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Abstract

A programmable pre-assembly method is described and shown to produce near-infrared 

fluorescent molecular probes with tunable multivalent binding properties. The modular assembly 

process threads one or two copies of a tetralactam macrocycle onto a fluorescent PEGylated 

squaraine scaffold containing a complementary number of docking stations. Appended to the 

macrocycle periphery are multiple copies of a ligand that is known to target a biomarker. The 

structure and high purity of each threaded complex was determined by independent spectrometric 

methods and also by gel electrophoresis. Especially helpful were diagnostic red-shift and energy 

transfer features in the absorption and fluorescence spectra. The threaded complexes were found to 

be effective multivalent molecular probes for fluorescence microscopy and in vivo fluorescence 

imaging of living subjects. Two multivalent probes were prepared and tested for targeting of bone 

in mice. A pre-assembled probe with twelve bone-targeting iminodiacetate ligands produced more 

bone accumulation than an analogous pre-assembled probe with six iminodiacetate ligands. 

Notably, there was no loss in probe fluorescence at the bone target site after 24 hours in the living 

animal, indicating that the pre-assembled fluorescent probe maintained very high mechanical and 

chemical stability on the skeletal surface. The study shows how this versatile pre-assembly method 

can be used in a parallel combinatorial manner to produce libraries of near-infrared fluorescent 

multivalent molecular probes for different types of imaging and diagnostic applications, with 

incremental structural changes in the number of targeting groups, linker lengths, linker flexibility, 

and degree of PEGylation.
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 Introduction

Molecular probes with selective affinity for biomarkers that are expressed on the exterior 

surface of biological targets are commonly employed for diagnostics, imaging, and targeted 

therapy.1,2 The most common strategy in the literature uses a high affinity monovalent probe 

with a single targeting ligand, and under saturating conditions the probe selectivity is 

defined by the difference in biomarker expression levels.3 A second approach uses a 

multivalent probe that is equipped with multiple copies of the targeting ligand.4 If the linker 

between the appended targeting ligands is long enough, there is potential for crosslinking of 

separate biomarkers and an increase in probe avidity to the target site due to positive binding 

cooperativity.5 Even if the linker between the appended targeting ligands is too short for 

biomarker crosslinking, there is still a chance for increased probe avidity to a single 

biomarker due to the high local ligand concentration and long residence time enforced by the 

multivalent probe structure.6–8 The probe structural factors that promote strong and selective 

multivalent association are still being debated in the literature, but two of the most obvious 

are the number of appended targeting ligands and the structure of the linkers that connect 

them.9,10 The average distance between two biomarkers depends on the expression level 

and, in principle, it should be possible to match this average distance with a complementary 

multivalent probe. In practice, however, it is extremely hard to rationally design a 

multivalent probe for high performance targeting in complex biological media.11–13 Even if 

the biomarker expression level is known, there is the in vivo requirement that useful 

multivalent probes must have appropriate pharmacokinetic properties that enable them to 

access desired anatomical locations before probe clearance from the blood stream.

An alternative approach to probe development by rational design is a screening paradigm 

that prepares a relatively large number of different multivalent molecular probes and 

subsequently identifies, through a screening assay, the library members with the best 

targeting properties. The first step in this process is the library synthesis, and there are 

essentially three ways to prepare a library of multivalent probes. (1) Covalent synthesis of 
discrete molecules with dendritic scaffolds that present multiple copies of the targeting 
ligands.14,15 This method produces single molecules with precise composition, but the 

reaction yields are often low at high ligand loading levels and require excess reagents which 

may make probe purification a wasteful and time consuming process. (2) Statistical 
attachment of targeting ligands to a polymeric scaffold or nanoparticle surface.16,17 While 

this approach may be amenable to high throughput production of probe variants, each probe 

will have a polydisperse composition. This will likely make it difficult to achieve a 
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reproducible synthesis that satisfies government regulatory agencies.18 There are also 

pharmacokinetic limitations since the in vivo targeting properties of relatively large 

polymers or nanoparticles may be dominated by non-specific accumulation effects such as 

the enhanced permeation and retention effect.19,20 Other problems with relatively large 

polymers or nanoparticles are slow rates of diffusion to size-restricted sites, and limited 

excretion through the kidneys (typically, polymer molecular weight must be less than 40 

kDa for kidney excretion).21 (3) Programmable self-assembly of multivalent probes. This 

concept is relatively new and has not yet been demonstrated in vivo. One published method 

uses sequence-selective nucleobase pairing to precisely position targeting ligands on a DNA 

or PNA scaffold.22–24 Other approaches use supramolecular chemistry to assemble 

macrocyclic hosts, such as cyclodextrins with attached ligands, onto appropriate 

scaffolds.25,26 While these literature self-assembly methods have attractive features, they 

also have limitations, especially if the goal is to produce targeted probes for molecular 

imaging. The most obvious shortcoming for imaging applications is the transparent nature of 

the self-assembly building blocks, which means that a reporter group still has to be 

connected to the probe which lengthens and complicates the fabrication process.

Here, we describe a new programmable pre-assembly method that can rapidly produce 

libraries of fluorescent multivalent molecular probes with tunable binding properties. 

Moreover, the fluorescence emission wavelength is in the near-infrared window, which is 

optimal for in vivo imaging.27–29 The modular assembly process threads one or two copies 

of a macrocycle onto a PEGylated squaraine scaffold containing a complementary number 

of fluorescent docking stations (Figure 1). Appended to the macrocycle periphery are 

multiple copies of a ligand that is known to target a biomarker. A pre-assembled targeted 

fluorescent probe is created in essentially quantitative yield by simply mixing a sample of 

squaraine scaffold and macrocycle in appropriate molar ratio. In principle, a sub-library of m 
macrocycles and sub-library of n squaraine scaffolds can be mixed in parallel combinatorial 

fashion to create a library of m x n fluorescent probes, each with incremental structural 

changes such as ligand copy number, linker distance, linker flexibility, and degree of 

PEGylation to control biodistribution.30, 31 The macrocycle threading process that is the 

basis of the pre-assembly method is shown in Figure 2 and we call it Synthavidin (Synthetic 

Avidin) technology.32 The macrocycle is a water-soluble tetralactam with anthracene 

sidewalls, and previous studies have shown that it can be threaded by a PEGylated squaraine 

dye to give a highly stable complex with nanomolar dissociation constant.33–35 Detailed 

thermodynamic and kinetic measurements have identified the structural factors that favor the 

very strong association and control the rates of macrocycle threading. In short, the two 

oxygen atoms on the encapsulated squaraine dye form hydrogen bonds to the four 

macrocycle NH residues and there is coplanar stacking of the squaraine aromatic surfaces 

with the anthracene sidewalls of the macrocycle. The threading kinetics are insensitive to the 

length of the two PEG chains that extend from each end of the squaraine structure. Indeed, 

there is no decrease in threading rates when the PEG chains are extended by several hundred 

atoms, but the threading kinetics are greatly affected by the steric size of the second N-

substituent attached to the squaraine termini, and an N-propyl group produces a set of 

kinetic and thermodynamic properties that are well-suited for programmable pre-assembly 

of threaded probes with robust structure.34 To be more specific, mixing the two components 
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in Figure 2 at high micromolar concentration in water at room temperature leads to 

quantitative formation of the threaded complex. An aqueous stock solution of the pre-

assembled complex can be stored without change for long periods and dilution of an aliquot 

to nanomolar concentrations in fetal bovine serum produces no measurable dissociation after 

24 h. The threaded squaraine complexes have near-infrared fluorescence properties that are 

well-suited for biological imaging. With log ε > 5 and fluorescence quantum yields of ~0.1 

in water, they are relatively bright when compared to other near-infrared dyes. Since the 

encapsulated squaraine dye is protected from the solvent the fluorescence brightness hardly 

changes with pH or polarity of the surrounding medium, a major advantage for quantitative 

imaging. The squaraine absorption/emission bands are narrow with absorption maximum 

near 675 nm and emission maximum around 715 nm. This corresponds to the common 

Cy5.5 filter set on microscopes, microarrays, and imaging stations, and the narrow bands 

enable effective multicolor imaging.36, 37 The unusually large Stokes shift of ~40 nm means 

there is relatively little loss in fluorescence efficiency due to the inner field effect (absorption 

of the light emitted by another molecule). Furthermore, a “mega-Stokes shift” of 325 nm can 

be achieved by exploiting energy transfer within the threaded complex. Thus, excitation of 

the anthracene sidewalls in the surrounding macrocycle with blue light produces efficient 

internal energy transfer to the encapsulated squaraine. Observation of this energy transfer is 

a convenient way to confirm that the complex has retained its threaded structure.

The primary aim of this study was to demonstrate for the first time that our Synthavidin 

method for macrocycle threading could be used for programmed pre-assembly of 

multivalent fluorescent probes that enable effective targeting of specific anatomical locations 

in a living subject. To achieve this crucial aim we needed to develop robust synthetic 

methods to produce the appropriate building blocks (squaraine scaffolds with one or two 

docking stations, and macrocycles decorated with multiple copies of a targeting ligand) and 

convenient structural elucidation methods to prove that quantitative probe pre-assembly had 

occurred. We also had to confirm that the pre-assembled multivalent probes were 

mechanically and chemically stable during different types of biological imaging 

experiments. Finally, we wanted to demonstrate the practical utility of this new class of pre-

assembled fluorescent probes by testing the hypothesis that multivalent molecular targeting 

of bone in living subjects increases when the molecular probes have an increased number of 

appended bone targeting ligands.

 Results and Discussion

 Probe Design

Shown in Figure 3 are the two squaraine scaffolds and two macrocycles that were used to 

pre-assemble four near-infrared fluorescent probes as threaded complexes. The scaffold S 
has one squaraine docking station, whereas, the scaffold S3S has two squaraine docking 

stations separated by a triethylene glycol chain. The scaffolds were threaded with either the 

macrocycle 6C which has six appended carboxylate groups (designated as C), or the 

macrocycle 6B which has six appended iminodiacetate groups (designated as B and also 

colored green in the simplified schematic structures). Previously, we reported the structure 

and properties of threaded, single-station complex 6C ⊃S.33 As a fluorescent probe in cell 

Peck et al. Page 4

Bioconjug Chem. Author manuscript; available in PMC 2016 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



culture, it exhibited no specific cell affinity and was observed to slowly enter living cells 

over several hours. Thus, in this present mouse imaging study, the threaded complex 6C ⊃S 
and new two-station version 2(6C) ⊃S3S were expected to act as non-targeted control 

probes that cleared from the blood stream through the kidneys with little retention in other 

organs.38 The other pre-assembled probe system is the related pair of 6B ⊃S and 2(6B) 
⊃S3S which have six and twelve appended iminodiacetate groups, respectively. Three years 

ago, we discovered that fluorescent probes with appended iminodiacetate groups have 

affinity for regions of living bone that are undergoing high turnover.39 The iminodiacetate 

groups associate with the hydroxyapatite mineral within the bone.40 Moreover, a 

comparative in vivo imaging study showed that a fluorescent probe with four iminodiacetate 

groups exhibited more bone accumulation in living mice than a probe with two 

iminodiacetate groups. Thus, in this present mouse imaging study, the threaded complexes 

6B ⊃S and two-station version 2(6B) ⊃S3S were designed to act as multivalent bone-

targeting probes. Our starting hypothesis was that the dodecavalent probe 2(6B) ⊃S3S 
would produce more bone accumulation than hexavalent 6B ⊃S.

 Synthesis of Building Blocks and Probe Pre-assembly

The single-station squaraine scaffold S and double-station S3S were synthesized in 

straightforward fashion by conducting copper catalyzed alkyne/azide cycloaddition reactions 

using a common squaraine bisalkyne precursor (see Supporting Information). The two 

macrocycles 6B and 6C were also prepared in a few steps using established chemistry, and 

the high purity of each of the four building blocks was confirmed by standard spectroscopic 

methods.

The macrocycle threading process is conveniently monitored by absorption or fluorescence 

spectroscopy, and threading is indicated by several diagnostic changes in spectral properties, 

such as a 20–30 nm red-shift in squaraine absorption/emission maxima and also efficient 

internal energy transfer from the macrocycle (ex: 390 nm) to the encapsulated squaraine dye 

(em: 715 nm). Previously, we showed that mixing S and 6C in water at 20 °C formed the 

single-station untargeted complex 6C ⊃S with an association constant (Ka) of 1 × 109 M−1 

and threading rate kon of 130 M−1s−1.33 Essentially the same values of Ka and kon were 

observed when S and 6B were mixed in water to form the single-station targeted complex 

6B ⊃S. This was expected since the structures of the two macrocycles differ only by a 

relatively minor alteration of the peripheral ligands located away from the internal 

macrocycle cavity that contacts the squaraine docking station. With the two-station 

complexes, 2(6C) ⊃S3S and 2(6B) ⊃S3S, the rate of the double macrocycle threading 

process was observed to be 20–50 times slower but it still produced the threaded complexes 

in nearly quantitative yield. The most likely major reason for the slower threading rates is 

that the unthreaded two-station scaffold S3S is folded in aqueous solution, as reflected by its 

highly blue-shifted absorption band (605 nm) and very low fluorescence quantum yield. 

Sequential threading of two macrocycles onto S3S produced incremental red-shifting of the 

squaraine absorption maxima and an increase in fluorescence emission intensity (Figure 

S11–14). In addition, there was an incremental increase in internal energy transfer efficiency 

from the macrocycle to the encapsulated squaraine (Figure S15–16). These photophysical 

differences are reflected by the spectral data in Table 1, which shows that the fluorescence 
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quantum yields for the doubly threaded, two-station complexes 2(6C) ⊃S3S and 2(6B) 
⊃S3S are higher than the singly threaded complexes of the two-station scaffold (i.e., 6C 
⊃S3S and 6B ⊃S3S). The kinetics for sequential threading of two macrocycles onto S3S 
were investigated in more detail by conducting step-wise threading experiments. The 

experiments started by adding one molar equivalent of macrocycle (6C or 6B) to a solution 

of the two-station scaffold S3S, and once threading was complete a second molar equivalent 

of the macrocycle was added to the solution. In Figure 4 are plots showing the squaraine 

fluorescence enhancement caused by this step-wise macrocycle threading. Each stage of the 

two-stage plots was treated as a separate bimolecular association event, and fitting to a 

second order kinetic model gave kon for the two individual threading steps (Figure S20 and 

Table S2). With both macrcocycles, the values of kon for each step were similar (1 – 4 

M−1s−1 at 20 °C) and there was essentially quantitative production of 2(6C) ⊃S3S or 2(6B) 
⊃S3S within a few hours. Based on these threading rates, a standard set of pre-assembly 

conditions was employed to prepare a stock solution of each of the four pre-assembled 

complexes in Figure 3. In each case, the squaraine scaffold (250 μM) was mixed with one or 

two molar equivalents of the appropriate macrocycle and the aqueous solution incubated for 

eight hours at room temperature. This waiting period ensured completion of the pre-

assembly process, which was confirmed by monitoring the absorption and fluorescence 

signatures described above.

Three other structural elucidation techniques (1H NMR spectroscopy, MALDI-TOF mass 

spectrometry and gel electrophoresis) were investigated as independent methods to confirm 

that probe pre-assembly had occurred. The 1H NMR spectrum of single-station complex 6C 
⊃S contains a set of sharp signals with chemical shift changes that are highly consistent with 

the threaded structure 6C ⊃S (Figure S3). However, 1H NMR spectra for the other three 

threaded complexes were less informative (Figure S4–S6). The spectrum of 2(6C) ⊃S3S 
was sharp but the patterns were complicated because of the unsymmetric structure of the 

dimeric squaraine scaffold and also the existence of multiple squaraine conformational 

isomers (due to relative orientation of the thiophene rings). 1H NMR spectra for the two 

targeted probes 6B ⊃S and 2(6B) ⊃S3S in water were very broad and this was attributed to 

proton exchange within the peripheral iminodiacetate groups. Overall, 1H NMR was not a 

generally effective method for structural characterization of the threaded complexes in water. 

More compelling qualitative evidence for the existence of the threaded structures was gained 

by MALDI-TOF mass spectrometry. Although the relatively harsh ionization conditions of 

MALDI mass spectrometry make it a challenging method for detection of noncovalent 

assemblies, the technique is attractive because it can be exploited for mass spectrometric 

imaging.41 After some experimentation, good levels of complex ionization were obtained by 

incorporating the complexes within a dried spot of MALDI matrix containing a large 

concentration of 2,4-dihydroxybenozoic acid, and with each separate sample of complex 

there was clear mass spectral evidence for the presence of the threaded structure with correct 

stoichiometry. There were also peaks corresponding to the unthreaded components, most 

likely induced by the highly acidic matrix and the laser induced desorption ionization 

process.41 Therefore, we searched for a structure characterization method that analyzed the 

threaded complexes under conditions that closely matched the pre-assembled stock 

solutions, and found success with agarose gel electrophoresis followed by near-infrared 
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fluorescence imaging. Shown in Figure 5 are images of two representative gels that were run 

with loading wells containing pre-determined mixtures of singly or doubly threaded two-

station complexes (i.e., the mixtures were made by adding aliquots from independently 

prepared stock solutions). The gel images show that the singly threaded and doubly threaded 

two-station complexes can be separated according to their different mass-to-charge ratios 

and that the relative amounts in a mixture can be quantified by fluorescence imaging of the 

gel. The gel images also show that the fluorescence bands for the doubly threaded, two-

station complexes 2(6C) ⊃S3S and 2(6B) ⊃S3S are brighter than the singly threaded 

homologues 6C ⊃S3S and 6B ⊃S3S, which matches the order of fluorescence quantum 

yields in Table 1. Focusing on gel lanes b and f in Figure 5, which contained only aliquots 

from the stock solutions of pre-assembled 2(6C) ⊃S3S or 2(6B) ⊃S3S, respectively, the 

bands show clearly that the purity of each solution was > 90% doubly threaded, two-station 

complex. Additional gel electrophoresis experiments proved that the pre-assembled stock 

solutions of threaded one-station complexes, 6C ⊃S and 6B ⊃S, were also very high purity 

(Figure S19). The results indicate that agarose gel electrophoresis followed by fluorescence 

imaging is a convenient and general method for confirming that a pre-assembled threaded 

complex has formed in high yield.

 Preliminary Biocompatibility Studies

Before embarking on extensive in vitro and in vivo imaging studies we conducted a limited 

set of assays to prove probe biocompatibility. Cell vitality assays using cultured Chinese 

Hamster Ovary (CHO) cells found that 24 h incubations with the free building blocks or the 

threaded complexes produced negligible cell toxicity at concentrations up to 50 μM (Figure 

S21). Furthermore, there was negligible loss of fluorescence for free S or pre-assembled 6B 
⊃S after a 30 minute incubation with rat liver microsomes, indicating high metabolic 

stability (Figure S22). Finally, a fluorescence binding assay showed that pre-assembled 6C 
⊃S has only moderate affinity for albumin proteins (Kd ~ 20 μM with bovine serum 

albumin, see Figure S23). Together these results suggested that low micromolar doses of the 

pre-assembled probes were not likely to cause cell or animal toxicity, and that liver 

metabolism or sequestration by albumin proteins in the blood stream was not likely to be a 

factor preventing the pre-assembled probes from reaching their anatomical targets in a living 

subject. This general conclusion agrees with the high biocompatibilities observed previously 

with structurally related squaraine rotaxane probes.42–43

 In Vitro Studies of Bone Targeting by Pre-Assembled Multivalent Probes

An initial set of test tube studies measured the relative abilities of each pre-assembled probe 

to adsorb to powdered mouse bone. Separate aqueous solutions (4 μM) of non-targeted, 

control probe 6C ⊃S, and the two targeted probes, 6B ⊃S and 2(6B) ⊃S3S, were treated 

with increasing amounts of bone powder and shaken for 1 h. The bone powder was separated 

from each sample by centrifugation, and the amount of probe remaining in the supernatant 

was determined by absorption spectroscopy. As shown in Figure 6 the non-targeted 6C ⊃S 
had very little affinity for the powdered bone. In contrast, large fractions of the targeted 

probes adsorbed to the powdered bone. For example, the presence of 200 mg bone powder 

removed >75% of hexavalent 6B ⊃S and >90% of dodecavalent 2(6B) ⊃S3S from the 
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respective solutions, indicating higher bone affinity with the dodecavalent probe, 2(6B) 
⊃S3S. The same affinity trend was observed in fluorescence microscopy experiments that 

assessed the ability of the three probes to stain histology sections of mouse bone. Thin slices 

of mouse tibia tissue were mounted on slides and then treated with one of the probe 

solutions (10 μM). As shown in Figure 7, there was negligible staining of the sections by 

non-targeted 6C ⊃S, weak staining by the hexavalent probe 6B ⊃S, and relatively intense 

staining by the dodecavalent probe 2(6B) ⊃S3S. Previously, we have shown that bone 

section staining with a fluorescent probe containing multiple iminodiacetate groups is lost if 

the bone section is decalcified by pre-treatment with EDTA.39

 In Vivo Studies of Bone Targeting by Pre-Assembled Multivalent Probes

A series of in vivo imaging experiments were designed to evaluate the relative abilities of 

each pre-assembled probe to target the skeletons of living mice. The first set of experiments 

used separate cohorts of mice that were given an intravenous injection of one of the probes 

(10 nmol) in water. Three hours later, the animals were euthanized, the skin and organs 

removed and the skeletons were subjected to planar, whole-body fluorescence imaging with 

a Cy5.5 fluorescence filter set. The ex vivo mouse imaging showed that dodecavalent probe 

2(6B) ⊃S3S produced much higher bone signal than hexavalent probe 6B ⊃S, with strong 

localization at skeletal regions that have high bone turnover, such as tibial and femoral 

heads, lumbar vertebrae, and scapulae (Figure 8). Furthermore, the strong probe staining 

enabled magnified fluorescence imaging of these skeletal regions (see Figure S26 for 

magnified images). The non-targeted control probe 6C ⊃S exhibited no bone affinity, and 

organ biodistribution measurements showed that all three probes were cleared from the body 

through the kidneys, with minimal retention in other organs (Figure S24). The higher bone 

staining with 2(6B) ⊃S3S compared to 6B ⊃S suggests that the dodecavalent probe 

associates more strongly with the bone surface than the hexavalent probe, a trend that is 

consistent with the bone/probe binding data in Figure 6. In addition, it appears that 

association of the dodecavalent probe to the bone surface switches on the probe’s 

fluorescence. The top left panel of Figure 8 shows representative Cy5.5 fluorescence images 

of the syringes containing the probe solutions just before they were injected into the mice. 

The aqueous solution of two-station 2(6B) ⊃S3S is much less fluorescent than the solutions 

containing the one-station probes, 6B ⊃S or 6C ⊃S, which matches the order of 

fluorescence quantum yields in Table 1. The low fluorescence of 2(6B) ⊃S3S in water is 

most likely due to partial folding of the two-station probe which causes squaraine self-

quenching, and it seems that this quenching effect is alleviated by a factor of 2 to 3 when the 

two-station probe unfolds on the bone surface in order to maximize multivalent binding 

(Figure 9). One of the goals of future studies is to determine if this “switch on” fluorescence 

effect can be achieved with other classes of targeted two-station probes, as it is a useful way 

to enhance signal to background ratio and improve image contrast.

A second set of mouse imaging experiments injected a cohort of mice with a single dose of 

dodecavalent 2(6B) ⊃S3S probe (10 nmol) and euthanized them only five minutes later. Ex 

vivo images of the mice showed that a large fraction of the fluorescent probe had either 

associated with the skeleton or had passed into the kidneys (Figure S25). Thus, association 

of the targeted 2(6B) ⊃S3S probe to the bone occurs very quickly in the living animal.
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A final mouse imaging study determined the longitudinal stability of the dodecavalent 2(6B) 
⊃S3S probe at the target bone sites. Two cohorts of mice were given single intravenous 

doses of dodecavalent 2(6B) ⊃S3S probe (10 nmol). One cohort was sacrificed after 3 h and 

the other cohort was sacrified after 24 h, and all mice were imaged using the same ex vivo 

conditions. As shown by the imaging data in Figure 10, there was no change in the NIR 

fluorescence intensity suggesting that once bound, the 2(6B) ⊃S3S probe does not dissociate 

from the bone or undergo any measurable decomposition or mechanical unthreading. It is 

important to realize that unthreading of the pre-assembled 2(6B) ⊃S3S inside the mouse 

would sequentially produce the singly threaded complex, 6B ⊃S3S, and then the fully 

unthreaded two-station scaffold S3S. These two structures are less fluorescent than 2(6B) 
⊃S3S (Table 1) and in the case of S3S there is no bone targeting capability. Thus, the 

imaging data in Figure 10 is compelling evidence that the pre-assembled probes maintain 

very high mechanical, chemical, and metabolic stability over a 24 h time frame on the 

skeletal surface in living mice.

These imaging results confirm the hypothesis that multivalent molecular targeting of bone in 

living subjects increases with the number of appended iminodiacetate groups as the bone 

targeting ligands. An interesting conceptual question is whether the difference in probe 

affinity is simply due to the different number of bone targeting ligands or whether there is a 

multivalent cooperative binding effect. In the literature, these types of studies are conducted 

with purified synthetic or model in vitro binding systems,5,12 and they typically involve 

probe avidity measurements over a range of different concentrations. But the complexity of 

in vivo systems makes it much harder to design meaningful experiments that can delineate 

the different structural factors that control probe targeting performance. This is the case with 

bone probes 6B ⊃S and 2(6B) ⊃S3S because they have significant structural differences 

beyond the number of bone targeting ligands. Most importantly, the structure of 6B ⊃S is 

flanked by two long PEG44 chains, whereas the structure of 2(6B) ⊃S3S has two short PEG3 

chains. Such a large difference in PEG chain lengths may produce concentration-dependent 

differences in probe pharmacokinetics or the kinetics of probe association to the bone target 

site,11,31 thus making it impossible to unambiguously assign any observed difference in the 

degree of in vivo bone targeting to a single parameter. This is one of the major reasons why 

we are pursuing a probe library fabrication and screening approach as an efficient method to 

discover high performance molecular probes for in vivo applications.

Our results imply that in vivo targeting of multivalent probe to bone can be fine-tuned by 

altering the number of iminodiacetate groups. Inspection of the bone imaging literature 

indicates increasing community interest in using fluorescent probes for preclinical 

studies,44–46 and there are also ongoing efforts to produce multimodality probes for clinical 

imaging.47,48 Furthermore, researchers are beginning to develop bone-targeting systems for 

drug delivery and bone tissue engineering.49–53 Most of these studies employ 

bisphosphonates as the bone-targeting ligands.54,55 While bisphosphonates have very high 

bone affinity, they also have potent pharmaceutical activities that can potentially disturb the 

physiological processes they are supposed to target.49 More benign types of bone-targeting 

ligands are receiving increased attention,56–60 and a probe design based on multiple 

iminodiacetate groups is a promising new paradigm.
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 Conclusions

The results of this study show that the Synthavidin method for macrocycle threading by a 

PEGylated squaraine scaffold (Figure 2) can be utilized for programmed pre-assembly of 

multivalent near-infrared fluorescent probes for biological imaging. The absorption/emission 

bands are narrow and correspond to the common Cy5.5 filter set on microscopes, 

microarrays, and in vivo imaging stations. The two N-propyl units attached to each end of 

the squaraine docking station are key structural elements that endow the pre-assembly 

process with a very favorable mix of kinetic and thermodynamic properties. Thus, a simple 

process that mixes a squaraine scaffold with one or two docking stations, and a macrocycle 

decorated with multiple copies of a targeting ligand at high micromolar concentration in 

water, leads to essentially quantitative formation of a threaded complex that is stable enough 

in biological conditions to act as an effective multivalent molecular probe for fluorescence 

imaging. Structure and purity of the threaded complexes were readily determined by 

diagnostic features in the absorption and fluorescence spectra and also by straightforward 

analysis using gel electrophoresis. The practical utility of the pre-assembly method was 

demonstrated by preparing two multivalent probes for targeting bone in a living mouse. A 

pre-assembled probe with twelve bone-targeting iminodiacetate ligands produced more bone 

accumulation than an analogous pre-assembled probe with six iminodiacetate ligands. Most 

notably there was no loss in probe fluorescence intensity at the bone target site after 24 

hours in the living animal, proving that the pre-assembled probe maintained very high 

mechanical and chemical stability. The results suggest that Synthavidin technology can be 

exploited as a versatile pre-assembly method for producing libraries of fluorescent 

molecular probes that differ in the number of targeting groups, linker lengths, linker 

flexibility, and degree of PEGylation. The libraries can then be screened to find the library 

members with the best targeting properties.

The preparation of additional probe libraries with a new targeting ligand should be relatively 

easy since the same sub-library of PEG-squaraine scaffolds can be used repeatedly. 

Furthermore, common macrocycle building blocks such as the hexa-alkyne precursor used to 

prepare 6B, can be conjugated with multiple copies of a new targeting ligand to create a sub-

library of ligand appended macrocycles. In some disease areas, such as cancer, many low 

molecular weight targeting ligands are known,61,62 and there is good evidence that 

multivalent presentation will enhance affinity and target selectivity.63 Parallel combinatorial 

mixing of the PEG-squaraine and macrocycle sub-libraries will instantly create a new library 

of pre-assembled fluorescent multivalent probes for immediate screening. Each pre-

assembled molecular probe in the library should exhibit a slightly different multivalent 

targeting performance in living subjects,11 and thus the library can be screened to find the 

library member that exhibits the best targeting performance for any specific biological 

sample or disease state. Not only can this technology be used to produce new and effective 

molecular probes for imaging and diagnostics, it can be exploited as a discovery platform for 

new drug delivery systems and targeted therapeutics.
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 Experimental

 Synthesis, Structure, and Biocompatibility

The synthetic methods used to make the two squaraine scaffolds and two macrocycles are 

described in the Supporting Information, along with the structure characterization data. Also 

provided are the absorption, fluorescence, 1H NMR, MALDI-TOF MS, and gel 

electrophoresis data and analyses that proved the structure and high purity of the four 

separate pre-assembled complexes. In addition, the probe biocompatibility assays and 

related data are included.

 Kinetic Studies of Step-Wise Threading of Macrocycle onto Two-Station Scaffold

Separate stock solutions (1.0 mM) were prepared of the two macrocycles (6C and 6B) in 

water, and S3S in 1:3 DMSO:H2O. Aliquots were combined to produce a 1:1 mixture of 

squaraine scaffold (S3S) and one of the two macrocycles, each at final concentration of 250 

μM in a solution containing 6 % DMSO in H2O at 25 °C. Macrocycle threading was 

monitored over time by periodically removing a 2 μL aliquot, diluting it with 1 mL of H2O, 

and measuring the fluorescence emission intensity at 715 nm (ex: 670 nm). After 

equilibrium had been reached (indicating complete formation of singly threaded two-station 

complex), a second molar equivalent of macrocycle (250 μM) was added, and threading of 

the second macrocycle onto the scaffold was monitored over time by periodically removing 

a 2 μL aliquot, diluting it with 1 mL of H2O, and measuring the fluorescence emission 

intensity at 715 nm. Control experiments measured the threading of macrocyle 6C by one-

station scaffold S to form 6C ⊃ S and found that the presence of 6 % DMSO lowered kon by 

a factor of three. Thus, the presence of 6 % DMSO cannot be the sole reason why kon with 

S3S is 20–50 times lower than with S.

 In Vitro Bone Targeting Studies

 Targeting Bone Powder—Tibia and femur bones were excised from SKH1 mice and 

ground up to make bone powder. A solution of 6C ⊃ S, 6B ⊃ S, or 2(6B) ⊃ S3S (4 μM) in 

water was combined with varying amounts of dried bone powder (0 to 200 mg) in separate 

centrifuge tubes and the tubes were shaken for 1 h at 37 °C. To separate the probe not bound 

to the bone powder, the tubes were centrifuged at 2000g for 5 min and the pellet of bone 

powder was discarded. An absorbance spectrum of the unbound probe remaining in the 

supernatant was acquired and absorbance maxima were normalized to a dye solution 

containing no bone powder.

 Targeting Bone Histology Sections—Tibia tissue from an SKH1 hairless mouse 

was excised and flash frozen in OCT media. The bone tissue was sliced (12 μm thickness) at 

−17 °C, and the slices adhered to Unifrost microscope slides (Azer Scientific, USA), then 

fixed with chilled acetone for 10 min, and air-dried for an additional 20 min. The tissue 

slices were submerged in either 6C ⊃ S, 6B ⊃ S, or 2(6B) ⊃ S3S (10 μM) in water for 1 h, 

then (a) washed with phosphate buffered saline buffer (pH = 7.4) in triplicate for 5 min 

intervals, (b) incubated with Image-IT FX Signal Enhancer (Invitrogen, Eugene, USA) for 

15 min and washed three additional times, and (c) submerged in ProLong Gold Antifade 

Reagent (Invitrogen, Eugene, USA). Finally, a coverslip was adhered, and the slide was 
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allowed to dry for at least 1 h. Bright field and deep-red fluorescence images of the slices 

were acquired using a Nikon TE-2000U epifluorescence microscope equipped with the 

appropriate Cy5.5 filter set (ex: 620/60, em: 700/75). Images were captured using NIS-

Elements software (Nikon, USA) and analyzed using ImageJ 1.40g.

 In Vivo Bone Targeting Studies

All animal experiments used protocols that were approved by the Notre Dame Institutional 

Animal Care and Use Committee. Female SKH1 hairless mice (N =3) were anesthetized 

with 2–3% isoflurane with an oxygen low rate of 2 L min−1 and given retro-orbital injections 

of 6C ⊃ S, 6B ⊃ S, or 2(6B) ⊃ S3S (10 nmol) in water (50 μL). At the experimental 

endpoint, the mice were anesthetized and euthanized via cervical dislocation. The skin and 

organs were immediately removed to expose the skeleton. Fluorescence images were 

acquired using the IVIS Lumina Imaging system with the following parameters: Cy5.5 

fluorescence (ex: 615–665 nm, em: 695–770 nm, acquisition time: 3 seconds, binning: 4 × 4, 

F-stop: 2, field-of-view: 10 cm × 10 cm). Prior to imaging, syringes containing aqueous 

solutions of the fluorescent probes were imaged using the following parameters: Cy5.5 

fluorescence (ex: 615–665 nm, em: 695–770 nm, acquisition time: 0.5 seconds, binning: 4 × 

4, F-stop: 4, field-of-view: 10 cm × 10 cm). All images were analyzed using ImageJ 1.40g. 

The 16-bit images were imported, opened, and converted to an image stack. Background 

subtraction was applied to the images using the rolling ball algorithm (radius = 500 pixels or 

1000 pixels). The stack was then converted to a montage and pseudocolored as “Fire” (under 

the “Lookup Tables” menu) which color-codes the fluorescence counts contained in each 

pixel. Probe biodistribution was measured by Region of Interest (ROI) analysis of the 

fluorescent images of the dissected tissues. Using ImageJ 1.40g software, a free-hand ROI 

was drawn around each tissue image and the mean pixel intensity was measured. The 

biodistribution analyses assume that probe fluorescence from a specific organ suffers the 

same amount of signal attenuation and thus, the mean pixel intensities reflect relative probe 

concentration in the organ. The ROI values were plotted using GraphPad Prism 5 (Graphpad 

Software Inc., San Diego, CA).

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
[top] Programmable pre-assembly method that threads a macrocycle (red) with an appended 

targeting ligand (green) onto a PEGylated-squaraine scaffold (blue) to create a fluorescent 

probe for selective biomarker recognition. [bottom] Summary of probe structural features 

that can be varied by the pre-assembly method.
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Figure 2. 
Supramolecular basis of Synthavidin technology. [top] Threading of tetralactam macrocycle 

(red) with a squaraine dye that is flanked by long PEG chains (blue) gives the pre-assembled 

complex. [bottom] Two views of the threaded complex highlighting the structural features 

controlling the threading kinetics and thermodynamics.
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Figure 3. 
Parallel pre-assembly of four near-infrared fluorescent probes by mixing separate samples of 

squaraine scaffold (S or S3S) and macrocycle (6C or 6B) in water at 1:1 or 1:2 molar ratio.
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Figure 4. 
Fluorescence enhancement due to step-wise threading of two macrocycles onto the two-

station scaffold S3S in water. The experiments started by adding one molar equivalent of 

macrocycle (6C or 6B) to a solution of S3S (250 μM), and once threading was complete (t = 

200 minutes) a second molar equivalent of the macrocycle was added to the solution. Each 

data point is an average of three experiments with error bars corresponding the standard 

deviation from the mean. Ex 670 nm, Em = 715 nm, T = 25 °C.

Peck et al. Page 19

Bioconjug Chem. Author manuscript; available in PMC 2016 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Gel electrophoresis characterization of samples containing pre-determined mixtures of 

singly and/or doubly threaded two-station complexes in the loading wells. After applying a 

voltage of 110 V for 1.5 h across a running buffer of tris (8.9 mM)/borate (8.9 mM)/EDTA 

(200 μM), pH = 8.3, the agarose gel was imaged using a fluorescence Cy5.5 excitation/

emission filter set.
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Figure 6. 
Loss of probe absorption intensity due to probe binding with bone powder that was 

subsequently removed from solution. Varying amounts of powder were incubated with 4 μM 

of either S ⊃ 6C, S ⊃6B, or 2(6B) ⊃S3S in water for 1 h at room temperature and 

absorbance spectra of the supernatant for each sample was acquired after removal of the 

powder.
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Figure 7. 
Representative histology slices of tibia extracted from a healthy SKH1 mouse. The bone 

sections were incubated with untargeted control 6C ⊃S, 6B ⊃S, or 2(6B) ⊃S3S in water (10 

μM) for 1 h, and then micrographs were acquired using brightfield [top] or Cy5.5 

fluorescence [bottom] filter sets. Scale bar = 0.16 mm for all panels.
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Figure 8. 
[top left] Fluorescence intensity images of syringes containing a single dose of probe (50 μL, 

200 μM). [top right and bottom] Representative fluorescence images (dorsal view) of 

skinless mice that had been dosed with 10 nmol of 6C ⊃S, 6B ⊃S or 2(6B) ⊃S3S and 

euthanized 3 h later. The Cy5.5 fluorescence pixel intensity scale bar applies to all animal 

images (N = 3).
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Figure 9. 
Fluorescence enhancement caused by unfolding of self-quenched two-station probe on the 

bone surface.
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Figure 10. 
[top] Representative whole-body fluorescence images skinless mice that were sacrificed 3 h 

and 24 h after intravenous injection of 2(6B) ⊃S3S (10 nmol). The fluorescence mean pixel 

intensity scale applies to both images. [bottom] Graph showing mean Cy5.5 fluorescence 

pixel intensity for a region of interest on the spine of the mice given a single dose of 2(6B) 
⊃S3S. Error bars represent the standard error mean (N = 3).
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Table 1

Spectral data for absorption and emission maxima bands in H2O (3.0 μM).

Compound λabs (nm) λem (nm) log ε Φf
a

S3S 605 -- 5.38 <0.003

6C ⊃S 677 710 5.02 0.18

6B ⊃S 675 710 5.14 0.10

6C ⊃S3S 662 711 -- 0.01

6B ⊃S3S 669 712 -- 0.03

2(6C) ⊃S3S 673 716 5.36 0.02

2(6B) ⊃S3S 675 716 5.40 0.05

a
Relative to a standard solution of methylene blue in H2O (Φf = 0.02).
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