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ABSTRACT
[bookmark: _Hlk13924576][bookmark: _Hlk14793269][bookmark: _Hlk13924742]Supraparticles (SPs) assembled from smaller colloidal nanoparticles can serve as depots of therapeutic compounds and are of interest for long-term, sustained drug release in biomedical applications. However, a key challenge to achieving temporal control of drug release from SPs is the occurrence of an initial rapid release of the loaded drug (i.e., “burst” release) that limits sustained release and potentially causes burst release-associated drug toxicity. Herein, a biocoating strategy is presented for silica-SPs (Si-SPs) to reduce the extent of burst release of the loaded model protein lysozyme. Specifically, the Si-SPs were coated with a fibrin film, formed by enzymatic conversion of fibrinogen into fibrin. The fibrin-coated Si-SPs, FSi-SPs, which could be loaded with 7.9 ± 0.9 µg of lysozyme per SP, released >60% of cargo protein over a considerably longer period of time of >20 days when compared with the uncoated Si-SPs that released the same amount of cargo protein, however, within the first 3 days. Neurotrophins that support the survival and differentiation of neurons could also be loaded at ~7.3 µg per SP, with fibrin coating also delaying neurotrophin release (only 10% of cargo released over 21 days compared with 60% from Si-SPs). In addition, the effects of incorporating a hydrogel-based system for surgical delivery and the opportunity to control drug release kinetics were investigated—an alginate-based hydrogel scaffold was used to encapsulate the FSi-SPs. The introduction of the hydrogel further extended the initial release of the encapsulated lysozyme to ~40 days (for the same amount of cargo released). The results demonstrate the increasing versatility of the SP drug delivery platform, combining large loading capacity, with sustained drug release that is tailorable using different modes of controlled delivery approaches.
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INTRODUCTION
[bookmark: _Hlk536711602][bookmark: _Hlk13927246]Nanotechnology has been widely investigated in the field of drug delivery to treat a diverse range of diseases such as cancer,1,2 viral infections,3 and neurological diseases.4,5 In drug delivery, the application of nanoengineered particles, such as liposomes,6 polymer particles,7 and mesoporous silica particles,8 can improve drug stability, prevent drug degradation and achieve controlled and sustained release of therapeutics.9 Sustained release drug delivery systems are of interest, particularly for applications where drug release is required over weeks or months, thereby reducing the frequency and amount of drug administration while eliciting the same (or improved) therapeutic effect. However, early and uncontrolled release of drug, or “burst release”, is a major challenge in developing sustained release drug delivery systems.10 Burst release results in higher initial local drug concentrations, which, dependent on payload, can cause off-target toxicity. A second issue with burst release is the reduction in the effective lifetime of the drug delivery system; this is particularly relevant for nanocarriers where burst release could deplete a significant proportion of encapsulated drug due to short diffusional distances from the core to the surface of a nanoparticle.11 Various approaches have been investigated to minimize the extent of burst release from nanocarriers, including modifying the structure or surface of nanocarriers,12-16 conjugating drug and nanocarriers via covalent bonds,17 and coating the surface of nanocarriers.18,19 
Recently, we reported the electrospray assembly of ~550 µm silica SPs (Si-SPs) composed of thousands of smaller porous silica particles. The Si-SPs could encapsulate up to 7 µg of a model drug per SP and exhibited sustained, long-term drug release (>4 months).20 One of our main interests in Si-SPs is for the inner ear delivery of neurotrophins for the treatment of hearing loss. Neurotrophins, including brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), are naturally occurring proteins expressed by certain types of cells within the inner ear including auditory neurons, hair cells, and supporting cells.21,22 Neurotrophins are important for supporting the differentiation and survival of auditory neurons, and hence are highly relevant drug candidates for encapsulation in Si-SPs for treating hearing loss.23,24 BDNF has been loaded in Si-SPs—which can be prepared using evaporation-induced self-assembly,25-27 mold-templating approaches,28,29 and gel-mediated electrospray assembly20—achieving protein loadings (>100,000 ng mg−1)20 that are several orders of magnitude higher than those achieved by comparable colloidal nanoparticle systems (~20 ng mg−1).30 Importantly, BDNF-loaded Si-SPs have shown improved nerve survival when delivered in the inner ear of guinea pigs.27,31 For inner ear drug delivery, it is important to control the release kinetics of neurotrophins in the inner ear, as high local concentrations (e.g., due to burst release) may cause side effects such as seizures32 and epilepsy.33 Hence, reducing burst release to achieve sustained, continuous release over long periods (months) is critical for future clinical translation of the supraparticle technology. 
Herein, we hypothesize that drug release from SPs can be slowed down using engineered coatings. A major consideration is the use of a material/coating that is biologically compatible to enable future clinical use. Thus, a bio-inspired strategy, using a biocoating and/or a composite hydrogel, is presented to reduce the extent of burst release of proteins pre-loaded in Si-SPs (Scheme 1). Specifically, our coating strategy is based on fibrin, an endogenous protein that is vital for blood clotting and hemostasis. Fibrin is a key component of the typical physiological response for the prevention of bleeding/hemorrhaging or blood clot formation: insoluble fibrin is enzymatically formed from fibrinogen, a glycoprotein present in blood plasma, which in the presence of thrombin becomes fibrin.34-36 We hypothesize that this bio-inspired coating strategy (which mimics aspects of the blood clotting formation) would result in a compact fibrin coating with low permeability, thus delaying drug release from Si-SPs. This is similar to what is observed for coated surgical sutures.37 Our results showed a substantial delay in initial release: in the presence of uncoated Si-SPs, >60% of drug release occurred in the first 3 days, whereas in the presence of the fibrin-coated Si-SPs (FSi-SPs) drug release extended to over >20 days (a >6-fold increase). Furthermore, cytotoxicity studies in the U87MG human brain glioblastoma cell line showed no adverse effects, and degradation studies provided further evidence for the biodegradability of the fibrin coating.
[bookmark: OLE_LINK19][bookmark: OLE_LINK18]To facilitate future clinical use and surgical handling of the present SP drug delivery system, a hydrogel scaffold that gels upon application of external stimuli was developed by incorporating FSi-SPs within an injectable, biocompatible and biodegradable alginate-CaCO3 particle (alg-CaCO3) hydrogel system. We previously reported approaches using poloxamer-based hydrogels that accelerated the release rate of drugs encapsulated in Si-SPs (thus exacerbating the burst release).20 In contrast, the alg-CaCO3 system presented herein reduced the initial drug release rate. Taken together, our results demonstrate that the incorporation of FSi-SPs into an alg-CaCO3 hydrogel matrix is a promising and potentially translatable platform for sustained and controlled protein delivery with substantially reduced burst release compared to conventional SP drug delivery systems.27,28 This approach has potential application in the treatment of middle ear or inner ear diseases with neurotrophins or other biomedical applications requiring sustained release. 
[image: ]

Scheme 1. Schematic illustration of the SP drug delivery systems developed in the present study. Si-SPs are pre-loaded with protein therapeutics (neurotrophins or the model protein lysozyme) before coating with fibrin to generate FSi-SPs. The coated SPs, FSi-SPs, are subsequently embedded in an alg-CaCO3 hydrogel system. FSi-SPs exhibit reduced initial burst release (compared to uncoated Si-SPs). Hydrogel encapsulation further reduces initial burst release. Long-term, sustained release of the preloaded protein is obtained through degradation of fibrin, silica SPs and hydrogel. 
EXPERIMENTAL SECTION
[bookmark: OLE_LINK53][bookmark: OLE_LINK57][bookmark: OLE_LINK49][bookmark: OLE_LINK52]Materials. Cetyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate (TEOS), ammonium hydroxide solution (28–30%), poly(acrylic acid) (PAA, Mw ~250 kDa, 35 wt% aqueous solution), fluorescein isothiocyanate (FITC), lysozyme protein from chicken egg white, alginic acid sodium salt from brown algae (alginate), calcium chloride (CaCl2), phosphate-buffered saline (PBS, pH 7.4), fibrinogen from human plasma, phenazine methosulfate (PMS), Dulbecco’s phosphate-buffered saline (DPBS), sodium hydroxide (NaOH), poly(sodium 4-styrenesulfonate) (PSS), sodium carbonate (Na2CO3), D-glucono--lactone (GDL), and silicon standard for the inductively coupled plasma experiments were purchased from Sigma-Aldrich (USA). Thrombin reagent was purchased from Siemens (Australia). Hydrochloric acid, sodium chloride (NaCl), tris(hydroxymethyl)methylamine (Tris) and calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) were obtained from Chem-Supply (Australia). 2,3-Bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxyanilide inner salt (XTT), the Micro BCA protein assay kit, and NT-3 enzyme-linked immunosorbent assay (ELISA) kits were purchased from Thermo Fisher Scientific (Australia). The U87MG human brain glioblastoma cell line was purchased from American Type Culture Collection (USA). Biowhittaker Dulbecco’s Modified Eagle’s Medium (DMEM) was obtained from Lonza (Australia). BDNF and NT-3 were purchased from PeproTech Asia (Israel), and human BDNF ELISA kits were obtained from Abcam (Australia). Ethanol was purchased from Chem-Supply (Australia). Ultrapure water (Milli-Q water) with a resistivity of greater than 18 MΩ cm was used in all experiments and obtained from a three-stage Millipore Milli-Q Plus 185 purification system. All chemicals were used without further purification. 
[bookmark: OLE_LINK7]Synthesis of Primary Silica Particles. Primary silica particles (~1 µm diameter) were synthesized using a modified version of a previously published protocol.38 Briefly, 1.1 g of CTAB was dissolved in 50 mL of Milli-Q water followed by mixing with 4.3 g of PAA under vigorous stirring at room temperature (i.e., ~22 °C). After 20 min, a clear solution was obtained, to which 3.5 mL of ammonium hydroxide solution (28–30%) was added with vigorous stirring for 20 min, resulting in a milky suspension. TEOS (4.46 mL) was then added with vigorous stirring for 15 min. Subsequently, the mixture was placed into a Teflon-sealed autoclave at 90 °C for 48 h. The silica particles were removed from the Teflon-sealed autoclave and washed with Milli-Q water and ethanol twice, followed by drying at 80 °C overnight. Finally, the primary silica particles were placed in a chamber furnace (Jetlow, Australia) and calcined at 550 °C for 30 h to remove any organic materials.
[bookmark: OLE_LINK17][bookmark: OLE_LINK16][bookmark: OLE_LINK15]Synthesis of Silica SPs. The silica SPs (Si-SPs) were assembled using an electrospray method as described previously.20 Briefly, 80 mg of the primary silica particles was dispersed in 2 mL of aqueous alginate solution (30 mg mL−1 in Milli-Q water). After mixing, the suspension was ultra-sonicated using an ultrasonic processor with a microtip probe (Qsonica, CT, USA) at an output amplitude of 30% for 40 s and sonicated further in an ultrasonic cleaner (Branson, USA) for 1 h to disperse the primary silica particles evenly within the alginate solution. Subsequently, the solution was poured into a syringe, which was positioned in a syringe pump set at a constant flow rate of 8 mL h−1. An applied voltage of 13 kV was used in the electrospray setup to drip the alginate/primary silica particle solution into a reservoir of 1% w/v of aqueous CaCl2. A 10 cm collector distance was set between the end of the nozzle and the surface of the CaCl2 solution. After 5 min, the alginate/silica SPs (Si-SPsalg) were collected directly from the CaCl2 bath using a strainer and washed extensively in Milli-Q water (four times). Finally, the alginate was removed from the Si-SPsalg by calcination at 650 °C for 30 h to produce the Si-SPs. The density of the Si-SPs is ~71.8 µg cm−3, calculated using the mass of individual Si-SPs divided by the volume of individual Si-SPs (mass and diameter of SPs are measured, and then density is approximated by assuming that the individual Si-SPs are perfect spheres).
[bookmark: _Hlk13924390][bookmark: OLE_LINK26][bookmark: OLE_LINK25]Synthesis and In Vitro Fibrin Degradation of FSi-SPs. The preparation of FSi-SPs is schematically illustrated in Scheme 1. Typically, ten Si-SPs were placed in a 1.7 mL Eppendorf tube and sterilized with 100 µL of 80% (v/v) ethanol at ~22 °C for 4 h. The SPs were then washed with Milli-Q water six times (after sterilization, Si-SPs were handled under aseptic conditions in a biosafety cabinet). Then, 50 µL of 20 mg mL−1 fibrinogen dissolved in 50 mM Tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl with pH adjusted to 7.2) was added to the Si-SPs and incubated at 4 °C overnight (~16 h). The supernatant was then aspirated and the Si-SPs were incubated with 50 µL of 1.72 mg mL−1 thrombin in 50 mM TBS, containing 40 mM CaCl2 at ~22 °C for 1 h. Finally, the supernatant was aspirated and the Si-SPs were washed with Milli-Q water three times.
The degradation of fibrin from FSi-SPs was assessed by incubation of FSi-SPs with 100 µL of PBS (pH 7.4) at 37 °C (with ten FSi-SPs in each sample). At specific time intervals (up to 42 days), 95 µL of supernatant was collected and stored at –20°C for further analysis, and then replaced with 95 µL of fresh PBS. The concentration of degraded fibrin in the supernatant was quantified using a Micro BCA protein assay kit based on the manufacturer’s protocol. The degradation percentage of fibrin was calculated as follows: 
	(1)
where m0 is the initial amount of fibrin on the SPs and mn is the amount of fibrin in the supernatant at time point n.  
Synthesis of CaCO3 Particles. CaCO3 particles were synthesized using a previously described protocol39 with modifications. First, 5 g of PSS (Mw 70 kDa) was dissolved in 500 mL of Milli-Q water to form 10 mg mL−1 PSS solution. Then, a precursor solution consisting of 1 mL of 1 M Na2CO3, 0.5 mL of 10 mg mL−1 PSS, and 3.5 mL of Milli-Q water was prepared. In a separate flask, 20 mL of 10 mg mL−1 PSS solution was added to 175 mL of Milli-Q water with vigorous stirring. After stirring for 1 min, 5 mL of 1 M Ca(NO3)2·4H2O solution was added with vigorous stirring for 2 min. The precursor solution (5 mL) was then added and the resulting mixture was stirred vigorously for 1 min, after which the stirrer was turned off and the mixture allowed to stand for 3 min, followed by another vigorous stirring for 1 min. The as-synthesized CaCO3 particles were dried overnight in an oven at 80 °C and subsequently ground using a mortar and pestle. The fine CaCO3 powder was then calcined with air flow at 500 °C for 2 h to remove any organic materials.
Preparation and In Vitro Degradation of the Alg-CaCO3 Hydrogel. To prepare the hydrogel, 1 mL of 20 mg mL−1 alginate solution in Milli-Q water was mixed with 15 µL of 100 mg mL−1 CaCO3 particles (particle diameter ~1.8 µm, see Figure S1). Following this, 53.4 µL of 100 mg mL−1 GDL was added to achieve a CaCO3 particles-to-GDL molar ratio of 1:2, resulting in a neutral pH value of the formed hydrogel. The gelation time of the hydrogel can be tuned by adjusting the concentration of the alginate solution and/or the amount of CaCO3 particles.40  
To study the degradability of the alg-CaCO3 hydrogel, the mass (dry weight) of the hydrogel was monitored over time. PBS (500 µL, pH 7.4) was added to the hydrogel (500 µL of 20 mg mL−1 alg-CaCO3 hydrogel) and incubated at 37 °C. At various time points (0, 3, 7, 14, 21, 28 and 42 days), PBS was removed, and the remaining hydrogel samples were washed with Milli-Q water (five times), and frozen and stored at –20 °C until analysis. For the longer time points, PBS was replaced with 500 µL of fresh PBS and the sample was returned to the incubator set at 37 °C until the next time point. All remaining samples were lyophilized, and the dry weight of the hydrogel was measured. The weight loss percentage was calculated as follows:
	(2)
where m0 is the initial weight of the hydrogel at time point 0 and mn is the weight of hydrogel at time point n. 
[bookmark: OLE_LINK13][bookmark: OLE_LINK10][bookmark: _Hlk14264017][bookmark: _Hlk14263643]Characterization. Scanning electron microscopy (SEM) images of Si-SPs, FSi-SPs and CaCO3 particles were taken using a Philips XL30 field-emission scanning electron microscope (Philips, Netherlands) at an operating voltage of 5 kV. SEM samples of the SPs were prepared by depositing them onto conductive carbon tape followed by sputter coating to obtain a 20 nm gold coating on the samples. SEM–energy-dispersive X-ray spectroscopy (SEM-EDX) mapping of FSi-SPs was performed on a Philips XL30 field-emission scanning electron microscope (Philips, Netherlands). Prior to analysis, the alg-CaCO3 hydrogel was lyophilized overnight. The lyophilized sample was then placed directly onto conductive carbon tape followed by gold sputter coating for imaging. Fourier-transform infrared (FTIR) spectra of Si-SPs and FSi-SPs were collected using a FTIR spectrophotometer (Bruker, Australia). The thickness and surface roughness of the fibrin coating were characterized by atomic force microscopy (AFM; JPK nanoWizard II BioAFM) in contact mode. Briefly, a glass microscope slide was cleaned using a plasma cleaner. Fibrinogen solution was added onto the glass slide, incubated overnight at 4 °C, and washed with Milli-Q water. For the preparation of the fibrin coating, thrombin solution was added to the fibrinogen film and incubated for 1 h at room temperature (22 °C) followed by washing with Milli-Q water. To measure the thickness, a scalpel blade was used to scratch the dry fibrinogen or fibrin film and images were taken at several points on the edge of the scratch. Film thickness and surface roughness analyses were carried out using the JPKSPM data processing software. The thickness and surface roughness values obtained were averaged and reported as mean ± standard deviation.
[bookmark: _Hlk13825729][bookmark: _Hlk15307128]In Vitro Release Studies. In vitro release studies were conducted using either the model drug FITC-lysozyme or neurotrophin (BDNF or NT-3). Following sterilization of the Si-SPs with 80% v/v ethanol and the synthesis of FSi-SPs (as described earlier), ten Si-SPs were incubated with 100 µL of FITC-lysozyme solution (1 mg mL−1 in Milli-Q water) in a 1.7 mL Eppendorf tube and mixed for 3 days at room temperature (22 °C). After incubation, the supernatant was aspirated to remove unbound lysozyme and the particles were washed with 100 µL of Milli-Q water three times. FITC-lysozyme loaded Si-SPs were coated with fibrin as described above. To study FITC-lysozyme release, 100 µL of fresh PBS (as the elution buffer) was added to the loaded Si-SPs or FSi-SPs. At defined time intervals (over 150 days), 95 µL of the supernatant was collected (and stored at –20 °C until analysis) and replaced with 95 µL of fresh PBS. The fluorescence of the collected samples was measured using an Infinite M200 microplate reader (Tecan, Switzerland), and the concentration of FITC-lysozyme in the supernatant was calculated using a FITC-lysozyme standard curve (Figure S2). FITC-lysozyme release from FSi-SPs was also assessed as a function of fibrinogen concentration (2, 20, and 40 mg mL−1) at a given concentration (1.72 mg mL−1) of thrombin (the resulting samples are referred to as 2F1.72Si-SPs, 20F1.72Si-SPs, and 40F1.72Si-SPs, respectively) and as a function of thrombin concentration (0.1, 0.5, 1.72, and 5 mg mL−1) at a given concentration (20 mg mL−1) of fibrinogen (the resulting samples are denoted as 20F0.1Si-SPs, 20F0.5Si-SPs, 20F1.72Si-SPs, and 20F5Si-SPs, respectively). A description, including nomenclature, of the particles prepared in the present study is given in Table S1.
[bookmark: OLE_LINK12][bookmark: OLE_LINK11]For neurotrophin (BDNF or NT-3) loading, four sterilized Si-SPs were incubated with 30 μL of BDNF or NT-3 solution (1.0 mg mL−1 in Milli-Q water). After incubation for 3 days, the supernatant was removed, and the SPs were placed in separate 1.7 mL microcentrifuge tubes (one SP per tube). For loading FSi-SPs, the neurotrophin was loaded into Si-SPs followed by fibrin coating that is mentioned above. Then, 100 µL of PBS (pH 7.4) was added to each tube and incubated at 37 °C. At defined time points (~28 days), 95 µL of the supernatant was collected (and stored at –20 °C until analysis) and replaced with 95 µL of fresh PBS. This sampling method was repeated at each time point over the course of the release studies. The amount of BDNF or NT-3 released from Si-SPs or FSi-SPs was determined using a BDNF- or NT-3-specific ELISA using a standard curve of BDNF or NT-3 as per the manufacturer’s protocol (Figure S3). 
The release of FITC-lysozyme from FSi-SPs embedded in the hydrogel was determined as follows. Alginate solution was mixed with CaCO3 particles as described above. Prior to gelation, 10 FSi-SPs (pre-loaded with FITC-lysozyme for 3 days) were added to the alg-CaCO3 mixture. To induce gelation, GDL was added at the same concentration and volume as described above. After ~2 min, the hydrogel formed. To study the release in PBS, 100 µL of PBS (pH 7.4) was added and the sample was incubated at 37 °C. At defined time points (over 110 days), 95 µL of supernatant was collected (and stored at –20 °C until analysis) and replaced with fresh PBS. The fluorescence of the collected samples was measured with an Infinite M200 microplate and the corresponding FITC-lysozyme concentration was determined using a standard curve (Figure S4). 
Note that for all comparisons presented in individual figures, release experiments were performed simultaneously and fluorescence measurement of the collected samples was performed on the same day using the same standard curve. 
In Vitro Si-SPs and FSi-SPs Degradation Studies. Si-SPs were first sterilized with 100 µL of ethanol (80% v/v) at ~22 °C for 4 h, and then washed with Milli-Q water four times (following sterilization, SP handling was performed in a biosafety cabinet using aseptic technique). Subsequently, FSi-SPs were prepared as described above. SP degradation was studied by immersing Si-SPs or FSi-SPs (20 SPs per sample tested) in 1 mL of 10 mM PBS (pH 7.4) at 37 °C. At defined time points (over 70 days), 1 mL of the supernatant was collected and replaced with 1 mL fresh PBS. The presence of silica degradation product in the supernatant was measured using inductively coupled plasma–optical emission spectroscopy (ICP-OES). Sodium hydroxide (8 M, 500 µL) was added to 500 µL of each collected supernatant to dissolve any silica fragments. The samples were incubated at 95 °C for 30 min, followed by 30 min of sonication. The samples were then incubated overnight at 37 °C. The dissolved sample (1 mL) was mixed with 4 mL of Milli-Q water, resulting in a 10-fold sample dilution from the originally collected supernatant. The amount of silicon in each sample (corresponding to the released silicon from the SPs) was measured by ICP-OES using a silicon standard curve (Figure S5). In addition to these measurements, the morphology of Si-SPs and FSi-SPs after long-term incubation in PBS was observed by SEM.
[bookmark: OLE_LINK4][bookmark: OLE_LINK30][bookmark: OLE_LINK29]Cytotoxicity. First, Si-SPs were sterilized with 100 µL of ethanol (80% v/v) at ~22 °C for 4 h, followed by washing sequentially with Milli-Q water (three times) and cell culture medium (three times). After sterilization, Si-SPs were handled in a biosafety cabinet using aseptic technique. To determine the cytotoxicity of the degradation products of the SPs, 1 mL of cell culture media (DMEM supplemented with 10% fetal bovine serum, 100 units mL−1 penicillin, 100 mg mL−1 streptomycin) was added to Si-SPs or FSi-SPs at varying quantities. At defined time intervals, the cell media was aspirated (and stored at –20 °C for future cell analysis) and replaced with fresh cell media. 
[bookmark: _Hlk529525543][bookmark: OLE_LINK14]Brain-derived U87MG glioblastoma cells were maintained in DMEM supplemented with 10% fetal bovine serum in a humidified incubator (37 °C, 5% CO2). U87MG cells were chosen as they are a human brain cell line, which is relevant for potential applications of the SPs in drug delivery to the human inner ear. U87MG cells were seeded in a 96-well plate at 2 × 104 cells per well in 100 µL of medium and incubated overnight. Subsequently, 100 µL of sample (degradation products from Si-SPs and FSi-SPs incubated in cell culture media and collected at different time points as described above) was added to each well and incubated (37 °C, 5% CO2). After incubation for 48 h, the cell culture medium was aspirated and 100 µL of XTT/PMS solution was added to each well to measure cell viability. After incubation for 4 h, the absorbance of the solution was measured using an Infinite M200 microplate reader at a wavelength of 475 nm and a reference wavelength of 675 nm. Differential absorbance was calculated by subtracting absorbance at 675 nm from absorbance at 475 nm. XTT/PMS solution was prepared by mixing 135 µL of 2 mM PMS in DPBS solution with 10.8 mg XTT in 54 mL DMEM supplemented with 10% fetal bovine serum. Sample wells containing only medium (i.e., no cells) were used as background controls for the absorbance measurements. Cells exposed only to fresh DMEM were termed untreated controls and used for the normalization of cell toxicity. 
Minimum Information Reporting in Bio–Nano Experimental Literature (MIRIBEL). The studies conducted herein, including material characterization, biological characterization, and experimental details, conform to the MIRIBEL reporting standard for bio–nano research,41 and we include a companion checklist of these components in the Supporting Information.
RESULTS AND DISCUSSION
[bookmark: OLE_LINK31][bookmark: _Hlk529283200][bookmark: OLE_LINK6]Synthesis of FSi-SPs. Si-SPs synthesized by gel-mediated electrospray assembly have been demonstrated to exhibit a high loading capacity and a sustained drug release for over 110 days.20 However, it was also noted that ~60% of FITC-lysozyme pre-loaded in Si-SPs was released within the first 3 days.20 To delay this burst release, a biocoating strategy was developed herein to prepare FSi-SPs (fibrin-coated silica Si-SPs). As observed in Figure 1a–d, the Si-SPs and FSi-SPs were spherical and consisted of thousands of smaller porous silica particles. Incubation of Si-SPs with fibrinogen, followed by the enzyme thrombin, results in the enzymatic conversion of fibrinogen into a mesh of fibrin on the Si-SP surface. Fibrin is a fibrous non-globular protein that is involved in the process of blood clotting.34-36 SEM was used to examine the surface ultrastructure of SPs following fibrin coating. At low resolution, there is little observable difference in morphology between Si-SP and FSi-SP (Figure 1a, c), but at higher resolution, SEM imaging revealed distinct differences in the surface morphology of the SPs (Figure 1b, d) indicating the successful coating of the Si-SPs with fibrin, as evidenced by the film coverage of the intraparticle pores within the SPs. SEM-EDX elemental mapping confirmed the presence of silicon (Si), oxygen (O), calcium (Ca), and nitrogen (N) uniformly distributed on the surface of FSi-SPs (Figure 1e). FTIR spectroscopy of the Si-SPs confirmed the presence of Si–O–Si bonds with stretching vibrations of Si–O–Si observed at 1071 cm−1, bending vibrations of O–Si–O observed at 793 cm−1, and rocking vibrations of Si–O–Si observed at 455 cm−1 (Figure 1f, black curve).42 FSi-SPs displayed a comparable FTIR spectrum (Figure 1f, red curve) except for the presence of an additional adsorption peak observed at 1645 cm−1, which may be assigned to the amine I band, due to the stretching vibration of C=O and C–N bands from fibrin in FSi-SPs.43,44 The thickness and surface roughness of the fibrin coating were measured using AFM. Before the addition of thrombin, the fibrinogen coating had a thickness of 0.9 ± 0.4 µm with a root mean square roughness of 86 ± 42 nm. After exposure to thrombin and subsequent conversion to fibrin, the thickness increased to 2.3 ± 0.3 µm and the roughness also increased to 331 ± 152 nm (Figure S6). Taken together, these results confirm the successful preparation of Si-SPs and the formation of a fibrin coating on the Si-SPs. 
[image: ]
Figure 1. Characterization of Si-SPs and FSi-SPs. (a) SEM image of a Si-SP and (b) high-resolution SEM image displaying the surface of a Si-SP. (c) SEM image of a FSi-SP and (d) high-resolution SEM image displaying the surface of a FSi-SP. (e) Elemental distribution of a FSi-SP. (f) FTIR spectra of Si-SP and FSi-SP. 
[bookmark: _Hlk14860534][bookmark: _Hlk13929242][bookmark: OLE_LINK9]In Vitro Drug Release. Preloading a model protein therapeutic (FITC-lysozyme) into Si-SPs (Scheme 1) followed by coating with a compact layer of fibrin as a “sealant” was hypothesized to slow the release of the entrapped drug from FSi-SPs. To evaluate FITC-lysozyme release profiles of FSi-SPs, FITC-lysozyme-loaded FSi-SPs were incubated in PBS (pH 7.4) at 37 °C, and the supernatant was collected for protein content analysis at varying time points. A range of parameters for FSi-SPs synthesis were examined, including varying the concentration of fibrinogen (while keeping the concentration of thrombin constant) and the concentration of thrombin (while keeping the concentration of fibrinogen constant). FITC-lysozyme was loaded in Si-SPs (incubation for 3 days at ~22 °C) to achieve an average loading amount of 7 µg per SP. FITC-lysozyme loading in the Si-SPs prior to fibrin coating under different fibrinogen and thrombin concentrations are shown in Figure S7. The percentage of FITC-lysozyme released from the different SPs at each time point is shown in Figures S8 and S9, and the respective release profiles are shown in Figure 2a, b. Figure S10 shows the data fitted according to the first order release kinetics model. As noted in Figure 2a, b, both Si-SPs and FSi-SPs showed sustained FITC-lysozyme release profiles over 110 days. However, fibrin coating (FSi-SPs) resulted in a reduced initial release. Specifically, >60% of protein was released from uncoated Si-SPs within 3 days. In comparison, release from 2F1.72Si-SPs (Si-SPs coated using 2 mg mL−1 fibrinogen and 1.72 mg mL−1 thrombin) occurred on a longer timescale of >20 days to achieve the same extent of release. The release period was further extended to 28 days when using 20F1.72Si-SPs and 40F1.72Si-SPs (FSi-SPs prepared using higher concentrations of fibrinogen) (Figure 2a). Similarly, by applying different concentrations of thrombin, the release of FITC-lysozyme from FSi-SPs was slowed down although the actual thrombin concentration (from 0.1 to 5 mg mL–1) had little effect on the early release of the protein (in the first 12 days). This is reasonable as thrombin is an enzyme that converts soluble fibrinogen into insoluble (“sticky”) fibrin, and the amount of thrombin (within a reasonable range) is not likely to limit the final quantity of fibrin fibers formed. As noted in Figure 2a, b, the cumulative drug release amount was lower than 100%, likely due to the photobleaching of FITC that occurs over long periods of time and/or the presence of firmly adsorbed protein on the Si-SPs.45 Nevertheless, these results demonstrate that fibrin coating can substantially reduce the initial burst release of the model cargo FITC-lysozyme from Si-SPs.  
[bookmark: OLE_LINK1][bookmark: OLE_LINK21][bookmark: _Hlk13936185]This study was extended to clinically relevant neurotrophins, BDNF and NT-3, to assess the potential application of Si-SPs for inner ear neurotrophin delivery. BDNF or NT-3 was loaded in Si-SPs (incubation for 3 days at ~22 °C), achieving an average loading of 7.3 µg per SP. Fibrin coating of BDNF- and NT-3-loaded Si-SPs was performed using 20 mg mL−1 fibrinogen and 1.72 mg mL−1 thrombin. These parameters were chosen (and were used in all subsequent experiments), as they provided optimal delayed burst release based on the FITC-lysozyme studies discussed above. Figure 2c, d shows the cumulative release profiles of BDNF and NT-3 of Si-SPs and FSi-SPs in PBS (pH 7.4) at 37 °C. The release of both BDNF and NT-3 from FSi-SPs show decreased release rates compared with the release profile of uncoated Si-SPs, which is further demonstrated from the percentage of BDNF or NT-3 released from FSi-SPs at each time point (Figures S11 and S12). At day 21, ~60% of the loaded BDNF or NT-3 was released from uncoated Si-SPs, whereas only ~10% of the loaded BDNF or NT-3 was released from FSi-SPs (Figure 2c, d), indicating that the fibrin coating strategy can also delay the release of pre-loaded BDNF and NT-3. The lower release amount of BDNF/NT-3 from FSi-SPs when compared with the release amount of FITC-lysosyme from FSi-SPs might be due to the stronger binding of BDNF/NT-3 to the fibrin matrix, resulting in extended BDNF and NT-3 retention within FSi-SPs when compared with FITC-lysozyme retention.46 The released neurotrophins are expected to maintain their biological activity, as shown in our previous work after implantation of the SPs in the inner ear of guinea pigs.27,31  
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[bookmark: _Hlk529527782][bookmark: _Hlk529526248][bookmark: _Hlk529526262][bookmark: _Hlk536799557][bookmark: _Hlk536798911]Figure 2. In vitro cumulative release profiles. (a) FITC-lysozyme release from Si-SPs and FSi-SPs (fibrin coating was obtained at varying concentrations of fibrinogen (2, 20, and 40 mg mL−1) while maintaining the concentration of thrombin at 1.72 mg mL−1; samples are respectively denoted as 2F1.72Si-SPs, 20F1.72Si-SPs, and 40F1.72Si-SPs). (b) FITC-lysozyme release from Si-SPs and FSi-SPs (fibrin coating was obtained at varying concentrations of thrombin (0.1, 0.5, 1.72, and 5 mg mL−1), while keeping the concentration of fibrinogen constant at 20 mg mL−1; samples are respectively denoted as 20F0.1Si-SPs, 20F0.5Si-SPs, 20F1.72Si-SPs, and 20F5Si-SPs). Release profiles of (c) BDNF and (d) NT-3 from Si-SPs and FSi-SPs. Data presented in (a–d) are averages of triplicates with error bars indicating standard deviations, each measuring release from 10 SPs in (a, b) and 1 SP in (c, d). Release percentage data for individual time points are shown in Figures S8, S9, S11, S12. 
[bookmark: OLE_LINK8]Degradation of Si-SPs and FSi-SPs. The release of lysozyme and BDNF/NT-3 from FSi-SPs in PBS (in vitro) or the inner ear fluid (in vivo) is expected to occur partly as a result of concurrent dissolution of silica and degradation of the biodegradable fibrin coating. Silica has been generally recognized as safe by the U.S. Food and Drug Administration for over 50 years and is used as a food additive in various products.47 Silica-based nanomaterials can be degraded into nontoxic components (e.g., silicic acid or poly(silicic acid), which can be excreted through urine) and are of interest for diverse biomedical applications.47-49 Yamada et al. have demonstrated that the degradation of silica particles depends on the porosity and colloidal dispersity of the particles.48 In addition, the presence of calcium ions can accelerate the degradation of silica particles.42 In vitro degradation studies of the Si-SPs were performed by incubating Si-SPs or FSi-SPs in PBS (pH 7.4, 37 °C). SEM analysis revealed a progressive decrease in the size of the Si-SPs (Figure S13) and FSi-SPs (Figure 3a–e) over time and distinct degradation—the FSi-SPs had a cracked and collapsed morphology after incubation for 42 days (Figure 3d). After incubation for 70 days in PBS at 37 °C, the diameter of FSi-SPs decreased by ~40% and substantial changes in SP morphology were apparent when comparing FSi-SPs at day 3 (Figure 3a) and FSi-SPs at day 70 (Figure 3e). Higher magnification SEM imaging of the surface of FSi-SPs after incubation for 70 days (inset in Figure 3e) showed the appearance of the underlying primary silica particles, which also appeared fragmented, thus confirming the degradability of the fibrin coating. This was further confirmed by measuring the amount of fibrin remaining on the FSi-SPs (Figure S14)—a near-complete degradation of fibrin was evident after incubation for 42 days. At 28 days, which was the time needed to release 60% of the loaded FITC-lysozyme, only about 5% of fibrin remained on the FSi-SPs, after which the drug release profiles of Si-SPs and FSi-SPs became comparable (Figure 2a, b).
To quantify the release of Si from the SPs, ICP-OES was performed using samples collected at different time points (3, 7, 14, 21, 28, 42, and 70 days) (Figure 3f). After incubation of the SPs for 70 days in PBS at 37 °C, approximately 30% of Si was released from both the Si-SPs and FSi-SPs. The extent of degradation of Si during the first 7 days appeared to be slightly lower for FSi-SPs than for Si-SPs, with ~95% of silica remaining after 7 days for FSi-SPs compared to ~90% for Si-SPs (Figure S15)—this indicates that the presence of the fibrin coating on the surface of FSi-SPs may impede on the degradation of the primary silica particles. After 14 days, FSi-SPs and Si-SPs displayed comparable degradation profiles (Figure 3f and Figure S15), as expected—only around less than 25% of fibrin remained on the FSi-SPs after 14 days (Figure S14) and most of the primary silica particles are therefore directly exposed in PBS (i.e., uncoated). 
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[bookmark: _Hlk529459538]Figure 3. SEM images of FSi-SPs after incubation in PBS (pH 7.4) at 37 °C for (a) 3, (b) 14, (c) 21, (d) 42, and (e) 70 days. Inset in (e) shows the surface structure of FSi-SPs after incubation for 70 days in PBS (pH 7.4) at 37 °C. (Representative images of FSi-SPs before incubation are shown in Figure 1 and images of degraded Si-SPs are shown in Figure S13.) (f) ICP-OES analysis to quantify the Si released from Si-SPs and FSi-SPs throughout an incubation period of 70 days. FSi-SPs were prepared using 20 mg mL−1 of fibrinogen and 1.72 mg mL−1 of thrombin.
[bookmark: _Hlk15308453]In Vitro Cytotoxicity. In our previous study,20 we showed, using an alamarBlue live/dead cell assay, that Si-SPs do not cause cytotoxicity to brain-derived U87MG glioblastoma cells after exposure to the cells for 48 h. However, as Si-SPs and FSi-SPs are envisaged for use as drug depots for long-term, sustained drug release (>110 days), additional cytotoxicity experiments were undertaken herein to evaluate the release of any toxic components from Si-SPs and FSi-SPs over longer timescales. The in vitro cytotoxicity of the degradation products of FSi-SPs was examined using U87MG cells. Supernatant containing fragmented Si and fibrin coating was collected over 77 days from 2, 5, 10, or 15 FSi-SPs and added directly to cells, and the viability of the cells was measured after incubation for 2 days using XTT assay (Figure 4). No cytotoxicity arising from the degradation products of FSi-SPs was observed even as the number of FSi-SPs was increased from 2 to 15. Similar results were observed for Si-SPs (Figure S16). These results support the biocompatibility of Si and fibrin and their corresponding breakdown products, and although the brain-derived U87MG cell line is a cancer cell line, the results are consistent with our previous study that demonstrated the biocompatibility of silica-based supraparticles in the cochlea of guinea pigs.31
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[bookmark: _Hlk529533757][bookmark: _Hlk449051]Figure 4. Cell viability of human brain glioblastoma cells after exposure for 48 h to cell media containing degradation products from 2, 5, 10, or 15 FSi-SPs; the FSi-SPs were incubated in cell media for up to 77 days under sterile conditions. Each data point represents the average of triplicate wells with error bars indicating the standard deviation. Untreated cells (i.e., cells exposed to standard culture media only) were used to define 100% viability. 
In Vitro Drug Release of FSi-SPs Encapsulated in an Alg-CaCO3 Hydrogel. Hydrogel scaffolds, such as chitosan-glycerophosphate hydrogel,50 gelfoam,51 and peptide hydrogels,52 are commonly used as drug delivery systems for potential treatment of middle ear or inner ear diseases to aid in the local retention of drug within the ear and increase drug residence time,53 as well as to control pharmacokinetics in the ear.51,54 FSi-SPs embedded in a hydrogel scaffold may provide additional control of neurotrophin release, as well as aid in the surgical implantation and local retention of neurotrophin-loaded SPs in the target location.20 In the present study, a hydrogel system formed by cross-linking alginate and Ca2+ ions was investigated as an approach to achieve additional control of the release of protein therapeutics from Si-SPs. Alginate is a natural polysaccharide and has been shown to be biocompatible in the inner ear over long durations of implantation.55 In the present work, porous CaCO3 particles (~ 1.8 µm diameter) served as a source of Ca2+ to cross-link alginate into a hydrogel; cross-linking is initiated upon addition of GDL, a common food additive, which releases Ca2+ from CaCO3 particles. By administering drug-loaded Si-SPs in a liquid mixture containing alginate and CaCO3 particles, followed closely by the addition GDL to solidify the hydrogel into place, a triggered hydrogel-based controlled drug release platform can be realised. Owing to the high surface area of the porous CaCO3 particles and the mild hydrolysis conditions associated with GDL, gelation occurred within ~2 min following addition of GDL (Figure S17). SEM imaging revealed the porous structure of the resulting hydrogel material (Figure 5). 
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[bookmark: _Hlk2328920][bookmark: _Hlk5097612][bookmark: OLE_LINK5]Figure 5. SEM images of the cross-section of lyophilized alg-CaCO3 hydrogel (synthesized using 2 wt% alginate solution and 1.5 mg of CaCO3 particles) at (a) low and (b) high magnification. (c) SEM image of a fragment of FSi-SPs within the lyophilized alg-CaCO3 hydrogel. (d) In vitro cumulative FITC-lysozyme release profiles of Si-SPs, FSi-SPs, and FSi-SPs/alg-CaCO3 hydrogel. (e) Percentage of FITC-lysozyme released from Si-SPs, FSi-SPs, and FSi-SPs/alg-CaCO3 hydrogel in the first 21 days. (f) Degradation of alg-CaCO3 hydrogel in PBS (pH 7.4) at 37 °C monitored over 42 days. Data presented are averages of triplicates with error bars representing standard deviations. 
FITC-lysozyme-loaded FSi-SPs were encapsulated within the alg-CaCO3 hydrogel, and the release of FITC-lysozyme when incubated in PBS (pH 7.4) at 37 °C was assessed (Figure 5d, e). The FITC-lysozyme loading values for the SP systems used in this study (Si-SPs, FSi-SPs, and FSi-SPs encapsulated in hydrogel or FSi-SPs/alg-CaCO3 hydrogel) are shown in Figure S18. As demonstrated earlier, burst release can be delayed by applying a fibrin coating on the Si-SPs and Figure 5d shows that it can be delayed further in the presence of a hydrogel, with ~60% of FITC-lysozyme released over 40 days. The difference in the amount of FITC-lysozyme released is more pronounced over the first 7 days—~25%of FITC-lysozyme had been released from free FSi-SPs compared with ~12% released from the FSi-SPs embedded in the hydrogel. After day 7, the release rates for samples with or without hydrogel (compare red and blue bars in Figure 5e) appear to be similar. This can be explained by the degradation of the hydrogel, which was >80% degraded by day 14 (Figure 5f). Individual FITC-lysozyme release data (percentage release) for FSi-SPs and FSi-SPs/alg-CaCO3 hydrogel are shown in Figure S19. The observed reduction in release rate (Figure 5d) is in contrast to our previous report where the drug release rate was accelerated by using a poloxamer-based hydrogel system.20 These results demonstrate that different hydrogel systems can be used to either accelerate or delay protein release from loaded Si-SPs. Furthermore, the in vitro release profiles of Si-SPs/alg-CaCO3 hydrogels were investigated using varying amounts of CaCO3 particles and concentrations of alginate solution (Figure S20). The protein loading values are shown in Figure S21. No large differences in the FITC-lysozyme release profile from the different Si-SP platforms examined were observed (Figure S20). Taken together, these results show that an alg-CaCO3 hydrogel system, wherein gelation is triggered by the addition of GDL, can encapsulate drug-loaded Si-SPs with robust release profiles. The intended use is as a simple two-component, “mix-and-inject” system where a clinician or surgeon can place the drug delivery system at the intended location, such as in the middle ear or inner ear.
CONCLUSIONS
We demonstrated the engineering of fibrin-coated Si-SPs (FSi-SPs) with a high loading capacity (~7 µg per SP; ~140 µg mg−1) that can act as a long-term drug delivery system with biocompatibility and degradability and improved drug release performance. A bio-inspired coating approach involving the endogenous protein fibrin (enzymatically converted from fibrinogen) was used to considerably reduce the initial rapid release (i.e., burst release) observed for uncoated Si-SPs to overcome the problem of rapid initial loss of drug from the reservoir and potential side effects associated with high initial dosing. The uncoated Si-SPs released >60% of cargo protein in the first 3 days, whereas release from FSi-SPs occurred over a longer period of >20 days, representing a >6-fold improvement. The fibrin coating is biodegradable (<25% of coating remained after 20 days) and sustained release of the encapsulated protein from the FSi-SPs was observed over 110 days. The release behavior of Si-SPs could be modified further by encapsulating the drug-loaded FSi-SPs into an alg-CaCO3 hydrogel—encapsulation into a hydrogen resulted in reduced initial release of the loaded protein, while also enabling future clinical use by facilitating SP localization and retention. Interestingly, the alg-CaCO3 hydrogel system presented here has an opposite effect on the SP release rate (i.e., retards instead of accelerates) when compared with our previous report using poloxamer-based hydrogels.20 Our results provide further evidence of the versatility of SP drug delivery systems and present strategies (biocoatings and hydrogel platforms, of which the gelation can be triggered by external stimuli) to tailor the drug release profiles of Si-SPs to facilitate their future clinical application in long-term, protein drug delivery.
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