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5 ABSTRACT: Bacterial infections are a global healthcare problem,
6 resulting in serious clinical morbidities and mortality. Real-time
7 monitoring of live bacteria by fluorescent imaging technology has
8 potential in diagnosis of bacterial infections, elucidating anti-
9 microbial agents’ mode of action, assessing drug toxicity, and
10 examining bacterial antimicrobial resistance. In this work, a
11 naphthalimide-derived fluorescent probe ZTRS-BP was developed
12 for wash-free Gram-positive bacteria imaging. The probe
13 aggregated in aqueous solutions and exhibited aggregation-caused
14 fluorescence quenching (ACQ). The interaction with Gram-
15 positive bacteria cell walls would selectively disaggregate the probe
16 and the liberated probes were dispersed on the outside of the
17 bacteria cell walls to achieve surface fluorescence imaging. There were no such interactions with Gram-negative bacteria, which
18 indicates that selective binding and imaging of Gram-positive bacteria was achieved. The binding of zinc ions by ZTRS-BP can
19 enhance the fluorescent signals on the bacterial surface by inhibiting the process of photoinduced electron transfer. ZTRS-BP-
20 Zn(II) complex was an excellent dye to discriminate mixed Gram-positive and Gram-negative bacteria. Also, live and dead bacteria
21 can be differentially imaged by ZTRS-BP-Zn(II). Furthermore, ZTRS-BP-Zn(II) was used for real-time monitoring bacteria
22 viability such as B. cereus treated with antibiotic vancomycin.
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1. INTRODUCTION

24 The increase in pathogen infections in clinical practice has
25 become a public health issue that has caused global concern.1

26 Pathogenic bacteria are the main cause of human disease and
27 death. For example, Staphylococcus aureus, Bacillus cereus, and
28 Mycobacterium tuberculosis may cause various diseases includ-
29 ing infective endocarditis, meningitis, food poisoning, tuber-
30 culosis (TB), etc.2−4 Every year, nearly one million people die
31 from diseases arising from bacterial infections. Moreover, the
32 emergence and wide spread of drug-resistant bacteria
33 (including multidrug-resistant (MDR) bacteria) has promoted
34 the threat of bacterial infection to public health.5,6 According
35 to the World Health Organization, in 2018, there were about
36 half a million new cases of rifampicin-resistant TB, of which
37 78% were MDR TB; these accounted for 21.4% of the total TB
38 cases.7 Quick and accurate infection diagnosis is thus very
39 important for clinical treatment and environmental protection.
40 Fluorescence probes have emerged as a useful tool for the
41 investigation of pathogenic bacteria because of their high
42 sensitivity, fast response speed, and ability to visually image
43 and dynamically track bacteria.8−13 A prominent application is
44 to monitor bacterial viability, which is crucial in determining
45 the safety of food and drinking water.14−16 The usual bacterial

46detection relies on the identification of genes, marker proteins,
47or enzymes.17−19 However, because of the excessive abuse of
48antibiotics, the problem of bacterial multidrug resistance has
49become more and more serious.20,21 Bacterial detection that
50relies on markers often cannot reflect the changes of bacteria
51after adapting to drug resistance. The pathogenicity of bacteria
52is usually related to the composition of the cell walls, which are
53heterogeneous in composition and dynamic changes, including
54the types and ratios of membrane phospholipids and
55membrane proteins, and the charges on the surface of different
56bacteria.22,23 Thus, the cell walls play a role in the fingerprint of
57the bacteria, and the bacteria can be discriminated by
58identifying the cell walls of the bacteria.
59Fluorescence imaging techniques have facilitated fluorescent
60probes to monitor the subcellular localization and dynamics of
61bacteria cell walls.24−31 For example, the surfaces of anaerobe
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62 Bacteroides f ragilis were modified with azide-containing sugars
63 and then fluorescently labeled by a cyclooctyne-containing
64 fluorophore via bio-orthogonal click chemistry.32 These
65 location-unspecific or unbound probes can produce back-
66 ground interference. To address this issue, fluorogenic probes
67 based on azido Si-rhodamine have been developed via
68 biocompatible copper-free click chemistry for the no-wash
69 visualization of bacterial peptidoglycan (PG), which are
70 initially fluorescence-silent but activated upon target recog-
71 nition with specific fluorescence responses.33 However, these
72 probes cannot be used in intact bacterial cells, because they
73 depended on bioorthogonal click chemistry to locate small
74 molecular probes in bacterial surfaces. We recently reported an
75 imidazolium-derived pyrene compound as a fluorogenic probe
76 for bacteria cell wall imaging.34 Unfortunately, the UV
77 excitation of this probe limited its application.
78 In this paper, we reported a Gram-positive bacteria selective
79 probe ZTRS-BP for bacteria cell wall fluorogenic imaging
80 using the aggregation-disaggregation strategy to achieve the
81 membrane-specific fluorogenicity. In our previous work, we
82 reported the naphthalimide-derived compound ZTRS acted as
83 an environment-selective probe.35−37 Here, a hydrophobic
84 alkyl chain as the membrane-anchored domain was introduced

f1 85 to get the probe ZTRS-BP. As shown in Figure 1, probe
86 ZTRS-BP aggregated in aqueous solutions and exhibited
87 aggregation-caused fluorescence quenching (ACQ). The
88 interaction with Gram-positive bacteria cell walls would
89 selectively disaggregate the probe and the liberated probes
90 were dispersed on the outside of the bacteria cell walls to
91 achieve surface fluorescence imaging. There were no such
92 interactions with Gram-negative bacteria, which achieved
93 selective binding and imaging of Gram-positive bacteria. The
94 binding of zinc ions can enhance the fluorescent signals on the
95 bacterial surface by inhibiting the process of photoinduced

96electron transfer. Aggregates that do not bind to the bacteria
97cell walls still exhibit aggregation-induced quenched fluo-
98rescence even after complex with zinc ions to achieve the
99fluorogenicity. It was worth noting that this aggregation-
100disaggregation strategy allowed the probe to label only on the
101surface of live bacteria, but can enter the content of dead
102bacteria, thereby achieving selective identification and imaging
103of live and dead bacteria. These properties make the probe a
104useful tool for real-time tracking of bacterial viability.

2. EXPERIMENTAL SECTION
1052.1. Materials and Methods. Unless otherwise stated, all
106reagents were purchased from commercial suppliers and used without
107further purification. 1H NMR and 13C NMR spectra were recorded on
108Bruker 400 spectrometer, where the chemical shift is based on
109tetramethyl silicon. The fluorescence spectrum is from Agilent CARY
110Eclipse spectrophotometer; the ultraviolet absorption spectrum is
111from Agilent CARY 60 UV−vis. The nano laser particle size analyzer
112is Malvern. The fluorescence confocal microscope is Olympus
113FV1000, 100 times oil lens (NA = 1.40).
114Bacillus cereus (B. cereus, 1.1626) was purchased from China
115General Microbiological Culture Collection Center (CGMCC).
116Staphylococcus aureus (S. aureus, ATCC 25923), Klebsiella pneumoniae
117(K. pneumoniae), and Escherichia coli (E. coli ATCC 25922) were
118obtained from the Second Hospital of Dalian Medical University
1192.2. Optical Detection. ZTRS-BP was dissolved in chromato-
120graphically pure dimethyl sulfoxide (DMSO) to prepare a 2 mM
121solution for further detection. The UV−vis absorption and
122fluorescence spectra of ZTRS-BP and ZTRS-BP-Zn2+ (final
123concentration of 5 μM) in HEPES buffer solution (20 mM, pH
1247.4) were examined. Surfactant SDS was dissolved in water to prepare
125a 20 mM solution. The fluorescence spectra of ZTRS-BP in HEPES
126buffer solution (20 mM, pH 7.4) with different concentrations of SDS
127was tested, which was excited by 365 nm light.
1282.3. Bacteria Culture. The single spot on the solid LB medium
129with bacteria was transferred to 5 mL of LB medium and cultured in a

Figure 1. Schematic illustration of wash-free and selective imaging of Gram-positive bacteria by the fluorogenic probe ZTRS-BP.
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130 shaker at 37 °C until the bacteria optical density at 600 nm (OD 600)
131 was 1.0. The bacteria were transferred to a 1.5 mL EP tube and
132 centrifuged at 10000 rpm for 2 min. The bacterial pellets were then
133 suspended in HEPES (20 mM, pH 7.4) and adjusted the OD600 value
134 to 0.5. For spectrum detection, the bacteria and probe were mixed in
135 HEPES buffer with or without the addition of Zn(ClO4)2 at a certain
136 concentration. Before testing, the mixtures were stay at room
137 temperature for 3 min. The fluorescence spectrum were obtained
138 with the excited wavelength of 365 nm.
139 2.4. Bacteria Imaging. The bacteria culture process was as above
140 description. The bacteria and probe were mixed in HEPES buffer with
141 or without the addition of Zn(ClO4)2 at a certain concentration,
142 which was incubated at room temperature for 10 min. For the imaging
143 experiment with washing step, the mixture was washed one time and
144 resuspend with HEPES buffer (20 mM, pH 7.4). For the washout
145 experiment, this step is omitted. To take confocal images, we dropped
146 1.5 μL of the mixed solution on a confocal imaging dish and covered
147 it with a thin layer of agarose gel. The image was collected using a
148 100× oil lens on an Olympus laser scanning confocal microscope
149 (FV1000) under the conditions of excitation, 405 nm; emission range,
150 425−525 nm.
151 2.5. Live and Dead Bacteria Imaging. Imaging of live bacteria
152 B. cereus was performed as above. For imaging of dead bacteria of B.
153 cereus, the live bacteria were resuspended in 70% isopropanol and
154 shaken with 200 rpm at 28 °C for 1 h to obtain dead bacteria. The
155 dead bacteria were washed twice and then resuspended with HEPES
156 buffer (20 mM, pH 7.4). The mixture of live and dead bacteria was
157 obtained by mixing the live and dead bacteria of B. cereus in equal
158 amounts. PI was added to these bacterial liquids and incubated for 10
159 min under dark conditions. After washing for one time, ZTRS-BP and
160 Zn(ClO4)2 was added to a final concentration of 5 μM, respectively.
161 After incubating for 5 min, 1.5 μL of the mixed solution was dropped

162on a dish and covered with a thin layer agarose gel, and then observed
163using confocal microscope under the conditions of excitation, 405
164nm; emission range, 425−525 nm; excitation, 543 nm; emission
165range, 560−650 nm.
1662.6. Vancomycin Sterilization and Fluorescence Monitor-
167ing. The bacteria culture process was the same as the above
168description. The bacterial pellets was resuspended in HEPES (20
169mM, pH 7.4) and the OD600 value was adjusted to 0.5. Vancomycin
170(Final concentration was 5 μM) was then added to the bacterial
171solution. The mixture was incubated at room temperature for 1 h.
172Then ZTRS-BP and Zn(ClO4)2 was added to a final concentration of
1735 μM, respectively. After incubating for 10 min, 2 μL of the mixed
174solution was dropped on a dish and covered with a thin layer agarose
175gel, and then observed with a confocal microscope under the
176condition: Excitation: 405 nm, Emission range: 425−525 nm.

3. RESULTS AND DISCUSSION

1773.1. Photophysical Properties of ZTRS-BP. The syn-
178thesis route of ZTRS-BP is shown in Figure S1. The
179aggregation property of ZTRS-BP was investigated by means
180of dynamic light scattering (DLS) measurements and scanning
181 f2electron microscopy (SEM) (Figure 2a, b). DLS and SEM
182analysis showed that ZTRS-BP aggregated in HEPES to form
183nanoparticles with the mean diameter of 80 nm (Figure 2a, b).
184The addition of Zn2+ cannot dissolved the aggregate as shown
185in Figure 2a, even ZTRS binding zinc ion with high affinity,
186and the size of nanoparticle was still around 80 nm. But when
187the probe incubated with Zn2+ in polar solvent acetonitrile
188(ACN), there were three peeks found during DLS experi-
189ments, 1 nm (12% intensity), 5 nm (6% intensity), and 70 nm

Figure 2. Photophysical properties of ZTRS-BP. (a) DLS analysis of ZTRS−BP (5 μM). (b) SEM image of ZTRS−BP in HEPES. (c)
Fluorescence and (d) absorption spectra of ZTRS-BP in HEPES and ACN with or without Zn2+.
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190 (4% intensity), respectively. So, with the addition of zinc ions,
191 the size of ZTRS-BP nanoparticles changed from 80 to 1 nm,
192 ascribed to the disassembly of ZTRS-BP in ACN by zinc
193 binding. We tested the fluorescent spectra of ZTRS-BP with
194 the addition of different concentrations of SDS (Figure S2),
195 which was a anionic surfactants to be expected to disassemble
196 the aggregate. We found that the fluorescence of ZTRS-BP did
197 not change, even the concentration of SDS increased to 4 mM.
198 These results indicated that the aggregates of ZTRS-BP were
199 structurally stable in aqueous solutions, but were easily
200 decomposed when encountered in a fat-soluble environment.
201 This property allowed ZTRS-BP to have excellent fluoroge-
202 nicity when staining bacteria, that is, the hydrophobic
203 interaction with the Gram-positive bacteria made the ZTRS-
204 BP aggregates easy to decompose and further stained the
205 surface of the bacteria, while keeping the aggregate structure
206 stable with quenched fluorescence in other environments.
207 To further test the stability and fluorogenicity of ZTRS-BP,
208 we examined its fluorescence and absorption responses to Zn2+

209 in HEPES and ACN. As shown in Figure 2c, due to the
210 stability, the probe displayed aggregation-quenched fluores-
211 cence even with the addition of zinc in aqueous solution. In
212 acetonitrile with the addition of zinc ions, the absorption and
213 emission all shifted to short wavelengths with an obvious
214 increase in fluorescence, indicating that the compound bound
215 zinc ions in an amide tautomeric form and disassembled the
216 aggregates.
217 3.2. Selective Recognition of Bacteria. Bacterial cell
218 walls are composed of phospholipid bilayer and peptidoglycan,
219 but the cell wall structures of Gram-positive and Gram-
220 negative bacteria are indeed completely different. In general,
221 Gram-positive bacteria contain a single cell membrane
222 surrounded by a thick layer of peptidoglycan, whereas Gram-
223 negative bacterial surface contains a thin layer of peptidoglycan
224 sandwiched between two layers of phospholipids. Considering
225 that the bacterial cell wall has some hydrophobic properties,
226 the probe may recognize bacteria by being disaggregated and
227 emitting fluorescence after interacting with the bacteria. The
228 fluorescence spectra of the probe to different bacteria were
229 then recorded. There was an increase in fluorescence of the
230 probe with the addition of Gram-positive bacteria, such as

f3 231 Bacillus cereus (B. cereus) (Figure 3a). And the addition of the
232 zinc ions further enhanced the fluorescence response signal.
233 The fluorescence spectra of the probe with Gram-negative
234 bacteria such as Escherichia coli (E. coli) displayed blue-shifted

235emission, indicating that the weak polar environments near the
236surface of the Gram-negative bacteria made the fluorescence
237emission wavelength of ZTRS-BP blue shift. But the
238fluorescent intensity of the probe did not change with the
239addition of E. coli, even with the addition of zinc ions. These
240results indicated that the probe can selectively be disassembled
241by Gram-positive bacteria but not by Gram-negative bacteria.
242We may conclude that only the hydrophobicity of the bacteria
243cell walls was not enough to disassemble the aggregates. Gram-
244positive bacteria and Gram-negative bacteria can be visually
245distinguished by naked eyes (Figure 3b). The probe with B.
246cereus and E. coli showed strong and blue fluorescence (λem =
247450 nm in Figure 1a), respectively, whereas the probe itself
248displayed green emission (λem = 500 nm in Figure 1a).
2493.3. Wash-Free Fluorescent Imaging of Bacteria. The
250wash-free imaging of bacteria can simplify the staining protocol
251and be favorable for bacteria dynamics imaging in situ. Because
252of the unique enhanced emission responses of ZTRS-BP to
253bacteria sensing, we anticipated that the probe could have
254excellent Gram-positive bacteria imaging performance without
255the washing step. To verify this, we carried out bacterial
256imaging experiments by incubating Gram-positive bacteria B.
257cereus with 5 μM ZTRS-BP with or without the addition of
258Zn2+. And the fluorescent imaging was directly performed
259 f4without subsequent washing steps. As shown in Figure 4, it is
260clearly shown that ZTRS-BP stained the cell walls of B. cereus
261whether zinc ions were present or not. Also, B. cereus can be
262clearly visualized with great signal-to-noise ratio. To visually
263present the fluorescent intensity value, we obtained the in situ
264fluorescent intensity spectra along the red lines in Figure 4b, e
265to display in Figure 4c, f, respectively. Line 1 in Figure 4c
266indicated that the fluorescence intensity on the cell wall (∼900
267au) was 4 times higher than that outside (∼200 au), and nearly
2682 times higher than that inside the bacteria (∼500 au).
269Meanwhile, it is worth noting that the intensity on the cell
270walls of the bacteria incubated with zinc ions (∼1300−1600
271au) were 7 times stronger than that outside (∼200 au), and
272nearly 3 times than that inside the bacteria (∼450 au). The
273results indicated that the wash-free fluorescent images of
274bacteria incubated with both ZTRS-BP and zinc ions had a
275higher signal-to-noise ratio. Moreover, B. cereus were clearly
276visualized with great signal-to-noise ratio regardless of washing
277or not washing the bacteria after staining as shown in Figure
278S3. Above all, the fluorescent imaging results demonstrated
279that the aggregated probe efficiently illuminated B. cereus. This

Figure 3. (a) Fluorescence spectra of 5 μM ZTRS-BP sensing to Gram-positive bacteria B. cereus and Gram-negative bacteria E. coli, with or
without Zn2+ (5 μM) in HEPES (10 mM, pH 7.4) solution. (b) Visible emissions of ZTRS-BP with B. cereus and E. coli in HEPES under UV
irradiation.
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280 fluorogenic probe based on the aggregation-disaggregation
281 strategy well realized the no-wash imaging of Gram-positive
282 bacteria.
283 Furthermore, we also observed the division site of B. cereus
284 indicated by brighter fluorescence (Figure 4b, e). The
285 fluorescent intensity at division sites (∼2000 au, line 2 in
286 Figure 4c, f) were higher than that on the sidewall, existing
287 excellent signal-to-noise ratio (10 times) to the background.
288 Early models of bacterial cell growth held that new
289 peptidoglycan (PG) was made and incorporated at midcell
290 during the time of cell division.38 In previous reports,
291 fluorescent probes conjugated with the antibiotics vancomycin
292 or ramoplanin were demonstrated to stain the Gram-positive
293 bacteria by targeting PG.26,39 Because of the similar imaging
294 results, we believed that our probe ZTRS-BP also stained the
295 PG layer of the Gram-positive bacteria. After all, ZTRS-BP-

296Zn(II) complex works as an excellent fluorogenic probe to
297label B. cereus cell wall.
2983.4. Selective Fluorescence Imaging of Gram-Positive
299Bacteria. The fluorescent imaging of ZTRS-BP-Zn(II) to
300Gram-negative bacteria E. coli was further detected, as shown
301in Figure 4g−i. The emission with E. coli was barely observed,
302which were consistent with the fluorescence response of the
303probe in the presence of bacteria in solutions (Figure 3). So,
304the probe has an excellent staining-specificity toward B. cereus.
305We also imaged other Gram-positive bacteria such as
306Staphylococcus aureus (S. aureus) and Gram-negative bacteria
307such as Klebsiella pneumoniae (K. pneumoniae) to examine the
308selectivity of the probe. As shown in Figure S4, S. aureus were
309well labeled by the probe to clearly display the fluorescence on
310the cell walls. On the contrary, there was no fluorescence
311detected in the presence of K. pneumoniae.

Figure 4. Confocal fluorescent imaging of bacteria loaded with ZTRS-BP. (a, b) Fluorescence imaging of B. cereus stained with 5 μM ZTRS-BP for
10 min in HEPES (10 mM, pH 7.4); (c) fluorescence intensity in situ of the lines in b; (d, e) fluorescence imaging of B. cereus stained with 5 μM
ZTRS-BP and 5 μM Zn2+ for 10 min in HEPES; (f) fluorescence intensity in situ of the lines in e; (g, h) fluorescence imaging of E. coli stained with
5 μM ZTRS-BP and 5 μM Zn2+ for 10 min in HEPES; (i) in situ fluorescence intensity of the line in h; a, d, and g are merged imaging of bright-
field and fluorescence imaging; Ex: 405 nm; scale bar: 5 μm.
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312 To further verify the capability of ZTRS-BP-Zn(II) to
313 recognize Gram-positive bacteria over Gram-negative bacteria,
314 we cocultured B. cereus and E. coli in the same dish and stained
315 with both ZTRS-BP-Zn(II) (5 μM) and commercial bacteria

f5 316 cell wall dye FM4−64 (6 μM) (Figure 5). It was found that B.

317 cereus with a rodlike shape were selectively “lit-up” by ZTRS-
318 BP-Zn(II), whereas almost no ZTRS-BP-Zn(II) fluorescent
319 signal was observed from E. coli (Figure 5a). FM4−64 can
320 stain both Gram-positive and Gram-negative bacteria (Figure
321 5b). The merged imaging in Figure 5c showed that, on the B.
322 cereus cell wall, there was an alternating fluorescent signals
323 between ZTRS-BP-Zn(II) and FM4−64. This may be due to
324 the different binding ability of these two dyes to the cell wall.

325And the binding capability of ZTRS-BP-Zn(II) may be higher
326than that of FM4−64, because most of the B. cereus were
327brightly stained with ZTRS-BP-Zn(II), but not FM4−64.
328These results demonstrated the excellent performance of
329ZTRS-BP-Zn(II) for accurate identification of Gram-positive
330bacteria through fluorescent imaging technique. The significant
331structural difference of outer envelopes between Gram-positive
332and Gram-negative bacteria may be the reason for the effective
333identification by ZTRS-BP-Zn(II). As mentioned above, we
334hypothesized that the probe was bound to the PG of Gram-
335positive bacteria. However, the outer cell layer of Gram-
336negative bacteria was composed of the phospholipid bilayer,
337and PG was on the inner side of the bilayer, which may be the
338reason why the probe was unable to label Gram-negative
339bacteria. According to the results above, ZTRS-BP-Zn(II)
340complex was probed to be an excellent dye for wash-free
341Gram-positive bacteria imaging.
3423.5. Fluorescence Imaging of Live/Dead Gram-
343Positive Bacteria. The detection of bacterial viability is of
344great significance for determining the survival status of bacteria
345and monitoring the bactericidal effects of antibiotics.40

346Membrane integrity is an accepted biomarker for viable cells,
347as cells with compromised membrane are approaching death or
348already dead.41 So far, two types of fluorescent dye can be used
349to determine membrane integrity. One is the dyes permeating
350into intact cells, such as SYTO 9 and Hoechst 33342. Another
351is the one that can permeate only compromised cells, such as
352propidium iodide (PI) and SYTOX Green. The detection of
353bacterial viability usually uses dual-staining kits such as Live/
354Dead BacLight Bacterial Viability kit, which contains SYTO 9
355and PI fluorescence dyes. The disadvantage of this method is
356that two dyes must be used at the same time and the dye
357SYTO 9 is very expensive.

Figure 5. Confocal fluorescence imaging of B. cereus and E. coli
mixture loaded with ZTRS-BP-Zn(II) and commercial dye FM4−64.
(a) Fluorescent image when excited at 405 nm; (b) fluorescent image
when excited at 543 nm; (c) merged image of a and b; (d) bright-field
image; scale bar is 5 μm.

Figure 6. Confocal fluorescence imaging of (a) live, (b) dead, and (c) live/dead mixture of B. cereus with ZTRS-BP-Zn(II) and commercial dye PI.
The first column is the image when excited at 405 nm; the second column is the image when excited at 543 nm; the third column is the merged
image; the fourth column is the bright-field image; scale bar is 5 μm.
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358 On the basis of the excellent fluorescent imaging property of
359 ZTRS-BP-Zn(II) to Gram-positive bacteria, we then further
360 investigated whether ZTRS-BP-Zn(II) could show different
361 labeling effects on live and dead Gram-positive bacteria. The
362 live B. cereus bacteria and the dead B. cereus bacteria obtained
363 by treating with 70% isopropanol were incubated with ZTRS-
364 BP-Zn(II), respectively. We also added the commercial red
365 dye PI, which can only enter the bacteria with compromised
366 cell membranes and bind to DNA. The fluorescent imaging
367 was subsequently obtained without washing steps. As shown in

f6 368 Figure 6a, ZTRS-BP-Zn(II) was labeled on the cell wall of B.
369 cereus, and there was almost no fluorescence of PI, indicating
370 the survival status of the bacteria. Meanwhile, both of the dyes
371 entered into isopropanol-treated B. cereus (Figure 6b). And the
372 dead B. cereus can be clearly visualized with great signal-to-
373 noise ratio. Significantly, the merged imaging in Figure 6b
374 indicated that every single bacterium was stained by ZTRS-
375 BP-Zn (II) as well as the probe may bind to DNA of dead
376 bacterial. We then mixed the live and dead B. cereus in equal
377 amounts, and then the mixed bacteria were incubated with
378 ZTRS-BP-Zn(II) and imaged immediately. As shown in
379 Figure 6c, we can clearly see that ZTRS-BP-Zn(II) can bind
380 on a certain amount of bacteria cell wall (pointed by white
381 arrows) as well as PI cannot. This B. cereus must be live
382 bacteria. Meanwhile, numbers of B. cereus were labeled by both
383 ZTRS-BP-Zn (II) and PI dyes inside the bacteria, which must
384 be dead ones. These results confirmed that the unique dye,
385 ZTRS-BP-Zn(II), had the ability to differentially image both
386 live and dead bacteria in real time, whereas most other dyes
387 only stained live or dead bacteria.
388 3.6. Real-Time Tracking of Bacteria Viability. After
389 confirming that the ZTRS-BP-Zn(II) molecule had different
390 labeling abilities against live and dead bacteria, we
391 subsequently applied this probe to real-time track bacterial
392 viability by imaging B. cereus incubated with antibiotic.
393 vancomycin is a clinically special antibacterial drug. It has a
394 particularly powerful bactericidal effect on Gram-positive
395 bacteria. We added vancomycin to the Gram-positive bacteria
396 B. cereus, incubated for 1 h, and then treated the bacteria with
397 ZTRS-BP-Zn(II) and imaged it immediately. As shown in

f7 398 Figure 7, most of the bacterial cell walls were intact and clearly
399 marked by the probe, whereas two bacterium were greatly
400 strained inside the bacteria (pointed by white arrows). The
401 reason was that vancomycin compromised B. cereus cell wall
402 and the dyes entered into the bacteria. This proves that ZTRS-
403 BP-Zn(II) can real-time track antibiotic-interacted Gram-

404positive bacteria viability. The performance of the probe makes
405it a powerful tool for real-time tracking bacterial viability for
406rapid detection of drug sensitivity.

4. CONCLUSION
407In summary, we developed a fluorogenic probe ZTRS-BP for
408wash-free fluorescent imaging of Gram-positive bacteria. The
409probe was constructed by linking a hydrophobic alkyl chains to
410environment-sensitive probe ZTRS. The fluorogenicity was
411derived from aggregation-caused fluorescence quenching
412(ACQ) effect of the probe in the aqueous solution. The
413aggregate can be disassembled by Gram-positive bacteria and
414emitted fluorescence. The bacterial cell walls were “lit-up” by
415strong interactions with the dispersed probe. Furthermore, the
416binding of zinc ions (ZTRS-BP-Zn(II)) can enhance the
417fluorescent signal on the bacterial surface by inhibiting the
418process of photoinduced electron transfer. Benefiting from its
419excellent wash-free fluorescent imaging feature for Gram-
420positive bacteria, ZTRS-BP-Zn(II) can either rapidly discrim-
421inate Gram-positive bacteria over Gram-negative bacteria or
422real-time monitor live and dead Gram-positive bacteria
423through a fluorescence imaging technique. The performance
424of the probe makes it a powerful tool for real-time tracking
425bacterial viability for rapid detection of drug sensitivity, which
426indicates its potential application value in the fields of safety of
427food and drinking water and environmental and medical
428microbiology.
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