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A B S T R A C T   

Multifunctional drugs with synergistic effects have been widely developed to enhance the treatment efficiency of 
various diseases, such as malignant tumors. Herein, a novel bifunctional manganese(I)-based prodrug [MnBr 
(CO)3(APIPB)] (APIPB = N-(2-aminophen-yl)-4-(1H-imidazo[4,5-f] [1, 10] phenanthrolin-2-yl)benzamide) with 
inhibitory histone deacetylase (HDAC) activity and light-controlled carbon monoxide (CO) delivery was suc-
cessfully designed and synthesized. [MnBr(CO)3(APIPB)] readily released CO under visible light irradiation (λ >
400 nm) through which the amount of released CO could be controlled by manipulating light power density and 
illumination time. In the absence of light irradiation, the cytotoxic effect of [MnBr(CO)3(APIPB)] on cancer cells 
was greater than that of the commercially available HDAC inhibitor MS-275. Consequently, with a combination 
of CO delivery and HDAC inhibitory activity, [MnBr(CO)3(APIPB)] showed a remarkably enhanced antitumor 
effect on HeLa cells (IC50 = 3.2 μM) under visible light irradiation. Therefore, this approach shows potential for 
the development of medicinal metal complexes for combined antitumor therapies.   

1. Introduction 

Histone deacetylases (HDACs) promote the removal of the acetyl 
group from the lysine residue of the histone core and play significant 
roles in the dynamic balancing process of lysine deacetylation and 
acetylation [1,2]. However, an excessive HDAC activity causes the 
aberrant expression of various genes, leading to chromatin condensation 
and transcriptional repression associated with cancer cell proliferation, 
metabolic disorders, and apoptosis regulation [3,4]. Correspondingly, 
HDAC inhibitors (HDACIs) are potential antitumor agents that block 
abnormal HDAC deacetylation to restore gene transcription, thereby 
inhibiting cancer cell proliferation, angiogenesis, invasion, differentia-
tion, and metastasis; promoting cell cycle arrest and apoptosis; and 
simultaneously enhancing host immune responses [5–7]. Therefore, 
various kinds of HDACIs, including benzamides (entinostat, MS-275) 
[8], cyclic tetrapeptide (romidepsin, FK-228) [9], hydroxamic acids 

(vorinostat, SAHA) [10], and short-chain fatty acids [11], have been 
designed and synthesized for cancer treatment. Zn2+-dependent HDACIs 
generally have a common pharmacophore, i.e., a zinc-binding group 
(ZBG), a hydrophobic capping group, and a linker to connect the ZBG 
and the capping group, among which the ZBG readily coordinates with 
the active site Zn2+ to inhibit HDAC activity (Fig. 1A) [12]. This struc-
ture provides a basis for exploring new HDACIs as anticancer agents. 

HDACIs are mainly used to treat malignant tumors in the hemato-
logical system [13,14]. They have a relatively weaker effect on solid 
tumors than HDACIs on hematological tumors. Therefore, the design 
and preparation of novel HDACIs with combined chemo/photodynamic 
therapy are effective strategies to enhance their anticancer activity. 
Marmion and co-workers [15] developed a Pt complex of cis- 
[PtII(NH3)2(malSAHAH− 2)] that contains a SAHA inhibitor, and the 
complex exhibited DNA binding and HDAC inhibitory activity; thus, the 
treatment efficacy against tumors is enhanced. Mao and co-workers [16] 
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explored a series of cyclometalated Ir(III) complexes composed of a 
hydroxamic acid inhibitor, which exhibits a synergistic inhibitory effect 
on HDAC activity and photodynamic therapy by producing reactive 
oxygen species under UV or visible light irradiation. In addition, HDACIs 
have been incorporated with therapeutic gas-releasing molecules for 
synergistic therapy. Zhang et al. reported a series of nitric oxide (NO)- 
releasing molecules whose NO donor is connected to a HDACI via 
various linkers. The released NO combined with the inhibitory effect of 
HDACI can induce apoptosis and G1 phase arrest in HEL cells [17]. 
However, the uncontrollable delivery of NO molecules greatly limits the 
practical application of gas therapy. 

As an emerging therapeutic gas molecule, carbon monoxide (CO) has 
been applied to treat various diseases, including cancer [18,19]. 
Endogenous CO, a signaling molecule, plays significant roles in the 
physiological activities of nerve transmission, cardiovascular regulation, 
inflammation, apoptosis, and immune responses [20,21]. Notably, an 
excessive amount of CO detracts the oxygen-binding capacity of hemo-
globin (Hb), resulting in serious cytotoxicity [22–24]. Therefore, a high 
CO concentration is critical to show a desirable therapeutic efficacy 
against cancer cells. However, the inherent toxicity of CO significantly 
limits its direct application in cancer therapy. Consequently, stimulus- 
responsive CO donor molecules for the controlled on-demand delivery 
of CO have been developed; in this process, the release of CO is triggered 
by different stimuli, such as pH [25,26], Glutathione (GSH) [27], H2O2 
[28,29], enzymes [30], magnetic heating [31,32], and light [33–35]. 
Various photo-activated CO-releasing molecules (photoCORMs) have 
been widely explored because of their non-invasiveness, light maneu-
verability, and precise controllability of CO delivery [36–40], among 
which the Mn(I)-based photoCORMs have been mostly studied due to 
the feasibility to release CO under visible light with relative low-power 
density. This can alleviate light-induced damage to healthy tissues and 
cells [38]. In addition, as one of the essential trace elements for human 
body, the Mn element can be effectively regulated by metabolism [41]. 
However, photoCORMs incorporated with HDACI for combined thera-
pies are lacking. 

Herein, we prepared a novel manganese complex [MnBr(CO)3(A-
PIPB)] (APIPB = N-(2-aminophen-yl)-4-(1H-imidazo[4,5-f] [1,10] 
phenanthrolin-2-yl)benzamide) as a bifunctional photoCORM for HDAC 
activity inhibition and visible light-controlled CO delivery (Fig. 1B). 
[MnBr(CO)3(APIPB)] contains a mimic of the classic benzamide HDAC 
inhibitor MS-275, whose phenanthroline derivative serves as the 
capping group of HDACI, benzamide functions as the ZBG, and benzene 
participates as a linker to connect the ZBG and the capping group 
(Fig. 1A). The results showed that the HDAC inhibition efficiency of 
[MnBr(CO)3(APIPB)] is higher than that of MS-275 in the dark, and CO 
was instantly released upon visible light irradiation. Consequently, the 
anticancer efficacy against cancerous HeLa cells was remarkably 
enhanced. 

2. Materials and methods 

2.1. Materials 

All the reagents were used as purchased commercially without 
further purification unless otherwise noted. 10-Phenanthroline-5,6- 
dione (PDO) [42] and 2-(4-carboxyphenyl)imidazo(4,5-f)(1,10) phe-
nanthroline (HNCP) [43] were synthesized in accordance with previ-
ously reported methods. 

Human cervical carcinoma cells (HeLa cells) were obtained from the 
Shanghai Institute for Biological Sciences, the Chinese Academy of 
Sciences (CAS, China). 

2.2. Physical measurement 

UV–vis absorption spectra, Fourier transform infrared (FT-IR) 
spectra, ESI–MS spectra, fluorescence spectra, and 1H NMR spectra were 
acquired in accordance with our previously described methods [44,45]. 

2.3. Synthesis of APIPB 

A cooled mixture of conc. H2SO4-HNO3 (60 mL, 2:1, v/v) was added 
with 1,10-phenanthroline (4 g, 22 mmol) and KBr (4 g, 33 mmol) and 
stirred at 130 ◦C for 3 h. A yellow solution was cautiously neutralized 
with NaOH solution (10 mol∙L− 1) until its pH was neutral. The resulting 
mixture was extracted with CH2Cl2 and dried with anhydrous Na2SO4. 
Afterward, solvents were removed, and PDO was obtained as a yellow 
solid. Then, PDO (0.420 g, 2 mmol), 4-carboxybenzaldehyde (0.360 g, 
2.4 mmol), and CH3COONH4 (3.2 g, 41.5 mmol) were mixed in 50 mL of 
CH3COOH and stirred at 130 ◦C for 4 h. After being cooled to room 
temperature, the solution was adjusted to pH 5.0 by adding NH3⋅H2O 
(25 wt%) solution while stirring, and HNCP was dried in vacuum. HNCP 
(0.34 g, 0.79 mmol), 1,2-diaminobenzene (0.325 g, 3 mmol), 1-hydrox-
ybenzotriazole (HOBT; 0.135 g, 1 mmol), N,N- 
dicyclohexylcarbodiimide (DCC; 0.248 g, 1.2 mmol), and triethyl-
amine (167 μL) were dissolved in 30 mL of DMF at 4 ◦C for 2 h while 
stirring. The resulting mixture was stirred at room temperature for 24 h 
under a N2 atmosphere. The faint yellow solid was filtered, washed with 
CH2Cl2 and Et2OH, and dried in vacuum. The reaction yielded 0.370 g 
(yield: 71.3%) of APIPB with the following properties: 1H NMR (400 
MHz, DMSO‑d6): δ 13.95 (s, 1H), 9.84 (s, 1H), 9.07 (s, 2H), 8.99–8.97 (d, 
2H), 8.44–8.42 (d, 2H), 8.25–8.23 (d, 2H), 7.92–7.84 (ddd, 2H), 
7.21–7.19 (d, 2H), 7.02–6.98 (t, 1H), 6.82–6.80 (d, 1H), 6.64–6.61 (t, 
1H), 5.05 (br, 1H) ppm. ESI–MS: m/z, [M + H]+: calcd. 431.2, found 
431.2. 

PIPB (PIPB = 4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)-N- 
phenylbenzamide) as a control ligand, which lacks the amino group on 
the benzamide motif, was synthesized with a procedure similar to APIPB 
synthesis, but o-phenylenediamine was replaced with aniline. 1H NMR 

Fig. 1. (A) Design strategy of [MnBr(CO)3(APIPB)]. (B) Schematic of [MnBr(CO)3(APIPB)].  
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(400 MHz, DMSO‑d6): δ 13.96 (s, 1H), 10.41(s, 1H), 9.06(s, 2H), 
8.98–8.96 (d, 2H), 8.45–8.43 (d, 2H), 8.22–8.20 (d, 2H), 7.91–7.84 
(ddd, 2H), 7.83–7.81 (d, 2H), 7.41–7.37 (t, 2H), 7.15–7.12 (t, 1H) ppm. 
ESI–MS: m/z [M + H]+: calcd. 416.2, found 416.2. 

2.4. Synthesis of [MnBr(CO)3(APIPB)] 

In this procedure, 0.302 g of 1.1 mmol Mn(CO)5Br and 0.430 g of 
mmol APIPB were added to 20 mL of CH2Cl2 and heated at reflux for 5 h 
under a N2 atmosphere. The solution was cooled to room temperature 
and stored at 4 ◦C overnight. The obtained yellow solid was filtered, 
washed with cold CH2Cl2, and collected by freeze-drying. The reaction 
yielded 0.590 g (yield: 90.6%) of [MnBr(CO)3(APIPB)]. 1H NMR (400 
MHz, DMSO‑d6): δ 14.38 (s, 1H), 9.86 (s, 1H), 9.55–9.54 (d, 2H), 
9.19–9.17 (d, 2H), 8.44–8.42 (d, 2H), 8.27–8.26 (d, 2H), 8.17–8.13 (m, 
2H), 7.23–7.21 (d, 1H), 7.03–6.99 (t, 1H), 6.83–6.81 (d, 1H), 6.65–6.62 
(t, 1H), 4.99 (s, 2H) ppm. ESI–MS: m/z [M-3CO-Br− ]+: calcd. 485.1, 
found 485.1. Anal. Calcd. for C29H18N6O4BrMn (%): C, 53.64; H, 2.79; 
N, 12.94. Found: C, 53.71; H, 2.78; N, 12.97. 

In the synthesis of the control complex [MnBr(CO)3(PIPB)], PIPB was 
used instead of APIPB, and the remaining experimental steps were the 
same as above. 1H NMR (400 MHz, DMSO‑d6): δ 14.39 (s, 1H), 10.42 (s, 
1H), 9.55–9.54 (d, 2H), 9.18–9.17 (d, 2H), 8.45–8.44 (d, 2H), 8.25–8.23 
(d, 2H), 8.15 (brs, 2H), 7.83–7.82 (d, 2H), 7.41–7.38 (t, 2H), 7.15–7.12 
(t, 1H) ppm. ESI–MS: m/z [M-3CO-Br− ]+: calcd. 470.1, found 470.1. 
Anal. Calcd. for C29H17N5O4BrMn (%): C, 54.91; H, 2.70; N, 11.04. 
Found: C, 54.99; H, 2.69; N, 11.07. 

2.5. Light-triggered CO release 

2.5.1. Measurement of CO release via the hemoglobin method 
CO release was detected by spectrophotometrically measuring the 

conversion of Hb to carboxyhemoglobin (HbCO) [46]. In brief, 4.2 μM 
Hb was dissolved completely in 10 mM phosphate buffered saline (PBS; 
pH = 7.4) and reduced by adding 1.6 mg of 9.2 mmol sodium dithionite 
(SDT) in a N2 atmosphere. Next, [MnBr(CO)3(APIPB)] was suspended in 
D. I. water, deoxygenated with N2, and added to the above Hb solution. 
Then, the 4 mL solution was sealed immediately in a quartz cuvette, and 
the mixture was irradiated with different intensities of visible light (λ >
400 nm). CO release was monitored by detecting the spectral changes 
(350–600 nm) in HbCO in the PBS solution at different intervals with a 
UV–vis spectrophotometer. The UV adsorption spectral changes of the 
solution at 420 nm were taken to calculate the concentration of the 
released CO in accordance with Beer–Lambert’s law expressed in Eq. (1): 

X% =
Ex − E0’
E100 − E0

× 100% (1)  

where X% is the cumulative release percentage of CO, E100 is the 
absorbance value when Hb is converted completely to HbCO, E0 is the 
initial absorbance value, and Ex and E0

′ are the absorbance values after 
light exposure and without light exposure, respectively. 

2.5.2. Measurement of CO release by using a fluorescent probe 
In addition to the Hb method, a fluorescent CO probe (FL-CO-1 +

PbCl2) was employed to measure the CO release. FL-CO-1 was synthe-
sized in accordance with a previously reported method [47]. The 
product of FL-CO-1 with CO generated a green fluorescence (excitation: 
490 nm, emission: 516 nm). The probe system (5 μM probe +5 μM 
PdCl2) was mixed with the [MnBr(CO)3(APIPB)] solution and sealed in a 
quartz cuvette. Then, the mixture was irradiated with visible light, and 
the fluorescence spectra were obtained using a fluorescence spectro-
photometer in real time. The released CO was detected by determining 
the fluorescence intensities at 516 nm. 

2.6. MTT assay 

2.6.1. Cytotoxicity test in the dark 
HeLa cells were plated in a 96-well plate at a density of 5 × 104 cells 

per well and incubated at 37 ◦C in 5% CO2 for 24 h. Then, they were 
incubated with different concentrations (0, 2, 5, 10, and 25 μM) of 
[MnBr(CO)3(APIPB)], [MnBr(CO)3(PIPB)], APIPB, and MS-275 for 16 h. 
And the solution in each well was then aspirated and rinsed with PBS. 
The background value was then measured with a microplate reader. An 
MTT solution (100 μL, 0.5 mg/mL) was added to each well. After in-
cubation for 3–4 h, the MTT residue in each well was aspirated, and 150 
μL of DMSO was added to lyse the formazan crystals. Cell viability was 
detected on the basis of the absorbance at 490 nm by using a multi-
functional microplate reader. 

2.6.2. Cytotoxicity test under visible light irradiation 
The process of cell plating in this procedure was the same as the steps 

described in Section 2.6.1. After the cells were incubated with different 
concentrations (0, 2, 5, 10, and 25 μM) of [MnBr(CO)3(APIPB)], [MnBr 
(CO)3(PIPB)], APIPB, and MS-275 for 12 h, visible light was applied (λ 
> 400 nm, 200 mW/cm2, 10 min), and the cells were incubated for 4 h. 
The same procedures as above were performed to obtain the final 
absorbance at 490 nm by using a microplate reader. 

3. Results and discussion 

3.1. Synthesis and characterization of [MnBr(CO)3(APIPB)] 

Manganese carbonyl complexes were synthesized in accordance with 
the procedure illustrated in Scheme 1. Firstly, HNCP was obtained with 
previously reported methods [42,43]. Then, it reacted with o-phenyl-
enediamine in the presence of HOBT and DCC, yielding the phenan-
throline derivative APIPB. The final complex [MnBr(CO)3(APIPB)] was 
synthesized through the coordination of the APIPB ligand with Mn 
(CO)5Br in a dichloromethane solution. The 1H NMR spectra of [MnBr 
(CO)3(APIPB)] revealed that the protons of phenanthroline in APIPB 
experienced a downfield chemical shift when APIPB coordinated with 
Mn(CO)5Br, whereas the chemical shift of other protons in APIPB was 
almost unchanged (Figs. S1 ). This result indicated that APIPB success-
fully coordinated with the manganese center. Besides, the FT-IR spectra 
of [MnBr(CO)3(APIPB)] showed strong peaks at 2030 and 1931 cm− 1 

that could be assigned to the ν(CO) of the carbonyl group (Fig. 2A). 
These bands shifted to a lower wavenumber relative to the precursor 
compound MnBr(CO)5 (2054 and 1995 cm− 1). Furthermore, the UV–vis 
spectra of [MnBr(CO)3(APIPB)] exhibited prominent absorption peaks 
at 280 and 331 nm that extended to the visible region (Fig. 2B), where 
the peaks in the UV region corresponded to the characteristic absorption 
peaks of APIPB. The visible absorption of [MnBr(CO)3(APIPB)] indi-
cated that the complex likely favored the visible light-triggered CO 
release. 

3.2. Visible light-controlled CO release 

CO readily reacts with Hb to form HbCO, which shows characteristic 
absorption changes with the Soret band (410–425 nm) and the Q-bands 
(540–570 nm) in the visible region; the Soret band is very sensitive to 
the degree of Hb carboxylation [48]. Therefore, visible light-triggered 
CO release from [MnBr(CO)3(APIPB)] was measured with the Hb 
method in accordance with Beer–Lambert’s law (Scheme S1). When the 
solution of [MnBr(CO)3(APIPB)] was irradiated with visible light (λ >
400 nm), the UV–vis spectra of the reduced Hb experienced distinct 
spectral changes; that is, the Soret band shifted from 430 to 420 nm, and 
the Q-bands were developed at 540 and 570 nm, showing the charac-
teristic absorption peaks of HbCO (Fig. 3A). 

The amount of CO released was investigated under the irradiation of 
visible light with different power densities and complex concentrations. 
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The CO release rate reduced as exposure time under visible light irra-
diation at a certain power density was prolonged. Conversely, this rate 
increased as the light power density was enhanced. The visible light 
irradiation (λ > 400 nm, 400 mW/cm2) of the [MnBr(CO)3(APIPB)] 
solution resulted in an immediate CO release that produced about 90% 
of CO from the complex within 2 min (Fig. 3B). The amount of released 
CO was positively proportional to the applied light intensity (Fig. 3B) 
and the complex concentration (Fig. 3C). Under a dark condition, CO 
was not released, suggesting the good stability of [MnBr(CO)3(APIPB)] 
in the PBS solution in the absence of light irradiation. When visible light 
was turned on, the CO was released immediately; once visible light was 
turned off, the release of CO instantly stopped (Fig. 3D). As a result, the 
repetitive on–off switching of visible light could readily control the 
release of CO from the complex. Therefore, the release of CO from [MnBr 
(CO)3(APIPB)] was completely controlled by light, and the CO concen-
tration could be well controlled by manipulating the exposure time of 
applied light, light intensity, and complex concentration. To note that 
the complex [MnBr(CO)3(APIPB)] showed good stability after it was 
stored in PBS solution under dark condition for 7 days (Fig. S5A), and 
still maintained excellent CO release performance under visible light (λ 
> 400 nm, 200 mW/cm2) irradiation (Fig. S5B). This kind of CO release 
property could be useful for clinical practices requiring the precise 
control of the on-demand dosage of CO for therapy. This property was 

also significant for prolonging the drug efficacy and reducing the risk of 
CO poisoning. 

The visible light-triggered release of CO from [MnBr(CO)3(APIPB)] 
was further verified with a CO fluorescence probe (FL-CO-1 + PbCl2) 
[47] and FT-IR spectra. The fluorescence intensity of the probe in the 
PBS solution increased significantly as the exposure time of [MnBr 
(CO)3(APIPB)] under visible light irradiation was prolonged (Fig. 4A). 
This result suggested that CO was released from the complex. The 
observed optical changes were attributed to the reduction of Pd2+ to Pd0 

by CO, which mediated the Tsuji-Trost reaction of FL-CO-1 to produce 
fluorescein (or 2,7-dichlorofluorescein) with strong yellow-green fluo-
rescence (Scheme S2). Because this process involves two steps, the 
response time to detect CO is somewhat extended. Furthermore, the FT- 
IR spectra of [MnBr(CO)3(APIPB)] revealed that the characteristic ab-
sorption peaks of CO at 2030 and 1931 cm− 1 gradually diminished upon 
visible light irradiation (Fig. 4B), indicating the escape of CO from 
[MnBr(CO)3(APIPB)]. 

3.3. Assessment of in vitro cytotoxicity 

The cytotoxic effects of [MnBr(CO)3(APIPB)] were investigated 
using HeLa cells as a model cell line. MS-257 is a benzamide derivative 
and commercially available HDAC inhibitor used to treat hematological 

Scheme 1. Synthesis route of manganese carbonyl complexes.  

Fig. 2. FT-IR (A) and UV–vis spectra (B) of [MnBr(CO)3(APIPB)], APIPB, and Mn(CO)5Br.  
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malignancies and solid tumors. In this study, different concentrations of 
the complex and MS-257 were incubated with HeLa cells at concentra-
tions varying from 0 μM to 25 μM in the absence of light irradiation to 
evaluate the enzyme inhibitory effect of [MnBr(CO)3(APIPB)]. In 
Fig. 5A, the cytotoxic effect of the APIPB ligand was similar to that of 
MS-275, and the viability of the [MnBr(CO)3(APIPB)] (25 μM)-treated 
cells (53%) was lower than that of the MS-275-treated ones (68%) after 
incubation under a dark condition. To note that significantly higher 
viability of the [MnBr(CO)3(APIPB)]-treated normal LO2 cells was 
observed under the similar experimental conditions (Fig. S7B). These 

results clearly suggested that [MnBr(CO)3(APIPB)] elicited an excellent 
HDAC inhibitory effect on cancerous cells even without releasing CO. 

MTT cytotoxicity analysis was then performed using [MnBr 
(CO)3(APIPB)]-treated HeLa cells in the presence of visible light illu-
mination. [MnBr(CO)3(PIPB)] that lacked the ortho amino group on the 
benzamide structure was taken as the control sample of [MnBr 
(CO)3(APIPB)]. This amino group functioned as a crucial reaction site of 
ZBGs and determined the inhibitory activity of benzamide in HDACIs. 
After the [MnBr(CO)3(APIPB)] (25 μM)-treated HeLa cells were irradi-
ated with visible light (λ > 400 nm, 200 mW/cm2) for 10 min, numerous 

Fig. 3. Changes in the UV–Vis spectra of HbCO, indicating the release of CO from [MnBr(CO)3(APIPB)] in a PBS solution under visible light irradiation (A). Release 
of CO under visible light irradiation with different light intensities (B) and [MnBr(CO)3(APIPB)] concentrations (C). Visible light controllability of [MnBr 
(CO)3(APIPB)] for CO release by switching the visible light on/off (D). 

Fig. 4. (A) Fluorescence spectral changes in the CO probe system (FL-CO-1 + PdCl2) with the addition of [MnBr(CO)3(APIPB)] in the PBS solution under visible light 
irradiation. (B) FT-IR spectral changes in [MnBr(CO)3(APIPB)] solid sample under visible light irradiation. 
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HeLa cells were killed, and their viability was less than 9% (Fig. 5B). 
Conversely, the viability of the [MnBr(CO)3(PIPB)]-treated cells (35%) 
was relatively higher under the same experimental conditions. The 
cytotoxicity difference between [MnBr(CO)3(APIPB)] and [MnBr 
(CO)3(PIPB)] was likely attributed to the absence of the ortho amino 
group in the PIPB ligand, which rendered [MnBr(CO)3(PIPB)] with a 
neglected inhibitory effect on HDACs. IC50 of [MnBr(CO)3(APIPB)] to-
ward HeLa cells under light irradiation was approximately 3.2 μM, 
which is less than the half of IC50 of [MnBr(CO)3(PIPB)]. Consequently, 
the anticancer effect of [MnBr(CO)3(APIPB)] was improved by 
combining the pharmaceutical efficacy of CO and the enzyme inhibitory 
activity of HDACIs. Therefore, the synthesized complex could be a 
promising anticancer agent. 

4. Conclusion 

In this study, a novel bifunctional manganese carbonyl complex 
([MnBr(CO)3(APIPB)]) that contains an HDAC inhibitor mimic was 
designed and successfully synthesized. This complex exhibited a high 
HDAC inhibition efficiency and visible light-triggered CO release, whose 
amount was readily controlled by tuning the applied light power den-
sity, illumination time, and complex concentration. The release of CO 
from [MnBr(CO)3(APIPB)] was spectroscopically confirmed via its re-
action with hemoglobin, CO fluorescence probe (FL-CO-1 + PbCl2), and 
FT-IR spectroscopy. CO was instantly liberated and more than 90% of 
CO was released from [MnBr(CO)3(APIPB)] within minutes under 
visible light irradiation (λ > 400 nm, 400 mW/cm2). The cytotoxic and 
anticancer effects of [MnBr(CO)3(APIPB)] against cancerous HeLa cells 
in the dark were greater than those of MS-257. Under visible light 
irradiation, cell mortality was remarkably enhanced with IC50 of as low 
as 3.2 μM, which was attributed to the synergistic effect of the released 
CO and the inhibitory effect of HDAC. Consequently, with a combination 
of the CO release and the HDAC inhibitory activity, [MnBr(CO)3(A-
PIPB)] showed an impressively enhanced antitumor effect on HeLa cells 
under visible light irradiation. Thus, [MnBr(CO)3(APIPB)] served as a 
novel example of an application that combined gas therapy with enzyme 
inhibition for an efficacious tumor treatment. 
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[24] G. Dördelmann, H. Pfeiffer, A. Birkner, U. Schatzschneider, Inorg. Chem. 50 (2011) 

4362–4367. 
[25] F. Zobi, A. Degonda, M.C. Schaub, A.Y. Bogdanova, Inorg. Chem. 49 (2010) 

7313–7322. 
[26] X. Ji, Z. Pan, C. Li, T. Kang, L.K.C. De La Cruz, L. Yang, Z. Yuan, B. Ke, B. Wang, 

J. Med. Chem. 62 (2019) 3163–3168. 
[27] C.J. Gao, X.H. Liang, Z.X. Guo, B.P. Jiang, X.M. Liu, X.C. Shen, ACS Omega 3 

(2018) 2683–2689. 
[28] S. Fayad-Kobeissi, J. Ratovonantenaina, H. Dabiré, J.L. Wilson, A.M. Rodriguez, 
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