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Investigating the growth of hyperbranched polymers by self-condensing vinyl RAFT copolymerization from the surface of upconversion nanoparticles

Hyperbranched poly(N-(2-hydroxypropyl) methacrylamide)s grafted on upconversion nanoparticles (UCNPs) were prepared by surface-initiated self-condensing vinyl RAFT copolymerization from the surface of UCNPs modified with a RAFT chain transfer agent. The effect of the grafting density in RAFT chain transfer agent on UCNPs and the concentration in transmer were investigated. The propagation of the polymerization was strongly affected by termination and transfer reactions associated to the high local concentration in propagating chains due to the immobilization of the polymer chains at the surface of UCNPs and increased number of active centers during the polymerization, but also to the hopping and rolling mechanisms related to the surface-initiated RAFT polymerization. The development of such nanohybrids opens the way to novel nano-objects for biomedical imaging and theranostics.

INTRODUCTION

Hybrid materials are attractive to respond to the increasing demand for novel materials with well-defined properties. The preparation of hybrid materials based on polymers and inorganic nanoparticles has been investigated notably by encapsulation of inorganic nanoparticles in polymer particles and attachment of polymers at the surface of inorganic nanoparticles. 1 In the latter case, the two main methods are the "grafting to" consisting of the reaction between orthogonal functional groups present on the polymer and at the surface of the nanoparticles and "grafting from" involving the polymerization of monomers from the surface of the nanoparticles. A wide range of inorganic nanoparticles 2 have been used to grow polymers from their surface using different polymerization techniques such as cationic, 3,4 anionic, 5,6 and radical 7 polymerizations. These hybrid materials provide access to the compatibilisation of inorganic particles in polymer matrices, 8 and enhancement of the nanoparticles stealthiness for biomedical applications. 9 Lanthanide-doped upconversion nanoparticles (UCNPs), a new family of luminescent nanoparticles, have attracted considerable interest for the development of probes for bioimaging. 10 UCNPs are able to convert near-infrared (NIR) excitation into visible and ultraviolet (UV-vis) emission upon excitation of a low intensity laser. 11 This property, specific to UCNPs, is of interest for biomedical applications as it leads to low phototoxicity, no conflict with the autofluorescence of biological systems, and high optical penetration depth of light in biological tissues. 12 Compared to organic dyes and quantum dots, UCNPs show sharp emission bandwidth, long luminescence decays, no photobleaching, and no photoblinking. Their properties, especially their dispersity in solution, can be tuned through the production of a polymer corona around UCNPs through ligand exchange, 13,14 encapsulation in a polymer shell, 15 and surface-initiated polymerization. The latter approach requires the introduction of functional groups at the surface of the nanoparticles to allow the growth from the surface. The functionalities at the surface of UCNPs have been tuned by either choosing the proper ligand during the synthesis of UCNPs to introduce the functional group promoting the polymerization (e.g. ricinoleic acid as ligand to introduce hydroxyl groups as initiating groups for the cationic ring-opening polymerization of glycidol 16,17 ) or by modifying the functionalities present at the surface to insert the suitable functional group to induce polymerization from the surface (e.g. chain transfer agents for photoenergy/electron transfer-reversible additionfragmentation chain transfer radical polymerization affording linear poly(oligo(ethylene glycol) methacrylate)s, 18 and α-bromoisobutyryl groups to initiate the atom transfer radical polymerization (ATRP) of 4,5-dimethoxy-2-nitrobenzyl methacrylate 19 ).

Self-condensing vinyl polymerization (SCVP) was first introduced by the group of Fréchet 20 consisting of using a vinyl (co)monomer possessing an initiating or chain transfer agent (inimer or transmer respectively) on its side chain to create branching points. The degree of branching (DB) can be tuned by changing the ratio between monomer and inimer/transmer. SCVP has been investigated through the three main controlled radical polymerization techniques, 21 i.e. nitroxide-mediated polymerization, ATRP, and reversible addition-fragmentation chain transfer (RAFT) polymerization. The use of SCVP to grow hyperbranched polymers (HBPs) on nanoparticles has been mostly performed using ATRP from silica, 22 and ZnO 23 nanoparticles. 24 Herein we report the growth of HBPs prepared by SCVP under RAFT conditions from the surface of UCNPs. To the best of our knowledge, SCVP under RAFT conditions has not been attempted on nanoparticles. The surface of UCNPs was modified by silanization to introduce functional groups permitting to covalently attach the anchoring groups that will mediate the polymerization. Various approaches have been reported in the literature to functionalize the surface to conduct surface-initiated RAFT polymerization including anchoring the initiator or RAFT chain transfer agent (Z-C(=S)S-R) through its R-or Z-group to the surface with a strong preference for the anchoring of the chain transfer agent through its R group 7 that was adopted here. SCVP was investigated by varying the grafting density in chain transfer agent at the surface of UCNPs and the ratio of transmer to monomer and comparing to the results to those for the preparation of linear polymers.

RESULTS AND DISCUSSION

Preparation of UCNPs with a well-defined density of RAFT chain transfer agents at their surface

Monodispersed spherical β-NaYF4:Yb 3+ , Er 3+ nanocrystals (UCNP@OA) with a diameter of 27.2 ± 0.4 nm were prepared by co-precipitation method using oleic acid as capping agent according to the protocol described by Li et al. 25 and characterized by high-resolution transmission electron microscopy (HR-TEM), dynamic light scattering (DLS), X-ray diffraction and luminescence measurements (Fig. S1). The surface of UCNP@OA was modified to create a silica shell possessing amine groups at their surface (UCNP@NH2) by reverse microemulsion technique 26 through the successive condensation of tetraethylorthosilicate and (3-aminopropyl) triethoxysilane (APTS). The formation of the silica shell was confirmed by i) HR-TEM showing a silica shell of 8.1 ± 0.5 nm around the UCNPs, ii) DLS showing monomodal peaks without aggregates with an increase in hydrodynamic diameter (Dh) from 22 to 45 nm (values in number, Fig. S2a), and iii) Fouriertransform infrared (FT-IR) spectroscopy exhibiting the characteristic stretching peak of -Si-O-Si-groups at 1062 cm -1 . The presence of amine groups on the nanoparticles was identified at 1650 cm -1 (NH in-plane stretching) and 3420 cm -1 (NH2) on the FT-IR spectrum and supported by a positive Kaiser test 27 (Fig. S3). The surface specific area of UCNP@NH2 was determined by establishing the nitrogen adsorption/desorption isotherms according to the Brunauer-Emmet-Teller (BET) theory (Fig. S4) and resulted in a value of 45.44 ± 0.15 m² g -1 (for 30 mg of UCNP@NH2, the surface area could be estimated to 1.4 m 2 ). These nanoparticles, dispersible in water, ethanol, acetone, and DMF, were prepared with different amounts of APTS (i.e. 38, 76, and 152 µmol of APTS for 80 mg of UCNP@OA) to vary the grafting density in amine groups at the surface of UCNPs. A carboxylic acidterminated RAFT chain transfer agent, suitable for the polymerization of methacrylates, 4-cyano-4-(thiobenzoylthio)pentanoic acid (CPABD), was coupled to the amine groups present at the surface of UCNPs using N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1yl)uronium hexafluorophosphate as coupling agent in the presence of 1-hydroxybenzotriazole hydrate and diisopropylethylamine in DMF (Scheme 1). The color of the UCNPs changed from white to red corresponding to the color of CPABD (Fig. 1c). UCNP@CPABD were characterized by FT-IR spectroscopy (Fig. 1a) showing the characteristic stretching absorption band of nitrile groups at 2160 cm -1 and UV-vis spectroscopy as a suspension in ethanol exhibiting the strong absorption of the thiocarbonyl group at 315 nm (Fig. 1b) confirming the presence of CPABD at the surface of UCNPs. 28 The grafting density in CPABD attached to UCNPs was determined by TGA 18,29 (Fig. S5) as 0.6, 1.4 and 3.1 CPABD per square nanometer of UCNPs for UCNP@CPABDlow, UCNP@CPABDmedium, and UCNP@CPABDhigh respectively (Table S1).

Scheme 1. Synthesis of UCNP@CPABD and its use to prepare linear (UCNP@polyHPMA) and hyperbranched (UCNP@HBP) poly(N-(2-hydroxypropyl) methacrylamide) grafted on UCNPs.

Polymerization of N-(2-hydroxypropyl) methacrylamide from the surface of UCNP@CPABD

Poly(N-(2-hydroxypropyl) methacrylamide) is commonly used to prepare drug conjugates 30,31 leading our choice to N-(2-hydroxypropyl methacrylamide) (HPMA) as monomer for this study. The nature of the solvent is crucial especially because the polymerization was performed at the surface of UCNPs. Various reports highlight the effects of surface confinement and diffusion of monomers towards the propagating chains grafted on a surface emphasizing the importance of the solvent quality to perform a surface-initiated controlled radical polymerization. 32,33 Linear poly(N-(2-hydroxypropyl) methacrylamide) (polyHPMA) were first prepared from the surface of UCNP@CPABD (Scheme 1) considering DMF, 1,4-dioxane, and MeOH as solvent for the polymerization.

The polymerization of HPMA from UCNP@CPABD was conducted in an oil bath thermoregulated at 65 °C fixing the concentration in nanoparticles to 10 mg mL -1 and the monomer concentration to 0.57 M using a molar ratio between HMPA, CPABD and 2,2'-azobis(isobutyronitrile) (AIBN) as initiator of 200:1:0.2. HPMA conversion was determined by 1 H NMR spectroscopy by comparing the integrations of the vinylic proton at 5.7 ppm to the methyl protons of the polymer backbone at 0.5-1.1 ppm. The polymerization of HPMA seemed to be more suitable when conducted in 1,4-dioxane rather than in MeOH and DMF. HPMA conversion after 21 h of polymerization from UCNP@CPABDhigh reached 18% in 1,4-dioxane compared to 7% in DMF and MeOH. TGA indicated a content in polyHPMA of 25 and 6 wt% using UCNP@CPABDhigh and UCNP@CPABDlow respectively for the polymerization in 1,4-dioxane and almost no polymer formation on UCNPs for the polymerizations in DMF and MeOH (Fig. S6). No significant visual differences were observed for the dispersions of UCNP@CPABD in 1,4-dioxane and DMF, however their dispersibility in methanol was visually observed to be poor. The formation of aggregates could lead to the low accessibility of HPMA to the chain transfer agents grafted at the surface of UCNPs. Pan et al. investigated the polymerization of HMPA in different organic solvents including DMF. 34 The kinetic plot (ln([M]0/[M] vs. time) exhibited a deviation from linearity that was attributed to a decrease in propagating chains due to termination reactions. It seems that using 1,4-dioxane led to a lower probability of termination reactions.

Fig. 1 Characterization of UCNP@CPABD by (a) FT-IR, and (b) UV-vis spectroscopies, along with the (c) observation of the color change of the UCNP powders according to the grafting density in CPABD (from left to right: UCNP@NH2, UCNP@CPABDlow, UCNP@CPABDmedium, UCNP@CPABDhigh).

Self-condensing vinyl copolymerization from the surface of UCNP@CPABD

HBPs grafted on UCNPs were prepared by self-condensing vinyl copolymerization of HPMA with a methacrylate-based transmer bearing CPABD, 2-(methacryloyloxy)ethyl-4-cyano-4-((phenylcarbonothioyl)thio)pentanoate 35 (MA-CPABD) inducing the formation of branching points (Scheme 1c). The polymerization was conducted in 1,4-dioxane in an oil bath thermoregulated at 65 °C for 24 h using UCNP@CPABDhigh (10 mg mL -1 ), HPMA (0.56 M) and a molar ratio between HMPA, MA-CPABD and AIBN of 200:1:0.2. The consumption of MA-CPABD to form the HBP was observed by the decrease in the pink color of the polymerization solution (Fig. 2, inset photo) and reached a monomer conversion of 18% determined gravimetrically (compared to 21% for the preparation of polyHPMA under the same conditions). After cleavage of the polymer from the surface of UCNPs by treatment with HF, its number-average molecular weight was determined by size-exclusion chromatography (SEC) as 220 kg mol -1 with a dispersity (Đ) of 6.75 as compared to 1794 kg mol -1 and 3.15 respectively for polyHMPA. As the same ratio of UCNP@CPABDhigh and HPMA were used in both cases, it would have been expected that similar molecular weights would have been observed. However, the HBP had a lower molecular weight and higher dispersity, which could be attributed to the mechanism of RAFT polymerization from a surface and the increased steric hindrance due to the synthesis of HBP on a surface.

If the polymerization was living, all the terminal points of the HBP should possess a CPABD group and the number of CPABD groups should be correlated to the number of branching points (i.e. for n CPABD terminal groups, the HBP would have (n-1) branching points). Due to i) the steric hindrance induced by the presence of polymer chains on UCNPs hindering the access to all CPABD, ii) the necessity of the monomer to diffuse towards the active centers present at the surface of UCNPs, and iii) the transfer of CPABD between active and dormant chains that are in close proximity, the number of branching points may be underestimated by considering the amount of CPABD. However, it is not possible to determine directly the number of branching points. The determination of the amount of CPABD incorporated in the HBP grafted on UCNPs (UCNP@HBP) was first attempted by 1 H NMR spectroscopy on the cleaved HBPs. However, the characteristic peaks of the branching points and the terminal CPABD groups were difficult to identify due to their low content on the HBP and the potential hydrolysis of the thioester groups during the cleavage of the HBPs from the surface of UCNPs with HF. Thiocarbonyl end groups show π→π* and n→π* absorption bands in the UV and visible range respectively (300 and 515 nm for CPABD). 36 As the direct quantification of CPABD groups present on UCNP@HBP by UV-vis spectroscopy could not be achieved due to the scattering interference of UCNP@polymer, the number of CPABD groups in the supernatant after 24 h of polymerization was determined using this technique and compared to a control solution consisting in the same initial concentration of CPABD in MeOH (i.e. 3 mM). The decrease of the absorption at 515 nm (Fig. 2a) was associated to the incorporation of 140 μmol of MA-CPABD on the grafted HBP per gram of UCNPs and thus the formation of branching points on the polymer. To confirm our observation, the same experiment was conducted for the synthesis of a linear polymer on UCNPs (Fig. 2b), indicating a constant concentration in CPABD and confirming the stability of the RAFT chain transfer under the polymerization conditions used. The number of micromoles of CPABD on UCNP@HBP per gram of UCNP (m), the number of branching points per polymer chain assuming a constant branching length, 37 the degree of branching (DB), and the grafting density (number of polymer chains per nm 2 of UCNP, σ) were estimated using Equations 1, 2, 3 and 4 38, 39 respectively as 140, 122, 0.17, and 0.014 chain per nm 2 using UCNP@CPABDhigh.

m = �n 0 -n s �n control × A2 A1 �� m UCNP Equation 1
where m is the molality of CPABD for UCNP@HBP (i.e. number of moles of CPABD on UCNP@HBP per gram of UCNP), n0 and ns the number of moles of MA-CPABD in solution at t = 0 and 24 h respectively, ncontrol the number of moles of CPABD in the control experiment, A1 and A2 the absorbance of MA-CPABD for the control solution and supernatant after polymerization respectively, and mUCNP the mass of UCNP used. 2where Mn is the number-average molecular weight of the polymer grafted on UCNPs determined by SEC, n1 the number of moles of HPMA per gram of UCNPs calculated from TGA, n2 the number of moles of MA-CPABD per gram of UCNPs calculated from UV-Vis spectroscopy and M the molecular weight of HPMA as repeating unit (143.1 g mol -1 ). DB = 2D 2D+L Equation 3where D is the total number of branching units derived from MA-CPABD, and L the total number of linear repeat units derived from HPMA consumption. The factor of 2 in Equation 3 is related to the fact that each branching unit induces the formation of two active centers and thus two branches. 37,40 The value for D was determined by UV-vis spectroscopy considering the absorbance at 515 nm corresponding to the thiocarbonyl group of MA-CPABD (based on its number of moles per gram of UCNPs), while L was calculated from TGA measurement (based on its number of moles of HPMA per gram of UCNPs).

branching point per chain = M n n 1 n 2 ×M Equation
σ = (w/M n,UCNP )×N a m UCNP ×S UCNP Equation 4
where w is the weight loss determined by TGA measurement, Mn,UCNP the number-average molecular weight of the polymer grafted on UCNP determined by SEC analysis, Na the Avogadro number, mUCNP the weight of UCNP and SUCNP the specific surface area of UCNP calculated by BET analysis. DLS characterization of UCNP@HBP indicated a Dh of 141 nm (PDI = 0.087) corresponding to a polymer corona of 27 nm considering the Dh of UCNP@NH2 of 87 nm. UCNP@polyHPMA exhibited a larger polymer corona of 82 nm (Dh = 251 nm, PDI = 0.258, Fig. S7) that could be associated to the higher molecular weight observed for this system as compared to the hyperbranched one. TGA revealed a lower content in polymer when preparing HBP from the surface of UCNPs as compared to the linear ones (Fig. 3) with an estimation of 1.4 and 3.4 mmol of HPMA units per gram of UCNPs for the HBP and linear polymer respectively. The dispersion of UCNP@polyHPMA and UCNP@HBPhigh at a concentration of 0.5 mg mL -1 seemed both stable without observation of sedimentation within 24 h. Fig. 3 TGA of UCNP@CPABD (red dotted line), UCNP@polyHPMA (black solid line), and UCNP@HBP (green dashed line). The polymers were prepared from UCNP@CPABDhigh using 3 mM of CPABD and MA-CPABD for the linear and hyperbranched polymers respectively.

Effect of the grafting density in CPABD on UCNPs

The results from SEC and TGA measurements both suggested that the growth of HBPs from UCNPs under these conditions were hindered as compared to linear polymers. The migration of chain transfer agents when performing surface-initiated RAFT polymerization to obtain linear polymers has been reported to lead to termination and transfer reactions. [41][42][43] Furthermore, the synthesis of hyperbranched structures induces steric hindrance that can affect the proper propagation of the polymer chains and thus enhance the propensity of termination and transfer reactions especially because the concentration of CPABD at the surface of UCNPs is locally high. The grafting density in CPABD on UCNPs was therefore investigated considering the selfcondensing vinyl copolymerization from UCNP@CPABDmedium and UCNP@CPABDlow in the presence of 3 mM of MA-CPABD. According to UV-vis spectroscopy, the number of branching points incorporated on the HBP grafted on UCNPs was 140, 90 and 34 μmol per gram of UCNP@HBP for HBP prepared from UCNP@CPABDhigh, UCNP@CPABDmedium and UCNP@CPABDlow respectively. TGA of UCNP@HBPs (Fig. S8 andS9) indicated that the weight percentage of organic content grafted on UCNP from UCNP@CPABDmedium was higher than for the nanohybrids obtained from UCNP@CPABDhigh indicating a higher consumption of HMPA and thus a lower DB (i.e. 0.14 and 0.05 for the HBP obtained from UCNP@CPABDhigh and UCNP@CPABDmedium respectively). The termination and transfer reactions seemed less pronounced with the decrease of the grafting density in CPABD affording a higher conversion of HMPA. The number of branching points per HBP chain was determined as 148 and 6 for UCNP@CPABDmedium and UCNP@CPABDlow respectively as compared to 122 for UCNP@CPABDhigh. The calculation of the grafting density ( revealed that UCNP@CPABDhigh and UCNP@CPABDmedium had very low densities estimated as 0.014 and 0.007 chain per nm 2 respectively, while the one of UCNP@CPABDlow was higher (0.06 chain per nm 2 ). These results suggested that transfer reactions for UCNP@CPABDhigh and UCNP@CPABDmedium were more pronounced at the surface of UCNPs leading to a higher proportion of dead chains. 42 As initiation takes place in solution in our system, the propagating chains can either consume HMPA and MA-CPABD in solution leading to HBP formed in solution or go through a chain transfer reaction with the CPABD present at the surface of UCNPs creating an active center to grow a HBP at the surface of UCNPs. The HBP formed in solution is expected to be less affected by termination and transfer reactions as the concentration in active centers will be lower as compared to the HBP immobilized on UCNPs. To better understand the polymerization behavior, the polymer grafted on UCNPs and formed in solution during the polymerization were both characterized by SEC. The polymer formed in solution had a lower number-average molecular weight as compared to the polymer formed at the surface of UCNPs (Fig. 4), i.e. 20 and 13 kg mol - 1 (Đ = 3.88 and 12.86) respectively for polymers obtained from UCNP@CPABDmedium and UCNP@CPABDhigh in solution compared to 839 and 220 kg mol -1 (Đ = 4.17 and 6.75) respectively for polymers grafted on UCNPs. The molecular weights of the polymers formed in solution were lower than the calculated ones with relatively low dispersity, which could be attributed to cyclization reactions as previously reported in the literature. 44,45 However, the polymers formed at the surface of UCNPs had a higher molecular weight and a broader molecular weight distribution that could be due to the high concentration in radicals per polymer chain leading to irreversible termination reactions notably between neighboring propagating chains. The higher the grafting density in CPABD on UCNPs, the more pronounced the termination reactions. Further lowering of the grafting density in CPABD, i.e. using UCNP@CPABDlow, afforded polymers grafted on UCNPs with a lower molecular weight (Mn = 19 kg mol -1 ) and narrower molecular weight distribution (Đ = 1.65), closer to the characteristics of the polymer obtained in solution. It indicated a lower contribution of the termination and transfer reactions associated to the surface-initiated self-condensing vinyl RAFT copolymerization, for which CPABD were anchored at the surface of UCNPs inducing a high localized concentration in RAFT chain transfer agents. In solution, this phenomenon is less pronounced due to the homogeneous and lower localized concentration in RAFT chain transfer agent. 46 Fig. 4 Normalized SEC traces for HBPs (a) grafted on UCNPs and (b) formed in solution prepared using 3 mM of MA-CPABD from UCNP@CPABDlow (black solid line), UCNP@CPABDmedium (red dotted line), and UCNP@CPABDhigh (blue dashed line).

Effect of the concentration in MA-CPABD transmer

Considering UCNP@CPABDlow, the concentration of MA-CPABD used during the polymerization was increased to 6 mM to determine its effect on the HBP formed at the surface of UCNPs. According to UV spectroscopy, the number of MA-CPABD incorporated as branching points increased from 34 to 67 μmol per gram of UCNP for 3 and 6 mM of MA-CPABD used for the polymerization. TGA measurement permitted to determine the content of HPMA as 0.52 mmol per gram of UCNP, which was close to the value obtained for the HBP prepared with 3 mM of MA-CPABD (i.e. 0.68 mmol). Thus, DB increased from 0.08 to 0.19 when doubling the amount of MA-CPABD used. SEC measurements (Fig. 5) indicated a decrease of the number-average molecular weight with the increase of the concentration in MA-CPABD, i.e. 19 kg mol -1 in the case of 3 mM of MA-CPABD compared to 11 kg mol -1 when using 6 mM of MA-CPABD, with a decrease of the dispersity from 1.65 to 1.55 respectively. Under the same polymerization conditions (3 mM of CPABD), polyHPMA had a lower number-average molecular weight (9 kg mol -1 ) and narrower molecular weight distribution (Đ = 1.46). The number of branches per polymer chain was calculated as 6 and 9 for 3 mM and 6 mM of MA-CPABD respectively. The grafting density of polymer was determined as 0.06 chain per nm 2 for 3 mM of MA-CPABD, which was similar to the one using 6 mM of MA-CPABD (i.e. 0.07 chain per nm 2 ). However, when preparing linear polymer from UCNPs under the same conditions, the number of polymer chains was 0.11 chain per nm 2 , which was twice as compared to the HBP. The three-dimensional structure of HBPs affected strongly the propagation of the polymer chains from the surface of UCNPs inducing steric hindrance and enhancing the probability of termination and transfer reactions. These phenomena illustrated in Fig. 6 would not only decrease the grafting density, but also increase the dispersity of the polymer formed 33,47 (Đ = 1.46 and 1.65 for polyHPMA and UCNP@CPABDhigh, and 44 and 19 wt% for UCNP@CPABDmedium respectively) that was attributed to the enhancement of termination and transfer reactions due to the increased grafting density in CPABD 46,48,49 on UCNPs and the higher amount of terminal active centers. In summary, the ratio between the molecular weight of the HBP formed on UCNPs and in solution significantly increased with the increase in grafting density of CPABD on UCNPs (Fig. 7a). The effect of the concentration of MA-CPABD (Fig. 7b) had a less pronounced influence on the difference in molecular weight between the HBP formed on UCNPs and in solution, while for polyHMPA ([MA-CPABD] = 0 mM) this difference was minimal. This phenomenon could be attributed to the higher probability of coupling reactions between propagating chains for HBPs as compared to linear polymers due to their higher number of terminal active centers and their closer spatial proximities. To further investigate these coupling reactions, the grafting density in polymer chains per surface area of UCNPs was determined after 6 and 24 h of polymerization. The grafting density of the HBP was estimated as 0.35 chain per nm 2 after 6 h (Mn = 2.6 kg mol -1 , Đ = 1.16) and 0.10 chain per nm 2 after 24 h (Mn = 13.4 kg mol -1 , Đ = 2.72). This decrease in grafting density suggested the high propensity of termination and transfer reactions. Tsujii et al. proposed for the growth of linear polymers by RAFT polymerization from a flat surface that the decrease of the grafting density could be attributed to the high rate of termination reaction at the early stage of the polymerization. 42 However, for the synthesis of HBP, this phenomenon could be worsened due to steric hindrance. Furthermore, hopping and rolling mechanisms for surface-initiated RAFT polymerization and the coupling between hyperbranched propagating chains (e.g. between HBP formed in solution and those growing at the surface of UCNPs) could also contribute to this phenomenon (Fig. 8). 41

Fig. 8 Summary highlighting all the reactions involved in self-condensing vinyl RAFT polymerization from the surface of UCNPs.

Luminescence properties of UCNP@HBP

The optical activity of UCNP@HBP dispersed at a concentration of 2 mg mL -1 in water upon a 980 nm excitation was confirmed. The expected characteristic peak maxima of UCNPs doped with Er 3+ were observed at 409 nm ( 4 H9/2→ 4 I15/2), 542 nm ( 4 H11/2→ 4 I15/2), 552 nm ( 4 S3/2→ 4 I15/2), and 654 nm ( 4 F9/2→ 4 I15/2). The comparison of the normalized luminescence intensity of UCNP@HBP with UCNP@OA dispersed in cyclohexane (Figure 9a) revealed that the red-to-green ratio of the red emission (657 nm) to the green emission (542 nm) intensity was higher for UCNP@HBP as compared to the one of UCNP@OA. This phenomenon is characteristic of the quenching of the green emissive state of the Er 3+ ions by water molecules that establish non-radiative relaxation channels. 50 Surprisingly, the dispersion of UCNP@OA in cyclohexane was globally less bright (by a factor of 3) as compared to aqueous dispersion of UCNP@NH2 and UCNP@HBP (Fig. S10). The heterogeneity of UCNP@NH2 and UCNP@HBP dispersions in water observed by DLS (Fig. S11) that could be attributed to the aging of the dispersions may contribute to this observation.

Fig. 9 Luminescence properties of UCNPs solutions at a concentration of 2 mg mL -1 in water (except UCNP@OA in cyclohexane) excited at 980 nm: (a) luminescence spectrum of dispersion of UCNP@OA (blue solid line), UCNP@NH2 (black dashed line), and UCNP@HBP (red dotted line) in solution normalized at 657 nm and (b) on the left, representative luminescence microscopy images (46x46 µm 2 ) and on the right, the corresponding intensity distribution of luminescent spots obtained from luminescence microscopy images for UCNP@OA, UCNP@NH2, and UCNP@HBP.

Single particle microcopy experiments (Figure 9b) were conducted by immobilizing the nanoparticles on microscopy cover glasses. For UCNP@OA a sample highly diluted in cyclohexane was dried on a cover glass, whereas for UCNP@NH2 and UCNP@HBP experiments were performed in aqueous conditions by electrostatically immobilizing the particles on poly(ethylene imine)-coated cover glasses using highly diluted solutions. For the dispersions in water (i.e. UCNP@NH2 and UCNP@HBP), 1 mM of NaF was added to prevent the potential dissolution of UCNPs during their imaging. 51 To decrease the number of aggregates in the field of view (which severely limit the dynamic range of the images due to saturation and bleeding effects) the supernatant of a 1000-fold dilution centrifuged at 2000 g for 5 min was used. All samples were imaged on the same wide-field upconversion microscope using the same experimental parameters. For each sample, forty-nine images were acquired and analyzed to extract the intensity of diffraction limited luminescent spots. The histogram of UCNP@OA showed a single population with a luminescence intensity of ~10 5 a.u. with few brighter outliers attributed to the drying process, and notably the coffee-ring effect, producing a non-homogeneous distribution of UCNPs over the cover surface, and formation of small bright aggregates. The histograms of UCNP@NH2 and UCNP@HBP were very similar a main population with a luminescence intensity of ~2.10 4 a.u and a sub-population with a luminescence intensity of ~4.10 4 a.u. It is hypothesized that the brighter subpopulation consisted of either UCNP dimers, or two single particles that adsorbed close to each other, whereas the brighter tail could be attributed to higher order multimers. Overall it seems that the brightness of UCNP@NH2 and UCNP@HBP were similar and about five times lower than the brightness of UCNP@OA. However, such a direct comparison may not be fully valid due to the fact that the direct environment affects the optical properties of nano-emitters. [START_REF] Novotny | Principles of Nano-Optics[END_REF] UCNP@NH2 and UCNP@HBP were at the interface water-poly(ethylene imine), while UCNP@OA were at the interface air-glass. Moreover, the centrifugation step used for the preparation of water dispersible samples, may also bias the results by favoring small and less bright UCNPs. Nevertheless, our data clearly showed that UCNP@HBP had a strong emission and single UCNPs could be easily detected by wide-field upconversion microscopy.

SUMMARY

Surface-initiated self-condensing vinyl RAFT copolymerization of HMPA from the surface of UCNP was investigated. Homopolymerization of HPMA was first conducted to identify the suitable polymerization conditions before attempting the synthesis of HBPs by copolymerization with MA-CPABD. The preparation of HBPs from UCNPs was challenging yielding to grafted HBPs of molecular weight and dispersity higher than expected. These phenomena were attributed to a) the increased concentration in propagating chains at the surface of UCNPs due to the formation of HBPs by SCVP, b) the close proximity of the propagating chains due to their immobilization on the nanoparticles, and c) the fact that RAFT polymerization from a surface was more prone to migration of the active center through hopping and rolling mechanisms. These UCNP@HBP exhibited strong emission comforting their potential use for biomedical imaging and theranostics.

EXPERIMENTAL Materials

Yttrium(III) chloride hexahydrate (99.99%), ytterbium(III) chloride hexahydrate (99.99%), erbium(III) chloride hexahydrate (99.99%), oleic acid (OA, technical grade, 90%), 1-octadecene (technical grade, 90%), sodium hydroxide (anhydrous, ACS reagent, ≥97%), ammo-nium fluoride (ACS reagent, ≥98.0%, IGEPAL® CO-520, tetraethyl-orthosilicate (TEOS, 98%),

(3-aminopropyl)triethoxysilane (APTES, 98%), 1-hydroxybenzotriazole hydrate (HOBt, ≥97%), 2,2'-azo-bis(isobutyronitrile) (AIBN, 98%), N,N'-dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP, 99%), 4-cyano-4-(thiobenzoylthio)pentanoic acid (CPABD, >98%), ammonium hydroxide (28%), silica gel (high-purity grade, pore size 60 Å, 230-400 mesh), N,N-dimethylformamide anhydrous, (DMF, 99.8%), anhydrous methanol (MeOH, 99.8 %), anhydrous dichloromethane (DCM, ≥99.8%) were purchased from Sigma-Aldrich. N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 99%) was purchased from Iris Biotech. 2-Hydroxyethyl methacrylate (HEMA, 98%) was purchased from ABCR. N-Ethyldiisopropylamine (DIPEA, 99%), 1,4-dioxane (≥99.5%) were purchased from Alfa Aesar. Hydrofluoric acid (HF, 40% in H2O) was purchased from Ridel de Haen. Ethanol (absolute, 99.99%), cyclohexane (99.8%), and acetone (99.8%) were purchased from Carlo Erba. Dialysis tubing (regenerated cellulose, MWCO of 1 kDa, SpectrumLab) was purchased from Roth. All chemicals were used as received, except if noted otherwise. AIBN was recrystallized twice from ethanol. N-(2-Hydroxypropyl) methacrylamide [START_REF] Ulbrich | [END_REF] (HPMA) and 2-(methacryloyloxy)ethyl 4-cyano-4-(phenylcarbonothioylthio) pentanoate 35 (MA-CPABD) were synthesized as reported in the literature.

Characterizations

Dynamic light scattering (DLS) experiments were performed on a Malvern Zetasizer Nano ZS at 633 nm (He-Ne laser beam) with a scattering angle fixed at 173° at 25 °C. Before measurement, the solutions were filtered through a 0.45 μm syringe filter.

Transmission electron microscopy (TEM) images were obtained using a Technai G2 microscope (FEI) at 200 kV. 5 µL of the UCNP suspension was deposited onto a freshly glow discharged carbon-covered copper grid (400 mesh). The suspension was left for 2 min and the excess removed by using a filter paper. Images were acquired with an Eagle2K ssCCD camera (FEI). The size and size distribution of UCNPs were determined based on at least 29 nanoparticles using the ImageJ software (Version 1.51n, Wayne Rasband, National Institutes of Health, USA).

Fourier transform infrared (FTIR) spectra were recorded on a Bruker Vertex 70 spectrometer using the attenuated total reflectance (ATR) technique between 500 and 4000 cm -1 .

Nitrogen adsorption/desorption isotherms according to the Brunauer-Emmett-Teller (BET) theory were recorded on a Micromeritics TriStar 3000 V6.07A analyzer. The samples were degassed at 150 °C for 3 h in the degassing port of the adsorption apparatus.

UV-vis spectroscopy was carried out using a Perkin Elmer Lambda 25 spectrophotometer.

Thermogravimetric analyses (TGA) were performed on a Mettler-Toledo TGA2 thermogravimeter at a heating scan rate of 10 °C min -1 under argon (flow rate: 100 mL min -1 ) using alumina crucibles.

1 H and 13 C NMR spectra were recorded in CDCl3, DMSO-d6, MeOD, or D2O on a 400 MHz Bruker Avance III HD spectrometers equipped with a BBO type probe at 25 °C.

Size-exclusion chromatography (SEC) was performed on a DIONEX Ultimate 3000 system equipped with a guard column and four Shodex OH-pak columns (7.5 x 300 mm, 803HQ, 804HQ, 806HQ, 807HQ), a Wyatt OPTILAB rEX differential refractometer, and a Wyatt DAWN HELEOS II light scattering detector and was operated at 30 °C using 60/40 water/acetonitrile with 0.1 M NaNO3 as eluent at a flow rate of 0.5 mL min -1 .

Luminescence spectroscopy and luminescence imaging of UCNPs were performed using homemade setups as described in details in our previous work. 54 For luminescence spectroscopy, the continuous-wave laser beam of a single mode fiber coupled laser diode (Qphotonics, QFBGLD-980-350) was focused in a quartz cuvette (Hellma QS Semi-Micro Cells) with an estimated average excitation intensity in the beam waist of 8 kW cm -2 . The emission of the sample was collected by a 10x/0.25 numerical aperture objective and detected by a fiber spectrometer (Avantes, AvaSpec-3648). For luminescence microscopy, the same laser source was coupled to an inverted microscope (Olympus IX71) equipped with a high numerical aperture objective (Olympus, UApo N 100x/1.49 Oil) and allowed to excite the UCNPs with an excitation power density of 8 kW cm -2 in epi illumination. Luminescence emission was separated from the excitation beam by using a short pass dichroic mirror (Chroma, T875spxrxt), while the residual laser light was removed by a low pass filter (Chroma, E700SP). Emission was detected by an electron multiplying CCD camera (Hamamatsu, ImagEM X2 C9100-23B). Acquisition was fully automated and controlled by scripts within the MicroManager framework. 55 All static images shown in the article were recorded as an averaged stack of 100 images, each with 30 ms exposure time. Wide-field microscopy images were treated with ImageJ 1.51h as part of the FIJI package, 56 spot fitting was performed with the Gaussian Fit module of the GDSC SMLM package. [START_REF]GDSC ImageJ plugins[END_REF] Synthesis of NaYF4; Yb 20%; Er 2% upconversion nanoparticles with amine groups at their surface (UCNP@NH2)

NaYF4:20% Yb 3+ , 2% Er 3+ nanocrystals having a diameter of 25-30 nm were prepared by the co-precipitation method according to a previously reported procedure 33 with some modifications. Briefly, 1 mmol of lanthanide chloride (Y:Yb:Er = 78:20:2) were dissolved into a solution of oleic acid (6 mL) in 1-octadecene (15 mL) under vigorous stirring and heated to 150 °C to obtain a homogeneous solution that was then cooled to 30 °C under argon. A mixture of NaOH (0.10 g, 2.5 mmol) and NH4F (0.14 g, 4.0 mmol) dissolved in 5 mL of MeOH was then added and stirred for 30 min at 30 °C. The mixture was then heated at 110 °C for 50 min to remove MeOH, then at 290 °C for 180 min under argon. The solution was cooled to room temperature and 25 mL of acetone was added. The precipitate was centrifuged, isolated and redispersed in 20 mL of cyclohexane. The concentration of the dispersion of NaYF4:20% Yb 3+ , 2% Er 3+ nanocrystals capped with oleate ligands (UCNP@OA) in cyclohexane was around 40 mg mL -1 .

UCNP@OA were modified with silanol (Si-OH) in the presence of TEOS under basic conditions by reverse microemulsion method 26,[START_REF] Gnanasammandhan | [END_REF] followed by the introduction of primary amine groups by treating with APTS. 34 Briefly, 1.5 g of IGEPAL® CO-520 (3.33 mmol) was charged in a 50 mL centrifuge tube followed by 21 mL of cyclohexane and 4 mL of UCNP@OA dispersion (20 mg mL - 1 in cyclohexane) were added into the tube. After 1 min of sonication, the mixture was poured to a 100 mL flask under vigorous stirring (750 rpm). 0.165 mL of ammonium hydroxide (28%) was added slowly and stirred for 30 min. 50 µL of TEOS (0.22 mmol) were added to the reaction mixture that was stirred for 24 h. 30 µL of APTS (152 μmol) was then added and stirred for 24 h. 50 mL of a mixture of acetone and ethanol (50:50) was added to the reaction tube. The mixture was centrifuged at 6500 g for 30 min at room temperature and the supernatant was discarded. The UCNPs were washed several times with redispersion by vortex and sonication in ethanol and finally with acetone. The nanoparticles were dried under vacuum yielding 140 mg of aminefunctionalized UCNPs. UCNP@NH2 with a lower amount of amine groups were prepared similarly by adding 7.5 or 15 µL of APTS (38 and 76 μmol respectively) yielding to 121 and 129 mg of UCNP@NH2,low and UCNP@NH2,medium respectively.

Synthesis of CPABD-functionalized UCNPs (UCNP@CPABD)

120 mg of UCNP@NH2,high were dispersed in 5 mL of DMF. A solution of HBTU (154 mg, 0.4 mmol), HOBt (55 mg, 0.4 mmol), CPABD (113 mg, 0.4 mmol) and DIPEA (142 µL, 0.8 mmol) in 2 mL of DMF was added to the dispersion of UCNP@NH2 under argon. The reaction mixture was stirred vigorously overnight at room temperature. The UCNPs were then collected by centrifugation and washed five times with DMF and three times with acetone by redispersion in the solvent followed by sonication for 10 s. UCNP@CPABD with a high CPABD grafting density (UCNP@CPABDhigh) was finally dried under vacuum at room temperature for 48 h affording 115 mg of UCNP@CPABDhigh (95% yield). The preparation of UCNP@CPABD with a medium (UCNP@CPABDmedium) and low (UCNP@CPABDlow) CPABD grafting density were carried out according to the same protocols using 77 mg of HBTU (0.2 mmol), 22.5 mg of HOBt (0.2 mmol), 57 mg of CPABD (0.2 mmol) and 71 µL of DIPEA (0.4 mmol) for UCNP@CPABDmedium and 39 mg of HBTU (0.1 mmol), 12 mg of HOBt (0.1 mmol), 29 mg of CPABD (0.1 mmol) and 40 µL of DIPEA (0.2 mmol) for UCNP@CPABDlow.

Preparation of polyHPMA from UCNP@CPABD by surface-initiated RAFT polymerization from UCNPs (UCNP@polyHPMA)

In a 5 mL round bottom flask, 30 mg of UCNP@CPABD, 250 mg of HPMA (1.7 mmol), 2.52 mg of CPABD (9 μmol, 3 mM), and 3 mL of solvent (1,4-dioxane, DMF or MeOH) were added and dispersed under ultrasonication for 6 min (three times 2 min in a cold-water bath). 0.33 mg of AIBN (2 μmol) dissolved in 50 L of the solvent used for the polymerization was added to the reaction flask. The reaction mixture was degassed by bubbling argon into the solution for 30 min. The reaction mixture was stirred in an oil bath thermostated at 65 °C. For kinetic studies, aliquots were withdrawn at predetermined intervals during the polymerization to determine the monomer conversion of the polymer formed in solution. HPMA conversion was determined by 1 H NMR spectroscopy by comparing the integration of the vinyl protons at 5.7 ppm of HPMA to the integration of the methyl protons at 0.5-1.1 ppm of the backbone of polyHPMA. After 24 h of reaction, the reaction mixture was then quenched by placing the reaction flask in an ice bath. UCNP@polyHMPA were isolated by centrifugation. The supernatant was collected and precipitated in Et2O to isolate the polymer formed in solution. UCNP@CPABD were further purified by performing cycles of centrifugation and redispersion in MeOH (five times) and acetone (twice) to remove any ungrafted polymer. The polymers formed in solution and at the surface of UCNPs (UCNP@polyHMPA) were dried under vacuum at room temperature for 48 h.

Preparation of HBP from UCNP@CPABD by surface-initiated RAFT copolymerization (UCNP@HBP) 30 mg of UCNP@CPABD, 250 mg of HPMA (1.7 mmol), 3.52 mg of MA-CPABD (90 μmol), and 3 mL of 1,4-dioxane were placed in a 5 mL bottom flask and dispersed under ultrasonication for 6 min (2 min × 3) in a water bath at 10 °C. 0.33 mg of AIBN (2 μmol) dissolved in 50 µL of 1,4-dioxane was added the reaction mixture. The reaction mixture was degassed by bubbling argon into the solution for 30 min. The reaction mixture was stirred in an oil bath thermostated at 65 °C. For kinetic studies, aliquots were withdrawn at predetermined intervals during the polymerization to determine the monomer conversion of the polymer formed in solution. After 24 h of reaction, the reaction mixture was then quenched by placing the reaction flask in an ice bath. UCNP@HBP were isolated by centrifugation, MeOH was added to redisperse the nanoparticles and centrifuged again. The supernatant was collected after each washing step. The degree of branching (DB), monomer conversion and molecular weight of the polymer formed in solution were determined by UV-vis spectroscopy, 1 H NMR spectroscopy, and SEC measurement respectively. UCNP@HBP were further purified by performing cycles of centrifugation and redispersion three times in successively 1,4-dioxane, MeOH, and acetone to remove any ungrafted polymer. The polymers formed in solution (HBPsol) and at the surface of UCNPs (UCNP@HBP) were dried under vacuum at room temperature for 48 h. The UCNPs were dried under vacuum at room temperature for 48 h.

Cleavage of the polymers from the surface of UCNPs 30 mg of UCNP@polymer dispersed in 2.5 mL of deionized water were sonicated for 2 min before adding 0.5 mL of 40 % HF (Caution: HF is highly corrosive). The solution was shaken for 4 h and then neutralized by adding very slowly a saturated solution of NaHCO3. The mixture was dialyzed against water for 2 days and then centrifuged to collect the supernatant that was lyophilized.

Monitoring of CPABD concentration by UV-vis spectroscopy

For accurate comparison, a stock solution of CPABD was prepared using one part for the polymerization and another part as control. After polymerization, the supernatant was collected from the washing steps and concentrated by rotary evaporation. The pink residue was dissolved in 5 mL of MeOH and the solutions were characterized by UV-vis spectroscopy.

CONFLICTS OF INTEREST

There are no conflicts to declare.

Fig. 2

 2 Fig. 2 UV-spectra of decanted solution after 24 h of polymerization (red dashed line) and control solution (blue solid line) using UCNP@CPABDhigh for the preparation of (a) HBP with HPMA:MA-CPABD:AIBN = 200:1:0.2 (inset photo of the control and polymerization solution after 24 h) and (b) linear polymer with HPMA:CPABD:AIBN = 200:1:0.2.

Fig. 5

 5 Fig. 5 Normalized SEC traces for polymers (a) grafted on UCNPs and (b) formed in solution prepared from UCNP@CPABDlow. HBPs were synthesized using 3 mM (red dotted line) and (b) 6 mM (blue dashed line) of MA-CPABD, while the preparation of linear polymers was conducted with 3 mM of CPABD (black solid line).

Fig. 6 Fig. 7

 67 Fig.6 Growing linear vs hyperbranched polymers from UCNP@CPABDlow and the influence of steric hindrance, and termination and transfer reactions on their chain propagation.
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