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Abstract

A bone imaging toolkit of 21 fluorescent probes with variable spectroscopic properties, bone 

mineral binding affinities, and antiprenylation activities has been created, including a novel linking 

strategy. The linking chemistry allows attachment of a diverse selection of dyes fluorescent in the 

visible to near-infrared range to any of the three clinically important heterocyclic bisphosphonate 

bone drugs (risedronate, zoledronate, and minodronate or their analogues). The resultant suite of 

conjugates offers multiple options to “mix and match” parent drug structure, fluorescence 

emission wavelength, relative bone affinity, and presence or absence of antiprenylation activity, for 

bone-related imaging applications.
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INTRODUCTION

Methylenebis(phosphonic acid) derivatives, commonly referred to as “bisphosphonates” 

(BPs), are therapeutic agents for the treatment of bone disorders such as osteoporosis and 

Paget’s disease and are increasingly used in cancer treatment.1,2 The more recent 

generations of clinical bisphosphonate drugs incorporate a basic nitrogen (N-BPs) in a side 

chain attached to the methylene group.2 Farnesyl pyrophosphate synthase (FPPS) in 

osteoclasts is believed to be the primary intracellular enzymatic target for the antiresorptive 

activity of N-BPs, but details of N-BP pharmacology, such as skeletal distribution and 

aspects of cellular uptake, remain to be fully elucidated.2 High-dose usage of N-BPs in some 

cancer patients has been associated with a side effect, known as osteonecrosis of the jaw 

(ONJ);3,4 however, its etiology and mechanism remain unclear.5,6 Ongoing questions about 

how bone structure and function determine response to antiresorptive drugs point to a need 

for imaging agents able to mimic N-BPs, both with respect to their affinity for bone mineral 

and their cellular effects.

The P–C–P backbone of BPs mimics the P–O–P backbone of the naturally occurring bone 

metabolism mediator, inorganic pyrophosphate. BPs generally exhibit strong binding affinity 

to hydroxyapatite (HAP), the major inorganic material found in bone, and possess 

exceptional stability against both chemical and biological degradation. The bone-targeting 

property of BPs suggests an intriguing approach to deliver molecular probes or drugs 

selectively to bone.7 Due to their strong and selective affinity for HAP, BPs labeled with an 

appropriate imaging agent can be used as molecular indicators for mapping breast cancer 

microcalcification, calcium urolithiasis, and atherosclerosis.8–11

In comparison with radioactive isotope labels, fluorescent probes offer lower potential long-

term toxicity.12 Visible fluorescent dyes for in vitro imaging offer low cost and compact 

size. Near-infrared (NIR) dyes with emission wavelengths between 700 and 1000 nm are 

attractive for in vivo imaging because tissue autofluorescence is minimized in this optical 

window.13 A refined NIR fluorescence-assisted resection and exploration (FLARE) imaging 

system was recently introduced and utilized in a first-in-human testing in women undergoing 

sentinel lymph node mapping for breast cancer.14 The successful clinical translation of this 
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system may also offer the advantages of NIR imaging for image-guided oncological 

surgery15 and exemplifies the great potential of NIR imaging for monitoring treatment 

effects in real time.16

Three key determinants for the suitability and performance of fluorescent BP probes in a 

given imaging context are (a) relative and absolute HAP affinity; (b) underlying biological 

activity (or absence thereof) of the BP moiety; and (c) absorption–emission properties of the 

conjugated dye. Herein we present the straightforward and adaptable construction of a 

fluorescent probe toolkit that affords different combinations of these variable properties. The 

syntheses are described in detail, and all conjugates were fully characterized by 1H, 31P 

NMR, UV–vis, fluorescence emission, high resolution mass spectrometry, and HPLC, as 

well as relative HAP affinity and antiprenylation activity in a mouse cell assay. The probes 

were obtained in fair to good yields (50–77%) and high purity (>98% pure by NMR and 

HPLC). A simple linker, epichlorohydrin (6), is introduced that complements our previously 

described BOC-3-amino propylene oxide linker (5), permitting preparation of a diverse 

toolkit incorporating all of the heterocyclic BPs in clinical use. Specifically, all three major 

clinical heterocyclic N-BPs can be linked to any fluorescent dye of interest capable of 

coupling to an amino or, alternatively, chloromethyl group. Moreover, conjugates that 

exhibit antiprenylation activity mimicking the parent BP as well as inactive conjugates can 

be generated. Probes represented in this new “toolkit” have already been applied to studies 

of BP distribution within bone,17,18 to the mechanism of ONJ,19–21 otosclerosis,22 and to the 

role of macrophages in the extra-skeletal effects of BP on tumor cells.23 A new example is 

presented demonstrating differential distribution of high and low bone affinity risedronate 

(RIS) conjugates in rat bone.

RESULTS AND DISCUSSION

An early generation N-BP (alendronate) conjugated to Alexa Fluor 488 and 

carboxyfluorescein was reported previously to lack antiprenylation activity in cells.24,25 

Several near-IR dye conjugates of pamidronate,8,26 Pam78, Pam800, and commercialized 

versions (OsteoSense), have also been visualized in vitro and in vivo, but their anti-

prenylation activity does not appear to have been documented. The synthetic chemistry of 

the alendronate conjugates suffered from low yields (7–30%) and the product contained 

substantial unseparated free alendronate.24,25 In general, these conjugates were obtained by 

reaction with the activated carboxyl form of the fluorescent dye, converting the terminal 

primary amino group of the N-BP to an amido linkage, thereby deactivating a key 

pharmacophore in the original N-BP.2 Direct acylation by an activated fluorescent label is 

not readily applicable to the potent heterocyclic N-BP drugs currently used in the clinic, 

risedronate (RIS, 1a), zoledronate (ZOL, 1d), and minodronate (MIN, 1e), which lack a 

primary amino group.

We previously introduced a “magic linker” synthesis (Scheme 1, route A)27 to prepare the 

first example of a fluorescently labeled heterocyclic N-BP, formed from RIS (1a), or its 

phosphonocarboxylate (PC, 1b) and desoxy (dRIS, 1c) analogues, and 5(6)-

carboxyfluorescein (8). The “magic linker”, 3-aminopropene oxide (5, Scheme 1) was so-

called due to its surprising chemoselectivity in alkylation of the pyridyl nitrogen in 1a 
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relative to the two phosphonate groups,28 under mild, semiaqueous, and catalyst-free 

reaction conditions.27 After deprotection of the coupling products 2a–2c, the resulting N-

BP-linker derivatives 4a–4c advantageously incorporated a primary amine in the linker 

moiety for facile attachment to the activated ester of an imaging dye, as well as a positively 

charged pyridinium nitrogen to mimic the protonated nitrogen of the parent drug,29,30 and an 

additional hydroxyl group to counteract decreased aqueous solubility associated with the 

addition of the hydrophobic alkyl chain.27

The nucleophilicity and Lewis basicity of the nitrogen atom in the three major clinical 

heterocyclic N-BPs (1a, 1d, 1e)30 are expected to be major determinants of their conjugation 

reactivity. Thus, the “magic linker” conditions for RIS required modification for ZOL (1d), 

MIN (1e), and their related analogues (1f). The rank order of ΔG0
⧧ (defined as the activation 

free energy of processes with ΔG0 = 0) is imidazoles > pyridines (in acetonitrile), indicating 

that imidazoles are less nucleophilic than pyridines of comparable basicity.31 The 

protonation status of the heteroatom at different pH is also critical to reactivity. The pKa of 

the protonated heterocyclic nitrogen of RIS, ZOL, and MIN is 5.67, 6.67, and 6.54, 

respectively.32 In the synthesis of the RIS-linker (2a), the pH of the reaction mixture was 

adjusted to 6.0. Under such conditions, more than 50% (~71% calculated) of the RIS 

nitrogen will be deprotonated, and thus an effective nucleophilie.27 However, at pH 6.0, only 

18% of the less nucleophilic ZOL nitrogen (22% for the MIN nitrogen) is deprotonated, thus 

the linking reactions were slow (2d) at pH 6.0. At pH 7.0–7.5, their reactions were more 

rapid, but chemoselectivity (N-alkylation vs O-alkylation) was not as good as for RIS and its 

analogues (1a, 1b, 1c); 10–20% of side products could be observed (Figure 1A), which were 

confirmed by HPLC, NMR, and MS to be the products of N,O(P)-dialkylation (Figures S1–

3). The reaction rate of MinPC (1f) coupling to 5 was even slower than that of ZOL under 

the same reaction conditions (same reactant ratio, pH 7.5, 40–45 °C), which might be due to 

a steric effect from the larger heterocycle; more side product was formed and O-alkylation 

products were observed in the reaction mixture (Figure S4). With these substrates, the linker 

had apparently lost some of its magic!

The more reactive epichlorohydrin 6 was therefore explored as a new linker precursor. 

Besides being inexpensive, it is more water-soluble and more reactive than epoxide 5, while 

offering possible subsequent conjugation either directly (with a nucleophilic dye) or 

indirectly (with an electrophilic dye after conversion to the amine, which proved more 

practical). Epichlorohydrin was reacted with compounds 1a–1f, yielding intermediates 3a–
3f, which were ammonolyzed to produce the final drug–linker conjugates 4a–4f. The 

attachment of the linker (Scheme 1, Route B, 1a–1f → 3a–3f) proceeded at a higher rate 

compared to the previous route (Scheme 1, Route A, 1a–1f → 2a–2f) under the same 

reactant ratio and pH, even at rt. The percentage of side-products for 1d–1f was similar to 

that in Route A; formation of side-products was not observed in the reaction of 1a with 5 

equiv of epichlorohydrin (Figure S5). We decided to retain Route A for synthesis of 4a–4c, 

while preferring Route B for synthesis of 4d–4f. The reactant ratio of 1:5 (drug:linker (6)) at 

appropriate pH (7.4–8.0, depending on the drug) was adopted. In 20 h at rt, 70–85% of 4d–
4f was obtained. Pure 4d–4f for conjugation with activated fluorescent dyes in the following 

step were obtained by preparative anion exchange HPLC (Figure 1B).
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This new alternative route (B) to allow the facile construction of a wider fluorescent 

bisphosphonate “toolkit” is depicted in Scheme 1. The N-BPs and PCs (1a–1f) were reacted 

with the appropriate epoxide (5 or 6) via the original (A) or new (B) route, yielding the BP- 

or PC-linker intermediates, respectively, which were then reacted with the activated ester of 

any of a diverse group of fluorescent dyes (generally, commercially available succinimidyl 

esters were utilized), to afford the final fluorescent imaging probes.

Our results stand in contrast to those of Demberelnyamba et al., who reported33 that reaction 

of pyridine or imidazole with epichlorohydrin in acetonitrile resulted in nucleophilic attack 

of the pyridine or imidazole nitrogen to displace chlorine to form an epoxide derivative, 

instead of opening the epoxide ring, whereas we find that reaction of N-BPs with 

epichlorohydrin under aqueous conditions exclusively yields the epoxide-opened alkyl 

chloride product, presumably due to facilitation of the epoxide ring opening by the protic 

solvent.

We reproduced the result of Demberelnyamba et al., reacting pyridine with epichlorohydrin 

in acetonitrile to obtain exclusively product 15b (Scheme 2), identified by mass-

spectrometry and 1H NMR (however, the 1H NMR for 15b obtained by us was different 

from that obtained by these authors; see SI for details).

When we reacted pyridine with epichlorohydrin in water in a 1:1 ratio to mimic the 

conditions used for RIS–epichlorohydrin conjugation, adjusting the pH to 6 with 

methylenebisphosphonic acid, we obtained a mixture of conjugates 15a and 15b (Scheme 

2), at a reaction ratio of 6:1. A reaction ratio of 1:5 (pyridine:epichlorohydrin), the product 

ratio fell to 15a:15b = 1:2, suggesting that the BP moiety strongly influences the 

chemoselectivity observed with RIS (Figures S6, S7).

Selection of Fluorescent Dye

A series of fluorescent dyes with distinguishable emission spectra, including three popular 

near-infrared dyes available commercially, Alexa Fluor 647 (AF647), Sulfo-Cy5, and IRDye 

800CW (800CW), were selected to generate the fluorescent BP probe “toolkit”. Conjugation 

was carried out between the drug-linker intermediates (4a–4f) and the succinimidyl ester 

(SE) of the different fluorescent dyes under similar reaction conditions (Scheme 1, step C), 

with minor modifications to reactant ratio and reaction pH. The reactions proceed quickly 

and can be conveniently monitored by TLC (100% MeOH as eluent). To obtain the pure 

fluorescent BP probes (7a–7f), chromatographic isolation was generally effective. Except for 

the carboxyfluorescein (FAM, 8) and Rhodamine X-Red (RhR-X, 9) conjugates, which 

required preparative TLC (100% MeOH as eluent) to remove free dye label from the product 

mixture, all the fluorescent conjugates could be directly purified by preparative reverse 

phase HPLC in one pass (SI). All the final fluorescent conjugates were fully characterized 

by HPLC, UV–vis, and fluorescence emission spectroscopy, and 1H and 31P NMR and high-

resolution MS (SI). It is noteworthy that the isomeric 5- and 6-carboxyfluorescein (FAM, 8) 

conjugates can be directly synthesized from their respective pure FAM, SE isomers, or 

alternatively and less expensively separated from the mixed isomers of the FAM conjugates 

(Figure S8).27
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The probes prepared in this work fluoresce at widely different optical wavelengths (Table 1), 

allowing simultaneous detection of individual low and high bone affinity BPs and PCs in 

cells and tissues. The pharmacologically relevant properties, in particular, the HAP affinity 

of the probes and their effects on protein prenylation, were investigated to guide probe 

selection for different applications.

HAP Affinity

The mineral binding affinity of BPs is predominantly determined by the phosphonate 

groups, while an α-OH group may further enhance the affinity.1,34 This is demonstrated by a 

binding affinity comparison of RIS (1a), RISPC (in which one phosphonate is replaced by a 

carboxylate, 1b), and dRIS (in which α-OH is replaced by a H, 1c), for which the affinity 

rank order is RIS > dRIS > RISPC.35,41 To investigate whether the attached fluorophore 

influences the mineral binding affinity, the retention time of each fluorescent BP conjugate 

on a HAP column was measured and normalized to the retention time of RIS with the 

conditions adjusted to discriminate among strongly binding compounds. As shown in Figure 

2, the fluorescent conjugates generally have a similar binding affinity ranking to those of the 

parent compounds. 5(6)-ROX conjugates display slightly higher affinity than their 

counterparts, while AF647-RIS exhibits the largest relative decrease of HAP affinity 

compared to other fluorescent RIS conjugates, although retaining strong absolute binding 

affinity. The affinity rank order of RIS, dRIS, and RISPC conjugates with the same 

fluorophore remains the same as RIS > dRIS/RISPC (the difference between the dRIS and 

RISPC conjugates was not highly significant statistically). Measurement of dissociation 

constants (Kd) and maximum capacities of 5(6)-ROX-RIS, 5(6)-ROX-RISPC, AF647-RIS, 

and AF647-RISPC for HAP by Langmuir adsorption isotherms36 are in qualitative 

accordance with the results from HAP column assays (Figure S9) and in vitro dentine-

binding assays.18

ZOL is somewhat more strongly retained than RIS or MIN (RIS and MIN have similar 

retention times) (Figure 2). All the fluorescent ZOL, MIN, and MINPC conjugates have a 

somewhat decreased affinity compared to their parent BPs/PC. 6-FAM-ZOL had a slightly 

longer retention time on the HAP column than its 5-isomer, in accord with the results for 6-

FAM-RIS and 5-FAM-RIS,27 while 6-FAM-MIN and 5-FAM-MIN (Figure 2) were similar 

in affinity. Caboxyfluorescein (the dye component of the FAM-conjugates) in a 0.05 mM 

solution of Tris buffer (pH 7.4) displayed no detectable affinity to HAP beads,37 and is not 

retained on a HAP column under BP binding assay conditions (data not shown).

Conjugate Stability

Aqueous solutions of the conjugates at pH 7 are stable at rt for several days and can be 

stored frozen at −20 °C for at least 6 months. When administered in vivo to rats, there was 

no apparent loss of imaging signal on rat tibia over 7 days, consistent with absence of 

significant linker cleavage.18 In previous work38 two fluorescent bisphosphonates, 5(6)-

FAM-RIS (7a1) and AF647-RIS (7a6) administered intravenously in rats (24 h), exhibited a 

similar inverse correlation to risedronate (1a), alendronate, pamidronate, zoledronate (1d), 

minodronate (1e), etidronate, neridronate, clodronate, ibandronate, and NE-10790 (1b) 

between the amount excreted in the urine and HAP affinity. Furthermore, the amount of 
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5(6)-FAM-RIS (7a1) and AF647-RIS (7a6) recovered in the urine as a fraction of the 

administered dose, determined by MS analysis, was similar to recovery of the parent 

bisphosphonates.38

Biological Activity

The ability of N-BP drugs to exert their antiprenylation effect in bone is ascribed to their 

inhibition of enzymes in the mevalonic acid pathway and thereby of protein prenylation 

within the osteoclast.39,40 The detection of unprenylated Rap1A (uRap1A) and cell viability 

of J774.2 macrophages have been used widely as in vitro screening assays to assess the 

potential antiresorptive activity of N-BPs and related analogues.27,41,42 PC analogues 

(RISPC, MINPC) are significantly less active than the N-BPs in cell viability assays;41,42 

thus only fluorescent α-hydroxyl BPs and deoxy-BP (dRIS) conjugates were analyzed 

(Figure 3).

We previously showed that 6-FAM-RIS inhibited Rap1A prenylation in J774s in vitro with a 

similar potency to RIS;27 5(6)-FAM-RIS also inhibited Rap1A prenylation in osteoclasts in 

vivo.17 Here, we detected unprenylated Rap1A in cell lysates from both 5-FAM-RIS- and 6-

FAM-RIS-treated J774.2 mouse macrophages (Figure 3A), suggesting both these conjugates 

retain the ability to affect the mevalonate pathway as previously reported for cultured J774.2 

macrophages and for osteoclasts isolated from 5(6)-FAM-RIS-treated rabbits.17 5(6)-FAM-

dRIS was also active in this assay, at a potency comparable to its parent BP dRIS (Figure 

3B). Both 5-FAM-ZOL and 6-FAM-ZOL retained some Rap1A antiprenylation activity, 

although they were less potent than ZOL (Figure 3C). Antiresorptive activity was recently 

confirmed for 5-FAM-ZOL in a rat model in vivo.19 5(6)-ROX-RIS was also active in 

inhibiting prenylation (Figure 3A). By contrast, cells treated with two near-infrared dye BP 

conjugates, AF647-RIS and 800CW-ZOL up to 100 µM did not show accumulation of 

unprenylated Rap1A. The results of the cell viability assay are in accordance with the 

prenylation assay (Figure 3D–F), with the exception that AF647-RIS and 800CW-ZOL-

treated J774.2 macrophages exhibit modest decreases in viable cell number at high 

concentrations (100, 500 µM), which may be due to a nonspecific effect, e.g., calcium 

chelation lowering the availability of free ionic calcium in the growth medium. Preliminary 

results for FAM-MIN (7e1, 7e2) and FAM-MINPC (7f1, 7f2) suggested that these 

conjugates also possess antiprenylation activity (data not shown). The mechanism for the 

antiprenylation activity of FAM-RIS and FAM-ZOL has not yet been identified. In a 

preliminary study, the IC50 value for 5(6)-FAM-RIS in isolated FPPS inhibition assays was 

found to be in the low micromolar region (2.7 µM vs 5.7 nM for RIS itself), and 5(6)-FAM-

RIS was slightly more potent in geranylgeranyl diphosphate synthase (GGDPS) inhibition 

assay than the parent compound (2.6 µM vs 10.2 µM for RIS itself).44 While it is feasible 

that the linker might be cleaved within the cell environment, releasing active “parent drug”, 

this appears inconsistent with the low to unobservable activity seen when the dye, but not the 

linker, is changed (Figure 3A). Alternatively, a later stage synthase or transferase in the 

pathway may be involved.

Sun et al. Page 7

Bioconjug Chem. Author manuscript; available in PMC 2016 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Differential Imaging

We used probes selected from the toolkit on the basis of their HAP binding data to study the 

differential distribution of bisphosphonates into bone relative to their mineral affinity.18,45 

These studies demonstrated that the lower affinity compounds diffused more deeply into the 

bone matrix and showed increased localization around osteocytes. The observed differences 

correlated closely with mineral affinities of the parent BP/PCs, and have been seen in several 

animal models.18,45 Figure 4 illustrates results for a pair of compounds with relatively small 

differences in mineral affinity (as shown in Figure 2), observed at 7 days post-injection; 

5(6)-RhR-RISPC (7a4, low affinity) clearly penetrates further into the bone matrix at sites of 

bone formation, compared with the higher mineral affinity compound 5(6)-FAM-RIS (7a1). 

In a separate study, the probe 5-FAM-ZOL (7d1) was used to show that repeated 

administration of a bisphosphonate results in less retention of that bisphosphonate in bone 

than a single large dose. This may have implications for the pathogenesis of osteonecrosis of 

the jaw and potential therapy.19 In another recent study, the specific cell types that can 

internalize bisphosphonates in vitro and in vivo were identified using fluorescently labeled 

risedronate and zoledronate.17,46,47 AF647-RIS (7a6) has also been used recently to identify 

microcalcifications in breast tumors that are engulfed by tumor-associated macrophages, 

which may be responsible for the extra-skeletal effects of bisphosphonates on tumor cells.23

CONCLUSIONS

In summary, a new synthetic method using epichlorohydrin as linker has facilitated 

expansion of a fluorescent N-BP “toolkit” to include clinically relevant ZOL, MIN, and 

related analogues, with a wide range of fluorescent dyes, complementing our original 

BOC-3-aminopropylene oxide linking method for synthesis under mild conditions of 

fluorescent RIS probes. All the fluorescent probes were prepared in good yields (50–77%) 

and high purity. They generally retain substantial affinity for bone mineral, reflecting the 

different affinities of their parent drugs or derivatives. The conjugated fluorophores exert 

some influence (typically a small reduction, but in one case enhancement) on the HAP 

affinity of the probes, which needs to be considered when interpreting data generated with 

such probes. Conjugates of RIS or ZOL with FAM at 10–100 µM exhibited some 

antiprenylation activity in cellular assays, but the corresponding conjugates with two NIR 

dyes (Alexa Fluor 647 and IRDye 800CW) were inactive at these concentrations. The 

mechanism of these effects is currently under investigation. The diverse HAP affinities, cell 

effects, and spectroscopic properties of the probes make them highly useful and versatile 

new tools for bone-related imaging studies, thus facilitating the understanding of bone 

physiology and pharmacology.

EXPERIMENTAL PROCEDURES

General Remarks

5(6)-, 5-, and 6-Carboxyfluorescein succinimidyl esters (FAM, SE) were purchased from 

Sigma-Aldrich or Invitrogen, US. 5(6)-Rhodamine Red-X, SE (5(6)-RhR, SE), 5(6)-

carboxy-X-Rhodamine, SE (5(6)-ROX, SE), and Alexa Fluor 647, SE (AF647, SE) were 

purchased from Invitrogen; sulfo-Cy5, SE was purchased from Lumiprobe, and IRDye 
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800CW, SE was purchased from LI-COR Biosciences. Compounds 1a–1c were kind gifts 

from Warner Chilcott Pharmaceuticals (formerly P&G Pharmaceuticals). Compound 1d 
(zoledronic acid) was purchased from Molekula, UK. Compound 1e (minodronic acid) was 

purchased from Shanghai Hengrui International Trading Co. LTD, PRC. Compound 1f (3-

IPEHPC) was synthesized in our lab according to a published procedure.42 All other 

compounds were purchased from Aldrich or Alfa Aesar. Triethylamine (TEA) was distilled 

from KOH; CH2Cl2 was distilled from P2O5; and allylamine was distilled under N2. All 

other compounds were used as supplied by the manufacturer. Thin layer chromatography 

(TLC) was performed on Merck Silica Gel 60 F254 plates, and the developed plates were 

visualized under a UV lamp at 354 nm. HPLC separations were performed on a Rainan 

Dynamax Model SD-200 system with a Rainan Dynamax absorbance detector Model UV-

DII. NMR spectra were recorded on either 400 MHz Varian, 500 MHz Varian, 600 MHz 

Varian, or 500 MHz Bruker spectrometers. UV–vis spectra were recorded on a DU 800 

spectrometer, and fluorescence emission spectra were taken on either a Jobin Yvon Horiba 

FluoroMax-3 fluorimeter equipped with a DataMax Software version 2.20 (Jobin Yvon 

Inc.), Jobin Yvon Nanolog fluorimeter (Jobin Yvon Inc.), RF-5301PC 

spectrofluorophotometer (Shimadzu), or PTI QuantaMaster C-60SE spectrometer equipped 

with a 928 PMT detector. High resolution mass spectra were performed by Dr. Ron New at 

the UC Riverside High Resolution Mass Spectrometry Facility on a PE Biosystems DE-STR 

MALDI TOF spectrometer with a WinNT (2000) Data System. Other mass spectra were 

obtained on a Thermo-Finnigan LCQ DECA XP MAX Ion Trap LC/MS/MS spectrometer 

operated in ESI mode.

Synthesis of Intermediate 4a–4c—Drug–linker intermediates 4a–4c via Route A were 

synthesized according to published procedures,27 and for detailed experimental procedures 

and characterization data, see Supporting Information.

1-(3-Chloro-2-hydroxypropyl)-3-(2-hydroxy-2,2-diphosphonoethyl)pyridin-1-
ium, 3a—1-Hydroxy-1-phosphono-2-pyridin-3-yl-ethyl)phosphonic acid, 1a (57 mg, 0.2 

mmol, 1 equiv), was dissolved in 4 mL of D2O and the pH was adjusted to 6.0 with Na2CO3 

(s). To this solution was added epichlorohydrin 6 (79 µL, 1 mmol, 5 equiv). The reaction 

mixture was stirred at rt. The reaction progress was monitored by 31P and 1H NMR. In 4 h 

no more epichlorohydrin remained in the reaction mixture. About 8% of unreacted starting 

material and no O-alkylation byproducts were observed by 31P NMR. The solvent was 

removed in vacuo, and the residue was washed with diethyl ether and methanol, filtered, and 

dried, then subjected to HPLC purification on an SAX column (Macherey-Nagel 21.4 mm × 

150 mm SP15/25 Nucleogel column), flow rate: 9 mL/min, UV–vis detection at 260 nm. 

The product was eluted with A: H2O, B: 0.5 M TEAB pH 7.5 using a gradient that was 

increased from 0% to 40% over 10 min, maintained at 40% from 10 to 20 min, and then 

increased to 100% of buffer B from 20 to 25 min. The major peak eluting at 11.5 min was 

collected (the retention time has ±1.5 min error between different runs), and solvents were 

evaporated, yielding 3a. 1H NMR (400 MHz, D2O) δ 8.72 (s, 1H), 8.49 (d, J = 6.2 Hz, 1H), 

8.44 (d, J = 8.0 Hz, 1H), 7.80 (dd, J = 8.0, 6.1 Hz, 1H), 4.74 (dd, J = 13.5, 2.9 Hz, 1H), 4.47 

(dd, J = 13.6, 9.3 Hz, 1H), 4.29 (dtd, J = 9.3, 4.7, 2.9 Hz, 1H), 3.77–3.56 (m, 2H), 3.29 (t, J 
= 11.6 Hz, 2H).

Sun et al. Page 9

Bioconjug Chem. Author manuscript; available in PMC 2016 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(3-(3-Amino-2-hydroxypropyl)-1-(2-hydroxy-2,2-diphosphonoethyl)-1H-
imidazol-3-ium), 4d—Route A: [1-Hydroxy-2-(1H-imidazol-1-yl)ethane-1,1-

diyl]bis(phosphonic acid), 1d (40.0 mg, 0.15 mmol, 1.00 equiv), was dissolved in 3 mL 

water and the pH adjusted to 7.4 with Na2CO3 (s). To this solution was added 51 mg of 5 
(0.29 mmol, 2 equiv) in minimal MeOH. The reaction mixture was stirred at 50 °C 

overnight, and the reaction was monitored by 31P NMR. After 19 h, 76% of 2d had formed. 

An additional 10.9 mg (0.06 mmol, 0.42 equiv) of 5 in MeOH was added to the reaction 

mixture. After 41 h, less than 5% of starting material was left and 81% of 2d was obtained 

with ~15% of side products. The solvent was removed in vacuo, and the resulting white 

powder was washed with diethyl ether, filtered, and dried, giving 2d, which was used 

without further purification. The entire sample of 2d was dissolved in 50:50 water:TFA 

(v/v). After stirring at rt for overnight, the Boc group was completely removed to form 4d 
(1H NMR monitoring). The solvent was removed in vacuo, and the residue was washed with 

diethyl ether and methanol, filtered, and dried, then subjected to HPLC purification on an 

SAX column (Macherey-Nagel 21.4 mm × 150 mm SP15/25 Nucleogel column), flow rate: 

9 mL/min, UV–vis detection at 230 nm. The product was eluted with A: H2O, B: 0.5 M 

TEAB pH 7.5 using a gradient that was increased from 0% to 30% over 10 min, maintained 

at 30% from 10 to 15 min, and then increased to 100% of buffer B from 15 to 35 min. The 

major peak eluting at 12–14 min was collected (the retention time has ±1.5 min error 

between different runs), and solvents were evaporated, yielding 4d for the next reaction 

step. 1H NMR (D2O): δ 8.76 (s, 1H), 7.45 (s, 1H), 7.33 (s, 1H), 4.53 (dd, J = 7.4, 6.8 Hz, 

2H), 4.33 (d, J = 13.3 Hz, 1H), 4.11–4.07 (m, 2H), 3.21–3.17 (m, 1H), 2.89 (brd, 1H). 31P 

NMR (D2O): δ 14.02 (s, 2P).

Route B: [1-Hydroxy-2-(1H-imidazol-1-yl)ethane-1,1-diyl]-bis(phosphonic acid), 1d (50.0 

mg, 0.18 mmol, 1.00 equiv), was dissolved in 4 mL water and the pH adjusted to 7.4–7.8 

with Na2CO3 (s). To this solution was added 72.8 µL of 6 (0.93 mmol, 5 equiv). The 

reaction mixture was stirred at rt overnight, and the reaction was monitored by 31P NMR. 

After 19 h, 79% of 3d was obtained with ~15% of side products and less than 5% of starting 

materials. The reaction mixture was extracted with diethyl ether (3×), and the aqueous phase 

evaporated at low pressure, giving 3d, which was used without further purification. The 

entire sample of 3d was dissolved in 2 mL of NH3·H2O. After stirring at rt for 30 h, 4d was 

obtained (MS confirmation). The solvent was removed in vacuo, and the residue was washed 

with diethyl ether and methanol, filtered, and dried, then subjected to HPLC purification on 

an SAX column (Macherey-Nagel 21.4 mm × 150 mm SP15/25 Nucleogel column), flow 

rate: 9 mL/min, UV–vis detection at 230 nm. The product was eluted with A: H2O, B: 0.5 M 

TEAB pH 7.5 using a gradient that was increased from 0% to 30% over 10 min, maintained 

at 30% from 10 to 15 min, and then increased to 100% of buffer B from 15 to 35 min. The 

major peak eluting from 13.5–15.0 min was collected (the retention time has ±1.5 min error 

between different runs), and solvents were evaporated, yielding 4d for the next reaction 

step. 1H NMR (D2O): δ 8.76 (s, 1H), 7.45 (s, 1H), 7.33 (s, 1H), 4.53 (dd, J = 7.4, 6.8 Hz, 

2H), 4.33 (d, J = 13.3 Hz, 1H), 4.11–4.07 (m, 2H), 3.21–3.17 (m, 1H), 2.89 (brd, 1H). 31P 

NMR (D2O): δ 13.9 (s).
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(1-(3-Amino-2-hydroxypropyl)-3-(2-hydroxy-2,2-diphosphonoethyl)imidazo[1,2-
a]pyridin-1-ium, Route B), 4e—(1-Hydroxy-2-imidazo[1,2-a] pyridin-3-yl-1-

phosphonoethyl)phosphonic acid, 1e (140.4 mg, 0.44 mmol, 1.00 equiv), was dissolved in 4 

mL water and the pH adjusted to 7.4–7.8 with 10 M NaOH. To this solution was added 

170.9 µL of 6 (2.18 mmol, 5 equiv). The reaction mixture was stirred at rt overnight, and the 

reaction was monitored by 31P NMR. After 19 h, 70% of 3e was obtained with ~15% of side 

products and ~15% of starting material. The reaction mixture was extracted with diethyl 

ether (3–5 times), and the aqueous phase evaporated in low pressure, giving 3e, which was 

used without further purification. The entire sample of 3e was dissolved in 8 mL of 

NH3·H2O. After stirring at RT for 44 h, 4e was obtained (MS). The solvent was removed in 

vacuo, and the residue was washed with diethyl ether and methanol, filtered, and dried, then 

subjected to HPLC purification on an SAX column (Macherey-Nagel 21.4 mm × 150 mm 

SP15/25 Nucleogel column), flow rate: 9 mL/min, UV–vis detection at 280 nm. Sample was 

eluted with A: H2O, B: 0.5 M TEAB pH 7.6 using a gradient that was increased from 0% to 

30% over 10 min, maintained at 30% from 10 to 18 min, and then increased to 100% of 

buffer B from 18 to 35 min. The major peak eluting from 9.4 to 11.5 min was collected (the 

retention time has ±1.5 min error between different runs), and solvents were evaporated, 

yielding 4e for the next reaction step. 1H NMR (D2O): δ 8.77 (d, J = 7.0 Hz, 1H), 7.87–7.70 

(m, 3H), 7.32 (dt, J = 7.8, 4.2 Hz, 1H), 4.47 (d, J = 13.5 Hz, 1H), 4.40–4.13 (m, 2H), 3.53 (t, 

J = 11.3 Hz, 2H), 3.29–3.20 (m, 1H), 2.99–2.90 (part. obscured by triethylamine, about 

1H). 31P NMR (D2O): δ 16.6 (s).

(1-(3-Amino-2-hydroxypropyl)-3-(2-carboxy-2-hydroxy-2-
phosphonoethyl)imidazo[1,2-a]pyridin-1-ium, 4f—2-Hydroxy-3-imidazo[1,2-

a]pyridin-3-yl-2-phosphonopropionic acid, 1f (100 mg, 0.35 mmol, 1.00 equiv), was 

dissolved in 2.85 mL water and the pH adjusted to 7.4–7.8 with 10 M NaOH. To this 

solution was added 137 µL of 6 (1.75 mmol, 5 equiv). The reaction mixture was stirred at rt 

overnight, and the reaction was monitored by 31P NMR. After 19 h, 61% of 3f was obtained 

with ~24% of side products and ~15% of starting material. The reaction mixture was 

extracted with diethyl ether (3–5 times), and the aqueous phase evaporated in low pressure, 

giving 3f, which was used without further purification. The entire sample of 3f was 

dissolved in 5 mL of NH3·H2O. After stirring at rt for 44 h, 4f was obtained (MS). The 

solvent was removed in vacuo, and the residue was washed with diethyl ether and methanol, 

filtered, and dried, then subjected to HPLC purification on an SAX column (Macherey-

Nagel 21.4 mm × 150 mm SP15/25 Nucleogel column), flow rate: 9 mL/min, UV–vis 

detection at 280 nm. The product was eluted with A: H2O, B: 0.5 M TEAB pH 7.6 using a 

gradient that was increased from 0% to 30% over 10 min, maintained at 30% from 10 to 18 

min, and then increased to 100% of buffer B from 18 to 35 min. The major peak eluting 

from 9.3 to 11.5 min was collected (the retention time has ±1.5 min error between different 

runs), and solvents were evaporated, yielding 4f for the next reaction step. 1H NMR (D2O): 

δ 8.64 (d, J = 7.1 Hz, 1H), 7.91–7.71 (m, 2H), 7.62 (s, 1H), 7.29 (ddd, J = 7.0, 5.9, 2.2 Hz, 

1H), 4.51–4.39 (m, 1H), 4.35–4.14 (m, 2H), 3.66 (dd, J = 15.8, 3.6 Hz, 1H), 3.35 (dd, J = 

15.7, 7.4 Hz, 1H), 3.26–3.15 (m, 1H), 2.98–2.79 (m, 1H). 31P NMR (D2O): δ 14.8.
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General Method for Preparation of Compounds 7a–7f

The following synthesis and purification steps were performed under minimal lighting. 4a–f 
(3–5 equiv) was dissolved in H2O. The pH was adjusted to 8.3 with solid Na2CO3. 5(6)-

FAM, SE (1 equiv), 5(6)-RhR-X, SE (1 equiv), 5(6)-ROX, SE48 (1 equiv), AF647, SE (1 

equiv, the structure of AF647 was determined by MS and 1H NMR of its corresponding 

BP/PC conjugates, and is different from the proposed structure in the literature49), sulfo-

Cy5, SE (1 equiv), or IRDye 800CW, SE (1 equiv) was dissolved in anhydrous DMF and 

combined with the water solution. The pH was readjusted to 8.2–8.5 with Na2CO3, 

dissolving any precipitate, and the reaction mixture stirred for 3 h–overnight under rt in 

darkness. Crude FAM and 5(6)-RhR-X conjugates (7a1–7a4, 7b1–7b2, 7c1–7c2, 7d1–7d2, 
7e1–7e2, 7f1–7f2) were purified by TLC on plates 20 × 20 cm2 or 7 × 20 cm2 (the size of 

TLC plates chosen depends on the total crude amount) eluted with 100% MeOH. Crude 

reaction mixtures of other dye conjugates were not purified by TLC. The phosphonate-

containing compounds remaining at the origin (Rf = 0) were extracted with water; the 

combined aqueous extracts may be treated with Chelex (sodium form) to aid the extraction 

process. The solution was centrifuged, and then concentrated in vacuo. The resulting solids 

were then dissolved in water, 20% MeOH in 0.1 M triethylammonium acetate buffer 

(TEAAc, pH 5.0–5.5), or triethylammonium carbonate buffer (TEAC, pH 7.0–7.8) and 

filtered through Nanosep 30K Omega filters. The solution was then purified by preparative/

semipreparative reverse-phase HPLC according to the appropriate method. The final amount 

of conjugates was calculated from the UV–vis absorption spectrum, and the isolated eluate 

was concentrated in vacuo and lyophilized. The lyophilized solids have a significantly 

longer storage shelf life than in solution. For detailed experimental procedures and data for 

each individual compound, see Supporting Information.

UV–vis Absorption and Fluorescence Emission Spectra

The samples were dissolved in water and diluted with 0.1 M phosphate buffer or 1 × PBS 

(for 7d5). Approximating that the labeled bisphosphonates have the same extinction 

coefficient (ε) as the carboxylic acid of the free fluorescent label, the final concentrations for 

all labeled products were calculated from UV–vis absorption spectra at λ = 493 nm (ε = 

73,000 M−1 cm−1 at pH 7.2) for FAM conjugates (7a1–7a3, 7b1, 7c1, 7d1–7d2, 7e1–7e2, 
7f1–7f2), λ = 567.5 nm (ε = 114,850 M−1 cm−1 at pH 7.5) for RhR-X conjugates (7a4, 7b2, 
7c2), λ = 580 nm (ε = 72,000 M−1 cm−1 at pH 8.0) for ROX conjugates (7a5, 7b3), λ = 648 

nm (ε = 240,000 M−1 cm−1 at pH 7.2) for AF647 conjugates (7a6, 7b4, 7d3), λ = 774 nm (ε 
= 240,000 M−1 cm−1 at pH 7.4) for 800CW conjugates (7d4), λ = 644 nm (ε = 271,000 M−1 

cm−1 at pH 7.4, 1 × PBS) for Sulfo-Cy5 conjugates (7d5).50–56

Emission spectra for FAM and RhR-X conjugates were recorded using an excitation 

wavelength of 490 or 520 nm, respectively. Emission spectra for AF647 conjugates and 

Sulfo-Cy5 conjugates were recorded using an excitation wavelength of 600 nm. Emission 

spectra of 5(6)-ROX conjugates were recorded using an excitation wavelength of 575 nm. 

Emission spectra of IRDye CW800 conjugate was recorded using an excitation wavelength 

of 750 nm. The set up of excitation slit, emission slit, integration time, and increment were 

determined to get optimal spectra for each compound, respectively, depending on the sample 

concentration and spectrometer used.
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Hydroxyapatite Column Chromatography Assay

The fast performance liquid chromatography (FPLC) system consisted of a Waters 650E 

advanced protein purification system (Millipore Corp., Waters chromatography division, 

Milford, MA), a 600E system controller, and a 484 tunable absorbance detector for UV 

absorbance assessment. Ceramic hydroxyapatite [HAP, Ca10(PO4)6(OH)2, Macro-Prep 

Ceramic Hydroxyapatite Type II 20 µm 100 g, Bio-Rad Laboratories, Inc., Hercules, CA] 

was equilibrated with 1 mM phosphate buffer (pH 6.8) and packed in a 0.66 cm (diameter) × 

6.5 cm (length) glass column (Omnifit, Biochem valve inc., Cambridge, U.K.), which was 

attached to the Waters 650E advanced protein purification system. Each sample was 

prepared in 1 mM potassium phosphate buffer, and 100 µL of 1 mM (0.1 µmol) sample was 

injected into the FPLC system. Subsequently, the compounds were absorbed and 

subsequently eluted at a flow rate of 2 mL/min using a linear concentration gradient of 

phosphate buffer from 1 to 1000 mM at pH 6.8. Fractions of each sample were collected in 

80 tubes using an automated fraction collector (Gilson, France) and then used for subsequent 

ultraviolet (SPECTRAmax PLUS 384, Molecular Devices, CA) or fluorescence 

spectrometry detection (Wallac Victor, 1420 Multilabel Counter, PerkinElmer, USA). Each 

fraction contained eluate for 0.3 min intervals. The elution profile for each sample was 

determined in triplicate for statistical analysis (Prism, GraphPad Software, USA). Using the 

native BP (RIS, ZOL, and MIN) as a retention time control/comparator, the chromatographic 

profiles of each fluorescent probe were normalized to its BP counterpart to allow relative 

comparisons of separations performed at different times. Data are presented as mean 

retention times normalized to RIS ± standard deviation (SD). Significant differences 

between the compounds and RIS were determined by one-way analysis of variance 

(ANOVA). Significance was assumed at p < 0.0001.

Inhibition of Protein Prenylation and Cell Viability Assays

To determine the effect of fluorescent BP probes on protein prenylation, J774.2 mouse 

macrophages were plated out at 2 × 105 cells/mL in 24-well plates and left to adhere 

overnight. Cells were then treated with 10 or 100 µM of fluorescent analogues of RIS, dRIS, 

and ZOL, the respective native BP, or vehicle, for 24 h. Cells were lysed in 

radioimmunoprecipitation buffer, and proteins were separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis and transferred to polyvinyl difluoride membranes by 

Western blotting. Membranes were then incubated with antibodies to the unprenylated form 

of Rap1A (uRap1A) and the housekeeping protein β-actin, which were detected by 

incubation with fluorescently labeled secondary antibodies and scanning of membranes on a 

LI-COR Infrared Imager. Results shown are representative of 2 independent experiments.

To determine the effect of fluorescent BP analogues on cell viability, J774.2 mouse 

macrophages were plated at 2 × 105 cells/mL in 96-well plates and left to adhere overnight. 

Cells were then treated with 10, 100, or 500 µM of fluorescent analogues of RIS, dRIS, and 

ZOL, the respective native BP, or vehicle, for 48 h. At the end of the incubation period, 

AlamarBlue reagent was added to each well and incubation continued for a further 3 h. 

Fluorescence was detected on a plate reader, and expressed as percent of vehicle control. 

Results are shown as mean ± SD of ≥2 independent experiments, performed at least in 

duplicate.
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Prenyl Synthase Inhibition Assays

FPPS and GGDPS assays were performed as described in literature.43,57 FPPS was assayed 

at 10 nM with geranyl pyrophosphate as substrate. GGDPS was assayed at 20 nM with 

farnesyl pyrophosphate as substrate.

Fluorescent-BP Distribution Study in a Rat Model

Rat studies were performed according to a protocol approved by the Home Office (UK) and 

in accordance with the Animals (Scientific Procedures) Act 1986 and the Home Office Code 

of Practice as previously described.18 In brief, male Sprague–Dawley rats, 9 weeks old, were 

subcutaneously injected with a single dose of 5(6)-FAM-RIS (0.345 mg/kg) and 5(6)-RhR-

RISPC (0.385 mg/kg). Seven days later, animals were sacrificed and tibiae were collected 

and fixed in 70% ethanol, before embedding in methyl methacrylate. The localization of the 

two probes in the tibia was analyzed in transverse histological sections by confocal 

microscopy (Zeiss LSM510).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AF647 Alexa Fluor 647

BP bisphosphonate

FAM carboxyfluorescein

FPP farnesyl pyrophosphate

FPPS farnesyl pyrophosphate synthase

GGDPS geranylgeranyl diphosphate synthase

HAP hydroxyapatite

MIN minodronate

N-BP nitrogen-containing bisphosphonate

PC phosphonocarboxylate

RhR Rhodamine Red-X

RIS risedronate
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ROX X-Rhodamine

ZOL zoledronate
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Figure 1. 
Reaction of ZOL (1d) and 5. (A) 31P NMR of reaction mixture of 1d and 5 via Route A (in 

D2O, pH 7.5; 50 °C for 41 h then deprotection with TFA:H2O (1:1)). (B) HPLC analysis of 

reaction mixture of ZOL (1d) and 5 using a strong anion exchange (SAX) column 

(Macherey-Nagel 21.4 mm × 150 mm SP15/25 Nucleogel column), eluted with eluent a, 

H2O; b, 0.5 M TEAB pH 7.5, gradient increased from 0% to 30% over 10 min, then 

maintained at 30% during 10–15 min, then increased to 100% of eluent b from 15 to 35 min 

at 9 mL/min flow rate; UV–vis detection at 230 nm.
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Figure 2. 
HAP column binding assay of fluorescent N-BP probes compared to parent N-BP drugs. 

Data are shown as mean ± SD from three individual studies, as relative retention times 

normalized to RIS (= 1.00) (p < 0.0001, significant differences between the compounds and 

RIS were determined by one-way analysis of variance (ANOVA)). The color at the top of 

each data column represents: Green, FAM conjugates; Red, 5(6)-RhR conjugates; Purple, 

5(6)-ROX conjugates; Blue, AF647 conjugates; Dark green, 800CW conjugates.
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Figure 3. 
Prenylation assay and J774.2 cell viability assay of BP fluorescent imaging probes. A–C: 

Western blot assays for unprenylated Rap1A (uRap1A). J774.2 macrophages were treated 

with 10 or 100 µM of fluorescent analogues of RIS (A), dRIS (B), and ZOL (C), the 

respective native BP, or vehicle, for 24 h. Detection of β-actin served as the loading control. 

The ratio between abundance of unprenylated Rap1A and β-actin for each sample is 

indicated below the blots. D–F: Cell viability assays of J774.2 macrophages. Cells were 

treated with 10, 100, or 500 µM of fluorescent conjugates of RIS (D), dRIS (E), and ZOL 

(F), the respective native BP, or vehicle, for 48 h. Results are shown as mean ± SD of ≥2 

independent experiments, performed at least in duplicate.
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Figure 4. 
Localization of a high HAP affinity N-BP drug probe (5(6)-FAM-RIS, green) and a low 

HAP affinity PC derivative (RhR-RISPC, red) in the bone of a 9-week-old male Sprague–

Dawley rat (0.2 kg). 5(6)-FAM-RIS (0.345 mg/kg) and 5(6)-RhR-RISPC (0.385 mg/kg) 

were administered subcutaneously via single dose, and 7 days later their localization pattern 

was analyzed in transverse histological sections of the tibia. Nuclei were stained with DAPI 

(blue). Shown is a pocket of bone marrow surrounded by labeled bone matrix, with several 

newly formed osteocytes indicated by arrows. Note the differential labeling pattern of the 
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two compounds with the lower affinity compound (5(6)-RhR-RISPC) penetrating more 

deeply into the bone matrix and appearing more abundantly in the osteocyte lacunae 

(arrows).
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Scheme 1. Synthesis of Fluorescent Bisphosphonate “Toolkit”a
aA(1): ~5% MeOH/H2O, 40–50 °C; A(2): 1:1 TFA/H2O, RT; B(1): H2O, RT; B(2): 

NH3·H2O, RT; (C): FAM, SE (8), RhR-X, SE (9), ROX, SE (10), AF647, SE (11), 800CW, 

SE (12), or Sulfo-Cy5, SE (13), NaHCO3/DMF, pH 8.3–9.0, RT, in darkness.
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Scheme 2. Reaction of Pyridine with Epichlorohydrin (6)
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Table 1

Spectroscopic Properties of Fluorescent Bisphosphonate Probes

probes

maximum absorption 
wavelengthb
(λmax (abs), nm)

maximum emission 
wavelengthb

(λmax (em), nm)

extinction coefficientc,d

(M−1 cm−1)

5(6)-FAM-RIS (7a1)a 493 518 73,000 (pH 7.2)

5-FAM-RIS (7a2)a 493 521 73,000 (pH 7.2)

6-FAM-RIS (7a3)a 493 517 73,000 (pH 7.2)

5(6)-RhR-RIS (7a4) 567.5 589 114,850 (pH 7.5)

5(6)-ROX-RIS (7a5) 580 606 72,000 (pH 8.0)

AF647-RIS (7a6) 648 666 240,000 (pH 7.0)

5(6)-FAM-RISPC (5(6)-FAM-3-PEHPC, 7b1)a 493 518 73,000 (pH 7.2)

5(6)-RhR-RISPC (5(6)-RhR-3-PEHPC, 7b2) 568 589 114,850 (pH 7.5)

5(6)-ROX-RISPC (5(6)-ROX-3-PEHPC, 7b3) 579 606 72,000 (pH 8.0)

AF647-RISPC (AF647–3-PEHPC, 7b4) 648 666 240,000 (pH 7.0)

5(6)-FAM-dRIS (7c1)a 493 518 73,000 (pH 7.2)

5(6)-RhR-dRIS (7c2) 567.5 589 114,850 (pH 7.5)

5-FAM-ZOL (7d1) 493 521 73,000 (pH 7.2)

6-FAM-ZOL (7d2) 493 516 73,000 (pH 7.2)

AF647-ZOL (7d3) 648.5 666 240,000 (pH 7.0)

800CW-ZOL (7d4) 774 789 240,000 (pH 7.0)

Sulfo-Cy5-ZOL (7d5) 644 663 271,000 (1× PBS, pH 7.4)

5-FAM-MIN (7e1) 493 522 73,000 (pH 7.2)

6-FAM-MIN (7e2) 493 518 73,000 (pH 7.2)

5-FAM-MINPC (5-FAM-3-IPEHPC, 7f1) 493 522 73,000 (pH 7.2)

6-FAM-MINPC (6-FAM-3-IPEHPC, 7f2) 493 517 73,000 (pH 7.2)

a
Previously reported.27

b
There is ±1 nm error in λmax (abs) and λmax (em).

c
The extinction coefficient of each probe is approximated as same as its corresponding fluorescent dye.

d
Unless specified, all measurements were carried out on samples in 0.1 M phosphate buffer.
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