intensity in samples incubated with or without BCN-biotin 1
(Fig. 5A). The same was observed when media was supple-
mented with maltose (data not shown). However, when media
was not carbohydrate-supplemented, there was a signicant
increase in uorescence (p ¼ 0.0001) for samples with BCN-
biotin, which indicated the successful induction of SA that
could bind BCN-biotin 1 at levels that could be detected by
tetrazine-BDP-FL 2 in the DTolC E. coli strains (Fig. 5B). This
nding is in line with work conducted by Rosano and Ceccarelli
where they demonstrated the utilisation of lactose by bacteria
only aer the depletion of glucose.29

An increase in uorescence in samples incubated with
tetrazine-BDP-FL (2) in the absence of BCN-biotin (1) compared
to blank (no tetrazine-BDP-FL or BCN-biotin) was observed
(Fig. 5B). This was attributed to unreacted tetrazine-BDP-FL, as
it is expected that it would still exhibit some background
uorescence.

Despite optimisation of the growth media, a change in
uorescence could not be detected for the TolC+ E. coli when
Fig. 5 Tetrazine dye 2 detection of BCN biotin 1. DTolC E. coli were
incubated in media supplemented with (A) or without glucose (B)
before the addition of L-rhamnose with or without 40 mM BCN-biotin
1. Cells were lysedwithMeCN containing 2 mM tetrazine-BDP-FL 2 and
allowed to react for 1 hour at room temperature and then clarified for
fluorescence measurement. A blank control was prepared without
BCN-biotin 1 and tetrazine-BDP-FL 2. Data was analysed using a two-
way ANOVA test followed by Tukey's multiple comparison post hoc
test (n ¼ 3, mean � SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001).

15634 | RSC Adv., 2022, 12, 15631–15642
comparing cells treated with BCN-biotin 1 to cells without BCN-
biotin 1 (data not shown). Therefore, to assess any differences in
the amount of the BCN-biotin 1 bound to streptavidin expressed
by the bacteria within the cytoplasm or periplasm between the
two strains (TolC+ and DTolC E. coli), the experiment was
repeated, and samples were analysed by LCMS, following the
previously reported procedure.11 Bacteria were incubated with
20 mMof BCN-biotin 1 and incubated for 16 hours at 37 �C. Cells
were then washed, lysed with MeCN and DMF, and prepared for
LCMS analysis. As previously reported,11 higher levels of BCN-
biotin 1 binding were observed for the DTolC strains (Fig. 6).
From a standard curve, the average BCN-biotin 1 concentration
per well was calculated (Fig. S2†). Concentrations of BCN-biotin
1 in TolC+ strains were low (4 nM for cytoplasmic localisation
and 8.6 nM for the periplasmic localisation) while concentra-
tions in DTolC E. coli were signicantly higher (219.2 nM for
cytoplasmic localisation, p ¼ 0.003, and 121.8 nM for peri-
plasmic localisation, p¼ 0.008), suggesting that the localisation
of BCN-biotin 1 and subsequent binding of BCN-biotin 1 to SA is
subject to efflux in the presence of a functioning tripartite efflux
pump (AcrAB-TolC). These low nM concentrations in the TolC+
strain are unlikely to provide enough fold-change in uores-
cence when reacted with tetrazine dye 2, compared to control,
as shown in Fig. 4B. The low levels of signal from TolC+ bacteria
meant that only the DTolC strains could be used for examining
compound uptake via the uorescence assay, and thus the
impact of efflux on drug accumulation could not be examined.
2.2 Validation of the bioorthogonal uorescence-based
assay

The uorescence-based assay was then directly compared to the
published LCMS-based assay.11 The ability of the assays to
detect the presence of various azido-bearing compounds in the
periplasm or cytoplasm of bacteria decient in the efflux pump
(DTolC) was assessed. Bacteria were treated with 40 mM of 3-
azido-7-hydroxycoumarin (7N3HC, 3) or propidium monoazide
(PMA, 4), as established positive and negative controls for
cytoplasmic uptake, respectively.11 Additionally, a panel of 7-
Fig. 6 Binding of BCN-biotin 1 in TolC+ or DTolC E. coli with either
periplasmic or cytoplasmic streptavidin localisation, detected by
LCMS. The integrated extracted ion chromatograms (EIC) were nor-
malised to that of the internal control (50 nM) and OD600 (n ¼ 3, mean
� SD). TolC+ cytoplasmic vs. DTolC cytoplasmic **p < 0.01, TolC+
periplasmic vs. DTolC periplasmic **p < 0.01, analysed using one-way
ANOVA followed by Tukey's multiple comparison test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Comparison of fluorescence plate reader results to mass
spectrometry for detection of azide 4–8 uptake and accumulation
profiles relative to 7N3HC 3 in DTolC E. coli. Results were normalised
to OD600, in vitro compound reactivity slopes, internal control (mass
spec results only), and 7N3HC 3 profiles for the same strain (n ¼ 3,
mean� SD). Statistical comparisons between the groups compared to
7N3HC 3 were carried out using one-way (ANOVA) followed by
Dunnett's multiple comparison post hoc test. Statistical significance is
shown in Supplementary Tables S1 and S2.†
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hydroxycoumarin compounds that differed from 7N3HC by the
addition of a pyridine (N3PC, 5), benzyl group (N3BC, 6), or
uorine (N34FBC, 8) and methyl substituents (N34FBMeC, 7)
were also synthesised30 and examined for uptake in the assay
(Fig. 7). This was done in order to investigate the impact of
increasing compound lipophilicity on uptake.

The expression of SA was induced with L-rhamnose and
bacteria were treated with BCN-biotin 1 overnight. Cells were
then washed to remove any unbound BCN-biotin 1, and then
subsequently treated with the azido compounds for 3 hours. As
before with the LCMS assay, the 3 hours incubation period was
used as this provided sufficient signal, without interfering with
the integrity of the assay, i.e. cell death.11 By keeping the incu-
bation period consistent for all compounds, the amount of
click-product formed is dependent on the concentration of
azido-compound inside the cell (provided the different reac-
tivity rates of each azido-compound are accounted for). This
allows for the comparison of relative uptake and accumulation
between each compound, over the course of the experiment.

Bacteria were then washed to remove any compound that
had not been taken up, followed by lysis and incubation with
tetrazine dye 2 for 1 hour. The reaction between BCN and tet-
razine is >1000 times faster than the reaction between BCN and
azide,13,18,19 therefore aer lysis the tetrazine dye 2 was expected
to completely outcompete any unreacted azide that may still be
present aer the washing step. The samples were then centri-
fuged, and the supernatant was transferred to a 96-well at
bottom plate and uorescence was measured using a plate
reader. Following uorescence measurements, the samples
were prepared for LCMS analysis. The same samples were used
for both analyses, therefore, results from the uorescence assay
should match the results of the LCMS assay, validating the
accuracy of this newly developed assay.

From the raw uorescence data (Fig. S3†), a reduction in
detectable uorescence was observed for the DTolC strains
incubated with the azido compounds compared to untreated
control bacteria (no azide). To compare the results from the
uorescence-based assay to the LCMS assay, results were nor-
malised as previously reported11 (Fig. 8). To account for differ-
ences in reaction rates between each respective azide and BCN,
an in vitro dose response study was conducted, and the slopes
generated for each compound were used to normalise the
results (Fig. S4 and S5†). The uoro-substituted azido-
compounds 7 and 8 reacted the fastest with BCN, compared
Fig. 7 Chemical structures of azido compounds used in this assay
validation study.

© 2022 The Author(s). Published by the Royal Society of Chemistry
to the unsubstituted benzyl azide (6). This has been previously
reported for BCN, whereby the strong FMO interaction between
the LUMOAzide–HOMOAlkyne (inverse-electron demand) results
in accelerated reaction rates between electron-decient azides
and the electron-rich cyclooctyne, BCN.19,31,32

The uptake and accumulation of PMA 4 was low in both
assays as expected. PMA 4, a cationic dye used for quantifying
live/dead cells, is practically impermeable to live cells thus will
only bind to the DNA of dead/lysed cells.33 PMA 4 displayed
higher uptake in the periplasm as compared to the cytoplasm,
but overall uptake was lower than that of 7N3HC 3, consistent
with previous results.11 In both assays N3BC 6 uptake was higher
than 7N3HC 3 in the periplasm, however for the uorescence
assay, uptake into the cytoplasm was not statistically different
from 7N3HC 3. More variability was observed between the two
assays for N3PC 5, with similar uptake to 7N3HC 3 detected by
uorescence (no statistical difference) but overall higher uptake
in both compartments when analysed by LCMS. Uptake of
N3FMeC 7 and N3FBC 8 was lower in the cytoplasm in both
assays. However, for uptake in the periplasm, results were more
variable between assays, showing no statistical difference when
compared to 7N3HC 3 for the LCMS assay. It was hypothesised
that the permeability of N3FBMeC 7 and N3FBC 8 would be
reduced compared to 7N3HC 3, as the addition of uorine and
methyl substituents increase the lipophilicity of the compound.
The uorescence assay results displayed predicted proles for
the investigated compounds and, although there were some key
differences, appeared to corroborate the overall results of the
LCMS assay.

The major limitation of the uorescence assay is the reliance
on the detection of loss of BCN-biotin 1 compared to the direct
detection of the compound click product by LCMS. This could
potentially lead to an underestimation of bacterial uptake and
accumulation for compounds with slower reaction rates or low
permeability, as small changes in biotin concentration can be
RSC Adv., 2022, 12, 15631–15642 | 15635
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difficult to detect due to the lower sensitivity of uorescence-
based read-outs. Fluorescent tetrazines that utilise through-
bond energy transfer (TBET) rather than FRET, developed by
Carlson and co-workers,34 may improve the sensitivity of the
assay as they were shown to have an approximately 1000-fold
increase in uorescence following click reaction.

Endogenous thiols, such as glutathione (GSH), cysteine (Cys)
and H2S, are abundant in living systems, and cyclooctynes, such
as BCN, have been reported to react with thiols to form alkenyl
sulde adduct products.35–39 Using LCMS, glutathione-BCN
adducts could be detected in the cytoplasmic streptavidin
expressing DTolC strain in small quantities (Fig. S6†). This is
consistent with known bacterial physiology as the periplasmic
space is oxidising while the cytoplasmic compartment is
reducing, allowing for greater free thiol presence.35,40 It was
suspected that the signal was only observable in the DTolC
samples, and not the TolC+ strain, as the low reactivity of the
reporter with thiols required high concentrations of BCN to
form measurable amounts of adducts.38,39 While GSH adducts
were formed, it was believed that this had a minimal impact on
the presence of the BCN-reporter in this compartment as these
levels were consistent between samples and caused the loss of
less than 0.1% of the BCN-biotin 1.
2.3 Formulation of liposomes containing azide-
functionalised compounds

Liposomal delivery of two azide-functionalised compounds was
investigated. Initial studies were carried out using a model
luciferin-based compound (6-[(4-azidobenzyl)oxy]-luciferin
(azidobenzyl-luciferin 9), Fig. 9), previously synthesised by Ke
et al.41 Subsequently, the b-lactam antibiotic cefoxitin was func-
tionalised with a short aliphatic azide chain (azido-cefoxitin 10,
Fig. 9). The synthesis of 6-[(4-azidobenzyl)oxy]-luciferin 9 was con-
ducted via the mesylate of the 4-azidobenzyl alcohol30,42 and
subsequent nucleophilic substitution by 2-cyano-6-hydroxy-
benzothiazole. 2-Cyanobenzothiazole condensation was then
Fig. 9 Structure of 6-[(4-azidobenzyl)oxy]-luciferin 9 and modified
azido-cefoxitin 10.

Table 1 Characterisation of liposomal formulations prepared with 10 m

Compounds Formulations Size, nm

Azidobenzyl-luciferin 9 DSPC : DC-Chol 108.0 � 10.90
DSPC : Chol 129.6 � 3.48

Azido-cefoxitin 10 DSPC : DC-Chol 181.8 � 45.75
DSPC : Chol 221.8 � 66.24

15636 | RSC Adv., 2022, 12, 15631–15642
performed between 6-[(4-azidobenzyl)oxy]benzo[d]thiazole-2-
carbonitrile and D-cysteine to form the thiazole of luciferin.43

Synthesis of azido-cefoxitin 10was conducted via aHATU-mediated
amide coupling reaction between cefoxitin and 4-azidobutylamine.

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), a satu-
rated, symmetric phospholipid made up of 44 carbon atoms
with zwitterionic properties due to the presence of equal
numbers of positively and negatively charged groups,44 was
used to prepare liposomes. Since the bacterial cell surface is
negatively charged, DC-cholesterol was added to some formu-
lations as a source of positive charge to improve the interaction
between the formulation and bacteria.45

A molar ratio of 73 : 27 DSPC : DC-Chol was optimal for the
production of cationic (+24.7 mV) and homogeneous (PDI ¼
0.19) particles. The substitution of DC-Chol with cholesterol
resulted in particles of neutral charge (�4.52 mV) with a PDI of
0.27. Particles with zeta potential values ranging between
�10mV and +10mV are considered to be neutral.46Overall, there
was no difference in liposome size and PDI between the cationic
and neutral drug-loaded liposome formulations (Table 1).

Liposomes were then loaded with the azido-compounds,
azidobenzyl-luciferin 9 or azido-cefoxitin 10. The efficiency of
encapsulation of azidobenzyl-luciferin 9 was signicantly
higher for the cationic formulation as compared to the neutral
formulation (p ¼ 0.05), but this was not observed for azido-
cefoxitin 10. The increased loading of azidobenzyl-luciferin 9
but not azido-cefoxitin 10 could be explained by the net negative
charge of azidobenzyl-luciferin 9 compound which favoured its
interaction with the overall positively charged lipid mixture.

Azido-cefoxitin 10 loaded liposomes were larger than
azidobenzyl-luciferin 9 loaded liposomes (p ¼ 0.05 for neutral
azido-cefoxitin 10 liposomes compared to neutral azidobenzyl-
luciferin 9 liposomes). However, the size and PDI of all the
liposomes formed were considered to be within acceptable
ranges for drug delivery and cellular uptake.47

The stability of liposomes was evaluated upon incubation at
37 �C for 3 hours, the incubation period of the uptake assay.
Based on the results shown in Fig. S7,† both cationic and
neutral liposomes were stable upon incubation at 37 �C for the
time required to perform the bacterial liposome uptake assay.
There was no change in size or drug loading in cationic and
neutral liposomes.
2.4 Optimisation of the bioorthogonal uorescence-based
assay for determining liposomal uptake

Initial experiments were carried out to determine the optimal
concentrations of the azido-modied compounds (luciferin 9 or
g mL�1 lipid mixture (n ¼ 3, mean � SD)

PDI Zeta potential, mV EE (%)

0.19 � 0.03 24.7 � 1.70 51.8 � 10.37
0.27 � 0.08 �4.52 � 0.60 16.9 � 1.08
0.25 � 0.07 22.4 � 2.80 15.2 � 1.11
0.31 � 0.10 �5.74 � 0.47 14.0 � 1.07

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Dose response curves for azidobenzyl-luciferin 9 (A) and
azido-cefoxitin 10 (B) were used to determine the optimal concen-
trations of each compound for the assay. Azidobenzyl-luciferin 9 and
azido-cefoxitin 10, at various concentrations, were incubated with 1
mM of BCN-biotin 1 for 3 h at 37 �C prior to the addition of 2 mM of the
tetrazine dye 2 (resulting in final concentrations of 500 nM BCN-biotin
1 and 1 mM tetrazine dye 2) (n ¼ 3, mean � SD).
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cefoxitin 10) to be used in the assay. In order to do this, 1 mM of
BCN-biotin 1 was incubated at 37 �C with increasing concen-
trations of azido compounds for 3 hours followed by the addi-
tion of 2 mM of tetrazine-BDP-FL 2 (Fig. 10). Fluorescent
intensity will decrease with increased uptake of azido modied
compounds, due to a decrease in the levels of unreacted BCN-
biotin 1, which is then able to react with tetrazine dye 2. Dose
response curves were observed for both compounds, with 5 mM
of azidobenzyl-luciferin 9 and 75 mM of azido-cefoxitin 10 being
chosen as optimal concentrations due to the observable
changes from background uorescence as shown in Fig. 10.
Aliphatic azides (as found in azido-cefoxitin 10) are known to
react with electron-rich cyclooctynes, such as BCN, slower than
aromatic azides (as found in luciferin)19 which could account
for the higher concentration of azido-cefoxitin 10 needed for the
assay compared to azidobenzyl-luciferin 9.

Studies were carried out to determine if the azido compounds
had any impact on the growth of the DTolC E. coli over 18 h at
37 �C. There was no impact on bacterial growth aer exposure to
either 5 mM or 50 mM (10-fold excess) of azidobenzyl-luciferin 9
Fig. 11 Toxicity of azido-functionalised compounds. DTolC E. coli
expressing SA in the periplasm (A and C) or cytoplasm (B and D) were
incubated in normal growthmedia (Control) or media containing 5 or 50
mMazidobenzyl-luciferin 9 (A and B) or 75, 150 or 750 mMazido-cefoxitin
10 (C and D) over 18 hours. Data was analysed using a two-way ANOVA
test followed by Dunnett's multiple comparison post hoc test (n ¼ 3, SD
� mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 11). Aer conrming the azidobenzyl-luciferin 9 had no
impact on bacterial growth, the impact of the azido-cefoxitin 10
on growth was examined. It was unknown if replacement of the
carboxylate group of cefoxitin with an azide-bearing group would
impact on antibacterial activity. At 75 and 150 mM azido-cefoxitin
10, the bacterial growth rate was similar to the control. However,
at the highest concentration used (10-fold higher than the
optimal concentration required for the assay), the absorbance
readings at each timepoint for both bacterial strains were 2-fold
lower than the control. This indicated that the growth of the
DTolC E. coli strains were only signicantly inhibited (p ¼ 0.001)
by 750 mM of azido-cefoxitin 10.
2.5 Impact of formulation in liposomes on drug delivery in
E. coli

The bioorthogonal uorescence assay was performed to inves-
tigate the uptake of free or liposome-formulated drug into the
periplasm and cytoplasm of DTolC E. coli using the optimised
conditions and compound concentrations. The uorescence
results were normalised using the following equation (eqn (1)).

Norm: Fl ¼ 1O
Fluorescence of sample

Fluorescence of PBS control
(1)

Formulation of 6-[(4-azidobenzyl)oxy]-luciferin 9 into
cationic liposomes improved uptake (p ¼ 0.01) into the peri-
plasm of E. coli as demonstrated by the increase in normalised
change in uorescence intensity (Fig. 12A). Neutral liposome
also showed a trend towards increased uptake but this was not
signicant. When examining cytoplasmic delivery, the opposite
Fig. 12 Bioorthogonal fluorescence assay of uptake of unformulated
or formulated azidobenzyl-luciferin 9 (A and B) and azido-cefoxitin 10
(C and D) in cationic or neutral liposomes by SA-expressing DTolC E.
coli. Data has been normalised to a PBS control and analysed using
one-way ANOVA followed by Dunnett's multiple comparison post hoc
test (n ¼ 3, SD � mean, *p < 0.05, **p < 0.01, ***p < 0.001).

RSC Adv., 2022, 12, 15631–15642 | 15637

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02272a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
0:

45
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
trend was revealed with signicantly less of the cationic
formulation reaching the cytoplasm (Fig. 12B).

The assay was then repeated with azido-cefoxitin 10. In the
periplasmic strain, uptake of the cationic and neutral formula-
tions were signicantly higher (p ¼ 0.001 and p ¼ 0.01) than that
of unformulated drug (Fig. 12C). The delivery and uptake of
formulated and unformulated azido-cefoxitin 10 was also moni-
tored in the cytoplasmic strain of E. coli (Fig. 12D). However, there
was no signicant statistical difference in the normalised change
in uorescence intensity between the three groups.

Liposomes are widely used for drug delivery due to various
advantages such as controlled release of drug with minimal
toxicity, overcoming barriers to cellular and tissue uptake, as
well as improving the stability and biodistribution of
drugs.23,48,49 The main disadvantages of liposomal formulations
are higher production costs and shorter shelf-lives.23

As the OM of Gram-negative bacteria oen serves as the
permeability barrier against hydrophobic drugs, it has been
proposed that the similarity of liposomal phospholipid bilayer
to the structure of bacterial cell membranes would facilitate
membrane fusion, whereby drug molecules would be directly
transported into the bacteria.45 The higher uptake of azido-
modied compounds formulated into cationic liposomes into
the periplasm is likely due to improved interaction of the
positively charged formulation with the anionic bacterial cell
surface.45 The results from the studies examining drug local-
isation in the cytoplasm were less clear, as there appeared to be
a trend of lower uptake of azidobenzyl-luciferin 9 in the cyto-
plasm compared to free drug, however this was not observed for
azido-cefoxitin 10. One reason for this may have been due to the
fusion mechanism causing a delay in compound reaching the
cytoplasm. Expanding on the hypothesis that delivery into the
periplasm was mediated by fusion of the liposome with the OM
and release of the azido-modied compounds into the peri-
plasm, movement of hydrophilic or charged small molecules
into the cytoplasm would then depend on energy-dependent
transporters. Compounds which are charged and with suffi-
cient hydrophobicity, such as the azido compounds, could
move across the IM with the help of proton motive force (PMF).1

The experiment for azidobenzyl-luciferin 9 was repeated with
the incubation time being extended from 3 hours to 5 hours
(Fig. S8†). However, the same trend was observed as for 3 h
incubation. Therefore, future studies utilising a number of
azido-compounds entrapped in liposomes could be done to
further elucidate the impact of compound physicochemical
characteristics on uptake into the cytoplasm of bacteria
following liposomal fusion with the OM.

3 Conclusions

In summary, we have developed a bioorthogonal uorescence-
based assay that is able to detect uptake and accumulation of
azido-compounds into TolC-decient Gram-negative bacteria.
This uorescence-based assay uses the combination of bio-
orthogonal SPAAC and IEDDA cycloaddition chemistries. Vali-
dation of the uorescence-based assay was conducted against
the previously reported mass spectrometry-based assay,11
15638 | RSC Adv., 2022, 12, 15631–15642
showing overall comparable uptake and accumulation proles
for a series of azido-coumarin compounds and PMA for the two
assays. This newly developed bioorthogonal uorescence assay
allows for a bioactivity-independent, medium-to-high
throughput tool for screening compound uptake. Although
less sensitive than the LCMS assay,11 this uorescence assay has
a number of benets. In addition to being more scalable and
less time and resource intensive, it allows for detection of
compounds that have poor ionisation or suffer degradation,
that would otherwise be difficult to detect via LCMS.

Future modications to the assay will examine the use of
uorescent tetrazines that utilise TBET34 instead of FRET, which
have been previously shown to have an approximately 1000-fold
increase in uorescence following click reaction. We believe the
use of these TBET uorescent tetrazine would increase the
sensitivity of the assay and allow for detection of lower
concentrations of BCN-biotin–SA, such as observed in the +TolC
E. coli strains. Alternatively, the use of uorogenic cyclooctynes
that become uorescent following reaction with azide, such as
coumBARAC developed by Bertozzi and co-workers,50 would
provide a direct measure of azide uptake in cells.

The bioorthogonal assay was able to detect increased
bacterial uptake of compounds formulated in cationic lipo-
somes into the periplasm, compared to neutral formulations
and the free azido-compounds. This provided support for the
hypothesis that the presence of positive surface charge on
cationic liposomes mediates the adhesion and fusion with the
outer membrane of Gram-negative bacterial cells allowing
better delivery compared to uncharged liposomes.51 The meta-
bolic incorporation of BCN probes as previously described,52

that allow localisation of BCN within different compartments or
proteins of interest (e.g., within the peptidoglycan layer) could
also be examined to provide better insight into the uptake of
compounds and liposomes. Lastly, as the bioorthogonal assay
was successful in studying the initial uptake of liposomes and
delivery of encapsulated drug, the assay could be used to
examine the mechanism of uptake of various nanoparticle
delivery systems and fate of encapsulated drug within bacteria.
4 Experimental
4.1 General experimental and synthesis of azido-compounds

General experimental details and the synthesis of new azido-
functionalised compounds are described in the ESI.†
4.2 Assay development

4.2.1 Optimisation of tetrazine dye concentration and
incubation time. The BCN-biotin 1 conjugate was diluted to
200 nM concentrations in claried E. coli lysate containing 1 : 1
MeCN : PBS, from 20 mM stock solutions in DMSO. A 5- or 6-
point 1 : 1 dilution series was conducted in lysate and 50 mL of
each of these solutions was then added to 50 mL of 2 mM of
tetrazine-BDP-FL 2 in claried E. coli lysate in a 96-well plate, to
initiate the click-reaction. Fluorescence was measured at 0, 1, 4
and 24 hours on a CLARIOstar plate reader using an end-point
© 2022 The Author(s). Published by the Royal Society of Chemistry
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uorescence protocol: excitation at 477, dichroic 497 and
emission 525 with default options for other settings.

4.2.2 Fluorescence wavelength measurements of tetrazine-
BDP-FL. Tetrazine-BDP-FL 2 was diluted to 1 mM (in PBS buffer)
in an acrylic cuvette from a 1 mM stock solution in DMSO. The
0 hour time point wavelength scan was measured prior to
addition of BCN-biotin 1 on a SpectraMax380 (SoMax pro
version 5.4.4), Molecular Devices. From a 20 mM stock solution
of BCN-biotin 1 in DMSO, 1 mL was added to tetrazine-BDP-FL 2
(1 mM in 1 mL PBS buffer) to make a nal concentration of 20
mM BCN-biotin 1. Wavelength scans were then measured at 1,
24, and 48 hours post-BCN-biotin 1 addition.

4.2.3 Optimisation of growth media and analysis of BCN-
biotin binding via uorescence-based assay. E. coli strains,
wild-type (WT, E. coli K-12 (BW25113, Coli Genetic Stock Center,
Yale)) or isogenic TolC knock out (DTolC, E. coli K-12
DTolC732::kan (JW5503-1, Coli Genetic Stock Center, Yale))
were modied to express streptavidin as described in Spangler
et. al.11 and the growth of these strains in minimal media was
optimised. M9 minimal media comprising of M9minimal salts,
supplemented with 0.2% glycerol and kanamycin sulfate (50 mg
mL�1) was prepared and the overnight growth of bacterial
strains at 37 �C was measured at an optical density at 600 nm.

Different supplements were added into the minimal media
(Table 2) and tested to optimise bacterial growth.

For optimisation assays, the bacterial cultures were grown as
previously described,11 where 3 mL of M9 minimal medium
supplemented with 0.2% glycerol and kanamycin (50 mg mL�1)
was inoculated with E. coli from a frozen glycerol stock and
allowed to incubate overnight at 37 �C.

Cultures were diluted to OD600 0.05 in 10 mL of M9 minimal
medium supplemented with 0.2% glycerol and kanamycin (50
mg mL�1) and allowed to grow back to mid log phase (approxi-
mately 4 hours) at 37 �C. Cultures were again diluted to OD600

0.05 in 20 mL of M9 minimal medium supplemented with 0.2%
glycerol and kanamycin (50 mg mL�1) and incubated at 37 �C for
3 hours until cultures reached mid log phase growth (OD600

0.2). Streptavidin expression was induced by adding L-rhamnose
(0.2% w/v) and, 10 min post induction, cultures were treated
with 40 mM of BCN-biotin 1 and incubated for 16 hours at 37 �C.
The cultures were harvested by centrifugation at 1400�g for
10 min and washed three times with 10 mL minimal media
supplemented with 0.2% L-rhamnose. Bacteria were resus-
pended in 2 mLminimal media and 100 mL was transferred into
Table 2 Optimisation of minimal media. Supplements added to
minimal media to support growth of each bacteria strain and the
optimal assay condition. Growth of E. coli strains were monitored after
overnight incubation at 37 �C and the expression of streptavidin was
monitored post incubation

Supplements 1 2 3

Casamino acid (1%) + + +
Glucose (0.4%) +
Maltose (0.2%) +
CaCl2 (0.1 mM) + + +
MgSO4 (2 mM) + + +

© 2022 The Author(s). Published by the Royal Society of Chemistry
a 96-well plate, followed by incubation at 37 �C for 1 h. Samples
were centrifuged at 1000�g for 10 min and resuspended in 50
mL PBS, of which 5 mL was transferred to a clear bottom 96 well-
plate and diluted with 95 mL for OD600 measurement. The
remaining bacterial samples were then incubated with 50 mL
MeCN containing 2 mM tetrazine-BDP-FL 2 (Jena Bioscience) for
1 hour at room temperature. Samples were centrifuged and the
supernatant was collected for uorescence intensity measure-
ment using a POLARstar Omega Microplate reader (BMG Lab-
tech, Germany) at Ex; 485 nm and Em; 520 nm.

4.2.4 Analysis of BCN-biotin binding via mass spectrom-
etry assay. The E. coli strains were grown, washed, and trans-
ferred into a 96-well plate as described above in Section 4.2.3,
using Composition 3 and 20 mM of BCN-biotin 1. The samples
were prepared for LCMS analysis using a modied literature
procedure.11 Following resuspension in PBS, the bacteria were
lysed with MeCN and frozen at �80 �C for 16 hours. The
samples were then thawed at 37 �C for 20 minutes and 50 mL of
DMF was added. The samples were again frozen at�80 �C for 16
hours, aer which the samples were thawed at 37 �C and clar-
ied via centrifugation (1000�g for 10 min).

SPE plates (Oasis HLB 96-well mElution plate, 30 mm) were
preconditioned with 250 mL methanol (+0.1% formic acid), 250
mL 50% methanol in water (+0.1% formic acid), then 250 mL
HPLC grade water (+0.1% formic acid). Samples were trans-
ferred to the SPE plate and diluted with 300 mL HPLC grade
water (+0.1% formic acid) to enable cartridge loading, then
washed with an additional 250 mL of water (+0.1% formic acid).
The samples were eluted with 60 mL of 50% methanol in water
(+0.1% formic acid containing 100 nM of the click product of
benzyl azide and BCN-biotin 1 reporter as an internal standard)
followed by 60 mL of methanol (+0.1% formic acid) and 50 mL of
the resulting eluate was transferred into a 384 well plate.

The resulting samples were then analysed by LCMS for
presence of BCN-biotin 1. Samples were separated over 7
minutes via reversed-phase liquid chromatography using an
Agilent 1290 UPLC coupled to Agilent 6550 ESI-QTOF with
a Phenomenex Luna C8 column (5 mm particle, 100 Å pore size,
2 � 50 mm) with an Agilent Zorbax SB-C8, 5 mm particle, 2.1 �
12.5 mm guard column using gradient elution from 0 to 99%
methanol in water (+0.1% formic acid).

Expected masses of BCN-biotin 1 or GSH adduct of BCN-
biotin were calculated using ChemBioDraw Ultra soware and
analysed on Skyline soware. Peak areas were normalised by
OD600 measurements and internal control giving normalised
EIC values. An in vitro standard curve for BCN-biotin 1 (Fig. S2†)
was used to determine the concentrations of BCN-biotin 1 in
each well of each strain. A 6-point 1 : 1 dilution series BCN-
biotin 1 in E. coli lysate, starting at 50 mM, was conducted and
analysed by LCMS as above.
4.3 Validation of the bioorthogonal uorescence-based
assay

4.3.1 Analysis of bacterial uptake and accumulation of
azido-compounds. The DTolC E. coli strains were grown,
washed, and transferred to a 96-well plate at 100 mL per well as
RSC Adv., 2022, 12, 15631–15642 | 15639
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described above in Section 4.2.3 using Composition 3 and 40
mMBCN-biotin 1. The cells were treated with 20 mMof the azido-
compounds (7N3HC, PMA, N3BC, N3PC, N34FBMeC, and
N3FBC) for 3 hours. Aer which, cultures were centrifuged
(1000�g, 10 min, 4 �C), supernatants were removed, and cells
were washed three times with 100 mL of PBS. The cultures were
then resuspended in 50 mL of PBS, of which 5 mL was transferred
to a clear bottom 96 well-plate and diluted with 95 mL PBS for
OD600 measurement. The remaining bacterial samples were
then incubated with 50 mL of MeCN containing 2 mM of
tetrazine-BDP-FL 2 for 1 hour prior to analysis.

For uorescence measurements, the plate was centrifuged
(1000�g, 10 min, 4 �C) and 50 mL of supernatant was transferred
into a at-bottom 96-well plate. Measurements were taken on
a CLARIOstar plate reader with an end-point uorescence
protocol: Excitation 477, dichroic 497 and emission 525 with
default options for other settings. Fluorescence measurements
were normalised (Norm. Fl) using the equations below to
calculate a relative uptake and accumulation (eqn (2) and (3)).
Norm: Fl ¼
�
1O

Fluorescence of azide

Fluorescence no azide control

�
OOD600

�
OReactivity slope

�
(2)
Relative uptake and accumulation

¼ Normalised Fl of azide

Normalised Fl of 7N3HC
(3)

The remaining solution and bacterial pellets were frozen at
�80 �C for 16 hours. The samples were then thawed at 37 �C for
20 minutes and 50 mL of DMF was added. The samples were
again frozen at �80 �C for 16 hours, aer which the samples
were thawed at 37 �C and claried via centrifugation (1000�g,
10 min, 4 �C). The samples were then prepared for LCMS
analysis using the procedure in Section 4.2.4. Finally, the results
of each azide were normalised using the equations below to
calculate relative uptake and accumulation (eqn (4) and (5)).
Norm: EIC ¼
�
Azide peak area

Internal control

�
OOD600

�
OReactivity slope

�
(4)
Relative uptake and accumulation

¼ Normalised EIC of azide

Normalised EIC of 7N3HC
(5)

4.3.2 In vitro azide reactivity slopes for bacterial experi-
ments. The slope generated from in vitro dose response
provided normalisation for reaction rates between each
respective azide and BCN. Azido compounds (7N3HC, PMA,
15640 | RSC Adv., 2022, 12, 15631–15642
N3BC, N3PC, N34FBMeC, and N34FBC) were diluted to 20 mM
concentrations in claried E. coli lysate containing 1 : 1
MeCN:PBS, from 20 mM stock solutions in DMSO. A 4-point
dilution series was conducted in lysate and 50 mL of each of
these solutions was then transferred to a 96-well plate con-
taining 50 mL solution of 2 mM BCN-biotin 1 in claried E. coli
lysate, to initiate the click-reaction. The samples were then
allowed to incubate at 37 �C for 3 hours. Following which, 100
mL containing 2 mM of tetrazine-BDP-FL 2 in claried E. coli
lysate was added to react with remaining BCN-biotin 1. Fluo-
rescence was measured aer 1 hour on a CLARIOstar plate
reader using an end-point uorescence protocol: Excitation 477,
dichroic 497 and emission 525 with default options for other
settings (Fig. S4†). The same reactions were used for MS anal-
ysis (Fig. S5†).
4.4 Preparation of liposome formulations

Microuidic mixing was used to prepare liposomes using
NanoAssemblr microuidic cartridges on a NanoAssemblr
Benchtop platform (Precision NanoSystems, Canada).
DSPC : Chol or DC-Chol were dissolved in absolute ethanol at
a 73 : 27 molar ratio. A solution of 6-[(4-azidobenzyl)oxy]-
luciferin 9 (270 mM) or azido-cefoxitin 10 (19 mM) in the
lipid mixture (nal concentration of 10 mg mL�1) was
prepared in absolute ethanol. The following microuidic
parameters were used: total ow rate 10 mL min�1 and ow
ratio of 4 : 1 (PBS : absolute ethanol). Liposome suspensions
containing azidobenzyl-luciferin 9 were dialysed overnight
against PBS (replaced with fresh PBS 4 times over the 24 hours
period) using a 100 kDa molecular weight cut-off membrane
while liposomal-azido-cefoxitin 10 was centrifuged at
17 200�g for 2 h at 4 �C to remove ethanol and un-
encapsulated drug.
4.5 Characterisation of liposomes

Dynamic light scattering (DLS; Zetasizer Nano, Malvern
Instruments Ltd, UK) was used to measure the size and PDI of
liposome particles in PBS. The zeta potential was measured in
10mM sodium chloride solution at 25 �C (Malvern Instruments,
Ltd, UK). Aer the removal of non-encapsulated drugs, a small
volume of each liposome formulation was centrifuged using
a Prism R Microcentrifuge (Labnet Inc) at 17 200�g for 2 h at
4 �C. The obtained pellet was lysed using DMSO and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration of active compounds were determined by absor-
bance at wavelengths of 260 nm for azido-cefoxitin, and at
327 nm for azidobenzyl-luciferin. Quantication was carried out
using standard curves of the compounds prepared in DMSO.
The encapsulation efficiency (EE) was calculated using the
equation below (eqn (6)).

%EE ¼ Amount of compound in formulation

Amount of compound used for formulation
� 100%

(6)

4.6 Stability studies of liposomes

Freshly prepared liposomes were centrifuged to remove ethanol
and free azido-compounds. Liposomes were incubated for 3 h at
37 �C and the size and encapsulation were analysed at pre-
determined time points. The stability studies were replicated 3
times with freshly prepared liposome suspensions.

4.7 Optimisation of azido-compound concentrations and
toxicity studies

Azidobenzyl-luciferin 9 was serially diluted two-fold in PBS and
50 mL of each concentration was added to 50 mL minimal media
containing 2 mM of BCN-biotin 1 probe, resulting in a starting
concentration of 20 mM azidobenzyl-luciferin. Aer incubation
at 37 �C for 3 h, 100 mLMeCN containing 2 mM of tetrazine-BDP-
FL 2 was added and uorescence was determined at an excita-
tion wavelength of 485 nm and emission at 520 nm (POLARstar
Omega Microplate reader, BMG Labtech). The same procedure
was repeated with azido-cefoxitin 10, with a starting concen-
tration of 400 mM.

To study the effect of azidobenzyl-luciferin 9 on both DTolC
E. coli strains, overnight cultures grown in minimal media were
diluted to OD600 0.05 and allowed to grow to mid-log phase. The
diluted bacterial cultures were then incubated at 37 �C with 5
and 50 mM azidobenzyl-luciferin 9 for 0, 3, 6, 18 h. The absor-
bance reading at each timepoint was recorded using a plate
reader at 600 nm (POLARstar Omega Microplate reader, BMG
Labtech). This procedure was repeated for the assessment of
azido-cefoxitin 10 (75, 150, and 750 mM) toxicity.

4.8 Bioorthogonal uorescence-based assay for the
determination of liposomal drug delivery in Gram-negative
bacteria

Overnight bacteria cultures treated with 40 mM of BCN-biotin 1,
grown and induced as described above in Section 4.2.3 using
Composition 3, were harvested by centrifugation at 1400�g for
10 min and washed three times with 10 mL of minimal media
supplemented with 0.2% L-rhamnose. Cells were resuspended
in 2 mL of minimal media and incubated at 37 �C for 20 min.
100 mL aliquots of the resuspended cultures were transferred to
the wells of a 96-well plate. 100 mL of each liposomal 6-[(4-
azidobenzyl)oxy]-luciferin 9 formulation and free 6-[(4-
azidobenzyl)oxy]-luciferin 9 (nal concentration of 5 mM) were
added and the plate was incubated for 3 or 5 h at 37 �C. Samples
were centrifuged at 1000�g for 10 min and resuspended in 50
mL PBS. Bacteria were then incubated with 50 mL MeCN
© 2022 The Author(s). Published by the Royal Society of Chemistry
containing 2 mM tetrazine-BDP-FL 2 for 1 hour at room
temperature. Samples were centrifuged and the supernatant
was collected for uorescence intensity measurement using
a POLARstar Omega Microplate reader (BMG Labtech, Ger-
many) at Ex; 485 nm and Em; 520 nm. The uorescent inten-
sities of both free and formulated 6-[(4-azidobenzyl)oxy]-
luciferin 9 assays were determined and compared. For the
azido-cefoxitin 10 assay, the same protocol was repeated with 75
mM of azido-cefoxitin 10. The uorescence for the samples was
normalised (Norm. Fl) to PBS control cultures according to the
equation (eqn (1)) in Section 2.5.

4.9 Statistical analysis

Graphing and data analysis were carried out using Microso
Excel 2010 and GraphPad Prism 7 soware. All experiments
were conducted in triplicate and error bars in all gures
represent standard deviation from the mean (SD). Statistical
comparisons between the groups were carried out using one-
way or two-way (ANOVA) followed by Dunnett's or Tukey's
multiple comparison post hoc test to determine statistical
signicance. Statistical signicance is indicated as: * p # 0.05;
**p # 0.01; ***p # 0.001; ****p # 0.0001.
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