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Although it is widely recognised that enzymes play a significant role in sculpting complex silica 

skeletons in marine sponges, the potential for exploiting enzymes in materials synthesis has not 

yet been fully harnessed. In this work we show that the digestive enzyme papain can self-

assemble into monolayers on oxide surfaces, where they then drive the formation of crystalline 

titanium dioxide nanoparticles. This dual functionality of thin film formation and mineralization 

promotion has the potential to enable the construction of hierarchical inorganic/organic 

structures in the form of continuous amorphous titania/protein films which can be refined to 93% 

anatase post annealing.  Additional control over the film thickness is afforded by layer-by-layer 

processing using a simple dip-coating approach. Papain’s TiO2-mineralizing activity displays 

complex kinetics that deviates from the native Michaelis-Menten kinetic activity, yet deactivation 

studies demonstrate that this activity relies upon residues that are essential for catalytic site 

function. These parameters provide unique insight into enzymatic biomineralization, allowing a 

flexible route to achieving bioengineered titania heterostructures, and potentially providing a 

green-chemistry solution to photovoltaic cell development 

Introduction  

Inorganic and hybrid organic-inorganic thin films are fundamental to a huge range of applications, 

including microelectronics,1 water treatment,2 photovoltaics,3 protective barrier coatings,4 and 

chemical and biological sensors.5 Methods of thin film synthesis are similarly diverse, ranging from 

low-temperature solution-processing techniques such as layer-by-layer dip-coating,6 to high-

temperature techniques including thermal oxidation and chemical vapor deposition.7 While low-

temperature approaches are advantageous due to their lower cost and processing ease, many solid-

state thin film materials are currently only accessible through energy-intensive routes involving high 
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vacuum or high temperature, or through the use of toxic reagents.8,9 There is therefore tremendous 

potential for the development of approaches that can generate functional thin films from high 

performance materials under ambient conditions. 

The observation that natural biomineralization processes operate in aqueous solutions and low 

temperatures to form hierarchically organized inorganic/ organic composites with superior physical 

properties demonstrates the feasibility of this goal.10-12 Indeed, the structural and chemical diversity 

of biominerals indicates that the biogenic control strategies employed can be readily tailored to the 

formation of a wide range of materials.13-15 A range of biomimetic approaches have been explored to 

direct the formation of inorganic crystals and glasses from aqueous solution,16-18 where the use of 

soluble organic additives has received the most attention.  Biomolecules including small 

molecules,19,20, short polypeptides,21 adhesive proteins,22, and carbohydrates23 have all been shown 

to be active in controlling mineralization processes, enabling, for example, synthesis of patterned 

assemblies of inorganic nanoparticles,20 , and mineralization under conditions where it does not 

typically occur.14,19 There are also few examples of the use of enzymes in controlling mineralization 

processes, where the best example is arguably provided by the enzyme silicatein.18,24 In addition to 

being active in vivo in generating the silica elements in marine sponges, this enzyme can also be 

employed in synthetic environments to generate nanoparticles of anatase-TiO2
25 and quartz-like 

silicates15 under solution conditions that would not otherwise support the formation of crystalline 

products. 

Despite this powerful example, the potential for exploiting enzymes to control mineralization has 

received relatively little attention. This opportunity gap exists because enzymes can be challenging to 

work with outside their native cellular physiology,26  and relatively few additional biomineralizing 

enzymes have been identified in natural systems.10,27,28 Some digestive proteases, such as papain and 

trypsin, which are straightforward to work with, and are related to natural biomineralizing enzymes, 

have shown potential for mineralizing oxide nanoparticles in vitro.29 However, the possibility of using 

mineralizing enzymes to control the formation of complex structures – as occurs in biological systems 

– has not yet been explored. In this work we demonstrate that the enzyme papain can self-assemble 

into monolayers on oxide surfaces, while still retaining its ability to catalyze mineralization processes. 

This dual behavior can then be exploited to produce hybrid inorganic/ organic thin films via simple 

layer-by-layer processing, where the papain monolayers first enzymatically hydrolyze the water-

soluble organo-metallic precursor titanium bis-lactatodihydroxide (TiBALDH) and then serve as a 

deposition surface. The resulting thin films contain TiO2 nanoparticles, together with hydrolyzed 

lactate species as an organic fraction. Kinetic parameters and active site inhibition obtained for papain-

driven titania mineralization in bulk solution substantiate the proposed mechanism for thin film 
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mineralization. Overall, these results suggest that enzymes can provide an effective biomolecular tool 

for producing inorganic thin-films with tunable thickness at low temperature. 

 

Results  

TiO2/Papain Thin Film Formation. A layer-by-layer method was developed to construct titania-

based inorganic/organic thin films on a range of substrates. A flow-based method in which aqueous 

solutions of papain, a wash buffer and TiBALDH were alternately flowed across a SiO2 surface was 

employed. TiBALDH was selected as a mineral precursor because it undergoes very slow hydrolysis in 

aqueous solutions, and is regarded as a stable precursor for titania mineralization.25 Successive mass 

deposition of enzyme or inorganic on the SiO2 surface was assessed using quartz-crystal microbalance 

analysis with dissipation monitoring (QCM-D). QCM permits both the quantity and rate of material 

deposition to be monitored, with dissipation analysis (-D) providing a measure of the rigidity of the 

material deposited.35 The role of the surface chemistry in thin-film formation was explored by 

comparing films formed on both bare SiO2 and amine-terminated surfaces. This strategy was used 

with alternating flows of papain, wash buffer and TiBALDH to create either single or multi-layer 

papain-TiO2-x composite thin-films in a highly controllable manner (Fig. 1).    

The initial immobilization of papain on SiO2 surfaces was rapid, as shown by a sharp drop in 

frequency (Δf) to -25 Hz in 30 seconds (Figs. 1a and 1b). This was followed by a slower adsorption 

phase (Figs. 1a and 1b, “Papain”), where deposition behavior was similar on both bare (Fig. 1a) and 

amine-modified SiO2 surfaces (Fig. 1b). However, a larger overall frequency drop was observed for 

bare SiO2 substrates across the two adsorption phases (to -45 Hz, Fig 1a “Papain”), where little of the 

slowly adsorbed papain was removed by washing. In contrast, papain adsorption on the amine-

functionalized surface proceeded 10 times more slowly during the slow absorption phase, and was 

only partially removed with washing (Fig. 1b). The changes in dissipation are minor compared with the 

initial strong adsorption of papain to the SiO2 surfaces (Figs. 1a and 1b).  This suggests that the films 

formed on both surfaces are rigid,35,36 which is consistent with published  modelling studies.30 

The total protein mass deposited on the amine-functionalized surface was calculated to be 0.44 μg 

cm-2, which equates to 5.7 pmol cm-2 of papain (based on a film comprising 25 wt % water).37 Taking 

the average diameter of papain to be 3.5 nm38 the coverage on the amine-terminated surface is 

consistent with a close-packed monolayer of enzyme that covers 86% of available substrate surface 

area.  The bare SiO2 surface, in contrast, supported adsorption of 0.91 μg cm-2 papain, which is 

equivalent to  200 % surface coverage, suggesting enzyme multilayer formation.  Papain binding to 

SiO2 is dominated by electrostatic and van der Waals interactions between the protein’s binding patch 

(see Figure S1) and the oxide surface.30 However, papain can bind to surfaces in multiple 
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configurations30 , which could give rise to an entirely different configuration on the SiO2-amine surface. 

This is turn could promote multilayer packing on the bare SiO2 surface compared with amine-modified 

SiO2.  

   After removal of unbound enzyme, TiBALDH was flowed over the papain surface layers, resulting in 

the rapid formation of a composite inorganic/ organic film (Figs. 1a and 1b, “TiBALDH”; also see Fig. 

2). The mineralization traces observed by QCM-D were qualitatively similar on both surfaces, but the 

total mass deposited was 1.5 times greater on the bare SiO2-papain substrate than on the SiO2-

amine-papain surface. Dissipation changes revealed that while enzyme immobilized on the SiO2-amine 

surface was capable of catalyzing the formation of a rigid mineralized film (ΔD < 1 x10-6), enzyme 

immobilized on bare SiO2 surfaces catalyzed the formation of a softer film, as indicated by a change in 

ΔD of 5 x10-6 over the mineralization frequency drop (Fig 1a, “TiBALDH”). 

This softer film could be related to diffusional constraints, such that the multilayer papain film on 

bare SiO2 inhibits penetration of TiBALDH to the underlying enzyme layer.  This is supported by 

measurements of the mass of titania deposed per enzyme; 981 ± 42.1 ng TiO2/μg papain is deposited 

on the bare SiO2 surface compared with 706  ± 39.4 Ti/μg papain on the SiO2-amine surface.  This 

suggests that the amine surface orients the protein on the surface, perhaps providing better exposure 

of the protein active site to solution. The deposition of titania is also a biphasic process, where 87% of 

the titania film was deposited on SiO2-papain in the first 35 seconds, and the remaining 13% in the 

following 40 seconds (Fig S3).  We suggest that the second, slower stage of mineral deposition is due 

to the diminishing access of Ti-BALDH to papain. 

   Previous studies have shown that TiO2 mineralization from TiBALDH precursors can occur under 

basic conditions39. We therefore examined TiO2 deposition directly on a SiO2-amine surface (omitting 

an initial papain layer). TiO2 deposition is indeed observed, as shown by a –12 Hz shift in frequency 

(Fig. 1c), equating to 216 ng cm-2 TiO2, a process that does not occur on bare SiO2 surfaces (Fig S2). 

However, this process took over 9-times longer than when papain was present, and the overall mineral 

mass deposition (as indicated by Δf) was  2-4 fold less than with the papain-mediated process.  

Given that papain adsorbs to SiO2 surfaces (Fig. 1a and 1b), and that TiO2 is negatively charged at 

pH 7.0,40 papain was also expected to adsorb to newly deposited TiO2-x surfaces. This was confirmed 

by the data shown in Fig. 1d, which clearly demonstrates that papain readily deposits on titania films. 

This occurs to comparable degrees, and at a similar rate to that observed on SiO2 surfaces (compare 

“Papain” in Fig. 1a with “P1” in Fig. 1d).  Papain multilayers therefore form on the TiO2-x films as they 

did on SiO2 surfaces, and new papain layers also support deposition of TiO2-x thin films when exposed 

to TiBALDH precursor (Fig. 1d, “T2” and “T3”), demonstrating that papain-directed thin film 

mineralization can be performed in a layer-by-layer process. Although the rates and total deposition 



5 

 

of papain-catalyzed TiO2-x were similar for each individual layer, significant changes in dissipation were 

observed with the addition of each subsequent TiO2-x layer. This suggests that after the initial 

deposition of a rigid film, subsequent layers are more loosely associated with the surface. This is 

manifested in the significant viscoelasticity of the multilayer composite structure (Fig. 1d, ΔD ~ 10 x10-

6 after the final wash).  

 

  Morphological Analysis of Thin Films. Mineralized thin films were characterized using scanning 

electron microscopy (SEM) and energy dispersive spectroscopy (EDS) (Fig. 2), where samples were 

fractured and mounted to show the cross-section of the film.  EDS analysis of a single-layer TiO2-x film 

grown on a bare SiO2 surface QCM chip (Fig. 2a; also see Fig. 1a) confirmed the presence of titanium 

(Fig. 2b). The thin film achieved via layer-by-layer deposition (Fig. 2c; also see Fig. 1d) was visibly 

thicker and rougher than the single-layer film, although both films were continuous in structure.  SEM 

analysis of the thicknesses of films deposited on QCM-D crystals was challenging due to rupturing of 

the mineral layers during sample preparation.  Films for SEM were therefore prepared using successive 

dip-coating on a glass microscope slide (alternating immersion of the slide in papain and TiBALDH 

solutions). Using this method, triple-layer films exhibited a film thickness of ~320 nm (Fig. 2d).  As the 

papain surface layer is expected to be only 3-10 nm thick,30 this suggests that the titania/ papain thin 

films form as a direct result of the enzymatic turnover of TiBALDH into a hydrolyzed titanium species 

which undergo mineralization as they diffuse away from the enzyme surface.  This mechanism is 

supported by the finite thicknesses of the resulting titania films, demonstrating that film growth does 

not occur autocatalytically (i.e., this level of mineralization does not occur on titania surfaces without 

papain to act as a catalyst).  Once the enzyme layer becomes passivated by titania, it creates a 

diffusional barrier that prevents further TiBALDH from reaching the surface-bound enzyme. 

 

Analysis of Kinetics. To elucidate whether papain enzymatically catalyzes titania mineralization, 

we examined the kinetics of mineralization in bulk solution using in situ fluorescence. This was 

achieved by examining the spectral shift exhibited by a fluorescent coumarin dye (7- 

diethylaminocoumarin-3-carboxylate hydrazide) as it becomes incorporated into the thin films (Fig. 

S4).  Analysis of papain-mediated TiO2 formation in bulk solution phase revealed a similar mechanism 

to that occurring on the solid substrates, where the papain becomes passivated during mineralization 

and is unable to convert all available TiBALDH precursor into solid product (Fig. S5). The initial rate of 

deposition of TiO2 on the substrate was linear (Fig. S6), allowing analysis of the kinetics of the early 

stages of mineralization (Fig. 3a).  
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Obtaining mineralization kinetics requires the dye fluorescence to be correlated with the mass of 

titania produced. This was achieved using a calibration curve that was constructed by preparing a 

range of papain-driven titania mineralization reactions in the presence of a fixed concentration of the 

reporter dye (Fig. S7). The papain concentration was increased across the reaction set, yielding 

increasing quantities of titania precipitates in a concentration-dependent manner.  End-point 

fluorescence measurements were acquired, and the precipitates were washed using buffer 

replacement and successive centrifugation, before being dried and weighed. Finally, the measured 

masses were adjusted to account for the titania product only and the mass associated with co-

precipitating lactate species was disregarded. This adjustment was enabled by thermogravimetric 

analysis (TGA), which showed that the precipitate is composed of 40% TiO2 mineral and 60% organic 

(lactate) matter (Fig. S8). Therefore, the final calibration-curve relates fluorescence directly to the 

product titania (Fig. S7).  

  This curve was used to derive the kinetic plots shown in Fig. 3a, which fits reasonably well to a 

Michaelis-Menten model (R2=0.95) as described in the native catalysis of papain42. However, a Hill plot 

kinetic model fits even better (R2=0.99). This discrepancy between native activity and the best fit 

model is likely caused by the fact we are examining precipitates, and may reflect a 2-step process 

comprising the initial enzymatic step and a rapid non-enzymatic step. Michaelis-Menten modeling of 

the whole process revealed an apparent KM of 0.45mM and kcat of 1.26 1/sec (Fig. 3a). Slow kinetics of 

metal substrate hydrolysis have also been suggested to be important in the control of crystallization 

by biomineralizing enzymes.20 Papain exhibits a range of specificity constants for peptide hydrolysis, 

varying from 103-106 M-1s-1 against varying polypeptide substrates, and kcat values ranging from 0.24 s-

1 to 34 s-1.44 The kinetic values we find here are therefore consistent with values reported for papain 

activity against polypeptide substrates in vitro.  

 

Deactivated Papain does not Mineralize Titania.  To further confirm that the mineralization process 

was enzyme-mediated, deactivation studies were conducted. Papain has a well-described catalytic 

triad (Cys25, His159 and Asn195) active site and previous studies have shown that deactivation of 

Cys25 results in a functionally inactive enzyme41,42. To inactivate the enzyme we took advantage of the 

accessible active site cleft of papain and modified Cys25 (Figure 3b) using maliamide-biotin covalent 

modification43 as confirmed by western blot (Figure 3c). Modification of Cys25 with biotin resulted in 

a completely inactive enzyme, as shown by the lack of titania deposition activity by kinetics (Figure 3a) 

and lack of ability to drive titania deposition as monitored by QCM-D (Figure 3d). These two sets of 

evidence strongly suggest that the titania mineralization is enzymatically-driven.  However, its 
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mechanism may be that it continuously catalyzes a titania species that then behaves as a nucleation 

species.  

Characterization of TiO2 Polymorph.  Lastly, the mineral phases present in the multilayer papain-

TiO2-x films were characterized using Raman microscopy, synchrotron powder X-ray diffraction, and 

transmission electron microscopy (TEM) and selected area electron diffraction (SAED).  Synchrotron 

powder XRD of powders produced by reaction of papain with TiBALDH in bulk solution showed that 

the enzymatically-synthesized mineral products comprise both anatase and rutile in a ratio of 3.5:1 

(Fig. 4). Raman analysis of a film prepared on a glass slide by a simple dip-coating method revealed 

that it contained some crystalline titania.  The film exhibited broad Raman peaks centered at 142 cm-

1, 395 cm-1, 513 cm-1, and 637 cm-1, where these are in good agreement with those observed from an 

anatase TiO2 reference powder (Fig. S9). As the peaks were broad, some overlap occurs with the signals 

expected from brookite or rutile (Fig. S9).  However, annealing the film to 400 °C resulted in complete 

conversion to anatase (Fig. S9), supporting the Raman analysis.  Additional characterization of both 

single layer (Fig. 5a) and multilayer (Fig. 5b) films was also conducted by TEM, where the films were 

directly deposited on formvar-covered Cu TEM grids via dip coating. EDS analysis confirmed the 

presence of Ti and O (Fig. 5c) while high resolution TEM and SAED revealed that the films contain 

crystalline anatase TiO2 nanoparticles (~3-5 nm) (Fig. 5d). These results show that surface-bound 

enzymes have the potential for generating crystalline thin films of titania under aqueous conditions. 

Discussion 

The ability of papain to support the formation of partially crystalline titania thin films raises 

interesting questions about the mechanisms of its catalytic activity. Initial evidence of papain’s 

enzymatic control over thin film mineralization is found in the increased deposition of TiO2-x on the 

papain-coated SiO2-amine surface versus the protein-free SiO2-amine surface (Fig. 1).  Polyamines45 

and small molecule amines39 have previously been shown to play a role in mineral oxide formation in 

vivo45 and in vitro,46 where this has been attributed to the production of a local pH increase that 

initiates precursor hydrolysis and promotes TiO2 deposition.  We demonstrate that the faster film 

growth and thicker films achieved on the papain-coated surface can be attributed to enzymatic 

turnover, where this rapidly generates hydrolyzed titanium species for incorporation into the newly 

forming thin film, even relatively distal to the surface. In this scenario, hydrolyzed precursors are 

formed adjacent to the film under the action of the enzyme, prior to condensing on the substrate to 

form a dense thin film that progressively covers the enzyme. This mechanism is supported by papain’s 

ability to promote the formation of a 107nm continuous inorganic film in each layer.  

   To our knowledge, the present report represents the first time that enzymatic mineralization has 

been harnessed for layer-by-layer synthesis of inorganic thin films in vitro. Kroger and Sandhage, et al. 
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used the protein protamine to guide layer-by-layer formation of titania thin films functionalized with 

organic components.48,49 However; the mineralization step in those studies relies solely on the 

electrostatic (and not enzymatic) properties of protamine.48 The mineral layers generated by 

protamine were very thin (~4 nm),49 and were also amorphous, requiring annealing at 500 °C to induce 

TiO2 crystallization.48 In contrast, papain was employed here to generate mineral coatings at room 

temperature that were much thicker than the individual enzyme molecules and which contained 

crystalline anatase nanoparticles. One previous study also examined the use of the biomineralizing 

enzyme silicatein to form a silica film in vitro,14 but a layer-by-layer process was not utilized and growth 

of the oxide film occurred over days. This suggests that the majority of the film growth was not 

enzyme-controlled but rather occurred via a slow autocatalytic process after an initial silica layer had 

deposited on the enzyme film. 

    A nascent body of work examining enzymatic mineralization suggests that the chemical nature 

and solution accessibility of an enzyme’s active site is an important determinant of the enzyme’s ability 

to direct mineralization.15,29,47,50 This implies that, for biomineralization processes utilizing enzymes, 

active-site catalysis of a small-molecule metal-organic substrate drives mineral nucleation and growth. 

Despite this, no previous study has described enzymatic mineralization using conventional kinetic 

descriptors. In two cases, Michaelis-Menten parameters were reported for mineralizing enzymes.51,52 

However, the parameters reported did not directly describe mineral production, but rather small-

molecule transformations that were indirectly related to mineralization (either hydrolysis of silicon-

ester bonds,51 or ammonia production by urease52). The Michaelis-Menten parameters reported here 

are based on monitoring the formation of TiO2-x solid as the reaction product, and in this sense are the 

first reported direct kinetic descriptors for enzymatic mineralization. We have also identified that a 

critical active site residue, Cys25, is essential in the mineralization process. 

   The utility of directly measuring mineral formation is highlighted by comparing the kcat and kcat/km 

values obtained here for papain-directed titania mineralization with those from urease-directed titania 

mineralization.52 Overall, the kinetic descriptors of both enzymes are similar (kcat = 0.37 s-1 and kcat/KM 

= 1.37 x 103 M-1s-1 for urease, and kcat = 1.26 s-1 and kcat/KM = 2.8 x 103 M-1 s-1 for papain in this study). 

However, while we observe that papain-driven titania mineralization occurs rapidly (within seconds), 

urease-driven mineralization occurs over the course of hours.52 This discrepancy likely arises from the 

fact that the urease-mediated process does not involve direct processing of the titanium precursor 

species, but rather relates to a gradual increase in solution pH with concomitant base-driven hydrolysis 

of TiBALDH, where this stems from the enzymatic production of ammonia.  In contrast, papain-

controlled mineralization likely involves hydrolysis of the precursor by direct action of the enzyme.  

Overall, these results suggest that selection of enzymes that exhibit different mineralization kinetics 
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provides a route by which the mineral film thickness can be tuned, and the enzyme optimized, a 

prospect that is worthy of study in future work.  

 

Experimental 

Full experimental details are provided in the Supporting Information.  Briefly: 

Quartz Crystal Microbalance with Dissipation. QCM-D experiments were conducted on a Q-sense 

E4 using either amine-functionalized SiO2 or non-modified SiO2 sensor crystals at 22°C with the flow 

rate held at 70 μl.min-1. SiO2 surface modification was performed by immersing the sensor in a solution 

of 3-aminopropyltriethoxysilane.56 Data shown exhibiting changes of dissipation (ΔD) and frequency 

(Δf) (Fig. 1) are shown from the 7th overtone for clarity. The cumulative data was used to model the 

viscoelastic properties of the adsorbed papain and the TiO2 deposition. This modeling was conducted 

using QTools 2 QSense software under the assumptions of the Kevin-Voigt model,57,58 a hydrodynamic 

protein density of 1200 k-gm-3 37,59 and a TiO2 nominal density of 4.23 kgm-3 The Sauerbrey equation 

was used to calculate the mass of the papain film: 

   Thin film formation via dip-coating: Layer-by-layer synthesis of titania thin films on glass 

substrates was conducted via a dip-coating process where glass substrates were immersed in a protein 

solution of 1 mM papain in 100 mM MES pH 7.0 for 30 s, followed by a wash immersion in distilled 

deionized water for 30 s, followed by a mineralization immersion in 20 mM TiBALDH for 5 min, followed 

by a second wash in distilled deionized water for 15 s. This cycle was repeated 3 times, after which the 

glass substrate was subject to two additional washes in ethanol and distilled deionized water for 15 s, 

respectively, and then air-dried. A similar process was used to deposit thin films on formvar-covered 

TEM grids. 

   Optical transmission measurements of enzymatic mineralization. Transmittance measurements 

were conducted using UV/VIS spectrometery. A 0.9 mL solution of 1 mM TiBALDH in 20 mM MES pH 

7.0 was transferred to a quartz cuvette and at time t=0, 0.1 mL 20 μM papain in 20 mM MES pH 7.0 

was added to the same cuvette. Transmittance was recorded at a constant wavelength of 650 nm in 

time-drive mode. After the precipitates settled to the bottom of the cuvette and the transmittance 

recovered, an additional dose of 0.1 mL 20 μM papain in 20 mM MES pH 7.0 was added to the cuvette.  

   Characterization via electron, fluorescence confocal, and Raman microscopies: The 

morphologies of the thin films deposited on glass slides were characterized using SEM, while 

nanostructure sand crystal phase were studied using TEM. Fluorescent probe (DCCH) incorporation 

into the layer-by-layer assembled films (Fig. S4) was confirmed using fluorescent confocal microscopy, 

while Raman microscopy was used to confirm polymorph.  
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   Synchrotron Powder XRD Analysis. Enzymatic mineralization was conducted in 10 mL of a bulk 

solution reaction using 20 μM Papain and 1 mM TiBALDH in pH 7.0 20 mM MES. High-resolution X-ray 

powder diffraction measurements were carried out on the synchrotron beamline (I11) at Diamond 

Light Source (Didcot, UK).  

 

   Determination of papain enzyme mineralization kinetics.  TiBALDH-papain enzyme kinetics for 

titania precipitation were derived from fluorescence emission increases (recorded at 590 nm); this 

emission increase served as a proxy for mineral precipitate formation (Figs. S4 and S6). Fluorescence 

measurements were made using a plate reader and assays were conducted in 96 well plates. 

Precipitation progress was tracked by sequential fluorescent measurements at 0.1 sec intervals (Ex: 

405 nm, Em: 590 nm) at a constant temperature of 21°C. To relate fluorescence intensity to the 

quantity of titania mineral produced, the composition of the precipitate was first analyzed using 

thermogravimetric analysis (TGA) to infer the mass percent of mineral in the precipitate (e.g., Fig. S8). 

In this way, the measured fluorescence intensity was related to the millimoles of TiBALDH converted 

(Fig. S7), and this information was used to obtain enzyme kinetic parameters assuming Michaelis–

Menten behavior. Only the onset values of precipitate formation were used for kinetic analysis.61  

Conclusions 

Papain’s capacity for producing continuous titania films on a range of substrates via a simple 

dip coating approach suggests a widespread potential for adapting biomimetic mineralization 

strategies for the production of advanced materials.  Mineralizing enzymes have been shown 

to generate a number of crystalline metal oxides from water-soluble precursors,18 including 

SnO2
53 and quartz-like silicates,15 and to produce silver nanoparticles for sensing applications.54 

Such enzymes are also amenable to directed laboratory evolution of enhanced self-assembly 

and mineral synthesis activities,15,55 where surface absorption, chemical catalysis, and mineral 

templating are all genetically tunable enzyme features that can be tailored towards the 

formation of thin film materials.  The potential for re-engineering enzymes such as papain 

offers a route to controlling the properties of semiconductor thin films, where the layer-by-

layer processing approach developed here provides additional control and could ultimately 

enable synthesis of crystalline heterostructures. Combined with kinetic descriptors to 

quantitatively assess enzymatic biomineralization activity, the approach described here should 

advance both the understanding and technological potential of biomimetic mineralization. 
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Figure 1. QCM-D analysis of papain-mediated titania thin film synthesis, where the associated 

schematics show the thin film structure. For QCM-D time-course plots (a,b,d), both frequency (black 

line, left axis) and dissipation (grey line, right axis) are shown, and changes in solution flows are 

indicated, where “W” indicates wash buffer (20 mM MES buffer pH 7.0), “Papain” indicates 10 μM 

papain in 20 mM MES buffer at pH 7.0, and “TiBALDH” represents 20 mM TiBALDH + 24 μM coumarin 

in water (pH 8.2). (a) Single-layer mineralized film synthesized on a bare SiO2 surface. (b) Single-layer 

mineralized film synthesized on an amine-modified SiO2 surface. (c) A comparison of the frequency 

changes which occur upon flow of TiBALDH over various surfaces, which serves as a proxy for the 

degree of titania mineralization. (d) Triple-layer mineralized film synthesized on an amine-modified 

SiO2 surface. The plot shown are representative of triplicate experiments. 
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Figure 2.  SEM and energy dispersive spectroscopy analysis (EDS) of papain/ titania thin films. 

Substrates supporting the mineralized films were fractured and imaged near the fracture edge. (a) 

SEM image of a single-layer film grown as summarized in Fig. 1a, on a quartz-gold-amorphous SiO2 

QCM surface. Red and blue boxes indicate surface areas analyzed by EDS. The red-boxed region is an 

area of exposed quartz substrate and the blue-boxed region is an area of stacked thin films, which 
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includes both the gold/amorphous SiO2 layer of the commercial QCM-D substrate and the mineralized 

papain/TiO2-x film. (b) EDS spectra confirm the presence of titanium in the papain-mineralized film 

region, where this is absent from the underlying quartz substrate. (c) SEM image of a multi-layer film, 

which was grown as in Fig. 1d. (d) SEM images of a triple-layer papain-titania film synthesized on a 

glass slide substrate. Imaging at a viewing angle of 45° (main image) shows the continuous nature of 

the mineralized film; the partial delamination of the film in the lower right of the image is a result of 

substrate fracture. Imaging at a viewing angle of 90° (inset) reveals a triple-layer titania film thickness 

of ca. 320 nm. The results shown are representative of triplicate experiments. 
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Figure 3. Kinetic analysis of papain-catalyzed TiO2 synthesis in bulk solution using DCCH dye 

fluorescence as a proxy for titania mineralization (see Figs. S4 and S7). (a) Kinetic models of the initial 

rate of mineralization versus the concentration of mineral precursor (TiBALDH). WT papain data (filled 

circles) is shown fitted with a Michaelis-Menten model (dashed line; R2 = 0.95), and a Hill equation 

(solid line; R2 = 0.99). Inactivated (Cys25-biotin modified) papain is shown in open circles. The error is 

less than 5% and error bars shown. (b) A cartoon space-filling model showing the location of Cys25 
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(yellow and red spheres) in the active site cleft. The structure is 9PAP.pdb, published by Kamphuis et 

al (1984)41 and this model was constructed and rendered using Pymol (Delano scientific). (c) Lanes 1 

and 3, SDS-PAGE analysis of the purified, biotin-labeled papain (Lane 1) or papain (Lane 3) resolved 

using SDS-PAGE stained with Coomassie. B. Lane 2, Prior to Western blot analysis, biotin-labeled 

papain was separated by SDS-PAGE. Papain-biotin was subsequently transferred onto a polyvinylidene 

difluoride membrane and immunoblotted using a streptavidin-alkaline phosphatase (AP) conjugate 

(Roche) directed against biotin-modified papain. A indicates the size of papain-biotin; B indicates the 

size of papain. 10μg of protein was used in all separations. (d) QCM-D analysis of papain-mediated 

titania thin film synthesis. For QCM-D time-course plots (a,b,d), both frequency (black line, left axis) 

and dissipation (grey line, right axis) are shown, and changes in solution flows are indicated, where 

“W” indicates wash buffer (20 mM MES buffer pH 7.0), “Papain-biotin” indicates 10 μM papain-biotin 

in 20 mM MES buffer at pH 7.0, and “TiBALDH” represents 20 mM TiBALDH + 24 μM coumarin in water 

(pH 8.2). The result shown is representative of duplicate experiments.   
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Figure 4.  High-resolution synchrotron powder XRD spectra of titania precipitates generated from 

reaction of papain with TIBALDH (blue line) and fitting (pink dotted line).  Peaks labelled A and R 

indicate the Anatase (COD 9015929) and Rutile (COD 9004144) phases of TiO2, respectively (Anatase 

93 %, Rutile 7 %). 
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Figure 5.  TEM analysis of papain-titania films mineralized on formvar-covered TEM grids via a dip-

coating processing. (a) A single-layer titania film and (b) a 5-layer film. (c) EDS analysis from the film 

shown in (b).  (d) Higher magnification TEM image of the film shown in (a), revealing inorganic 

nanoparticles within the film with crystalline lattice spacing that match well with the anatase (110) 

(top right inset) and (011) (bottom right inset) crystal planes, with corresponding SAED pattern (top 

left inset) confirming the presence of anatase. 

 


