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Abstract

In this study, silica nanoparticle was synthesised and used to promote lysozyme crystallisation effectively against high concentrations of protein impurity (bovine serum albumin (BSA); concentration = 25.0 – 50.0 mg/mL vs 5.0 – 25.0 mg/mL for lysozyme) at 1 mL scale, demonstrating that crystallisation is a viable and scalable protein purification technology with the aid of heterogeneous nucleants. The silica nanoparticle expedited the crystallisation of lysozyme through the enhancement of nucleation, significantly improving the process productivity. Furthermore, this study demonstrates the proper use of nanoparticle in terms of cycle time, as the improvement of productivity by silica nanoparticle has a monomodal peak shape over time.      
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1. Introduction
Therapeutic proteins such as insulin and monoclonal antibodies (mAb) provide effective treatments to a wide range of medical conditions and their demands have grown rapidly over the past two decades. For example, the global sale of mAb products almost doubled within five years between 2008 and 2013, reaching nearly $75 billion, and is expected to increase further to $125 billion by 2020 [1]. As the production scale of therapeutic proteins has a continuous growth into the foreseeable future due to the strong demand, the production bottleneck shifts to downstream as upstream innovation leads to higher product titer [2]. 
Although chromatography is the mainstream purification technology for therapeutic proteins because of high resolution and reliability [3–5], it has been widely accepted that chromatography is throughput limited and not the most efficient method for processing large quantity of proteins [6,7]. In addition, chromatography have problems such as the generation of large quantity of liquid waste, as well as protein aggregation and leaching from resin, which have detrimental effects on the protein quality [8,9]. 
Alternative protein purification technologies such as crystallisation [10–15], precipitation [16], filtration [17–19] and extraction [20–25] have been developed to overcome these drawbacks of chromatography. Among these technologies, protein crystallisation is the most technically challenging option due to the difficulty of forming highly ordered structure with large flexible protein molecules [26,27]. However, crystallisation is also the most ideal option as it can significantly simplify the downstream process through the integration of purification and formulation, and achieve significant reduction in waste. Therapeutic proteins in the crystalline form have multiple advantages over its solution counterpart including higher stability, higher dosage concentration and better release control as demonstrated in cases of insulin, infliximab and trastuzumab [28–30].  
Given the technical difficulty and high cost of protein, the literature on protein crystallisation as the purification process is limited [31]. In the context of therapeutic proteins, crystallisation is even more difficult due to the presence of biological impurities such as host cell protein, DNA and virus, among which host cell protein normally has the highest concentration and hence poses the greatest hindrance to the success of crystallisation [32].  
Through the manipulation of size, shape, surface chemistry and pore size, different solid templates (i.e. heterogeneous nucleants) have been developed to effectively improve the success rate of protein crystallisation [33–40]. However, they are often used in small-scale studies that aim to obtain single crystals with high quality from purified protein solution instead of scale-up studies that aim to achieve the purification of protein against impurities [41,42] due to various reasons including limited availability of target protein and denaturation of protein under agitation [43].
The current study is the first to address this knowledge gap by demonstrating the feasibility of using silica nanoparticle as a heterogeneous nucleant to promote the crystallisation of a model protein (i.e. lysozyme) against a model protein impurity (i.e. bovine serum albumin (BSA)) in scale-up experiments (volume = 1 mL). BSA served as a suitable model protein impurity as it has adverse impacts on the crystallisation of lysozyme, successfully simulating the role of protein impurity (i.e. host cell proteins) for the industrial purification of recombinant protein [32]. The findings here serve as the convincing evidence that crystallisation is a competitive biopurification technology for industrial applications through the use of heterogeneous nucleants, whose physiochemical properties such as pore size and surface chemistry can be tuned to achieve biopurification for specific protein/impurity mixtures. 
2. Materials and methods

2.1. Materials
For the synthesis of silica nanoparticle, tetraethyl orthosilicate (TEOS) (98%) was supplied by Sigma Aldrich (Gillingham, UK). Sodium hydroxide and ethanol (≥99.8%) were supplied by VWR (Lutterworth, UK). De-ionised water was obtained from a PURELAB Chorus 1 water purification system (ELGA LabWater (High Wycombe, UK)). 
For the characterisation of silica nanoparticle with scanning electron microscopy (SEM), carbon conductive adhesive tape was purchased from Agar Scientific (Stansted, UK). 
For protein crystallisation, lysozyme (≥90%), BSA (≥96%), sodium chloride and sodium acetate (>99%) were purchased from Sigma Aldrich (Gillingham, UK). Acetic acid glacial (>99.7%) was purchased from VWR (Lutterworth, UK). De-ionised water was obtained from the same water purification system mentioned above. Surfactant-free cellulose acetate membrane filter (0.2 µm) was purchased from Sartorius (Goettingen, Germany). 
All chemicals were used as received without any further purification. More details can be found in the Supporting Information. 

2.2. Synthesis and characterisation of silica nanoparticle
The synthesis method was adopted from previous studies [44,45]. At 40 °C under stirring, TEOS (60 mL) was added into a mixture of de-ionised water and ethanol (960 mL/138 mL) before the addition of 0.1 M NaOH (42 mL). After being stirred overnight at the same temperature, the final mixture was centrifuged (6000 rpm, 10 minutes) for the recovery of silica nanoparticles. The recovered silica nanoparticles were dried at room temperature.
For SEM, silica nanoparticles were placed on the carbon conductive adhesive tape and coated with chromium (thickness ~15 nm) in a Q150T turbomolecular-pumped coating system (Quorum Technologies (Laughton, UK)) with the settings of sputter current = 120 mA, tooling factor = 2.43 and maximum sputtering time = 4 minutes. The chromium-coated nanoparticles were analysed with a Leo Gemini 1525 SEM (Carl Zeiss (Oberkochen, Germany)) with an accelerating voltage of 5 kV.

2.3. Protein crystallisation
The preparation of sodium acetate buffer (0.24 M) was done by dissolving anhydrous sodium acetate (2.00 g) in de-ionised water (100 mL) before the addition of acetic acid (1 mL). The pH and conductivity at room temperature were 4.8 and 16 mS respectively. The sodium acetate buffer was filtered through a 0.2 µm filter.
[bookmark: _Hlk33875393]The preparation of precipitant (i.e. 1.4 M sodium chloride solution) was done by dissolving sodium chloride (12.27 g) in the sodium acetate buffer (150 mL) and the solution was filtered through a 0.2 µm filter. The pH and conductivity at room temperature were 4.5 and 108 mS respectively. 
The preparation of protein solution was done by dissolving the protein (lysozyme, BSA or mixture) in the sodium acetate buffer. For example, to prepare a lysozyme solution with target concentration of 50 mg/mL, lysozyme (250 mg) was dissolved in sodium acetate buffer (5 mL). Once lysozyme was fully dissolved, the solution was filtered through a 0.2 µm filter. 
For protein crystallisation without silica nanoparticle, the sodium chloride solution (i.e. precipitant) and the protein solution was mixed with a 1:1 (v/v) ratio with gentle mixing using a 1 mL pipette. The final mixture (1 mL) was placed under static condition in the incubator, whose internal temperature was maintained at 25 °C. 
For protein crystallisation with silica nanoparticle, the silica nanoparticle (10 mg) was washed with the sodium acetate buffer (1 mL) under sonication for 30 seconds, centrifuged for one minute and the clear supernatant was removed carefully to minimise the loss of nanoparticles. This process was repeated five times to remove any residual chemicals from the synthesis of nanoparticle. A protein-precipitant mixture (1:1, v/v) (1 mL) was added to the washed nanoparticle and the final mixture was gently rotated and tapped to disperse the nanoparticles and mix the nanoparticles with the protein-precipitant mixture. The mixture was placed under static condition in the incubator, which was kept at 25 °C. 
For monitoring the crystallisation process, the protein concentration in the system was determined by measuring the 280-nm absorbance with a NanoDrop 2000c microvolume UV−vis spectrophotometer (Thermo Fisher Scientific, USA) with a sample volume of 2 μL. The calibration curves of pure lysozyme, pure BSA and lysozyme in the presence of BSA (BSA concentration fixed at 25.0, 37.5 and 50.0 mg/mL) can be found in the Supporting Information.
Before sampling for absorbance measurement, the mixture was rotated gently by hand to ensure sufficient mixing and 20 µL of slurry was pipetted out and centrifuged (6000 rpm, 1 minute). The clear supernatant (10 µL) was pipetted out for UV-vis measurement without any dilution (2 μL each time for five times). The bottom slurry was pipetted out and observed under a CX-41 bright field microscope (Olympus (Tokyo, Japan)) for crystals.  



3. Results and discussion

Under all the experimental conditions in this study, BSA remained in the dissolved state instead of proceeding to crystallisation as a previous study showed that BSA molecules had slightly repulsive protein-protein interactions at high salt concentration ([NaCl] = 0.7 M) and pH close to its isoelectric point (pI) (i.e. 4.6 vs 4.9) [46]. 

3.1. Negative impact of protein impurity on crystallisation
[bookmark: _Hlk38298237]The scale-up experiments showed that BSA delayed the crystallisation of lysozyme, contradicting the previous studies, where trace amount of BSA appeared to promote the nucleation of lysozyme and resulted in significantly higher number of crystals [47,48]. As shown in Fig. 1a, pure lysozyme with an initial concentration of 15.0 mg/mL had a latent period of four days (i.e. protein concentration started to decrease in the protein/precipitant mixture and large quantity of crystals started to appear). In the presence of BSA (concentration = 25.0 mg/mL), the latent period was doubled to eight days. 
The impeded crystallisation kinetics led to a reduction in productivity (defined in section S4 of the Supporting Information). If the target recovery (defined in section S4 of the Supporting Information) is 40%, BSA at 25.0 mg/mL would increase the cycle time significantly from 8 days to 12 days (Fig. 1b) and reduce the productivity by 33%. Further increase in the BSA concentration to 37.5 mg/mL and 50.0 mg/mL would increase the cycle time to 14 days and lower the productivity by 43%.
[image: ]  [image: ]
Fig. 1. Lysozyme crystallisation without silica nanoparticle with initial lysozyme concentration of 15.0 mg/mL: (a) protein concentration over time and (b) product recovery over time.    

The second negative impact of BSA is the reduction of lysozyme recovery at equilibrium due to the improvement of lysozyme solubility by BSA. Pure lysozyme at the current experimental conditions (i.e. room temperature, pH = 4.6, [NaCl] = 0.7 M) had a solubility of 4.1 ± 0.1 mg/mL (Fig. 2). The presence of BSA increased the lysozyme solubility to 6.2 ± 0.0 mg/mL (BSA concentration = 25.0 mg/mL), 8.3 ± 0.0 mg/mL (BSA concentration = 37.5 mg/mL) and 8.4 ± 0.1 mg/mL (BSA concentration = 50.0 mg/mL), leading to the reduction of product recovery at equilibrium from 71.5 ± 4.4 % (pure lysozyme) to 51.7 ± 0.5 % (BSA concentration = 25.0 mg/mL), 44.8 ± 0.3 % (BSA concentration = 37.5 mg/mL) and 44.5 ± 0.9 % (BSA concentration = 50.0 mg/mL). 
[image: ]
Fig. 2. Lysozyme solubility (black circle) and product recovery (red triangle) against BSA concentration for initial lysozyme concentration of 15.0 mg/mL without nanoparticle.

[bookmark: _Hlk38296908]Being highly soluble and stable in water, albumin such as BSA is well-known for improving the solubility of a wide range of hydrophobic molecules and proteins such as fatty acids, sorbitol dehydrogenase, glucose oxidase and alcohol dehydrogenase etc by forming weak interactions [49–52]. This study shows that BSA also increased the solubility of lysozyme, probably through weak interactions among the BSA and lysozyme molecules [46,53,54]. 
At the experimental pH of 4.6, BSA molecules (pI = 4.9) were relatively neutral, whereas lysozyme molecules (pI = 11.1) were positively charged (Table 1). Therefore, the weak interaction between BSA and lysozyme was most likely due to the interaction of BSA with the hydrophobic patches on the surface of lysozyme [55]. As a result, the BSA molecules shielded the lysozyme molecules from one another and reduced the frequency of contact, leading to a lower chance of subsequent agglomeration of lysozyme molecules to form the critical nuclei (Fig. 3).   

Table 1
Properties of lysozyme, BSA and silica nanoparticle [56–58].
	
	Lysozyme
	BSA
	Silica nanoparticle

	
	
	
	

	Molecular weight (kDa)
	14.6
	68.0
	-----

	
	
	
	

	Dimension (nm)
	4.5 × 3.0 × 3.0
	4.0 × 4.0 × 14.0
	410 (diameter)*

	
	
	
	

	Isoelectric point (pI)
	11.1
	4.9
	2.0

	
	
	
	

	Surface charge at experimental pH (4.6)
	+
	+ / -
	-

	
	
	
	


*Measurement based on the SEM of silica nanoparticle (Fig. 5)
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Fig. 3. Shielding effect of BSA (green and red spheres represent lysozyme and BSA molecules respectively).

The weak interaction between BSA and lysozyme was reflected by the shape of lysozyme crystals (section S3 of the Supporting Information). With the initial lysozyme concentration of 15.0 mg/mL, the crystals remained predominantly tetragonal across the entire range of BSA concentration (Fig. 4), similar to a previous report [59]. This suggests that BSA was not incorporated into the lysozyme crystal, probably due to the significantly larger size of BSA (4.0 nm × 4.0 nm × 14.0 nm vs 4.5 nm × 3.0 nm × 3.0 nm for lysozyme) (Table 1), unlike the case where lysozyme from a different source (i.e. turkey egg white) had observable effect on the aspect ratio of hen egg white lysozyme crystals due to the incorporation of this structurally similar protein impurity into the crystal [60].
(a)
(b)

[image: ][image: ]      
Fig. 4. Tetragonal shape of lysozyme crystals at (a) BSA concentration = 0.0 mg/mL (i.e. pure lysozyme) and (b) BSA concentration = 50.0 mg/mL with the initial lysozyme concentration = 15.0 mg/mL.


3.2. Mitigation of protein impurity with silica nanoparticle
The spherical silica nanoparticles (diameter = 410 ± 31 nm) synthesised in this study were highly monodisperse in terms of size and shape (Fig. 5). These nanoparticles significantly enhanced crystallisation kinetics of lysozyme without affecting the solubility (Fig. 6). As a result, the presence of silica nanoparticles lowered the supersolubility line of lysozyme across the entire range of impurity (i.e. BSA) concentration (Fig. 7a), significantly improving the recovery of lysozyme in comparison with the control case (Fig. 7b).    
[image: ]
Fig. 5. SEM images of silica nanoparticle.   

[image: ]
Fig. 6. Lysozyme crystallisation with silica nanoparticle with initial lysozyme concentration of 15.0 mg/mL and BSA concentration of 0 mg/mL (i.e. pure lysozyme) and 50 mg/mL.   
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Fig. 7. (a) Phase diagram of lysozyme on day 4 and (b) improvement of product recovery with silica nanoparticle against unseeded cases with lysozyme initial concentration of 15.0 mg/mL.

Fig. 7b demonstrates an interesting general aspect about the use of silica nanoparticles and other heterogeneous nucleant: the “usefulness” of nucleant (i.e. quantitatively the improvement of product recovery over the case without nanoparticles) has a monomodal peak shape over time, which means there is an optimised cycle time for the crystallisation process. In this study, as the nanoparticles improved only the crystallisation kinetics, but had no effect on the solubility, the “usefulness” of nanoparticles diminished in the long run when the system came to equilibrium. Depending on the experimental conditions, the system can have a relatively long latent period in the presence of nanoparticles, making them not useful at the beginning of the process. For example, for BSA concentration = 25.0 mg/mL (Fig. 7b), the nanoparticles only started to crystallise out more lysozyme than the control case on day 4 and the improvement reached the highest value (19%) on day 8 before a sharp decrease due to the rapid crystallisation in the control case. 
As the experimental pH (4.6) was between the pI of silica nanoparticle and lysozyme (2.0 and 11.1 respectively as shown in Table 1), these two materials were oppositely charged. The positive effect of silica nanoparticle on lysozyme crystallisation most likely originated from the adsorption of lysozyme on silica nanoparticles via electrostatic attraction, as previous studies showed that lysozyme could adsorb on the nanoparticle surface in multiple layers [61,62]. Although some previous studies also showed that pH close to the pI of BSA promoted the adsorption of BSA molecules on silica [63,64], the silica nanoparticle surface was predominantly occupied by lysozyme molecules through competitive adsorption in this study. Otherwise, significant adsorption of BSA on silica nanoparticle would have nullified the enhancement effect of crystallisation.

With their high local density of lysozyme molecules, these layers served as the nucleation sites (Fig. 8), probably through the re-organisation of the adsorbed molecules to form two-dimensional surface crystals [39,65]. The agglomeration of silica nanoparticles due to high protein concentration and ionic strength further enhanced the success of nucleation on the surface of silica nanoparticles as the adsorbed lysozyme molecules were brought even closer together via nanoparticle agglomeration [66]. 
[image: ]
Fig. 8. Enhancement of lysozyme nucleation by silica nanoparticle through adsorption.

4. Conclusions
This study successfully demonstrated the adverse impacts of protein impurities on the crystallisation of target protein using the lysozyme-BSA system and the effectiveness of silica nanoparticle in promoting the crystallisation of target protein against impurity. As the model protein impurity, BSA increased the solubility of lysozyme, leading to slower crystallisation kinetics and lower product recovery at equilibrium. The application of silica nanoparticle achieved significant improvement of crystallisation kinetics for lysozyme across the entire range of BSA concentration (0.0 – 50.0 mg/mL) at 1 mL scale. The improvement of crystallisation kinetics originated from the adsorption of lysozyme onto silica nanoparticles due to electrostatic attraction as both materials were oppositely charged at the experimental pH of 4.6, whereas BSA (pI = 4.9) was relatively neutral. As the current study demonstrates the technical feasibility of nanoparticle-enhanced crystallisation for biopurification, more future studies on the scale-up of protein crystallisation with the help of other heterogeneous nucleants should be conducted to further develop this approach as an efficient purification technology for therapeutic proteins in general.   
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