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Abstract 

We report the synthesis of a macrocyclic poly(ethylene oxide) (PEO) connected by one 

[Ru(bpy)3]
2+ unit (where bpy = 2,2'-bipyridine), a photoactive metal complex that 

provides photosensitivity and potential biomedical applications to this polymer structure. 

The PEO chain provides biocompatibility, water solubility, and topological play. The 

macrocycles were successfully synthesized by copper-free click cycloaddition between a 

bifunctional dibenzocyclooctyne (DBCO)-PEO precursor and 4,4'-diazido-2,2'-

bipyridine, followed by complexation with [Ru(bpy)2Cl2]. The cyclic product 

accumulated efficiently in MCF7 cancer cells and exhibited a longer fluorescence lifetime 

than its linear analog, likely due to differences in the accessibility of the ligand-

centered/intra-ligand states of Ru polypyridyls in both topologies.  
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Cyclic polymers have no chain ends resulting in unique physical and chemical properties 

that distinguish them from linear polymers. Due to topological restrictions, cyclic 

polymers have shown differentiated chain mobility with respect to linear chains.1-3 In 

“hard” nanopores, cyclic poly(ethylene oxide) (PEO) [or poly(ethylene glycol) (PEG)] of 
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medium-low molecular weight (MW) has shown enormous differences in the pore 

diffusion respect to linear analogues. For instance, cyclic PEO of 2-20 kDa4 and smaller 

crown ether analogues5-6 showed significantly slower intercalation rates into graphite 

oxide (a 2D material with an interlayer distance of 5.6 Å) compared to their linear 

counterparts. Similarly, the intercalation of cyclic PEO of 1-10 kDa into metal-organic 

frameworks (formed by 1D nano-channels with an aperture of d = 5.7 Å along the c-axis)7 

occurred much slower, if some, compared to their linear analogues, demonstrating that 

topology is an important factor that influences polymer transport. This effect has 

important implications in the pharmaceutical use of cyclic polymers. The lifetime of a 

molecule in the circulatory system is limited by the efficient filtration of foreign materials 

and waste by the semipermeable nanoporous barrier in the kidneys.2 Linear chains can 

easily reptate through the nanopore, whereas in cyclic polymers, two segments of the 

chain backbone must diffuse simultaneously. This slows down or even prevents the 

penetration of the chain into the pore. In vivo studies in mice demonstrated that cyclic 

PEGylated poly(-caprolactone) comb polymer with MW above the renal filtration 

threshold (>50 kDa) is retained in blood plasma longer than its linear analog,8 illustrating 

the potential applications of cyclic polymers as drug carriers or imaging agents. Below 

the renal filtration threshold, both, cyclic and linear polymers of 32 kDa, were rapidly 

eliminated, but the more compact nature of the cyclic structure caused a faster elimination 

respect to the linear analog. Moreover, cyclic PEGylated poly(acrylic acid) comb 

polymers with MW above the renal filtration threshold showed the capacity to accumulate 

preferentially in target tumor cells by means of the enhanced permeability and retention 

(EPR) effect,9 demonstrating how this class of materials may prove useful for biomedical 

applications.  
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Covalent anchoring of photoactive metal complexes onto biocompatible polymers such 

as PEG is currently attracting much interest for application in medicine (e.g., 

photodynamic therapy).10-11 Polymer loading of metal-based agents can in principle 

afford innovative materials with better pharmacokinetics, reduced systemic toxicity, 

enhanced cell uptake, and even improved photophysical features.12 The incorporation of 

metallo-supramolecular interactions in polymeric systems has been widely used to 

generate specific nanostructures such as stars, dendrimers, multiblock copolymers, 

crosslinked networks and cyclic brush polymers.13-16 These interactions can be based in 

the formation of only one metal-ligand complex (eg. to form copolymers) or multiple- 

metal-ligand complexes (eg. to form brush copolymers). We were intrigued by the 

prospect of generating cyclic polymeric chains connected by one ruthenium polypyridyl 

complex, a structure that combines the benefits of both, the circular polymeric structure 

and the presence of a metal center. Derivatives of the prototypical [Ru(bpy)3]
2+ (where 

bpy = 2,2'-bipyridine) have found numerous applications because of their unique 

photophysics and photochemistry, including in energy conversion,17 photoredox 

catalysis,18 photochemotherapy,19-20 and imaging.21  

 

Herein, we present the first example of a cyclic macromolecule composed by a PEO chain 

with a circular structure connected by one [Ru(bpy)3]
2+ unit (CPEO-[Ru]) as a proof of 

concept of a photoactive cyclic PEO. To optimize the synthesis method of these structures 

we focused on the study of low MW compounds with molecular masses well below the 

renal filtration threshold. The photophysical behavior of the generated Ru-containing 

polymer was studied in comparison to its linear LPEO-[Ru] analog by means of UV-Vis 

and fluorescence spectroscopy, together with their capacity to enter and accumulate in 

cancer cells in flow cytometry experiments. This work is the first step toward the design 
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of new cyclic metallo-polymers that may have advantageous tissue penetration properties 

for use in medicine. 

 

The synthetic route to CPEO-[Ru] and its analogous linear LPEO-[Ru] are depicted in 

Figures 1a and 1b. Copper-free click chemistry reaction of 4,4'-diazido-2,2'-bipyridine 

and DBCO-functionalized PEO was implemented to generate both structures (FTIR and 

NMR spectra shown in Figures S1 and S2). The cyclic CPEO-bpy was produced by means 

of a bimolecular homodifunctional cyclization approach22 using bifunctional DBCO-PEO-

DPCO of Mn = 2 kg/mol. LPEO-bpy was generated by using monofunctional DBCO-PEO-

OMe of Mn = 1 kg/mol. Gel permeation chromatography (GPC) data of CPEO-bpy showed 

the expected increase of peak retention time originated from chain compaction whereas 

that of LPEO-bpy displayed a decrease of the retention time due to chain elongation 

(Figure 2a). The formation of triazole rings was confirmed in the 1H NMR experiments by 

changes in the 6.5-9.0 ppm region (aromatic signals) and the appearance of two sets of 

signals c,c’ in the 4.3-6.5 ppm region (Figure 2b). These resonances are attributed to the 

formation of two isomers, the 1,5- and 1,4-substituted triazole rings (Figure 2c). The c,c’ 

signals are very sensitive to any chemical transformation in the DBCO unit, as observed 

by a notable shift from the unreacted DBCO-PEO precursors (c, c’ = 5.15 and 3.65 ppm, 

Figures S3-S5) to PEO-bpy compounds (c, c’ = 6.32 and 4.51 ppm; 5.60 and 5.04 ppm, 

Figure 2b and Figures S7-S8). In an attempt to quantify the cyclic purity of CPEO-bpy, 

GPC data of Figure 2a was deconvoluted in two peaks assuming that unreacted PEO 

chains appears at lower retention times (Figure S9a). The peak area of this possible linear 

impurity was 14 % of the total area. However, it is likely that this value is much lower 

since there is no spectroscopic evidence (within the limits of detection) of the presence 

of unreacted DBCO units in the 1H NMR spectrum of CPEO-bpy, by using the signal “c” 
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of DBCO-PEO-DBCO precursor as indicator (Figure S9b), nor the presence of unreacted 

DBCO-PEO-DBCO in the MALDI-ToF mass spectrum of CPEO-bpy.  

 

Figure 1. Scheme of synthesis of (a) CPEO-[Ru] and (b) LPEO-[Ru]. 

 

Figure 2. (a) GPC data (DMF + 0.1 % LiBr) of CPEO-bpy, LPEO-bpy and their PEO 

precursors. Mn*: underestimated molecular weight (see SI). (b) 1H NMR spectra (in 

CDCl3) of CPEO-bpy and LPEO-bpy exhibiting the appearance of two set of signals c,c’ 
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upon triazole formation. (*) Aromatic signals, see HSQC in Figure S7. Signal d, OCOCH2 

of PEO chain, see Figure S3. 1H NMR spectra (in CDCl3) of CPEO-[Ru] and LPEO-[Ru] 

exhibiting a change in the multiplicity of c,c’ signals upon Ru-(bpy)2 incorporation. (c) 

Isomers. 

 

Both, CPEO-bpy and LPEO-bpy were reacted with [Ru(bpy)2Cl2] to generate the Ru-

complexes of PEO. The products were purified in a preparative GPC, allowing us to 

remove undesired byproducts and to split the main product in two fractions of different 

molecular weights (f1 and f2, Table S3) which guaranteed the use of samples with the 

highest possible topological purity in further experiments. 1H NMR data of Ru-complexes 

(Figure 2b and Figures S10-S11) exhibited a notable change in the aromatic region 

compared to Ru-free compounds as well as a change in the multiplicity of c,c’ signals as 

a result of the conformational blocking of DBCO groups upon the incorporation of the 

Ru-(bpy)2 unit into the polymer.  

MALDI-ToF MS experiments confirmed the incorporation of Ru-(bpy)2 moieties into the 

PEO-bpy chains by a notable change in the isotopic distribution from Ru-free to Ru-

coordinated species (Figures 3 and 4). Ru-free compounds, CPEO-bpy and LPEO-bpy, 

exhibit a distribution of peaks separated by m/z 44, the mass of an ethylene oxide unit. 

The observed mass (mobs) at the peak position, where the calculated monoisotopic mass 

(mtheo) of Na+ cationized species is expected ([M+Na]+), matches with both structures, 

CPEO-bpy and LPEO-bpy, thus confirming their synthesis. Ru is composed of seven 

stable isotopes, which combined with the isotopes of other elements in the polymer, 

results in complex mass spectra with a specific peak pattern. Identification of Ru-

complexes can be difficult since these species can react during the MALDI experiment 

and cause ion loss (such as Cl−), addition of ligands, matrix molecules or solvents.23-24 In 
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our data, Ru-containing ions were identified as those generated by losing two bpy ligands 

and a Cl− anion [M-2bpyCl]+. Species formed by the addition of Na+ were not detected. 

Addition of K+ conducted to same results (data not shown) corroborating previous 

assignment. In CPEO-[Ru], we observed a second specimen overlapped with that 

identified as [M-2bpyCl]+, which could be a neutral species formed by the [CPEO-Ru]Cl2 

salt ([M] in Figures 3b and 3c). The neutral salt was not detected in LPEO-[Ru], allowing 

a clearer identification of [M-2bpyCl]+ specimens. Other species with lower peak 

intensities were also observed in LPEO-[Ru] which could be attributed to the loss of only 

one bpy ligand resulting in the neutral species [M-bpy] (Figure 4b). Theoretical isotopic 

patterns of CPEO-[Ru] and LPEO-[Ru] specimens are given in Figures S12-S14, which 

compare very well with the experimental data. 

  

Figure 3. MALDI-ToF MS of (a) CPEO-bpy and (b, c) CPEO-[Ru] (f1, f2). M represents 

the analyte. Right figures: Isotopic distribution of the peaks indicated by arrows. In (a) 

the cationized species are formed by the addition of Na+. In (b, c) two specimens coexist, 

a cation formed by the loss of two bpy ligands and a chloride anion, [M-2bpyCl]+, and the 
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neutral species [M]. (*) and (**) indicates the calculated monoisotopic mass (mtheo) for 

each species (Figures S12 and S14). The observed mass (mobs) corresponds to the peak 

mass at the peak position where the monoisotopic peak is expected to appear. “n” 

indicates the number of ethylene oxide units. 

  

Figure 4. MALDI-ToF MS of (a) LPEO-bpy and (b, c) LPEO-[Ru] (f1, f2). M represents 

the analyte. Right figures: Isotopic distribution of the peaks indicated by arrows. In (a) 

the cationized species are formed by the addition of Na+. In (b, c) a cation is formed by 

the loss of two bpy ligands and a chloride anion, [M-2bpyCl]+. (*) indicates the calculated 

monoisotopic mass (mtheo) (Figure S13). (**) shows a secondary neutral specimen that 

could be attributed to the loss of one bpy ligand, [M-bpy] (Figure S14). The observed 

mass (mobs) corresponds to the peak mass at the peak position where the monoisotopic 

peak is expected to appear. “n” indicates the number of ethylene oxide units. 
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Absorption and emission features of CPEO-[Ru] and LPEO-[Ru] were investigated in 

aqueous solution (Figure 5). The absorption spectrum of the cyclic derivative resembled 

the characteristic profile of the prototypical complex [Ru(bpy)3]Cl2,
25 displaying ligand-

centered bands at high energies and, prevalently, a metal-to-ligand charge transfer 

(MLCT) band at 450 nm. In the LPEO-[Ru] case, a broader absorption was visible 

between 350–500 nm, with maxima at 336, 424, and 489 nm. This feature can be ascribed 

to the co-existence of intense MLCT and ligand-centered/intra-ligand (LC/IL) transitions 

in this wavelength range.26 DFT and TD-DFT calculations performed on a model 

structure of the Ru polypyridyl core show that indeed MLCT and LC/IL singlet transitions 

are present in the lower-energy region of the absorption spectra of both CPEO-[Ru] and 

LPEO-[Ru] (Scheme S1, Figures S15 and S16 and Table S4). Emission spectra of the two 

derivatives presented a broad band at 700 nm, whose lifetime was measured to be 262 

and 149 ns for CPEO-[Ru] and LPEO-[Ru], respectively. Such features are characteristic 

of 3MLCT states which are usually emissive in Ru polypyridyl derivatives. The 

assignment was confirmed by DFT geometry optimization of the lowest-lying triplet of 

the Ru polypyridyl model complex whose spin density is localized on the Ru atom and 

the modified bpy ligand (Scheme S1 and Figure S17). Nevertheless, the difference in 

lifetime between the two structures could be the result of the accessibility of 3LC/IL states. 

Others have previously demonstrated how the interplay between these two types of 

excited states is crucial for the photophysical and photochemical features of Ru 

polypyridyls with extended aromatic ligands.19, 27 Compared to the cyclic derivative, 

LPEO-[Ru] could have lower-energy 3LC/IL, laying in the proximity of the emissive 

3MLCT, as a result of the higher mobility of the triazole moiety on the functionalized bpy 

ligand. Such flexibility would ultimately result in a shorter emission lifetime. 



 11 

 

Figure 5. Normalized absorption and normalized emission intensity of (a) CPEO-[Ru] 

(f1) and (b) LPEO-[Ru] (f1) in water and their radiative decay curves. Emission spectra 

were obtained using λexc = 455 nm for CPEO-[Ru] and λexc = 500 for LPEO-[Ru]. 

Lifetime measurements were performed using λexc = 485 nm and λem = 700 nm. 

 

Next, we investigated the ability of the two PEO-[Ru] topologies to enter cancer cells. To 

such purpose, MCF7 cells were incubated in the presence of these derivatives for 24 h 

and subsequently analyzed by flow cytometry upon removing the culture medium and 

washing with phosphate buffer. Compared to [Ru(bpy)3]Cl2 (control), cells treated with 

140 μM of CPEO-[Ru] and LPEO-[Ru] displayed a marked increase in luminescence that 

is consistent with a polymer-mediated enhanced internalization of the emissive Ru 

polypyridyl core (Figure 6, Figure S18 and Table S5). Although more insight is required 

to gauge whether the photophysics of the complexes is affected by specific cellular 

compartmentalization and/or aggregation processes, these experiments suggest that 

CPEO-[Ru] and LPEO-[Ru] are both efficiently internalized by MCF7 cells in a 

comparable manner. An explanation for such a finding can be reasonably found in the 
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small MW of PEO-[Ru] complexes (3 kDa) with no large differences in their size. The 

radius of gyration (Rg) of LPEO-[Ru] estimated according to Rg, LPEO = 0.0215 Mw
0.583 (Rg 

in nm and Mw in g/mol),28 is 2.4 nm and that of CPEO-[Ru] calculated according to 

Rg, CPEO = Rg, LPEO/√2,29 is 1.6 nm. Note that the calculated Rg is a measure of the random 

coil estimating that the whole polymer chain is exclusively formed by PEO without taking 

into account the conformational changes that the Ru complex might introduce into the 

polymer chain. We expect that analogues of CPEO-[Ru] and LPEO-[Ru] with larger sizes 

could enhance the differences in cell accumulation between the two polymer topologies. 

 

Figure 6. Increase of relative emission intensity of MCF7 cells incubated with 

[Ru(bpy)3]Cl2, and with Ru-containing polymers, CPEO-[Ru] and LPEO-[Ru]. Cells 

incubated with the polymers show a significant increase in relative intensity when 

compared to those incubated with [Ru(bpy)3]Cl2. RFU: relative fluorescence units. 

 

In conclusion, CPEO-[Ru] is the first prototype of a Ru polypyridyl cyclic macromolecule 

featuring a long-lived emission in the red region of the visible spectrum and the capacity 

of accumulating in MCF7 cancer cells. Future developments in the synthetic design of 

this family of compounds may afford optically and photochemically active metal 

architectures of higher MW. With these in hand, new delivery platforms for drugs and 
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imaging agents can be developed by exploiting the unique biodistribution and 

pharmacokinetics properties of cyclic polymer topologies.30  

 

Supporting Information 

Experimental methods, characterization techniques and supporting data including FTIR 

and NMR spectra of all compounds, calculated mass spectra of polymers, DFT 

calculation data and flow cytometry analysis. 
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