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Light-induced disruption of an acyl hydrazone link
as a novel strategy for drug release and activation:
isoniazid as a proof-of-concept case†
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Aldehydes and acyl hydrazines have been employed in a conjugation reaction that produces an acyl

hydrazone bridge. A drawback to this linkage is hydrolysis, which prevents its broader use in a controllable

manner. We have developed a new strategy for the cleavage of this group using a ruthenium(II) metal

complex as a photogenerator of singlet oxygen. Isoniazid, an anti-tuberculosis prodrug, was chosen as a

proof-of-concept compound; in this case it was coupled to an aldehyde-derivative trisbipyridine ruthe-

nium(II) metal complex. Studies carried out using HPLC, MS, EPR, fluorescence and UV-vis showed that

light could efficiently disrupt the acyl hydrazone linkage with the production of an isonicotinoyl radical. In

addition, biological studies showed that bacterial strains and cancer cells became susceptible upon light

irradiation. These results support a novel strategy of photoactivation based on a ruthenium metal complex

conjugated to a pro-drug through an acyl hydrazone linkage, opening a broad range of applications.

Introduction

During the last decades, the number of tuberculosis (TB) cases
has increased worldwide, particularly those caused by multi-
and extensively drug-resistant strains.1 This global threat has

motivated several initiatives and the production of new anti-
tuberculosis drugs, namely bedaquiline (2012) and delamanid
(2013).2 The scope of these drugs is limited to their use as a
third-line treatment against Mycobacterium tuberculosis (Mtb),
the major causative agent of TB. The shortage of
efficient drugs against other mycobacterial infections (e.g.
Mycobacterium leprae and Mycobacterium ulcerans) is even more
remarkable. This has stimulated the search for new drugs.

The current tuberculosis treatment uses a cocktail of drugs
that were approved during the 1950s and 1960s. Several of
these anti-TB agents are prodrugs such as isoniazid, pyrazina-
mide, ethionamide, and p-aminosalicylic acid, including the
most recently approved delamanid.2 Interestingly, in clinically-
isolated Mtb strains, the most recurrent mechanism of resis-
tance relies on the disruption of the routes of biological acti-
vation of these prodrugs.2 Since 1952, isoniazid has been a
frontline prodrug in clinical use, but its use has suffered from
a large number of resistant strains of Mtb and unpleasant side
effects.2 In particular, about 50% of the isoniazid-resistant
clinical Mtb isolates have showed deletions or mutations in
the catalase-peroxidase enzyme, KatG, that is responsible for
the activation of isoniazid.3,4 This activation process is an oxi-
dative reaction catalyzed by KatG, which can be mimicked by
manganese(III) complexes and others.5–7 Attempts to oxidize
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isoniazid directly with hydrogen peroxide, for example, have
had marginal success.8

Among the new strategies for drug development, those
using metal complexes have stood out due to innovative propo-
sals and promising biological results.9–14 A new approach for
tuberculosis drug treatment was developed in our lab by modi-
fying isoniazid using an iron moiety (pentacyanoferrate(II)).15

This new compound, known as IQG607, had the ability to
generate activated isoniazid without enzymatic processing.5,8

This finding has motivated further chemical6,8,16,17 and bio-
logical studies.18–22 Indeed, stoichiometric amounts of hydro-
gen peroxide fully oxidized isoniazid bound to iron within a
few minutes; such an oxidation cannot be achieved with free
isoniazid even after 6 hours.8 A series of studies have sup-
ported that a non-Fenton reaction takes place, where most
likely an intramolecular electron transfer process of activation
occurs.5,6,17 The biological mechanism of action of IQG607,
however, might not be through a redox-mediated activation, as
originally proposed.5,23 Nonetheless, this metal compound has
shown great anti-tuberculosis activity, with a favorable toxico-
logical profile compared to free isoniazid, and it has been
increasingly used in pre-clinical trials.20–23

Ruthenium complexes containing isoniazid have also been
prepared and have shown potential anti-mycobacterium
activity.24–26 The photorelease of isoniazid has been pursued
as a new uncaging strategy, using either bipyridine-based24 or
terpyridine-based25 ruthenium complexes, giving promising
results. These complexes, however, did not tackle the acti-
vation step: an important issue that is at the core of isoniazid
resistance. Therefore photo-uncaged isoniazid would still be
subject to resistance by Mtb strains with mutated KatG. To
address this key issue, a proof-of-concept compound was pre-
pared by coupling a trisbipyridine-like ruthenium(II) complex
with isoniazid conjugated through an acyl hydrazone linkage,

aiming to release activated isoniazid under blue-light
irradiation (Fig. 1). The acyl hydrazone linkage has been
widely used, but it has drawbacks, particularly due to hydro-
lysis, while light has only promoted photoisomerization.27,28

Here, we show evidence that the use of light coupled to a
ruthenium(II) complex can selectively disrupt this acyl hydra-
zone group. This novel approach may be broadly used to
photorelease and activate many other biologically active
species.

Experiment
Materials

All reagents such as isoniazid, 4,4′-dimethyl-2,2′-bipyridine,
sodium azide, tris-HCl, superoxide dismutase (SOD), catalase,
D-mannitol, selenium dioxide, 1-hydroxybenzotriazole hydrate
(HOBT), N-methylmorpholine (NMM), ruthenium(II) trisbipyri-
dine chloride (Ru-bpy), and tetrabutylammonium perchlorate
(PTBA) from Sigma-Aldrich-Merck, acetonitrile, methanol
(MeOH) HPLC grade from Tedia (Brazil), ruthenium(III) chlor-
ide hydrate from Precious Metals Online (PMO, Australia) Pty
Ltd, and sulfuric acid and trifluoracetic acid (HTFA) from
Merck were of analytical grade and were all used as received.
Acetone (Mallinckrodt) was treated with sodium sulfate and
then distilled and stored over 4 Å molecular sieves. Precursor
cis-[Ru(bpy)2(mbpy-COH)](PF6)2 (Ru-CHO), where bpy = 2,2′-
bipyridine and mbpy-COH = 4′-methyl-2,2′-bipyridine-4-carbox-
aldehyde, was prepared as reported elsewhere (elemental ana-
lysis, experimental (theoretical): C, 42.76 (42.63); H, 2.89
(2.91); N, 9.24 (9.32); FTIR (KBr pellet): νCvO, 1708 cm−1; E1/2
(0.1 mol L−1 PTBA, vs. Ag|AgCl) 1.357 V, HRMS (m/z): theore-
tical 306.061 and found 306.061 [M]2+ and theoretical 322.074
and found 322.075 [M + MeOH]2+; 1H-NMR (dimethyl-

Fig. 1 Chemistry of the acyl-hydrazone conjugation group. In panel A, we show the common changes reported for this group, either hydrolytic dis-
ruption or photoisomerization. In panel B, we show a new strategy for the controlled cleavage of acyl hydrazone by coupling to a singlet-oxygen-
generator species (e.g. trisbipyridine ruthenium(II)). Once this highly reactive species is produced with light, it disrupts the acyl hydrazone linkage. If
R1 is the 4-pyridyl group coupled to a ruthenium metal complex, then this compound (Ru-INH) might be able to give an isonicotinoyl radical inter-
mediate, which is the activated form of the pro-drug isoniazid, which further decays into isonicotinic acid.
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sulfoxide-d6, 300 MHz): δ = 10.18 (s, 1H; CHO), 9.19 (s, 1H;
m3), 8.96 (s, 1H; m3′), 8.86 (d, 4H; b3,3′), 8.20 (m, 4H, b4,4′),
8.06 (d, 1H, m6), 7.86 (d, 1H, m5), 7.79 (d, 1H, m6′), 7.74 (d,
4H, b6,6), 7.56 (m, 4H, b5,5′), 7.43 (d, 1H, m5′), 2.47 (s, 3H,
CH3), see ESI Fig. S1†).29 Tryptic soy broth and tryptic soy agar
media used in the antimicrobial assays were obtained from
HiMedia (India). For cell culture conditions, phosphate
buffered solution (PBS; pH 7.4), heat-inactivated fetal bovine
serum (FBS), L-glutamine (200 mmol L−1), trypsin/EDTA solu-
tion (TE) and penicillin–streptomycin were purchased from
Gibco® (Thermo Fisher Scientific, USA). Roswell Park
Memorial Institute 1640 medium (RPMI 1640) and Dulbelcco’s
modified Eagle’s medium (DMEM) were purchased from
GE-Hyclone® (USA). CellTiter 96® aqueous MTS reagent
powder ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium]) was purchased from
Promega Inc (USA).

Synthesis of cis-[Ru(bpy)2(mbpy-INH)](PF6)2 (Ru-INH)

50 mg (0.055 mmol) of the precursor metal complex cis-[Ru
(bpy)2(mbpy-COH)](PF6)2 (Ru-CHO) and 23 mg (0.17 mmol) of
isoniazid (INH) were mixed in 40 mL of ethanol : water (1 : 1).
This mixture was kept under argon, light protected and
refluxed for 7 h. Subsequently, a saturated solution of NH4PF6
was added and a solid was collected and dried (49 mg,
0.048 mmol, yield 86%). Elemental analysis, experimental
(theoretical): C, 45.38 (45.04); H, 3.49 (3.50); N, 11.77 (11.82);
1H-NMR (acetone-D6, 300 MHz): δ = 11.92 (s, 1H; i6), 9.18 (s,
1H; m3), 8.90 (s, 1H; m3′), 8.81 (d, J = 8.4 Hz, 5H; b3, i2), 8.64
(s, 1H; i7), 8.22 (t, 4H; b4), 8.15 (m, 1H; m6), 8.05 (d, J = 8.4
Hz, 4H; b6), 7.91–7.71 (m, 4H; m5, m6′ and i3), 7.58 (m, 4H;
b5), 7.44 (d, J = 5.8 Hz, 2H; m5′), 2.60 (s, 3H, 4′-CH3) (see ESI
Fig. S2†); 13C-NMR (acetone-D6, 100.63 MHz): δ = 159.00 (Ci5),
158.23 (Cb2), 157.48 (Ci4), 152.79 (Cm2), 152.68 (Cb6), 151.85
(Ci2), 151.68 (Cm4′), 145.36 (Ci7), 144.45 (Ci3), 139.04 (Cb4),
129.87 (Cm5′), 128.87 (Cb5), 126.61 (Cm3′), 125.42 (Cb3, Cm5,
Cm6′), 122.23 (Cm3, Cm6′), 21.25 (Cm4′-CH3) (see ESI
Fig. S3†); HRMS (m/z): theoretical 365.585 [M]2+ and found
365.586 [M]2+.

Measurements

NMR spectra were obtained using a Bruker AVANCE DPX 300
spectrometer (300 MHz), in deuterated DMSO. Absorption
spectra of dilute solutions (ca. 5 × 10−5 mol L−1) were
measured using a spectrophotometer Cary 5000 model
(Agilent), and steady-state emission spectra were recorded
using a Quanta-Master QM-40 PTI-Horiba (exc. at 450 nm, slits
at 1 mm). Electrochemical measurements were carried out
using an Epsilon potentiostat (Bioanalytical Systems Inc.
(BAS), West Lafayette, IN) at 25 ± 0.2 °C using a conventional
three-electrode glass cell with glassy-carbon, platinum-wire,
and Ag/AgCl (KCl 3.5 mol L-1, BAS) as working, auxiliary, and
reference electrodes, respectively. All potentials reported in
this work are referenced against Ag/AgCl, corrected using ferro-
cene. Based on the cyclic voltammetry techniques, the half-

wave potentials (E1/2) were calculated, when possible, by aver-
aging the anodic and cathodic peak potentials.

Computational details

All density functional theory (DFT) calculations in this study
were performed using the Gaussian 09 program package, revi-
sion A.02 (Gaussian Inc., Wallingford, CT).30 The geometry of
the metal complex was optimized at the DFT level by means of
the B3LYP functional.31–33 The 6-31G(d) basis set was used for
C, H, O, and N atoms, and the LANL2DZ relativistic effective
core potential basis set was used for the Ru atom. Optimized
geometries in a minimum of the potential energy were con-
firmed by the absence of any imaginary frequency in
vibrational analysis calculations. On the basis of the optimized
geometries, time-dependent DFT (TD-DFT) was applied to
investigate the electronic properties of the metal complexes
and simulate the absorption spectra. TD-DFT calculations
were carried out in methanol solvent fields by means of a
polarizable continuum model.34 The molecular orbital compo-
sition, UV–vis spectra, and assignment of principal transitions
were extracted using Multiwfn35 and GaussSum 3.036 pro-
grams, respectively.

Chromatographic experiments

All chromatographic measurements were conducted with C-18
reverse-phase columns purchased from Waters; for photoreac-
tivity studies Sunfire column (250 mm × 4.6 mm, 5 μm particle
size) was used while for monitoring syntheses, μBondapak
(150 mm × 4.6, 10 μm particle size) was used. A gradient
elution of acetonitrile and HTFA solution pH 3.5 was used for
separation. All chromatographic experiments were performed
using a Shimadzu liquid chromatography (HPLC) instrument
equipped with a model LC-10 AD pump and a SPD-M20A UV-
visible (UV–Vis) photodiode-array detector with a CBM-10 AD
interface. Samples of 20 μL were injected along with standard
solution to identify and quantify the products.

A series of 0.25 mmol L−1 of Ru-INH was prepared in
aqueous solution, where pH was adjusted from 1 up to 13
using HCl or NaOH, and incubate for 15 h at 25 °C. After this,
these samples were injected into the HPLC and compared to
fresh standard solution. A liquid chromatography analytical
process was developed in which an initial gradient was used
from 20 to 50% acetonitrile (0 to 30 min) followed by a
decrease from 50 to 20% acetonitrile (30 to 35 min) and an iso-
cratic step at 20% acetonitrile (35 to 40 min). In addition to
this, 1 mmol L−1 of Ru-INH in ethanol was also monitored by
HPLC during blue LED irradiation (Basetech Conrand, 1.7 W).
Another analytical liquid chromatographic strategy was devel-
oped in which initially an isocratic step of 10% methanol (0 to
7.5 min) followed by a gradient from 10 to 40% methanol
(7.5 to 10.5 min) and a second isocratic step of 40% methanol
(10.5 to 25 min), then back to 10% methanol (25 to 35 min)
was employed for the latter.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2020 Inorg. Chem. Front., 2020, 7, 859–870 | 861

Pu
bl

is
he

d 
on

 1
5 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 P
on

tif
íc

ia
 U

ni
ve

rs
id

ad
e 

C
at

ol
ic

a 
do

 R
io

 G
ra

nd
e 

do
 S

ul
 o

n 
11

/1
6/

20
21

 4
:5

6:
00

 P
M

. 
View Article Online

https://doi.org/10.1039/c9qi01172b


Measurement of reactive oxygen species (ROS)

1,3-Diphenylisobenzofuran (DPBF) was chosen to measure the
quantum yield of singlet oxygen (1O2) generation by ruthenium
metal complexes. DPBF is a fluorescent probe that reacts selec-
tively with 1O2 to produce a non-fluorescent product. A series
of 2 mL air-saturated ethanol solutions containing DPBF
(20 μmol L−1) and the ruthenium metal complexes were pre-
pared in a 1 cm pathlength fluorescence cuvette and illumi-
nated with LED light of 463 nm (Basetech Conrand, 1.7 W) for
100 seconds. The consumption of DPBF by reaction with 1O2

was followed by fluorescence at the emission maximum
(excitation λex = 405 nm, emission λem = 479 nm) at different
irradiation times. Aminophenyl fluorescein (APF) was used to
measure the photogeneration of the hydroxyl radical (HO•) by
monitoring the increase of an emission band at 515 nm. A
quartz cuvette containing 600 μL of the metal complexes
(10 μmol L−1) in 0.1 mol L−1 in PBS (pH 7.4) was irradiated
with LED light of 463 nm (Basetech Conrad, 1.7 W) in the pres-
ence of APF (5 μmol L−1). Additional controls were prepared to
further validate singlet oxygen contribution to this reaction
using sodium azide and D-mannitol as 1O2 and hydroxyl sca-
venger agents, respectively.

Fluorescence study of the effect of oxygen and hydrogen peroxide

Two samples of 50 μmol L−1 of Ru-INH were prepared in
aerated and deaerated ethanol, which were irradiated with blue
LED (max. at 463 nm, 20 W) and their fluorescence spectra were
recorded (λex = 450 nm, slits at 1 mm). Additionally, a sample of
50 μmol L−1 of Ru-INH in ethanol was mixed with hydrogen per-
oxide and monitored by fluorescence.

Electron paramagnetic resonance (EPR)

EPR spectra of the isoniazid conjugated ruthenium metal
complex (5 mmol L−1) were recorded in acetonitrile solution,
containing 50 mmol L−1 of the spin trap N-tert-butyl-
α-phenylnitrone (PBN). They were acquired at 25 °C using a
Varian E-109 X-band instrument with a standard rectangular
cavity using a glass quartz flat cell (Wilmad) under blue-light
(463 nm) irradiation for 20 h. Measurement conditions were:
center field, 339 mT; sweep field, 10 mT; sweep time, 60 s;
MW power, 20 mW; gain, 2.0 × 103, modulation amplitude,
0.05 mT; modulation frequency, 100 kHz; time constant, 0.064
s; and MW frequency, 9.50390 GHz. Spectral simulations were
prepared using the EasySpin program37 with the following EPR
parameters for PBN: g = 2.0063, line width = 0.149 mT, AN =
1.638 mT, AH = 0.318 mT.

Mass spectrometry

The determination of the molecular mass of the compounds
was performed using an HPLC system (Agilent 1290 Infinity
LC System) consisting of a degasser, two binary pumps and a
thermostat (4 °C) auto-coupled with a Q-ToF-MS mass spectro-
meter (6550 iFunnel, Agilent Technologies). The mass spectra
of the components were obtained by ionization by ESI in posi-
tive ion mode, with the following parameters: centroid mode

at a rate of 1.0 spectrum per second (2 GHz). The capillary
voltage was set to +3.5 kV; the N2 drying gas flow rate was 6 L
min−1 at 300 °C and the nebulizer gas was at 30 psi. The con-
tinuous internal calibration was performed during the analysis
by the automatic calibration system using a calibration solu-
tion, comprising reference mass m/z 922.0097 (HP-0921, hexa-
quis (1H, 1H, 3H tetrafluoropropoxyphosphazine). Data acqui-
sition was performed over the range of m/z 100–1200. All
samples were diluted in methanol and, whenever mentioned,
blue-light irradiated.

DNA cleavage assays

The cleavage studies with DNA were carried out using commer-
cial pBR322 plasmid (NEB, USA) at 100 ng per well. The follow-
ing compounds were used in these experiments: Ru-CHO, Ru-
INH and Ru-bpy along with free isoniazid (INH). Each of them
was incubated for 1 h with the DNA in the dark or upon blue-
light irradiation (LED at 463 nm, 5 × 4.5 cm, 1.7 W) in Tris
buffer (pH 8.0). The concentration of Ru-INH was varied from
5 μmol L−1 to 50 μmol L−1, while those of the controls Ru-
CHO, INH and Ru-bpy were kept constant at 50, 50 and
20 μmol L−1, respectively, along with a standard linear 1-Kb
DNA ladder (NEB, USA). Another protocol to investigate the
species involved in the cleavage was performed as follows: 1 h
of blue-light irradiation of a Tris buffer (pH 8.0) containing
10 μmol L−1 of Ru-INH and sodium azide (20 mmol L−1), man-
nitol (20 mmol L−1), superoxide dismutase (SOD, 20 U mL−1)
and catalase (20 U mL−1) as selective scavengers for the reac-
tive oxygen species 1O2, HO•, O2

− and H2O2, respectively. All
samples were run in 0.8% (w/v) agarose gel for about
30 minutes and stained with GelRed (Biotium, USA), and
images of the gel were collected and analyzed using a Gel
DocTM XR + System (Biorad).

Biological assays

Microorganisms and culture conditions. The bacteria used
in this study included Staphylococcus aureus ATCC (American
Type Culture Collection) 25923, Staphylococcus epidermidis ATCC
12228, Pseudomonas aeruginosa ATCC 10145, Escherichia coli
ATCC 11303, Mycobacterium tuberculosis (H37Rv) and
M. tuberculosis (MDR, CDCT-16). These strains were stored in
tryptic soy broth (TSB) with 20% (v/v) glycerol at −80 °C. They
were inoculated in tryptic soy agar (TSA) plates and incubated
aerobically at 37 °C for 24 h. After growing on agar plates, indi-
vidual colonies were removed and inoculated in a 10 mL of a
fresh TSB medium and incubated for 24 h at 37 °C under steady
agitation. Prior to each antibacterial assay, the final cell concen-
tration was adjusted to 1 × 106 colony-forming units (cfu) mL−1.

Antibacterial assay. The susceptibility of the bacteria to the
ruthenium metal complexes and free isoniazid was evaluated
from the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of the com-
pounds. The MIC values were determined according to the
National Committee for Clinical Laboratory Standards M7-A6
(NCCLS, 2003), with minor modifications. Briefly, the com-
pounds were diluted in ultrapure sterile water at concen-
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trations ranging from 3.9 to 250 μg mL−1 and dispensed into
96-well plates, each of which had a bacterial suspension (1 ×
106 cfu mL−1) in TSB. These plates were subjected to
irradiation with blue LED (463 nm, 425 mW cm−2) for 1 h or
kept in the dark and then incubated overnight at 37 °C. The
MIC was defined as the lowest compound concentration that
completely inhibited visible bacterial growth. For the measure-
ments of MBC, 10 μL was removed from each well, where no
visible bacterial growth was observed, plated onto TSA plates,
and incubated at 37 °C. The MBC was considered to be the
lowest compound concentration for which colony growth was
not observed.

Cell lines and culture conditions. Human breast adeno-
carcinoma (MCF-7; HTB-22®), prostate carcinoma (LNCAP
clone FGC), human lung adenocarcinoma (A549; CCL-185®)
and murine fibroblast (NCTC-CL929) cell lines from ATCC®
(American Type Culture Collection, EUA) were purchased from
the bank of cells of Rio de Janeiro (BCRJ). The cells were main-
tained in T-25 flasks containing DMEM medium (L929 and
A549) or RPMI medium (MCF-7 and LNCAP) both sup-
plemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, 100 U ml−1 penicillin and 100 μg ml−1 streptomy-
cin, at 37 °C, under a humidified atmosphere containing 5%
CO2. The culture medium was routinely changed every three
days or when ca. 90% confluence was reached; then the cells
were treated with trypsin (0.025% trypsin/0.1% EDTA) and sub-
cultivated or used for viability assays. In all assays the cells
were used between passage numbers 3 and 10.

Cell viability assay. To determine the effect of the ruthenium
metal complexes on cell viability, we used the CellTiter 96
Aqueous MTS reagent powder (Promega), according to the
manufacturer’s instructions. After trypsinization with TE, the
cells (1.0 × 104 per 200 μl per well) were seeded into 96-well flat
bottom plates in DMEM or RPMI containing 10% FBS and
incubated overnight. After this, the supernatant was removed
and replaced by fresh culture medium (DMEM or RPMI) con-
taining different concentrations of the ruthenium metal com-
plexes or free isoniazid. Subsequently, these plates were sub-
jected to irradiation with blue LED (463 nm, 425 mW cm−2)
for 1 h or kept in the dark and then incubated overnight at
37 °C. Cell viability assays using MTS salt were performed at
48 h for all cell lines. Therefore, all culture medium was
removed and replaced with non-supplemented medium (DMEM
or RPMI) containing MTS tetrazolium salt. The optical density
was measured at 490 nm on a microplate reader (SpectraMax
i3). All assays were carried out in triplicate, for three indepen-
dent experiments, where cell viability was calculated using the
equation given below. In addition to this, controls of cells
without metal complexes and irradiated with blue light and
also controls of cells without light irradiation were prepared.

Cell viability %ð Þ ¼ ðAbs; averageODat 490nm compoundsð ÞÞ=
ðAbs; averageODat 490nm cell controlð ÞÞ � 100

Statistical analysis. The data obtained in the cell viability
assay are presented as mean ± SEM. Experimental data were

assessed by using Student’s t-test. P < 0.001 (***) and P < 0.05
(*) were considered as the level of significance. The values
were calculated using the software GraphPad Prism® 5.

Results and discussion
Characterization of the isoniazid-conjugated ruthenium metal
complex (Ru-INH)

The synthesis of Ru-INH was monitored by HPLC using a C18
reverse-phase column. In the beginning, only two peaks were
observed, with electronic spectra consistent with those of iso-
niazid (INH) (retention time (tR) = 2.2 min) and the precursor
aldehyde-bipyridine ruthenium(II) metal complex (Ru-CHO)
(tR = 9.8 min). After 7 hours, none of the precursor ruthenium
metal complex could be observed, and a major new peak
appeared (tR = 13.4 min) as indicated by HPLC (ESI Fig. S4†).
After isolation, this new metal complex was re-injected into the
HPLC, wherein a single peak was observed (tR = 13.4 min) indi-
cating a high level of purity. 1H-NMR analysis supported its
production through an efficient coupling reaction of the pre-
cursor aldehyde-based ruthenium(II) trisbipyridine (Ru-CHO),
where the aldehyde group disappeared while the number of
hydrogens increases in agreement with the conjugation (ESI
Fig. S1–S3†). Additionally, elemental analysis was fully consist-
ent with the formulation proposed, along with a high-resolu-
tion mass spectrum obtained using a qTOF mass spectrometer
(theoretical 365.5848 [M]2+; experimental 365.5862 [M]2+) (ESI
Fig. S5†). Mass spectrometry was also employed to monitor the
formation of the ruthenium metal complex, in which even
after 1 h of reaction at room temperature, it was possible to
observe the appearance of a signal with mass at 365.5862,
corresponding to Ru-INH. Infrared spectroscopy measure-
ments showed that the band assigned to the carbonyl stretch-
ing vibration mode of the aldehyde group, observed at
1708 cm−1 in the spectrum of Ru-CHO, disappeared while a
new one was observed at 1685 cm−1, which is assigned to the
CvO stretching mode of the acyl hydrazone group.
Additionally, the N–H stretching mode associated with the acyl
hydrazone moiety was observed at 3336 cm−1, supporting the
attachment of this fragment to the metal complex through the
bipyridine moiety (ESI Fig. S6†). The electronic spectrum of
Ru-INH showed typical intraligand bands along with a
shoulder at ca. 340 nm, which was only observed after conju-
gation with isoniazid, likely due to the acyl hydrazone moiety
(ESI Fig. S7†).38 Furthermore, an electronic absorption tran-
sition band assigned to a metal-to-ligand-charge transfer
(MLCT) transition was observed with a modest blue shift from
452 nm in Ru-CHO to 461 nm in Ru-INH. TD-DFT calculations
indicated that the lower-energy electronic absorption of Ru-
INH arises from the transitions of the highest-occupied mole-
cular orbital−1 (HOMO−1) to the lowest-unoccupied molecular
orbital (LUMO) and HOMO−2 to LUMO+1 at 440 and 411 nm,
respectively. The HOMO−1 and HOMO−2 are centered mainly
on the metal while the LUMO and LUMO+1 are centered on
mbpy-INH and bpy ligands, respectively (Fig. 2). These results
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reinforce the MLCT character of this band in the visible
region. More detailed transition data of the Ru-INH metal
complex are provided in ESI Table S1.† Interestingly, the elec-
tron density mappings of the frontier orbitals indicated a
major LUMO contribution for the acyl hydrazone bipyridine
moiety, making it susceptible to oxidative attack upon exci-
tation (Fig. 2).

Electrochemical measurements were carried out using
0.1 mol L−1 tetrabutylammonium perchlorate in acetonitrile
and scanning from −2.0 to 2.0 V with a glassy carbon electrode
vs. Ag|AgCl. A set of waves was observed for the Ru-CHO pre-
cursor with bipyridine reductive processes observed at −1.726,
−1.500 and −1.305 V, while E1/2 for Ru3+/2+ was shown at
+1.357 V (ESI Fig. S8†). For Ru-INH, besides the reductive
waves of bipyridines observed at −1.750, −1.480 and −1.281 V,
another reductive wave at −0.430 V was observed along with
E1/2 for Ru3+/2+ at +1.365 V (ESI Fig. S8†). This new reductive
wave seems to be consistent with the isoniazid moiety, which,
as a free species, showed a redox process at ca. −0.540 V under
these conditions. Nonetheless, electrochemistry measure-
ments for this metal complex indicated minor changes in the
electrochemical potentials. These small changes observed for
the Ru(III/II) redox potentials are consistent with the spectro-
scopic results for the optical MLCT transition. The high
electrochemical potential found for the Ru-INH metal complex
makes it unlikely that any oxidation of the ruthenium would
occur within cells, supporting its integrity.

Chemical and photochemical reactivity

To investigate the chemical stability of the acyl hydrazone
linkage used in the isoniazid-conjugated ruthenium(II) metal
complex, we kept this compound in aqueous solutions with
pH values ranging from 1 to 13, for 15 h at 25 °C, in the dark.
Subsequently, all the samples were injected into a HPLC and
their chromatograms were recorded (ESI Fig. S9†). In most of

the chromatograms only one peak, corresponding to the orig-
inal ruthenium metal complex, Ru-INH, was observed. At pH
values 1 and 2, new chromatographic peaks were detected,
indicating decomposition of ca. 51 and 14% of Ru-INH,
respectively, while at pH 3 higher decomposition of less than
6.5% was noticed after 15 hours (ESI Fig. S9†). These results
indicate that Ru-INH may withstand acidic and basic con-
ditions. This feature makes this compound likely to be suitable
for oral administration as well. However, beyond pH stability,
it remains to be shown that it is well absorbed, which also
depends on the lipophilicity of the compound. In addition to
this, acyl hydrazones are usually more stable toward hydrolysis
than imines,39 making this bridge quite appropriate.

To investigate the photostability of Ru-INH, it was irradiated
with blue light (LED source, 463 nm, 1.7 W) for 5 h at 25 °C
and monitored by HPLC, absorption, and emission spec-
troscopy. During light irradiation, a slight blue shift of the
MLCT band (from 461 nm to 456 nm) was observed in the
electronic spectra along with an increase in the absorbance
(ESI Fig. S10†). We noticed that the final spectrum was similar
to that of Ru-CHO, suggesting that it could be regenerated
upon light irradiation.

Luminescence measurements of the Ru-INH metal complex
showed maximum emission at 608 nm in ethanol, while the
ruthenium precursor, Ru-CHO, emitted at 598 nm under iden-
tical conditions. The energy of the 3MLCT state of Ru-INH
stabilized in about 0.4 kcal mol−1 when compared to the
energy of the E00 transition of the precursor metal complex.
During light irradiation, the Ru-INH metal complex showed a
gradual increase in luminescence intensity as well as a blue
shift of the band toward 598 nm, which was also similar to
that observed for Ru-CHO (ESI Fig. S10†). This measurement
is in agreement with the electronic absorption spectroscopy
results, also indicating the formation of the ruthenium precur-
sor, Ru-CHO, after photolysis.

The chromatograms obtained during the blue-light
irradiation of Ru-INH (Fig. 3) showed major changes, particu-
larly a gradual decrease in its peak (1, tR = 23.1 min), and the
appearance of two new peaks (2, tR = 4.7 min and 3, tR =
17.0 min), whose intensities reached a plateau after ca. 5 h
(Fig. 3). The electronic spectra corresponding to peaks 1, 2 and
3 shown in Panel B of Fig. 3 are consistent with the formation
of a ruthenium-based compound (peak 2) and a free pyridinic-
based ligand (peak 3). The following standard compounds
were injected into the HPLC (same conditions as shown in
Fig. 3) to validate the identity of the generated species: isonico-
tinic acid (tR = 4.70 min), isoniazid (tR = 7.36 min), isonicotina-
mide (tR = 9.10 min) and Ru-CHO (tR = 17.0 min). Based on
those measurements, peaks 2 and 3 were assigned to Ru-CHO
and isonicotinic acid, respectively. High-resolution mass spec-
trometry was also used to monitor this photochemical reaction,
where a mass consistent with the ruthenium precursor (Ru-
CHO) was found, supporting its photoproduction (ESI
Fig. S11†). In addition to Ru-CHO, mass spectrometry showed a
hemiacetal derivative of Ru-CHO (ESI Fig. S11†) that can
emerge from a methanolic solution, and a carboxylic ruthenium

Fig. 2 Energy level diagram and percent contribution in the frontier mole-
cular orbitals of the metal complex Ru-INH. Inset: Isodensity plots, with
0.03 isovalues of the HOMO and LUMO in Ru-INH. (bpy-R = mbpy-INH).
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species, whose formation is shown in ESI Fig. S11.† A mechan-
istic proposal for the photoactivation process of Ru-INH has
been drawn (ESI Fig. S13†). As far as we know, this is the first
time that an acyl hydrazone linkage has been photochemically
disrupted, opening a broad range of applications. Light
irradiation of this functional group has usually been reported to
promote only photoisomerization (see Fig. 1).27,28,40

The production of isonicotinic acid upon blue-light
irradiation of Ru-INH is an important evidence for the acti-
vation of isoniazid. As a matter of fact, isoniazid is mainly con-
verted to its acid form, once activated by the catalase-peroxi-
dase KatG enzyme or during mimicking activation using
Mn(III) metal complexes as well.2,41

Photochemical production of reactive oxygen species

The only trigger used here for the production of isonicotinic
acid was blue light, which might have produced reactive
species leading to the disruption of the acyl hydrazone linkage.
Since [Ru(bpy)3]

2+ (Ru-bpy) is a well-known photogenerator of
ROS (reactive oxygen species),42 a further investigation of this
issue was performed for Ru-INH using DPBF (1,3-diphenyliso-
benzofuran) and APF (aminophenyl fluorescein) as probes for
singlet oxygen and hydroxyl radicals, respectively. ESI Fig. S14†
shows the fluorescence spectra of Ru-INH, Ru-CHO, and Ru-
bpy in the presence of the probes.

The values of oxygen singlet quantum yield (ΦΔ) were calcu-
lated based on the rate constants (ESI Fig. S14B†), using the
standard Ru-bpy ([Ru(bpy)3]

2+, ΦΔ = 0.8443). As can be ascer-
tained from ESI Fig. S14,† Ru-INH showed low production of

1O2 (ΦΔ = 0.23) using DPBF, even lower than Ru-CHO (ΦΔ =
0.46). This result might be interpreted as a competing reaction
of consumption of the 1O2, which may react with the DPBF
probe as well as disrupting the acyl hydrazone linkage. The
measurement using APF in the presence of sodium azide and
D-mannitol supports that a hydroxyl species is not significantly
produced, while singlet oxygen is the main photogenerated
product (ESI Fig. S14†). These results mainly support the for-
mation of 1O2, which may be responsible for the cleavage of
the acyl hydrazone linkage and isoniazid activation.

In addition to these measurements, we also investigated
whether oxygen was indeed essential for this process aiming
to further validate the role of singlet oxygen. Interestingly,
monitoring this process by fluorescence we observed a dra-
matic dependence on oxygen (ESI Fig. 15†), indicating singlet
oxygen may indeed be the key reactive species. Nonetheless,
addition of hydrogen peroxide can also promote the disruption
of the acyl hydrazone linkage, but it requires quite large con-
centrations (100 mmol L−1 and higher) showing a slow kinetics
as monitored by fluorescence (ESI Fig. S16†).

Isonicotinoyl radical production

The most accepted mechanism for the activation of isoniazid
describes the formation of an isonicotinoyl radical as an inter-
mediate, which eventually decays to isonicotinic acid or reacts
with NAD(H) (nicotinamide adenine dinucleotide), producing
the pharmacologically active adduct NAD-INH.2 To validate the
formation of this radical, EPR measurements were carried out
using blue-light irradiation. Ru-INH was incubated with the

Fig. 3 Products of blue-light irradiated Ru-INH, as monitored by chromatography. Panel A shows a set of chromatograms of Ru-INH during 6 h of
blue-light irradiation, while panel B shows the spectra for peaks 1, 2 and 3 obtained in the HPLC. Panel C shows the change of the peak area over
time for peaks 1 and 3, assigned to Ru-INH and isonicotinic acid, respectively.
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spin trap PBN (N-tert-butyl-α-phenylnitrone) in acetonitrile,
and irradiated with blue light for ca. 20 h at 23 °C. The EPR
spectrum, shown in Fig. 6, presents a profile (aN = 15.12 G and
aH = 2.66 G, g = 2.0059), consistent with a single radical, likely
an isonicotinoyl species, as measured in aqueous solution

(aN = 14.3–16.5 G and aH = 2.4–3.6) (Fig. 4).6,8,44,45 Compared
to the spectra previously reported for the isoniazid radical,6,8

which presented hyperfine couplings of great symmetry, an
asymmetry was observed here. Although this asymmetry had
also been observed in aqueous systems from hepatocytes using
isoniazid, in this work it is expected to be due to the aceto-
nitrile medium, which exhibits aH = 2.66 G and a linewidth of
0.149 mT.44,45

DNA cleavage

In addition to the formation of the isonicotinoyl radical, the
isoniazid-conjugated ruthenium metal complex can photopro-
duce ROS species. We reasoned that this photoactivity might
be important to enhance its anti-bacterial action. The DNA
photodamage to pBR322 plasmid caused by Ru-INH in the
dark and with blue-light irradiation was evaluated by electro-
phoretic assays. The gel analysis showed that Ru-CHO and Ru-
INH were only able to cleave DNA upon blue-light irradiation
(Fig. 5). The Ru-INH metal complex cleaved the plasmid DNA
quite efficiently even at 5 μmol L−1. The use of ROS scavenger
species (sodium azide, for singlet oxygen; D-mannitol, for
hydroxyl; catalase, for hydrogen peroxide; and superoxide dis-
mutase, for superoxide ion) in this experiment highlighted the
key role of singlet oxygen in this process, where sodium azide
was the most efficient suppressor. This result agrees with the
previous study with DPBF and APF probes.

Biological assays

To investigate the anti-bacterial activity of Ru-INH, we selected
six different types of bacteria, including Mycobacterium tuber-
culosis and one multidrug resistant strain of Mtb. First, two
Gram-positive and two Gram-negative pathogenic bacteria
were tested with and without blue-light irradiation for 1 h

Fig. 4 EPR spectra of Ru-INH (5 mmol L−1) in an aerated acetonitrile
solution containing PBN (50 mmol L−1), after ca. 20 h of blue-light
irradiation (black) and spectral simulation of the isoniazid radical (blue).
Measurement conditions: center field, 339 mT; sweep field, 10 mT;
sweep time, 60 s; MW power, 20 mW; gain 2.0 × 103; modulation ampli-
tude, 0.05 mT; modulation frequency, 100 kHz; time constant, 0.064 s;
MW frequency, 9.50390 GHz. Spectral simulations were performed
using the EasySpin program.37

Fig. 5 DNA cleavage assay and mechanism. Panel A shows electrophoresis on agarose gel for the assay of plasmid DNA pBR322 with trisbipyridine
ruthenium(II) (Ru-bpy, lane 2), isoniazid (INH, lane 3), bipyridine-aldehyde ruthenium(II) (Ru-CHO, lane 4), isoniazid-conjugated ruthenium(II) (Ru-
INH, lanes 5 to 9); a linear DNA ladder is also shown (lane 1). Panel B shows the agarose gel assay for the blue-light irradiated isoniazid-conjugated
metal complex alone (2), with the ROS scavengers sodium azide (3), D-mannitol (4), catalase (5) and superoxide dismutase (6); a control with trisbi-
pyridine ruthenium(II) is in lane 7.
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(Table 1). Interestingly, only the light-irradiated samples
showed anti-bacterial efficacy, while in the dark no measurable
activity was noticed, indicating there is a tight control by blue
light. Besides that, bacteria were also tested by applying only
blue light without the metal complex, which has not caused
any change in growth. The Ru-INH metal complex showed
anti-bacterial activity towards Gram-positive as well as Gram-
negative bacteria, with S. aureus exhibiting the best MIC
(minimum inhibitory concentration) and MBC (minimum bac-
tericidal concentration) values (7.6 μmol L−1). Gram-negative
bacteria showed lower susceptibility to this metal complex;
similar results were obtained in our group’s previous
studies.11,46,47 In addition to this, we were unable to measure
any anti-bacterial activity for Ru-CHO or INH (up to
125 μg mL−1) either with or without blue light irradiation.

We conducted a series of studies to evaluate the efficiency
of Ru-INH against wild-type and multidrug-resistant
Mycobacterium tuberculosis strains, using Ru-CHO and INH as
references. Despite Ru-CHO being known as a good photoge-
nerator of ROS, it did not show any anti-tuberculosis activity
up to the maximum concentration employed (100 μg mL−1,

equivalent to 111 μmol L−1). By contrast, Ru-INH showed
promising activity, close to that observed for free isoniazid
with the wild-type strain, but it was unable to kill the multidrug
resistant strain (clinical isolate 16). It is important to note that
these studies with M. tuberculosis were performed without blue-
light irradiation due to technical restrictions, but we could not
completely prevent light during the setup. We should also point
out that the multidrug resistant strain contains several genetic
alterations, including katG mutation (S315T), inhA promoter
genotype (C(-15)T), and rpoB mutation (D516V). Therefore the
Ru-INH metal complex has great anti-bacterial potential upon
light stimulation (Table 1). This effect might not be only due to
isoniazid activation, but possibly also, as indicated before, due
to DNA degradation and other biological damage caused by
singlet oxygen generation or even a direct effect of the metal
complex. Nonetheless, the lowest MIC for Mtb, even without
intentional light irradiation, is quite remarkable, taking into
account that this bacterium has a highly selective cell wall, and
makes this compound a promising agent.

We further performed cell viability assessments with mam-
malian cells, including normal murine fibroblast cells

Table 1 Measurements of anti-bacterial activity

Compound Bacterium Blue LED MIC, μmol L−1 (μg mL−1) MBC, μmol L−1 (μg mL−1)

Ru-INH S. aureus ON 7.6 (7.8) 7.6 (7.8)
OFF n.d. n.d.

S. epidermidis ON 30.6 (31.2) 30.6 (31.2)
OFF n.d. n.d.

P. aeruginosa ON 61.2 (62.5) 61.2 (62.5)
OFF n.d. n.d.

E. coli ON 122 (125) 122 (125)
OFF n.d. n.d.
— 6.1 (6.25) —

Ru-CHO M. tuberculosis (H37Rv) — >111 (100) —
INH — 2.8 (0.39) —
Ru-INH M. tuberculosis (MDR, CDCT-16) — >98 (100) —
INH — >729 (100) —

n.d. = not detected even at the highest concentration (125 μg mL−1). Controls without ruthenium metal complexes and INH were prepared, also
with and without blue light irradiation (max. 463 nm, 425 mW cm−2).

Fig. 6 Cell viability assay of L929 and LNCAP cells measured using MTS after 48 h of treatment with Ru-INH without (A) and with (B) blue-light
irradiation (max. 463 nm, 425 mW cm−2). *P < 0.05 and ***P < 0.001.
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(NCTC-CL929) and human adenocarcinoma (lung A549, pros-
tate LNCAP and breast MCF-7). These assays were conducted
with and without blue-light irradiation. Previous screening
had showed that Ru-CHO had no effect, with or without blue-
light irradiation, on all the cell lines (data not shown). Moreover,
INH and Ru-INH showed no significant cytotoxicity at up to
50 μg mL−1 without light irradiation (Fig. 6A and ESI Fig. S17†).
However, with blue-light irradiation, we noticed an increase in
the cytotoxicity of Ru-INH toward cell lines L929 and A549, but it
was less effective toward MCF-7 cells and LNCAP (Fig. 6). Our
results showed that INH alone had a cytotoxic effect against both
normal and tumor cells (ESI Fig. S17 and S18†). On the other
hand, when INH was conjugated to the ruthenium(II) metal
complex, its antitumor effect became more selective, particularly
in prostate adenocarcinoma (LNCAP). It is important to note that
Ru-INH did not show toxic effects against normal cells (L929)
when compared to cancer cells, as shown in Fig. 6. At 50, 25 and
12.5 μg mL−1 concentrations of Ru-INH, there was a reduction of
47.73 ± 2.82% (p = 0.0005), 37.60 ± 2.66% (p = 0.0132) and
28.20% ± 5.05% (p = 0.0246) in the cell population, respectively.
Moreover, Ru-INH did not show any effect on the A549 and
MCF-7 cell lines (data not shown). Our results suggest that Ru-
INH reduces INH internalization by tumor cells. Probably, INH
alone has a toxic effect at these dosages when coming into
contact with the cell glicocalyx.48 These results are exciting and
support a good selectivity index for the potential use of Ru-INH
also as an antitumor agent.

Conclusion

Altogether, we have evidence of the successful conjugation of
isoniazid to a trisbipyridine-like ruthenium(II) metal complex
yielding Ru-INH. This efficient conjugation reaction created an
acyl hydrazone linkage that turned out to be essential for the
photoactivation of isoniazid. Besides that, Ru-INH was shown
to be stable in the dark and at a wide range of pH values. Only
light selectively promoted linkage disruption. This photo-
induced process was assigned to a singlet oxygen reaction pro-
duced in situ by the ruthenium(II) moiety, causing breakage of
the acyl hydrazone group. As far as we know, this is the first
time such a linkage has been disrupted by light. Despite the
importance of this bonding disruption for producing an isoni-
cotinoyl radical, a key species for anti-mycobacterial activity, the
potential use of this linkage in other systems requiring acti-
vation (e.g. pyrazinamide) is also illustrated. Here, a proof-of-
concept for a new light-activation strategy has been validated
with isoniazid and a bipyridine ruthenium(II) metal complex,
and the importance of using an acyl hydrazone linkage has
been pointed out. This work goes beyond the photo-uncaging
strategy: it also tackles key issues about drug activation, using a
simple chemistry that opens great opportunities.

Although this phototherapy strategy is likely to be the most
useful for superficial mycobacterial infections (e.g. Mycobacterium
ulcerans), Gram-positive bacterial infections, or cancer, we should
not be discouraged from applying it to more internal cases, as

reported elsewhere.49 Indeed, this could be considered particu-
larly useful in hard-to-treat cases of extensively resistant strains of
M. tuberculosis, for example, where the use of optical fibers
devices for lung irradiation is not out of reach. Altogether, our
results showed that a new and promising anti-microbial drug
with low cytotoxicity was prepared employing a novel photoactiva-
tion strategy, which deserves further pharmacological studies.
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