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Abstract

Near infrared (NIR) fluorescent probes are attractive tools for biomedical in vivo imaging due to 

the relatively deeper tissue penetration and lower background autofluorescence. Activatable probes 

are turned on only after binding to their target, further improving target to background ratios. 

However, the number of available activatable NIR probes is limited. In this study, we introduce 

two types of activatable NIR fluorophores derived from bacteriochlorin; chlorin-bacteriochlorin 

energy-transfer dyads and boron-dipyrromethene (BODIPY)-bacteriochlorin energy-transfer 

dyads. These fluorophores are characterized by multiple narrow excitation bands with relatively 

strong emission in the NIR. Targeted bacteriochlorin-based antibody or peptide probes have been 

previously limited by aggregation after conjugation. Polyethylene glycol (PEG) chains were added 

to improve the hydrophilicity without altering pharmacokinetics of the targeting moieties. These 

PEGylated bacteriochlorin-based activatable fluorophores have potential as targeted activatable, 

multi-color NIR fluorescent probes for in vivo applications.
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INTRODUCTION

Fluorescence imaging is used in a variety of medical applications including fluorescence-

guided surgery and endoscopy because it provides improved visualization of lesions in real 

time while using relatively affordable, portable equipment. Moreover, this is achieved 

without exposure to ionizing radiation.1, 2 To achieve these goals the tumor to background 
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ratio (TBR) must be optimized by either maximizing signal from the target or minimizing 

signal from the background.3, 4 There are several strategies for optimizing TBR of 

fluorescent probes.

Conventional fluorophores are “always-on” because they fluoresce regardless of the 

environment they are in or if they are bound or unbound. The TBR of such probes relies on 

the probe rapidly accumulating in the tumor while the background tissue clears the probe 

rapidly.5–7 However, in reality, the TBR of such probes is inherently limited by clearance. In 

order to overcome this limitation, “activatable” fluorescence probes have been developed. 

Activatable fluorescence probes yield maximal signal only after binding to their targets 

while unbound probes yield no signal. Activating mechanisms include H- or J-dimer 

formation, Förster resonance energy transfer (FRET) or photo-induced energy transfer 

(PeT).7 Activatable probes have recently been investigated in preclinical animal studies and 

several clinical trials.8–10 An example of such a probe is one that consists of a peptide 

backbone which holds NIR emitting cyanine fluorophores in the quenched state. Upon 

exposure to a tumor environment containing employs a cathepsin-B, cathepsin-L11, 12 or 

matrix metalloproteinases-2 (MMP-2) the probe dequenches allowing tumor visualization 

against a dark background13, 14

The use of NIR fluorescence is advantageous for in vivo imaging because NIR light 

penetrates further into tissue than other optical wavelengths which are rapidly absorbed by 

tissue. At the same time there are relatively fewer NIR autofluorophores in tissue, resulting 

in reduced autofluorescence.2 NIR fluorophores, such as cyanine dyes (Cy5, Cy7), 

indocyanine green dyes (ICG), Alexa Fluor dyes (660–790 nm), SRfluor dyes, porphyrin 

dyes, phthalocyanine dyes, and hydro-porphyrin dyes including chlorin and bacteriochlorin, 

have been developed for biomedical applications and many are commercially available.15

Bacteriochlorin dyes are particularly promising fluorophores.16, 17, 18 For instance, 

bacteriochlorins conjugated to galactosyl-human serum albumin (hGSA) is normally 

quenched. After binding to H-type lectin on the cell surface of ovarian cancer metastases, 

conjugate dequenches depicting the sites of cancer.19, 20 However, this compound will only 

work well in peritoneal metastases. To improve the generalizeability of bacteriochlorin dyes, 

attempts have been made to conjugate them to antibodies but such conjugates exhibited 

marked hydrophobicity and aggregation.

Chlorin-bacteriochlorin energy-transfer dyads21, 22 and BODIPY–bacteriochlorin energy-

transfer dyads23, 24 are newly developed NIR fluorescence probes based on the 

bacteriochlorin platform. In chlorin-bacteriochlorin energy-transfer dyads, chlorin is an 

energy donor and bacteriochlorin is an energy acceptor (NMP6 and NMP7, Figure 1A). 

Excitation of the chlorin results in relatively strong emission of light from the 

bacteriochlorin via energy transfer.22 Additionally, chlorin and bacteriochlorin are 

hydroporphyrins and the emission band is relatively narrow while the peak can be precisely 

tuned by a simple substitution on the macrocycle periphery.25 BODIPY–bacteriochlorin 

energy-transfer dyads, in which BODIPY is employed as an energy donor (NMP11 and 

NMP12, Figure 1B) and bacteriochlorin as the acceptor has additional properties. BODIPY 

possesses higher hydrophilicity and a superior extinction coefficient in the green light 
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window than does chlorin.24 However, since these dyes contain bulky ring structures that 

makes them hydrophobic, oligo polyethylene glycol (PEG) chains are needed to improve 

their solubility and alter their pharmacokinetics.

This study aimed to evaluate the relative performance of these activatable NIR 

bacteriochlorin-based fluorophores after PEGylation to improve their utility in in vivo 
cancer imaging.

RESULTS

Molecular design and synthesis of fluorophores

The molecular design of amphiphilic chlorin-bacteriochlorin energy transfer arrays NMP6 
and NMP7 (Figure 1A), was based on previously published results for hydrophobic chlorin-

bacteriochlorin arrays,21 and amphiphilic BODIPY-hydroporphyrin arrays,23 as well as 

recent progress in the synthesis of water-soluble chlorin derivatives.26 As energy donors 

hydrophilic chlorin was used which was altered by the addition of three oligoethylene glycol 

(a kind of PEG) substituents, installed at the 2,4,6-positions of the aryl group located at the 

10-chlorin position. In that way, PEG substituents are positioned above and below the 

chlorin plane, preventing aggregation and increasing water solubility in the case of chlorin 

monomer.26 Two different bacteriochlorins were employed as energy acceptors, one with 

two aryl substituents (absorption at 736 nm and emission at 744 nm)23 and a second with 

two diarylacetylene substituents (absorption at 761 nm and emission at 766 nm). In both 

arrays the linker is connected to the 3-chlorin position and 13-bacteriochlorin position.

Synthesis of chlorin monomers follows the reported procedure for analogous chlorins, 

described previously.26 Thus, condensation of dipyrromethane DPM-126 with 8-

bromotetrahydrodipyrrin THD-127 provides target chlorin ZnC1 in 16% yield and ZnC2, 

lacking one propargyl group (Scheme 1). The latter can be nearly quantitatively converted 

into ZnC1 in reaction with propargyl bromide (Scheme 1). PEG substituents were installed 

on ZnC1 using a microwave-assisted click reaction23, 26 using triethylene glycol azide 

3PEG-N3
28 or tetraethylene glycol azide, 4PEG-N3,29 and subsequent in situ de-metalation 

of the resulting zinc complexes to obtain C3 and C4 in 68% and 83% yield, respectively 

(Scheme 2). The syntheses of dyads was initially attempted using a method analogous to that 

employed previously for hydrophobic dyads, i.e. EDC-mediated amide formation between 

an acid-functionalized chlorin, and amine-functionalized bacteriochlorin. Thus, Suzuki 

reaction of C3 and C4 with 4-(methoxycarbonyl)phenylboronic acid pinacol ester provides 

chlorin esters C5 and C6 in 82% and 76% yield, respectively (Scheme 2). Hydrolysis of the 

ester group in C5 and subsequent reactions of resulting acids with BC123 in the presence of 

EDCI provides NMP6-OMe in 33% yield, accompanied by several by-products (Scheme 3). 

An analogous reaction using acid obtained from the hydrolysis ester function in C6 and BC2 
provides only traces of dyad NMP7-OMe (Scheme 3). Attempts to improve the yield of 

amide formation using different coupling agents (i.e. HATU, or CDMT/NMM)27 were 

unsuccessful. Therefore, we pursued an alternative route, whereby we utilized a previously 

described bacteriochlorin with boronic ester functionality BC4,23 and conjugated both 

chlorins and bacteriochlorins through the Suzuki reaction. Thus, reaction of C4 with BC3 

Ogata et al. Page 3

Bioconjug Chem. Author manuscript; available in PMC 2020 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



under standard Suzuki conditions30 NMP7-OMe was found in 12% yield (Scheme 4). Ester 

functionality in dyads, NMP6-OMe and NMP7-OMe, which were hydrolyzed and NHS 

ester were installed in reaction with N-hydrosuccinimide, in the presence of EDCI, to obtain 

NMP6 and NMP7 in nearly quantitative yields.

Syntheses of BODIPY-bacteriochlorin dyads methyl esters of NMP11 and NMP12 (Figure 

1B), and their full spectroscopic characterization, were reported previously.23 The NHS-

esters were prepared by basic hydrolysis of corresponding methyl esters, and reaction of the 

resulting acids with N-hydroxysuccinimide in the presence of EDCI.

Characterization

Identity of dyads and all new intermediates were confirmed by 1H NMR, and high resolution 

MS, and in the case of monomers, by 13C NMR. We did not obtain good quality 13C NMR 

spectra for dyads, due to the small quantity of sample and their sparse solubility.

Absorption and emission data for NMP6-OMe and NMP7-OMe were acquired in organic 

non-polar (toluene) and polar (N,N-dimethylformamide, DMF) solvents (Table 1). 

Fluorescence quantum yields (Φf) of the bacteriochlorin components of dyads, where 

bacteriochlorin is directly excited (at λexc = 515 nm and 530 nm, for NMP6 and NMP7, 

respectively), corresponds well with that reported previously for analogous bacteriochlorin 

monomers in toluene.24 In DMF however, the Φf of bacteriochlorin components in dyads is 

slightly reduced (1.25 fold for NMP6 and 1.2-fold for NMP7), compared to that observed in 

toluene. This reduction of Φf is attributed to the competitive photoinduced electron transfer, 

which is facilitated in solvents of high dielectric constants. Energy transfer efficiency (ETE) 

was determined as a ratio of Φf of bacteriochlorin component when chlorin is selectively 

excited (at 419 nm, where bacteriochlorins possess negligible absorption) to the Φf when 

bacteriochlorin is directly excited, and was found to be 0.81–0.85 for NMP6-OMe, and 

0.95–0.96 for NMP7-OMe (Table 1).

Optical characteristics of hGSA-conjugated bacteriochlorin-based probes

The hGSA-probes target lectin receptors expressed on peritoneal ovarian cancer metastases 

(POCM).3 Dequenching was measured by adding 1% odium Dodecyl Sulfate (SDS) to each 

probe. Since the absorbance spectra was identical before and after dequenching with 1% 

SDS, quenching was based on the FRET mechanism. No measurable spontaneous 

dequenching (~5%) of each probe was observed in mouse serum at 37 °C at 3 hours (h), 

demonstrating high in vivo stability (Figure 2, A: chlorin-bacteriochlorin dyads, B: 

BODIPY-bacteriochlorin dyads).

In vitro fluorescent characterization of probes

Using fluorescence microscopy, minimal fluorescence was observed in targeted cells after 8 

h of incubation with hGSA-conjugated bacteriochlorin-based probes. These signals were 

partially blocked by the addition of excess hGSA (Figure 2, A: chlorin-bacteriochlorin 

dyads, B: BODIPY-bacteriochlorin dyads).
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In vivo hGSA-based activatable imaging

To evaluate the feasibility of hGSA-conjugated bacteriochlorin probes for the detection of 

peritoneal metastases, each probe was injected into the peritoneal cavities of dsRedSHIN3 

tumor bearing mice and the extracted bowel with its attached mesentery and images were 

obtained with a multispectral camera (Maestro). Fluorescence was spectrally unmixed to 

suppress background and identify chlorin-bacteriochlorin dyads (Figure 3A) and BODIPY-

bacteriochlorin dyads (Figure 3B). The relative sensitivity of each probe was compared by 

imaging the specimen with the endogenous fluorophore transfected in the cell line (either 

green fluorescent protein, GFP or red fluorescent protein, RFP). Receiver Operating 

Characteristic (ROC) curves (true positive rate versus false positive rate) were generated and 

area under the curve (AUC) was determined. AUCs ranged between 0.85 and 0.95, 

indicating overall high accuracy that are excellent results (Figure 3).

Optical characteristics of mAb-based activatable probes

Trastuzumab-conjugated NMP probes (tra-NMP6, tra-NMP7, tra-NMP11 and Tra-NMP12) 

or panitumumab-conjugated NMP probes (pan-NMP6, pan-NMP7, pan-NMP11 and pan-

NMP12) were evaluated. The quenching capacities were measured by adding 1% SDS to 

dye-conjugated antibody (Figure 4). All antibody-conjugates were originally quenched but 

activated by adding SDS.

In vitro fluorescent characterization of antibody-based probes

Each conjugate was evaluated by SDS-PAGE. In microscopic studies, minimal fluorescence 

signals were observed in targeted cells after overnight incubation with mAb-conjugated 

NMP probes. These signals were partially blocked by the addition of excess trastuzumab or 

panitumumab (Figure 5, A: chlorin-bacteriochlorin dyads, B: BODIPY-bacteriochlorin 

dyads)

In vivo antibody-based activatable imaging

To evaluate the feasibility of trastuzumab-based activatable probes, we employed two types 

of murine cancer models, a GFP-transfected N87 gastric peritoneal metastasis model 

(intraperitoneal injection of probe) and a GFP transfected 3T3Her2 xenograft model 

(intravenous injection of probe). Multispectral imaging of the bowel-mesentery specimen 

was obtained and lesion sensitivity and specificity were compared with ROC analysis. The 

AUC of tra-NMP12 (0.9835) and tra-NMP11 (0.9578) were excellent (Figure 6). The AUCs 

of tra-NMP6 (0.5981) and tra-NMP7 (0.5674) (Figure 6) were poor. In a subcutaneously 

xenografted tumor-bearing mouse model, intravenous tra-NMP11 and tra-NMP12 both 

readily depicted HER2-positive tumors (Figure 7).

DISCUSSION

Fluorescent probes are increasingly being used as adjuncts to open and endoscopic cancer 

surgery. The completeness of the surgical resection is strongly associated with longer 

survival of patients and the amount of residual tumor is a significant prognostic variable.
36–38 However, in complex tissues and organs it is possible to either miss or underestimate a 

specific cancer focus using visible white light imaging. A target-specific fluorescent agent 
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would be desirable to accurately identify such foci. PEGylated chlorin and BODIPY dyads 

of bacteriochlorin enable activatable and targetable probes offer promise in this area.
17, 18, 22, 39

Bacteriochlorin derivatives have several advantages including narrow and tunable emission 

bands in the NIR region requiring only minor structural modifications.19, 20, 22 Additionally, 

bacteriochlorin derivatives intrinsically have multiple absorbance spectra at visual and NIR 

ranges that allows us to perform in vivo fluorescence imaging at different depth.19 The 

energy transfer dyads, chlorin-bacteriochlorin and BODIPY-bacteriochlorin, were developed 

to create NIR fluorophores with a common energy acceptor.21, 22, 24 When these 

fluorophores were conjugated to targeting moieties, they became activatable imaging probes 

based on a FRET mechanism, a phenomenon that has been previously reported.19, 20 We 

initially examined these compounds using hGSA as a targeting moiety and then used mAb 

for targeting. These targeting moieties were conjugated to four PEGylated bacteriochlorin-

based dyads. These agents were then employed detecting peritoneal metastases in a 

disseminated gastric cancer model. This model generates a large number of small metastases 

in the mesentery which are labeled with GFP or RFP. This enables accurate determination of 

sensitivity and specificity for the experimental fluorescent agent.

We have previously reported successful NIR fluorescence imaging using non-PEGylated 

bacteriochlorin-based activatable probes which bound to ovarian cancer cells through the 

hGSA-lectin receptor interaction when intraperitoneally administered.19, 20 hGSA is highly 

hydrophilic and the D-galactose receptor to which it binds is an optimal target for other 

peritoneal metastases models.19, 20, 31, 32 However, since hGSA-based probes are quickly 

trapped by the liver after intravenous injection after the first pass, hGSA-based probes can 

be only be administered intraperitoneally, limiting applications. To enable broader 

applications of these fluorescent probes, mAb-conjugated probes would be highly desirable. 

However, bacteriochlorin-based fluorophores bound to mAb tend to aggregate and become 

insoluble. To address this issue we introduced bachteriochlorin-based dyads with PEG 

chains in order to decrease aggregation.

PEGylation is a well-established method to improve both in vivo pharmacokinetics and in 
vivo stability by conferring higher water solubility.33–35 Although in vitro assays of mAb-

based probes using chlorin-bacteriochlorin energy transfer dyads (NMP6 and NMP7) 

appeared hydrophilic, the fluorescence images in peritoneal cancer murine models were 

unsatisfactory probably because conjugation reaction with NMP6 and NMP7 altered the 

pharmacokinetics of antibody, resulted in insufficient delivery and activation of fluorescence 

signal. By exchanging the energy donor from chlorin to BODIPY, which possesses higher 

polarity and superior extinction coefficient in green light,24 the BODIPY-bacteriochlorin 

energy transfer dyads (NMP11 and NMP12) were more efficient and therefore able to 

readily image the cancers with high sensitivity and specificity. (Figure 6 and Figure 7).

CONCLUSION

In conclusion, we have developed new activatable mAb-bacteriochlorin-based NIR 

fluorescent probes that demonstrate high sensitivity for peritoneal metastases. The addition 
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of PEG chains to the bacteriochlorin improved hydrophilicity and reduced aggregation, 

leading to a viable in vivo imaging agent that detected cancer with high sensitivity in murine 

models. These fluorophores offer potential for multi-color fluorescence imaging and are a 

promising tool for precision medicine.

MATERIALS AND METHODS

General

Commercially available reagents and solvents were used without further purification. 

Commercially available anhydrous solvents were used for palladium-catalyzed reactions.

General procedure for palladium cross-coupling reactions.

All reagents and solvents, with exception of palladium catalyst, were placed in a Schlenk 

flask and the contents were degassed by two cycles of freeze-pump-thaw. At which time the 

catalyst was added and a third cycle of free-pump-thaw was performed, and the reaction 

mixture was stirred under N2 at indicated temperature.

Microwave Reactions

Microwave reactions were performed in CEM Discover (CEM, Mathew, NC) microwave 

instrument. All reactions were performed in 10 mL closed tube, with continuous monitoring 

of pressure and temperature. Temperature was monitored using built-in IR sensor. The 

reaction cycle includes (1) irradiation of sample with 150 W for 2–3 minutes, upon which 

reaction temperature reaches 65–70 °C (2) 30 minutes “hold time” where reaction mixture 

was irradiated to keep the temperature at 65 °C, and (3) 10 minutes “cooling time” where 

reaction mixture was kept without irradiation in the closed vessel, until it reached 

temperature of about 50 °C.

Characterization

All NMR spectra were acquired on either 400 MHz (Jeol) NMR or 500 MHz (Bruker) 

NMR. Note that for those compounds containing water soluble triazole-triethylene glycol 

monomethyl ether or triazole-tetraethylene glycol monomethyl ether, the corresponding (and 

highly overlapping) aliphatic signals exhibit slight over-integration during data processing. 

All HRMS data acquired on Bruker 12T FT-ICR MS.

Spectroscopic Studies.

Fluorescence measurements were performed with sample absorbance of < 0.1. All 

measurements were performed in HPLC grade solvents.

Known compounds: THD-1,40 DPM-1,26 3PEG-N3,28 4PEG-N3,29 BC1,23 BC2,23 BC3,23 

as well as methyl esters of NMP1123 and NMP1223 were prepared following described 

procedures.

Synthesis of Chlorin Monomers

18,18-Dimethyl-3-bromo-10-(2,4,6-tripropar gyloxy)phenylchlorinato zinc(II) 
(ZnC1).—Following the reported procedure,26, 41 a solution of DPM-1 (1.05 g, 2.64 mmol) 
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in THF (26.4 mL) was treated with NBS (0.47 g, 2.6 mmol) at −78 °C. The resulting 

mixture was stirred at −78 °C for 45 min. The cooling bath was removed and hexane/water 

(40 mL 1:1) was added. The resulting mixture was extracted with ethyl acetate, organic 

phase was washed (NH4Cl and brine), dried (Na2SO4), and concentrated. The resulting 

crude product (1.28 g, 2.61 mmol) and THD-1 (701 mg, 2.61 mmol) in CH2Cl2 (78.3 mL) 

was treated with a solution of p-TsOH·H2O (2.98 g, 13.0 mmol) in methanol (26.1 mL) 

under nitrogen. The mixture was stirred for 30 min under nitrogen. The reaction mixture was 

then treated with 2,2,6,6-tetramethylpiperidine (13.3 mL, 78.1 mmol) and concentrated to 

dryness. The resulting brown solid was resuspended in acetonitrile (261 mL), and treated 

with 2,2,6,6-tetramethylpiperidine (13.3 mL, 78.1 mmol), Zn(OAc)2 (7.17 g, 39.1 mmol), 

and AgOTf (2.01 g, 7.82 mmol). The resulting mixture was refluxed for 20 h exposed to air. 

The crude mixture was concentrated, filtered through a silica pad (CH2Cl2), collecting all 

blue-green material. The filtrate was chromatographed [silica, hexane/CH2Cl2 (1:10)]. The 

first blue-green fraction was identified as ZnC1 and the second one as ZnC2.

ZnC1: green powder, (293 mg, 16%). 1H NMR (CDCl3, 500 MHz) δ 2.00 (s, 6H), 2.33 (t, J 
= 2.3 Hz, 2H), 2.71 (t, J = 2.4 Hz, 1H), 4.32–4.35 (m, 4H), 4.50 (s, 2H), 4.97 (d, J = 2.4 Hz, 

2H), 6.86 (s, 2H), 8.48 (s, 1H), 8.53 (d, J = 4.2 Hz, 1H), 8.62 (d, J = 4.4 Hz, 1H), 8.67 (s, 

1H) 8.71 (d, J = 4.4 Hz, 1H), 8.77 (s, 1H), 8.90 (d, J = 4.2 Hz, 1H), 9.74 (s, 1H); 13C NMR 

(CDCl3, 125 MHz) δ 31.1, 45.4, 50.5, 56.8, 75.6, 76.2, 78.68, 78.70, 94.1, 94.9, 97.1, 107.5, 

114.3, 115.2, 121.5, 127.3, 127.8, 128.6, 129.5, 133.1, 141.7, 146.2, 147.6, 149.0, 151.4, 

153.8, 158.8, 159.3, 159.8, 170.5; HRMS (ESI-TOF) m/z [M+H]+ Calcd for 

C37H28BrN4O3Zn 718.05525; found 718.05610.

ZnC2: green powder (234 mg, 13%). 1H NMR (CDCl3, 500 MHz) δ 1.99 (s, 3H), 2.00 (s, 

3H), 2.30 (t, J = 2.3 Hz, 1H), 2.68 (t, J = 2.4 Hz, 1H), 4.34 (s, 2H), 4.50 (s, 2H), 4.84 (br s, 

1H), 4.87 (d, J = 2.4 Hz, 2H), 6.52 (d, J = 2.3 Hz, 2H), 6.70 (d, J = 2.3 Hz, 2H), 8.49 (s, 1H), 

8.54 (d, J = 4.0 Hz, 1H), 8.63 (d, J = 4.3 Hz, 1H), 8.67–8.70 (m, 2H), 8.75 (s, 1H), 8.90 (d, J 
= 4.1 Hz, 1H), 9.69 (s, 1H); 13C NMR (CDCl3, 125 MHz) δ 31.07, 31.13, 45.5, 50.5, 56.39, 

56.43, 75.6, 76.1, 78.6, 78.7, 94.3, 94.7, 95.0, 97.6, 107.6, 110.6, 111.8, 122.0, 127.8, 128.5, 

128.6, 130.0, 132.7, 142.2, 146.7, 147.6, 148.3, 151.7, 154.0, 157.0, 158.4, 159.7, 160.4, 

171.0; HRMS (ESI-TOF) m/z [M+H]+ Calcd for C34H26BrN4O3Zn 680.040005; found 

680.39601.

C3.—In a 10 mL thick-walled glass tube, equipped with a magnetic stir-bar, samples of 

ZnC1 (50 mg, 0.069 mmol), 3PEG-N3 (52.5 mg, 0.278 mmol), CuSO4 (11.6 mg, 0.0485 

mmol) and L-Ascorbic acid sodium salt (9.8 mg, 0.0495 mmol) were placed, and acetone (5 

mL) and water (1 mL) were added. The tube was sealed with a septum and placed in the 

CEM microwave reactor. The reaction mixture was irradiated in a closed vessel with a 

pressure sensor, with 200 W power for 5 min, upon which the temperature of reaction 

mixture (monitored by IR sensor) reached 65 °C. The reaction mixture was kept in the 

microwave reactor at 65 ˚C for 30 min, upon which the complete consumption of the starting 

chlorin was confirmed by TLC (silica, CH2Cl2). The reaction mixture was allowed to cool 

down to room temperature and transferred into a round-bottomed-flask using the minimum 

amount of acetone and concentrated to dryness. The residue was dissolved in CH2Cl2 (5 
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mL), treated with a mixture of CH2Cl2 and TFA [20:1 (v/v)], and stirred at room 

temperature for 30 min. This reaction mixture was then poured slowly into an aqueous 

saturated sodium bicarbonate solution (approximately 150 mL). The organic layer was 

separated, and aqueous phase was extracted with CH2Cl2. Combined organic phase was 

washed with brine, dried (anhydrous Na2SO4), and concentrated. The residue was purified 

with silica column chromatography [CH2Cl2/MeOH (20:1)] to afford a green film (58 mg, 

68%). 1H NMR (CDCl3, 500 MHz) δ −2.16 (br s, 1H), −1.86 (br s, 1H), 2.04 (s, 6H), 2.36–

2.43 (m, 4H), 2.49–2.55 (m, 4H), 2.64–2.69 (m, 4H), 2.86 (t, J = 4.6 Hz, 4H), 2.97 (s, 6H), 

2.98–3.07 (m, 4H), 3.42 (s, 3H), 3.59–3.61 (m, 2H), 3.66–3.78 (m, 14H), 3.98 (t, J = 5.0 Hz, 

2H), 4.61 (s, 2H), 4.68 (t, J = 5.0 Hz 2H), 5.01–5.08 (m, 4H), 5.47 (s, 2H), 6.00 (s, 2H), 6.88 

(s, 2H), 8.10 (s, 1H), 8.54 (d, J = 4.3 Hz, 1H), 8.76–8.79 (m, 3H), 8.92 (d, J = 4.3 Hz, 1H), 

8.97 (s, 1H), 8.98 (s, 1H), 9.86 (s, 1H); 13C NMR (CDCl3, 125 MHz) δ 31.3, 46.4, 49.7, 

50.6, 52.1, 58.7, 59.2, 62.5, 63.5, 68.6, 69.63, 69.68, 69.75, 69.81, 70.68, 70.72, 70.73, 

70.76, 71.4, 72.1, 94.0, 94.5, 97.0, 105.2, 113.4, 113.9, 117.1, 123.0, 123.3, 124.5, 124.7, 

128.9, 130.8, 132.0, 133.1, 137.0, 138.7, 140.2, 143.7, 143.9, 150.5, 155.0, 159.6, 160.9, 

163.7, 175.0; HRMS (ESI-TOF) m/z [M+H]+ Calcd for C58H75BrN13O12 1224.48360; 

found 1224.48912.

C4.—Prepared in 83% yield (79 mg, 0.058 mmol) from C1 (50 mg, 0.070 mmol) according 

to the procedure described for C3. 1H NMR (CDCl3, 400 MHz) δ −2.16 (br s, 1H), −1.86 (br 

s, 1H), 2.05 (s, 6H), 2.43–2.56 (m, 8H), 2.72–2.77 (m, 4H), 2.95 (t, J = 4.8 Hz, 4H), 2.97–

3.05 (m, 4H), 3.01–3.18 (m, 16H), 3.39 (s, 3H), 3.55–3.58 (m, 2H), 3.66–3.71 (m, 12H), 

3.73–3.78 (m, 4H), 3.99 (t, J =5.0 Hz, 2H), 4.61 (s, 2H), 4.68 (t, J =5.0 Hz, 2H), 5.01–5.08 

(m, 4H), 5.47 (s, 2H), 6.00 (s, 2H), 6.89 (s, 2H), 8.09 (s, 1H), 8.54 (d, J = 4.3 Hz, 1H), 8.77–

8.79 (m, 3H), 8.92 (d, J = 4.3 Hz, 1H), 8.97 (s, 2H), 9.86 (s, 1H); 13C NMR (CDCl3, 125 

MHz) δ 31.2, 46.3, 49.5, 50.5, 50.7, 58.8, 59.0, 62.4, 63.4, 68.5, 69.53, 69.59, 69.6, 69.8, 

69.9, 70.00, 70.03, 70.5, 70.57, 70.58, 70.62, 70.64, 70.67, 70.69, 71.5, 71.95, 71.97, 93.9, 

94.4, 96.9, 105.1, 113.2, 113.8, 116.9, 122.9, 123.2, 124.5, 128.8, 130.6, 131.9, 133.1, 

136.9, 138.6, 140.0, 143.5, 143.7, 150.4, 154.9, 159.5, 160.8, 163.6, 174.9; HRMS (ESI-

TOF) m/z [M+Na]+ Calcd for C64H86BrN13O15Na 1380.5440; found 1380.5458.

C5.—A mixture of C3 (32 mg, 0.026 mmol), 4-(methoxycarbonyl)phenylboronic acid 

pinacol ester (15.2 mg, 0.0580 mmol), K2CO3 (40.5 mg, 0.293 mmol), and Pd(PPh3)4 (3.6 

mg, 0.0031 mmol) in toluene (6 mL) and DMF (3 mL) was degassed by following the 

general procedure, and was stirred at 80–90 ˚C under nitrogen. After 17 h, the mixture was 

diluted with ethyl acetate, washed (water and brine), dried (Na2SO4), and concentrated. The 

residue was purified with silica column chromatography [CH2Cl2/MeOH (20:1)] to afford a 

green film (27.4 mg, 82%). 1H NMR (CDCl3, 500 MHz) δ −2.02 (s, 1H), −1.81 (br s, 1H), 

2.08 (br s, 6H), 2.33–2.41 (m, 4H), 2.46–2.53 (m, 4H), 2.62–2.66 (m, 4H), 2.81–2.85 (m, 

4H), 2.95 (s, 6H), 2.96–3.03 (m, 4H), 3.42 (s, 3H), 3.59–3.70 (m, 6H), 3.70–3.73 (m, 4H), 

3.75 (t, J = 5.3 Hz, 4H), 3.99 (t, J = 5.1 Hz, 2H), 4.09 (s, 3H), 4.64 (s, 2H), 4.68 (t, J = 5.1 

Hz, 2H), 5.01–5.06 (m, 4H), 5.47 (s, 2H), 6.00 (s, 2H), 6.88 (s, 2H), 8.10 (s, 1H), 8.41 (d, J 
= 8.2 Hz, 2H), 8.51 (d, J = 8.3 Hz, 2H), 8.54 (d, J = 4.2 Hz, 1H), 8.77 (s, 2H), 8.85 (d, J = 

4.3 Hz, 1H), 8.91 (s, 1H), 8.98 (s 1H), 9.03 (s, 1H), 9.87 (s, 1H); 13C NMR (CDCL3, 125 

MHz) δ 31.4, 46.5, 49.7, 50.6, 52.2, 52.5, 58.9, 59.2, 62.5, 63.6, 68.6, 69.67, 69.73, 69.79, 
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70.73, 70.74, 70.78, 71.4, 72.1, 94.4, 94.6, 96.8, 106.3, 113.6, 121.4, 123.0, 124.2, 124.6, 

128.7, 129.8, 130.6, 131.2, 131.3, 131.8, 133.2, 136.7, 138.6, 140.0, 140.1, 140.0, 143.7, 

143.9, 150.9, 154.7, 159.6, 160.8, 163.5, 167.3, 174.9; HRMS (ESI-TOF) m/z [M+H]+ 

Calcd for C66H82N13O14 1280.61567; found 1280.60987.

C6.—Prepared in 76% yield (45 mg, 0.032 mmol) from C4 (60 mg, 0.044 mmol) according 

to the general procedure described for C5. 1H NMR (CDCl3, 500 MHz) δ −1.99 (br s, 1H), 

−1.77 (br s, 1H), 2.08 (s, 6H), 2.46–2.55 (m, 8H), 2.74–2.77 (m, 4H), 2.95–2.97 (m, 4H), 

2.97–3.04 (m, 4H), 3.12–3.17 (m, 22H), 3.39 (s, 3H), 3.55–3.58 (m, 2H), 3.66–3.70 (m, 

12H), 3.74 (t, J = 5.3 Hz, 4H), 3.99 (t, J =5.2 Hz, 2H), 4.09 (s, 3H), 4.63 (s, 2H), 4.67 (t, J = 

5.2 Hz, 2H), 5.02–5.07 (m, 4H), 5.48 (s, 2H), 6.01 (s, 2H), 6.91 (s, 2H), 8.08 (s, 1H), 8.41 

(d, J = 8.3 Hz, 2H), 8.50 (d, J = 8.3 Hz, 2H), 8.56 (d, J = 4.3 Hz, 1H), 8.78 (s, 2H), 8.85 (d, J 
= 4.3 Hz, 1H), 8.91 (s, 1H), 8.97 (s, 1H), 9.03 (s, 1H), 9.87 (s, 1H); 13C NMR (CDCl3, 125 

MHz) δ 31.3, 46.4, 49.6, 50.6, 52.3, 52.4, 58.8, 59.1, 62.6, 63.6, 68.6, 69.6, 69.74, 69.76, 

69.9, 70.0, 70.1, 70.67, 70.71, 70.78, 71.7, 72.1, 94.3, 94.7, 96.8, 106.2, 113.68, 113.73, 

121.4, 122.9, 124.2, 124.5, 128.7, 129.8, 130.5, 131.18, 131.23, 131.8, 133.1, 136.7, 138.6, 

140.0, 140.1, 140.8, 143.7, 143.9, 150.9, 154.8, 159.7, 160.9, 163.4, 167.2, 174.8; HRMS 

(ESI-TOF) m/z [M+Na]+ Calcd for C72H93N13O7Na 1434.6705; found 1434.6714.

Synthesis of Bacteriochlorin-Chlorin Arrays

NMP6-OMe.—A mixture of C5 (10 mg, 0.0079 mmol), aqueous NaOH (1 mL, 3M), THF 

(1 mL), and methanol (1 mL) was stirred at room temperature for 1 h. An aqueous HCl 

solution (2 mL, 3M) was added, and resulting mixture was stirred for 5 minutes. The 

resulting mixture was extracted with CH2Cl2. Combined organic layers were washed with 

brine, dried (Na2SO4), and concentrated. The resulting crude acid (10 mg, 100%) was 

suspended in DMF (5 mL) and treated with DMAP (10.8 mg, 0.088 mmol), BC1 (5 mg, 

0.0079 mmol), and EDCI (10.3 mg, 0.054 mmol). The resulting mixture was stirred at 

ambient temperature. After 19 h, the mixture was diluted with ethyl acetate, washed with 

brine, dried (Na2SO4), and concentrated. The residue was purified with silica column 

chromatography (CH2Cl2/MeOH (20:1)), followed by SEC column (THF) to afford a green 

film (2.9 mg, 20%). 1H NMR (CDCl3, 400 MHz) δ −2.04 (bs s, 1H), −1.92 (br s, 1H), −1.78 

(br s, 1H), −1.62 (br s, 1H), 1.99 (s, 6H), 2.01 (s, 6H), 2.11 (s, 6H), 2.46–2.49 (m, 4H), 

2.56–2.60 (m, 4H), 2.72–2.75 (m, 4H), 2.90–2.93 (m, 4H), 3.00 (s, 6H), 3.02–3.05 (m, 4H), 

3.43 (s, 3H), 3.59–3.7 (m, 14H), 3.79 (s, 3H), 3.96–4.00 (m, 2H), 4.07 (s, 3H), 4.42 (s, 2H), 

4.45 (s, 2H), 4.65–4.70 (m, 4H), 5.04–5.11 (m, 4H), 5.49 (s, 2H), 6.06 (s, 2H), 6.91 (s, 2H), 

8.10–8.13 (m, 3H), 8.25 (d, J = 8.5 Hz, 2H), 8.29 (d, J = 8.5 Hz, 2H), 8.33 (s, 3H), 8.43 (d, J 
= 8.4 Hz, 2H), 8.51 (s, 1H), 8.59 (d, J = 4.3 Hz, 1H), 8.68–8.72 (m, 3H), 8.78–8.83 (m, 4H), 

8.84 (d, J = 2.1 Hz, 1H), 8.90 (d, J = 4.3 Hz, 1H), 8.93 (s, 1H), 8.95 (s, 1H), 8.99 (s, 1H), 

9.84 (s, 1H); HRMS (ESI-TOF) m/z [M+Na]+ Calcd for C104H116N18O16Na 1895.8709; 

found 1895.8766.

NMP7-OMe.—A mixture of BC3 (16.4 mg, 18.1 mmol), C4 (27.1 mg, 20.0 mmol), 

Na2CO3 (19.1 mg, 181 mmol), PdCl2(dppf)·CH2Cl2 (7.4 mg, 9.1 mmol), was dissolved in 

toluene/EtOH/H2O (4:1:2), degassed following the general procedure for freeze-pump-thaw 

and stirred under N2 for 14 hours. TLC indicated complete consumption of starting materials 
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at that time. Reaction mixture was diluted with CH2Cl2 and washed with water, brine, then 

dried (Na2SO4) and concentrated. The dark maroon-purple residue was purified by gravity 

column chromatography [silica, CH2Cl2/MeOH (1:0) → (40:1) → (30:1) → (20:1)], 

yielding a purple solid (4.4 mg, 12%). 1H NMR (CDCl3, 400 MHz) δ −2.02 (s, 1H), −1.79 

(s, 1H), −1.76 (s, 1H), −1.52 (s, 1H), 1.97 (s, 6H), 1.98 (s, 6H), 2.54–2.63 (m, 8H), 2.82–

2.86 (m, 4H), 3.17 (s, 6H), 3.19–3.22 (m, 9H), 3.39 (s, 3H), 3.56–3.59 (m 2H), 3.64–3.79 

(m, 20H) 4.00 (s, 3H), 4.45 (s, 2H), 4.48 (s, 2H), 4.55 (s, 3H), 4.65 (s, 2H), 4.69 (t, J = 5.0 

Hz, 2H), 5.03–5.10 (m, 4H), 5.48 (s, 2H), 6.02 (s, 2H), 6.90 (s, 2H), 7.92–7.99 (m, 5H), 8.10 

(s, 1H), 8.19 (d, J =8.3 Hz, 2H), 8.34–8.43 (m, 3H), 8.56–8.60 (m, 4H), 8.78–8.85 (m, 3H), 

8.87 (d, J = 4.3 Hz, 1H), 8.99–9.01 (m, 2H), 9.86 (s, 1H).

Synthesis of Bioconjugatable Bacteriochlorin-chlorin arrays

Bioconjugatable arrays NMP6 and NMP7 were prepared by hydrolysis of methyl esters 

NMP6-OMe and NMP7-OMe, respectively, followed by EDC coupling with N-

hydroxysuccinimide.

Hydrolysis step was performed by dissolving dyad sample, either NMP6-OMe or NMP7-

OMe (5.0 mmol) in 3 mL THF/MeOH (2:1) and treating with 1 mL 2M NaOH, vigorously 

stirring for 1.5 hours, monitoring progress by TLC. Once deemed complete, the reaction 

mixture was acidified with 5% HCl (aq.), washed with brine, dried (Na2SO4) and 

concentrated. Crude residue of dyad-acid intermediate was checked for structural integrity 

by absorption and emission spectroscopy.

Dyad acid intermediate was then dissolved in 1 mL of DMF and treated with DMAP (20 

mmol), EDC·HCl (20 mmol), and N-hydroxysuccinimide (50 mmol) and stirred vigorously 

overnight. Reaction progress was monitored by TLC and deemed complete at 24 hours. 

Reaction mixture was then diluted with CH2Cl2, washed with water, brine, dried (Na2SO4) 

and concentrated to dryness. Both arrays appear as a purple solid and were obtained in ~50% 

yield (~5 mg) after the two above described steps. Due to low quantities, we were unable to 

acquire high-quality NMR data, and the integrity of dyads was determined by absorption and 

emission spectra, which are identical with those of methyl ester.

Synthesis of Bacteriochlorin-BODIPY arrays

NMP11: A sample of corresponding methyl ester (20.2 mg, 10.6 μmol) was dissolved in 

THF/MeOH (2:1, 3 mL) and treated with 2 M NaOH (1 mL). Mixture was stirred at room 

temperature for one hour, then diluted with EtOAc, washed with water, then acidified (5% 

HCl), washed with brine, dried (Na2SO4) and concentrated. Intermediate carboxylic acid 

was a purple solid upon concentration and drying. Intermediate integrity was confirmed by 

absorption spectrum and HRMS [(ESI-TOF) m/z [M+Na]+ Calcd for 

C100H121BF2N16O19Na 1922.8987; found 1922.8930]. Dyad carboxylic acid intermediate 

(12.5 mg, 6.58 μmol), DMAP (3.2 mg, 26.3 μmol), and EDC·HCl (5.1 mg, 26.3 μmol) were 

dissolved in DMF (1 mL), treated with N-hydroxysuccinimide (7.6 mg, 65.8 μmol), then 

stirred at room temperature. After 24 hours, the reaction was diluted with EtOAc, washed 

with water, brine, dried (Na2SO4) and concentrated. Product was yielded as a purple solid 

(11.3 mg, 86%). Absorption and emission spectra (in DMF) are identical with those of 
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methyl ester, confirming integrity of array. HRMS (ESI-TOF) m/z [M+Na]+ Calcd for 

C104H124BF2N17O21Na 2019.9150; found 2019.9087.

NMP12: A sample of corresponding methyl ester (20.1 mg, 10.2 μmol) was dissolved in 

THF/MeOH (2:1, 3 mL) and treated with 2 M NaOH (1 mL). Mixture was stirred at room 

temperature for one hour, then diluted with EtOAc, washed with water, then acidified (5% 

HCl), washed with brine, dried (Na2SO4) and concentrated. Carboxylic acid intermediate 

was yielded as a purple solid, and identity confirmed by HRMS [(ESI-TOF) m/z [M+Na]+ 

Calcd for C104H121BF2N16O19Na 1970.8987; found 1970.8944]. Dyad carboxylic acid 

intermediate (15.2 mg, 7.80 μmol), DMAP (3.2 mg, 31.2 μmol), and EDC·HCl (6.0 mg, 31.2 

μmol) were dissolved in DMF (1 mL), treated with N-hydroxysuccinimide (9.0 mg, 78.0 

μmol), and stirred at room temperature. After 24 hours, the reaction was diluted with EtOAc, 

washed with water, brine, dried (Na2SO4) and concentrated. Product was yielded as a purple 

solid (11.3 mg, 86%). Absorption and emission spectra (in DMF) are identical with those of 

methyl ester, confirming integrity of array. HRMS (ESI-TOF) m/z [M+Na]+ Calcd for 

C108H124BF2N17O21Na 2067.9151; found 2067.9049.

Synthesis, Chemical Activation, and Stability in Serum of hGSA-NMP Conjugates and 
mAb-NMP Conjugates

The synthesis methods of chlorin-bacteriochlorin energy-transfer dyads, NMP6 and NMP7, 

and BODIPY bacteriochlorin energy-transfer dyads, NMP11 and NMP12, have been 

published.22, 24 hGSA was incubated with each NMP-NHS ester at a ratio of 1:5 in 0.1 M 

Na2HPO4 (pH8.6) at room temperature for 1 h, followed by purification with a size 

exclusion column (PD-10; GE Healthcare, Piscataway, NJ). The NMP labeling mAb was 

also produced by reacting mAb with each NMP at a ratio of 1:10, respectively, in the same 

manner as hGSA-NMP conjugates. The protein concentration was also determined by 

measuring the absorption at 280 nm with the UV−vis system. The number of fluorophore 

molecules conjugated with each hGSA molecule was confirmed by dividing the dye 

concentration by the protein concentration. The quenching abilities of each conjugate were 

investigated by denaturing each with 1% SDS as described previously.5, 42 Briefly, the 

conjugates were incubated with either 1% SDS in PBS or PBS for 15 min at room 

temperature. The change in fluorescence intensity of each conjugate was investigated with 

an in vivo imaging system (Maestro, CRi Inc., Woburn, MA) using the following filter set: 

503−555 nm for excitation light and long-pass filter over 700 nm for emission light. Each 

probe was added to mouse serum and the serum samples were incubated at 37 °C for 0, 1, 2, 

and 3 h. After incubation, the change in fluorescence intensity was evaluated with a Maestro 

camera. We also performed sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE). The conjugate was separated by SDS-PAGE with a 4%–20% gradient 

polyacrylamide gel (Life Technologies). A standard marker (Crystalgen Inc.) was used as a 

protein molecular weight marker. After electrophoresis at 80 V for 2.5 h, the gel was imaged 

with the Maestro system (CRI, Woburn, MA) using spectral imaging. We used diluted 

trastuzumab or panitumumab with the probe as a control. The gel was stained with Colloidal 

Blue Staining kit to determine the molecular weight of the conjugate.
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Cell Culture

The established ovarian cancer cell line, DsRedSHIN3, was used for in vitro fluorescence 

microscopic analysis and in vivo optical imaging of POCM. DsRedSHIN3 cells express the 

red fluorescent protein (RFP DsRed2)- and served as the standard of reference for cancer 

detection.43 HER2-expressing 3T3 cells, which are human fibroblast cells, and EGFR-

expressing, MDA-MB468 cells, which are human breast cancer cells, and N87-GFP cells, 

which are human gastric cancer cells were used as target cells for mAb-conjugated NMP 

probes Cells were grown in RPMI 1640 medium (Invitrogen) containing 10% fetal bovine 

serum (Gibco), 0.03% L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 

°C, 5% CO2.

Flow Cytometry

Flow cytometry of cells labeled with NMP probes was performed (FACS Calibur, BD 

BioSciences, San Jose, CA, USA) using CellQuest software (BD BioSciences). Cells 

(5×10⁴) were incubated with each NMP probe overnight at 37°C. Propidium iodide - 

positive dead cells were gated out, and the remaining cells were subjected to further 

analyses. To validate the specific binding of the conjugated antibody, excess antibody (50 

μg, trastuzumab or panitumumab) was added 1 h before the addition of probes to block 0.5 

μg of the probe.

Fluorescence Microscopic Studies

SHIN3 cells (5 ×10⁴) for hGSA-NMP probes or MDA-MB468 cells and N87 cells (5 ×10⁴) 

for mAb-NMP probes were plated on a cover glass bottomed culture well and incubated for 

16 h. Each probe was then added at 1 μg/mL. The cells were incubated for either 8 h for 

hGSA-NMP probes or overnight for mAb-NMP probes followed by washing once with PBS, 

and fluorescence microscopic analysis was performed using an Olympus BX61 microscope 

(Olympus America, Inc., Melville, NY) equipped with the following filters: excitation 

wavelength 380−420 nm and emission wavelength range 700 nm longpass. Transmitted light 

differential interference contrast (DIC) images were obtained as well. To validate the 

specific binding of the probe, 100 μg of non-conjugated hGSA was added to block 1 μg of 

conjugate 2 h before incubation of the probe.

Animal Model of Peritoneal Metastases

All procedures were carried out in compliance with the Guide for the Care and Use of 

Laboratory Animal Resources (1996), US National Research Council, and were approved by 

the local Animal Care and Use Committee. Six to eight-week-old female homozygote 

athymic nude mice were purchased from Charles River (National Cancer Institute, 

Frederick, MD). Two groups of intraperitoneal xenografts were established by 

intraperitoneal.injection of 2 × 10⁶ SHIN3 DsRed cells for hGSA-NMP probes and 1 × 10⁶ 
N87-GFP cells for mAb-NMP probes suspended in 300 μL of PBS into the peritoneal cavity 

of nude mice. Imaging was performed 14−21 days after injection of the cells.
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In Vivo Activatable Imaging of Peritoneal Metastases after Peritoneal Injection of Probes

The hGSA-NMP probes (each 25 μg) were injected into the peritoneal cavities of SHIN3 

DsRed (RFP) tumor bearing mice (n = 5 in each group). The tra-NMP probes (each 100 μg) 

were intraperitoneally administered to N87-GFP tumor bearing mice (n = 4 in each group) 

Mice were euthanized by carbon dioxide inhalation after 1 h for hGSA-NMP probes 

injection or 1 day for mAb-NMP probes. After euthanasia, the mouse abdominal wall was 

incised, and the abdominal cavity was exposed. The bowel and mesentery were extracted, 

and close-up images were obtained. Spectral fluorescence images were acquired using the 

Maestro In-Vivo Imaging System. The following filter set was used for imaging each NMP 

probes, RFP for hGSA-NMP probes, and GFP for mAb-NMP probes: a band-pass filter 

from 503 to 555 nm for excitation light and a long-pass filter over 700 nm for emission light 

for NMP probes, a long-pass filter over 580 nm for emission for RFP and GFP. The tunable 

emission filter was automatically stepped in 10 nm increments at constant exposure to 

generate a spectral image. The spectral fluorescence images consist of auto-fluorescence 

spectra and the spectra from each NMP probe and RFP or GFP, which were then unmixed, 

based on their spectral patterns using commercial software (Maestro software; CRi). 

Spectrally resolved RFP or GFP images, NMP probe images, and composite images were 

obtained.

Assessment of Sensitivity and Specificity of NMP Probes in the Detection of Peritoneal 
Metastases

Sensitivity and specificity were determined by comparing sites of fluorescence from the 

hGSA-NMP probe with sites of fluorescence from RFP-transfected SHIN3 tumors. The 

spectral fluorescence images were unmixed, and regions of interest (ROI) were assigned 

using automated software based on a predetermined threshold. Only nodules with short axis 

diameters >0.5 mm were included for analysis. RFP-positive nodules were defined as having 

an average fluorescence intensity >20 a.u. on images unmixed for the RFP spectra. True 

positives for the hGSA-NMP probe were defined as ROIs with an average fluorescence 

intensity of >5 a.u, whereas true negatives for hGSA-NMP4 and hGSA-NMP5 were defined 

as ROIs with an average fluorescence intensity <5 a.u. on the spectrally unmixed images. 

False positives for the hGSA-NMP probe were defined as ROIs in which fluorescence was 

seen only on the NMP probes image and not on the RFP image.

In Vivo Activatable Imaging of Tumors after Intravenous Injection of Mab-NMP Probes

Tumor models were established by injecting five million 3T3Her2-GFP cells subcutaneously 

in the right dorsum of the mice. The tra-NMP probes (each 200 μg) was intravenously 

administered to N87-GFP tumor bearing mice (n = 3 in each group). Mice were euthanized 

by carbon dioxide the next day. After euthanasia, spectral fluorescence images were 

acquired using the Maestro In-Vivo Imaging System of the bowel and mesentery. The 

following filter set was used for imaging each NMP probe and GFP: a band-pass filter from 

503 to 555 nm for excitation light and a long-pass filter over 700 nm for emission light for 

NMP probes, a long-pass filter over 580 nm for emission for GFP. The spectral fluorescence 

images consist of auto-fluorescence spectra and the spectra from each NMP probe and GFP, 

which were then unmixed, based on their spectral patterns using commercial software 
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(Maestro software; CRi). Spectrally resolved GFP images, NMP probe images, and 

composite images were made.

Statistical Analysis

The accuracy of the NMP probes in identifying target cells was evaluated by calculating the 

areas under a ROC curve.44 The AUC results were considered excellent for AUC values 

between 0.9-and 1.0, good for AUC values between 0.8 and-0.9, fair for AUC values 

between 0.7-and 0.8, poor for AUC values below −0.7.45–47 All analyses were performed 

using a GraphPad Prism 6 package (GraphPad, La Jolla, CA).
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ABBREVIATIONS

mAb Monoclonal antibody

NIR Near infrared

BODIPY boron-dipyrromethene

PEG polyethylene glycol

TBR tumor to background ratio

FRET Förster resonance energy transfer

PeT photo-induced energy transfer

MMP-2 matrix metalloproteinases-2

Cy cyanine dye

ICG indocyanine green dyes

hGSA galactosyl-human serum albumin

DMF N,N-dimethylformamide

SDS odium Dodecyl Sulfate

ETE Energy transfer efficiency

POCM peritoneal ovarian cancer metastases

h hours

GFP green fluorescent protein
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RFP red fluorescent protein

ROC Receiver Operating Characteristic

AUC area under the curve

SEM standard error of the mean
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Figure 1. 
Chemical structures and spectral profiles of Chlorin-Bacteriochlorin dyads, NMP6 and 

NMP7 (A), and BODIPY-Bacteriochlorin dyads, NMP11 and NMP12 (B). They were all 

conjugated by NHS ester and modified by multiple PEGylation. They have multiple 

available excitation (blue) bands and yield an NIR emission (red). The emission wavelength 

of NMP7 (770 nm) is longer than that of NMP6 (748 nm). The same applies to NMP12 (770 

nm) and NMP11 (746 nm).
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Figure 2. 
Fluorescence quenching properties and stability in serum (left) and in vitro imaging of 

SHIN3 cells (right) of hGSA-NMP6, hGSA-NMP7 (A) and hGSA-NMP11, hGSA-NMP12 

(B). No measurable dequenching of the four types of hGSA-conjugates probes was observed 

in mouse serum at 37 ˚C for 3 hrs. Fluorescence recovery was caluculated by the following 

equation: (fluorescence signal in mouse serum − fluorescence signal in PBS)/(fluorescence 

signal in SDS/PBS − fluorescence signal in PBS) × 100. Data are presented as mean ± SEM. 

Each probe exhibited high stability in mouse serum for 3 h. Microscope images obtained 

after the overnight incubation of the probes. To validate the specific binding of the probes, 

excess hGSA was used 2 h before incubation of the probes.
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Figure 3. 
In vivo studies of RFP-transfected SHIN3 ovarian cancer bearing mice with hGSA-NMP6 

and hGSA-NMP7 (A) and with hGSA-NMP11 and hGSA-NMP12 (B). The activatable 

probes can produce specific and sensitive fluorescence signals from ovarian cancer cells 

with minimal background from normal tissue. The red signals show RFP and the cyan 

signals are show hGSA-conjugated probes. The fluorescence signals of the mesenteric 

membrane are shown separately in different spectrally resolved fluorescence images. 

Sensitivity and specificity of the probes for detecting around 1 mm ovarian cancers were 

calculated by examining nodules in each five mice. Bars are 10 mm.
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Figure 4. 
The probes conjugated with a mAb, panitumumab (left) and trastuzumab (right), are self-

quenching properties. The former probes specifically bind to EGFR and the latter probes to 

HER2. Fluorescence quenching properties and stability in serum of all probes are shown. In 

PBS with 1% SDS, the fluorescence intensities dramatically increase. Numbers (yellow) 

show mean fluorescence intensity.
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Figure 5. 
Validation by SDS-PAGE (left: Colloidal Blue staining, right: fluorescence) (left), in vitro 
fluorescence imaging (middle), and flow cytometric analysis (right) of probes conjugated 

with a mAb, chlorin-bacteriochlorin dyads (A) and BODIPY-bacteriochlorin dyads (B). The 

signals of fluorescence images in MDA-MB468 cells are detected only in EGFR-expressing 

cells and those of fluorescence images in N87 cells are in HER2-expressing cells. Bars are 

20 μm. To validate the specific binding of the probes to EGFR (upper) or HER2 (lower), 

excess panitumumab or trastuzumab was used 2 h before overnight incubation of the probes.
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Figure 6. 
In vivo spectral fluorescence imaging of GFP-transfected N87 gastric cancer in the 

mesentery. The spectral fluorescence image was unmixed, based on the spectral pattern of 

each probe as well as the GFP pattern and then, composite images consisting of GFP 

(green), tra-NMP probes (red) were made. Most foci detected by unmixed tra-NMP probe 

images were co-localized with unmixed GFP positive spots.
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Figure 7. 
Representative in vivo optical images of tra-NMP11 or tra-NMP12 biodistribution after 

intravenous injection in subcutaneous 3T3Her2_GFP tumor–bearing mice. Upper: control 

PBS, Middle: tra-NMP11, Lower: tra-NMP12. Excitation is bandpass 503–555 nm, 

respective emissions are defined with spectral analysis. N = 3 in each group. Bars are 5 mm.
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Scheme 1. 
Synthesis of chlorin containing tris propargyloxy groups
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Scheme 2. 
Synthesis of hydrophilic chlorins
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Scheme 3. 
Synthesis of NMP6-OMe and NMP7-OMe via EDCI-mediated amide formation
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Scheme 4. 
Synthesis of NMP7-OMe via Suzuki reaction
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Table 1

Photophysical characterization on NMP6-OMe and NMP7-OMe

Dyad λabs
(toluene)

λem
(toluene)

Φf (toluene)a
(λexc)

Φf (DMF)
a

ETE
b

(toluene)

NMP6-OMe 372, 417, 513, 647,736 744 0.20 (513nm) 0.17 (417 ran) 0.16(515iini) 0.13(418 lira) 0.85

NMP7-OMe 362, 416, 528, 648, 761 767 0.26 (531 nm) 0.25 (417 ran 0.21(530 ran) 0.20(417 ran) 0.96

a)
Fluorescence quantum yield of bacteriochlorin component,

b)
energy transfer efficiency, calculated as ETE = ΦBC/ΦCh, where Φbc and ΦCh are fluorescence quantum yields of bacteriochlorin components 

when bacteriochlorin and chlorin, respectively, arc excitcd.
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