Dr Damien Mertz 
  
Dr Pramudana Tan 
  
Tor Yajun Wang 
  
Kit Goh 
  
Anton Blencowe 
  
Frank Caruso 
email: fcaruso@unimelb.edu.au
  
Prof F Caruso 
  
Dr T K Goh 
  
Bromoisobutyramide as an Intermolecular Surface Binder for the Preparation of Freestanding Biopolymer Assemblies

Keywords: bromoisobutyramide, biopolymer assembly, non-covalent cross-linking, hollow capsules, replica spheres

Biopolymer assemblies are attractive candidates for a range of applications, including tissue engineering, [1,2] drug delivery, [3][4][5] biosensing [6,7] and stimuli-responsive coatings. [8,9] Various well-established methods employ physical (i.e., non-covalent) or chemical (i.e., covalent) strategies to assemble biomacromolecules into free-standing architectures. Amongst them, non-covalent strategies allow for the preparation of self-assembled peptides, [10,11] biopolymeric layer-by-layer capsules [5,[12][13][14][15] and hydrogels [16][17][18] composed of biopolymers.

However, these assemblies and associated fabrication methods have certain limitations; namely, the need for specific peptides, multistep assembly of polymers with complementary moieties and poor mechanical stability, respectively. In comparison, covalent cross-linking strategies [6,7,[19][20][21] afford more versatile, robust and facile routes to obtain free-standing biopolymer architectures with enhanced mechanical stability. Drawbacks associated with cross-linking include the potential toxicity of the cross-linkers, [20,21] thus often precluding biomedical application of the materials, and a loss of functionality through chemical (crosslinking) modification of the biomaterials.

Herein, we report a novel, facile and generalized approach toward the fabrication of noncovalent, free-standing biopolymeric assemblies. The process consists of a rapid and singlestep adsorption of a biopolymer (e.g., polypeptide, nucleic acid or polysaccharide) onto silica templates chemically modified with bromoisobutyramide (BrIBAM) (Figure 1). The BrIBAM-functionalized surface facilitates the formation of biopolymer films which retain their biological activity and with sufficient structural integrity that, upon removal of the supporting substrate, free-standing films/assemblies are formed without the need for covalent cross-linking. We demonstrate that the grafted BrIBAM groups act as intermolecular linkers capable of associating strongly with differently charged or neutral biopolymers, and that the driving force for film assembly is non-covalent in nature. Furthermore, this single-step assembly strategy is applicable to both solid and mesoporous templates with various dimensions and morphologies, affording the rational design of diverse free-standing architectures (e.g., capsules, porous spheres and fibers) with tailored composition.

Kinetic and structural characteristics of the BrIBAM-mediated assembly were investigated using human serum albumin (HSA) (see properties in Table S1) as a model biopolymer. To elucidate the assembly mechanism and specificity of the approach, four different chemically modified silica particles (bare 1, amino 2, isobutyramide (IBAM) 3 and bromo-isobutyramide (BrIBAM) 4) (Figure 2A) were compared for protein coating and capsule formation. Kinetic adsorption of fluorescently labeled (rhodamine B isothiocyanate, RITC) HSA from water onto the four modified surfaces was investigated via flow cytometry (Figure 2B). For the four surfaces, the kinetic curves show a fast coating process with an adsorption plateau reached (Figure S3 shows a larger area image of HSA capsules obtained from template 4, showing that significant capsule numbers can be processed.) In addition, atomic force microscopy (AFM) (Figure 2E) and scanning electronic microscopy (SEM) (Figure 2F) images of the HSA capsules generated from template 4 confirmed the formation of capsules in the dried state. AFM z-profile analysis revealed capsule wall thicknesses of ca. 6 ± 1 nm (Figure S4), which is consistent with the HSA coating thickness calculated by OWLS (6.0 ± 0.4 nm).

These data imply that the capsule wall is composed of a dense single layer of protein.

To understand the driving force of protein assembly, various control experiments were performed. To confirm that the BrIBAM coating did not form a self-supporting shell, BrIBAM-modified silica particles 4 without a protein assembly were exposed to HF/NH 4 F buffer. This resulted in complete dissolution of the BrIBAM layer (Figure S5A-B). Given the possibility of covalent bond formation between the BrIBAM prelayer and HSA through reaction at the C-Br bond, attenuated total reflectance infrared (ATR-IR) spectroscopy was performed on BrIBAM-coated particles before and after protein incubation (Figure 3A).

Analysis of the C-Br bond vibration at 664 cm -1 in both cases revealed similar amplitudes, indicating a negligible change in the number of C-Br bonds. The potential occurrence of radical addition and nucleophilic substitution between the C-Br bonds and HSA was evaluated by adding a large excess of a radical inhibitor (hydroquinone; 70 000 equiv./HSA) and a competing nucleophilic species (cysteine; 500 equiv./HSA or methanol; 50% as solvent), respectively, during HSA assembly on the BrIBAM template 4. In both cases intact HSA capsules were formed after template removal, demonstrating that an excess of these scavengers did not prevent the HSA assembly (Figure S5C-E). These experiments indicate that no common covalent reaction between the BrIBAM prelayer and protein are responsible for HSA capsule formation. Furthermore, potential covalent cross-linking between proteins via disulfide bridges during the assembly process was eliminated by the addition of a large excess of the reducing agent dithiothreitol (6500 equiv./HSA). HSA capsules were still formed after template removal (S5F).

To assess the nature of bonding in these architectures, the disassembly characteristics of the assemblies were investigated. HSA capsules were incubated with either acetone or urea (3 M aqueous solutions) and in both cases complete HSA capsule disassembly was observed with protein release into solution occurring rapidly (< 1 min) with acetone and more slowly with urea (ca. 4 h) (Figures 3B-C andS6A). In comparison, HSA capsules that had been covalently cross-linked with dithiobis(succinimidyl propionate) (Lomant's reagent [22] ) did not disassemble when exposed to acetone or urea (Figures 3D-E andS6B). This demonstrates that the interactions between BrIBAM and HSA originate from non-covalent forces, which are readily disrupted by acetone or urea. The proposed nature of these interactions is discussed in more detail later.

The versatility of the approach was investigated by employing other polypeptides and biopolymers, including amino acid homopolymers, nucleic acids and polysaccharides. Three enzymes (alkaline phosphatase (AP), horseradish peroxidase (HRP) and lysozyme (LYS)), an antibody (immunoglobulin (IgG)), a hormone (insulin (INS)), an affinity protein (streptavidin (STREP)), two amino acid homopolymers (poly(L-glutamic acid) (PGA) and poly(L-lysine) (PLL)), two nucleic acids (double-and single-stranded DNA (DNA ds and DNA ss , respectively)) and two polysaccharides (dextran sulfate (DS) and dextran (DEX)) (see properties in Table S7) were fluorescently labeled with either fluorescein isothiocyanate The potential of this approach to design nano-assemblies with controlled sizes and morphologies was subsequently investigated. BrIBAM-modified silica particles with various sizes (1.11 µm, 585 µm, and 304 nm) were employed as templates for the assembly of insulin (INS) and following template removal, INS capsules with respective sizes of 1.06 ± 0.08 µm, 686 ± 41 nm and 364 ± 59 nm were obtained (Figures 5A-C and S9.1). Mesoporous silica (MS) spheres and fibers are well-established sacrificial templates for the formation of polymeric networked architectures. [28,29] Therefore, BrIBAM modified MS spheres (4.5 µm diameter, ca. 100 nm pore size) were incubated with HSA. Following template removal homogeneous HSA replica spheres with ca. 30% shrinkage compared to the initial template were obtained (Figure 5D-E). Similarly, 300 nm HSA replica spheres were formed from smaller MS particles (500 nm diameter, ca. 20-40 nm) (Figure 5F). In addition, non-spherical MS template fibers (ca. 10-20 µm in length, ca. 1 µm in diameter, 50-100 nm pore sizes) were also employed. Thus, DEX, DNA ds and IgG were coated onto BrIBAM-modified MS-fibers (Figure 5G-I) and the corresponding biopolymeric replica fibers were formed after template removal (Figure 5G'-I'). The study was also performed with HSA and afforded similar results The compositionally diverse range of charged and neutral biopolymers employed indicates that the assembly process is not governed by electrostatic interactions but by other noncovalent forces that are strong enough to generate free-standing assemblies. Regarding the chemical structure and the constituent atoms of BrIBAM that would be able to generate specific intermolecular forces, we speculate that the biopolymer assemblies are noncovalently linked to BrIBAM via (i) hydrogen bonds and/or (ii) interactions with Br atoms (Figure 5J). The occurrence of hydrogen bonding between the amide groups of IBAM and various types of donor/acceptor groups on biopolymers may account for the formation of shrunken capsules with collapsed shells. This is further suggested by the urea disassembly experiments noted earlier. Additionally, the structurally enhanced capsules observed with BrIBAM compared to IBAM may originate from a further non-covalent interaction of the biopolymers attributed to bromine atoms. Recently, various X-ray crystallography studies of biological macromolecules (e.g., proteins, DNA) interacting with bominated compounds reported unusually short and highly directed Br-O contacts [26,27] (~3.0 Å, i.e. 12% shorter than the sum of their van der Waals radii at 3.37 Å , noted RvdW) . The O atoms involved arose, in general, from carbonyl groups of protein peptidic bonds or from phosphate bonds of nucleic acid chains. These short non-covalent bonds were identified as halogen bonds, [23][24][25] which have been investigated and shown to have similar energetic and directionality features to H-bonding. Preliminary extended X-ray absorption fine structure (EXAFS, Australian Synchrotron, Melbourne) indicate that the bromine atoms may interact with the biopolymers, and our future studies are aimed at elucidating such interactions.

In summary, we have developed a generalized approach toward the fabrication of a diverse range of biopolymeric architectures (hollow capsules and replicated spheres or fibers) based on non-covalent interactions. The BrIBAM-assembled biopolymers (HRP and DNA) were shown to maintain their biological functionalities. It is anticipated that this approach and the resulting architectures will provide access to biomimetic assemblies that could find applications as targeted drug delivery vehicles or as bioresponsive micro/nanostructures through the use of surface conjugated ligands (e.g., antibodies) or bioactive species (insulin or DNA).

Experimental Section

Amino-modified templates 2 (nonporous silica particles and MS spheres and fibers) were obtained according to the following protocol: 200 µL of templates (5 wt% in EtOH) were dispersed in a solution of ethanol (500 µL), ammonia (30 µL) and APTS (125 µL). allowed to stand for 30 min, followed by centrifugation and washing in Milli Q water (3 × 100 µL). For capsule and replica particle formation, 1 µL of the biopolymer coated particles (0.5 wt%) were deposited onto poly(ethyleneimine)-coated slides (glass, silicon or gold wafer) and brought in contact with a 1 µL (solid templates) or 2.5 µL (mesoporous templates) HF buffer (NH 4 F/HF, pH=5) for 1 min (Caution! This method utilized HF which is highly toxic and great care must be taken when handling), followed by intensive rinsing with Milli Q water. HSA replica spheres were also handled and dispersed in phosphate buffered saline (PBS). 15 µL of HSA-loaded MS particles (1 wt%) were brought in contact with 150 µL of HF buffer and after 2 min, the HSA replica spheres were isolated via centrifugation (3700 g) and washed with PBS (3 × 20 µL). Further details concerning experimental protocols and characterization can be found in the Supporting Information. 
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Fluorescent Labeling of the Biopolymers. HSA, AP, LYS, INS and DNA ds were fluorescently labeled with RITC. HRP, PLL and DS were fluorescently labeled with FITC. A stoichiometry of 2 moles of fluorescent dye per mole of biopolymer chain (polypeptide, nucleic acid, polysaccharide) was employed. RITC and FITC were dissolved in dimethylsulfoxide (DMSO) at 10 mgmL -1 and gently mixed with solutions of HSA (10 mgmL -1 ), AP (10 mgmL -1 ), LYS (10 mgmL -1 ), INS (12.5 mgmL -1 ), DNA ds (10 mgmL -1 ), HRP (10 mgmL -1 ), PLL (10 mgmL -1 ) and DS (10 mgmL -1 ) dissolved in 0.1 M sodium bicarbonate (NaHCO 3 ) buffer (pH 8.5 or pH 7.5 (DNA ds only)). All of the biopolymers were reacted for 1 h except for DNA ds and DS, which were reacted 24 h. All fluorescently labeled biopolymers except DS-FITC were purified by size exclusion chromatography (SEC). SEC columns were equilibrated with Milli Q water (20 mL) and then loaded with the concentrated biopolymer solutions. The solutions were then collected by eluting with Milli Q water. To avoid potential reaction of DS-FITC with the SEC column it was purified by dialysis against Milli Q water using a 1000 Da molecular weight cut off (MWCO) dialysis membrane (Spectra pore, USA). Effective purification was checked by fluorimetry. Stock solutions of the fluorescently labeled biopolymers were stored in a freezer (-30 °C). to stand for 30 min, followed by centrifugation and washing in Milli Q water (3 × 100 µL). 1 µL of the biopolymer coated particles (0.5 wt%) was deposited onto a PEI-coated slide (glass, silicon or gold wafer) and brought into contact with a HF buffer (NH 4 F/HF, 1 µL, pH 5) for 1 min, followed by extensive rinsing of the slide with Milli Q water. The same procedure was used for adsorption of the biopolymers onto modified silica particles 1-3.

Preparation of Biopolymer Stock

Coating Process onto MS-Spheres, MS-Fibers and Replica Formation. Caution! This

method utilized HF which is highly toxic and great care must be taken when handling.

Chemically modified MS particles 4 dispersed in DMF (10 µL) were added to a 0.5 mgmL -1 HSA-RITC solution (100 µL). After 30 min the particles were washed with Milli Q water (3 × 100 µL). 1 µL of the HSA coated MS-spheres (0.5 wt%) were adsorbed onto a PEI-coated slide (glass or silicon wafer) and brought into contact with a HF buffer (NH 4 F/HF, 2.5 µL, pH 5) for 1 min to form replica spheres, followed by extensive rinsing of the slide with Milli Q water. The replica spheres were also dispersed in phosphate buffered saline (PBS). A 1 wt% dispersion of HSA loaded MS-particles in water (15 µL) was added to HF buffer (150 µL).

After 2 min the particles were isolated via centrifugation (1500 rcf) and washed with PBS (3 × 20 µL) to afford homogeneous HSA replicas which were dispersed in PBS buffer.

Chemically modified MS fibers 4 dispersed in DMF (10 µL) were added to 0.5 mgmL -1 HSA-RITC, IgG-FITC, DNAds-RITC and DEX-FITC solutions (100 µl). After 30 min, the particles were washed with Milli Q water (3 × 100 µL). 1 µL of the biopolymer coated MSfibers at a concentration of 0.5 wt% were adsorbed onto a PEI-coated slide (glass or silicon wafer) and brought into contact with HF buffer (NH 4 F/HF, 2.5 µL, pH 5) for 1 min, followed by extensive rinsing of the slide with Milli Q water.

Covalently

Cross-Linked BrIBAM-HSA-RITC Capsules.

A solution of dithiobis(succinimidyl propionate) at 5 mgmL -1 in DMF (15 µL) was added dropwise to BrIBAM-HSA-RITC silica particles (1 wt%) dispersed in 0.1 M NaHCO 3 buffer (pH 7.5) (45 µL). After 1 h reaction, the covalently cross-linked BrIBAM-HSA-RITC particles were centrifuged and washed with 0.1 M NaHCO 3 buffer (pH 7.5) (2 × 90 µL). The covalently cross-linked BrIBAM-HSA-RITC capsules were obtained as previously described.

Enzymatic Assay with the HRP Assembly Coated onto BrIBAM-Modified Silica

Particles. 100 µL of HRP-coated BrIBAM-modified silica particles in water (1 wt%) were dispersed in 1 mL solution of o-dianisidine at 0.1 mg.mL -1 in phosphate-citrate buffer (50 mM, pH5.8) followed by the addition of 10 µL of concentrated hydrogen peroxide (30 wt% in AFM scans of the replica fibers were carried out with a JPK NanoWizard2 Bio-AFM. Typical scans were conducted in intermittent contact mode with silicon cantilevers (NSC/CSC) (MikroMasch, Bulgaria) using the accompanying JPK image processing software.

Scanning Electron Microcopy (SEM).

HSA capsules were deposited onto gold coated silicon wafers and allowed to air dry prior to gold sputter-coating. SEM imaging was achieved with a FEI Quanta 200 FEG, scanning electron microscope operated at 5 kV (FEI Company, Netherlands).

Transmission Electron Microcopy (TEM). HSA replica spheres were deposited onto

Formvar-coated copper grids, rinsed extensively with Milli Q water and allowed to air dry.

TEM analysis was carried out with a FEI Tecnai TF30 instrument (FEI Company, the Netherlands) operated at 200 kV and fitted with a Gatan CCD camera (Pleasenton, USA). 

S2. Optical waveguide lightmode spectroscopy (OWLS)

To quantify the mass and thickness of the HSA coatings, OWLS experiments were performed on OWLS planar chips chemically modified in a similar way to the particles. Evolution of the refractive indexes NTE and NTM with time were measured by OWLS during HSA coating onto the modified chips 1-4 and revealed similar trends as compared to flow cytometry curves obtained on the particles 1-4 (Fig. 2B). Adsorbed mass and thickness were calculated from the change in refractive indexes using a fitting model integrated within the OWLS software (see details below). Surface masses of 279 ± 64, 185 ± 25 and 284 ± 33 ngcm -2 associated with thicknesses of 6.1 ± 2.3, 6.4 ± 0.6 and 6.0 ± 0.4 nm were calculated for surfaces 2-4 (Table S2), respectively, and are in accordance with a model of close packed protein monolayers [3] densely stacked on the surface. Mass and thickness data for a bare OWLS chip 1 (86 ± 23 ngcm -2 and 0.5 ± 0.4 nm, respectively) indicate a poorer coverage of proteins.

Details of the OWLS fitting model:

From experimental values of NTE and NTM and by assuming that the optical parameters of the waveguide layer of the substrate and buffer are known, the thickness and refractive index of the adsorbed layer can be calculated. Using the model that the refractive index of the adsorbed layer depends linearly with the concentration of the adsorbed material, the mass per unit surface area of the adsorbed material can be calculated. Average data were obtained from 2 series of OWLS modified chips 1-4 incubated with HSA for 30 min and after rinsing with Milli Q water for 10 min.

Table S2. Calculated surface masses and thicknesses of the HSA coatings on modified chips 1-4. 

Modified chips

S7. Versatility of the approach -numerous biopolymers

Table S7. Summarized properties of the employed polypeptides, nucleic acids and polysaccharides. All data were obtained from suppliers (Sigma-Aldrich, Calbiochem and Geneworks). Data for AP (*) were obtained from ExPASy Proteomics Server and data for IgG (**) were reported by De and coworkers. [4] Biopolymers 

  within 5 min. Similar fluorescence intensity maxima for surfaces 2-4 indicate that surface modifications 3 and 4 yield similar protein coverage to the amino-modified surface 2, which is positively charged in water. The non-modified, negatively charged silica surface 1 displayed a three-fold lower fluorescence intensity, corresponding to a lower amount of adsorbed protein than surfaces 2-4. This is attributed to electrostatic repulsion and nonspecific adsorption between the protein and the bare surface 1. The mass and thickness of the HSA coatings obtained from optical waveguide light mode spectroscopy (OWLS) experiments (see details in S2) indicated that close packed HSA monolayers of ca. 6 nm in thicknesses were assembled onto surfaces 2-4. The HSA coated particles 1-4 were imaged by fluorescence microscopy before (Figure 2C) and after (Figure 2D) template removal by exposure to hydrofluoric acid/ammonium fluoride (HF/NH 4 F) buffer (pH 5). Whereas for coated particles 1 and 2 template removal led to total deconstruction of the HSA assemblies, removal of templates from particles 3 and 4 led to the formation of HSA capsules. HSA capsules generated from template 4 had more homogeneous structures and exhibited significantly less shrinkage (ca. two-fold) than the HSA capsules prepared from template 3.

(

  FITC), RITC or tetramethyl-6-carboxyrhodamine (TAMRA) and adsorbed for 30 min onto BrIBAM-modified particle 4 (5 µm diameter). After template removal, hollow capsules (Figures 4A-H and S7.1) of various dimensions (see Figure S7.2 for capsule size distribution graph and discussion) were formed for all of the biopolymers, demonstrating the general nature of the process. SEM imaging of AP and HRP capsules illustrate that capsules with homogeneous walls are formed (Figure S7.3). Moreover, AP, HRP, HSA and DEX capsules were still shown to form from BrIBAM-coated particles 4 stored after several days (and even months) in water. A fluorescence microscopy image of DEX capsules formed from DEXcoated particles 4 stored in water for three days shows the stability with time of these assemblies (Figure S7.4). AFM imaging of the AP, HRP, DNA ds and DEX biopolymer structures revealed homogenous capsules with respective wall thicknesses of 9 ± 2, 8 ± 2, 15 ± 1 and 7 ± 2 nm (Figure S7.5), once again implying the formation of a dense biopolymeric ultrathin layer. Biopolymer coating of surfaces 1-3 followed by template removal was also performed using AP, HRP, DNA ds , DNA ss , DS and DEX and compared to surface 4 (Figure S8.1). In all cases very similar results to the HSA study were observed, confirming the pivotal role of the BrIBAM groups in capsule formation. Moreover, kinetic adsorption of DNA ds and DEX onto these four surfaces indicated fast coating (< 5 min) with optimum biopolymer coverage obtained for IBAM 3 and BrIBAM 4 surfaces (Figure S8.2). The biological functionalities of the biopolymer assemblies were assessed by investigating enzymatic catalysis and DNA hybridization with HRP-or DNA ss -coated onto BrIBAM-modified silica particles 4, respectively. Figure 4I shows the UV-visible spectra of the supernatant of HRPcoated silica particles 4 after 10 min incubation with its enzymatic substrate o-dianisidine in the presence of H 2 O 2. The absorption peak at 425 nm demonstrates effective HRP-catalytic oxidation of o-dianisidine into its colored oxidized form. A control in the absence of H 2 O 2 indicates that neither o-dianisidine nor the enzymes absorb in the visible region. Figure 4J shows the fluorescence intensities measured by flow cytometry of the double-stranded DNA stain PicoGreen for DNA ss 30-mer A 15 G 15 coated on BrIBAM-modified silica particles 4 before and after incubation with the complementary 30-mer T 15 C 15 DNA. The graph shows that the fluorescence intensity of PicoGreen bound to A 15 G 15 -T 15 C 15 DNA assembly is ca. 5fold higher that without the complementary strand (T 15 C 15 ), demonstrating the effective hybridization of DNA onto BrIBAM-coated particles. Thus, these experiments indicate that the biopolymers retain their functionality.

(

  Figure S9.2). AFM images and z-profiles of the biopolymeric fibers are shown in Figure S9.3 and depict fibrous architectures in all cases.

  After 2 h the amino-modified templates were isolated via centrifugation and washed with ethanol (1 × 200 µL) and dimethylformamide (DMF) (3 × 200 µL). Isobutyramide (IBAM)-modified templates 3 were obtained according to the following protocol: a solution containing isobutyrylchloride (55 µL) in DMF (400 µL) was added dropwise to the amino-modified templates 2 dispersed in a solution of DMF (400 µL) and triethylamine (Et 3 N) (40 µL). After 2 h, Milli Q water (200 µL) was added to dissolve the formed precipitates and the resulting particles were isolated via centrifugation and washed with DMF (3 × 200 µL). The same procedure was employed to prepare bromoisobutyramide (BrIBAM)-modified templates 4 by using 2-bromoisobutyryl bromide (65 µL). For the coating process with biopolymers, 10 µL of chemically modified silica templates 1, 2, 3 or 4 were added to 100 µL aqueous solutions of HSA, AP, HRP, LYS, IgG, INS, STREP, PGA, PLL, DNA ds , DNA ss , DS and DEX and

Figure 1 .

 1 Figure 1. Single-step adsorption of a biopolymer (e.g., polypeptide, nucleic acid or polysaccharide) from aqueous solution onto BrIBAM-modified silica templates, allowing, after template removal, the formation of free-standing biopolymeric architectures.

Figure 2 .

 2 Figure 2. (A) Chemical modification of silica particles 1 with aminopropyltriethoxysilane (APTS) to afford amino-modified particles 2, followed by functionalization to afford IBAMmodified 3 or BrIBAM-modified 4 particles. (B) Kinetic adsorption of HSA-RITC in water onto the four chemically modified surfaces, as followed by flow cytometry. HSA assemblies on particles 1-4 imaged by fluorescence microscopy (C) before and (D) after template removal. BrIBAM-HSA capsules imaged in the dried state by (E) AFM and (F) SEM. Scale bars are 5 µm for fluorescence microscopy images and 1 µm for the AFM and SEM images.

Figure 3 .

 3 Figure 3. (A) ATR-IR spectra of bare silica 1 and BrIBAM-modified particles 4 before and after HSA coating. BrIBAM-HSA-RITC capsules (B) before and (C) after addition of acetone (1 vol. equiv. in water). Covalently cross-linked BrIBAM-HSA-RITC capsules (D) before and (E) after addition of acetone (1 vol. equiv. in water). Scale bars are 5 µm.

Figure 4 .

 4 Figure 4. Fluorescence microscopy images of biopolymeric hollow capsules obtained after the single-step adsorption of the biopolymer onto BrIBAM-modified silica particles 4 and template removal for RITC or FITC labeled (A) AP, (B) HRP, (C) LYS, (D) IgG, (E) INS, (F) PLL, (G) DNA ds or (H) DEX. Scale bars are 5 µm. (I) UV-visible spectrum of the supernatant of HRP-coated BrIBAM-modified silica particles 4 incubated with o-dianisidine in the presence (×) and in the absence (♦) (control experiment) of H 2 O 2 for 10 min. (J) Fluorescence intensities measured by flow cytometry of the double-stranded DNA stain PicoGreen for DNA ss 30-mer A 15 G 15 coated on BrIBAM-modified silica particles 4 before (bar at the left) and after (bar at the right) incubation with the complementary 30-mer DNA T 15 C 15 .

Figure 5 .

 5 Figure 5. (A-C) BrIBAM-INS capsules of various sizes (1.06 µm, 686 and 364 nm diameters, respectively) imaged by AFM. HSA-RITC replicated spheres (3 µm diameter) imaged by (D) fluorescence and (E) bright field microscopy. (F) HSA replicated spheres of 300 nm diameter, as imaged by TEM. BrIBAM-modified MS-fibers loaded with (G) DEX-FITC, (H) DNA ds -RITC and (I) IgG-FITC imaged by fluorescence microscopy. Replicated fibers of (G') DEX-FITC, (H') DNA ds -RITC and (I') IgG-FITC obtained after template removal. Scale bars are 500 nm for AFM images (A-C), 100 nm for TEM image (F) and 3 µm for fluorescence and bright field microscopy images (D,E,G,H,I,G',H',I'). (J) Proposed mechanism of interaction between HSA chains and BrIBAM groups within the HSA replica, illustrating the possible interactions responsible for the non-covalent assembly. This example may be generalized to DNA or polysaccharide chains.

  Solutions. HSA, AP, HRP, IgG, INS, STREP, PGA, DNA ds , DS and DEX (fluorescently labeled or not) were diluted to 0.5 mgmL -1 in Milli Q water. PLL and LYS were diluted to 0.5 mgmL -1 in 0.1 M NaHCO 3 (pH 10) buffer. All of the synthesized oligonucleotides, single-stranded DNA, were diluted at a concentration of 10 µg.mL -1 in saline sodium citrate (SSC) buffer (500 mM sodium chloride and 50 mM sodium citrate, pH 6.5). . Amino-Modified Silica 2. 200 µL of silica templates (5 wt% nonporous silica particles or MS spheres/fibers in EtOH) were dispersed in a solution of EtOH (500 µL) containing ammonia (30 µL) and APTS (125 µL). After 2 h, the amino-modified templates were isolated via centrifugation and washed with EtOH (1 × 200 µL) and DMF (3 × 200 µL). Isobutyramide (IBAM) Modified Silica 3. A solution containing IBC (55 µL) in DMF (400 µL) was added dropwise to the amino-modified templates 2 previously dispersed in a solution of DMF (400 µL) and Et 3 N (40 µL). After 2 h, Milli Q water (200 µL) was added to dissolve the formed precipitates and the resulting particles were isolated via centrifugation and washed with DMF (3 × 200 µL).

Bromoisobutyramide (BrIBAM) Modified Silica 4 .

 4 A solution containing BIB (65 µL) in DMF (400 µL) was added dropwise to the amino-modified templates 2 previously dispersed in a solution of DMF (400 µL) and Et 3 N (40 µL). After 2 h, Milli Q water (200 µL) was added to dissolve the formed precipitates and the resulting particles were isolated via centrifugation and washed with DMF (3 × 200 µL). Coating Process onto Non-Porous Silica Particles and Capsule Formation. Caution! This method utilized HF which is highly toxic and great care must be taken when handling. Chemically modified silica particles 4 dispersed in DMF (10 µL) were added to 100 µL solutions of HSA-RITC, AP-RITC, HRP-FITC, LYS-RITC, IgG-FITC, INS-RITC, STREP-FITC, PGA, PLL-FITC, DNA ds -RITC, DNA ss -TAMRA, DS-FITC or DEX-FITC and allowed

H 2 O

 2 ). After 10 min incubation, particles were centrifuged and UV-Vis spectra of the supernatant with and without hydrogen peroxide were acquired.Hybridization Assay with the DNA ss Assembly Coated onto BrIBAM-Modified SilicaParticles. 10 µL of BrIBAM-modified particles coated with DNA ss 30-mer A 15 G 15(1 wt%) were dispersed and incubated in 100 µL solution of DNA ss 30-mer T 15 C 15 at 5µM in SSC buffer (0.5M sodium chloride and 50 mM sodium citrate, pH 6.5) for 30 min. After washing with SSC buffer, (100 µL), the particles were incubated in a double-stranded DNA stain PicoGreen solution (100-fold diluted in SSC buffer) for 10 min. After washing with SSC buffer, the particles were analyzed by flow cytometry.CHARACTERIZATION Flow Cytometry. A Cyflow Space (Partec GmbH) flow cytometer using an excitationwavelength of 488 nm (and with adapted emission filters) was used to follow kinetic adsorption of HSA-RITC onto the modified silica particles 1-4 in Milli Q water (pH 5.8) (Figure2B) and to measure the fluorescence levels of PicoGreen incubated with hybridized DNA assembled onto BrIBAM-modified silica particles (Figure4J). At least 20 000 particles were analyzed in each experiment.Optical Waveguide Lightmode Spectroscopy (OWLS). OWLS (Microvacuum Ltd,Hungary) was used to follow the kinetic adsorption of HSA in Milli Q water onto the chemically modified OWLS chips 1-4. OWLS sensors (composed of silica-titania) are sensitive to the penetration depth of an evanescent wave through the film near the waveguide surface (over 200-300 nm) and give access to the optical properties of the films (refractive indexes in transverse electric NTE and transverse magnetic NTM modes). Solutions of HSA (0.25 mgmL -1 , 200 µL) in Milli Q water were injected slowly (5 µLmin -1 ) over 30 min into the OWLS cell, followed by rinsing with Milli Q water under a constant flow rate (20 µLmin - 1 ). OWLS plots show evolution of the refractive indexes NTE and NTM with time. Adsorbed mass and thickness data for the four HSA coatings (at the adsorption plateau for thickness data and after rinsing with Milli Q water for 10 min for mass data) were extracted with the integrated OWLS software (Biosense 2.6) by fitting the curves with an adjustable model.Bright Field and Fluorescence Microscopy. Images of the biopolymer coated silica templates (non-porous and MS particles) and of biopolymeric capsules, replica spheres and fibers were taken using an Olympus IX71 inverted fluorescence microscope equipped with a DIC slider (U-DICT, Olympus), the corresponding filter sets, and a 60x oil immersion objective (Olympus UPFL20/0.5NA, W.D. 1.6). Analysis of the capsule sizes was performed using the software (Image Pro) integrated into the microscope.Atomic Force Microscopy (AFM).The imaged biopolymeric capsules and replica fibers were deposited onto PEI-coated silicon wafers, rinsed extensively with Milli Q water and allowed to air dry. AFM scans of the capsules were carried out with a MFP-3D Asylum Research instrument in AC mode using ultrasharp SiN gold-coated cantilevers (NT-MDT).

Attenuated

  Total Reflectance Infrared (ATR-IR) Spectroscopy. Fourier transform infrared (FTIR) spectra in attenuated total reflectance mode were recorded on a Varian 7000 FTIR spectrometer.The spectra show the absorbance of concentrated functionnalised silica particles deposited on the ZnSe ATR crystal surface as a function of the wavenumber in the infra-red region range 620-720 cm -1 . UV-Visible Spectrophotometry. An Agilent UV-Vis spectrophotometer was used to acquire absorbance spectra of the oxidized form of o-dianisidine formed by HRP-catalyzed oxidation of o-dianisidine. The spectra show the absorbance of the supernatant as a function of the wavelength in the visible region (340-740 nm).

4 Figure S2 .Figure S3 .

 4S2S3 Figure S2. Evolution of the refractive indexes NTE and NTM with time as measured by OWLS during HSA coating on the modified chips 1-4. Black arrows indicate rinsing with Milli Q water.

Figure S7. 1 .

 1 Figure S7.1. Fluorescence microscopy and bright field images of biopolymeric capsules prepared using (A) STREP-FITC, (B) DNA ss -TAMRA, (C) DS-FITC and (D) PGA. Scale bars are 5 µm.

Figure S7. 2 .

 2 Figure S7.2. Capsule size for all of the biopolymers employed. Capsule size analysis (from fluorescence microscopy images) reveals a trend where globular proteins tend to form capsules with limited shrinkage (ca. 10-30%), whereas biopolymers with more linear conformations such as amino acid homopolymers, DNA and DS tend to form capsules with significantly more shrinkage (ca. 60-70%).

Figure S7. 3 .

 3 Figure S7.3. SEM images of (A) AP and (B) HRP capsules generated from template particles 4. Scale bars are 10 µm and 5 µm, respectively.

Figure S7. 4 .

 4 Figure S7.4. Fluorescence microscopy image of DEX capsules generated from template particles 4 (BrIBAM) stored several days in water. Scale bar is 10µm.

Figure S7. 5 .

 5 Figure S7.5. AFM images and associated z-profiles of (A) AP, (B) HRP, (C) DNA ds and (D) DEX capsules initially templated onto BrIBAM-modified SiO 2 particles 4 (5 µm diameter).The capsule wall thicknesses are 9 ± 2, 8 ± 2, 15 ± 1 and 8 ± 2 nm, respectively, and were obtained from the analysis of at least 10 z-profiles of capsules. Note: The value of thickness measured for the DNA ds capsule is attributed to a redistribution of matter during the capsule shrinking (70%), which results in the loss of diameter into an increase of wall thickness.

Figure S8. 2 .particles 4 .

 24 Figure S8.2. Kinetic adsorption of (A) DNA ds -RITC and (B) DEX-FITC in Milli Q water (pH 5.8) onto the chemically modified silica particles 1-4 followed by flow cytometry.

Figure S9. 2 .

 2 Figure S9.2. MS fiber loaded with HSA-RITC imaged by (A) fluorescence and (A') bright field microscopy. Replicated BrIBAM-HSA fiber obtained after template removal imaged by (B) fluorescence and (B') bright field microscopy. Scale bars are 5 µm.

Figure S9. 3 .

 3 Figure S9.3. AFM images and associated z-profiles of (A) HSA, (B) IgG, (C) DEX and (D) DNA ds replica fibers. Thicknesses of the biopolymeric fibers were obtained via z-profiles and are in the range of 20-40 nm.
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Tel: (+61)3-8344-3461. Fax: (+61)3-8344-4153. Mesoporous silica (MS) particles (Separon SGX 1000, diameter 4.5 µm, pore size 100 nm) were obtained from Tessek Ltd (Czech Republic). Small sized MS particles (500 nm, 20-40 nm porosity) were prepared according to the literature method reported by Chen and coworkers. [1] MS fibers were prepared according to a previously reported method. [2] S1. Properties of human serum albumin (HSA) Table S1. Summary of the properties of HSA protein: shape; molecular weight (MW); isoelectric point (IEP); and spatial dimensions.

MATERIALS AND METHODS

Materials

Shape

MW (kDa) IEP Dimensions (nm × nm × nm) Globular 66.4 4.7 8.0 × 8.7 × 6.0 [3] S4. AFM z-profile analysis of HSA capsules