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A modular designed copolymer with anti-thrombotic 

activity and imaging capability†††† 

Nan Xie,‡a Ke Feng,‡b Bin Chen,b Ming Zhao,*ac Li-Ping Zhang,b Chen-Ho Tung,b Li-
Zhu Wu*b and Shiqi Peng*a 

Through a modular ROMP (ring-opening metathesis 

polymerization) strategy, a random copolymer with anti-

thrombotic activity and imaging capability has been 

constructed from RGD, rhodamine B and PEG modified 

norbornene monomers. As we expected, these tri-component 

polynorbornenes exhibit significant enhancement in anti-

thrombotic efficacy and bioavailability in vivo. 

Bioactive and functional polymers have attracted an increasing 
interest for designing intricate architectures in biomedical 
applications, such as imaging, diagnosis and therapy of disease in the 
past decades.1-11 On one hand, varied polymeric structures, like 
block, random, conjugated, branched and graft polymers, can easily 
integrate therapeutic agents, imaging labels, targeting ligands, and 
many other bioresponsive elements for multipurpose functionalities; 
on the other hand, as a bonus, the multivalent effect12 and enhanced 
permeation and retention effect,13 attributed from the repeat units on 
the polymer chain, can greatly improve bioavailability and 
therapeutic efficacy of drugs, increase signal-to-noise ratio for 
higher imaging quality, and enhance target-binding specificity. 
However, the design and synthesis of new polymeric candidates in 
view of their biological implications has just been initiated.14 

Bioactive peptide sequences including receptor-targeted peptides, 
nuclear localization signaling peptides (NLSs), cell penetrating 
peptides (CPPs) and so forth,15 can act as chemical messengers, 
neurotransmitters, agonists or antagonists against specific receptors 
to regulate many critical life processes, whose incorporation would 
endow the polymeric structures or architectures with therapeutic or 
targeted functions.3 RGD (arginine-glycine-aspartic acid) sequence 
as one of the typical receptor-targeted peptides, binds to integrins 
with high specificity and affinity, plays important roles in a series of 
physiological and pathological processes by mediating cell-
extracellular matrix (ECM) or cell-cell interactions, and thereby is 
the most common target for therapeutic and diagnostic purpose. For 
instance, RGD peptides have been shown to have anti-thrombotic 
activity by inhibiting the fibrinogen binding to the integrin 
glycoprotein GPIIb/IIIa receptor and blocking the pathway that leads 
to platelet aggregation and subsequent thrombus formation, thus may 
be good prospects for thrombosis treatment.16 

 
Scheme 1 Design of RGD-modified copolymers for targeting GPIIb/IIIa receptor 

on activated platelets involved in thrombotic events. 

Ring-opening metathesis polymerization (ROMP) initiated by 
ruthenium N-heterocyclic carbene complexes is a powerful toolkit 
for the preparation of random, block and alternating functionalized 
copolymers from cyclic olefin backbones with well-controlled 
molecular weight, narrow polydispersity indices (PDIs) and special 
duration to certain function groups.17-26 Grubbs and co-workers 
synthesized biofunctionalized polynorbornenes by ROMP directly 
from RGD monomers and prepared thin films with enhanced cell 
adhesive properties.18c,d In particular, ROMP-derived polymers with 
polynorbornene backbones have been proved to be nontoxic in a 
variety of biological systems.25 Inspired by this work, we developed 
a modular strategy27 to fabricate random copolymers through a 
simple one-pot multi-component ROMP. Herein, a water-soluble 
copolymeric material was designed and constructed in the present 
work, integrating anti-thrombotic activity and thrombus imaging 
capability from designable norbornene monomers. To tailor the 
therapeutic and imaging functions, these copolymers were equipped 
with RGD sequence for a therapeutic purpose owing to its anti-
thrombotic activity (Scheme 1), poly(ethylene glycol) (PEG) units as 
a hydrophilic solubilizer, and rhodamine B (RhB) dye as 
fluorescence reporter for thrombus imaging because they possess a 
set of distinguished properties of bioorthogonality, good 
photostability, high extinction coefficients and fluorescence quantum 
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yield, which are crucial advantages for long-term sensitive 
fluorescence applications.28 

Our studies commenced with the preparation of peptide module, 
the fully protected RGD norbornene monomer was readily obtained 
by standard Fmoc solid phase peptide synthesis (SPPS) on 2-
chlorotrityl chloride resin. After step-by-step introduction of 
protected S, D, G and R units, norbornenyl carboxylic acid was used 
as the last unit to terminate the peptide sequence. In the meantime, a 
soft spacer, 6-aminohexanoic acid, was incorporated between the 
highly functionalized RGDS peptide sequence and the ROMP 
reactive norbornene, which will enhance the molecular flexibility of 
the RGD monomer and improve its reactivity during polymerization. 
Cleavage from resin in an acidic condition directly gave the side-
chain fully protected RGD peptide monomer, it was well 
characterized by NMR, MS and EA, and can be subjected to the 
subsequent copolymerization without any need for further 
purification. Beyond RGD, the norbornene-acid-terminated SPPS 
also provided a quick and easy solution for the preparation of diverse 
peptide norbornene monomers with desirable and designable 
sequence. Homopolymerization from peptide monomers can be 
achieved in couples of solvents, such as CHCl3, CH2Cl2, CH3OH, 
THF and so on,18c,d,22 but it was still hampered by undesirable 
physicochemical problems including uncontrollable polymeric 
molecular weights and polydispersity indices (PDIs) as well as 
limited solubility in processible solvents, which originate from 
intermolecular hydrophobic aggregation of the protected peptide 
chains or the formation of assembly structures.29 To overcome these 
deficiencies, PEG was designed as a hydrophilic module during 
copolymerization, which is widespread in pharmaceutical and 
biomedical industry. PEG modification (PEGylation) of peptides, 
proteins, liposomes, dendrimers, and various biomaterials has been 
shown to significantly increase the water solubility, on one hand, and 
reduce the antigenicity and immunogenicity maintaining bioactivity 
and biocompatibility in vivo, on the other hand.30 The PEG monomer 
was readily synthesized by esterification between norbornenyl 
carboxylic acid and methoxypolyethylene glycol-350 (mPEG-350). 
MS spectrum confirmed each component of obtained NB-
COO(CH2CH2O)nCH3 (n = 7~14), which is well fit to a normal 
distribution in amount. Rhodamine B monomer was prepared 
analogously from alcohol norbornene precursor, and acted as a 
chromophore module to endow the copolymer with fluorescent 
imaging capability. In addition, other functionlized norbornene 
monomers can also be derived from carboxyl, hydroxyl and amino 
precursors via esterification or amidation. The modular ROMP 
strategy enables the fabrication of multifunctional polynobornenes 
from varied function monomers, and provides a diversity of 
biomedical applications, such as subcellular imaging, tissue-specific 
diagnosis and targeting therapy through peptide sequence 
permutations and chromophore modifications from our ongoing 
constructed libraries. 

 
Fig. 1 The preparation of PNB-RGDSx-co-RhBy-co-mPEGz random copolymers. 

As illustrated in Fig. 1, copolymer PNB-pRGDSx-co-RhBy-co-
mPEGz were prepared empirically from suitable feeding proportions 
of RGD monomer (NB-pRGDS), Rhodamine B monomer (NB-RhB) 
and PEG monomer (NB-mPEG) via ROMP by initiation with 
Grubbs’ third-generation catalyst in CHCl3. The 
homopolymerization for PEG monomer was firstly investigated, a 
linear dependence of average molecular weights (Mn) of these 
polymers on different monomer-to-catalyst ratios [M]/[C] of 25:1, 
50:1, 75:1, and 100:1 indicated a living characteristics during ROMP 
(Fig. S2, ESI†). Simultaneously, 1H NMR spectra (Fig. S3, ESI†) 
showed complete disappearance of the carbene signal of the initiator 
at 19.1 ppm, accompanied by the formation of two new broad 
carbene signals at 18.5 and 18.3 ppm. As a degree of polymerization 
(DP) was fixed at 100 (i.e. the molar ratio of total feeding amounts 
of monomers to Grubbs’ third-generation initiator was 100:1), the 
NB-pRGDS proportion x varied from 0 to 15, the NB-RhB 
proportion y was held constant at 5, and the NB-mPEG was 
incorporated as needed to keep the ratio of monomers to catalyst 
constant. The GPC data listed as Table 1, the PDIs of the resulting 
PNB-pRGDSx-co-RhBy-co-mPEGz copolymers were relatively 
narrow (1.17~1.38), and the molecular weight of Mn was in the 
range of 45~58 kDa, which showed a reasonable relationship with 
the total feeding amounts of the monomers. The inclusion of a soft 
spacer (6-aminohexanoic acid) made the strained polynorbornene 
backbones more flexible and reduced the aggregation and steric 
hindrance of the peptide branches, resulting in the complete 
consumption of feeding monomers and the generation of polymers 
with narrow PDIs during random copolymerization. 

Table 1 GPC data for PNB-pRGDSx-co-RhBy-co-mPEGz and PNB-RGDSx-
co-RhBy-co-mPEGz random copolymers. 

Polymera) Mn [kDa] Mw [kDa] PDI 
PNB-pRGDS10-co-mPEG90 57.6 69.3 1.20 
PNB-RGDS10-co-mPEG90 50.6 60.1 1.19 
PNB-RhB5-co-mPEG95 44.7 57.2 1.28 
PNB-pRGDS5-co-RhB5-co-mPEG90 46.5 54.2 1.17 
PNB-pRGDS10-co-RhB5-co-mPEG85 56.8 73.3 1.29 
PNB-pRGDS15-co-RhB5-co-mPEG80 52.0 71.8 1.38 
PNB-RGDS5-co-RhB5-co-mPEG90 45.1 52.6 1.17 
PNB-RGDS10-co-RhB5-co-mPEG85 51.4 65.9 1.28 
PNB-RGDS15-co-RhB5-co-mPEG80 49.4 67.3 1.36 

a) Measured in DMF with 25 mM LiBr at 313 K. 

The side-chain protecting groups of the PNB-pRGDSx-co-RhBy-
co-mPEGz copolymers were cleaved with a mixture of 95% TFA, 
2.5% H2O and 2.5% triisopropylsilane. After counterion exchange 
with NaCl and dialysis in refrigerator, the deprotected PNB-RGDSx-
co-RhBy-co-mPEGz copolymers were yielded as red solids after 
lyophilization. The removal of protecting groups can be monitored 
by 1H NMR. The spectrum of copolymer PNB-pRGDS10-co-RhB5-
co-mPEG85 (Fig. S28 in ESI†) resembles a stoichiometric 
superposition of its components of PNB-pRGDS, PNB-RhB and 
PNB-mPEG homopolymers (Fig. S17, 21 and 24 in ESI†). 
Compared with the spectrum after cleavage (Fig. S29 in ESI†), the 
disappearance of three single peaks at 1.03, 1.32 and 1.38 ppm, 
corresponding to t-butyl, t-butoxy and 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) protecting groups, 
respectively, ensures the complete removal of side-chain protecting 
groups after treatment with TFA. Furthermore, GPC measurements 
verified the decrease in molecular weights as well as the comparable 
PDIs, shown as Table 1. 

Since fluorescent imaging is one of our important motivations, the 
photophysical properties of PNB-RGDSx-co-RhBy-co-mPEGz 
copolymers as well as NB-RhB monomer were carefully studied in 
physiological solution. As shown in Fig. S4 in ESI†, both of the 
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copolymer and monomer exhibit the same characteristic shapes in 
UV-Vis absorption spectra with a strong absorption band at 561 nm, 
corresponding to the typical rhodamine B chromophore. While the 
absorbance from RGD and PEG units were negligible in the near 
ultra-violet or visible region. The fluorescence of PNB-RGDS10-co-
RhB5-co-mPEG85 was given as the black curve with a maximum 
emission peak at 592 nm and a lifetime of 1.66 ns (Fig. S7, ESI†), 
which was almost identical with that of NB-RhB monomer with a 
maximum emission peak at 590 nm and a lifetime of 1.60 ns (Fig. 
S6, ESI†). 

The PNB-RGDSx-co-RhBy-co-mPEGz copolymer was employed 
as an anti-thrombotic agent and evaluated in a rat model of artery-
vein bypass thrombosis. In this in vivo assay, the optimized PNB-
RGDS10-co-mPEG90 copolymer was administrated orally, while 
aspirin, normal saline (NS) and RGD monomer were used as 
positive control, negative control and reference groups, respectively, 
then the thrombus formed in treated rats were weighed. The 
histograms were given as Fig. 2. The RGD monomer showed no 
obviously anti-thrombotic activities at low concentration, its 
effective dosage was as high as 5.0 µmol/kg. On the same level 
thrombosis inhibition in the treated rats, the value for RGD 
copolymer was only at a dose of 15 nmol/kg. Linear regression 
analyses suggested that the efficacy of copolymer is 430-folds higher 
than that of RGD monomer. Control experiment performed in the 
absence of RGD module, the PNB-mPEG homopolymer exhibited 
no anti-thrombotic activity at the comparative doses. It implies that 
activated RGD peptides play a crucial role in our in vivo anti-
thrombosis. The greatly enhanced efficacy of PNB-RGDS10-co-
mPEG90 copolymer was attributed to the covalent modification of 
RGD module on the polynorbornene scaffold, which suppresses 
enzymatic degradation, increases systemic absorption, and improves 
the bioavailability after oral administration.31 

 
Fig. 2 Dose-dependent anti-thrombotic activity (n = 10) of PNB-RGDS10-co-

mPEG90. Thrombus weight of the treated rat is represented as mean ± SD mg, NS 

= normal saline. 

Clot fluorescence experiments were subsequently carried out with 
the aid of RhB module, the tri-component PNB-RGDSx-co-RhBy-co-
mPEGz polymers would target the pre-prepared thrombus through 
the GPIIb/IIIa receptors on the surface of activated platelets. For 
quantitative comparison, the doping rate for RhB module was held 
constant at 5. After incubation with individual copolymers with 
varied RGD contents, the reflectance fluorescence intensities of the 
clots were measured at 592 nm to evaluate the thrombus binding 
activities. As shown as Fig. 3a-d, the fluorescence intensities at 
given instrumental configuration for PNB-RGDSx-co-RhB5-co-
mPEG95-x (x = 0, 5, 10 and 15) copolymers presented a RGD-
dependent manner. All RGD containing copolymers exhibited much 

stronger fluorescence than the PNB-RhB5-co-mPEG95 reference. 
Typically, clots incubated with PNB-RGDS10-co-RhB5-co-mPEG85 
showed a 5.4-folds fluorescence enhancement in comparison with 
that of PNB-RhB5-co-mPEG95. In addition, the decay profile of RhB 
fluorescence for the PNB-RGDS10-co-RhB5-co-mPEG85 copolymer 
after incubation with clot gave the lifetime of 1.45 ns (Fig. S8, ESI†). 
The obviously shortened lifetime demonstrated that the clot binding 
indeed takes place between the GPIIb/IIIa receptor and the active 
RGD module on the copolymers. The binding specificity of target 
receptor was further confirmed by the competitive assays. As 
fluorescent PNB-RGDS10-co-RhB5-co-mPEG85 copolymer was 
added as a competitor to the pre-incubated clots with non-fluorescent 
PNB-RGDS10-co-mPEG90 copolymer or RGD monomer (Fig. 3e-g), 
the great difference in fluorescence enhancement gave unambiguous 
evidence that the modular designed PNB-RGDSx-co-RhBy-co-
mPEGz polymers, for bearing repeating RGD units on the backbones, 
exhibit much greater binding affinity to the GPIIb/IIIa receptor on 
the clot than the RGD monomer. Moreover, fluorescent PNB-
RGDS10-co-RhB5-co-mPEG85 copolymer presented desired 
thrombus imaging capability as shown as Fig. S9 (ESI†). Given 
these features, the validated copolymer may prove to be a valuable 
asset in investigations that aim to track and quantify thrombosis in 
vivo. 

 
Fig. 3 In vitro binding assay of compolymers to thrombi (n = 5). (a-d) Binding 

activities of non-RGD polymer and a range of 5-15% RGD containing copolymers. 

(e-g) Competitive banding studies of non-fluorescent RGD-modified copolymer 

and RGD monomer. a) PNB-RhB5-co-mPEG95; b) PNB-RGDS5-co-RhB5-co-mPEG90; 

c) PNB-RGDS10-co-RhB5-co-mPEG85; d) PNB-RGDS15-co-RhB5-co-mPEG80; e) 1-fold 

mono-RGD + PNB-RGDS10-co-RhB5-co-mPEG85; f) 10-fold mono-RGD + PNB-

RGDS10-co-RhB5-co-mPEG85; g) PNB-RGDS10-co-mPEG90 + PNB-RGDS10-co-RhB5-

co-mPEG85. 

In conclusion, we have constructed a water-soluble polymeric 
material with anti-thrombotic activity and thrombus imaging 
capability via a simple one-pot multi-component ROMP. To tailor 
the multi-functions, these copolymers were equipped with the RGD 
peptide sequence as an anti-thrombotic module for targeting 
glycoprotein GPIIb/IIIa receptor on the activated platelets, the 
rhodamine B dye as a reporter module for fluorescence imaging, and 
the PEG solubilizer as a hydrophilic module for improving 
biocompatibility. Attributed from the repeating units on the 
backbones, these tri-component copolymers exhibit significant 
enhancement in anti-thrombotic efficacy and bioavailability in vivo. 
Importantly, the modular ROMP is verified as a flexible and 
powerful strategy to fabricate polynobornenes from varied function 
monomers, and provides a diversity of biomedical applications, such 
as subcellular imaging, tissue-specific diagnosis and targeting 
therapy through peptide sequence permutations and chromophore 
modifications from our ongoing constructed libraries. 
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