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Abstract

:

The synthesis of polymer brush decorated silica nano-particles is demonstrated by activator regeneration by electron transfer atom transfer radical polymerization (ARGET ATRP) grafting of poly(tert-butyl methacrylate). ATRP initiator decorated silica nano-particles were obtained using a novel trimethylsiloxane derivatised ATRP initiator obtained by click chemistry. Comparison of de-grafted polymers with polymer obtained from a sacrificial initiator demonstrated good agreement up to 55% monomer conversion. Subsequent mild deprotection of the tert-butyl ester groups using phosphoric acid yielded highly colloidal and pH stable hydrophilic nano-particles comprising approximately 50% methacrylic acid groups. The successful bio-conjugation was achieved by immobilization of Horseradish Peroxidase to the polymer brush decorated nano-particles and the enzyme activity demonstrated in a conversion of o-phenylene diamine dihydrochloride assay.
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1. Introduction


The advent of nano-technology and more recently nano-medicine has increased the demand for well-defined nano-particles (NPs) for example in areas such as diagnostics, drug delivery, bio-separation among others [1,2,3,4,5,6]. Silica nano-particles (Si-NPs) is among the most widely applied class of nano-particles owing to their well-documented synthetic accessibility by the base or acid catalyzed condensation of low molecular weight silicates. This process is known as the Stöber synthesis (and variations thereof) allows the synthesis of Si-NPs ranging from 15 to 800 nm [7,8] with good size control and, if desired, the incorporation of dyes or active molecules [9]. An increasingly important aspect in the design of nano-particles is their surface functionalization to facilitate interaction with the environment, the conjugation of active (bio)-molecules or simply to enhance their colloidal stability. Very useful in that respect are polymer brushes, i.e., functional polymers attached to the nanoparticle surface, due to their high polymer segment density [10,11]. We are interested in the decoration of Si-NPs with poly(methacrylic acid) (PMAA) or poly(acrylic acid) (PAA) as they can easily be conjugated with biomolecules by conventional coupling chemistry [12]. Moreover, the hydrophilic nature of these brushes stabilizes the nano-particle suspension in aqueous media thereby preventing particle aggregation and ensuring extended shelf life [13].



The grafting of polymer chains from the surface of the NP is the most widely used methodology to achieve polymer brush decorated silica nano-particles. Controlled radical polymerization techniques such as atom transfer radical polymerization (ATRP) are particularly useful in that respect as they permit the engineering of polymer brushes of defined length, density, and composition so as to modulate the surface functionality and properties of the NP [14,15,16,17,18,19,20]. Although ATRP has been extensively used for the polymer decoration of various surfaces including few examples of PAA and PMAA, it has the drawback of high copper catalyst concentrations. While the catalyst can be removed when micro or macroscopic substrates are used (e.g., silicon wafers), removal of the catalyst from NP is challenging. This drawback can be overcome by activator regeneration by electron transfer (ARGET) ATRP [21,22,23]. In ARGET ATRP the amount of copper catalyst is significantly reduced by a strategy that employs a reducing agent to in situ regenerate the active Cu(I) species. This technique has successfully been employed from surfaces [12,24,25,26,27,28] but to the best of our knowledge there are only very few reports of ARGET ATRP from Si-NP [29,30].



Here we report for the first time the synthesis of PMAA decorated Si-NP by surface initiated ARGET ATRP of tert-butylmetharylate (t-BMA). Subsequent mild deprotection of the poly(tert-butylmetharylate) (PBMA) yielded hydrophilic PAA decorated Si-NP with high colloidal stability. The feasibility of these nano-particles as a platform for bio-conjugation was shown by the immobilization of Horseradish Peroxidase (HRP).




2. Experimental Section


2.1. Chemicals


All chemicals were obtained from Sigma Aldrich (Dublin, Ireland) and used as received unless otherwise noted. Triphenylphosphine and CuBr2 were obtained from Acros (Geel, Belgium). 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimid and N-hydroxysulfosuccinimide were obtained from Thermo Fisher (Dublin, Ireland). Cu(PPh3)3Br was synthesized according to a literature procedure [31]. Peroxidase from horseradish Type VI, essentially salt-free, lyophilized powder, 250–330 units/mg solid (using pyrogallol), o-Phenylenediamine tablet (20 mg substrate per tablet), hydrogen peroxide solution (30 wt% in H2O), 1 M H2SO4 were obtained from Sigma Aldrich.




2.2. Methods


1H and 13C nuclear magnetic resonance (NMR) spectra were recorded at room temperature on a Bruker Avance 400 (400MHz, Bruker, Coventry, UK) and a Bruker Avance Ultrashield 600 (600 MHz, Bruker, Coventry, UK). CDCl3 was used as a solvent and the signals were referred to the signal of residual protonated solvent signals. Thermo-gravimetric analyses (TGA) were performed on a TGA Q50 (TA Instruments, New Castle, PA, USA) from TA Instruments using a temperature ramp from 20 to 800 °C at 20°C/min. under nitrogen atmosphere. All samples were carefully dried before measurement (3 days at 0.1 mbar at RT).



A Perkin-Elmer Spectrum 100 (Perkin-Elmer, Waltham, MA, USA) was used for collecting attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra in the spectral region of 650–4000 cm−1. The spectra were obtained from four scans with a resolution of 2 cm−1. A background measurement was taken before the sample was loaded onto the ATR unit for measurements. To measure melting points a Gallenkamp melting point apparatus (Gallenkamp, London, UK) has been used. Molecular weights of polymer were characterized by gel permeation chromatography performed on an Agilent 1200 series (Agilent Technologies, Santa Clara, CA, USA) equipped with two PL Gel 5 micrometer Mixed-C 300 × 7.5 mm2 columns at 40 °C and a differential refractive index (DRI) detector. Tetrahydrofuran (THF) was used as an eluent at a flow rate of 1 mL min−1. Molecular weights were calculated based on poly(methyl methacrylate) standards. TEM images were obtained using a TITAN microscope (FEI, Hillsboro, TX, USA) at Trinity College Dublin CRANN (at an accelerating voltage of 200 kV) for samples deposited on carbon-coated (400 mesh) copper grids. The preparation of samples for transmission electron microscopy (TEM) analysis involved depositing a drop (15 mL) of the nanoparticle suspension in toluene of water onto the grids and allowing the solvent to evaporate prior to imaging. The dynamic light scattering (DLS) experiments of peptide grafted nano-particles in different pH solutions were performed at 25 °C on a ZetasizerNano ZS particle analyzer (Malvern Instruments, Worcestershire, UK) using a detection angle of 173 degree and a 4 mW He–Ne laser operating at a wavelength of 633 nm. Perkin-Elmer Lambda 900 spectrometer (Perkin-Elmer, Waltham, MA, USA) was used for HRP colorimetric tests.



Prop-2-ynyl 2-bromoisobutyrate (V) [32]: A clean round bottom flask (previously dried 1 night in the oven at 140 °C) containing 100 mL of anhydrous ether was cooled to 0 °C using an ice/water bath. The solvent was purged 10 min with N2 before the addition of 2-bromoisobutryl bromide (20.0 g, 87 mmol) and pyridine (8.3 g, 105 mmol). After 2–3 min. the suspension turned yellow. The mixture was stirred for 5 min. before the drop wise addition of propargyl alcohol (5.87 g, 105 mmol) dissolved in 50 mL of anhydrous ether over a period of 30 min after which the suspension turned white. The flask was then removed from the ice bath and the reaction was allowed to proceed at room temperature for 24 h. The reaction mixture was then washed with 100 mL of 1 M HCl, 100 mL of 1 M NaOH, and 100 mL of brine, and then dried over anhydrous MgSO4. The solvent was removed by rotary evaporation at 35 °C and 0.1 mbar for 1 h and the alkyne group containing ATRP initiators was obtained as a white solid (yield: 89%). 1H NMR (600 MHz, CDCl3, δ): 4.78 (d, 2H, CH2O), 2.55 (t, 1H, C–CH) and 1.96 (s, 6H, (CH3)2C).



3-Azidopropyltrimethoxysilane (VI) [33]: To a 250 mL round bottom flask, 3-chloropropyltrimethoxysilane III, (6 mL, 6.80 g, 32 mmol), sodium azide IV (4.2 g, 64 mmol), and N,N-dimethylformamide (DMF) (40 mL) were added. The reaction mixture was stirred at 100 °C for 24 h. After cooling to room temperature, the mixture was filtered and the filtrate concentrated under reduced pressure by rotary evaporation at 35 °C, 0.1 mbar for 2 h to yield a yellow liquid as product (yield: 3.1 g, 95%). 1H NMR (600 MHz, CDCl3, δ): 3.57 (s, 9H, O–CH3), 3.27 (dt, J = 2.7 Hz, 2H, N3–CH2), 1.71 (m, 2H, CH2), 0.71 (m, 2H, Si-CH2).



1-((3-Trimethoxysilyl)propyl))-4-(ylmethyl 2-brono-2-methylpropanate)-1,2,3-triazole (VII): In a round bottom flask 1.2 mol equivalents prop-2-ynyl 2-bromoisobutyrate, 1 mol equivalents 3-azidopropyl trimethoxysilane and 0.5 mol% catalyst Cu(PPh3)3Br in DMF are stirred for 24 h at room temperature. After centrifugation and removal of the solvent in a rotary evaporator the product was obtained without further purification as a dark orange oil (density measured at RT is 1.45 g/mL) and stored under N2 at 4 °C (yield: 78%). 1H NMR (CDCl3, δ): 0.52 (m, 2H, –CH2–), 1.91 (s, 8H (6 + 2), (CH3)2C) and –CH2–), 3.57 (s, 9H, O–CH3), 4.32 (m, 2H, –CH2–), 5.25 (m, 2H, –CH2–O), 8.20 (s, 1H, triazolic C(5) proton). 13C NMR (600 MHz, DEPT, CDCl3, δ) 5.80 (–CH2–), 23.70 (–CH2–), 30.02 (–CH3), 49.90 (–CH3), 51.70 (–CH2–), 59.10 (–CH2–), 124.35 (C–H) (13C NMR DEPT assignments confirmed by Heteronuclear Multiple Bond Correlation (HMQC) NMR 1H-13C correlation spectrum).




2.3. Synthesis of Si-NP (Diameter 200 nm)


To prepare a 1 L alcosol batch with Si-NP 200 nm in diameter, 406.5 g of a 7 M solution of ammonia in MeOH are weighed and mixed with water (162.4 g) and TEOS (58.35 g). Finally, 247.3 mL of EtOH were added. The system was left overnight at room temperature. Subsequently the particles were recovered by successive centrifugations/decanted re-suspension cycles in ethanol, acetone and THF.




2.4. Decoration of Silica Nano-Particles with ATRP Initiator VII


The concentration of NP in the decoration suspension can be up to 1 g per 40 mL of solvents (for nano-particles up to 200 nm or less for smaller diameters). The system must be perfectly homogenous and mono-disperse and for this reason a 2 mL properly diluted aliquot of the system at room temperature should be analyzed by DLS at this stage. The acidic (acetic acid, 0.027%, v/v) suspension in THF of the bare Si-NP is gently stirred for 2 h at 35–40 °C. Then, 2% v/v of initiator (diluted in 5 mL of THF) is added drop-wise during 5 min under stirring and the system is refluxed under static N2 flow overnight. As a final step the washed decorated NP are re-suspend in a minimum amount of THF and left overnight under a very gentle flow of N2 to complete the formation of silanol bonds. The final powder is stored as stock solution in anisole.




2.5. Grafting of Tert-Butyl Methacrylate from ATRP Initiator Decorated Silica Nano-Particles


To a 22.5 mL glass vial (cleaned with acetone and dried by flushing N2 for 5 min) 100 mg initiator decorated Si-NP were added as an anisole stock suspension (5 mL of 1 g/mL suspension). Then a stirring bar and 15 mL of tert-butyl methacrylate (92.3 mmol) were added. Under magnetic stirring, the sacrificial initiator is added (methyl 2-bromopropionate, 32.80 µL, 0.294 mmol). CuCl2 (0.710 mg, 0.0053 mmol) and TPMA ligand (6.50 mg, 0.0224 mmol) are then added. The vial is then sealed with a rubber septum, purged with nitrogen for several minutes and the reducing agent is added under stirring (tin (II) 2-ethylhexanoate, 109 µL, 0.337 mmol). Note that the removal of oxygen by purging is not required in ARGET ATRP but accelerates the initiation process. The system is left at 60 °C for 4.5 h. The work up is based on six centrifugation steps at 9000 rpm (7890 Relative Centrifugal Force, RCF) for 20 min using toluene to wash the decanted particles (in each re-suspension of the decanted particles 5 min of ultra-sonication is applied). The last steps are three washings in THF and the re-suspended system in THF is left under a mild steam of N2 overnight at room temperature after which a brownish powder (118 mg) was recovered.




2.6. Reaction Kinetics and Degrafting of Polymer from Si-NP


In order to define the kinetic of the polymer growth, a known amount of DMF was added as an internal (and not reactive) NMR standard. Aliquots of the reaction mixture were withdrawn at time intervals with of a N2 purged syringe. The samples were immediately exposed to air and cooled to stop the polymerization. After centrifugation, the supernatant was analyzed by 1H-NMR, while the solid Si-NP (properly dried and washed) were treated with HF to de-graft the polymer from the surface. In a 25 mL flat bottom teflon vial, 2.5 mL of hydrofluoric acid solution (48% in H2O w/w) was added to 50 mg of brush decorated Si-NP previously suspended in a mixture 1:10 (v/v) of 0.1 M HCl/THF and stirred at no more than 100 rpm overnight to ensure complete dissolution. The reaction mixture was then added to a polyethylene centrifuge tube the de-grafted polymer was precipitated by adding 10 mL de-ionized water followed by centrifugation at 9000 rpm for 30 min. Traces of HF were then removed by dissolving de-grafted material in 0.5 mL THF and the polymer re-precipitated in 5 mL deionized water. The product was then centrifuged at 6000 rpm for 10 min and five repetitive washings and centrifugations were done with fresh deionized water. The free polymer was dried in a vacuum oven at 40 °C to remove traces of water up to a constant mass.




2.7. Deprotection of Poly(tert-Butyl Methacrylate) Grafted Si-NP


In a typical experiment, aqueous phosphoric acid (85 wt%) was added to a suspension of the brush Si-NP in THF typically with 1 mL of solvent per g of brush and 15 equivalents of aqueous phosphoric acid (85 wt%). The mixture was stirred at room temperature for 12 h (this time refers to the system obtained at 75% monomer conversion). For the workup water was added to dilute the reaction mixture, and concentrated sodium hydroxide solution was added to adjust the pH to 7–8. Final centrifugation steps are repeated up to pH neutrality of the supernatant.




2.8. Bioconjugation with HRP


A 10 mg/mL brush PMAA silica nano-particle suspension in 0.1 M MES (2-morpholino ethanesulfonic acid), 0.5 M NaCl, pH 6.0 buffer was reacted with 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (2 mM) and N-hydroxysulfosuccinimide (5 mM) at room temperature during 15 min. Then, after fast centrifugation (2 min) the nano-particles were washed with 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2–7.5 two times. After decanting the liquid, the solid was diluted in 10 mL of 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2–7.5 and 5 times 1 mL aliquots are centrifuged. These five samples of activated silica nano-particles are re-dissolved in 930, 940, 950, 960, 970 μL of sodium phosphate buffer. The entire process should be carried as quickly as possible (here 8 min) and at room temperature. Then, aliquots of a freshly prepared solution of Peroxidase from horseradish (HRP) in 0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2–7.5 at 1 mg/mL in HRP are transferred in the activated NP suspension. In particular, five aliquots of 70, 60, 50, 40 and 30 μL of the HRP solution at 1 mg/mL were added to the 1 mg/mL activated nano-particles suspension to obtain 5 times 1 mL samples with the same concentrations of nano-particles (1 mg) and different amounts of HRP. The bio-conjugation reaction was complete within 2 h at room temperature. The work up was made by centrifugation and two washing/re-suspension steps in phosphate-buffered saline (PBS) buffer (centrifugation cycles at 6860 RCF at 8500 rpm for 3 min). The final samples were stored in 0.1 M PBS buffer at pH = 6.0 at 4 °C for no more than two weeks, based on the stability of the HRP at concentrations of 1 mg of bio-conjugated nano-particles per mL of buffer. The specific tests here were carried out with 1 day to 2 weeks old bio-conjugated NP with no difference in the final colorimetric test.




2.9. Colorimetric Test


A buffer solution was prepared with 10.19 g of anhydrous citric acid, 30.90 g of Na2HPO4·12H2O (or, as an alternative, 14.60 g of Na2HPO4) at pH = 5 in 1 L of ultrapure water (18 MW/cm). A 20 mg tablet of o-phenylene diamine is dissolved in 50 mL of this buffer and left in the dark. Immediately before the colorimetric test, 20 μL of H2O2 (30% v/v) were added. To each aliquot of bio-conjugate at 1 mg/mL, 0.1 mL of this buffer is added. The system is left in the dark at room temperature during 2 h then 25 μL 1 M H2SO4 are added to stop the reaction. The system is then measured in a UV spectrophotometer at lMAX ≈ 441 nm.





3. Results and Discussion


The synthesis of the brush decorated Si-NP include the surface decoration of the bare nanoparticles with an ATRP initiator, the polymerization of t-BMA and a final deprotection step of the poly(t-BMA) to form the PMAA brush. The Si-NPs used in this work have an average diameter of 200 nm (PDI = 0.014) and were obtained by a classical Stöber synthesis from tetraethoxyorthosilicate (TEOS) [7]. The introduction of the initiator groups to the NP surface was achieved using a silane coupling agent employing “click” chemistry [34,35]. Using the click approach, an azido-modified silane moiety VI was readily “clicked” on an alkyne-functional bromoester V (Scheme 1). The initiator VII was obtained as a dark orange oil. The NMR spectra (Figure S1) of VII confirm the successful synthesis, in particular the singlet d at 8.20 ppm in the aromatic region of the 1H NMR spectrum due to the formation of the 1,2,3-triazolic ring [36]. This multi-step reaction is easy to perform, produces high yields and is robust so that sufficient amounts of initiator can be synthesized. While only applied for the synthesis of an ATRP initiator functional silane coupling agent, this strategy would allow preparing initiators for a number of similar techniques just by changing the final active initiator group for the desired polymerization.
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Scheme 1. Synthetic route to ATRP initiator silane coupling agent by “click” chemistry. 
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The decoration of Si-NPs (diameter 200 nm) was carried out in THF in the presence of a defined amount of the initiator-functional coupling agent. Prior to the reaction the Si-NPs were activated under acidic conditions to maximize the amount of active silanol groups of the surface followed by rigorous drying [37]. Evidence for a successful process was obtained from TGA (Figure 1) by a mass increase of 3.5%.
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Figure 1. Thermo-gravimetric analysis (TGA) results of silica nano-particles (Si-NP) (diameter 200 nm) at various stages of decoration: (a) bare Si-NP; (b) initiator decorated Si-NP; (c) brush poly(t-BMA) decorated Si-NP (polymerization time 180 min.); (d) brush poly(methacrylic acid) (PMAA) decorated Si-NP. Note that all samples have been processed under the same conditions (freeze/drying for 5 days at 0.1 mPa at room temperature). 
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ARGET ATRP of t-BMA was then performed from the surface initiator decorated Si-NP using CuCl2 and tris-((2-pyridyl)-methyl)-amine (TPMA) as the catalytic system, and tin(II)-2-ethylhexanoate as the reducing agent [24]. While it has been shown that direct ATRP of sodium methacrylate is possible from surfaces [38], it was decided to employ the protected monomer as that would avoid using an aqueous medium and potential hydrolysis of the particles under the reaction conditions. The polymerizations were carried out in the presence of a defined amount of free sacrificial initiator (methyl-2-bromopropionate) to mediate the reaction kinetics as well as the molecular weight of the polymer brushes [35]. A known amount of dimethylformamide (DMF) was added to the reaction system as an internal NMR standard. The ratio of the 1H NMR signal intensity from the DMF methyl groups and the 1H NMR signal intensity of the tert-butyl groups of the t-BMA monomer provide a measure of the consumed monomer during the polymerization. Fixed aliquots of the reaction mixtures were withdrawn at time intervals of 30 min using N2 purged syringes. The collected samples were immediately exposed to air and cooled to stop the polymerization. After centrifugation the supernatant was analyzed by 1H NMR to determine monomer conversion and by gel permeation chromatograms (GPC) to measure the molecular weight of the free polymer. The decanted Si-NPs were subsequently treated with HF to de-graft the polymer brushes and analyzed by GPC after precipitation in water/methanol to determine molecular weight and polydispersity.



It was found that the polymerization follows expected first order kinetics (Figure S2). More interesting is the comparison between the degrafted and the free PBMA. In Figure 2, the normalized GPC of the de-grafted polymers for the collected samples are presented. A clear shift of the chromatograms from low to high molecular weights can be seen. It is noticeable, however, that with increasing reaction time (monomer conversion) the low molecular weight tail of the traces hardly shifts, which is also manifested in an increasing polydispersity of the samples (Figure 3). This was not observed for the free polymer samples. Figure 3 shows a comparison of the molecular weights of the degrafted and free polymer. The very good agreement between both polymer molecular weights up to a monomer conversion of about 55% suggests that the growth conditions are nearly identical for the free and the surface grafted polymer. Moreover, the increase of Mn with monomer conversion is nearly linear in the 35%–55% monomer conversion range as would be expected for a controlled polymerization. At conversions of 75%, the measured Mn of the surface grafted polymer (156,000 g/mol) is significantly higher than that of the free polymers (55,000 g/mol). The deviation from the linearity for the surface polymerization suggests that the requirements for a controlled polymerization are not met anymore and uncontrolled growths occurs. As this is not the case for the free polymer, this must be caused by the specific confined surface conditions. It can be speculated that polymer end-groups are not assessable anymore for the catalytic system thus disturbing the delicate balance between dormant and active species resulting in uncontrolled radical polymerization. This is supported by a significant increase in the polydispersity of the de-grafted polymers from 1.3 to 3.5 at 75% monomer conversion (Figure 3). The assumption that free and grafted polymer populations are growing under the same conditions and produce polymers of comparable molecular weight and polydispersity is indeed not generally valid and in practice the comparability is strictly dependent on the specific condition used as the shape of the surface (flat or curved), the presence of confined pores or channels, the density of the grafted chains and the brush thickness can reverse this trend [39,40,41,42,43,44].
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Figure 2. Gel permeation chromatograms (GPC) of the de-grafted polymers (normalized curves) at 30 min intervals and final sample after 24 h. 
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Figure 3. Molecular weights (Mn) and polydispersity (PDI, inset, ▲) of de-grafted polymer (■) and free polymer (    ●    ) as a function of monomer conversion. 
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TGA analysis (Figure 2) revealed a total polymeric brush mass of 17.9% for the PBMA decorated Si-NPs at 75% monomer conversion. Following the successful grafting of the PBMA brush, the final step was the deprotection of the tert-butyl groups to yield PMAA decorated Si-NP. Numerous methods have been reported for the deprotection of tert-butyl esters, although most involve the use of strong acids such as CF3COOH, HCl, H2SO4, TsOH and MsOH or Lewis acids such as BF3·OEt2, TMSI, TMSOTf, TiCl4, SnCl4, AlCl3, Sn(OTf)2, and ZnBr2 [45,46]. However, strong acidic conditions and prolonged reaction times can promote hydrolytic reactions able to degraft the polymer chains from the Si-NP surface. Alternatively, the deprotection can also be achieved under mild acidic conditions by Montmorillonite K10 clay catalyst or silica gel (low pressure) but this approach would require separating NPs from another solid phase [47]. Alternatively we investigated aqueous phosphoric acid (85 wt%) based on reports that it is an effective, environmentally benign reagent for the de-protection of tert-butyl carbamates, tert-butyl esters, and tert-butyl ethers [48,49]. The reaction conditions are mild, high yielding and offer good selectivity in the presence of other acid-sensitive groups such as cyclic carbamates, lactones, ketals, acetate esters. Figure 4 shows the attenuated total reflectance IR (ATR-IR) spectra of PBMA decorated Si-NP before and after treatment with aqueous phosphoric acid. Notably, the peaks characteristic of PBMA (Figure 4A) and PMAA (Figure 4B) can be identified and are in agreement with literature data [50,51]. For example, the C=O stretching (1) at 1720 cm−1 and peaks such as the broad peak at 1464 cm−1 (2, methyl group of the repeating unit), and the doublet at 1392 cm−1 and 1367 cm−1 (3 and 4), respectively, assigned to the tert-butyl group. After the deprotection step, peak 1 remains unchanged while the polymer main chain peak 2 can still be identified. Moreover, the presence of 3 and 4 suggest incomplete deprotection. Nevertheless, the nanoparticles were rendered hydrophilic as evident from their full dispersability in water as depicted in Figure 5. While the hydrophobic PBMA NP cannot be suspended in water, hydrophilic PMAA NP form a stable, homogeneous suspension within 5 s of ultra-sonication highlighting the change of hydrophilicity due to the deprotection process.
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Figure 4. Attenuated total reflectance IR (ATR-IR) spectra of PBMA decorated Si-NP before (A) and after de-protection (B) with aqueous phosphoric acid. 
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Figure 5. Hydrophobic PBMA decorated Si-NPs floating on water (left) and hydrophilic PMAA Si-NP suspended in water. 
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The deprotection yield for the PMAA Si-NP obtained at 75% monomer conversion was calculated from TGA analysis (Figure 1). A mass loss of 4.4% compared to the PBMA NP was measured after the deprotection step. Considering a theoretical weight loss of 8.6% at quantitative deprotection for this specific sample this corresponds to about 50% deprotection yield after 12 h of deprotection reaction (details on calculation see Supporting Information). It was found that this is indeed the maximal possible de-protection degree as prolonged reaction times result in undesired brush and NP hydrolysis (Figure S3). The incomplete deprotection is most likely due to a low accessibility of t-BMA groups close to the silica surface. It is here worthwhile to note, that this is not a negative feature as a hydrophobic region close to the nano-particles surface provides a protective barrier against hydrolysis of the polymeric chains. This is highlighted by the fact that treating the Si-NP suspensions at pH range 2–10 had no detectable detrimental effect on the suspension stability or particle quality (Figure S4). Moreover, this diffusion barrier is contributing to the stability of these monodisperse suspensions in 0.1 M phosphate buffer solution at pH 7.4 (monitored over one year), a pH of interest as the majority of proteins are stable under these conditions, which makes these nano-particles directly suitable for bio-conjugation.



Figure 6 depicts Field Emission Scanning Electron Microscopy (FE-SEM) image of Si-NP at different stages of decoration. In particular the brush decorated NP show a distinct core-shell structure (Figure 6D–F). The denser silica core appears as a dark gray (or blue in bright field mode) and the surrounding corona made of less dense PMAA brush appears as lighter gray or blue. The silica core is highly spherical as evident from the sharp border in the micrograph and the brush thickness of the surrounding polymeric corona is highly regular. For the 200 nm NP a brush thickness of 40 nm can be estimated. Generally PBMA brush decorated Si-NP show a higher tendency to melting under a 30 kV electron beam and the corona shadow surrounding the nano-particles in this case has a less sharply defined contour if compared to the de-protected system.
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Figure 6. FE-SEM images of Si-NP of different size and state of decoration. (A) and (B): bare Si-NP; (C): ATRP initiator decorated NP; (D): PBMA brush decorated Si-NP; (E) and (F): PMAA brush decorated Si-NP. 
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Immobilization of biomolecules, such as proteins, enzymes, or antibodies on solid substrates has great importance in biosensors and biotechnology applications owing to their specific affinity for their targets [52,53]. Due to their robustness and versatility, functional polymer brushes have been utilized extensively for the immobilization of biomolecules [12,20,52,53,54,55,56]. Herein, horseradish peroxidase (HRP) has been chosen to conceptually investigate the covalent immobilization through carboxylic acid groups of PMAA decorated Si-NP. HRP is an α-helical globular protein with an average diameter of ~4.5 nm [50,57]. It is used extensively in biochemistry applications primarily for its ability to amplify a weak signal and increase detectability of a target molecule [58]. HRP immobilisation was performed using common EDC/sulfo-NHS coupling chemistry between amino groups of lysine residue of HRP and carboxyl groups of grafted PMAA at pH 7.4. A series of experiments was carried out systematically varying the weight ratio of HRP to PMAA decorated Si-NPs from 30, 40, 50, 60 and 70 µg HRP solutions (1 mg/mL) to 1 mg of NP suspension. The NP were subsequently washed and recovered by centrifugation. The enzymatic activity of the immobilized HRP was monitored using o-phexylene diamine dihydrochloride (OPD) as a chromogenic substrate. Upon reaction with HRP in the presence of hydrogen peroxide the soluble product 2,3-diaminophenazine is formed, which can be quantified UV spectroscopically at ~441 nm. Figure 7 shows a linear dependence of the UV absorbance peak from the HPR immobilised on the NP. When compared to the UV signal obtained from the free HRP at a centration that corresponds to the highest concentration used in the immobilisation protocol, a relative activity of 93% was relised. Slight activity loss could be due to inactive HRP on the surface, non-quantitative immobilisation or slight mosses in the work-up procedure.
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Figure 7. Horseradich peroxidase (HRP) catalysed conversion of o-phenylene diamine dihydrochloride (OPD) into 2,3-diaminophenazine and signficant UV-Vis absorbance peaks of 2,3-diaminophenazine for reactions catalysed by Si-NP conjugated with HRP at a concentration of 1 mg/mL NP in PBS at pH 7.4. Experiments 1–5 represent NP with decreasing amounts of conjugated HRP. The reference sample was recorded with free HRP (70 μg/mL), while the blank contains no HRP. 
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4. Conclusions


In conclusion, we have presented a robust protocol for the synthesis of PBMA polymer brushes on well-defined Si-NP using ARGET ATRP. The mild deprotection with phosphoric acid provided access to PMAA/PBMA copolymer brushes with high colloidal and pH stability. The feasibility for conjugation of active biomolecules to these particles was demonstrated by immobilization of HRP under retention of high level of catalytic activity.
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