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The photopharmacology incorporated with molecular photoswitches offers a promising solution to funda-
mentally address the problem of bacterial resistance, simultaneously realizes the spatiotemporal precision
treatment through remote light control. However, most of reported photoswitchable drugs are limited by
the need of ultraviolet (UV) light, which is often damaging and not suitable for tissue penetration. There-
fore, the development of photopharmacological agents triggered by visible light, especially near-infrared
(NIR) light is highly desirable for future photoswitchable antibiotics. Herein, a novel photopharmacolog-
ical antibacterial agent DTE-FQ was designed and synthesized by the incorporation of dithienylethene
(DTE) molecular photoswitch and fluoroquinolones (FQ) antimicrobial drug norfloxacin bridged by pyri-
dinium group and flexible butyl chain. As expected, as-prepared DTE-FQ presents efficient photoswitch-
ing behavior in various solutions upon alternating irradiation with blue light (460-470 nm) and NIR light
(730-740 nm). Simultaneously, it shows significant and reversible configurational transition by the syn-
ergistic effect of DTE photoswitch and flexible butyl chain. Most remarkably, DTE-FQ reveals an at least
4-fold difference in activity against Escherichia coli (E. coli) for ring-open and ring-closed isomers, and
a distinct change in bacterial growth is observed by in situ irradiation with NIR light in the presence
of E. coli. These results are further confirmed by the molecular docking to DNA gyrase. The chain-like
configuration of DTE-FQ treated with NIR light, inserted between the double-stranded DNA restraining
the replication of DNA. Whereas the coiled configuration obtained by blue light irradiation, remained in
the vicinity of the double-stranded DNA showing weak antibacterial activity. As far as we know, it rep-
resents the first example of blue-/NIR light-triggered photopharmacological antibacterial agent based on

DTE switch so far, indicating its potential for in vivo photopharmacological applications.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Conventional antibiotics used to treat bacterial infectious dis-
eases are being compromised by the emergence of multidrug-
resistant (MDR) bacteria, which stems from the excessive accumu-
lation of antibiotics in the environment and organisms due to their
overuse and misuse in healthcare and animal husbandry [1-5].
Besides, the common serious adverse effects are another plagues
for long-term antibiotic therapy. For example, safety concerns re-
garding fluoroquinolones (FQ) as a class of synthetic and broad-
spectrum antibiotics are still being raised as the Food and Drug Ad-
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ministration (FDA) announced in 2016 (e.g., nerve damage, tendon
rupture, and selection of resistant pathogens) [6,7]. Such a decline
in the reliability of these traditional antibiotics is particularly trou-
bling in the face of an increasing prevalence of MDR bacteria and a
slower pace of antimicrobial innovation over the past five decades
[8]. Therefore, exploring non-traditional therapeutic approaches to
combat antibiotic resistance is urgently needed.

Fortunately, the emerging photopharmacology will provide a
radical solution to systemic side effects and the drug resistance [9-
23], in which the molecular photoswitch is commonly incorporated
to externally control the biological activity of drug molecules via
photoirradiation to facilitate high spatiotemporal precision treat-
ment. In the current photopharmacological study, the azobenzene
featured by trans-cis isomerization is the most frequently utilized
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photoswitches thanks to synthetic accessibility, robust photochem-
ical performance and large change in geometry [24]. Scenarios of
the successful utilization of photopharmacology based on azoben-
zene include vision restoration [25], antitumor therapy [26], ion
channels [27], photoresponsive enzyme inhibitors [28], photocon-
trolled antimicrobials [29-31], and so forth. Although azobenzene-
based photopharmacological agents have been extensively devel-
oped, the potential toxicity and thermodynamic instability have
become limitations to their in vivo applications [32]. Additionally,
poor cellular stability is also an ongoing concern since azoben-
zene is readily degraded to hydrazobenzene products by reduc-
tion of the intracellular glutathione (GSH, up to 10 mmol/L) [33].
As a consequence, the development of alternative photoswitches
for azobenzene to prepare novel photopharmacological agents is
highly desirable and remains a huge challenge.

As an alternative, dithienylethene (DTE), which can switch
between ring-open and ring-closed isomers accompanying with
changes in configuration and electronic structure, is appealing for
photopharmacological applications due to their low toxicity, excel-
lent thermal stability and robust fatigue resistance [34-39]. Against
this backdrop, several photopharmacological agents bearing DTE
photoswitch have been successfully developed in recent years, e.g.,
anticancer therapy [40,41], photocontrolled enzyme inhibitor [42-
46], insect receptor [47], and antimicrobials [48-50]. So far, how-
ever, relatively few investigation on DTE-based photopharmacology
has been carried out despite their convincing photoswitching per-
formance. In addition, the application of DTE switch in photophar-
macology is mostly limited by the demand of ultraviolet (UV) light
induced photoisomerization. UV light shows a limited tissue pen-
etration depth and high toxicity to healthy cells [51,52]. More re-
cent studies have been devoted to designing and exploiting visible
light-driven DTE switches for potential biological applications [53-
58]. The following general principles have been identified: upcon-
verting nanoparticles, triplet sensitization, extended s -conjugation
systems, multiphoton absorption, etc. Recently, our group has suc-
cessfully developed a sequence of efficient visible/near-infrared
(NIR) light-triggered DTE derivatives bearing electron-withdrawing
difluoroboron B-diketonate (BF,bdk) groups by “acceptor synergis-
tic conjugation system” strategy (Fig. S1 in Supporting information)
[56-58]. Inspired by these successful cases mentioned above, we
speculate that incorporation of the conjugated DTE fragment with
electron-withdrawing acceptor into certain drug molecule will be
promising to obtain efficient visible/NIR light-excited photophar-
macological agents based on DTE switch.

To validate this hypothesis, we have rationally designed and
prepared a novel DTE-based photopharmacological antibacterial
agent DTE-FQ (Fig. 1a) by incorporating conjugated DTE moi-
ety with pyridinium acceptor into fluoroquinolone antimicrobial
drug (norfloxacin), in which pyridinium group serves as both hy-
drophilic acceptor (A) and bacterial membrane-targeting moiety,
and the butyl chain between DTE unit and norfloxacin acts as
a flexible linker, respectively. In such photopharmacological sys-
tem, the molecular design principle for the incorporation of pyri-
dinium group has endowed DTE-FQ with four main superiorities:
(I) Redshifting absorption wavelength by reducing orbital energy of
the ring-open isomer, (II) extending excitation and emission wave-
lengths, (III) enhancing photoswitching performance and (IV) in-
creasing water solubility and bacterial membrane-targeting ability.
As expected, as-prepared DTE-FQ presents efficient photochromic
properties and fluorescence switching behavior in solutions of dif-
ferent polarity upon alternating irradiation with blue light (460-
470nm) and NIR light (730-740 nm). Most remarkably, the ring-
open isomer of DTE-FQ exhibits 4 times higher activity against
E. coli (E. coli) compared to the ring-closed isomer after radiated
by blue light. As far as we know, this represents the first case of
blue-/NIR light-triggered photopharmacological antibacterial agent
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Fig. 1. (a) Design rationale of NIR light-triggered photopharmacological agent DTE-
FQ by the incorporation of DTE molecular photoswitch and FQ derivative nor-
floxacin bridged by pyridinium group and flexible butyl chain. Radiated by blue
and NIR light, it shows reversible transition of ring-closed DTE-FQ(c) and ring-open
DTE-FQ(0) isomer respectively. (b) Schematic diagram of remote spatial and tem-
poral control of bioactivity for DTE-FQ. When the inactive DTE-FQ(c) with coiled
configuration reach to the site of action in body, radiation of NIR light can trigger
the activity by the formation of DTE-FQ(o) with chain-like configuration. After re-
lease into environment, radiation of blue or day light can further induce the inactive
DTE-FQ(c).

based on DTE switch, marking a significant advance in the re-
versible photocontrol of antibacterial agents in vivo with biocom-
patible NIR light in the therapeutic window. The as-prepared DTE-
FQ also displays promising application prospect in the field of
smart drugs. As illustrated in Fig. 1b, a low dose of DTE-FQ after
treated by blue light are safe to healthy cells in the body. When
this drug reached its site of action, it possesses antibacterial ac-
tivity against E. coli. by in situ irradiated with NIR light. Therefore,
the NIR light-triggered photoisomerization mode of DTE-FQ pro-
vides more safe and spatio-temporal controllable treatment in or-
ganisms.

According to the relationship between the structure and activ-
ity of FQ drugs [59], the N atom in the piperidine group of FQ
is generally recognized as the modification site without loss of
antibacterial potency. Hence, a novel DTE-based fluoroquinolone
derivative (DTE-FQ) has been rationally designed by directly con-
necting pyridinium-functionalized conjugated DTE switch to nor-
floxacin via a flexible butyl chain. As depicted in Scheme S1 (Sup-
porting information), the target DTE-FQ is prepared by the Knoeve-
nagel condensation reaction between DTE-CHO (3) and 4-methyl
pyridinium-subsituted norfloxacin (5) by using piperidine as a
catalysis in anhydrous EtOH, followed by counter ion exchange
with saturated aqueous NH4PFg in a yield of 51%. Its chemical
structure is well characterized by 'H nuclear magnetic resonance
(NMR), 13C NMR, high-resolution mass spectrometry (HRMS) and
infrared (IR) spectrum (Figs. S24-S30 in Supporting information).
From 'H NMR spectrum of DTE-FQ, the coupling constants of the
chemical shifts at 7.06 and 6.97 ppm assigned to carbon-carbon
double bond are ca. 17.2 Hz, suggesting a stable trans-configuration
for ethylene bond in DTE-FQ.

With this DTE-based fluoroquinolone derivative DTE-FQ in
hand, its photoswitching behavior is subsequently explored in
different polar solvents under alternating irradiation with blue
light (460-470nm) and NIR light (730-740nm). As illustrated
in Fig. 2a and Table 1, the ring-open isomer of DTE-FQ (de-
noted as DTE-FQ(o)) clearly shows a strong absorption peak at
448nm (£=2.86x10*L mol~! cm™!) in the visible region in
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Fig. 2. The absorption spectra changes of DTE-FQ in dichloromethane (2.0 x 10~> mol/L) upon alternating irradiation with blue light at 460-470 nm (a) and NIR light at 730-
740 nm (b). The insets show the corresponding color changes upon photoirradiation. The fatigue resistance of DTE-FQ in dichloromethane for ten cycles (c). The absorption
spectra of DTE-FQ before and after irradiation with blue light in various solvents (2.0 x 10~> mol/L) (d). Optical response rate of DTE-FQ upon blue light irradiation in various
solvents (2.0 x 10~> mol/L) by monitoring changes in the maximum absorption wavelength (Amax) of DTE-FQ(c) (e). The thermal stability of DTE-FQ in dichloromethane

(2.0 x 10~ mol/L) at 40 °C by monitoring changes in Amax of DTE-FQ(c) at PSS (f).

Table 1

Photochromic and fluorescent parameters of DTE-FQ in various solvents (2.0 x 10~ mol/L).
Solvents Amax® (nm) (6x1074, L mol~! cm~1) Amax” (nm) (6x1074, L mol~! cm™") Vot ¥col Aem® (NM) o) 7 (ns)
CH,Cl, 448 (2.86) 726 (2.26) 0.37 0.008 590 0.18 0.77
CHCl; 448 (1.55) 728 (1.17) 0.31 0.007 572 0.11 1.30
DMSO 418 (2.34) 662 (0.73) 0.075 0.008 540 0.07 0.40

2 Absorption maxima of ring-open isomers.
b Absorption maxima of ring-closed isomers.
¢ Cyclization quantum yields.

d Cycloreversion quantum yields.

¢ Fluorescence emission maxima.

f Fluorescence quantum yield determined by a standard method with rhodamine 6G in water (@t =0.75, Aex =488 nm) as the reference.

dichloromethane, which is derived from intramolecular charge
transfer (ICT) transition between DTE moiety and pyridinium ac-
ceptor [60-63]. Upon irradiation with blue light, a NIR absorption
band centered at 726nm (& =2.26 x 10*L mol~! cm~!) gradually
appears accompanied with the color change from yellow to green
(Fig. 2a, insets), indicating the conversion from ring-open isomer
DTE-FQ(0) to ring-closed isomer DTE-FQ(c). Surprisingly, it takes
14 s for blue light irradiation to reach the photostationary state
(PSS). Importantly, a clean isosbestic point at 522 nm pointing to
high fatigue resistance is observed, suggesting a smooth transi-
tion of DTE-FQ(o) and DTE-FQ(c). Furthermore, NIR light excita-
tion (A =730-740 nm, 180s) of the green isomer triggers a cyclore-
version reaction to regenerate its initial yellow isomer (Fig. 2b).
Particularly, decent fatigue resistance can be observed by alter-
nating irradiation of blue and NIR light ten times (Fig. 2c¢ and
Fig. S2 in Supporting information), probably due to the inhibi-
tion of photo-byproducts generation pathways under mild irradia-
tion conditions. The cyclization and cycloreversion quantum yields
of DTE-FQ in dichloromethane are recorded as @o..=0.37 and
@c-0=0.008, respectively (Table 1). When exposed to blue light
and NIR/Red light, DTE-FQ presents similar photochromic behav-
iors in CHCl3 and DMSO, as depicted in Figs. S3-S12 (Supporting
information) and Table 1. In sharp contrast with that in DMSO,
both open and closed isomers have a pronounced bathochromic
shift in halogenated solvents with low polarity, i.e., CH,Cl, and
CHCl; (AA =30nm for open form and AA =66 nm for closed form,

respectively) (Fig. 2d and Table 1). Such a large redshift can be at-
tributed to the formation of J-aggregation in poor solvents with
low polarity (CH,Cl, and CHCl3), as shown in Fig. S13 (Support-
ing information). Compared to those in CHCl, and DMSO, it under-
goes a noticeable degradation after two cycles in CHCl3, as shown
in Fig. S6. In addition, it takes less time to reach PSS in low-
polarity solvents (i.e., 14s in both CH,Cl, and CHCl3) compared to
100s in DMSO, implying that the optical response rate of DTE-FQ
in CH,Cl, and CHCl3 is much faster than that in DMSO (Fig. 2e).
As expected, the corresponding ¢,.c decreases as the polarity of
the solvent increases (such as ¢o--=0.37 in CH,Cly, ¢o-c=0.31 in
CHCl3, and ¢o-c =0.075 in DMSO). This is attributed to the fact that
the excited state of the ring-open form in DMSO with large polar-
ity dominates with the inactive twisted conformation with a large
dipole moment [64,65]. Compared to the previously reported DTEs
with the extended m-conjugation system [66,67], DTE-FQ with the
acceptor synergistic conjugation system showcases a much big-
ger ¢o-c. In brief, DTE-FQ presents an exceptional blue/NIR light-
triggered photochromic behavior in different solvents, in which the
incorporation of norfloxacin fragment has little detectable effect on
its photoswitching performance.

Subsequently, the photoisomerization of DTE-FQ is further
evaluated via 'H NMR spectral variations in DMSO-dg. As de-
picted in Fig. S14 (Supporting information), the proton signals
of thiophene groups in closed form DTE-FQ(c) (§(H,')=6.66 ppm,
S8(He')=6.89 ppm) display an obvious upfield shift compared to
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those of its corresponding open form DTE-FQ(o) (6(Ha)=7.25ppm,
S8(He)=732ppm), which is attributable to the electron shielding
effect of closed form with an extended m-conjugation. According
to 'H NMR results, a photocyclization conversion ratio of 47.4%
is determined at PSS. Moreover, thermal stability investigated in
dark condition is an important criterion for evaluating the pho-
toswitchable performance of photopharmacological agents [68]. As
illustrated in Fig. 2f, the absorption spectra of DTE-FQ at PSS re-
mains almost the same after keeping in dark for 600 min at 40 °C,
revealing its good thermal stability and a larger ground state ac-
tivation energy difference that is not conducive to thermal state
activation energy difference that is not conducive to thermal cy-
cloreversion reaction. Moreover, the thermal half-life time is esti-
mated to be 142h in CH,Cl,, 185h in CHCl3 and 172 h in DMSO at
40 °C (Fig. S15 in Supporting information).

Considering intense emission performance of norfloxacin, the
subsequent investigations are focused on fluorescent switching
behavior in three various solvents. As depicted in Figs. 3a and b,
a bright orange-yellow fluorescence with the maximum emission
at 590nm for the open isomer DTE-FQ(o) is observed prior to
irradiation and relative fluorescence quantum yield is estimated
to be @;=0.18 in dichloromethane. When irradiated with blue
light at 460-470 nm, the emission intensity at 590 nm is gradually
decreased along with the fading of orange-yellow fluorescence
and a detectable blue shift of the maximum emission wavelength
(Fig. 3g), which can be attributed to the re-absorption process
of the fluorescence. At PSS, the emission intensity of DTE-FQ(o)
is only quenched by ca. 56% due to partial overlap between the
emission spectrum of DTE-FQ(o) and absorption spectrum of DTE-
FQ(c) (Fig. 3d). The irradiation of NIR light (730-740 nm) triggers
the original orange-yellow emission resulting from the formation
of DTE-FQ(c) (Fig. 3c). As shown in Figs. S16 and S17 (Supporting
information), similar fluorescent switching process is detected
in CHCl3 and DMSO under the same light irradiation. Compared
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to that in CH,Cl,, the emission peak of DTE-FQ(o) displays a
significant hypochromatic shift in CHCl; and DMSO (AA=18
and 50 nm, respectively) (Fig. 3e and Table 1), which is basically
consistent with the change of absorption spectra. Meanwhile, the
time-resolved decay curves reveals that DTE-FQ(o) has shorter
lifetime ranging from 7 =0.40-1.30ns in three different solvents
(Fig. 3f and Table 1). In brief, DTE-FQ exhibits solvent-dependent
fluorescent switching behaviors.

To further gain deeper insight into blue light-driven photo-
switching behaviors of DTE-FQ, density functional theory (DFT)
calculations are performed to explore electronic properties and
the optimized geometries of its open and closed isomers at the
B3LYP/6-31G* level using the Gaussian 09 program [69]. As de-
picted in Fig. 4a, the highest occupied molecular orbital (HOMO)
orbital energy of DTE-FQ(o) is mainly localized around the left
thiophene and benzene groups, whereas its lowest unoccupied
molecular orbital (LUMO) is largely distributed over the right thio-
phene and electron-deficient pyridinium moieties linked by the
vinyl bond. Such partially separated HOMO and LUMO orbitals in-
dicates that ICT transition can occur between the pyridinium ac-
ceptor and DTE donor in the excited state, which endows with the
ability to excite photocyclization by visible light. For DTE-FQ(c),
the HOMO is distributed on the central DTE core and groups di-
rectly connected on its both sides. As expected, a narrower energy
band gap (Eg=1.75eV) for DTE-FQ(c) is detected in comparison to
DTE-FQ(0) (Eg=2.64eV) as a result of the extended 7 conjuga-
tion system for closed form. Based on their optimized molecular
structures, the calculated electrostatic potential (ESP) analysis of
both DTE-FQ(o) and DTE-FQ(c) is conducted to verify the poten-
tial binding process and change in the dipole moment. ESP sur-
faces from Fig. 4b indicate that the positive m-charge is mainly
distributed in the pyridinium group, which will tend to bind with
the negative bacterial membrane via electrostatic interactions. No-
ticeably, an enhanced dipole moment for DTE-FQ(c) is determined

Fig. 3. The fluorescence spectra changes of DTE-FQ in dichloromethane (2.0 x 10~> mol/L) upon alternating irradiation with blue light at 460-470 nm (a, b) and NIR light at
730-740nm (c) (Lex =450 nm, slit width (Ex and Em): 10.0 nm). (Inset) Corresponding fluorescent color changes upon photoirradiation. The emission spectrum of DTE-FQ(0)
and absorption spectrrum of DTE-FQ(c) (d). The normalized fluorescence spectra of DTE-FQ(0) in various solvents (2.0 x 10~> mol/L) before photoirradiation (e) (slit width (Ex
and Em): 10.0 nm). (Inset) Corresponding fluorescence photographs before photoirradiation. The fluorescence decay curves of DTE-FQ(o) in various solvents (f). Photochromic

reaction of DTE-FQ along with changes in fluorescence (g).
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Fig. 4. Frontier molecular orbital profiles of DTE-FQ(0) and DTE-FQ(c) (a), the calcu-
lated electrostatic potential surfaces of DTE-FQ(o) and DTE-FQ(c) (blue region rep-
resents the positive work and the red region represents the negative work) (b), and
the energy-minimized structures of DTE-FQ(o) and DTE-FQ(c) (c) based on DFT cal-
culations at the B3LYP/6-31G* level using the Gaussian 09 program.

to be 24.69 D compared to that of DTE-FQ(o0) (i =19.33 D), im-
plying an obvious polarity change during photoisomerization. As
illustrated in Fig. 4c, the energy-minimized structure of DTE-FQ(o)
displays a classical antiparallel conformation, which is conducive
to the photocyclization reaction. From side view of DTE-FQ(o), the
plane of DTE unit is almost perpendicular to the plane of nor-
floxacin, and two planes tend to be approximately parallel after cy-
clization. Thereby it indicates a large change in configuration due
to the presence of flexible C4 chains before and after irradiation,
which will be of great significance for the photocontrol of antimi-
crobial activity. Consequently, the DFT calculations further validate
the above photochromic experiment results and has certain guid-
ing significance for the evaluation of the difference in antibacterial
activity.

The excellent blue/NIR light-excited photoswitchable behavior
and apparent changes in polarity and configuration during pho-
toisomerization inspire us to further investigate antimicrobial ac-
tivity in vitro of DTE-FQ before and after irradiation with blue
light. Accordingly, Gram-positive Staphylococcus aureus (S. aureus)
and Gram-negative E. coli (E. coli) are employed to evaluate its
reversible antimicrobial performance by the standard broth dilu-
tion method. As depicted in Fig. 5a, DTE-FQ after NIR light irradia-
tion (minimum inhibitory concentration (MIC)=2.0pg/mL) shows
4 times higher activity against E. coli than that irradiated with
blue light (MIC =8.0ug/mL). Whereas, almost the same lower an-
timicrobial activity against S. aureus (MIC =16 ug/mL) was detected
under the same conditions abovementioned. In comparison, nor-
floxacin displays more antibacterial activity (MIC=0.125ug/mL)
against both S. aureus and E. coli. Notwithstanding, there are no
differences after blue/NIR light irradiation for norfloxacin. From the
perspective of practical applications, the NIR light-controlled an-
timicrobial activity of DTE-FQ molecular switch shows higher spa-
tiotemporal precision treatment and more safety to organism. To
verify this point, antibacterial experiments of DTE-FQ after blue
light irradiation were performed in the presence of E. coli. The
bacterial growth curves exhibit that low dose (2.0 pg/mL for exam-
ple) of DTE-FQ has no antimicrobial activity against E. coli (Fig. 5b).
When in situ irradiation with NIR light, it shows efficient inhibition
of bacterial growth (Fig. 5c). Therefore, these experimental results
indicates that ring-open isomerization of DTE-FQ can be achieved
by nontoxic NIR light with affecting bacterial growth. This marks
a significant advance in the reversible photocontrol of antibacterial
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Fig. 5. (a) The antibacterial activity (MIC) of DTE-FQ and norfloxacin (treated with
blue or NIR light) against E. coli ATCC 25,922 and S. aureus ATCC6538. Bacterial
growth curves of E. coli ATCC 25,922 at increasing concentrations of DTE-FQ, sam-
ples after irradiation with blue light (b) and samples treated with blue light and
then in situ irradiation with NIR light (A =730-740nm) in the presence of bacteria
(c). Error bars show standard deviation calculated from measurements in triplicate.
The docking of the open isomer DTE-FQ(o) (d, e) and closed isomer DTE-FQ(c) (f,
g) to DNA gyrase. The PDB protein data of DNA is used for the molecular docking
study (PDB code: 2XCS, https://www.pdbus.org/structure/2XCS). And the protein is
optimized for hydrogenation and protonation before docking.

agents in vivo with biocompatible NIR light located in the thera-
peutic window. As far as we know, it represents the first exam-
ple of blue-/NIR light-triggered photopharmacological antibacterial
agent based on DTE switch so far, indicating its potential for in
vivo photopharmacological applications. Besides, the 460-470 nm
blue light employed to drive open-to-closed isomerization coin-
cides with the highest intensity region of natural day light. Accord-
ingly, day light can also be utilized to trigger the photocyclization
reaction (Fig. S18 in Supporting information). It is hereby predicted
that radiation of day light can induce the inactive DTE-FQ(c) after
release into environment.

Whereafter, the molecular docking of DTE-FQ to DNA gyrase
(one of type IIA topoisomerases) is carried out at the Sybyl X soft-
ware V2.0 in order to rationally expound the discrepancy in an-
tibacterial activity of both open and closed forms. Before molecular
docking, all the proteins in PDB protein data of DNA are optimized
for hydrogenation and protonation [70,71]. From Figs. 5d and e and
Fig. S19 (Supporting information), the norfloxacin fragment of the
open isomer DTE-FQ(o) is capable of insert between the double-
stranded DNA probably due to its suitable configuration (Fig. S20 in
Supporting information) and some weak interactions with the DNA
base, which favors cleaving DNA and thus inhibiting the replication
of DNA. In comparison, the coiled configuration of DTE-FQ(c) in the
docking system leaves the antimicrobial molecule remaining only
in the vicinity of the double-stranded DNA (Figs. 5f and g, Figs. S21
and S22 in Supporting information), so this will be detrimental to
exert the effect of DTE-FQ(c) on DNA replication. Besides, we iden-
tify 15 active-site residues in the PDB protein that interact with
DTE-FQ(o) and DTE-FQ(c) at high frequencies (Fig. S23 in Support-
ing information), respectively, although the difference is less pro-
nounced. In brief, the docking results provides a rationale for sig-
nificant difference in antibacterial activity between the two pho-
toisomeric states DTE-FQ. This is an obvious prerequisite for the
light-triggered photopharmacology.

In summary, we have successfully developed a novel DTE-based
photopharmacological antibacterial agent (DTE-FQ) by incorpora-
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tion of the conjugated DTE moiety with pyridinium acceptor into
norfloxacin. The combination of experiments and theoretical calcu-
lations reveal the following results: Firstly, the synergistic effect of
the DTE photoswitch and flexible butyl chain can lead to signifi-
cant change in molecular configuration for DTE-FQ. The ring-open
state of DTE-FQ with proximate chain-like configuration can in-
sert between the double-stranded DNA restraining the replication
of DNA, whereas the ring-closed isomer exhibiting coiled config-
uration and large steric hindrance remained in the vicinity of the
double-stranded DNA. Secondly, the positively charged pyridinium
group tends to bind with the negative bacterial membrane via
electrostatic interactions. More importantly, the electron-deficient
pyridinium moiety linked with vinyl bond not only promotes the
photocyclization efficiency, but also extends the triggered cyclore-
version reaction to NIR light region. Photopharmacological exper-
iments show that the DTE-FQ antibacterial agent treated by blue
light has no antibacterial activity against E. coli in a low dose
(2.0pg/mL). In situ irradiated with NIR light, the bacterial growth
can be efficiently inhibited. Therefore, this work not only provides
an effective way to trigger the antibacterial activity of photophar-
macological agents by NIR light, solving the problem of tissue pen-
etration and high toxicity to healthy cells from UV light, but also
displays promising application prospect of safe and spatiotempo-
ral precision treatment through remote light control. As we have
seen, this represents the first case of blue-/NIR light-triggered pho-
topharmacological antibacterial agent based on DTE switch so far,
marking a significant advance in the reversible photocontrol of an-
tibacterial agents in vivo with biocompatible NIR light in the ther-
apeutic window.
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