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ABSTRACT 

Novel pH-responsive Cy7.5 dyes bearing various amino groups were developed for cancer cell photoacoustic (PA) 

imaging. Among structurally diverse dyes, pH-dependent absorption spectral changes were observed for those 

carrying a diazaalkyl group. DFT calculations and absorbance measurements of the dyes revealed that these spectral 

changes depended on the electron density of the pH-sensing moiety. The PA spectra of the dyes also changed pH-

dependent fashion and were largely consistent with the absorption spectra. In PA imaging experiments with cultured 

cancer cells, the pH-responsive dyes conjugated with a cancer specific antibody accumulated in cancer cells and 

changed their PA signals depending on the acidic lysosome pH. Overall, these results demonstrated that pH-

responsive Cy7.5 dyes can be useful for detecting cancer, and the elucidated mechanism of the absorption spectral 

changes could contribute to designing new PA imaging agents. 

  



 

1. INTRODUCTION 

Dysregulated pH is a hallmark of various diseases, such as cancer, inflammatory diseases, and renal failure [1]. For 

example, it is widely known that the tumor microenvironment exhibits a mild acidity. Recently, fluorescence dyes 

responding to abnormal pH levels have gained interest [2,3]. Generally, these dyes bear functional groups that can 

undergo protonation altering their absorption and fluorescence properties, thus allowing for acidic-environment-

selective fluorescence imaging. Based on this principle, Achilefu’s group developed cyanine fluorescence dyes for 

imaging of primary and metastatic breast tumors [4]. In these dyes, protonating the nitrogen atom of the 3H-indole 

moiety is a key step for absorption and fluorescence spectral changes. In another report, Johnsson and Urano's group 

developed coumarin-hemicyanine hybrid fluorophores and found that the absorption and fluorescence spectra of 

the dyes change depending on the intramolecular cyclization of the pH-responsive hydroxy, amino, or thiol groups 

introduced in the 3H-indolium moiety [5].  

Recently, some researchers applied such a pH-responsive mechanism for developing the new 

photoacoustic (PA) imaging agents. PA imaging is a novel technique that enables deep tissue imaging since acoustic 

waves are less scattered and absorbed in biological tissues in contrast to light [6]. PA imaging utilizes the emission 

of thermal energy from dyes or endogenous absorbers in living body, making it a suitable imaging method for dyes 

with high absorption coefficient (ε) and low fluorescence quantum yields (φf) such as cyanine dyes exemplified by 

Indocyanine Green (ICG) (ε = 191,000, φf = 0.041 in PBS) [7]. Smith’s group developed liposomes containing pH-

responsive cyanine dyes that change the PA signals by the protonation method of nitrogen atom of 3H-indole moiety 

and achieved deep tissue imaging [8]. Ohe’s group developed a novel cyanine derivative for integrin αvβ 

overexpressing tumor imaging [9]. In this case, the pH-responsive intramolecular cyclization of a thiol moiety was 

the key step for switching PA signals.  

Another pH-responsive mechanism is the introduction of piperazine as a pH-responsive moiety, which 

has been used in the pH-responsive moieties of various dyes such as rhodamine [10] and naphthalimide [11]. 

Nagano's group developed cyanine dyes to visualize the weakly acidic tumor microenvironment, which consist of 

Cy7 dyes and a piperazine ring that serves as a pH-sensing moiety [12]. In this study, we focused on exploiting a 

piperazin-1-yl group as a pH-responsive moiety of a PA imaging agent. Dyes with absorption in the near-infrared 

light region are desirable as the excitation light can reach deeper tissue. As dyes meeting these criteria, we selected 

Cy7.5 analogues having longer conjugation system to show longer wavelength absorption than Cy7 (Figure 1), 

exemplified by ICG (λabs = 779 nm [7]) and IRDye800CW (λabs = 785 nm [13]). Various Cy7.5 derivatives with a 



 

piperazin-1-yl group or diverse substituents were synthesized, and their optical properties were compared in this 

study.   

In addition, the pH-responsive mechanism of the piperazine bearing cyanine dyes was investigated. 

Shifts in absorption spectra, based on the functional group added to the polymethine chain were discussed by 

Maury’s group and Krämer's group [14,15]. The mechanism of the spectral changes of dyes bearing piperazine 

derivatives, however, remains unclear. Thus, DFT calculations and absorption measurements were performed, 

highlighting the prominent role of piperazine moieties for switching PA signals. Finally, conjugates of the Cy7.5 

derivatives and cancer cell specific antibodies were prepared and applied for pH-responsive PA imaging in cancer 

cells. These results provided a new platform for designing Cy7.5 PA imaging agents. 

2. MATERIAL AND METHODS 

2.1. Reagents 

Reagents and solvents were purchased from Tokyo Chemical Industry Co. Ltd., (Tokyo, Japan), FUJIFILM Wako 

Pure Chemicals Corporation (Osaka, Japan), Sigma-Aldrich Co. LLC (St. Louis, MO, USA), Kanto Chemical Co., 

Inc. (Tokyo, Japan), or Combi-Blocks Inc. (California, USA), and were used without further purification. Reaction 

solvents were dried on 3Å molecular sieves as needed.  

2.2. Synthetic procedure 

General synthetic procedure of cyanine dyes with various amino groups: Compound 1 (1 eq.), corresponding 

amine (3–14 eq.), and NEt3 (0–123 eq.) were dissolved in anhydrous DMF (0.03–0.20 mL/µmol). The mixture was 

stirred at 80 ºC under an argon atmosphere. After checking the reaction progress by HPLC, DMF was removed 

under vacuum and the precipitate was purified by semi-preparative HPLC (A/B = 20 mM NEt3 in water/99% MeCN, 

1% H2O). After removal of MeCN from the collected fractions, the solution was passed through a cation exchange 

resin, and then freeze-dried to afford the corresponding cyanine dye. 

Preparation of 2: Compound 1 (50.7 mg, 61.7 µmol, see supporting information for synthesis of 1), 

piperazine (22.9 mg, 266 µmol), and NEt3 (50.0 µL, 359 µmol) were dissolved in anhydrous DMF (2 mL). Then, 

the mixture was reacted and purified according to the general procedure to afford 2 (9.50 mg, 18%) as an orange 

solid. 1H-NMR (400 MHz, DMSO-d6): δ 8.19 (d, 2H, J = 9.0 Hz), 7.98 (d, 4H, J = 9.0 Hz), 7.77 (d, 2H, J = 12.0 

Hz), 7.69 (d, 2H, J = 9.0 Hz), 7.57 (t, 2H, J = 7.5 Hz), 7.40 (t, 2H, J = 7.5 Hz), 6.11 (d, 2H, J = 12.0 Hz), 4.29 (t, 



 

4H, J = 7.0 Hz), 3.75–3.67 (m, 4H), 3.51–3.46 (m, 4H), 3.08–3.02 (m, 4H) , 2.05–1.97 (m, 4H), 1.92 (s, 12H), 1.90–

1.83 (m, 4H), 1.80–1.73 (m, 2H). HRMS (ESI−): calcd. for C48H55N4O6S2 [M−Na]− 847.3569, found: 847.3582 

(+1.3 mmu). 

Preparation of 3: Compound 1 (60.2 mg, 73.3 µmol), 1-methylpiperazine (100 mg, 1.00 mmol) were 

dissolved in anhydrous DMF. Then, the mixture was reacted and purified according to the general procedure to 

afford 3 (19.8 mg, 30%) as a red solid. 1H-NMR (400 MHz, DMSO-d6): δ 8.24 (d, 2H, J = 9.0 Hz), 8.02–7.97 (m, 

4H), 7.82 (d, 2H, J = 14.0 Hz), 7.72 (d, 2H, J = 9.0 Hz), 7.58 (t, 2H, J = 7.6 Hz), 7.42 (t, 2H, J = 7.6 Hz), 6.16 (d, 

2H, J = 14.0 Hz), 4.32 (t, 4H, J = 7.2 Hz), 3.74–3.68 (m, 4H), 3.32–3.28 (m, 4H), 2.57 (t, 8H, J = 6.7 Hz), 2.41 (s, 

3H), 2.05–1.97 (m, 4H), 1.93 (s, 12H), 1.79–1.72 (m, 2H). HRMS (ESI−): calcd. for C49H57N4O6S2 [M−Na]− 

861.3725, found: 861.3742 (+1.7 mmu). 

Preparation of 4: Compound 1 (60.3 mg, 73.4 µmol), S3 (80.0 µL, 454 µmol, see supporting 

information for synthesis of S3), and NEt3 (40.0 µL, 287 µmol) were dissolved in anhydrous DMF (5 mL). Then, 

the mixture was reacted and purified according to the general procedure to afford 4 (25.0 mg, 43%) as a red solid. 

1H-NMR (400 MHz, CD3OD): δ 8.19 (d, 2H, J = 8.5 Hz), 7.95 (d, 4H, J = 9.0 Hz), 7.88 (d, 2H, J = 13.5 Hz), 7.66–

7.57 (m, 4H), 7.50–7.40 (m, 7H), 6.15 (d, 2H, J = 13.5 Hz), 4.33 (t, 4H, J = 7.6 Hz), 3.92 (s, 2H), 3.83–3.78 (m, 

4H), 2.98 (t, 4H, J = 7.0 Hz), 2.90–2.85 (m, 4H), 2.59 (t, 4H, J = 6.5 Hz), 2.31–2.21 (m, 4H), 1.92 (s, 12H), 1.88–

1.81 (m, 2H). HRMS (ESI−): calcd. for C55H61N4O6S2 [M−Na]− 937.4038, found: 937.4057 (+1.9 mmu). 

Preparation of 5: Compound 1 (52.8 mg, 64.3 µmol), N,N,N’-trimethylethylenediamine (23.4 µL, 180 

µmol), and NEt3 (40.0 µL, 287 µmol) were dissolved in anhydrous DMF (4 mL). Then, the mixture was reacted 

and purified according to the general procedure to afford 5 (25.4 mg, 45%) as a purple solid. 1H-NMR (400 MHz, 

CD3OD): δ 8.17 (d, 2H, J = 8.5 Hz), 7.96–7.91 (m, 4H), 7.86 (d, 2H, J = 13.5 Hz), 7.59–7.53 (m, 4H), 7.39 (t, 2H, 

J = 7.6 Hz), 6.12 (d, 2H, J = 13.5 Hz), 4.32 (t, 4H, J = 7.0 Hz), 3.95 (t, 2H, J = 5.4 Hz), 3.51 (s, 3H), 2.99 (t, 4H, J 

= 7.2 Hz), 2.81–2.76 (m, 2H), 2.60 (t, 4H, J = 10.0 Hz) , 2.33–2.22 (m, 10H), 1.97 (s, 12H), 1.90–1.84 (m, 2H). 

HRMS (ESI−): calcd. for C49H59N4O6S2 [M−Na]－ 863.3882, found: 863.3893 (+1.1 mmu). 

Preparation of 6: Compound 1 (50.0 mg, 60.9 µmol), 1,3-propanediamine (30.0 µL, 356 µmol), and 

NEt3 (40.0 µL, 287 µmol) were dissolved in anhydrous DMF (5 mL). Then, the mixture was reacted and purified 

according to the general procedure to afford 6 (16.3 mg, 31%) as a blue solid. 1H-NMR (400 MHz, CD3OD): δ 8.15 

(d, 2H, J = 9.9 Hz), 7.93–7.86 (m, 6H), 7.55–7.49 (m, 4H,), 7.35 (t, 2H, J = 7.6 Hz), 6.00–5.92 (m, 2H), 4.31–4.24 

(m, 4H), 3.91 (t, 2H, J = 6.5 Hz), 2.98 (t, 4H, J = 8.1 Hz), 2.90 (t, 2H, J = 6.5 Hz), 2.63 (t, 4H, J = 6.3 Hz), 2.30–



 

2.23 (m, 4H), 2.03–1.91 (m, 14H), 1.89–1.83 (m, 2H). HRMS (ESI+): calcd. for C47H56N4NaO6S2 [M+Na]+ 

859.3534, found: 859.3543 (+0.9 mmu). 

Preparation of 7: Compound 1 (51.6 mg, 61.2 µmol), N,N,N’-trimethyl-1,3-propanediamine (26.4 µL, 

180 µmol), and NEt3 (40.0 µL, 287 µmol) were dissolved in anhydrous DMF (4 mL). Then, the mixture was reacted 

and purified according to the general procedure to afford 7 (28.2 mg, 51%) as a purple solid. 1H-NMR (400 MHz, 

CD3OD): δ 8.19 (d, 2H, J = 8.5 Hz), 7.98–7.91 (m, 4H), 7.78 (d, 2H, J = 13.0 Hz), 7.63–7.54 (m, 4H), 7.40 (t, 2H, 

J = 7.6 Hz), 6.16 (d, 2H, J = 13.0 Hz), 4.34 (t, 4H, J = 6.7 Hz), 3.84 (t, 2H, J = 6.3 Hz), 3.50 (s, 3H), 2.99 (t, 4H, J 

= 7.0 Hz), 2.62 (t, 4H, J = 7.6 Hz), 2.39 (t, 2H, J = 7.4 Hz), 2.33–2.23 (m, 10H) , 2.09–1.96 (m, 14H), 1.91–1.84 

(m, 2H). HRMS (ESI−): calcd. for C50H61N4O6S2 [M−Na]− 877.4049, found: 877.4038 (−1.1 mmu). 

Preparation of 8: Compound 1 (50.0 mg, 60.9 µmol), methylamine (10.3 µL, 232 µmol), and NEt3 

(60.0 µL, 431 µmol) were dissolved in anhydrous DMF (2 mL). Then, the mixture was reacted and purified 

according to the general procedure to afford 8 (29.3 mg, 59%) as a red solid. 1H-NMR (400 MHz, CD3OD): δ 8.13 

(d, 2H, J = 8.5 Hz), 7.89 (d, 4H, J = 8.5 Hz), 7.79 (d, 2H, J = 13.5 Hz), 7.55–7.45 (m, 4H), 7.34 (t, 2H, J = 7.2 Hz), 

5.92 (d, 2H, J = 13.5 Hz), 4.29–4.20 (m, 4H), 3.51 (s, 3H), 3.02–2.93 (m, 4H), 2.69–2.61 (m, 4H), 2.31–2.21 (m, 

4H), 2.03–1.82 (m, 14H). HRMS (ESI−): calcd. for C45H50N3O6S2 [M−Na]− 792.3147, found: 792.3171 (+2.4 mmu). 

Preparation of 9: Compound 1 (53.8 mg, 65.5 µmol), dimethylamine (20.0 µL, 297 µmol), and NEt3 

(60.0 µL, 431 µmol) were dissolved in anhydrous DMF (3 mL). Then, the mixture was reacted and purified 

according to the general procedure to afford 9 (32.4 mg, 60%). 1H-NMR (400 MHz, CD3OD): δ 8.16 (d, 2H, J = 

8.1 Hz), 7.91 (d, 4H, J = 7.6 Hz), 7.65 (d, 2H, J = 13.0 Hz), 7.57–7.50 (m, 4H), 7.37 (t, 2H, J = 7.4 Hz), 6.04 (d, 

2H, J = 13.0 Hz), 4.32–4.24 (m, 4H), 3.59 (s, 6H), 2.98 (t, 4H, J = 7.0 Hz), 2.60 (t, 4H, J = 5.6 Hz), 2.31–2.21 (m, 

4H), 1.99–1.82 (m, 14H). HRMS (ESI－): calcd. for C46H52N3O6S2 [M−Na]－ 806.3303, found: 806.3315 (+1.2 

mmu). 

Preparation of 10: Compound 1 (62.0 mg, 60.9 µmol), piperidine (18.7 µL, 189 µmol), and NEt3 (60.0 

µL, 431 µmol) were dissolved in anhydrous DMF (7 mL). Then, the mixture was reacted and purified according to 

the general procedure to afford 10 (22.2 mg, 42%) as a purplish red solid. 1H-NMR (400 MHz, CD3OD): δ 8.18 (d, 

2H, J = 8.1 Hz), 7.95–7.89 (m, 4H), 7.81 (d, 2H, J = 13.5 Hz), 7.59–7.52 (m, 4H), 7.38 (t, 2H, J = 7.4 Hz), 6.09 (d, 

2H, J = 13.5 Hz), 4.34–4.26 (m, 4H) , 3.92–3.83 (m, 4H), 2.98 (t, 4H, J = 7.0 Hz), 2.61 (t, 4H, J = 6.7 Hz), 2.31–

2.21 (m, 4H), 2.03–1.94 (m, 18H), 1.91–1.83 (m, 2H). HRMS (ESI−): calcd. for C49H56N3O6S2 [M−Na]− 846.3616, 

found: 846.3640 (+2.4 mmu). 



 

Preparation of 11: Compound 1 (50.0 mg, 60.9 µmol), β-alanine (16.0 mg, 180 µmol), and NEt3 (40.0 

µL, 287 µmol) were dissolved in anhydrous DMF (7 mL). Then, the mixture was reacted and purified according to 

the general procedure to afford 11 (8.50 mg, 16%) as a purple solid. 1H-NMR (400 MHz, CD3OD): δ 8.21 (d, 2H, 

J = 8.5 Hz), 7.95–7.87 (m, 6H), 7.56–7.49 (m, 4H), 7.35 (t, 2H, J = 7.2 Hz), 5.99 (d, 2H, J = 13.0 Hz), 4.26 (t, 4H, 

J = 7.6 Hz), 3.98 (t, 2H, J = 5.4 Hz), 2.98 (t, 4H, J = 7.0 Hz), 2.65–2.57 (m, 6H), 2.30–2.22 (m, 4H), 1.99 (s, 12H), 

1.91–1.84 (m, 2H). HRMS (ESI−): calcd. for C47H51N3O8S2 [M−H−Na]2− 424.6564, found: 424.6569 (+0.5 mmu). 

Preparation of 12: Compound 1 (50.0 mg, 60.9 µmol), 6-aminohexanoic acid (23.8 mg, 181 µmol), 

and NEt3 (40.0 µL, 287.0 µmol) were dissolved in anhydrous DMF (5 mL). Then, the mixture was reacted and 

purified according to the general procedure to afford 12 (19.5 mg, 35%) as a dark red solid. 1H-NMR (400 MHz, 

CD3OD): δ 8.17 (d, 2H, J = 8.5 Hz), 7.93–7.84 (m, 6H), 7.58–7.50 (m, 4H), 7.35 (t, 2H, J = 7.6 Hz), 5.99 (d, 2H, J 

= 13.0 Hz), 4.26 (t, 4H, J = 10.0 Hz), 3.82 (t, 2H, J = 6.7 Hz), 2.98 (t, 4H, J = 7.0 Hz), 2.62 (t, 4H, J = 6.3 Hz), 

2.30–2.20 (m, 6H), 1.97 (s, 12H), 1.91–1.84 (m, 4H), 1.77–1.70 (m, 2H), 1.56–1.49 (m, 2H). HRMS (ESI−): calcd. 

for C50H58N3O8S2 [M−Na]− 892.3671, found: 892.3688 (+1.7 mmu). 

Preparation of 13: Compound 1 (62.3 mg, 71.1 µmol) and morpholine (60.0 mg, 689 µmol) were 

dissolved in anhydrous DMF. Then, the mixture was reacted and purified according to the general procedure to 

afford 13 (18.4 mg, 30%) as a red solid. 1H-NMR (400 MHz, CD3OD): δ 8.22 (d, 2H, J = 8.5 Hz), 8.02–7.91 (m, 

6H), 7.64–7.55 (m, 4H), 7.41 (t, 2H, J = 7.6 Hz), 6.20 (d, 2H, J = 13.5 Hz), 4.36 (t, 4H, J = 7.6 Hz), 4.07–4.01 (m, 

4H) , 3.81–3.76 (m, 4H) , 2.99 (t, 4H, J = 7.0 Hz) , 2.63 (t, 4H, J = 6.5 Hz), 2.33–2.23 (m, 4H), 2.02 (s, 12H), 1.91–

1.84 (m, 2H). HRMS (ESI−): calcd. for C48H54N3O7S2 [M−Na]− 848.3409, found: 848.3418 (+0.9 mmu). 

Preparation of 14: Compound 1 (50.0 mg, 60.9 µmol), 1-acetylpiperazine (21.5 µL, 180 µmol), and 

NEt3 (40.0 µL, 287 µmol) were dissolved in anhydrous DMF (5 mL). Then, the mixture was reacted and purified 

according to the general procedure to afford 14 (17.3 mg, 31%) as a purplish red solid. 1H-NMR (400 MHz, 

CD3OD): δ 8.22 (d, 2H, J = 8.5 Hz), 8.02 (d, 2H, J = 13.5 Hz), 7.99–7.92 (m, 4H), 7.64–7.56 (m, 4H), 7.42 (t, 2H, 

J = 7.6 Hz), 6.25 (d, 2H, J = 13.5 Hz), 4.39 (t, 4H, J = 7.9 Hz), 3.98–3.88 (m, 4H), 3.74–3.65 (m, 4H), 2.99 (t, 4H, 

J = 7.0 Hz), 2.65 (t, 4H, J = 6.5 Hz), 2.33–2.24 (m, 7H), 2.01 (s, 12H), 1.92–1.85 (m, 2H). HRMS (ESI−): calcd. 

for C50H57N4O7S2 [M−Na]− 889.3674, found: 889.3706 (+3.2 mmu). 

Preparation of 15: Compound 1 (50.0 mg, 60.9 µmol), 1-(methanesulfonyl)piperazine (29.6 mg, 200 

µmol), and NEt3 (40.0 µL, 287 µmol) were dissolved in anhydrous DMF (5 mL). Then, the mixture was reacted 

and purified according to the general procedure to afford 15 (11.6 mg, 20%) as a blue solid. 1H-NMR (400 MHz, 



 

CD3OD): δ 8.24 (d, 2H, J = 8.5 Hz), 8.08 (d, 2H, J = 13.0 Hz), 8.00–7.93 (m, 4H), 7.65 (d, 2H, 8.5 Hz), 7.60 (t, 2H, 

J = 7.8 Hz), 7.43 (t, 2H, J = 7.8 Hz), 6.29 (d, 2H, J = 13.5 Hz), 4.41 (t, 4H, J = 7.4 Hz), 3.76–3.70 (m, 4H), 3.61–

3.56 (m, 4H), 3.12 (s, 3H), 2.99 (t, 4H, J = 7.0 Hz), 2.66 (t, 4H, J = 6.3 Hz), 2.34–2.24 (m, 4H), 2.04 (s, 12H), 1.92–

1.85 (m, 2H). HRMS (ESI−): calcd. for C49H57N4O8S3 [M−Na]− 925.3344, found: 925.3366 (+2.2 mmu). 

Preparation of 16: Compound 1 (50.0 mg, 60.9 µmol), S6 (43.6 mg, 180 µmol, see supporting 

information for synthesis of S6), and NEt3 (40.0 µL, 287 µmol) were dissolved in anhydrous DMF (5 mL). The 

mixture was stirred at 80 ºC for 1.5 h under an argon atmosphere. Then, further NEt3 (1.00 mL, 7.20 mmol) was 

added to the mixture. The mixture was reacted and purified according to the general procedure to afford 16 (8.40 

mg, 16%) as a gray solid. Since 16 underwent decomposition during the NMR measurements, it was analyzed by 

LC-MS and its purity was confirmed by HPLC (Figure S1). HRMS (ESI+): calcd. for C50H60N4NaO6S2 [M+Na]+ 

899.3847, found: 899.3875 (+0.1 mmu). 

Preparation of 17: Compound 1 (50.0 mg, 60.9 µmol), 3-(piperazin-1-yl)propanoic acid (28.9 mg, 182 

µmol), and NEt3 (50.7 µL, 364 µmol) were dissolved in anhydrous DMF (4 mL). Then, the mixture was reacted 

and purified according to the general procedure to afford 17 (10.5 mg, 18%) as a purplish red solid. 1H-NMR (400 

MHz, CD3OD): δ 8.22 (d, 2H, J = 8.5 Hz), 7.97–7.89 (m, 6H), 7.62–7.56 (m, 4H), 7.40 (t, 2H, J = 7.0 Hz), 6.16 (d, 

2H, J = 13.5 Hz), 4.34 (t, 4H, J = 7.6 Hz), 3.84 (t, 4H, J = 3.8 Hz), 3.02–2.88 (m, 10H), 2.62 (t, 4H, J = 6.5 Hz), 

2.54 (t, 4H, J = 7.6 Hz), 2.32–2.23 (m, 4H), 2.02 (s, 12H), 1.90–1.84 (m, 2H). HRMS (ESI+): calcd. for 

C51H58N4Na3O8S2 [M+Na]+ 987.3384, found: 987.3367 (−1.7 mmu). 

Preparation of 18: Compound 1 (54.2 mg, 66.0 µmol), S7 (49.2 mg, 210 µmol), and NEt3 (50.0 µL, 

359 µmol) were dissolved in anhydrous DMF (3 mL). Then, the mixture was reacted and purified according to the 

general procedure to afford 18 (12.5 mg, 19%) as a red solid. 1H-NMR (400 MHz, CD3OD): δ 8.21 (d, 2H, J = 9.0 

Hz), 7.97–7.92 (m, 4H), 7.88 (d, 2H, J = 13.5 Hz), 7.64 (t, 2H, J = 7.2 Hz), 7.59 (d, 2H, J = 9.0 Hz), 7.44–7.38 (m, 

6H), 6.15 (d, 2H, J = 13.5 Hz), 4.33 (t, 4H, J = 7.6 Hz), 3.86–3.80 (m, 6H), 3.50 (s, 2H), 2.99 (t, 4H, J = 7.0 Hz), 

2.90–2.83 (m, 4H), 2.60 (t, 4H, J = 6.5 Hz), 2.31–2.22 (m, 4H), 1.97 (s, 12H), 1.90–1.82 (m, 2H). HRMS (ESI−): 

calcd. for C57H63N4O8S2 [M−Na]− 995.4093, found: 995.4109 (+1.6 mmu). 

Preparation of 19: Compound 1 (50.0 mg, 60.9 µmol), 2-(piperidin-4-yl)acetic acid (25.8 mg, 180 

µmol), and NEt3 (60.0 µL, 431 µmol) were dissolved in anhydrous DMF (7 mL). Then, the mixture was reacted 

and purified according to the general procedure to afford 19 (28.4 mg, 50%). 1H-NMR (400 MHz, CD3OD): δ 8.22 

(d, 2H, J = 8.5 Hz), 7.95–7.89 (m, 4H), 7.84 (d, 2H, J = 13.5 Hz), 7.60–7.54 (m, 4H), 7.38 (t, 2H, J = 7.4 Hz), 6.11 



 

(d, 2H, J = 13.0 Hz), 4.31 (t, 4H, J = 7.4 Hz), 4.07–3.99 (m, 2H), 3.71 (t, 2H, J = 10.0 Hz), 2.99 (t, 4H, J = 7.0 Hz), 

2.61 (t, 4H, J = 6.5 Hz), 2.38–2.21 (m, 6H), 2.14–2.07 (m, 2H), 2.00 (s, 12H), 1.91–1.82 (m, 2H), 1.73–1.60 (m, 

2H). HRMS (ESI−): calcd. for C51H58N3O8S2 [M−Na]− 904.3671, found: 904.3681 (+1.0 mmu). 

General procedure for the preparation of cyanine dye-antibody conjugates: Each cyanine dye (1 eq), 

N,N,N’,N’-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) (2.0–2.1 eq), and NEt3 (3.0–4.5 eq) 

were dissolved in anhydrous DMF (1.0–1.4 mL/µmol). The mixture was stirred at room temperature for 1 h. The 

reaction progress was monitored by HPLC (A/B = 0.1 M triethylamine acetate (TEAA) buffer/99% MeCN, 1% 

H2O). Subsequently, TFA was added to the mixture to neutralize the pH. Then, DMF was removed under vacuum 

and the precipitate was dried under vacuum. The crude product was used in the next step without further purification. 

The crude product was dissolved in DMSO (30 µL) to prepare a 5.8–10.5 mM DMSO solution. The DMSO solution 

(purity: 67%, 2.63 µL, 10.15 nmol) and 32.7 mg/mL panitumumab in PBS (9.17 µL, 2.03 nmol) were added to 0.1 

M Na2HPO4 aq. containing 5% DMSO toa total volume of 300 µL. The mixture was left at room temperature for 3 

h. Upon reaction completion, the mixture was purified by using an Amicon Ultra-4 30 kDa (Merck KGaA) filter. 

The protein concentration of the product was measured with a microplate reader (infinite M200, TECAN) using a 

BCA protein assay kit (Thermo Fisher Scientific K.K.) and dye concentration was calculated by absorbance 

measurements using a UV-Vis spectrophotometer (UV-1800, Shimazu Co.). The ratios of antibody to dye were 

found to be 1:3–8, which included dyes binding to antibodies or dyes connected via non-covalent binding due to 

their hydrophobicity. 

Preparation of C1: Dye 17 (1.93 mg, 2 µmol), TSTU (1.20 mg, 3.99 µmol), and NEt3 (1.00 µL, 8.90 

µmol) were dissolved in anhydrous DMF (2 mL). The mixture was then reacted and purified according to the general 

procedure. The conjugation reaction was performed using a 5.8 mM DMSO solution (purity: 67%, 2.63 µL, 10.15 

nmol). The ratio of antibody to dye in C1 was found to be 1:3. 

Preparation of C2: Dye 18 (2.04 mg, 2.00 µmol), TSTU (1.20 mg, 3.99 µmol), and NEt3 (1.00 µL, 

8.90 µmol) were dissolved in anhydrous DMF (2 mL). The mixture was then reacted and purified according to the 

general procedure. The conjugation reaction was performed using a 10.5 mM DMSO solution (purity: 36%, 2.67 

µL, 10.09 nmol). The ratio of antibody to dye in C2 was found to be 1:8. 

Preparation of C3: Dye 19 (1.78 mg, 2.15 µmol), TSTU (1.36 mg, 4.52 µmol), and NEt3 (0.89 µL, 

6.39 µmol) were dissolved in anhydrous DMF (3 mL). The mixture was then reacted and purified according to the 

general procedure. The conjugation reaction was performed using a 6.4 mM DMSO solution (purity: 60%, 2.64 µL, 



 

10.2 nmol). The ratio of antibody to dye in C3 was found to be 1:5. 

2.2. PA measurements in aqueous solutions 

PA signals in aqueous solutions were detected using a home-build set up, as shown in Figure S2 [16]. An excitation 

pulse light (6–8 nsec) was generated using a wavelength-tunable OPO laser system (Versascan MBI-FE, Spectra 

Physics or PrimoScan BMU-SE, Spectra Physics) excited by a Nd:YAG laser (Quanta-Ray Pro-190-THDA-FE, 

Spectra Physics) with a repetition frequency of 10 Hz. The excitation pulse light was shaped to have a 3 mm diameter 

beam, focused using an 18.24 mm focal length lens, and introduced into a multimode optical fiber (M40L02, 

Thorlabs, Newton, NJ, USA) with a core diameter of 400 μm and an NA of 0.48. To correct potential output energy 

fluctuations, the pulse light was split using a beam sampler, and the energy of the split light was measured using an 

energy meter (PE10-C, Ophir Optics, Jerusalem, Israel). The output end of the multimode optical fiber was fixed at 

the center of an ultrasonic sensor with a ring-shaped detection element (inner diameter 1.4 mm, outer diameter 3.0 

mm). The detection surface of the ultrasonic sensor was submerged in a small water tank filled with degassed water. 

The bottom surface of the small water tank was made of a glass cover that transmitted both light and ultrasonic 

waves, and the distance between the detection surface of the ultrasonic sensor and the glass cover was set to 10 mm. 

The excitation pulse light from the multimode optical fiber was irradiated into the liquid column, and the resulting 

ultrasound was observed using the ultrasonic sensor. The signal was then amplified using an FET amplifier 

(SA220F5, NF Circuit Design Block, Kanagawa) and recorded using a digital oscilloscope (M9210A, Agilent 

technology, Santa Clara, CA). 

Dyes were dissolved in a 50% 0.01 M phosphate buffer/50% DMSO solution at pH 3.5 or 7.0 and at a 

final concentration of 10 µM. The solution was then dropped onto a glass slide, and the glass cover on the bottom 

surface of the small water tank was brought into contact with the liquid surface of the solution, adjusting the gap 

between the glass cover and the glass slide to 1 mm. Then, PA measurements were performed at 5 nm intervals in 

the 5001000 nm range for 5, 7, and 8 and at 10 nm intervals in the 5001000 nm range for 17–19. To investigate 

sample changes due to photobleaching or aggregation, measurements were performed at 10 nm intervals in the 500–

1000 nm range, followed by 10 nm intervals in the 505–995 nm range for 5, 7, and 8, and at 20 nm intervals in the 

500–1000 nm range, followed by 20 nm intervals in the 505–995 nm range for 17–19. At each excitation wavelength, 

50 photoacoustic signal measurements were conducted, and the intensity peak values of the averaged signals were 

measured. These values were then normalized by the energy of the irradiated excitation pulse light to determine the 

photoacoustic signal intensity at each excitation wavelength. 



 

2.3. Fluorescence imaging with cyanine dye-antibody conjugates in cultured cancer cells 

Fluorescence imaging in cultured cells was performed using a BX41 upright fluorescence microscope (Olympus) 

equipped with a UPlanSApo 40x objective lens (Olympus). Images were captured with an Exi Aqua monochrome 

camera (Q imaging) and an acquisition software (Q Capture Pro, Q imaging). The microscope used a U-DM-Cy7-

3 filter (Olympus, Excitation: 673–748 nm, Emission: 765–855 nm) and U-RFL-T excitation light source (Olympus).  

HuCCT-1 cells were seeded in a 35 mm dish containing a glass cover and incubated at 37 °C with 5% 

CO2. After one day, antibody-dye conjugates were added to the dish at a final concentration of 5 µg/mL and 

incubated for 24 h. The glass cover was removed from the dish, washed with phenol red-free medium, and placed 

on a slide with the cell side facing down. Subsequently, the slide was set up in a fluorescence microscope, and the 

fluorescence was determined. Image processing and analysis were performed using an Image J software version 

1.52.  

2.4. PA imaging with cyanine dye-antibody conjugates in cultured cancer cells 

PA imaging in cultured cells was performed using a home-build set up, as shown in Figure S3. A wavelength-

tunable nanosecond pulsed laser (NT342A-10-AW, EKSPLA, pulse duration, 5 nsec; repetition rate, 10 Hz) was 

employed as the laser source. The excitation pulse light was collimated to form a 1 cm diameter beam and then 

adjusted for pulse energy using a wave plate (1/2λ plate), polarizing plate, and ND filter. The light was focused onto 

the dish using a LUMPLFLM 40x water-immersion objective lens (Olympus). The photoacoustic waves from the 

sample were detected by an acoustic transducer (10K6.4I PF15, Japan Probe, focal length, 15 mm; center frequency, 

10 MHz) in the water bath. The photoacoustic signal was amplified through a low-pass filter (BLP-21.4+, Mini-

Circuits, bandwidth; DC-22MHz) and an amplifier (AU-1647, MITEQ, bandwidth; 0.1 K–400 MHz, gain; 57 dB), 

and then recorded using a digital oscilloscope (DS-5654A, IWATSU). To correct for potential variations in output 

energy, pulse light energy was measured by placing a pyroelectric energy sensor (919E-0.1-12-25K, Newport) at 

the position where the dish was placed. The acquired photoacoustic signal was normalized by the measured 

excitation light pulse energy. A laser diode was positioned where the reflected light from the ND filter passes, and 

the photoacoustic signal was measured only when the pulse light intensity was sufficient. Photoacoustic images 

were generated as two-dimensional images by scanning the sample in a zigzag pattern using a stepping motor stage 

(TAMM100-50C and HSC-103, OptoSigma) and projecting the peak envelope intensity values of each acquired 

photoacoustic signals. Bright field images were observed using a CMOS camera (DCC1645C, Thorlabs).  

HuCCT-1 cells were seeded in 35 mm dishes and incubated at 37°C with 5% CO2. After one day, 



 

antibody-dye conjugates were added to the dish at a final concentration of 5 µg/mL and incubated for 24 h. 

Subsequently, the bottom surface of the cell dish was put in contact with a water bath set to 37 °C, and PA imaging 

was performed at 675 and 800 nm. Image processing and analysis were performed using an Image J software version 

1.52. 

3. RESULTS 

3.1. Design and synthesis of cyanine dyes bearing amino groups 

To develop pH-responsive PA imaging agents, we designed Cy7.5 derivatives having either a piperazin-1-yl group 

or various amino groups as pH-sensing moieties at the central carbon of the polymethine chain (Figure 1). These 

Cy7.5 derivatives feature a cyclohexene ring in their structure for ease of synthesis and two sulfonate groups for 

improving water solubility. Various substituents were installed at the pH-sensing moiety, such as carboxy, alkyl, 

amide, sulfonamide, and additional amino groups, to compare their influence on pH-responsiveness. All Cy7.5 

derivatives were synthesized as illustrated in Scheme 1. Cyanine dye intermediate 1, which carries a chloro group 

at the center of the polymethine chain, was firstly synthesized over three steps according  to a previous report 

(Scheme S1) [17,18]. Then, piperazine and its analogues were introduced in the cyanine structure via nucleophilic 

substitution in DMF to afford a set of dyes with different pH-sensing moieties (2–16; Scheme 1). All compounds 

were characterized by NMR and HRMS analyses. 

 

Figure 1. Design of cyanine dyes bearing amino groups. 

  



 

 

Scheme 1. Synthetic procedure and chemical structures of dyes bearing amino groups. 

3.2. Investigation of the pH responsiveness of amine-substituted cyanine dyes using absorption spectroscopy 

To examine the pH responsiveness of the dyes, their absorption spectra were measured in a phosphate buffer 

containing 30% DMSO at pH 3–12 (Figure 2). Dye 16 exhibited a small absorbance value in both phosphate buffer 

and DMSO (Figures 2o, S1o). This was probably due to the nucleophilic attack of some species such as hydroxide 

anions on the electron deficient cyanine structure, inducing decomposition. As shown in Figure 2a–f, the absorption 

spectra of all the dyes containing a diazaalkyl group (2–7) changed depending on the pH, and the absorption peaks 

around 800 nm increased at acidic pH, which is similar to the spectral changes of Cy7 dyes reported by Nagano’s 

group [12]. In particular, the spectral changes of the dyes with a 1,4-diazaalkyl group (2–5) were larger than those 

observed for the dyes with a 1,5-diazaalkyl group (6–7). In contrast, the absorption spectra of the dyes with a 

monoamine (8–10), carboxylate (11–12), morpholin-4-yl (13), amide (14–15), and quaternary ammonium salt (16) 

moiety did not change with pH variations (Figure 2g–o). These results suggested that pH-dependent spectral 

changes were induced by the amino groups at position 4 or 5 in the pH-sensing moiety. Similar investigations were 

also performed in a DMSO solution. It is known that cyanine dyes can easily form J-aggregates in aqueous solutions 

and less likely in organic solvents [19–21]. However, cyanine dyes 216 exhibited a similar spectral behavior in 

DMSO as well as in mixtures of DMSO and phosphate buffer, as shown in Figure S4. These findings indicated that 

the observed spectral changes were probably not affected by aggregation but rather protonation of the pH-sensing 

moiety. 



 

 

Figure 2. Absorption spectra of the dyes bearing various amino groups. Absorption spectra of (a) 2, (b) 3, (c) 
4, (d) 5, (e) 6, (f) 7, (g) 8, (h) 9, (i) 10, (j) 11, (k) 12, (l) 13, (m) 14, (n) 15, and (o) 16 were measured in phosphate 
buffer containing 30% DMSO at pH 3.0–12.0. The final concentration of each dye was 1 µM. 



 

3.3. Optical and chemical properties of dyes bearing amino groups 

To investigate the optical properties of amino group substituted 2–16, the fluorescence spectra were measured 

in PB with 30% DMSO or DMSO (Figures S5–S6). From the absorption and fluorescence spectra obtained, the 

optical properties of 2–16 [i.e., absorption maximum wavelength (Absmax), fluorescence maximum wavelength 

(Emmax), Stokes shift (Δλ), molar extinction coefficient (ε), fluorescence quantum yield (φf), and pKa] were 

determined and are summarized in Table 1. The pKa of the dyes with a 1,4- or 1,5-diazaalkyl group (27) were 

found to be in the range of 4.7–7.3 (Figure S7). Dye 4 bearing a benzyl group showed a lower pKa than methyl-

substituted dye 3, indicating that the presence of an electron withdrawing benzyl group affected the protonating 

capacity of the pH-sensing moiety (Figure S7b–c). On the other hand, dye 2 showed a higher pKa than 3, which 

may be due to the difference of hydration energy between the protonated forms of secondary and tertiary amines 

(Figure S7a–b). Generally, hydration and consequential stabilization of protonated tertiary amines is more difficult 

than that of secondary amines due to their higher bulkiness. Therefore, secondary amines exhibit higher pKa values 

than tertiary amines (e.g., pKa of dimethylamine: 10.73, pKa of trimethylamine: 9.75) [22]. 

The reversibility of the absorption spectra variation was also investigated by changing the pH using 

trifluoroacetic acid (TFA) as organic acid and triethylamine (NEt3) as organic base (Figure S8). When an excess of 

TFA was added to a solution of either 5 (a dye with a 1,4-diazaalkyl group) or 7 (a dye with a 1,5-diazaalkyl group) 

in DMSO, red-shifts were observed. Furthermore, when adding an excess of NEt3 to the red-shifted solutions, blue-

shifts were observed. These results indicated that the spectral properties of the dyes could undergo reversible 

changes in response to pH. 

Table 1. Optical properties of dyes bearing amino groups at acidic pH and basic pH. 

Compound Absmax (nm)a Emmax (nm)a Δλ (nm)a ε (M−1cm−1)a φf
b pKaa 

2 706 832 126 4.7 × 104 0.09 - 
2 (+H+) 802 836 34 7.9 × 104 0.07 6.9 
3 717 829 112 6.9 × 104 0.12 - 
3 (+H+) 810 838 28 1.2 × 105 0.07 5.5 
4 707 829 122 8.3 × 104 0.08 - 
4 (+H+) 811 842 31 1.3 × 105 0.07 4.7 
5 713 826 113 4.9 × 104 0.18 - 
5 (+H+) 780 830 50 8.0 × 104 0.13 6.6 
6 658 800 142 4.2 × 104 0.16 - 
6 (+H+) 670 799 129 4.8 × 104 0.15 7.2 
7 708 824 116 6.2 × 104 0.12 - 
7 (+H+) 733 825 92 7.4 × 104 0.10 7.3 
8 632 805 173 3.8 × 104 0.22 - 
9 659 818 159 3.7 × 104 0.13 - 

10 674 823 149 4.3 × 104 0.11 - 
11 653 800 147 3.9 × 104 0.32 - 
12 651 799 148 5.5 × 104 0.18 - 
13 728 831 103 7.7 × 104 0.09 - 



 

14 804 832 28 6.8 × 104 0.09 - 
15 805 834 29 5.8 × 104 0.10 - 
16 815 846 31 1.7 × 104 0.07 - 

 
a) phosphate buffer containing 30% DMSO, b) DMSO and DMSO with 1% TFA. 

3.4. Effect of structural changes of the cyanine dyes at position 4 on the absorption spectra 

Based on the observation that dyes with either a piperazin-1-yl (2–4) or 1,4-diazaalkyl (5) group at the pH-sensing 

moiety exhibited a significant acidity-dependent increase of absorbance around 800 nm (Figure 2a–d), it was 

assumed that protonation of the piperazine ring or 1,4-diazaalkyl structure was a key factor responsible for these 

spectral changes. Dyes with a 4-acetyl (14), 4-methanesulfonyl (15), and 4,4-dimethylpiperazinum-1-yl (16) group 

did not show significant spectral changes and a sharp absorbance peak around 800 nm was observed independent 

of pH (Figure 3a–b). In contrast, dyes with a 4-methylpiperazin-1-yl (3) in alkaline solution, piperidin-1-yl (10), 

and morpholin-4-yl (13) group, which do not have strong electron-withdrawing groups at position 4, exhibited 

smaller relative absorbances at 815 nm than 14 and 15, and these absorption peaks blue-shifted. These results 

indicated that the sharp peak around 800 nm may increase when the 6-membered ring of the pH-sensing moiety is 

substituted with an electron-withdrawing group (24 in their protonated form, and 14–16). In other words, as the 

electron donating ability of the 6-membered ring increases (2–4 in their unprotonated form, 10, and 13), the peak 

around 800 nm decreases, while that around 700 nm increases. The relative absorbance at 815 nm and the red-shift 

of the absorption peak for 3, 10, 13 were in the order of 13>3>10, whose atoms of position 4 on their 6-membered 

amino group were O, N, and C, respectively. This implies that the electronegativity of the atom at position 4 also 

affects the absorption spectra of the dyes. Even in DMSO, where the influence of aggregates should be less than in 

water, absorption peaks around 800 nm increased when an electron-withdrawing group was introduced on the 6-

membered ring (Figure S9). This finding also supported that the peak around 800 nm was not due to J-aggregation. 

3.5. Elucidating the mechanism of spectral changes in the cyanine dyes using DFT analysis 

It is known that polymethine dyes feature two types of structures: a cyanine form with delocalized charge across 

the conjugated system (low bond length alteration (BLA)) and a dipole form with localized charge (high BLA) 

(Figure 4) [14]. The transition between these structures is influenced by the presence of various substituents [23], 

solvent polarity [24], or counterions [25]. It was suggested that introducing electron-donating groups to the 

polymethine chain of the cyanine dyes results in enhancement of the contribution of the bis-dipole structure, making 

the absorption spectra blue-shifted [14]. Given that the bis-dipole structure forms a crossed-conjugated resonance 

configuration (Figure 4), dyes dominated by the bis-dipole structure will show the shorter C–N bond length and 



 

larger bond order. Additionally, bis-dipole structure also results in localized charges in the conjugated system, with 

the central carbon atom becoming positively charged and the terminal N atoms negatively charged. To reveal the 

mechanism of the spectral changes of dyes with diazaalkyl groups, we estimated the length and bond order of the 

C–N bond connecting the nitrogen at position 1 to the central carbon in the polymethine chain (R(C–N)), BLA, and 

the natural charges on the nitrogen at position 1 of the 1-aza-6-membered ring (Charge(1-N)), the central carbon 

atom of the polymethine chain (Charge(C)), and the terminal nitrogen atom (Charge(terminal N)), using DFT 

calculations (LC-ωPBE/cc-pVDZ). These studies were conducted for dyes 3, 10, and 13–16, as shown in Figure 3, 

S10, and S11. In model compounds, the two sulfopropyl groups introduced for water solubility purposes were 

replaced by methyl groups to simplify the calculations. 3’, 10’, 13’–16’ represent dyes in which the sulfopropyl side 

chains of 3, 10, 13–16 are replaced with methyl groups. 16’ possessed an overall smaller negative charge than the 

other dyes (Figure S11), most likely because the sp3 ammonium cation made the structure electron deficient.  

As shown in Figure 3c, the natural charge of the nitrogen atom at position 1 increased negatively in 

the order 10’<3’<13’<14’<16’<15’, which corresponds to an order of increase of the electron density of the nitrogen 

atom (Figure 3c). Moreover, the C–N bond lengths decreased (C–N bond order decreased) in the following order 

16’>15’>14’>13’>3’>10’. These results indicated that the contribution of the cross-conjugation structure 

(resonance structure of bis-dipole form) decreased as the electron withdrawing ability of 6-membered amino groups 

increased. Focusing on the atom at position 4 of the pH-sensing moieties of dyes 3’, 10’, and 13’ (i.e., N, C, and O 

atom, respectively), it was seen that a dye carrying an atom of higher electronegativity possessed a more negatively 

charged N atom at position 1 and longer C–N bond length. When comparing Charge (C), Charge (terminal N), and 

BLA, which indicate charge localization within the bis-dipole structure, 14–16 bearing amides or ammonium 

exhibited lower values. These results suggest that the electron-withdrawing groups induce an increase in delocalized 

structures.  

The calculation results were also compared with the normalized absorption peak intensities of the dyes 

at 815 nm (Figure 3d–h). As the natural charge increased negatively, the normalized absorbance at 815 nm increased 

(Figure 3d). On the other hand, as the C–N bond length increased, the normalized absorbance at 815 nm augmented, 

indicating the calculation results were correlated with the absorption peak intensities at 815 nm (Figure 3e). Further, 

when comparing the normalized absorbance at 815 nm with Charge (C), Charge (terminal N), and BLA of each dye, 

it was suggested that those with higher absorbance at 815 nm tend to have smaller positive Charge (C), negative 

Charge (terminal N), and small BLA values, suggesting more extensive charge delocalization (Figure 3f–h). 



 

Considering the calculation results, dyes bearing weakly electron-withdrawing groups at position 4 (3, 

10 and 13), could have high contribution of the cross-conjugation form (the resonance structure of bis-dipole form) 

and charge-localized bis-dipole form, thus showing in blue-shifted absorption peak (~700 nm) (Figure 4). On the 

other hand, dyes bearing strong electron-withdrawing groups at position 4 (14–16) are thought to predominantly 

exhibit a delocalized structure, leading to an absorption peak around 800 nm. The results were similar to the 

absorption spectral changes of the cyanine dyes bearing various functional groups at position 1 reported by Maury’s 

group [14]. Furthermore, dye 3 with an unprotonated N atom at position 4 and dye 16 with a positive charge on the 

N atom at position 4 exhibited absorption peaks around 700 and 800 nm, respectively. Accordingly, the pH-

responsive mechanism of dyes with a 1,4-diazaalkyl group was assumed to be due to the changes in the contribution 

of bis-dipole form by protonation of the amino groups at position 4, which increased the electron-withdrawing 

ability of the pH-sensing moiety (3 in Figure 4). From the investigation, we have concluded that electron-donating 

groups increase the contribution of the bis-dipole structure. However, given that these groups could lift the LUMO 

to enlarge the HOMO-LUMO gap (blue-shift), further investigation like TD-DFT calculations should be required. 

Some studies reported that cyanine dyes with a piperazine derivative in the center of the polymethine 

chain stabilize one proton by means of the two amino groups of piperazine [12,26], as demonstrated for 1,8-

bis(dimethylamino)naphthalene that is called “proton sponge” for trapping one proton by chelation by the two 

nitrogen atoms [27]. Our results, however, indicated that only one N atom at position 4 or 5 in the pH-sensing 

moiety was protonated since the absorption change was not dependent on the rigidity and distance between the two 

amino groups of the pH-sensing moiety (Figure 2a–f). If one proton would be trapped by two amino groups, an 

unusually high pKa should be found as in the case of a proton sponge (pKa 12.3) [28]. However, this was not 

observed for our piperazine based dyes (pKa 4.7–7.3) (Figure S7). The other paper previously reported that a pH-

responsive fluorescent dye composed of piperazine and cyanine could undergo protonation at the amine neighboring 

the polymethine chain (position 1) inducing absorption spectral changes [22,28]. In the present study, dyes without 

a basic amino group in the pH-sensing moiety (8–16), however, did not show pH-dependent spectral changes at pH 

3–12 (Figure 2g–o). Hence, the absorption spectral change cannot be due to the protonation of the amino group at 

position 1.  



 

 

Figure 3. Investigation of the mechanism of pH-dependent absorption spectral changes. (a,b) Comparison of 
absorption peaks of dyes with various groups at position 4 in phosphate buffer at pH 7.0 containing 30% DMSO. 
The spectra were standardized based on the absorption peak intensities at 730 nm. Only the absorption spectrum of 
3 was normalized by the absorbance at 680 nm due to a blue-shift in its spectrum. (c) Table summarizing C–N bond 
length, bond order, the charge of the N atom at position 1, and BLA for each dye. Graph plotting (d) charge of the 
N atom at position 1, (e) C–N bond length, (f) Charge (C), (g) Charge (terminal N), and (h) BLA versus normalized 
absorbance at 815 nm. 

  



 

 

Figure 4. Electronic configuration of dyes bearing amino groups.  

3.6. PA measurements of dyes bearing amino groups 

To investigate whether the cyanine dyes can be applied for PA imaging, a dye with either a 1,4-diazaalkyl (5), 1,5-

diazaalkyl (7), or 1-azaalkyl (8) group was dissolved in 0.01 M phosphate buffer containing 50% DMSO at pH 3.5 

or 7.0, and the PA spectrum of each solution was measured by using a PA measurement setup (Figure S2). As shown 

in Figure 5, the PA spectra of all the cyanine dyes were largely correlated with their absorption spectra. Dye 5 

exhibited significant pH-dependent changes in both PA signal and absorption spectra, suggesting its potential as a 

pH-responsive dye for PA imaging (Figure 5a).  

To investigate the relationship between the PA signals and the optical properties of the dyes, the PA 

signals were plotted against absorbance, φf, and Δλ, and a correlation coefficient was calculated (Figure S12). The 

PA signals and absorbance showed a positive correlation with a correlation coefficient of 0.96 or higher for all dyes 

(Figure S12a). Dye 8 with a monoamino group showed high PA efficiency, whereas dyes 5 and 7, with diazaalkyl 

groups, demonstrated equivalent PA efficiency regardless of the pH. When the peak values of the PA signals were 

plotted against φf of each dye, the correlation coefficient of dyes 5 and 7, excluding dye 8 was –0.97, showing a 

negative correlation between the PA signal and φf (Figure S12b), while dye 7, having a high φf, showed a high PA 

efficiency. The peak values of the PA signals were also plotted against Δλ, which could contribute to the generation 

of PA waves since large Δλ generates heat derived from the vibrational relaxation of the dye to the S1 state. No 

correlation was, however, observed between the peak value of the PA signal and the Stokes shift (Figure S12c). The 

absence of a consistent relationship between the PA signal and φf or Δλ may result from the complex non-radiative 



 

processes in photo-excited molecules. The processes include vibrational relaxation, internal conversion, and 

intersystem crossing, which are complexly involved in the generating PA signals. At pH 7.0, dye 5 having a large 

Δλ, should not show a high PA efficiency compared to the other dyes due to its high φf. When the relationship 

between the wavelength of the excitation light and PA efficiency were investigated, excitation with light at shorter 

wavelengths resulted in higher PA efficiency (Figure S13a–e). This result suggests that the short-wavelength 

excitation increases the vibrational relaxation during the transition to the stable conformation of the excited state, 

resulting in an increase in the PA signal. (Figure S13f). 

 

Figure 5. PA and absorption spectra of (a) 5, (b) 7, and (c) 8. PA and absorption spectra were measured in 0.01 M 
phosphate buffer containing 50% DMSO at pH 3.5 (orange) and 7.0 (green). The final concentration of each dye 
was 10 µM.  

3.7. Preparation of antibody-cyanine conjugates for cancer PA imaging 

As exemplified by antibody-drug conjugates, antibodies are a powerful tool for delivering payloads to specific cells 

[29]. Therefore, we prepared antibody-cyanine conjugates for further evaluation in cancer cell PA imaging. To 

conjugate the pH responsive cyanine dye to an antibody, we designed and synthesized piperazine-based cyanine 

dyes with a carboxylate group 17–18 for binding a suitable antibody via an amide bond (Scheme 2). Besides 

piperazine-based dyes, we also designed and synthesized a piperidine-based dye, named 19, which was used as 

control compound that does not exhibit pH responsiveness. To investigate the optical properties of 17–19, the 

absorption and fluorescence spectra were measured in PB with 30% DMSO or DMSO (Figures 6, S13–S15). From 

the absorption and fluorescence spectra obtained, the optical properties of each compound were determined in the 

same manner as described above and are summarized in Table 2. The absorption and PA spectra of 17–18 changed 

when the pH diminished from neutral to acidic, whereas 19 showed no pH-dependent spectral changes (Figures 6, 

S13, S16), in agreement with the results obtained in Figures 2 and 5. When the relationship between PA signal 



 

efficiency and optical properties were investigated, the PA signal intensities were positively correlated with 

absorbance in the same as 5, 7, and 8 (Figure S18a), but the PA signal efficiency at peaks were not correlated with 

φf (Figure S18b). The maxima of the PA spectra were positively correlated with Stokes shift, suggesting a 

significant contribution of vibrational relaxation for generating PA signals (Figure S18c). When the relationship 

between the wavelength of the excitation light and PA efficiency were investigated, excitation with light at shorter 

wavelengths resulted in higher PA efficiency in the same way as 5, 7, 8 (Figure S19). The pKa of 17–18 was 5.7 

and 4.9, respectively, indicating that these dyes are suitable for PA imaging to detect weakly acidic conditions such 

as those occurring in lysosome [30], abnormal mitochondria [11], or tumor microenvironments [10] (Figure S20). 

We also investigated stability of 17–19 under light exposure (Figure 7) or in the dark (Figure S21). 

After 60 minutes of light exposure, the residual absorbance of 17–19 at pH 7.0 with a 690 nm laser and 19 at pH 

3.5 with a 690 nm laser were comparable to ICG (Figure 7k–l). On the other hand, the residual absorbance of 17–

18 at pH 3.5 with a 785 nm laser were about 5 times higher than ICG (Figure 7j). The time to decrease by half of 

17–18 was about three times longer than that of ICG (Figure 7m). ICG and 17–19 were then dissolved in PB with 

30% DMSO and changes in absorption spectra in the dark were observed in time-course (Figure S21). 19 showed 

a slightly greater decrease in absorbance than ICG at pH 3.5 (Figure S21i), but under other conditions, 17–19 

showed a similar or smaller decrease in absorbance than ICG, suggesting that the stability of 17–19 is comparable 

to that of ICG in the dark. (Figure S21i–j). 

In addition, the cytotoxicity of 17–19 was also compared with ICG by propidium iodide (PI) staining 

(Figure S22). The percentage of dead cells with 17–19 was almost same as ICG, indicating that these dyes can be 

used for biological application.  

 

Scheme 2. Synthetic procedure and chemical structures of pH-responsive dyes. 



 

Table 2. Optical properties of amine-substituted dyes at acidic and basic pH. 

Compound Absmax (nm)a Emmax (nm)a Δλ (nm)a ε (M−1cm−1)a φf
b pKaa 

17 720 828 108 6.8 × 104 0.12 - 
17 (+H+) 806 841 35 1.1 × 105 0.08 5.7 
18 718 828 110 3.4 × 104 0.12 - 
18 (+H+) 802 842 40 5.0 × 104 0.08 4.9 
19 683 823 140 5.2 × 104 0.13 - 

a) phosphate buffer containing 30% DMSO, b) DMSO and DMSO with 1% TFA. 

 

Figure 6. Absorption spectra of (a) 17, (b) 18, and (c) 19. Absorption spectra were measured in a phosphate buffer 
containing 30% DMSO at pH 3.0–12.0. The final concentration of each dye was 1 µM.  



 

 

Figure 7. Absorption decays of 17–19 under light irradiation. Absorption decays were measured in a 0.1 M 
phosphate buffer with 30% DMSO at pH 3.5 and 7.0 in time-course. Each solution was irradiated by a 690 or 785 
nm laser. (a–i) Absorption spectral changes monitored over a period of 60 minutes during light exposure. (j–l) Plots 
of absorption decays under light exposure. (m) Time required for the absorbance to decrease by half. 

3.8. Evaluation of PA imaging agent accumulation in cultured cells by using a fluorescence microscope 

To investigate whether 17–19 can be used for cancer cell imaging, the dyes were conjugated with the anti-EGFR 



 

antibody panitumumab to afford C1–C3 (Scheme 3). Then, we investigated whether these dyes could be specifically 

internalized in EGFR expressing HuCCT-1 cells by using fluorescence microscopy. After 24 h incubation of 

HuCCT-1 cells in the presence of each antibody-cyanine conjugate, the fluorescence of each dye could be observed 

from within the cells, implying that these conjugates were successfully internalized into the cells (Figure 8a). When 

the same observation was performed with EGFR non-expressing NIH-3T3 cells, after 24 h incubation with a dye, a 

very low fluorescence was observed compared to HuCCT-1 cells (Figures 8b, S23). These results suggested that 

each antibody-cyanine conjugate specifically accumulates in cancer cells by receptor-mediated endocytosis. 

 

Scheme 3. Conjugation procedure of the dyes to an antibody. 

 



 

 

Figure 8. Fluorescence imaging of HuCCT-1 and NIH-3T3 cells with panitumumab-cyanine conjugates. 
Fluorescence of (a) EGFR high expressing HuCCT-1 and (b) EGFR low expressing NIH-3T3 cells was observed at 
24 h after incubation with C1–C3, each at a final concentration of 5 µg/mL. 

3.9. PA imaging of the cyanine dyes in cultured cancer cells 

Next, to examine whether the PA signals may vary inside cancer cells, PA imaging upon excitation at 675 and 800 

nm was performed using EGFR expressing MDA-MB-231 and HuCCT-1 cells with a PA microscope (Figure S3). 

Cell-seeded dish was soaked in water and PA signals were acquired from below the dish with an acoustic detector 

to avoid scattering of acoustic waves in the air. After incubating the cells with each antibody-cyanine conjugate for 

24 h, PA signals were detected from the cells (Figures 9, S24). In cancer cells treated with C1 and C2, the PA signals 

at 800 nm were stronger than those at 675 nm. On the other hand, PA signals at 675 nm was stronger than those at 

800 nm in C3-treated cells (Figure S25). These results suggest that C1 and C2 changed the PA spectra in response 

to weakly acidic pH after accumulation in cancer cell lysosomes, supporting the notion that these conjugates could 

be promising candidates for high-contrast imaging of cancer cells. The PA intensities of C1 and C2 at 800 nm were 

not statistically different from those at 675 nm, but the conjugate bearing high pKa dye, C1 tended to show higher 

PA intensities at 800 nm than C2 (Figures S25a–b, S25d–e). 



 

 

Figure 9. PA imaging of HuCCT-1 cells with pH responsive dye-antibody conjugates. HuCCT-1 cells were 
incubated with each dye-antibody conjugate for 24 h at 37ºC and then PA imaging was performed with nanosecond 
pulse light at (a) 675 nm and (b) 800 nm. Scale bar 20 µm. 

4. Conclusion 

PA imaging is a novel technique that overcomes the limitations of existing imaging methods due to its 

capacity to conveniently observe deep lesions, and it has been applied in several clinical contexts, particularly in 

thyroid [31,32] and breast [33–35] imaging with endogenous contrast agents such as hemoglobin. In addition, 

employing imaging agents could allow PA imaging to potentially depict lesions in a selective manner and high S/N 

ratio [36]. In this study, we reported novel and environmentally responsive cyanine dyes for cancer cell PA imaging. 

The imaging agent developed in this paper shows the first report of a pH-responsive antibody-dye conjugate for 

photoacoustic (PA) imaging. The absorption and PA spectra of the synthesized dyes changed in response to pH. The 

mechanism behind the spectral changes was revealed to involve the protonation of the amino group at position 4 of 

the piperazine moieties at acidic pH, with a consequential variation of the electron withdrawing ability of the amino 

group and decreased contribution of bis-dipole form. When the pH-responsive dyes conjugated with a cancer-

specific antibody were added to cancer cells, PA signals due to the lysosome acidic pH were detected from cancer 



 

cells. Based on these findings, the proposed pH-responsive cyanine dyes have the potential to be employed for 

detecting EGFR expressing cancer at high S/N ratios. By using other types of antibodies, such as HER2-targeting 

Trastuzumab or CD30-targeting Brentuximab, these dyes would have potential to detect various cancer subtypes 

[37]. Additionally, the pH-responsive dye changes the ratio of its absorption spectrum before and after protonation. 

As a future application, ratiometric imaging of tumors can be performed, allowing for the detection of lesions 

independent of dye concentration. On the other hand, an unprecedented mechanism was revealed for these pH-

responsive dyes and can be expected to be exploited for the development of PA imaging agents for the detection of 

various biomolecules or enzymes such as tumor-associated proteases. In the future, the herein delineated piperazine-

based mechanism may contribute to the development of diagnostic imaging agents. 
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