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Design of Colloidal Vectors for Active Targeting via Complexation 
of Biotinylated Copolymers with Gadolinium Ions 

Maksym Odnoroh,
a
 Franck Desmoulin,

b,c
 Olivier Coutelier,

a
 Carine Pestourie,

c
 Christophe 

Mingotaud,
a
 Mathias Destarac

a,*
 and Jean-Daniel Marty

a,*

This study presents the design of biotin-functionalized hybrid 

polyionic complexes (HPICs) using RAFT polymers for MRI 

applications. The synthesized colloidal vectors, complexed with 

gadolinium ions, demonstrate high stability, relaxivity, and biotin 

accessibility for active targeting. Preliminary in vivo studies 

confirm their potential for improved MRI contrast and 

pharmacokinetic tracking. 

Introduction 

Over the past century, medical progress has been driven by 

the development of new drugs to improve therapeutics. 

However, in areas like cancer, outcomes often do not match 

the level of research due to issues with pharmacokinetics and 

pharmacodynamics, leading to drug elimination or severe side 

effects. To address these challenges, nanovectors—colloidal 

systems made of small molecules, polymers, or 

nanoparticles—have been developed. These systems, ranging 

from 10 nm to 1 µm, encapsulate drugs to protect them, 

control their release, reduce toxicity, and improve targeting. 

Nanovectors have evolved across three generations. The first 

generation involves simple colloids, like liposomes or 

nanoparticles, enabling passive drug delivery, with some 

modified to avoid immune clearance. The second generation 

employs active targeting via ligand-receptor interactions, while 

the third generation focuses on overcoming biological barriers 

and coordinating complex functions. Despite some progress, 

achieving precise targeting of diseased cells remains a 

significant challenge.
1
 To achieve this, different vectorization 

strategies can be employed. The first one involves 

functionalizing preformed vectors, requiring specific surface 

functionalities and experimental conditions suitable for such 

chemical modifications. The second strategy relies on the prior 

modification of the molecules that constitute, upon assembly, 

these vectors.  

In this context, the modification of polymeric structures is of 

particular interest, since various functional groups being bio-

relevant can be incorporated into their architecture.
2
 These 

groups may be distributed randomly along the polymer chain, 

positioned at the chain ends, or confined to a specific block 

within a block copolymer. Precise control over the placement 

of functional groups could be essential for optimizing 

biological properties of the polymer or its assembly. As a 

result, there is a growing demand for advanced synthetic 

methodologies to design polymers with enhanced precision. 

Reversible-deactivation radical polymerization (RDRP) is one 

such powerful tool.
3,4

 Among different techniques, reversible 

addition-fragmentation chain transfer (RAFT)
5
 polymerization 

has a particular interest, as it stands out for its broad 

compatibility with nearly all free-radical monomers and its 

straightforward implementation. 

Polymers synthesized via RAFT polymerization can incorporate 

a wide variety of functional groups, making them particularly 

relevant for biomedical applications.
6–8

 The nature and 

position of the functional group along the polymer chain 

dictate the synthetic strategy employed, whether by direct 

polymerization of functional monomers,
9–11

 post-

polymerization modification,
12,13

 or use of RAFT agents bearing 

the desired functionality.
5,11,14,15

 RAFT agents (of general 

structure R-S-(C=S)-Z) with functional R or Z groups enable 

precise placement of functional groups at the  α- or ω-chain 

ends of polymers, facilitated by commercially available 

functional RAFT agents that are easily modified via simple 

reactions (e.g., esterification
16

 or amidation
17

). Additionally, 

RAFT terminal groups can be chemically transformed via post-

polymerization, such as converting xanthates or 

trithiocarbonate RAFT end-groups into thiol groups via 

aminolysis, which can then undergo Michael addition 

reactions.
18,19
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One notable functional group is biotin (vitamin B7), which is 

widely used in biochemistry due to its exceptionally strong 

ligand-protein interactions with avidin and streptavidin.
20,21

 

These interactions, with dissociation constants (Kd) of ~10
-15

 

and 10
-13

 M, respectively, have broad applications including 

cancer diagnosis and treatment,
22,23

 biosensors,
24

 

fluorescence-activated cell sorting (FACS),
25

 cell-surface 

labeling,
26

 bioconjugation,
27

 and nanoparticle modification.
28

 

-Biotinylated polymers can be synthesized using biotin-

functionalized RAFT agents, typically obtained via 2-step 

esterification of both biotin and carboxylic acid-terminated 

chain transfer agents (CTAs) via bifunctional linkers.
29,30

 

Alternatively, biotinylation can occur by post-polymerization 

modification, for instance through amidation between N-(5-

aminopentyl)biotinamide and a carboxy-terminated RAFT 

polymer
31

 or via Michael addition of thiol-functionalized 

polymers (derived from the aminolysis of trithiocarbonate 

groups) with biotin-maleimide.
18

 While some biotinylated 

polymers based on poly(ethylene glycol) (PEG-biotin) are 

commercially available but expensive and limited in PEG chain 

lengths, starting from biotinylated RAFT agents offers a more 

versatile and cost-effective approach, applicable to various 

monomers and targeted molar masses. 

In this work, the objective is to design functional vectors by the 

complexation of biotin-modified double hydrophilic block 

copolymers (DHBCs) with metal ions, leading to the formation 

of hybrid polyionic complexes (HPICs) with biotin 

functionalities on their surface. Previously, non-functionalized 

HPICs have already showed their high potential as MRI 

contrast agents.
32–34

 Biotin end-functional copolymers were 

obtained by RAFT polymerization, using biotinylated chain 

transfer agent (B-CTA). B-CTA was synthesized through a two-

step process from biotin and a commercial RAFT agent, as 

illustrated in Scheme 1A and Scheme 2. 

Consequently, the chosen block copolymer features a 

poly(oligo(ethylene glycol) methyl ether acrylate) (POEGA) 

block to ensure the stealth of the vector in biological media, 

and a complexing poly(vinylphosphonic acid) (PVPA) block. The 

phosphonic function exhibits enhanced affinity for ions of 

interest compared to that achieved using poly(acrylic acid)-

type blocks
32

 and imparts significantly improved colloidal 

stability to the resulting vectors.
9,35,36

 The resulting polymers 

will be analyzed for their role in forming Gd/HPICs for use as 

MRI contrast agents. By mixing double hydrophilic block 

copolymers (DHBCs) with and without biotin-functionalized 

probes (B-POEGA-b-PVPA and POEGA-b-PVPA respectively), 

HPICs with a specific surface density of biotin can be prepared 

for targeted reactions with biological entities (Scheme 1B). 

Results and discussion 

Scheme 1. Synthesis of biotinylated RAFT agent (B-CTA) and corresponding diblock copolymer (A) and schematic representation of the 
formation of different HPICs types induced by the addition of Gd

3+
 ions to POEGA-b-PVPA (Gd/HPICs), B-POEGA-b-PVPA (Gd/B100-HPICs) 

and their 90/10 mixture (Gd/B10-HPICs) (B). 

 

 

Scheme 2. Synthesis of B-CTA. 
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B-CTA synthesis. The RAFT agent was obtained from the 

modification of 2-(butylthiocarbonothioylthio)propanoic acid 

(CTA1) with biotin. However, since both molecules possess 

carboxylic groups, an intermediate linker was necessary. Given 

the low average molecular mass (Mn) requirements for HPICs 

applications, a small linker was deemed appropriate. This 

linker needed to have two nucleophilic groups with different 

reactivities to facilitate a two-step biotin modification without 

requiring additional protection/deprotection steps. Inspired by 

similar methodologies, such as the synthesis of biotinylated 

RAFT agents using 2-(2-aminoethoxy)ethanol as a linker and S-

1-dodecyl-S′-(α,α′-dimethyl-α′′-acetic acid) trithiocarbonate,
29

 

2-aminoethanol and CTA1 were used as the linker and 

commercial RAFT agent respectively. In the first step, biotin 

was converted into an amide intermediate with a high yield 

(88%, compound 1) through a reaction with ethanolamine and 

1,1′-carbonyldiimidazole (CDI) in DMF (Scheme 2, Fig. S1-S2). 

In the second step, compound 1 was modified with CTA1 by 

esterification, using 1-ethyl-3-(3′-dimethylaminopropyl) 

carbodiimide (EDC*HCl) and 4-(dimethylamino)pyridine 

(DMAP). The reaction yielded a pure biotinylated RAFT agent 

(B-CTA) with a 76% yield (67% total yield across both steps) 

after column chromatography (Fig. S3-S4).  

DHBCs synthesis. Oligo(ethylene glycol) methyl ether acrylate 

(OEGA) was selected as the neutral block due to the 

biocompatibility of POEGA
37

 and because it can be 

polymerized by RAFT and afford a branched alternative to PEG, 

a gold standard in biological studies. PVPA was chosen as the 

ionizable block, based on its previously demonstrated capacity 

to form highly chemical stable HPICs. Two RAFT agents were 

used for this synthesis: B-CTA and methyl 2-

(butylthiocarbonothioylthio)propanoate (CTA2) (Scheme 3). 

The first block, POEGA, was synthesized via photo-iniferter 

RAFT polymerization using a handmade photoreactor 

equipped with blue LEDs (Fig. S11). This methodology, 

previously employed by Mazo et al., was selected to minimize 

side reactions during polymerization.
38

 The reaction, targeting 

an Mn of approximately 3.6 kg mol
-1

, was carried out in DMF 

(Scheme 3). After 48 hours, conversions of 91% (with B-CTA) 

and 88% (with CTA2) were achieved. The resulting polymers 

were purified by dialysis and lyophilization (Fig. S5-S6) prior to 

SEC analysis. Notably, POEGA polymers are known to interact 

with aqueous SEC columns,
11

 leading to significant signal 

broadening and tailing (Fig. 1). For accurate Mn and dispersity 

(Ð) measurements, SEC was performed in THF, which revealed 

narrow, monomodal peaks (Fig. S12). The obtained polymers, 

B-POEGA3.6k and POEGA3.2k, exhibited Ð values of 1.08 and 

1.10, respectively. Aqueous SEC was subsequently employed 

to monitor chain extension during the synthesis of the second 

block, as PVPA cannot be analyzed by SEC in THF. 

The chain extension with VPA was then carried out (Scheme 

3). A target Mn of approximately 1.6-1.8 kg mol
-1

 was chosen 

for the second block to achieve an optimal ratio between 

neutral and ionizable blocks for HPICs formation.
39

 These 

values also represent the upper Mn limit for attaining 

controlled PVPA synthesis via RAFT polymerization.
40

 

Polymerization of VPA was conducted in water using AIBA as 

an initiator. Due to the low reactivity of VPA, the initiator 

concentration was set to 0.6 eq. relative to macro-CTA. After 

28 hours, conversions of 42% (for B-POEGA3.6k) and 38% (for 

POEGA3.2k) were achieved. The polymers were purified via 

dialysis and lyophilization (Fig. S7-S10), followed by aqueous 

SEC analysis (Fig. 2). The results showed monomodal peaks, 

with excellent agreement between the theoretical Mn and 

experimental values. Narrow dispersities were observed (Ð = 

1.21 and 1.17 for B-POEGA3.6k-b-PVPA1.8k and POEGA3.2k-b-

PVPA1.6k, respectively), confirming the successful synthesis of 

well-defined DHBCs. 

 

Scheme 3. Synthesis of DHBCs. 

 

Figure 1. Aqueous SEC-RI chromatograms of DHBCs. 
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HPICs formation and characterization. Three HPIC systems 

based on gadolinium were formulated, differing in the amount 

of biotin functionality present on their surface. They are 

obtained by mixing different proportions of DHBCs (B-POEGA-

b-PVPA and POEGA-b-PVPA) with and without biotin-

functionalized probes, as illustrated in Scheme 1. Gd/HPICs 

does not contain any biotin functionality, while the other two 

contain 10% and 100% (in number) of biotinylated copolymer, 

respectively, and are denoted as Gd/B10-HPICs and Gd/B100-

HPICs. 

The preparation of these gadolinium-based HPICs was initiated 

by the addition of a chosen volume of a concentrated solution 

of Gd
3+

 ions to a 0.5 wt.% aqueous solution of chosen DHBCs. 

The mixture was characterized by the ratio (R), defined as the 

ratio of positive charges from the trivalent Gd
3+

 ions to the 

potentially available negative charges from the ionizable VPA 

units of the polymer: R = 3[Gd
3+

]/[VPA]. The effect of the 

addition of increasing concentration of Gd
3+

 ions (equivalent to 

increasing R ratio) to a given concentration of polymer was 

monitored using mono-angle dynamic light scattering as 

illustrated in Fig. 2A in the case of Gd/B10-HPICs (for Gd/HPICs 

and Gd/B100-HPICs see Fig. S13). Whatever the biotin content 

may be, a similar trend was recorded: at low R values, the 

formation of poorly defined aggregates with large Z-average 

diameters was observed, accompanied by a low scattered 

signal. For all studied systems, the scattering intensity 

increased for ratio up to 1 and then a plateau was reached for 

the measured value with a constant Z-averaged diameter. The 

Z-average values obtained, although consistent, do not 

accurately reflect the true size of the structures formed due to 

the presence of a minor population of large particles (100–

1000 nm). To determine the actual hydrodynamic diameter of 

the particles in solution, the autocorrelation function from 

dynamic light scattering (DLS) measurements is analyzed to 

extract the number-weighted size distribution. At R=1, 

hydrodynamic radii of the different systems were estimated 

from the calculated distribution (Fig. 2B) at 4.0 ± 0.3 nm, 4.1 ± 

0.7 nm and 4.5 ± 0.4 nm for Gd/HPICs, Gd/B10-HPICs and 

Gd/B100-HPICs respectively (Table 1). Hence, the insertion of 

end-terminated biotin within the HPICs structure does not 

affect the number-average size of the HPICs. The insertion of 

end-terminated biotin within HPICs structure does not modify 

significantly the overall size of the HPICs formed. Moreover, 

very low zeta potential values (between 1.6 and 1.9 mV, see 

Table 1) were measured. These observations are consistent 

with the formation of so-called core-shell HPICs structures, 

upon interaction between Gd
3+

 ions and the polymer chains. 

These colloids have been extensively described in the 

literature
32,41–43

 and are here composed of PVPA blocks 

crosslinked by gadolinium ions, forming the core surrounded 

by a POEGA shell. 

The chemical stability of the resulting colloids was investigated 

as a function of pH using DLS measurements (Fig. S14). No 

significant changes in the measured hydrodynamic diameter 

were observed, indicating high stability of the HPICs over the 

studied pH range. This stability is attributed to the strong 

coordination between VPA units and lanthanide ions, which 

confers excellent robustness to the PVPA-based HPICs in both 

buffered environments and saline solutions.
35

 The in vitro 

relaxation properties of the different systems were measured 

at 0.47 T and 25 °C (Table 1). Measured specific relaxivities 

values are high (34 ± 1 mM
-1

s
-1

) and comparable to those of 

PEO2k-b-PVPA1k (32 ± 1 mM
-1

s
-1

), but remarkably higher 

compared to standard molecular complexes like DOTAREM® 

(r1 = 3.4 mM
-1

 s
-1

)
44

. Additionally, the number of coordinated 

water molecules was determined for HPICs, replacing Gd
3+

 

with Eu
3+

 ions and analyzing Eu
3+

 emission spectra (Fig. 2C) and 

fluorescence lifetimes. Using the equation proposed by 

Supkowski et al.,
45

 the calculated number of coordinated 

water molecules was 2.7–2.8 (Table 1). This value is 

significantly lower than the nine water molecules expected for 

fully hydrated europium salt in water.
46

 

 

Table 1. Main characteristics of Ln
3+

/HPICs. 

Colloidal 

system 
Rh, nm ζ, mV 

r1,  

mM-1s-1 
n(H2O) 

Ln/HPICs 4.0 ± 0.3 1.8 ± 0.5 34 ± 1 2.7 ± 0.1 

Ln/B10-HPICs 4.1 ± 0.7 1.9 ± 0.6 34 ± 1 2.7 ± 0.1 

Ln/B100-HPICs 4.5 ± 0.4 1.6 ± 0.6 35 ± 1 2.8 ± 0.1 

Rh, ζ, and r1 values were obtained for HPICs with Gd
3+

 ions; 

n(H2O) values were obtained for HPICs with Eu
3+

 ions. 

 

 

 

Figure 2. Z-average (cumulant method) and scattered light intensity of Gd/B10-HPICs at different ratios R by mono-angle DLS (lines are just 
guide for the eye) (A). Distribution average size in number (NNLS method) of Gd-based HPICs at R = 1 (B). Emission spectra of Eu-based 
HPICs at R = 1. 
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In vitro biotin binding. The different HPICs systems vary in the 

level of biotin functionality located on the outer corona. 

Nonetheless, various physicochemical measurements indicate 

that these different systems share similar properties in terms 

of size, stability, relaxivity and microstructure. The objective 

now is to demonstrate the ability of HPICs structure to achieve 

active targeting due to the presence of biotin. Although the 

strong interaction between biotin and avidin is well-

documented, it was necessary to confirm that when DHBCs 

form HPICs, biotin remains accessible and can interact with 

specific targets. 

To evaluate the targeting capabilities of modified polymers, 

the ability of Eu/B10-HPICs to bind to avidin, a tetrameric 

protein, was assessed and compared to that of pure biotin and 

the block copolymer bearing the biotin functionality (Fig. S15). 

In this study, Eu
3+

 ions were used instead of Gd
3+

 to monitor 

Eu
3+

 intensity through fluorimetry. For this purpose, avidin was 

pre-bound to 4'-hydroxyazobenzene-2-carboxylic acid (HABA). 

When bound, the HABA-avidin complex exhibits strong 

absorption at 500 nm, whereas free HABA absorbs at 348 nm 

(Fig. S16). Given that the biotin-avidin interaction is 

significantly stronger, biotin can displace HABA, resulting in a 

decrease in the 500 nm absorption band. By measuring this 

decrease, the amount of accessible biotin in the solution can 

be quantified.
47

 In the presence of different concentrations of 

pure biotin, a linear increase of measured binding efficiency 

was measured (Fig. S17 and blue line in Fig. 3). The same 

experiment was repeated using B-POEGA3.6k-b-PVPA1.8k block 

copolymer at the same biotin concentration to evaluate biotin 

availability at the chain ends (Fig. 3, Fig. S18). The binding 

efficiency for the copolymer was only 41% of that observed 

with pure biotin, likely due to steric hindrance of the expected 

random coil conformation of the polymer in solution, which 

may limit biotin accessibility. In the case of Eu/B10-HPICs (Fig. 

3, Fig. S19), the binding efficiency was higher than that 

measured for the copolymer alone, reaching 58%. This 

improvement is attributed to conformational constraints 

within the HPICs, which force biotin groups to orient towards 

the periphery, thereby enhancing accessibility. 

Figure 3. Comparison of the binding efficiency of biotin to avidin at 
different concentrations for pure biotin (blue circles), biotin grafted 

on B-POEGA3.6k-b-PVPA1.8k block copolymer (red squares) (DHBCs) or 
Eu/B10-HPICs (green triangles) (HPICs). 

To confirm that the integrity of the HPICs was maintained, 

fluorimetry measurements were performed (Fig. S20A). The 

emission spectra are characteristic of complexed Eu³⁺ ions. The 

peaks at 590 nm and 615 nm correspond to the ⁵D₀ → ⁷F₁ and 

⁵D₀ → ⁷F₂ transitions, respectively. The intensity ratio among 

the emission bands at 590, 610, and 700 nm remained 

consistent across different R values, reflecting the typical 

spectral profile of Eu/HPICs complexes. The overall 

luminescence intensity increased linearly with the 

concentration of added HPICs solution, while the emission 

band ratio between 590 and 610 nm remained unchanged 

throughout the experiment (Fig. S20B). This constant ratio 

matches that of pure Eu/HPICs, confirming the structural 

integrity of the complexes during the measurements. 

 

 

Figure 4. Dynamics of signal intensities in mouse tissues following 

the administration of Gd/B10-HPICs. Representative horizontal 

abdominal slices showing the kidneys, liver, spleen, lower aorta 

(top), and bladder (bottom), acquired before (left) and 60 minutes 

after intravenous injection of Gd/B10-HPICs (right) (A). Regions of 

interest (ROIs) are outlined: renal medulla (black), vascular space 

(red), spleen (blue), liver (green), and bladder (orange). Time 

evolution of normalized signal intensities over 48 hours in the 

vascular space (blood) and renal medulla (B). Time evolution of 
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normalized signal intensities over 48 hours in the liver, spleen, and 

bladder. Vertical dotted lines indicate the time of injection (C). 

 

Previous experiments with HPICs conducted in cell culture 

medium using human colorectal tumour cells (HCT-116) 

demonstrated low cytotoxicity, even at high concentrations, 

for HPICs featuring a PEG-based outer shell.
 33,41 

Based on 

these findings, in vivo experiments were conducted in mice to 

obtain preliminary assessments of MRI contrast efficacy, 

pharmacokinetic properties, and tolerance. MRI contrast was 

evaluated following intravenous (IV) bolus injection of Gd/B10-

HPICs  or Gd/HPICs at R=0.8 ensuring the absence of free 

Gd(III) ions.
 32,35

Tissue uptake and elimination properties were 

evaluated using a T1-weighted dynamic sequence of coronal 

images centered on the abdominal cavity, acquired over ~ 70 

min after IV injection of HPICs at a dose equivalent to 15 μmol 

Gd kg
-1

. Signal intensity changes were monitored in several regions 

of interest (ROIs), including the renal medulla, bladder, vascular 

space (blood), liver, and spleen (Fig. 4). Dynamics of signal 

intensities in mouse tissues were similar between Gd/B10-HPICs 

and Gd/HPICs (Fig.4, Fig. S21). Following HPICs injection, a sharp 

increase in signal intensity was observed in all organs, except for 

the bladder content, indicating the systemic distribution of the 

contrast agents. Within the first five minutes, signal intensity 

increased by about 80% in the renal medulla and 50% in the blood , 

while liver and spleen signals peaked at about 40% above baseline, 

with no significant differences between the two HPICs. Urinary 

excretion exhibited a delayed onset, beginning approximately five 

minutes post-injection. Signal intensities in the renal medulla and 

blood remained at similar levels at 60 minutes, suggesting a half-life 

of several hours. This is notably longer than that of Gd-DOTA, a 

widely used clinical contrast agent, which has a reported half-life of 

13 minutes in mice,
48

 indicating a distinct pharmacokinetic profile, 

as intended. Images acquired 24- and 48-hours post-injection 

showed a return of signal intensities to baseline levels, suggesting 

that HPICs are likely eliminated through multiple pathways, which 

remain to be determined. As anticipated, due to their similar 

hydrodynamic radii and equivalent gadolinium content, both 

Gd/HPICs and Gd/B10-HPICs exhibited comparable dynamics of 

signal intensity within mouse tissues. Had a targeting agent 

such as streptavidin been employed, a distinct and localised 

signal enhancement in specific tissues would have been 

expected with Gd/B10-HPICs. The animals were kept under 

observation in the animal facility for 15 days post-injection, and no 

signs of acute toxicity were reported. 

 

Conclusions 
In this study, novel hybrid polyionic complexes (HPICs) were 

used as biotin-based colloidal vectors. These HPICs were 

obtained by mixing a biotin-terminated double hydrophilic 

block copolymer (DHBC) and a non-modified DHBC with 

lanthanide ions (Gd
3+

 or Eu
3+

). DHBCs were obtained by RAFT 

polymerization using a biotin-functionalized chain transfer 

agent (B-CTA) with oligo(ethylene glycol) methyl ether acrylate 

(OEGA) as the neutral block and vinyl phosphonic acid (VPA) as 

the ionizable block. The obtained HPICs were characterized 

using dynamic light scattering (DLS) and fluorimetry, 

demonstrating high chemical stability across different pH 

values. The HPICs also exhibited high relaxivity values, 

underscoring their potential as MRI contrast agents. 

Additionally, in vitro studies using avidin as a specific target 

confirmed the accessibility of biotin moieties in both the 

DHBCs and HPICs. This accessibility could enhance MRI 

resolution by enabling targeted imaging. Preliminary in vivo 

studies of the HPICs revealed an increased contrast and 

allowed tracking of their pharmacokinetics. Further in vivo 

studies are planned to evaluate the potential of these HPICs 

for specific-targeted MRI applications. 
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