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ABSTRACT: Novel fluorescent labels with high photostability and high biocompatibility are required for microbiological
imaging and detection. Here, we present a Green Fluorescent Polymer Chain (GFPC), designed to be non-toxic and water-
soluble, for multi-color bioimaging and real-time bacterial viability determination. The copolymer is synthesized using a
straightforward one-pot RAFT polymerization technology. We show that GFPC does not influence bacterial growth and is
stable over several hours in a complex growth medium and in the presence of bacteria. GFPC allows the labelling of bacterial
cytoplasm for multi-color bacterial bioimaging applications. It can be used in combination with propidium iodide (PI) to
develop a rapid and reliable protocol to distinguish and quantify, in real-time, by flow cytometry, live and dead bacteria.

Fluorescent labelling is one of the most common meth-
odologies used for bioanalytical purposes.' Fluorescence
techniques are considered to be very sensitive? since they
can sense, in some cases, up to a single molecule.3 Moreo-
ver, one of the most important advantages of fluorescence
is its versatility.# There are a large number of different flu-
orescent materials and molecules, and still more are under
development in order to meet the challenging requests for
biological imaging (resolution, selectivity, specificity, tar-
geting, brightness, stability...).

Different classes of materials are currently being devel-
oped and employed as fluorescent probes. They mainly in-
clude organic dyes,">> fluorescent proteins,”* fluorescent
macromolecules™” and quantum dots.’®>> Nevertheless,
organic dyes are still the most used,? certainly due to their
small size, commercial availability, and the existence of
standard protocols.

Nowadays, fluorescent materials with high levels of pho-
tostability># and biocompatibility>>*° are more and more
needed for life sciences imaging experiments. At the same
time, recent developments in macromolecular synthesis
protocols are bringing forward new materials with a great
potential to solve some of the drawbacks associated with
“standard” fluorophores, such as low levels of photostabil-
ity?7*8 and water solubility.#> Furthermore, these poly-
meric materials can now be functionalized in order to be
more biocompatible and water-soluble, making them suit-
able for multi-color bioimaging uses.>* The combination of
these advanced features has made fluorescent polymeric

materials an important and highly promising tool, either
for fluorescence imaging and sensing, or for in vitro and in
vivo3' labeling of bacteria, cells,” tissues, and whole organ-
isms.

Bacteria are the earliest and longest life forms on earth.
They can inhabit every corner of the earth: water, soil,
trees, human, animals and even nuclear waste3' An im-
proved understanding of bacterial metabolism and physi-
ology is important for medical research,3*33 monitoring of
water resources,3*3 and in the food industry.3¢37

Bioimaging applications of bacteria by different kinds of
fluorescent labels have been developed intensively in re-
cent years.384* Especially, fluorescent proteins# are used to
label bacterial cells and detect their movements, to study
the changes of gene expression in real time3® and other im-
portant characteristics such as the effects of overexpres-
sion of proteins, and the changes in cellular metabolism.#4
46 However, they tend to quickly photobleach and their rel-
atively high molar mass (around 26-28kDa) may interfere
with the function and localization of the labelled proteins
as well as their interaction with other molecules.*>?*® Quan-
tum dots have also been widely used for imaging applica-
tions in bacteria.®>° Dwarakanath et al. for example
demonstrated that CdSe/ZnS QDs exhibit fluorescence
emission blue shifts when conjugated to antibodies that
are bound to bacteria.+” Fluorescent CdSe/ZnS QDs were
also used for super-resolution fluorescence microscopy on
Shewanella oneidensis bacteria.*® In comparison with tra-
ditional organic dyes, QDs are more photostable and



brighter, however, they are difficult to stabilize in water+°
and have been shown to be toxic>. Furthermore, blinking
and complex fluorescence decays should be considered
when developing fluorescent labels with QDs.! In contrast,
fluorescent organic polymer nanoparticles have attracted
great attention for applications related to fluorescent label-
ling in bacteria because of their high photostability, abun-
dant surface modification, easy bioconjugation, and most
importantly low toxicity for living systems.5* Wang et al.
demonstrated that organic polymeric materials can be
used to coat the bacterial surface and form bacteria micro-
particles to perform multiplex biological imaging and anal-
ysis.5*> Bioconjugation of a nanoparticle surface with vari-
ous biological functional groups such as streptavidin, bio-
tin®® and antibodies>+5 also allows to target the bacterial
surface for tracking the movements of bacteria,° for detec-
tion of bacteria and monitoring bacterial growth.5”? How-
ever, because of their size (>50nm) fluorescent nanoparti-
cles are not suitable for internalization by live bacterial
cells since only particles around a few nanometers can be
transported into the cell by passive transport.’® It seems
thus important to design small fluorescent, water-soluble
copolymer chains, which retain brightness, but are smaller
than polymeric nanoparticles. As such they constitute a
good compromise between organic dyes and polymeric na-
noparticles, being able to enter bacteria allowing internal
bioimaging.

In this work, we report the synthesis and full characteri-
zation of a random copolymer, named Green Fluorescent
Polymer Chain (GFPC), which is water-soluble, biocom-
patible, non-toxic, stable and highly fluorescent. These fea-
tures make it suitable for the development of microbiolog-
ical applications such as labelling the bacterial cytoplasm
for multi-color bioimaging applications and for rapid and
reliable real-time detection of the viability of bacteria.

Results and Discussion

Synthesis and characterizations of the Green Fluo-
rescent Polymer Chain (GFPC). The synthesis of the an-
ionic green fluorescent polymer chain (GFPC) was per-
formed using a reversible addition-fragmentation chain-
transfer (RAFT) polymerization. This technique was se-
lected as it allows the design of polymer chains with the
desired molar mass, i.e. length, and to synthesize a batch
of copolymer chains which is homogeneous in terms of
comonomer distribution within the different chains. Three
monomers, namely poly(ethylene oxide) methyl ether
acrylate (APEG), acrylic acid (AA) and a methacrylate-
functionalized BODIPY (BDm, synthesized as described
elsewhere>), were copolymerized in the presence of a tri-
thiocarbonate RAFT agent (TTCA) (Figure 1A). After 10
hours, the copolymerization was stopped by immersion in
iced water. The overall AA and APEG monomers conver-
sion (80%) was determined by 'H NMR in CDCl;. The ki-
netic of AA and APEG conversion is shown in Table S1 and
Figure S1B. The BDmt conversion (69%) was determined by
SEC using UV-Vis detection (Figure Si, see SI for details).
Monitoring of the copolymerization over time (Figure Si,
Table S1) showed that the fluorescent monomer is ran-
domly incorporated within the polymer chain. The final

copolymer composition was determined as P(AA,-co-
APEG,-co-BDm,)-TTCA, and the number-average molar
mass (Mn) determined by SEC was Mn = 4550 g mol™ for a
low molar mass dispersity (P) of 1.27.

A 45% APEG
HOOC. S_ S_CiiHag
HOOC|S_S_CyH W N
1171123 3
+ g 80°C, dioxane é
RAFT agent
9 f%)
B
1.0 1.0 =
) —
\ =}
o 0.8 \ 08 ©
8 8
c | oy
8 06 L 06 ©
G ih g
2 041 ik 04 3 ,r\ 4 s
< ¢ IS
0.2 i 023
/ \\ [T
0.0 00 P(APEG-co-//-co-EDT)-C,H

25

400 500 600 700
Wavelength (nm)

Figurei. A: synthesis of GFPC via RAFT polymerization; B: ab-
sorption (full lines) and fluorescence emission (dotted lines,
Aexe = 495nm) normalized spectra of BDt monomer (black) in
toluene and GFPC (green) in water (pH = 7.0).

The GFPC was designed to be negatively charged in wa-
ter at pH=7, thanks to the carboxylates functions (COOH/
COO:, pKa~4-5) introduced by the AA in the copolymer.
As expected, the zeta potential ({) of GFPC is strongly neg-
ative (-38.4+0.8mV) as recorded in distilled water at 25°C,
due to the carboxylates moieties.

Fluorescence and absorption spectroscopy analysis of
GFPC are displayed in Figure 1C and their main spectro-
scopic data are given in Table 1. The BDm monomer in tol-
uene shows the expected absorption spectrum for a
BODIPY fluorophore® with an intense band in the visible
region located at 528 nm (corresponding to a t->m* transi-
tion) and a vibrational shoulder at higher energy. A second,
less intense band is located in the UV region at around 380
nm. The maximum of fluorescence emission is found at 540
nm, exhibiting a Stokes Shift of 421cm™ (12 nm).

The GFPC in water shows the same maximum absorp-
tion at 528 nm as the monomer (BDm). Nevertheless, the
absorption band of the polymer chains in water is larger
than the monomer (Full Width at Half Maximum, FWHM
1745 cm™ vs 868 cm™). Such band broadening (on both
band edges) has already been observed when BODIPY dyes
are confined in a polymer matrix and/or in an aggregated
state.®%> Absorption and emission spectra of cascade con-
centrations of GFPC in water have been measured (Figure
S2), the FWHM stays the same over the several concentra-
tions, indicating a uni-level homogenous distribution of
GFPC in water. Moreover, the hydrodynamic diameter of
GFPC from 2.2x104 M to 4.4x10> M were measured, both
in water at 20°C and in LB growth media at 37°C (Figure
S3). In both cases, whatever the concentration, there is no
significant change in the hydrodynamic diameter (Dy ~ 7
nm). Therefore, GFPC presumably adopts a folded, uni-
molecular micellar structure with the hydrophilic groups



pointing outward and the hydrophobic BODIPY moieties
aggregated inward minimizing thereby their contact with
water. A red shift of the fluorescence emission (8 nm) is
observed between the free monomer in toluene and GFPC
in water, while the bandwidth is similar (996 cm™ vs 950
cm™). The Stokes Shift of the polymer (691 cm?, 20 nm) is
slightly higher than the monomer (421 cm™, 12 nm). The
excitation spectra for GFPC and the BDt monomer virtu-
ally superimpose with their respective absorption spectra
(Figure S4B), showing that all absorbing species contribute
to emission.

Tablei. Main spectroscopic properties of BDr and
GFPC

Sam- Solvent Aabs FWHMabs Aem FWHMem br B

ple /nm /em™ /nm /em™ 1% /Mem”
1b

BDn toluene | 528 868 540 950 70 51100

GFP water 528 1745 548 966 20 20200

C

GFP toluene | 528 906 542 943 74 108040

C

aError of 15%°2, PBrightness determined by Equation S3.

In water, the fluorescence quantum yield of GFPC is
20%, while the one of BDm monomer in toluene is 70%. Al-
together, those spectroscopic observations of GFPC (red
shift, Stokes-shift, decrease of quantum yield), are in agree-
ment with the aggregation of BDmt due to the “folded” con-
formation of the polymer chain in water, stabilized by the
carboxylates and PEG moieties. To confirm this hypothe-
sis, GFPC was analyzed in toluene, where the polymer is in
a favorable solvent and consequently the chain unfolded
(Figure Ss). The absorption and fluorescence spectra of
GFPC in toluene are identical to the ones of BDm and the
fluorescence quantum yield recover its initial value (74%)
(Table 1).
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Figure2. A: evolution of fluorescence intensity of GFPC
([GFPC] =6.6 x105 M) overnight (37°C, Mg Minimal Medium).
The error bars indicate the difference between the three tech-
nical replicates from the same plate (<1.3%); B: growth curves
of E.coli bacteria alone (black lines) and incubated with GFPC
(green lines) at 6.6x105M in Mg minimal medium overnight.
The error bars indicate the difference between the three tech-
nical replicates from the same plate (<6.6%).

GFPC stability. In order to assess the stability of GFPC,
the fluorescence intensity of GFPC was monitored over-
night ([GFPC] = 6.6x10°M). GFPC was incubated in Mg
minimal medium in a plate reader at 37°C in the measure-
ment chamber for 14 hours. During this observation time,
the fluorescence intensity of GFPC remained practically
constant (Figure 2A), showing their very good stability in
these experimental conditions.

Toxicity assessments of GFPC on E.coli growth. In
order to assess the toxic effect of GFPC on E.coli, their
growth rates were measured in the presence and absence
of GFPC in Mg minimal medium by absorbance measure-
ments (OD@6oonm). The GFPC concentration used was
6.6x10°M (Figure 2B). Over ten hours of incubation, the
growth curves of bacteria with and without GFPC were es-
sentially identical. This means that GFPC has no toxicity
effect on bacterial growth on a long-time scale.

Bioimaging of E.coli labelled with GFPC. E.coli’s in-
teraction with GFPC was measured by wide field epifluo-
rescence microscopy. The fluorescence images of E.coli
alone (Figure 3A1) show the auto-fluorescence of the E.coli
cells. GFPC solutions were added to the E.coli suspension
to reach final concentrations of 6.6x105 M. After one hour
incubation of E.coli with GFPC at 37°C, samples are washed
three times with PBS before observation under micro-
scope. All the cells show intense green light emission (Fig-
ure 3A2, Figure S6).



GFPC can thus label E.coli bacteria efficiently. When
zooming on individual cells, an inhomogeneous distribu-
tion of the fluorescence intensity was observed within the
bacteria (Figure 3A3). We hypothesized that since GFPC is
anionic it can only reside in the bacterial cytoplasm with-
out interacting with the negatively charged DNA. In order
to test this assumption a red fluorescent, cell-permeable
DNA stain, DRAQ 5, was co-incubated with the GFPC and
the bacterial cells.

DRAQj5 (5x10°M) was added at the same time as GFPC
(6.6x10M) to an E.coli suspension in Mg medium and in-
cubated for one hour. Samples were washed three times
with PBS before observation under microscope (Figure 3B).

The green fluorescence of GFPC (Figure 3B2), and the
red emission of DRAQs5 (Figure 3B3) were recorded inde-
pendently. After overlapping the images in Figure3 B and

A1 A2

C, it appears clearly that the red and green emissions do
not overlap with each other (Figure 3B4). This indicates
that GFPC could label the bacterial cytoplasm but not the
DNA.

A cell membrane labeling dye, PKH26 (2x10°M), was
also co-incubated with GFPC to further test its applicabil-
ity in multi-color bioimaging of bacteria. Again the bacte-
rial cytoplasm was stained by GFPC (6.6x105M) (Figure
3C2) and the membrane was labelled by PKH26 (Figure
3C3). The overlap of the two images shows that the fluores-
cence of PKH26 and GFPC are not influenced by each other
(Figure 3C4). GFPC is thus compatible with different types
of commercial dyes for multi-color imaging.

Figures. A: fluorescence images of E.coli alone (A1) and E.coli labelled with GFPC (A2). A3 is a zoom of one bacterium from image
Az. B: phase contrast image of E.coli bacteria (B1). Fluorescence images of E.coli labelled with GFPC and DRAQs5 in the green (B2)
and red (B3) channel respectively. B4: Overlap of images B2 and B3. C: Bright field image of E.coli bacteria (C1). Fluorescence
images of E.coli labelled with GFPC and PKH26 in the green (C2) and red (C3) channel. C4: Overlap of images C2 and C3.

GFPC for detection and quantification of live/dead
bacteria by flow cytometry. Accurate measurements of
live, dead, and total bacteria are very important in micro-
biology applications.®> The traditional way to determine
the viability of bacteria is to measure their ability to form

colonies on solid growth medium or to proliferate in liquid
nutrient broths.®+% Culture-based methods are time-con-
suming® and difficult to apply to slow growing or viable,
but non-culturable organisms. More importantly, the tra-
ditional tests don’t provide real-time information which is



needed in industrial manufacturing.’” Flow cytometry is a
technique which was first used on eukaryotic cells, but that
has also been applied to measurement of viability, meta-
bolic mechanisms, and antigenic markers of bacteria.®®

Because of their intact membranes and cell walls, live
bacteria are impermeable to dyes such as propidium iodide
(PI) which can only stain cells with damaged membranes.
GFPC is permeant and can label all cells, live and dead. As
a result, GFPC in combination with PI, which emits in the
red, could provide a rapid and reliable real-time method to
distinguish and quantify live and dead bacteria in flow cy-
tometry experiments.

In biological experiments, sample preparation steps such
as a wash step, can lead to osmotic shock and result in cell
death. We cultured E.coli bacteria in the presence of GFPC
at 37°C in the dark for one hour. The cells were then sub-
jected to six wash steps to provoke cell death before adding
propidium iodide. The sample was subsequently analyzed
by flow cytometry (Figure 4).

As expected, the total bacterial population demon-
strated strong green fluorescence from the GFPC in the FL1
channel (99%, see R3-R4 zones in Figure 4A, B), inde-
pendently of whether they were dead or alive. The dead
population showed both the green GFPC emission in the
FL1 channel and the strong red fluorescence from PI in the
FL2 channel (see R4 zone in Figure 4A, C) and accounted
for 18% of the total population. The viable bacterial popu-
lation (81%) demonstrated weak red fluorescence and in-
tense green emission (see R3 zone in Figure 4A, C). The
viability can thus be measured by the proportion of cells
stained by GFPC (total population) and PI (dead popula-
tion). Thus, during our sample preparation, 18% of bacte-
rial cells died because of the pressure introduced by the
washing process.

A

R5

(Ayisuajuraouadsalonyy |d)
pajes z14

g 10! o 10

102 1
FL1 gated
(GFPC fluorescence intensity)

0O (=]
o 1
X X
}
g 1 M1 g -__._‘M;“ M
81 \ 853%
® 1 oux | o o {3 1853
e RISy vy S e R O A v—vrevwf
1° 10! 102 10° 10 1P 10! 102 103 10*
FL1 - Height FL1 - Height

Figureg4. A. Representative FL1 (GFPC) vs. FL2 (PI) dot plots
of bacteria stained with GFPC and PI (R2: GFPC and PI nega-
tive cells; R3: GFPC positive, PI negative cells; R4: GFPC and
PI positive cells; R5: GFPC negative, PI positive cells). B. Cell

percentage with FL1 gated (GFPC). C. Cell percentage with FL2
gated (PI).

Compared to traditional methods, the one described
here is less time-consuming.®® Since it is more sensitive,
this method can be applied to slow growing, or viable, but
non-culturable organisms in diluted samples. The existing
commercial kit (LIVE/DEAD™ BacLight™ Bacterial Viabil-
ity Kit) uses the SYTOg dye to stain the nucleic acids of all
cells and PI to stain the nucleic acids of dead cells. The two
dyes have the same target and may therefore interfere with
each other resulting in erroneous results. The GFPC do not
seem to interact with the nucleic acids, probably because
of their net negative charge. The method described here
provides a brand new strategy in developing real-time
quantification of live/dead bacteria by flow cytometry by
using GFPC to label the cytoplasm of all the cells and PI to
stain the nucleic acids of dead bacteria with permeabilized
membranes. This strategy avoids the interaction of the two
dyes providing a rapid and reliable real-time method to
distinguish and quantify live and dead bacteria.

Conclusions

A straightforward synthesis pathway to synthesize well-
defined water-soluble fluorescent copolymers has been de-
veloped. Therefore, BODIPY-methacrylate (BDm) was co-
polymerized with water-soluble monomers, namely AA
and APEG, using the reversible addition-fragmentation
chain-transfer (RAFT) polymerization technology. A well-
controlled, random copolymer was formed, composed as
follows P(AA;-co-APEG,-co-BDm,)-TTCA. This method is
very simple, does not require the use of surfactants or other
additives that may be detrimental for further biological ap-
plications of the sample. Furthermore, this method could
be applied in the future to other polymerizable organic flu-
orescent dyes with minor synthetic efforts and no need for
tedious purification steps.®97°

It was further shown that the novel fluorescent copoly-
mer (GFPC) described herein has distinct features, includ-
ing water solubility, stability in bacterial growth medium,
nontoxicity, and biocompatibility. These features make
them suitable for developments of microbiological appli-
cations such as labelling bacterial cytoplasm for multi-
color bioimaging applications and for real-time detection
of the viability in bacteria. The stable, nontoxic labeling of
live cells could be used for cell tracking within tissues to
study cell proliferation during infection for example. GFPC
can label with high efficiency the bacterial cytoplasm but
not nucleic acids, they have shown good compatibility with
different types of commercial dyes (e.g. DRAQs5, PKH26,
PI), and therefore GFPC can be used to develop multi-color
bioimaging for bacteria. Due to their ability to label the cy-
toplasm of organisms and without toxic side effects, they
could be used for labelling of bacteria and eukaryotic cells,
as well as tissues.”7> At the same time, GFPC can provide a
rapid and reliable real-time method to distinguish and
quantify live and dead bacteria with a combination of pro-
pidium iodide (PI) by using flow cytometry. Moreover, the
GFPC can be easily synthesized with low cost, and further



applied to introduce other dyes or building blocks into this
copolymer backbone, which can be used in any laboratory
without additional expensive instruments or operators.

Material and methods

Materials. Acrylic acid (99%, Sigma-Aldrich, AA),
poly(ethylene oxide) methyl ether acrylate (Mn = 480
g.mol”, Sigma-Aldrich, APEG), 4,4’-azobis(4-cyanopenta-
noic acid) (Sigma-Aldrich, ACPA), 1,4-dioxane (anhydrous,
99.8%, Sigma-Aldrich), 2-(dodecylthiocarbonothioylthio)-
2-methylpropionic acid (> 97%, Strem, TTCA), tetrahydro-
furan (= 99.9%, Sigma-Aldrich), N,N-dimethylformamide
(= 99.8%, Sigma-Aldrich, DMF), n-pentane (98%, Sigma-
Aldrich), formaldehyde (36.5-38%, Sigma-Aldrich),
DRAQs5 (BioStatus), PKH26 Red Fluorescent Cell Linker
Kit for General Cell Membrane Labeling (Sigma-Aldrich),
propidium iodide (Thermo Fisher Scientific) were used as
received.

Synthesis of green fluorescent polymer chain
(GFPC). BODIPY derivative: BODIPY methacrylate (BDrm)
was synthesized as described elsewhere.?® The green fluo-
rescent polymer chain (GFPC) was synthesized in 1,4-diox-
ane at 80°C under nitrogen atmosphere. In a typical syn-
thesis, APEG (0.9 mmol, 407 mg), AA (0.9 mmol, 65 mg),
TTCA RAFT agent (0.1 mmol, 36.4 mg), DMF (0.54 mmol,
39.7 mg), BDmt (0.24 mmol, 13 mg) were dissolved in 0.97
mL of 1,4-dioxane at room temperature. Then, 0.03 mL of
a 0.3 M solution of ACPA in 1.4-dioxane was added. The
mixture solution was then purged with nitrogen for 30 min
in an ice bath. After this, to initiate the polymerization, the
mixture was placed in an oil bath and heated to 80°C. The
reaction lasted for 10 hours and was stopped by putting the
flask in iced water. The monomer conversion of AA and
APEG was determined by 'H-NMR in CDCl, by the relative
integration of the internal reference peak of DMF at 8.0
ppm and the vinylic proton peaks of AA and APEG at 6.4,
6.1and 5.8 ppm. After precipitation in n-pentane, a random
fluorescent copolymer P(AA,-co-APEG,-co-BDm,)-TTCA-
C,,, named green fluorescent polymer chain (GFPC), was
obtained with a number-average degree of polymerization
(DPn) of 16 and an average number of 2 BODIPY fluoro-
phores per chain. 'H NMR: M,, = 4840 g mol” (see SI eq. S2).
SEC: Mi, = 4550 g mol?, D = 1.27, PS calibration.

Fluorescence spectroscopy. The UV-visible spectra
were measured on a Varian Cary 5000 (Palo Alto, CA USA)
double beam spectrometer using 4.5mL BRAND PMMA
Cuvette. Corrected excitation and emission spectra were
recorded on a SPEX Fluoromax-3 (Horiba Jobin-Yvon). A
right-angle configuration was used. Optical density of the
samples was measured to be less than 0.1 to avoid reabsorp-
tion artifacts. The relative fluorescence quantum yields @
were measured using Rhodamine 590 (®r = 0.95 in etha-
nol) as a reference (error of 15%).597

Size exclusion chromatography (SEC). The number-
average molar mass M,, weight-average molar mass M,,
and the molar mass distribution (dispersity B = My/M,)
were determined by size exclusion chromatography (SEC)
using THF as an eluent at a flow rate of 1 mL min~. For

analytical reasons, the carboxylic acidic functions of the
copolymer were turned into methyl esters. After dissolu-
tion in a THF/H,O mixture and acidification of the me-
dium with a 1 M HCl solution, the copolymer is methylated
using an excess of trimethylsilyldiazomethane. After filtra-
tion through 0.45 pm pore membrane, polymers were ana-
lyzed at a concentration of 5 mg mL~ in THF. The SEC ap-
paratus was equipped with a Viskotek VE 2100 automatic
injector and two columns thermostated at 40 °C (PLgel
Mixed; 7.5 mm x 300 mm; bead diameter = 5 pm). Detec-
tions were made with a differential refractive index detec-
tor (Viscotek VE 3580 RI detector) and an Ultraviolet-Vis-
ible (UV-vis) detector (Waters 486 tunable absorbance de-
tector). The Viscotek OmniSEC software (v 4.6.2) was used
for data analysis, and the relative M, and P were calculated
with a calibration curve based on polystyrene standards
(from Polymer Laboratories).

Toxicity assessments of GFPC on the growth of
E.coli Bacteria. Live E.coli bacterial cells (K-12 BW25113)
were used for the following experiments. Bacterial cultures
were prepared overnight from stock cultures inoculated in
Luria Broth (LB) growth medium.

The overnight culture of bacteria was diluted 1:1000 in
Mo minimal growth medium. 150 pL of this bacterial solu-
tion were placed in each well of a 96 well Falcon Polysty-
rene Flat Bottom Plate. The GFPC solutions were added
into the E.coli solution to reach final concentration of
6.6x105M. Each plate contained three repeats of the same
concentration. One control with only bacteria and one
blank with only Mg minimal medium were also prepared.
70 pL of mineral oil were added to each well in order to
avoid evaporation. Samples were incubated in a plate
reader (Perkin Elmer Victor3 1420 Multilabel Plate Coun-
ter) at 37°C in the measurement chamber. The growth of
the cells was monitored every 9 minutes by reading the op-
tical density (OD@6oonm). Fluorescence was measured
using a F485/14 filter for excitation and a F535/4o filter for
emission. The experiments lasted for 14 hours.

Photostability assessment of GFPC. An overnight ex-
periment was carried out to assess the photostability of
GFPC. 150pL of the Mg minimal medium were placed in
each well of a 96 well Falcon Polystyrene Flat Bottom Plate.
The GFPC solutions were added into the solution to reach
final concentration of 6.6x105M. Each plate contained
three repeats of the same concentration. One control with
only the Mg minimal medium was also prepared. 70 pL of
mineral oil were added to each well in order to avoid evap-
oration. Samples were incubated in a plate reader (Perkin
Elmer Victor3 1420 Multilabel Plate Counter/ Tungsten-
halogen lamp, 75 W) at 37°C in the measurement chamber.
The fluorescence intensity of GFPC was measured every 9
minutes by using a F485/14 filter for excitation and a
F535/40 filter for emission. The experiments lasted over-
night for 14 hours.

Incubation to introduce GFPC into E.coli bacteria.
1mL of Mg minimal medium with an initial concentration
of 5x107 CFU.mL" (OD=0.5) of E.coli bacteria was placed
inside a 2mL Eppendorf Safe-Lock Tube. GFPC solutions



were added to this E.coli suspension to reach final concen-
trations of 6.6x105 M (0.3 mg.mL"). Two repeats of the
same concentration were carried out during the experi-
ments. The samples were incubated at 37°C in the dark for
one hour. After the incubation, the cells were centrifuged
at 4000 rpm for 3 minutes at 4°C and washed with PBS
three times to remove free GFPC. The cells were then fixed
with 4% formaldehyde at room temperature for 15 min,
washed again with PBS for three times and re-suspended
in PBS before flow cytometry measurements and bioimag-
ing experiments.

GFPC for quantify live/dead bacteria by flow cytom-
etry. Accurate quantitative measurements of live, dead, to-
tal bacteria and cells labeled with GFPC percentages were
analyzed with a flow cytometer (BD, FACS Calibur; BD Bi-
osciences) using the software BD CellQuest Pro.

Before flow cytometry, propidium iodide (PI, 10 pL,
1.3x10? mg.mL") was added into each sample. Since PI
emits in the red (617nm) once it is bound to the DNA inside
the bacteria, it is screened by a FL3 (633nm) bandpass fil-
ter. On the other hand, GFPC emits in the green (548nm),
so the emission signal is screened by a FL-1 (488 nm) band-
pass filter. All instrument parameters were logarithmically
amplified.

The voltage for forward scatter (FSC) and side scatter
(SSC) were chosen so that the bacterial population was en-
tirely on scale on an FSC vs. SSC plot. A non fluorescent
bacterial sample was used to appropriately set the FL1 volt-
age. Individual FSC, SSC, FL1, FL3 histograms were checked
to ensure that the bell-shaped populations are not cut off
on the display. An event rate of ~1000 events per second
was maintained to minimize the chance of coincidence and
to improve population resolution. In the FSC vs. SSC plot,
a live gate R1 was set around the bacterial population and
a total of ~20,000 events inside the gate were measured.

DRAQ 5 for labelling the DNA of E.coli bacteria.
DRAQ5 (5x10°M) was added at the same time with GFPC
to E.coli suspension in Mg minimal medium. The samples
were incubated at 37°C in the dark for one hour. After the
incubation, the cells were gently centrifuged at 4000 rpm
for 3 minutes at 4°C and washed with PBS three times to
remove free GFPC and DRAQs5. The cells were then fixed
with 4% formaldehyde at room temperature for 15 min. Af-
ter the fixing process, cells were washed with PBS for three
times and re-suspended in PBS before bioimaging experi-
ments.

PKH26 for labelling the membrane of E.coli bacte-
ria. The following procedure uses a 500 pL final staining
volume containing final concentration of 2x10% M of
PKH26 and 1x10® cells.mL™. After introducing GFPC into
E.coli bacteria, samples were washed three times by PBS
and re-suspended in 250 pL diluent C (Sigma-Aldrich, an
aqueous solution designed to maintain cell viability) in or-
der to further perform membrane labelling. 1 pL PKH26
with an initial concentration of 1 mM was added into 250
pL diluent C, and then the bacterial solution was quickly
transferred in to PKH26 dilution and mixed at room tem-
perature for 5 minutes. The staining process is stopped by

adding an equal volume of 1% BSA and incubate for 1 mi-
nute to allow binding of the dye in excess. Finally, the sam-
ples were washed three times by PBS and re-suspended in
PBS before bioimaging experiments.

Fluorescence microscopy. Fluorescence images of
GFPC, DRAQs5, PKH26 interacting with the E.coli bacteria
were taken by epifluorescence microscopy (Nikon inverted
microscope ECLIPSE TI-E with a motorized perfect focus
system).

E.coli cells labelled with GFPC were illuminated with a
white mercury lamp (Intensilight, NIKON) at
482nm/35nm (FITC-3540C BrightLine single-band filter,
SEMROCK). E.coli cells labelled with DRAQs5 were illumi-
nated at 632nm/22nm (BrightLine single-band filter,
SEMROCK). E.coli cells labelled with PKH26 were illumi-
nated at 543nm (TRITC-B BrightLine single-band filter,
SEMROCK). The fluorescence was collected through a
536nm/4onm band-pass filter, a 695nm long-pass filter and
a 593nm/4onm band-pass filter respectively and images
were recorded with a 6ox objective (CFI S Plan Fluor
ELWD, NA o0.7) using an EM-CCD camera (Luca S,
ANDOR).

Dynamic light scattering (DLS) measurements were
performed with a Zetasizer Nano Sgo from Malvern (go °
angle, smW He-Ne laser at 633 nm, Nano DTS Software).
The z-average particle diameter (Dz) of GFPC was meas-
ured at 20°C in milliQ water or at 37°C in LB (Luria broth)
medium after filtration through a 0.45 pum membrane.
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