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Novel Near-Infrared Emitting Hemicyanines and their Photodynamic 
Killing of Cancer Cells  
Mithun Santra, Matthew Owens, Gavin Birch and Mark Bradley* 

EaStCHEM School of Chemistry, University of Edinburgh, David Brewster Road, EH9 3FJ, Edinburgh, UK. 

ABSTRACT: A series of novel hemicyanine dyes were synthesized starting from the vinyl chloride based cyanine dye IR-780. The 
new dyes absorbed and emitted in near infrared region, while heavy atom (bromo and iodo) substitution promoted the  generation of 
both singlet oxygen (1O2) and broader reactive oxygen species (ROS) upon irradiation at wavelengths greater than 610 nm. One 
hemicyanine dye displayed an outstanding singlet oxygen quantum efficiency (ΦΔ = 0.8) and was successfully applied in in vitro 
studies to mimic photodynamic therapy application. 

KEYWARDS: hemicyanines, heavy atom, fluorescence, near infrared emitting, photodynamic therapy                                                                                                                                                         

INTRODUCTION 
Imaging with the aid of fluorescent dyes is a powerful technique 
for the localization and dynamic monitoring of biomolecules in 
cells and tissues,1,2 and has led to the development of many new 
imaging agents and fluorophores.3,4 However, fluorophores 
with short absorption and emission wavelengths can result in 
significant photodamage/photobleaching during cell and tissue 
imaging, while short wavelengths also overlap with intrinsic au-
tofluorescence from biomolecules such as flavin, retinol and fo-
lic acid.5,6 Fluorophores that emit in the far red or near-infrared 
(NIR) wavelength region (650−900 nm) thus have advantages 
since background autofluorescence is reduced, while the re-
duced energy minimises photodamage, allowing deeper pene-
tration, albeit 1-2 mm.7,8 Accordingly the development of new 
NIR-emitting dyes with desirable optical properties is of great 
interest.9,10 There are a number of far-red or NIR (650−900 nm) 
emitting fluorophores available11,12 and cyanine dyes are per-
haps the best well known, but can have drawbacks such as ag-
gregation in aqueous solution (unless sulfonated),13 poor photo-
stability, and low quantum yields.14,15 Hemicyanines (structur-
ally “half of a cyanine dye”) absorb and emit in the NIR region, 
and numerous molecular probes/fluorescent sensing systems 
have been reported based-on the hemicyanine dyes HCy-1 or 
HCy-2 (Scheme 1).16,17 However, these hemicyanines have not 
been explored in great detail with respect to their singlet oxygen 
generation properties. Herein, we report the design and synthe-
sis of derivatives of hemicyanines including sulfur and heavy 
atom (bromine, iodine) substitutions with the ambition to allow 
the generation of cytotoxic reactive oxygen species (ROS) and 
singlet oxygen (1O2) upon photo-activation. This was driven by 
the fact that the incorporation of heteroatoms and heavy atoms 
into dyes is known to promote the generation of cytotoxic reac-
tive oxygen species (ROS) and singlet oxygen (1O2) upon 
photo-activation, a key need in the development of new PDT 
dyes. The photophysical properties of the new dyes were ex-

plored with the best dye, containing a heavy atom, having a sin-
glet oxygen quantum efficiency of 0.8 and demonstrated effi-
cient photocytotoxicity towards cancer cells upon irradiation at 
640 nm. To synthesize the new hemicyanine dyes, the proce-
dure reported by Ma was developed.18,19 Thus, the chloro-sub-
stituted cyanine dye (IR-780) were treated with resorcinol, 
halo-substituted resorcinol or 3-mercaptophenol to give the hy-
droxyl-substituted hemicyanines (HCy-OH) (Scheme 1). The 
amino-substituted hemicyanines (HCy-NH2) were obtained 
similarly, treating IR-780 with 3-nitrophenol or 3-nitroben-
zenethiol followed by reduction with SnCl2 (Scheme 1).  
EXPERIMENTAL SECTION 
  General information of materials and methods.  All exper-
iments that were sensitive to moisture or air were performed 
under a positive pressure of Ar gas in flame-dried glassware 
equipped with a rubber septum. Solvent and liquid reagents 
were transferred using Ar-flushed syringes or cannulae. Unless 
otherwise noted, commercial reagents were purchased from Al-
drich, Alfa Aesar, Merck, Acros and other commercial suppli-
ers and were used as received. All reactions were monitored us-
ing TLC Merck 60 F254 pre-coated silica gel plates. Flash col-
umn chromatography was conducted on Merck silica gel 60, 
230–400 mesh ASTM. Nuclear magnetic resonance spectra (1H, 
13C NMR) were recorded on Bruker AVA500 spectrometer op-
erating at 500 MHz for 1H and 126 MHz for 13C. Chemical 
shift for 1H NMR spectra is reported as δ in parts per million 
(ppm) down field from tetramethylsilane (δ 0.0 ppm) using the 
residual solvent signal as an internal standard: chloroform-d (δ 
7.26 ppm, singlet), dimethyl sulfoxide-d6 (δ 2.49 ppm, quintet), 
methanol-d4 (δ 3.3 ppm, quintet), water-d2 (δ 4.67 ppm, singlet). 
Multiplicities are given as: s (singlet), d (doublet), t (triplet), q 
(quartet), dd (doublet of doublet), dt (doublet of triplet), m (mul-
tiplet). Coupling constants J are reported in hertz. The number 
n of protons for a given resonance absorbance is indicated by 
nH. Carbon nuclear magnetic resonance spectra (13C NMR) are 



 

reported as δ in part per million relative to solvent signal: chlo-
roform-d (δ 77.7 ppm, triplet), dimethyl sulfoxide-d6 (δ 39.5 
ppm, septet), methanol-d4 (δ 49.0 ppm, septet). High Resolution 
Mass Spectra (HRMS) were performed on a Bruker 3.0 T Apex 
II spectrometer. Each hemicyanine dye was dissolve in EtOH to 
make 1.0 mM stock solution, and these solution were used for 
photophysical property studies. UV/Vis absorption spectra 
were obtained using a HP 8453 spectrophotometer and micro-
plate reader (Synergy HT, BioTek). Fluorescence spectra were 
recorded on RF-6000 spectro fluorophotometer, SHIMADZU.    
Determination of Quantum Yields. Fluorescence quantum 
yields of all hemicyanines (HCy-1─HCy-8) were determined 
using indocyanine green (ICG) in EtOH (ΦF = 0.132)20 as a ref-
erence fluorophore by comparative method and the quantum 
yield was calculated according to following equation.    

Φ(x) = Φ(ref) (ArefFx/AxFref) (nx/nref)2  
Here Φ is the fluorescence quantum yield, A is the absorbance 
of excitation wavelength used, and F is the area under the cor-
rected fluorescence emission curve, n is the refractive index of 
the solvent used, subscript ref and x refer to reference and to 
unknown respectively.  
  Quantification of singlet oxygen generation. To quantify 
singlet oxygen generation upon light irradiation 1,3-Diphenyl-
isobenzofuran (DPBF) was used as singlet oxygen sensor. All 

hemicyanines (HCy-1─HCy-8, 10 µM) and DPBF (200 µM) 
were mixed in MeOH. Initially absorption was measured in the 
dark, and then the mixture was irradiated and absorption was 
measured at different time intervals. The decrease of absorb-
ance of DPBF with time upon light irradiation indicates the gen-
eration of singlet oxygen (colourless 1,2-dibenzoylbenzene). 
The measurements were performed using a white light source 
with a 610 nm long-pass glass filter (0.02 W/cm2). The relative 
singlet oxygen quantum yields were calculated following liter-
ature proceedures.21,22  
  Cytotoxicity study in the dark. HeLa cells were seeded into 
96-well plates at a density of 1 x 105/well and incubated for 24 
h at 37 °C in a humidified atmosphere of 5% CO2 in air. HCy-
6 in culture medium at various concentrations (1, 5, 10 and 20 
μM) was added to the cells and incubated for 24 h before addi-
tion of CCK-8 solution to each well of the plate. After a further 
incubation for 4 h, absorbance at 450 nm was measured using a 
microplate reader (Synergy HT, BioTek). Cell viability was cal-
culated as a percentage of the absorbance of the untreated con-
trol cells. Data were represented as the mean and standard de-
viation (SD) of three independent experiments. 
  Cytotoxicity study in presence and absence of light. HeLa 
cells were thus seeded into 96-well plates at a density of 1 x 105 
cells/well and incubated for 24 h at 37 °C in a humidified at-
mosphere of 5% CO2 in air. Next, the fluorophore solution of 

Scheme 1.  Synthesis of the hydroxyl-substituted hemicyanine (HCy-OH), and the amino-substituted hemicyanine (HCy-
NH2) with overall synthetic yields. Reagents and conditions: (a) K2CO3, CH3CN, 60–70 °C, 12 h; (b) K2CO3, CH3CN, 4–5 h; 
(c) SnCl2, conc. HCl, MeOH, reflux, 12 h.  



 

HCy-6 and Methylene blue (MB) at various concentrations 
(0.1, 1.0 and 10 μM) in culture medium were added to the cells. 
Two sets of plates were prepared. The first set of plates were 
irradiated by 640 nm LED strips for 5 min (0.01 W/cm2), and 
second set of plates were not irradiated by light. The two sets of 
plates were then incubated for 24 h, followed by the addition of 
CCK-8 solution to each well. After a further incubation for 4 h, 
absorbance at 450 nm was measured using a microplate reader 
(Synergy HT, BioTek). Cell viability was calculated as the per-
centage of the absorbance of untreated control cells. Data were 
represented as the mean and standard deviation (SD) of three 
independent experiments.  
  Cell culture. HeLa cells were maintained in DMEM supple-
mented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL 
penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine at 
37 °C in a humidified atmosphere of 5% CO2 in air. Cells were 
passaged when they reached approximately 90% confluence.    
   Fluorescence microscopic imaging. HeLa cells were seeded 
on 8-well plates at a density of 3 × 105 cells per well in culture 
media and incubated overnight at 37 °C under 5% CO2. After 
overnight culture, HeLa cells were incubated with 5 µM of 
HCy-6 or Methylene blue for 2 h, and next irradiated for 5 min 
with 640 nm LED strips (0.01 W/cm2). After overnight incuba-
tion, the cells were co-stained with LIVE/DEAD TM cell imag-
ing kit (Invitrogen) for 30 min. After washing with PBS, fluo-
rescence images were obtained by Leica DM IL LED Fluo in-
verted microscopy. Alternatively, HeLa cells were incubated 
with 5 µM HCy-6 for 2 h, and next treated with 2′,7′-dichloro-
dihydrofluorescein diacetate (DCFH-DA, 10 µM) and dihydro-
rhodamine (DHR, 10 µM) for 30 min. After washing with PBS, 
cells were irradiated by 640 nm LED strips (0.01 W/cm2) and 
their fluorescence images were acquired using Leica DM IL 
LED Fluo inverted microscopy. 
  Synthesis of HCy-1. Hemicyanine HCy-1 was synthesized 
according to the reported procedure by Ma.18 To a solution of 
IR-780 iodide (200 mg, 0.29 mmol, 1.0 equiv.) in CH3CN (10 
mL), resorcinol (82 mg, 0.72 mmol, 2.5 equiv.) and K2CO3 (103 
mg, 0.72 mmol, 2.5 equiv.) were added in a 50 mL of round-
bottom flask. Next the resulting solution was stirred at 55 °C for 
6–8 h. Then the reaction was allowed to cool to room tempera-
ture, filtered on celite, and washed with CH2Cl2. The filtrate was 
concentrated, and it was subjected to flash chromatography on 
silica gel (eluent = MeOH/CH2Cl2 (1:15)) to afford the desired 
product as blue solid (101 mg, 75%). HPLC (500 nm) tR = 4.84 
min, purity 98% (ELSD). HR ESI-MS: calculated for 
C28H30O2N [M+H]+ m/z 412.22711; found 412.22560.  
  Synthesis of HCy-2. Hemicyanine HCy-2 was synthesized 
according to the reported procedure.19 The compound was puri-
fied by flash chromatography on silica gel (eluent = 
MeOH/CH2Cl2 (1:10)) to afford the desired product as green 
solid (58%). HPLC (500 nm) tR = 5.02 min, purity 97 % 
(ELSD). HR ESI-MS: calculated for C28H31ON2 [M+H]+ m/z 
411.24309; found 411.24060. All others hemicyanine dyes 
were synthesized according to the same procedure as either 
HCy-1 or HCy-2, and their characterization have been dis-
cussed in the supporting information.  
 
RESULTS AND DISCUSSION 
   Photophysical properties of the hemicyanine dyes. The ab-
sorption and emission spectra of all the new hemicyanine dyes 
were measured in EtOH and showed absorption between 600–

800 nm and emission between 700–850 nm with HCy-7 and 
HCy-8 being the two most red-shifted (Figure 1 and Figure S3). 
Interestingly, all the halo-substituted hemicyanines showed 
bathochromic shifts compared to HCy-1, while the sulfur con-
taining hemicyanines showing a shift of 60–80 nm. Moreover, 
the absorption spectra for HCy-6 also showed bathochromic 
shifts with increasing organic solvent polarity (except DMSO), 
emitting strongly in EtOH compared to other solvents (Figure 
S4). The fluorescence quantum yields, optical brightness, and 
Stokes shifts were determined in EtOH and PBS (pH 7.4) (table 
1). The dyes had low to moderate quantum yields (ΦF <0.07–
0.30) depending on both solvent and the substituents, with rel-
atively higher quantum yields in organic solvent compared to 
PBS e.g. for HCy-4 ΦF in EtOH was 0.28, and 0.18 in PBS. The 
sulfur-substituted hemicyanines had the lowest quantum yield 
of the series e.g. ΦF was 0.30 for HCy-3 whereas ΦF was 0.09 
for HCy-8 (both in EtOH). These numbers were not surprising 
as NIR-emitting cyanines and hemicyanines generally have 
poor quantum yields,23 while sulfur substitutions are known to 
decreases the quantum efficiency of many dyes e.g. tetra-
methylrosamine (TMR) has a quantum yield 0.84, but is 0.21 
for TMR–S.24 All the dyes had very high molar absorptivities (ε 
= ~105), with Stokes shift values between 20–60 nm in EtOH. 
In comparison with Food and Drug-Administration approved 

Figure 1. (a) Normalized absorption, and (b) fluorescence emission 
spectra of the hemicyanine dyes (5 µM in EtOH). The emission 
spectrum were obtained by excitation at the maximum absorption 
wavelength of each dye. 



 

NIR-emitting cyanine dye Indocyanine green (ICG) the dyes 
here showed larger bathochromic shifts in their absorption and 
emission maxima  
 
Table 1. Photophysical properties of the hemicyanine (HCy) 
dyes.  

 
aAll the measurements were conducted at 25 °C with each of the 
dyes at 5 μM in EtOH. bMeasured with excitation at the maximum 
absorption wavelength in EtOH. cThe fluorescence quantum yields 
were determined using Indocyanine green (ICG) in EtOH (ΦF = 
0.132)20 as a reference. dThe singlet oxygen quantum yields were 

determined using Methylene blue in MeOH (ΦΔ = 0.52)31 as a ref-
erence dye with each of the dyes at 5 μM in MeOH. Singlet oxygen 
studies were carried out in methanol using 1,3-Diphenylisobenzo-
furan due to its insolubility in aqueous media.   e Not determined.   
Note: ICG absorbs and emits at 787 nm, 818 nm respectively in 
ethanol.20  

 
The effect of pH on the absorption and emission spectra for 
newly synthesized hemicyanines were examined (Figure S11 
and Figure S12) with the absorption maxima for all hydroxyl-
substituted hemicyanines (HCy-OH) red-shifting with increas-
ing pH due to deprotonation of the phenol leading to enhanced 
electron donation i.e. the push-pull effect/dipole moment of 
dyes increased upon increasing pH. Similarly the fluorescence 
emission intensity also increased with increasing pH (Figure 
S12). The amino-substituted hemicyanines (HCy-NH2) did not 
show any change in either absorption or fluorescence with 
changes in pH between 4.0 and 10.0 (Figure S11, S12) due to 
the pKa value of the aniline.  
 Applications in potodynamic therapy. Photodynamic ther-
apy (PDT) is popular for the treatment of surface cancers and 
diseases such as psoriasis. It is based on the use of so-called 
photosensitizers (PS), with photofrin,25,26 benzoporphyrin,27  
meta-tetr(hydroxyphenyl)chlorin,28 N-aspartyl chlorin29 and 
Methylene blue,30 all having been used clinically. The clinically 
used PS absorb and emit in relatively high wavelength regions 

Figure 2. (a) Cell viability of HeLa cells after treatment with three different concentrations of Methylene blue and HCy-6 with and without 
irradiation at 640 nm 5 min (n = 3, represents as the mean and standard deviation (SD) of three independent experiments). Live/dead 
fluorescence microscopy images of HeLa cells after incubation with: (b) Methylene blue (5 uM) and, (c) HCy-6 (5 uM) with and without 
irradiation at 640 nm, 5 min (0.01 W/cm2) using calcein-AM (green) and propidium iodide (red) staining. Fluorescence microscopy images 
of HeLa cells that have been treated with: (d) the cell permeable dye dichlorofluorescein diacetate (10 µM) and, (e) the dye dihydrorhoda-
mine (10 µM) in the presence of HCy-6 with and without irradiation at 640 nm for 5 min (0.01 W/cm2). Scale bar: 100 µm. 



 

(> 630 nm) which is beneficial for biological application, but, 
the singlet oxygen quantum efficiencies of all of these photo-
sensitizers are moderate (< 0.6).  Therefore, there is a real need 
to develop new PDT agents with longer excitation wavelengths 
and higher singlet oxygen generation efficiencies. Thus the sin-
glet oxygen quantum efficiencies of all the dyes were analysed 
(table 1), measuring the changes in absorbance of 1,3-diphenyl-
isobenzofuran at 410 nm in the presence of the hemicyanines 
(Figure S1 and Figure S2) upon irradiation (0.02 W/cm2, > 610 
nm). The data showed that the dyes with heavy atom substitu-
ents had good singlet oxygen quantum efficiencies, with the 
hemicyanine dye HCy-6 showing a singlet oxygen quantum ef-
ficiency of 0.8, greater than the commercially available dye 
Methylene blue (ΦΔ = 0.52),31 clearly demonstrating for HCy-6  
efficient inter system crossing and subsequent reaction with ox-
ygen. Interestingly HCy-6 showed higher singlet oxygen quan-
tum efficiency (0.8) than HCy-4 (0.22) although both are iodo-
substituted. Importantly our compounds are significantly better 
than the NIR-emitting cyanine dye ICG, that has very poor sin-
glet oxygen quantum yield (~0.009), with singlet oxygen quan-
tum efficiency decreasing upon increasing concentration due to 
aggregation issues.32 Moreover, there is still a discussion if ICG 
is actually a photosensitizer or just a chromophore.33 The gen-
eration of other reactive oxygen species (ROS) via a type-II pro-
cess was also evaluated for HCy-4,5 and 6 using dihydrorhoda-
mine 123 (DHR) (Figure S5, S6, S7 and S8) which transforms 
into rhodamine 123 with turn-on of fluorescence. Interestingly, 
HCy-4,5 and 6 all showed turn-on of  fluorescence as all gen-
erated ROS upon irradiation. Surprisingly, HCy-5 showed the 
highest ROS generation efficiency with time compared to HCy-
4 and HCy-6 (Figure S9) while a control of dihydrorhodamine 
123 alone did not show any change of fluorescence upon irradi-
ation in water (Figure S10). Thus HCy-4, HCy-5 and HCy-6 
were all photosensitizers that generated both singlet oxygen 
(1O2) and reactive oxygen species (ROS) via type-I and type-II 
mechanisms. Stability experiments towards oxidants and nucle-
ophiles indicated that HCy-6 did not show any significant 
change of its absorption or emission spectra in presence of 
HOCl, H2O2, Cysteine or H2S (Figure S13).  
   To evaluate the in vitro singlet oxygen efficiently, the best 
photosensitizer HCy-6 was analysed with cells, initially look-
ing at their dark cytotoxicity (CCK-8 assay) with the cells tol-
erant to HCy-6 up to 20 µM (Figure S14). As shown in Figure 
2a, HCy-6 significantly inhibited cell proliferation in a dose-
dependent manner upon irradiation, with no toxicity was ob-
served in the dark. The “killing efficacy” of HCy-6 was higher 
than that of Methylene blue, with a half maximal killing con-
centration (IC50) of 0.76 µM, some 15 hold lower than that of 
Methylene blue (Figure  S15). The photocytotoxicity of HCy-6 
was further shown by fluorescence microscopy. Thus, HeLa 
cells were incubated with HCy-6 or Methylene blue and sub-
jected to illumination. As shown in Figure 2b,c (Figure S16), 
HCy-6 lead to almost complete cell death (Figure 2c). Intracel-
lular ROS generation, upon irradiation, was further confirmed 
with HCy-6 using the cell permeable reporters (dichlorofluo-
rescein diacetate and dihydrorhodamine 123) with the reduced 
dyes oxidised by the generated ROS (Figure 2d, e) to give cel-
lular fluorescence. In addition the imaging capability of HCy-6 
was also evaluated with HeLa cells by fluorescence microscopy 
with results (shown in Figure S17) revealing that HCy-6 
showed high contrast red fluorescence after 2 h of incubation 
using 1.0 µM  dye.    

 
CONCLUSION    
In summary new series of hemicyanine dyes were synthesized, 
which absorb and emit in the NIR region. Dyes with heavy atom 
substituents HCy-4, HCy-5 and HCy-6 generated both singlet 
oxygen (1O2) and reactive oxygen species (ROS) via type-I and 
type-II mechanisms. HCy-6 showed an outstanding singlet ox-
ygen quantum efficiency when illuminated at > 610 nm with a 
(ΦΔ = 0.8, with cellular experiments indicating that HCy-6 
showed excellent PDT efficiency that was higher than of com-
mercially available (and clinical used) Methylene blue under 
identical conditions. Further research on these newly developed 
photo-sensitizers could allow then to find practical application 
as photodynamic therapy agents.   
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