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The combination of photodynamic therapy (PDT) and chemotherapy is a prospective strategy to improve
antitumor efficacy. Herein, a series of novel cytotoxic chlorin-based derivatives as dual photosensitizers
(PSs) and histone deacetylase inhibitors (HDACIs) were synthesized and investigated for biological ac-
tivity. Among them, compound 15e showed definite HDAC2 and 10 inhibitory activities by up-regulating
expression of acetyl-H4 and highest phototoxicity and dark-toxicity, which was more phototoxic than
Talaporfin as a PS while with stronger dark-toxicity compared to vorinostat (SAHA) as a HDACI. The
biological assays demonstrated that 15e was liable to enter A549 cells and localized in mitochondria,
lysosomes, golgi and endoplasmic reticulum (ER) etc. multiple organelles, resulting in higher cell
apoptosis rate and ROS production compared to Talaporfin. Moreover, it could induce tumor cell auto-
phagy as a dual PS and HDACI. All results suggested that compound 15e could be applied as a potential
dual cytotoxic drug for PDT and chemotherapy.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Photodynamic therapy (PDT) has been a unique noninvasive
therapeutic modality for a range of cancers through generating
cytotoxic reactive oxygen species (ROS) induced by photosensi-
tizers (PSs) combined with light irradiation, resulting in cell death
and tumor ablation. The characteristics of PSs have a tremendous
effect on PDT efficacy, and PSs of various structures have been
approved for clinical use or under investigation in clinical trials,
such as photofrin (Porfimer Sodium), 5-ALA, Verteporfin (BPD-MA),
Talaporfin (Npe6), Temoporfin (m-THPC, Foscan), Padeliporfin
(Tookad Soluble, WST-11), HPPH, etc [1e4]. As a type of structurally
nonspecific drugs, however, PSs suffer from some defects such as
lack of specific drug-target and selectivity for tumor tissue, less
d Military Medical University,

served.
effective activity for huge solid tumors and metastatic tumors, etc
[5,6]. Focused on the shortcomings, further improvements in PDT
necessitate that PSs target more selectively tumor tissues [7,8].
Relevant research has recently shown that PSs conjugated to bio-
macromolecules with targeting function such as peptide [9], pro-
tein [10], transferrin and aptamer [11,12], or small molecules such
as folic acid [13e15], amino acid [16e19] and saccharide [20,21],
will increase the tumor selectivity. Furthermore, PDT combining
other therapeutic methods such as chemotherapy [22e24], pho-
tothermal therapy [25,26], immunotherapy [27], etc. will obtain
additive or synergistic effects as well.

Targeting proteins relevant to epigenetic regulation has
emerged as an appealing therapeutic protocol for the treatment of
cancer [28]. Among the numerous epigenetic enzymes, histone
deacetylase (HDAC), which can catalyze the deacetylation from
lysine residues thus bringing about controlling the transcriptional
regulation, cell proliferation and apoptosis, has become one of the
hot targets for cancer treatment [29e31]. Hitherto, several HDAC
inhibitors (HDACIs) including vorinostat (SAHA), romidepsin
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(FK228), belinostat (PXD101), panobinostat (LBH589) and chida-
mide (CS005), have been approved for the clinical treatment of
hematologic cancer [32e35]. Generally, most HDACIs include three
structural parts: a hydrophobic cap group, a linker (alkyl, alkenyl, or
aryl), and a zinc binding group (ZBG, hydroxamic acid or benza-
mide) (Fig. 1A) [36]. As active non-essential group, the cap group
interacts with the surface of HDAC and can be replaced by other
structure to design diverse multi-target drugs [37]. Despite the
demonstrated efficacy in hematological tumors, HDACIs has
disappointingly not exhibited such success in solid tumors maybe
due to their poor pharmacokinetics [38], thereby ultimately
resulting in inadequate ability to reach therapeutic concentrations
[39,40]. It is notable that there have been successful examples of
HDACIs in the treatment of solid tumors when using original pro-
drug or multi-target-drug design [41,42].

Related research has found that the HDAC activity in residual
cancerous cells would be improved after PDT, leading to the po-
tential recrudesce and metastasis of tumor [43]. It has been also
reported that the HDACIs possessed synergistic anticancer effects
when combining with PSs [44,45]. It is thus clear that the combi-
nation of PDT and chemotherapy is a prospective strategy to
improve anticancer efficiency. It is, therefore, expected that PSs
conjugated to pharmacophore of HDACI via linker group would
exhibit dual cytotoxic efficacy for PDT and chemotherapy.

Our research group previously had synthesized a great number
of chlorin-type classical candidate PSs with high PDT cytotoxic ef-
ficiency and low toxicity such as benzochloroporphyrin derivatives
(BCPDs) [46e48], amino acid derivatives of pyropheophorbide-a
ethers [16] and chlorin p6-based amino acid derivatives [17,18]. To
further improve antitumor efficacy and overcome potential recur-
rence and metastasis of tumor induced by the increase of HDAC
activity after PDT treatment, we rationally designed a series of
novel chlorin-based derivatives with dual cytotoxic activity of PDT
and chemotherapy. The designed target compounds were
Fig. 1. Chemical features of HDACIs (A) lead chlorin PSs (B) a
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synthesized by coupling the ZBG on 173-propionyloxy of
chlorophyll-a stable degradation products chlorin p6-131,151-
dimethylester (7) and chlorin f-131-monomethylester (8) (Fig. 1B
and Scheme 1) via linker including aliphatic and aromatic carbon
chains (Fig. 1C, Scheme 2, Scheme 3 and Scheme 4), and system-
atically evaluated their photophysical properties, cytotoxic efficacy
and biological mechanism.
2. Results and discussion

2.1. Synthesis

As shown in Scheme 1, chlorin f (5) and chlorin p6-131,151-
dimethylester (7) were prepared according to our previously
established protocol using crude chlorophyll extracts from Chinese
traditional herb named silkworm excrement as the starting mate-
rial [16,49]. 5 was then reacted with freshly prepared diazo-
methane to give chlorin f-131,173-dimethylester, which was
selectively hydrolyzed in THF with 25% aqueous HCl to afford
chlorin f-131-monomethylester (8).

The synthesis of o-phenylenediamine and hydroxamic acid de-
rivatives of compound 7 linked by aliphatic carbon chain is outlined
in Scheme 2. 7 was coupled with o-phenylenediamine in presence
of O-benzotriazol-1-yl-N,N,N’N’-tetramethyluronium hexa-
fluorophosphate (HBTU) and N,N-diisopropylethylamine (DIPEA) to
obtain the o-phenylenediamine-type target compound 10a in yield
of 62.2%. The 173-carboxylic acid of 7 was activated using N-
hydroxysuccinimide (NHS) in presence of 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI)
and 4-dimethylaminopyridine (DMAP), and then individually
reacted with 4-aminobutyric acid, 5-aminovaleric acid or 6-
aminocaproic acid to form three intermediates 9b, 9c and 9d,
whichwere coupled with o-phenylenediamine in presence of HBTU
and DIPEA to produce the o-phenylenediamine-type target
nd target dual-mode cytotoxic chlorin-based derivatives.



Scheme 1. Reagents and conditions: (i) 36% HCl, Et2O, 0e5 �C, 0.5 h; (ii) KOH, i-PrOH-Et2O, O2, r.t., 12 h, 34.4%; (iii) THF-MeOH-aqueous NaOH (0.5 mol/L) (1:4:5, v/v/v), r.t., 1 h; (iv)
0.5 mol/L aqueous HCl to adjust pH value to 5e6, extraction with Et2O; (v) CH2N2eEt2O, r.t., 0.5 h, 83.6% (from c to e); (vi) THF-25% aqueous HCl (1:1, v/v), r.t., 4 h, 81.8%; (vii) 25%
KOHeEtOH, N2, reflux, 1 h; (viii) CH2N2eEt2O, 0 �C, 10 min; (ix) THF-25% aqueous HCl (1:1, v/v), r.t., 4 h.

Scheme 2. Reagents and conditions: (i) NHS, EDCI, DMAP, r.t., 24 h; 4-aminobutyric acid (b: n ¼ 3) or 5-aminovaleric acid (c: n ¼ 4) or 6-aminocaproic acid (d: n ¼ 5), r.t., 48 h; (ii)
o-phenylenediamine, HBTU, DIPEA, r.t., 12 h; (iii) HATU, DIPEA, r.t., 0.5 h; O-tritylhydroxylamine, r.t., 24 h; (iv) BF3$Et2O, 0 �C, 2 h.
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compounds 10b, 10c, and 10c in yields of 45.6%, 43.2% and 48.5%,
respectively. In addition, compound 7, 9a, 9b and 9c were reacted
with O-tritylhydroxylamine in presence of 2-(7-azabenzotriazol-1-
yl)-N,N,N0,N0-tetramethyluronium hexafluorophosphate (HATU)
and DIPEA to form the intermediates 11a, 11b, 11c and 11d, which
were followed by cleavage of their triphenylmethyl with BF3$Et2O
to obtain the hydroxamic acid-type target compounds 12a,12b,12c
and 12d in yields of 43.6%, 32.1%, 29.2% and 33.6%, respectively.

The synthesis of o-phenylenediamine and hydroxamic acid de-
rivatives of compound 7 linked by aromatic carbon chain is illus-
trated in Scheme 3. 7 was individually reacted with 4-
aminobenzoic acid tert-butyl ester (e), 3-aminocinnamic acid tert-
butyl ester (f) or 4-aminocinnamic acid tert-butyl ester (g) in
presence of HATU and DIPEA to afford compounds 13e,13f and 13g,
following by removal of their tert-butyl with trifluoroacetic acid
(TFA) to form key intermediates 14e, 14f and 14g, which were
coupled with o-phenylenediamine in presence of HBTU and DIPEA
to obtain the o-phenylenediamine-type target compounds 15e,15f,
and 15g in yields of 41.2%, 39.4% and 40.9%, respectively. Mean-
while, intermediates 14e, 14f and 14g were reacted with O-tri-
tylhydroxylamine in presence of DIPEA and HATU to give
3

compounds 16e, 16f and 16g, which were followed by cleavage of
their triphenylmethyl with BF3$Et2O to obtain the hydroxamic acid
type target compounds 17e,17f and 17g in yields of 31.1%, 29.0% and
30.6%, respectively.

The synthesis of hydroxamic acid derivatives of compound 8
linked by aromatic carbon chain is graphically presented in Scheme
4. As a similar to the procedure for the synthesis of 17e and 17g, 8
was individually reacted with 4-aminobenzoic acid tert-butyl ester
(e) or 4-aminocinnamic acid tert-butyl ester (g) to get crude
products 18e and 18gwhose tert-butyl protective group of carboxyl
was removed by TFA to give 19e and 19g, which were coupled with
O-tritylhydroxylamine, following by removal of O-triphenylmethyl
protective group with BF3$Et2O to obtain hydroxamic acid type
target compounds 20e and 20g in yields of 41.0% and 40.4%,
respectively.
2.2. Photophysical properties

Photophysical properties of a PS are significant parameters to
determine PDT conditions and evaluate its efficacy. As shown in
Fig. 2, maximum absorption wavelength in visible bands of chlorin



Scheme 3. Reagents and conditions: (i) 4-aminobenzoic acid tert-butyl ester (e) or 3-aminocinnamic acid tert-butyl ester (f) or 4-aminocinnamic acid tert-butyl ester (g), HATU,
DIPEA, r.t., 48 h; (ii) TFA, 0 �C, 4 h; (iii) o-phenylenediamine, HBTU, DIPEA, r.t., 12 h; (iv) HATU, DIPEA, r.t., 0.5 h; O-tritylhydroxylamine, r.t., 24 h; (v) BF3$Et2O, 0 �C, 2 h.

Scheme 4. Reagents and conditions: (i) 4-aminobenzoic acid tert-butyl ester (e) or 4-aminocinnamic acid tert-butyl ester (g), HATU, DIPEA, r.t., 48 h; (ii) TFA, 0 �C, 4 h; (iii) HATU,
DIPEA, r.t., 0.5 h; O-tritylhydroxylamine, r.t., 24 h; (iv) BF3$Et2O, 0 �C, 2 h.

Fig. 2. UV absorption spectra of hydroxamic acid and o-phenylenediamine derivatives of chlorin linked with aliphatic chains (A) or aromatic chains (B) at a concentration of 5.0 mM
in DMSO.
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p6-based derivatives 10a-10d, 12a-12d, 15e-15g and 17e-17g in
DMSO was all 668 nmwhile that of chlorin f-based derivatives 20e,
20g and reference drug Talaporfin was 665 nm, 665 nm and
664 nm, respectively. Moreover, test compounds 12d, 15e, 15g, 17e
and 17f possess higher molar absorption coefficient compared with
Talaporfin, demonstrating their excellent photophysical properties.
4

2.3. In vitro HDAC inhibition and cytotoxic potency

The cytotoxic activities of target compounds against A549 and
HCT116 cells were measured by CCK-8 assay with Talaporfin and
SAHA as reference drugs. As shown in Table 1, dark cytotoxicities
(i.e. chemotherapy) of most target compounds were comparable



Table 1
HDAC1 inhibition activities and cytotoxicities for lead compounds (7 and 8) and their designed dual-mode cytotoxic chlorin-based derivatives (IC50, mM).

Compd. HDAC1 A549 HCT116

Dark toxicity Light toxicity Dark toxicity Light toxicity

SAHA 0.049 1.67 1.70 3.75 3.70
7 NTa 15.67 0.30 31.33 0.52
8 NTa 15.33 0.92 22.77 1.47
10a 224 0.59 0.18 4.14 0.023
10b 201 3.73 0.31 9.14 0.33
10c 81 3.51 0.30 8.63 0.26
10d 90 2.67 0.23 9.28 0.21
12a 79 0.37 0.13 4.18 0.011
12b 40 1.84 0.22 5.54 0.22
12c 49 1.51 0.18 2.81 0.108
12d 88 1.36 0.12 6.89 0.039
15e 27 0.30 0.06 2.79 0.006
15f 30 1.20 0.17 21.20 0.023
15g 30 0.73 0.24 7.86 0.026
17e 11 0.93 0.13 3.49 0.027
17f 66 1.18 0.32 4.60 0.10
17g 42 1.19 0.23 4.16 0.14
20e 28 9.34 0.90 4.60 0.031
20g 31 4.88 0.78 2.92 0.030
Talaporfin NTa 181 6.21 50.72 2.95

a NT: Not tested.
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with that of SAHA and far beyond that of their corresponding
precursors 7 and 8, indicating that coupling ZBG of HDACI on lead
PSs could remarkably improve direct cytotoxicity without light
irradiation. In addition, in the presence of light with a dose of 10 J/
cm2, it could be seen that the photocytotoxicity of all target com-
pounds was much higher than that of Talaporfin. Among them,
compound 15e exhibited the highest dark-toxicity (IC50 value:
0.30 mM for A549 cells and 2.79 mM for HCT116 cells) and photo-
toxicity (IC50 value: 0.06 mM for A549 cells and 0.006 mM for
HCT116 cells).

The HDAC1 inhibition activities of target compounds were
assayed using SAHA as reference drug. As shown in Table 1, the
HDAC1 inhibitory activities of target compounds except 10a and
10bwere moderate (IC50 values range: 11e90 mM) and much lower
than that of SAHA, which probably lies in that HDAC has several
different sub-types and HDAC1may not be themajor target of these
compounds. The preliminary structure-activity relationship (SAR)
analysis showed that the length and type of the carbon chain linker
for target compounds had a great influence on HDAC1 inhibitory
activity and ZBG type had little effect on that. Among them, HDAC1
inhibitory activity enhanced with their increasing carbon chain
growth, and with about 4 carbon atoms as the best. Moreover,
HDAC1 inhibitory activity of aromatic carbon chain linker de-
rivatives was superior to that of aliphatic carbon chain linker
derivatives.

It was reported that most benzamide-type HDACIs could
selectively inhibit HDAC1, HDAC2, HDAC3, HDAC6, HDAC8 or
HDAC10. Since the structure of strongest cytotoxic compound 15e
belongs to benzamide-type, we further determined its inhibitory
activity against above subtypes of HDAC except HDAC1 using SAHA
as reference drug. As shown in Table 2, 15e could efficaciously
inhibit HDAC2 and 10 (IC50 value: 2.65 mM for HDAC2 and 1.90 mM
Table 2
Different subtype HDAC inhibition activities for high active compound 15e (IC50,
mM).

Compd. HDAC2 HDAC3 HDAC6 HDAC8 HDAC10

15e 2.65 72.10 >100 >100 1.90
SAHA 0.015 0.034 0.018 0.188 0.050
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for HDAC10). Interestingly, it was notable that 15e displayed weak
inhibition activities towards HDAC1, HDAC3, HDAC6 and HDAC8,
which indicated its selective HDAC inhibition activities.
2.4. Cellular uptake

The capability of PS to enter tumor cells is crucial for PDT
cytotoxic efficacy. Hence, target compound 15e at concentration of
0.1 mM uptake in A549 cells were evaluated after 24 h incubation
time using Talaporfin at concentration of 1.0 mM as control. As
depicted in Fig. 3, the cellular uptake rate of 15ewas 9.0-fold higher
than that of Talaporfin, implying that 15e was more likely to be
accumulated in A549 cells compared to Talaporfin.
2.5. ROS level

The light excitation of PSs in the presence of tissue oxygen led to
the generation of ROS, which is regarded as the key cytotoxic
Fig. 3. Cellular uptake rate of compound 15e (0.1 mM) and Talaporfin (1.0 mM) in
A549 cells after 24 h incubation. Statistical analysis by Student’s t-test: triple asterisks
indicate P < 0.001 versus negative control.
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molecular for causing damage to biological systems [50]. Herein,
the intracellular ROS production in A549 cells induced by 15e and
Talaporfin with concentrations of 0.01 mM and 0.05 mM at a light
dosage of 10 J/cm2 were evaluated using 2,7-dichlorodi-hydro-
fluorescein diacetate (DCFH-DA) as the indicator. DCFH-DA itself
was non-fluorescent and its hydrolyzed product (DCF) after inter-
action with ROS could emit green fluorescent, which could be
detected by flow cytometry. As depicted in Fig. 4, compared with
negative control (only light irradiation without drug), 15e could
significantly elevate intracellular ROS production under light irra-
diation, and its mean count value of ROS production was respec-
tively 770.81 for 0.01 mM and 1760.90 for 0.05 mM, which was 6.1 or
11.5 times higher than that of Talaporfin (125.93 for 0.01 mM and
153.14 for 0.05 mM) at the same concentration, probably owing to
the higher cellular uptake rate of 15e compared to Talaporfin and
the synergetic effect between PDT and HDACI. Besides, there was
significant positive correlation with the concentration in ROS pro-
duction induced by 15e.
2.6. Western blotting

To determine whether compound 15e inhibited the HDAC
pathway in cancerous cells, Western blot assay was performed to
evaluate its effects on the expression level of acetyl-H3 and acetyl-
H4 using SAHA as positive control. A549 cells were exposed to 15e
and SAHA at concentrations of 0.1 mM, 1.0 mM and 2.0 mM for 24 h.
As shown in Fig. 5, 15e could significantly up-regulate Acetyl-H4
levels in a dosage-dependent manner and but almost not affect the
expression levels of Acetyl-H3, clearly indicating its inhibition
target in A549 cells as a HDACI.
Fig. 4. The ROS production in A549 cells induced by compound 15
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2.7. Subcellular localization

The short life-time of ROS induced by PDT, especially singlet
oxygen (1O2), is the major reason why it is crucial to determine the
subcellular localization of the PS, for the intracellular location
demonstrates the site of the primary photodamages and the type of
cellular response to the therapy. While ROS is short-lived, its
intracellular targets for are close to the sites where the PS is located.
Hence, cellular structures containing PS would be preferentially
damaged upon light irradiation [17,47].

The subcellular localization of 15e was assessed by laser
confocal microscopy upon exposure of A549 cells to 15e (0.1 mM) in
the dark for 24 h. As depicted in Fig. 6, the fluorescence of organelle
specific fluorescent probes including Mito Tracker Green (mito-
chondria, green signal, Fig. 6M3), Lyso Tracker Green DND-26
(lysososomes, green signal, Fig. 6L3), ER Tracker Green (endo-
plasmic reticulum, green signal, Fig. 6E3) or Golgi Tracker Green
(golgi apparatus, green signal, Fig. 6G3) could superimpose well
with that of 15e (red signal, Fig. 6M2, L2, E2 and G2). After entry
into cells, 15e was not observed inside the nucleus of A549 cells.

The merged images revealed the overlaps of 15e with Mito
Tracker Green (yellow signal, Fig. 6M4) or Lyso Tracker Green DND-
26 (yellow signal, Fig. 6L4) or ER Tracker Green (yellow signal,
Fig. 6E4) or Golgi Tracker Green (yellow signal, Fig. 6G4), indicating
that 15e could be localized in mitochondria, lysosomes, endo-
plasmic reticulum (ER) and golgi etc. multiple organelles. As a
result, the photodynamic damage effect to multiple organelles
caused by 15e presumably could trigger various apoptotic path-
ways, leading to effective cell destruction [51,52].
e or Talaporfin with light irradiation at a dosage of 10 J/cm2.



Fig. 5. Western blots showing the levels of acetyl-H3 and acetyl-H4 proteins in A549 cells treated with compound 15e and SAHA in the dark. Statistical analysis by Student’s t-test:
single asterisks indicate P < 0.05, double asterisks indicate P < 0.01, and triple asterisks indicate P < 0.001 versus negative control.

Fig. 6. Intracellular localization of 15e in A549 cells at 0.1 mM for 24 h: (M1, L1, E1, G1) phase contrast; (M2, L2, E2, G2) initial fluorescence of compound 15e; (M3) Mitochondria
Green Tracker; (L3) Lysosome Green Tracker; (E3) ER Green Tracker; (G3) Golgi Green Tracker; (M4, L4, E4, G4) the overlapped fluorescence of 15e and organelle Trackers; Scale bar:
10 mm.
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2.8. Cell apoptosis

Many excited PSs induced by light generate ROS that lead to
induction of apoptosis in malignant cells [53]. Thus, compound 15e
was evaluated to further investigate its effect on inducing
cancerous cell apoptosis by Annexin V-FITC/Propidium Iodide (PI)
assay, using Talaporfin as reference drug. A549 cells were incubated
with vehicle alone or tested samples at various concentrations for
48 h. As shown in Fig. 7, the cells treated by 15e at a dose of 0.5 mM
in the absence of light irradiationwere almost all died and the rates
of necrosis and apoptosis were respectively 45.22% and 54.74%
(Fig. 7Aeii), indicating that 15e could significantly induce apoptosis
of tumor cells as a HDACI (Fig. 7B). In addition, 15e at low doses of
0.01 mM and 0.1 mM in presence of light irradiation also could
significantly bring about induction of apoptosis in a dosage-
dependent manner (Fig. 7B) and its percentage of cell apoptosis
was individually 27.32% (Fig. 7A-iii) and 90.77% (Fig. 7Aeiv), which
was significantly higher than that (19.08%) of Talaporfin at equal
concentration (0.1 mM) (Fig. 7Aev and Fig. 7B). These results were
accordance with the facts that 15e was localized in apoptosis-
related multiple organelles such as mitochondria, lysosomes,
golgi apparatus and ER, and its IC50 values for dark-toxicity and
phototoxicity against A549 cells were individually 0.3 mM and
0.06 mM, which were well below that (6.21 mM) for phototoxicity.
2.9. Cell autophagy

Autophagy is a process of ordered degradation of dysfunctional
cytoplasmic components such as organelles and proteins, and ly-
sosomes are considered as the primary organelles for cell auto-
phagy through its wide array of hydrolytic enzymes [54,55]. During
the process of autophagy, an isolation membrane forms in the
cytosol, composed of double membrane which gradually expands
to enfold damaged organelles and aggregated proteins [56]. The
membrane closes to form autophagosomes that can be detected by
the small fluorescent molecule DAPRed. We performed the exper-
iment using LysoTracker and DAPRed to directly detect lysosome
Fig. 7. Flow cytometry analysis of A549 cells with Annexin V-PI double stained after drug
channels following (i) control (only light irradiation), (ii) 0.5 mM of 15ewithout light irradiati
or (v) 0.1 mM Talaporfin at a light dose of 10 J/cm2. (B) Bar chart illustrating the apoptosis
asterisks indicate P < 0.01, triple asterisks indicate P < 0.001.
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autophagy in A549 cells induced by compound 15e. As shown in
Fig. 8, the lysosomes and autophagosomes stained by LysoTracker
and DAPRed respectively were colocalized in A549 cells after
treatment with 15e without light irradiation, indicating that 15e
could induce tumor cell autophagy as a HDACI. Besides, the stron-
ger rosy fluorescence induced by 15e under light irradiation
demonstrated that 15e could cause tumor cell autophagy to a
greater extent as a PS.
3. Conclusions

In summary, this study highlighted an efficient strategy for the
combination of PDT and chemotherapy to discover the dual-mode
cytotoxic drug by synthesizing a series of chlorin p6-and chlorin
f-based derivatives conjugated to HDACI pharmacophores via
aliphatic or aromatic carbon chain linkages. Consequently, dark-
toxicity (i.e. chemotherapeutic activity) of most target compounds
was comparable that of SAHA and far beyond that of their corre-
sponding precursors 7 and 8 while photocytotoxicity (i.e. PDT ac-
tivity) of all target compounds was much higher than that of
Talaporfin. In particular, compound 15e exhibited the highest dark-
toxicity and phototoxicity against A549 and HCT116 cells, and was
liable to enter A549 cells and localized in mitochondria, lysosomes,
golgi and endoplasmic reticulum (ER) etc. multiple organelles,
leading to its higher cellular uptake rate, induction of cell apoptosis
rate and ROS production compared to Talaporfin. Moreover, 15e
showed definite HDAC2 and 10 inhibitory activities by significantly
up-regulating expression of acetyl-H4. Interestingly, 15e also could
induce tumor cell autophagy as a both PS and HDACI. Taken
together, all data supported the fact that 15e should be a promising
dual-mode cytotoxic drug for PDT and chemotherapy due to its not
only much higher PDT cytotoxic efficacy than Talaporfin as a PS but
also stronger chemotherapeutic cytotoxicity compared to SAHA as a
HDACI. To the best of our knowledge, this is the first example that a
single small molecule can play dual-mode cytotoxic effect as a PS
and HDACI. Further mechanism, lead-optimization and in vivo
antitumor efficacy on tumor-bearing mice studies are in progress.
administration: (A) Scatter plots showing relative fluorescent intensity for the flow
on, (iii) 0.01 mM 15e at a light dose of 10 J/cm2, (iv) 0.1 mM 15e at a light dose of 10 J/cm2

rate of cells for each of the treatments. Statistical analysis by Student’s t-test: double



Fig. 8. Cell autophagy in A549 cells induced by compound 15e at 0.1 mM without or with light irradiation using a laser at 660 nm for a light dose of 1.0 J/cm2.
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4. Materials and methods

4.1. Materials

All chemicals were of reagent grade. All the reagents and sol-
vents were purchased from commercial sources and used without
further purification. All oxygen and moisture sensitive reactions
were performed in dried solvents under a nitrogen atmosphere. 1H
and 13C spectra were recorded on Bruker AVANCE600 or
AVANCE300, with TMS as the internal standard and CDCl3 or
CD3OD or (CD3)2SO (DMSO‑d6) as solvents. Chemical shift (d) was
expressed in ppm and coupling constants (J) was given in Hz. ESI
mass spectrometric data were collected on an API-3000 LC-MS
spectrometer or a Micromass Qtof-Micro LC-MS-MS. Thin-layer
chromatography (TLC) analysis was carried out on silica gel plates
GF254 (QindaoHaiyang Chemical, China). Column chromatography
was performed on silica gel H (Qingdao Haiyang Chemical, China)
with the indicated solvent systems. Purity of all final compounds
was �95% as determined by high performance liquid chromatog-
raphy (HPLC) (Shimadzu LC-10AT) using acetonitrile/H2O (90:10,
volume ratio) as eluent of 1 mL/min on a C18 column (Shimadzu
VP-ODS C18, 5 mm, 4.6 mm� 150 mm). UV absorption spectra were
measured on a Techcomp UV 1102 spectrophotometers.
4.2. Preparation of compounds

4.2.1. 2-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-

phenylamine (10a)
Chlorin p6-131,151-dimethylester (7) (150 mg, 0.246 mmol, 1.0

equiv), which was synthesized as our previously reported [16], was
dissolved in anhydrous CH2Cl2 (30 mL). HBTU (111.80 mg,
0.295 mmol, 1.2 equiv), DIPEA (128.30 mL, 0.738 mmol, 3.0 equiv)
and o-phenylenediamine (31.86 mg, 0.295 mmol, 1.2 equiv) were
then added and the mixture was allowed to stir for 12 h at room
temperature under nitrogen. The reaction solution was washed by
5% citric acid solution (30 mL � 3), saturated NaCl solution and
water, and the organic layer was dried over anhydrous Na2SO4 and
evaporated. The dry residue was purified by column chromatog-
raphy (CH2Cl2: MeOH: HCO2H ¼ 50 : 1: 0.1) to give 107 mg, 62.2%
9

yield of 10a (C41H44N6O5) as a black solid. 1H NMR (Acetone-d6,
600 MHz): d 9.81 (s, 1H), 9.55 (s, 1H), 8.98 (s, 1H), 8.39 (s, 1H), 8.10
(dd, J ¼ 17.8, 11.6 Hz, 1H), 7.07 (d, J ¼ 7.74 Hz, 1H), 6.87 (m, 1H), 6.72
(d, J ¼ 7.9 Hz, 1H), 6.54 (t, J ¼ 7.9 Hz, 1H), 6.36 (d, J ¼ 17.9 Hz, 1H),
6.13 (d, J¼ 11.6 Hz, 1H), 5.23 (m,1H), 4.68 (q, J¼ 7.2 Hz, 1H), 4.20 (s,
3H), 4.18 (s, 3H), 3.72 (q, J ¼ 7.7 Hz, 2H), 3.63 (s, 3H), 3.42 (s, 3H),
3.20 (s, 3H), 2.72 (s, 2H), 1.95 (m, 2H), 1.90 (d, J¼ 7.3 Hz, 3H), 1.66 (t,
J ¼ 7.7 Hz, 3H). MS (ESIþ) m/z: 701.42 [M þ H]þ (100%).
4.2.2. 2-[4-(Chlorin p6-131,151-dimethylester-173-acylamino)-
butyrylamino]-phenylamine (10b)

7 (150 mg, 0.246 mmol, 1.0 equiv) was dissolved in anhydrous
CH2Cl2 (30 mL). EDCI (48.51 mg, 0.27 mmol, 1.1 equiv), NHS
(31.07 mg, 0.27 mmol, 1.1 equiv) and DMAP (16.47 mg, 0.135 mmol,
0.55 equiv) was then added, and the mixture was stirred for 24 h at
room temperature under nitrogen. 4-aminobutyric acid (27.87 mg,
0.27 mmol, 1.1 equiv) and pyridine (1.5 mL) were added and the
mixture was continued stirring for 48 h. The reaction solution was
washedwith 8% HCl (30mL� 3), saturated NaCl solution andwater,
and the organic layer was dried over anhydrous Na2SO4 and
evaporated. The residue was purified by silica gel column chro-
matography (CH2Cl2: MeOH: HCO2H ¼ 45 : 1: 0.1) to give imme-
diate 9b (116 mg, yield 67.5%) as a black green solid. 9b (116 mg,
0.166 mmol, 1.0 equiv), HBTU (75.42 mg, 0.199 mmol, 1.2 equiv),
DIPEA (82.15 mL, 0.498 mmol, 3.0 equiv) and o-phenylenediamine
(21.49 mg, 0.199 mmol, 1.2 equiv) were dissolved in anhydrous
CH2Cl2 (30 mL), and the mixture was allowed to stir at room tem-
perature for 12 h under nitrogen. The reaction solutionwas washed
by 5% citric acid solution (30 mL � 3), saturated NaCl solution and
water, and the organic layer was dried over anhydrous Na2SO4 and
evaporated. The residue was purified by column chromatography
(CH2Cl2: MeOH: HCO2H ¼ 45 : 1: 0.1) to give 88 mg, 45.6% yield of
10b (C45H51N7O6) as a black solid. 1H NMR (DMSO‑d6, 300 MHz):
d 9.72 (s, 1H), 9.42 (s, 1H), 9.16 (s, 1H), 8.83 (s, 1H), 7.99 (dd, J ¼ 17.6,
11.6 Hz,1H), 7.73 (s, 1H), 7.41 (s, 1H), 7.01 (s, 1H), 6.22 (d, J¼ 17.9 Hz,
1H), 6.03 (d, J¼ 11.6 Hz, 1H), 4.93 (m,1H), 4.46 (m, 1H), 4.09 (s, 3H),
4.06 (s, 3H), 3.65 (m, 2H), 3.56 (s, 3H), 3.45 (m, 2H), 3.20 (s, 3H), 3.13
(s, 3H), 2.96 (m, 2H), 2.17 (m, 2H), 1.73 (d, J ¼ 6.7 Hz, 3H), 1.57 (t,
J ¼ 6.9 Hz, 5H), 1.40 (m, 2H), 1.16 (m,2H), 0.81 (m, 2H). MS (ESIþ)m/
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z: 786.53 [M þ H]þ (100%).

4.2.3. 2-[5-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-

valerylamino]-phenylamine (10c)
According to the similar procedure for the synthesis of 10b, 7

(150 mg, 0.246 mmol, 1.0 equiv) was reacted with 5-aminovaleric
acid (31.59 mg, 0.27 mmol, 1.1 equiv) to afford key immediate 9c,
followed by coupling with o-phenylenediamine to obtain 85 mg,
43.2% yield of 10c (C46H53N7O6) as a black solid. 1H NMR (DMSO‑d6,
300 MHz): d 9.70 (s, 1H), 9.65 (s, 1H), 9.41 (s, 1H), 8.87 (s, 1H), 7.99
(dd, J ¼ 17.8, 11.7 Hz, 1H), 7.79 (s, 1H), 7.47 (s, 1H), 7.02 (s, 1H), 6.23
(d, J ¼ 17.9 Hz, 1H), 6.03 (d, J ¼ 11.6 Hz, 1H), 4.93 (m, 1H), 4.51 (m,
1H), 4.10 (s, 3H), 4.08 (s, 3H), 3.62 (m, 2H), 3.56 (s, 3H), 3.24 (m, 3H),
3.12 (s, 3H), 2.27 (m, 2H), 1.75 (d, J ¼ 6.7 Hz, 3H), 1.57 (t, J ¼ 7.3 Hz,
3H), 1.48 (s, 2H), 1.16 (m, 2H), 0.82 (m, 2H). MS (ESIþ) m/z: 800.72
[M þ H]þ(100%).

4.2.4. 2-[6-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-

hexanoylamino]-phenylamine (10d)
According to the similar procedure for the synthesis of 10b, 7

(150 mg, 0.246 mmol, 1.0 equiv) was reacted with 6-aminocaproic
acid (35.37 mg, 0.27 mmol, 1.1 equiv) to afford key immediate 9d,
followed by coupling with o-phenylenediamine to obtain 97 mg,
48.5% yield of 10d (C47H55N7O6) as a black solid. 1H NMR (DMSO‑d6,
300 MHz): d 9.77 (s, 1H), 9.59 (s, 1H), 9.19 (s, 1H), 9.01 (s, 1H), 8.22
(dd, J¼ 17.7,11.6 Hz,1H), 7.74 (m,1H), 7.11 (m,1H), 6.78 (m,1H), 6.41
(d, J ¼ 17.3 Hz, 1H), 6.18 (d, J ¼ 11.6 Hz, 1H), 4.97 (m, 1H), 4.54 (m,
1H), 4.14 (s, 3H), 4.11 (s, 3H), 3.72 (m, 2H), 3.59 (s, 3H), 3.44 (s, 3H),
3.20 (s, 3H), 2.26 (m, 2H), 1.81 (d, J ¼ 6.9 Hz, 3H), 1.61 (t, J ¼ 7,2 Hz,
3H), 1.48 (m, 4H), 0.97 (m, 2H), 0.83 (m, 2H). MS (ESIþ) m/z: 814.50
[M þ H]þ(100%).

4.2.5. N-(Chlorin p6-13
1,151-dimethylester-173-acyl)-

hydroxylamine (12a)
7 (150 mg, 0.246 mmol, 1.0 equiv), HATU (112.17 mg,

0.295 mmol, 1.2 equiv) and DIPEA (128.30 mL, 0.738 mmol, 3.0
equiv) were dissolved in anhydrous CH2Cl2 (30mL) and themixture
was stirred for 0.5 h at room temperature. O-tritylhydroxylamine
(81.12 mg, 0.295 mmol, 1.2 equiv) was then added, and the mixture
was stirred for 24 h. The reaction solution was diluted with CH2Cl2
(50 mL) and washed by 5% citric acid solution (30 mL � 2) and
saturated NaCl solution (30 mL � 2). The organic layer was dried
over anhydrous Na2SO4 and evaporated. The residue was purified
by column chromatography (CH2Cl2: MeOH ¼ 45 : 1) to give key
immediate 11a (121 mg, yield 56.5%) as a black solid. 11a was dis-
solved in dried CH2Cl2 under ice bath, followed by the addition of
BF3$Et2O (0.1 mL) dropwise to react for 2 h. The reaction solution
was then diluted with CH2Cl2 and washed by saturated NaCl solu-
tion (30 mL � 2) and water. The organic layer was dried over
anhydrous Na2SO4 and evaporated. The residue was purified by
column chromatography (CH2Cl2: MeOH: HCO2H ¼ 30 : 1: 0.1) to
give 67 mg, 43.6% yield of 12a (C35H39N5O6) as a black solid. 1H
NMR (Acetone-d6, 600 MHz): d 9.86 (s, 1H), 9.62 (s,1H), 9.16 (s, 1H),
8.97 (s, 1H), 8.15 (dd, J ¼ 18.00, 11.70 Hz, 1H), 6.39 (d, J ¼ 17.5 Hz,
1H), 6.15 (d, J ¼ 11.2 Hz, 1H), 5.11 (m, 1H), 4.57 (m, 1H), 4.17 (s, 3H),
4.16 (s, 3H), 3.77 (m, 2H), 3.63 (s, 3H), 3.45 (s, 3H), 3.24 (s, 3H), 3.13
(s, 3H), 2.75 (s, 2H), 2.22 (m, 2H), 1.85 (d, J ¼ 7.0 Hz, 3H), 1.67 (t,
J ¼ 7.6 Hz, 5H). MS (ESIþ) m/z: 626.27 [M þ H]þ(100%).

4.2.6. N-[4-(Chlorin p6-13
1,151-dimethylester-173-acylamino)]-

butyrylhydroxylamine (12b)
9b (116 mg, 0.166 mmol, 1.0 equiv), which was prepared ac-

cording to the similar procedure above, was dissolved in anhydrous
CH2Cl2 (30 mL). HATU (75.62 mg, 0.199 mmol, 1.2 equiv) and DIPEA
(82.15 mL, 0.498 mmol, 3.0 equiv) were then added and the mixture
10
was allowed to stir for 0.5 h at room temperature. O-tritylhydrox-
ylamine (54.72 mg, 0.199 mmol, 1.2 equiv) was added and the
mixture was continued stirring for 24 h. The reaction solution was
diluted with CH2Cl2 (50 mL) and washed by 5% citric acid solution
(30 mL � 2) and saturated NaCl solution (30 mL � 2). The organic
layer was dried over anhydrous Na2SO4 and evaporated to obtain
the immediate 11b as a black solid. 11b was dissolved in dried
CH2Cl2 under ice bath, followed by the addition of BF3$Et2O (0.1mL)
dropwise to stir for 2 h. The reaction solutionwas then diluted with
CH2Cl2 and washed by saturated NaCl solution (30 mL � 2) and
water. The organic layer was dried over anhydrous Na2SO4 and
evaporated. The residue was purified by column chromatography
(CH2Cl2: MeOH: HCO2H ¼ 30 : 1: 0.1) to give 56 mg, 32.1% yield of
12b (C39H46N6O7) as a black solid. 1H NMR (DMSO‑d6, 600 MHz):
d 9.80 (s, 1H), 9.62 (s, 1H), 9.02 (s, 1H), 8.23 (dd, J¼ 17.9, 11.6 Hz,1H),
7.61 (t, 1H), 6.46 (d, J¼ 17.8 Hz,1H), 6.20 (d, J¼ 11.6 Hz,1H), 4.98 (m,
1H), 4.55 (m, 1H), 4.16 (s, 3H), 4.13 (s, 3H), 3.74 (m, 2H), 3.62 (s,
3H),3.47 (m, 3H), 3.24 (s, 2H), 3.19 (s, 3H), 2.93 (m, 2H), 2.12 (m, 2H),
1.83 (d, J ¼ 7.3 Hz, 3H), 1.65 (t, J ¼ 7.6 Hz, 3H), 1.41 (m, 2H), 1.23 (m,
2H). MS (ESIþ) m/z: 711.37 [M þ H]þ(100%).

4.2.7. N-[5-(Chlorin p6-13
1,151-dimethylester-173-acylamino)]-

valerylhydroxylamine (12c)
According to the similar procedure for the synthesis of 12b, 7

(150 mg, 0.246 mmol, 1.0 equiv) was reacted with 5-aminovaleric
acid (31.59 mg, 0.27 mmol, 1.1 equiv) to afford key immediate 9c,
followed by coupling with O-tritylhydroxylamine to give crude 11c.
The O-triphenylmethyl protective group of 11cwas finally removed
by BF3$Et2O to obtain 52 mg, 29.2% yield of 12c (C40H48N6O7) as a
black solid. 1H NMR (DMSO‑d6, 600MHz): d 9.78 (s,1H), 9.60 (s,1H),
9.00 (s, 1H), 8.22 (dd, J ¼ 17.9, 11.58 Hz, 1H), 7.59 (t, 1H), 6.42 (d,
J ¼ 17.8 Hz, 1H), 6.18 (d, J ¼ 11.6 Hz, 1H), 4.97 (m, 1H), 4.54 (m, 1H),
4.14 (s, 3H), 4.11 (s, 3H), 3.73 (m, 2H), 3.60 (s, 3H), 3.45 (m, 3H), 3.22
(s, 2H), 3.17 (s, 3H), 2.90 (m, 2H), 2.10 (m, 4H), 1.82 (d, J ¼ 7.3 Hz,
3H), 1.63 (t, J¼ 7.6 Hz, 3H), 1.40 (m, 2H), 1.34 (m, 2H). MS (ESIþ)m/z:
725.36 [M þ H]þ(100%).

4.2.8. N-[6-(Chlorin p6-13
1,151-dimethylester-173-acylamino)]-

hexanoylhydroxylamine (12d)
According to the similar procedure for the synthesis of 12b, 7

(150 mg, 0.246 mmol, 1.0 equiv) was reacted with 6-aminocaproic
acid (35.37 mg, 0.27 mmol, 1.1 equiv) to afford key immediate 9d,
followed by coupling with O-tritylhydroxylamine to give crude 11d.
The O-triphenylmethyl protective group of 11dwas finally removed
by BF3$Et2O to obtain 61 mg, 33.6% yield of 12d (C41H50N6O7) as a
black solid. 1H NMR (DMSO‑d6, 600 MHz): d 10.24 (s, 1H), 9.76 (s,
1H),9.57 (s, 1H), 9.00 (s, 1H), 8.61 (s, 1H), 8.19 (dd, J ¼ 17.8, 11.5 Hz,
1H), 7.67 (t, 1H), 6.41 (d, J ¼ 17.8 Hz, 1H), 6.17 (d, J ¼ 11.40 Hz, 1H),
5.75 (s, 2H), 4.97 (m,1H), 4.54 (m,1H), 4.15 (s, 3H), 4.12 (s, 3H), 3.70
(m, 2H), 3.59 (s, 3H), 3.44 (s, 3H), 3.26 (m, 2H), 3.19 (s, 3H), 2.92 (m,
2H), 2.11 (m, 2H), 1.85 (m, 2H), 1.83 (d, J ¼ 7.3 Hz, 3H), 1.61 (t,
J ¼ 7.6 Hz, 3H), 1.51 (m, 2H), 1.40 (m, 2H),1.25 (m, 2H). MS (ESIþ)m/
z: 739.51 [M þ H]þ(100%).

4.2.9. 4-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-N-(2-

aminophenyl)-benzamide (15e)
To a solution of compound 7 (150 mg, 0.246 mmol, 1.0 equiv) in

dried CH2Cl2, HATU (112.17 mg, 0.295 mmol, 1.2 equiv), DIPEA
(128.30 mL, 0.738 mmol, 3.0 equiv) and 4-aminobenzoic acid tert-
butyl ester (52.11 mg, 0.270 mmol, 1.1 equiv) were then added, and
the mixture was stirred for 48 h at room temperature. The reaction
solution was successively washed with 8% HCl (30 mL � 3), satu-
rated NaCl solution and water. The organic layer was dried over
anhydrous Na2SO4 and evaporated to give immediate 13e as a black
solid. 13e was dissolved in dry CH2Cl2/TFA (1:1, 10 mL) and stirred
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for 4 h under ice bath. The resulting mixture was diluted with
CH2Cl2 and adjusted to pH 3e4 with 10% NaHCO3 solution. The
residue was purified by silica gel column chromatography (CH2Cl2:
MeOH: HCO2H ¼ 45:1:0.1) to afford key immediate 14e (113 mg,
yield 63.1%) as a black green solid. 14e (113 mg, 0.155 mmol, 1.0
equiv), HBTU (70.49 mg, 0.186 mmol, 1.2 equiv), DIPEA (76.90 mL,
0.465 mmol, 3.0 equiv) and o-phenylenediamine (20.08 mg,
0.186mmol, 1.2 equiv) were dissolved in anhydrous CH2Cl2 (30mL),
and the mixture was allowed to stir for 12 h at room temperature
under nitrogen. The reaction solution was washed by 5% citric acid
solution (30 mL � 3), saturated NaCl solution and water. The
organic layer was dried over anhydrous Na2SO4 and evaporated.
The residue was purified by column chromatography (CH2Cl2:
MeOH ¼ 50 : 1) to give 83 mg, 41.2% yield of 15e (C48H49N7O6) as a
black solid. 1H NMR (Acetone-d6, 600 MHz): d 9.86 (s, 1H), 9.63 (s,
1H), 8.93 (s, 1H), 8.69 (s, 1H), 8.14 (dd, J ¼ 17.8, 11.5 Hz, 1H), 7.81 (m,
2H), 7.37 (m, 2H),7.26 (m, 1H), 6.96 (m, 1H), 6.83 (m, 1H), 6.64 (m,
1H), 6.38 (d, J ¼ 18.00 Hz, 1H), 6.15 (d, J ¼ 11.8 Hz, 1H), 5.23 (m, 1H),
4.64 (m,1H), 4.18 (s, 3H), 4.15 (s, 3H), 3.78 (m, 2H), 3.63 (s, 3H), 3.38
(s, 3H), 3.25 (s, 3H), 2.75 (s, 2H), 2.13 (m, 2H), 1.87 (d, J¼ 7.3 Hz, 3H),
1.68 (t, J ¼ 7.6 Hz, 3H). 13C NMR (Acetone-d6, 600 MHz): d170.14,
166.40, 145.02, 128.78, 128.24, 127.50, 123.98, 121.69, 121.66, 119.55,
118.16, 118.02, 117.39, 104.14, 99.69, 93.87, 52.91, 52.88, 52.27, 51.59,
49.07, 31.16, 29.45, 29.33, 29.21, 29.08, 28.95, 28.82, 28.69, 28.57,
23.14, 18.74, 16.99, 11.48, 11.15, 10.06. MS (ESIþ) m/z: 820.49 [M þ
H]þ(100%). HRMS (ESIþ) m/z: 820.3817 [MþH]þ, calcd for
C48H49N7O6 819.3744. HPLC purity: 99.1%.

4.2.10. 3-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-N-(2-

aminophenyl)-cinnamamide (15f)
According to the similar procedure for the synthesis of 15e, 7

(150mg, 0.246mmol,1.0 equiv) was reactedwith 3-aminocinnamic
acid tert-butyl ester (59.13 mg, 0.27 mmol, 1.1 equiv) to afford im-
mediate 13f. The tert-butyl protective group of compound 13f was
removed by TFA to give 14f, followed by coupling with o-phenyl-
enediamine to obtain 82 mg, 39.4% yield of 15f (C50H51N7O6) as a
black solid. 1H NMR (Acetone-d6, 600 MHz): d 9.86 (s, 1H), 9.62 (s,
1H), 8.92 (s, 1H), 8.51 (m,1H), 8.18 (dd, J¼ 17.5, 11.3 Hz,1H), 8.12 (m,
1H), 7.51 (t, 1H), 7.35 (m, 2H), 7.27 (m, 2H), 7.03 (m, 1H), 6.88 (m,
1H), 6.76 (m, 1H), 6.65 (m, 1H), 6.38 (d, J ¼ 17.9 Hz, 1H), 6.16 (d,
J ¼ 11.6 Hz, 1H), 5.24 (m, 1H), 4.64 (m, 1H), 4.18 (s, 3H), 4.15 (s, 3H),
3.78 (m, 2H), 3.64 (s, 3H),3.36 (s, 3H), 3.25 (s, 3H), 2.06 (m, 2H), 1.95
(m, 2H),1.87 (d, J¼ 7.3 Hz, 3H),1.68 (t, J¼ 7.7 Hz, 3H). MS (ESIþ)m/z:
846.31 [M þ H]þ(100%).

4.2.11. 4-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-N-(2-

aminophenyl)-cinnamamide (15g)
According to the similar procedure for the synthesis of 15e, 7

(150mg, 0.246mmol,1.0 equiv) was reactedwith 4-aminocinnamic
acid tert-butyl ester (59.13 mg, 0.27 mmol, 1.1 equiv) to afford im-
mediate 13g. The tert-butyl protective group of 13gwas removed by
TFA to give 14g, followed by coupling with o-phenylenediamine to
obtain 85 mg, 40.9% yield of 15g (C50H51N7O6) as a black solid. 1H
NMR (Acetone-d6, 600 MHz): d 9.93 (s, 1H), 9.70 (s, 1H), 8.97 (s, 1H),
8.37 (m, 1H), 8.21 (dd, J ¼ 17.7, 11.4 Hz, 1H), 7.56 (m, 1H), 7.39 (m,
4H), 7.08 (m, 1H), 6.97 (m, 1H), 6.84 (m, 1H), 6.70 (m, 1H), 6.43 (d,
J ¼ 17.9 Hz, 1H), 6.16 (d, J ¼ 10.6 Hz, 1H), 5.28 (m, 1H), 4.70 (m, 1H),
4.22 (s, 3H), 4.20 (s, 3H), 3.85 (m, 2H), 3.68 (s, 3H),3.41 (s, 3H), 3.32
(s, 3H), 2.09 (m, 2H), 2,05 (m, 2H), 1.91 (d, J ¼ 7.3 Hz, 3H), 1.74 (t,
J ¼ 7.7 Hz, 3H). MS (ESIþ) m/z: 846.52 [M þ H]þ(100%).

4.2.12. 4-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-N-

hydroxylbenzamide (17e)
To a solution of compound 7 (150 mg, 0.246 mmol, 1.0 equiv) in

dried CH2Cl2, HATU (112.17 mg, 0.295 mmol, 1.2 equiv), DIPEA
11
(128.30 mL, 0.738 mmol, 3.0 equiv) and 4-aminobenzoic acid tert-
butyl ester (52.11 mg, 0.270 mmol, 1.1 equiv) was then added. After
stirring for 48 h, the reaction mixture was washed with 8% HCl
(30 mL � 3), saturated NaCl solution and water. The organic layer
was dried over anhydrous Na2SO4 and evaporated to give the im-
mediate 13e as a black solid. 13e was dissolved in dry CH2Cl2/TFA
(1:1,10mL) and stirred for 4 h under ice bath. The resulting mixture
was diluted with CH2Cl2 and adjusted to pH 3e4 with 10% NaHCO3
solution. The residue was purified by silica gel column chroma-
tography (CH2Cl2: MeOH: HCO2H ¼ 45 : 1: 0.1) to afford key im-
mediate 14e (108 mg, yield 59.8%) as a black green solid. 14e
(108 mg, 0.147 mmol, 1.0 equiv), HATU (67.03 mg, 0.176 mmol, 1.2
equiv) and DIPEA (72.90 mL, 0.441 mmol, 3.0 equiv) were dissolved
in anhydrous CH2Cl2 (30 mL), and the mixture was allowed to stir
for 0.5 h at room temperature. O-tritylhydroxylamine (48.39 mg,
0.176 mmol, 1.2 equiv) was then added and the mixture was
continued stirring for 24 h. The reaction solution was diluted with
CH2Cl2 (50 mL) and washed by 5% citric acid solution (30 mL � 2)
and saturated NaCl solution (30 mL � 2). The organic layer was
dried over anhydrous Na2SO4 and evaporated to obtain immediate
16e as a black solid. 16e was dissolved in dried CH2Cl2 under ice
bath, followed by the addition of BF3$Et2O (0.1 mL) dropwise to stir
for 2 h. The mixture solution was then diluted with CH2Cl2 and
washed by saturated NaCl solution (30 mL � 2) and water. The
organic layer was dried over anhydrous Na2SO4 and evaporated.
The residue was purified by column chromatography (CH2Cl2:
MeOH: HCO2H ¼ 30:1:0.1) to obtain 57 mg, 31.1% yield of 17e
(C42H44N6O7) as a black solid. 1H NMR (Acetone-d6, 600 MHz):
d 10.59 (s,1H), 9.88 (s,1H), 9.65 (s,1H), 8.95 (s,1H), 8.16 (dd, J¼ 17.3,
11.5 Hz, 1H), 7.62 (t, 2H), 7.37 (t, 2H), 6.40 (d, J ¼ 18.30 Hz, 1H), 6.18
(d, J ¼ 10.4 Hz, 1H), 5.62 (s, 1H), 4.64 (m, 1H), 4.19 (s, 3H), 4.15 (s,
3H), 3.80 (m, 2H), 3.65 (s, 3H), 3.39 (s, 3H), 3.27 (s, 3H), 2.50 (m, 2H),
2.16 (m, 2H),1.88 (d, J¼ 4.7 Hz, 3H),1.69 (t, J¼ 7.2 Hz, 3H). MS (ESIþ)
m/z: 745.48 [M þ H ]þ(100%).

4.2.13. 3-(Chlorin p6-13
1,151-dimethylester-173-acylamino)-N-

hydroxylcinnamamide (17f)
According to the similar procedure for the synthesis of 17e, 7

(150mg, 0.246mmol,1.0 equiv) was reactedwith 3-aminocinnamic
acid tert-butyl ester (59.13 mg, 0.27 mmol, 1.1 equiv) to obtain
immediate 13f. The tert-butyl protective group of compound 13f
was removed by TFA to give crude 14f. 14f was reacted with O-
tritylhydroxylamine to get immediate 16f, followed by the de-
protection of O-triphenylmethyl group by BF3$Et2O to obtain
55 mg, 29.0% yield of 17f (C44H46N6O7) as a black solid. 1H NMR
(Acetone-d6, 600 MHz): d 9.91 (s, 1H), 9.68 (s, 1H), 8.96 (s, 1H), 8.63
(m, 1H), 8.19 (dd, J ¼ 18.00, 11.5 Hz, 1H), 7.49 (m, 1H), 7.33 (m, 4H),
6.43 (d, J ¼ 17.6 Hz, 1H), 6.20 (d, J ¼ 11.3 Hz, 1H), 5.27 (m, 1H), 4.67
(m, 1H), 4.18 (s, 3H), 4.15 (s, 3H), 3.78 (m, 2H), 3.64 (s, 3H), 3.36 (s,
3H), 3.25 (s, 3H), 2.06 (m, 2H), 1.95 (m, 2H), 1.87 (d, J ¼ 7.3 Hz, 3H),
1.68 (t, J ¼ 7.7 Hz, 3H). MS (ESIþ) m/z: 771.26 [M þ H]þ(100%).

4.2.14. 4-(Chlorin p6-13
1,151-dimethylester-173-acylamino)- N-

Hydroxylcinnamamide (17g)
According to the similar procedure for the synthesis of 17e, 7

(150mg, 0.246mmol,1.0 equiv) was reactedwith 4-aminocinnamic
acid tert-butyl ester (59.13 mg, 0.27 mmol, 1.1 equiv) to get im-
mediate 13g. The tert-butyl protective group of compound 13g was
removed by TFA to give crude 14g. 14g was reacted with O-tri-
tylhydroxylamine to get immediate 16g, followed by the de-
protection of O-triphenylmethyl group by BF3$Et2O to obtain
58 mg, 30.6% yield of 17g (C44H46N6O7) as a black solid. 1H NMR
(Acetone-d6, 600 MHz)d 9.90 (s, 1H), 9.68 (s, 1H), 9.54 (s, 1H), 9.34
(m, 1H), 8.19 (dd, J ¼ 17.4, 11.6 Hz, 1H), 7.45 (m, 1H), 7.31 (m, 2H),
7.20 (m, 2H), 6.41 (d, J ¼ 18.3 Hz, 1H), 6.19 (d, J ¼ 11.0 Hz, 1H), 5.01
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(m, 1H), 4.67 (m, 1H), 4.20 (s, 3H), 4.16 (s, 3H), 3.83 (m, 2H), 3.66 (s,
3H), 3.40 (s, 3H), 3.26 (s, 3H), 2.07 (m, 2H), 1.95 (m, 2H), 1.88 (d,
J ¼ 6.1 Hz, 3H), 1.72 (t, J ¼ 7.7 Hz, 3H). MS (ESIþ) m/z: 771.43 [M þ
H]þ(100%).

4.2.15. 4-(Chlorin f-131-monomethylester-173-acylamino)-N-
hydroxylbenzamide (20e)

Chlorin f (5) (650 mg, 1.208 mmol), which was synthesized as
our previously reported [49], was dissolved in THF (50 mL). 2.5%
CH2N2 in Et2O (10 mL) was added and the mixture was allowed to
stir for 10 min under ice bath. Acetic acid (0.2 mL) was then added
to decompose excessive CH2N2. After removal of solvents of two-
thirds volume, the reaction solution was diluted with CH2Cl2
(50 mL) and washed with saturated NaCl solution and water. The
organic layer was dried over anhydrous Na2SO4 and evaporated.
The residue was dissolved in THF (100mL) with addition of 25% HCl
(100 mL). The mixture was stirred for 4 h at room temperature and
diluted with water, adjusted to pH 5e6 with 1M NaOH, and then
extracted with CH2Cl2. The organic layer was washed with water,
dried over anhydrous Na2SO4, and evaporated. The residue was
purified on a silica gel column chromatography (CH2Cl2:
MeOH ¼ 33 : 1) to afford chlorin f-131-monomethyl ester (8)
(405 mg, yield 60.8%) as a black solid. 8 (100 mg, 0.181 mmol, 1.0
equiv), HATU (82.46 mg, 0.217 mmol, 1.2 equiv), DIPEA (94.40 mL,
0.543 mmol, 3.0 equiv) and 4-aminobenzoic acid tert-butyl ester
(52.11 mg, 0.181 mmol, 1.1 equiv) were dissolved in anhydrous
CH2Cl2 (30mL) and themixturewas allowed to stir for 48 h at room
temperature under nitrogen. The reaction mixture was washed
with 8% HCl (30 mL � 3), saturated NaCl solution and water. The
organic layer was dried over anhydrous Na2SO4 and evaporated to
give the immediate 18e as a black solid. 18e was dissolved in dry
CH2Cl2/TFA (1:1, 10 mL) and stirred for 4 h under ice bath. The
resulting mixture was diluted with CH2Cl2 and adjusted to pH 3e4
with 10% NaHCO3 solution. The residue was purified by silica gel
column chromatography (CH2Cl2: MeOH: HCO2H ¼ 45 : 1: 0.1) to
afford key immediate 19e (78 mg, yield 64.1%) as a black green
solid. 19e (78 mg, 0.116 mmol, 1.0 equiv), HATU (52.90 mg,
0.139 mmol, 1.2 equiv) and DIPEA (57.55 mL, 0.348 mmol, 3.0 equiv)
were dissolved in anhydrous CH2Cl2 (30 mL), and the mixture was
allowed to stir for 0.5 h at room temperature. O-tritylhydroxyl-
amine (38.22 mg, 0.139 mmol, 1.2 equiv) was then added and the
mixture was continued stirring for 24 h. The reaction solution was
diluted with CH2Cl2 (50 mL) and washed by 5% citric acid solution
(30 mL � 2) and saturated NaCl solution (30 mL � 2). The organic
layer was dried over anhydrous Na2SO4 and evaporated. The res-
idue was dissolved in dried CH2Cl2 under ice bath, followed by the
addition of BF3$Et2O (0.1 mL) dropwise to stir for 2 h. The mixture
solution was then diluted with CH2Cl2 and washed by saturated
NaCl solution (30 mL � 2) and water. The organic layer was dried
over anhydrous Na2SO4 and evaporated. The residue was purified
by column chromatography (CH2Cl2: MeOH: HCO2H¼ 30 : 1: 0.1) to
obtain 51 mg, 41.0% yield of 20e (C40H42N6O5) as a black solid. 1H
NMR (DMSO‑d6, 600 MHz): d 10.65 (s, 1H), 9.92 (s, 1H), 9.86 (s, 1H),
9.79 (s, 1H), 9.71 (s, 1H), 9.05 (s, 1H), 8.31 (dd, J ¼ 17.3, 11.3 Hz, 1H),
7.51 (m, 2H), 7.41 (m, 2H), 6.47 (d, J ¼ 17.3 Hz, 1H), 6.18 (d,
J¼ 12.2 Hz,1H), 4.65 (m,1H), 4.51 (m,1H), 4.28 (s, 3H), 3.80 (m, 5H),
3.49 (s, 3H), 3.28 (s, 3H), 1.90 (d, J ¼ 7.1 Hz, 3H), 1.67 (t, J ¼ 7. 6 Hz,
3H). MS (ESIþ) m/z: 687.43 [M þ H]þ(100%).

4.2.16. 4-(Chlorin f-131-monomethylester-173-acylamino)-N-
hydroxylcinnamamide (20g)

According to the similar procedure for the synthesis of 20e, 8
(100mg, 0.181mmol, 1.0 equiv) was reacted with 4-aminocinnamic
acid tert-butyl ester (43.60 mg, 0.199 mmol, 1.1 equiv) to obtain
crude product 18g, followed by coupling with O-
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tritylhydroxylamine to give immediate 19g. The O-triphenylmethyl
group of compound 19g was finally removed by BF3$Et2O to obtain
52 mg, 40.4% yield of 20g (C42H44N6O5) as a black solid. 1H NMR
(DMSO‑d6,600MHz): d 11.01 (s, 1H), 9.96 (s, 1H), 9.84 (s,1H), 9.76 (s,
1H), 9.69 (s,1H), 9.02 (s,1H), 8.85 (s,1H), 8.28 (dd, J ¼ 17.9, 11.5 Hz,
1H), 7.61 (m, 2H), 7.52 (m, 2H), 6.42 (d, J ¼ 18.00 Hz, 1H), 6.19 (d,
J¼ 11.9 Hz,1H), 4.62 (m,1H), 4.50 (m,1H), 4.25 (s, 3H), 3.77 (m, 5H),
3.47 (s, 3H), 3.28 (s, 3H), 2.15 (m, 2H), 1.87 (d, J¼ 7.2 Hz, 3H), 1.72 (t,
J ¼ 7.7 Hz, 3H). MS (ESIþ) m/z: 713.61 [M þ H]þ(100%).

4.3. Photophysical properties

The UV absorption spectra of test compounds with a concen-
tration of 5.0 mM in DMSO were recorded with the UV spectro-
photometer (Techcomp UV 1102) at wavelengths from 400 nm to
700 nm. All the measurements were carried out at room
temperature.

4.4. In vitro HDAC inhibition assay

The HDAC1 (no. ab101661) was purchased from Abcam, and
HDAC2 (H84-30G-10), HDAC3 (H85-30G-10), HDAC6 (H88-30G-
10), HDAC8 (H90e30H-10), and HDAC10 (H92-31G-10) were all
purchased from Signalchem. The in vitro HDAC inhibition assay for
target compounds was performed according to the manufacturer’s
protocols. The reaction mixture contained 25 mM Tris (pH 8.0),
1 mM MgCl2, 0.1 mg/mL BSA, 137 mM NaCl, 2.7 mM KCl and HDAC
(7.2 ng/well) in a total volume of 40 mL. Test compounds (3-fold
dilution) were diluted in 10% DMSO, and 5 mL of the dilution was
added and pre-incubated with purified recombinant HDAC for
5 min at room temperature before substrate addition. Afterwards,
the enzyme substrate (10 mM Ac-Leu-Gly-Lys(Ac)-AMC) was added
and the plate was incubated at 37 �C for 30 min in a final volume of
50 mL. Finally, the reaction was quenched with 50 mL of HDAC assay
developer (1 mg/mL trypsin and 2 mM TSA in assay buffer) for
30 min at room temperature, and the fluorescence intensity was
measured using the Spectra Max M5 microtiter plate reader at
excitation and emission wavelengths of 360 nm and 460 nm,
respectively. The IC50 values were calculated from the fluorescence
intensity readings of test wells relative to those of control wells and
determined by GraphPad Prism 7.0 for windows software, using the
“log (inhibitor) vs normalized response-variable slope” function.

4.5. Cell lines and culture

Human non small cell carcinoma cell line A549 and human
colon carcinoma cell line HCT116 were initially purchased from the
Chinese Academy of Science Shanghai Institute of Cell Bank
(Shanghai, China). All cell lines were cultured in DMEM medium
(Hyclone, Logan, UT, USA), which was supplemented with 10% fetal
bovine serum (FBS) and 1% Penicillin-Streptomycin solution. The
cells were grown as monolayers in sterile, vented-capped, angle-
necked cell culture flasks and were maintained in 5% CO2 in a hu-
midified incubator at 37 �C until confluent.

4.6. Dark toxicity

A stock solution (30 mM) of test compounds was prepared by
dissolving compounds in DMSO. The stock solution was serially
diluted to different concentrations with the culture medium for
cytotoxicity assay. 5� 103 A549 or HCT116 cells were seeded on 96-
well transparent plates and cultured in DMEMmedia for 24 h. After
suction media, the cells were then incubated with fresh medium
containing tested compounds with varied concentrations in the
dark for 48 h. After the media was removed, the cells were fed with
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fresh medum, following 10 mL of Cell Counting Kit-8 (CCK-8) per
100 mL of medium and incubated for another 1.0 h. Cell viability was
assessed by Cell-Counting Kit-8 assay (Dojindo Laboratories, Japan)
according to the manufacturers’ protocol. The absorbance of each
well was measured by a spectrophotometer (Tecan, Switzerland) at
450 nm [17].

4.7. Phototoxicity

Cells were prepared as described above and incubated with test
compounds of different concentrations for 24 h. After irradiation
with the diode laser at 660 nm for a light dose of 10 J/cm2, cells
were incubated for another 24 h. Cell viability was then measured
as described above using CCK-8 assay [17].

4.8. Cellular uptake

A549 cells were seeded on 6-well transparent plates at the
density of 2 � 105 cells (2.0 mL) per well and incubated in a 5% CO2
incubator at 37 �C for 24 h. The culture mediumwas then removed,
and washed three times by PBS. Cells were then incubated with
0.1 mMof 15e or 1.0 mMof Talaporfin in freshmedium for 24 h in the
dark. After incubation, the cells were rinsed with PBS three times
and lysed with 90 mL 1% Triton x-100 in PBS per well. The cell ly-
sates were centrifuged at 12000 g/min for 5 min to obtain the su-
pernatant at 4 �C. The amount of 15e and Talaporfin was
fluorometrically determined with an excitation wavelength of
400 nm and an emission wavelength of 660 nm using a Fluores-
cence Spectrophotometer (F7000, Hitachi). Quantification of 15e
and Talaporfin was carried out using fluorescence-drug concen-
tration calibration curves generated with their various known
concentrations. The cellular uptake rate for drug was then
calculated.

4.9. ROS level

3 � 105 A549 cells in 2 mL of culture medium (per well) were
seeded on 6-well plates and incubated for 24 h in a 5% CO2 incu-
bator at 37 �C. The culture medium was removed, and cells were
continued to be incubated in fresh medium in presence or absence
of 0.01 mM or 0.05 mM of 15e or Talaporfin in the dark for 24 h. On
the basis a standard ROS assay kit instruction, 10 mM 2,7-
Dichlorodi-hydrofluorescein diacetate (DCFH-DA) probe was
added (2 mL per well) and cells were incubated for another 1 h. The
culture medium was refreshed and cells were exposed to the laser
at 660 nm for a light dose of 10 J/cm2. After keeping in the dark for
1 h, cells were collected and analyzed by a flow cytometer (BD
Accuri C6).

4.10. Western blotting

A549 cells were seeded (2 � 105 cells per well) on 6-well
transparent plates (Corning). The cells were exposed to com-
pound 15e and SAHA at 0.1, 1.0, and 2 mM for 24 h and then har-
vested and washed with PBS three times. Then the cells were lysed
with RIPA cell lysis buffer for 30 min. The cell lysates were centri-
fuged at 12000g for 15 min at 4 �C. Supernatant was collected, and
BCA protein assay was used for determined protein concentration.
Above total protein lysates (20 mg) were separated by 15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
next transferred to a polyvinylidene fluoride membrane at 100 mA
for 2 h. The filter was blocked for 2 h with 5% nonfat dry milk so-
lution in TBST 0.1% Tween (Sigma-Aldrich, Italy) at room temper-
ature. Membranes were incubated with primary antibodies
overnight at 4 �C and washed with a 5% nonfat dry milk solution in
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TBST 0.1% Tween-20 three times and subsequently incubated with
corresponding secondary antibodies in the dark for 2 h at room
temperature. Target proteins were detected using Odyssey infrared
imaging system (Licor, USA). The antibodies including anti-histone
H3 (no. ab32356), anti-histone H4 (no. ab51997), and anti-b-
tubulin (no. ab52623) were purchased from Abcam.

4.11. Subcellular localization

Approximately 3 � 104 A549 cells were seeded on a cell culture
dish (diameter ¼ 35 mm) and incubated in the dark in a 5% CO2
incubator at 37 �C for 24 h. The medium was replaced by fresh
medium containing 0.1 mM 15e and the cells were incubated for
another 24 h. Cells were rinsed with PBS three times and incubated
with Mito-Tracker Green probe (Shanghai Beyotime Biotechnology
co., Ltd., China) (300 nM) or ER-Tracker Green probe (Shanghai
Yeasen Biotechnologies co., Ltd., China) (300 nM) or Golgi-Tracker
Green probe (Jiangsu KeyGEN BioTECH co., Ltd., Nanjing, China)
(2 mM) for 1 h, or Lyso-Tracker Green DND-26 probe (Shanghai
Yeasen Biotechnologies co., Ltd., China) (100 nM) for 1.5 h. Then
cells were rinsed with PBS three times again and examined using a
Leica TCS SP5 spectral confocal microscope equipped with Argon-
Heli-umNenon (Ar-HeNe) laser. Mito-Tracker, Lyso-Tracker, ER-
Tracker, Golgi-Tracker and compound 15e were respectively
excited at the wavelength of 488, 488, 488, 488, 405 nm and the
signals from different probes were acquired in a sequential scan
mode.

4.12. Cell apoptosis

2 � 105 A549 cells in 2 mL of culture medium (per well) were
seeded on 6-well transparent plates and incubated for 24 h in a 5%
CO2 incubator at 37 �C. The culture mediumwas removed, and cells
were incubated with 15e (0.5, 0.1, 0.01 mM) or Talaporfin (0.1,
0.01 mM) in fresh medium in the dark. After 24 h, only the cells
treated with 15e (0.1, 0.01 mM) or Talaporfin (0.1, 0.01 mM) were
exposed to the laser at 660 nm for a light dose of 10 J/cm2 and all
the cells were then incubated in a 5% CO2 incubator at 37 �C for
another 24 h in the dark. The cells were then harvested by trypsi-
nization and washed twice with PBS. After centrifugation and
removal of the supernatants, the residues were resuspended in
400 mL of 1 � binding buffer, followed by adding 5 mL of Annexin V-
FITC, and incubated at room temperature for 15 min. After adding
10 mL of propidium iodide (PI), the residues were incubated for
another 15 min at room temperature in the dark. The stained cells
were analyzed by a flow cytometer (BD Accuri C6).

4.13. Induction of autophagy

Autophagy induced by compound 15e in A549 cells was detec-
ted using the Lyso-Tracker Green DND-26 and the DAPRed Auto-
phagy detection kit. Briefly, approximately 5 � 104 A549 cells were
seeded on a cell culture dish (diameter¼ 35mm) and incubated for
24 h. The medium was replaced by fresh medium containing
100 nM DAPRed Dye. After incubation for 30 min, the cells were
rinsed with PBS three times and incubated with fresh medium
containing 0.1 mM 15e for another 24 h in the dark. The Lyso-Tracker
Green DND-26 probe (100 nM) was added at 1.0 h after the cells
were exposed to a laser at 660 nm for a light dose of 1.0 J/cm2 or
kept in the dark. After incubation for another 1.5 h, the cells were
then rinsed with PBS three times again and examined using a Leica
TCS SP5 spectral confocal microscope equipped with Argon-Heli-
umNenon (Ar-HeNe) laser. Lyso-Tracker and DAPRed were excited
at the wavelength of 488 nm and 561 nm, respectively.
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