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Abstract 1 

 Carbonic anhydrase (CA) is a native enzyme that facilitates the hydration of carbon 2 

dioxide into bicarbonate ions. This study reports the fabrication of thin films of active CA 3 

enzyme onto a porous membrane substrate using the layer-by-layer (LbL) assembly. 4 

Deposition of multilayer films consisting of polyelectrolytes and CA was monitored by 5 

quartz crystal microgravimetry, while the enzymatic activity was assayed according to the 6 

rates of p-nitrophenylacetate (p-NPA) hydrolysis and CO2 hydration. The fabrication of the 7 

films onto a nonporous glass substrate showed CO2 hydration rates of 0.52 ± 0.09 μmol cm-2 8 

min-1 per layer of bovine CA and 2.6 ± 0.7 μmol cm-2 min-1 per layer of a thermostable 9 

microbial CA. The fabrication of a multilayer film containing the microbial CA on a porous 10 

polypropylene membrane increased the hydration rate to 5.3 ± 0.8 μmol cm-2 min-1 per layer 11 

of microbial CA. The addition of mesoporous silica nanoparticles as a film layer prior to 12 

enzyme adsorption was found to increase the activity on the polypropylene membranes even 13 

further to a rate of 19 ± 4 μmol cm-2 min-1 per layer of microbial CA. The LbL treatment of 14 

these membranes increased the mass transfer resistance of the membrane but decreased the 15 

likelihood of membrane pore wetting. These results have potential application in the 16 

absorption of carbon dioxide from combustion flue gases into aqueous solvents using gas-17 

liquid membrane contactors. 18 

 19 

Keywords: Layer-by-layer assembly, enzymatic immobilization, carbon dioxide hydration, 20 
thin films, mesoporous silica nanoparticles 21 

  22 
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Introduction 1 

Carbon dioxide (CO2) emissions into the atmosphere are of great concern because of 2 

the environmental impact associated with climate change. The increase in CO2 emissions is 3 

mainly derived from human activity and has followed an increasing trend over the past few 4 

decades.1, 2 Hence, it is important to curb the rate of CO2 emissions into the atmosphere 5 

through technologies such as carbon capture and sequestration operations.  6 

The hydration of CO2 into HCO3
- is known to be the rate-limiting step when 7 

absorbing carbon dioxide into an aqueous medium.3 Hydration rates can be accelerated by a 8 

naturally occurring enzyme known as carbonic anhydrase (CA).4 Therefore, efforts have been 9 

made to adsorb CA onto surfaces such as polymethylpentene hollow fiber membranes,5 10 

hydrogels,6 activated carbon particles,7 mesoporous silica,8 gold nanoparticles conjugated 11 

with silica9 and polyurethane films,10 such that they can be used as immobilized solid-state 12 

catalysts in CO2 capture operations.  13 

Polymeric membranes are promising substitutes for absorbing gaseous CO2 into an 14 

aqueous solution. In membrane-based CO2 absorption operations, a feed gas containing CO2 15 

is pumped through one side of the membrane, while the other side of the membrane contains 16 

the solvent for absorbing the CO2.
11 The membrane is hydrophobic to prevent solvent leakage 17 

into the gas stream. Such membrane contactors are readily scalable11 and are known to 18 

produce CO2 streams of high purity even at high CO2 removal rates.12 The immobilization of 19 

CA onto these membranes would further enhance the rate of CO2 absorption into the solvent. 20 

However, the CA layer that is immobilized onto the membrane will also add to the mass 21 

transfer resistance of CO2 from the gas phase to the gas-liquid interface. It is preferable that 22 

the CA film layer be as thin as possible to reduce the mass transfer resistance,13 which also 23 

allows the gas-liquid interface to be closer to the enzyme molecules for better reaction rates.14  24 

Layer-by-layer (LbL) assembly is a well-established technique for the preparation of 25 

thin multilayered films of oppositely charged polyelectrolytes onto solid planar substrates15 or 26 

particles.16 The adsorption of proteins, such as immunoglobulin G,17 glucose oxidase18 and 27 

peroxidase19 using LbL assembly have been investigated with the aim of developing  28 

immunosensors17 or immobilized catalysts.20 The construction of CA bilayers with 29 

polyethylene imine (PEI) by the LbL technique has also been reported, with a CA loading of 30 

280 ng cm-2, as determined by quartz crystal microgravimetry (QCM).21 31 

It has been shown that the immobilization of CA onto nanoparticles may further 32 

enhance the enzyme activity,9 as there is a greater degree of freedom for the enzyme to attach 33 
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to the curved surfaces of the nanoparticles22 and hence preserve the active sites.23 For 1 

example, nonporous silica nanoparticles containing adsorbed CA have already been examined 2 

for their ability to hydrate CO2.24 Mesoporous nanoparticles can further increase the 3 

enzymatic loading in comparison with nonporous nanoparticles by providing high surface 4 

areas with pores that are similar to the size of the target enzyme molecules.25, 28, 29 Nanosized 5 

particles are selected in preference to micron sized particles to reduce the need for intra-6 

particular mass transfer of CO2, as such transport limitations have been shown to cause a 7 

reduction in the overall kinetics.26 8 

It has been shown that such nanoparticles can be dispersed within a polymer solution 9 

prior to casting as a flat sheet membrane, but that these nanoparticles are prone to leaching.23 10 

Alternatively, submicrometer hollow spheres that are resistant to leaching from aqueous 11 

solvents have been fabricated through the LbL technique using alternating layers of silica 12 

nanoparticles and polyelectrolytes.16 Enzymes that are immobilized within such LbL films are 13 

known to exhibit enhanced stabilities relative to their free states and can maintain their 14 

activity levels within the film for a longer period of time.27 15 

Herein, we report the fabrication of CA multilayer films both with and without the 16 

addition of mesoporous nanoparticles. We investigate the activity of the resulting films when 17 

deposited on both a smooth nonporous planar glass substrate and a commercial hydrophobic 18 

polypropylene porous membrane. The CA that was adsorbed within the films was found to 19 

increase the rate of CO2 conversion into HCO3
- ions, with a linear correlation between the 20 

number of CA layers adsorbed and the quantity of CO2 converted into HCO3
-. The specific 21 

enzyme activity was comparable to that of the free enzyme when it was immobilized within a 22 

polyelectrolyte film, but there was a significant decrease in the specific activity upon 23 

immobilization within the mesoporous nanoparticles. Enzyme activity also fell somewhat 24 

upon incubation at pH 12, typical of the conditions that might be experienced in a carbon 25 

capture operation. In addition, the films also provided increased resistance against water 26 

penetration into the membrane pores even though they caused the membrane surface to 27 

become more hydrophilic.  28 

 29 

Materials and Methods 30 

Materials Used 31 

Polyethyleneimine (PEI, 25 kDa), polystyrene sulfonate (PSS, 70 kDa), 32 

polyallylamine hydrochloride (PAH, 10 kDa), para-nitrophenol (p-NP), para-33 
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nitrophenylacetate (p-NPA) and trishydroxymethylaminomethane (Tris) were obtained from 1 

Sigma-Aldrich (Castle Hill, NSW, Australia). Concentrated hydrochloric acid (HCl, 37%) 2 

and concentrated sulphuric acid (H2SO4, 98%) were purchased from Scharlau (Gillman, SA, 3 

Australia). Compressed CO2 was supplied by Coregas (Thomastown, VIC, Australia). 4 

Calcium chloride dihydrate (CaCl2·2H2O), sodium chloride (NaCl), sodium hydroxide 5 

(NaOH) and 30% hydrogen peroxide (H2O2) were obtained from ChemSupply (Gillman, SA, 6 

Australia). A suspension of silica particles (50 mg mL-1, 2.78 μm diameter) in water was 7 

obtained from Microparticles GmbH (Berlin, Germany). All chemicals were used as 8 

purchased unless otherwise stated. Ultrapure water was obtained from a Milli-Q purification 9 

system (Merck Millipore, Kilsyth, VIC, Australia) with a resistivity of more than 18.2 MΩ 10 

cm. Tris buffer (10 mM or 50 mM, pH 6.4 or pH 7.2) was prepared in Milli-Q water and the 11 

pH was adjusted by dropwise addition of hydrochloric acid (1 M). The polyelectrolytes (i.e., 12 

PEI, PSS, and PAH) solutions were all prepared in Tris buffer (pH 7.2) at a concentration of 13 

1 mg mL-1.  14 

Two sources of CA were used. The first source was a commercial form derived from 15 

bovine erythrocytes, referred to hereafter as BCA (Sigma-Aldrich product C-3934) and 16 

provided in a powder form, with an activity of 2500 Wilbur-Anderson units per mg of 17 

protein. BCA with a concentration of 0.2 mg mL-1 was prepared in Tris buffer (pH 7.2) prior 18 

to use. The second source was an experimental thermostable microbial CA produced by 19 

Novozymes A/S (Bagsvaerd, Denmark), referred to hereafter as NCA. The enzyme was 20 

produced by microbial fermentation in a benign host organism, which was removed during 21 

recovery of the enzyme broth and is not present in the sample. The NCA in the solution had a 22 

CO2 hydration activity that was equivalent to 320 g L-1 of BCA. The NCA solution was 23 

filtered through 0.22 μm syringe filters to remove suspended solids for zeta potential and 24 

quartz crystal microgravimetry (QCM) analysis and then diluted with Tris buffer (pH 7.2) to 25 

2% of its original concentration prior to use.  26 

Flat sheet polypropylene (PP) membrane coupons were obtained from Sterlitech 27 

Corporation (Kent, WA, USA). These membranes have a pore size of 0.10 µm, a thickness of 28 

75-110 µm and a diameter of 47 mm as per the information provided by the supplier.  29 

Mesoporous silica (MS) nanoparticles with an average size of 110 nm were 30 

synthesized according to a previously reported method.28 These particles were suspended in 31 

Tris buffer (pH 7.2) containing 0.1 M NaCl16 to a particle concentration of 5 mg mL-1 and 32 

sonicated for 5 min to ensure an even dispersion of the particles prior to layering. 33 
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 1 

Zeta-Potential (ζ) Measurements of the Silica Particles 2 

Approximately 100 μL of the silica particle suspension (50 mg mL-1) was mixed with 3 

1 mL of polyelectrolyte solution in Tris buffer for 5 min to deposit a polyelectrolyte layer. 4 

The particles were then spun down at 4000 g for 45 s and the supernatant was discarded. The 5 

particles were redispersed in 700 μL of Tris buffer (10 mM, pH 7.2) via vortex and were 6 

centrifuged at 4000 g to remove free polyelectrolytes.  7 

The washing step was repeated three times to remove all free polyelectrolyte before 8 

the deposition of the next polyelectrolyte layer. Approximately 1 μL of the particle 9 

suspension was removed after the addition of each polyelectrolyte layer and mixed with 700 10 

μL of Tris buffer (10 mM, pH 7.2) for zeta-potential measurements on a Malvern Zetasizer 11 

Nano ZS instrument (Worcestershire, UK). A precursor PEI/[PSS/PAH]2 film was deposited 12 

prior to introducing the CA enzyme, which was then either alternately layered with PAH or 13 

PSS onto the precursor film. 14 

 15 

Quartz Crystal Microgravimetry 16 

QCM was used to determine the mass of enzyme adsorbed per unit area on AT cut 5 17 

MHz QCM quartz crystals using a Q-Sense E4 Auto system to quantify the changes in the 18 

resonant frequency. Prior to QCM experiments, the crystal surfaces were cleaned with 19 

piranha solution (30% H2O2 mixed with 70% H2SO4. Caution! Piranha solution is extremely 20 

reactive and corrosive, only small volumes should be prepared freshly for use) for 5 min, 21 

washed with Milli-Q water and ethanol, dried under a stream of nitrogen gas and irradiated 22 

with ultraviolet rays for 20 min. The changes in the resonance frequency of the crystals 23 

during multilayer deposition were monitored at the third overtone at room temperature. Three 24 

layers of CA were deposited for each crystal. 25 

Deposition steps and washing steps were conducted for 3 min and 2 min, respectively, 26 

with 250 μL aliquots of polyelectrolyte solution or Milli-Q water at a flow rate of 0.579 mL 27 

min-1. After the formation of a PEI/[PSS/PAH]2 precursor film showing regular stepwise film 28 

growth,29 CA was deposited onto the quartz crystals sequentially with the polyelectrolytes to 29 

form multilayer enzyme films. QCM was also used to investigate the construction of NCA 30 

films in a similar manner. 31 

 The Sauerbrey equation was used to determine the mass of material deposited onto 32 

the quartz crystal, which had an active area of 1 cm in diameter. This equation is valid when 33 

the ratio of the change in the dissipation factor ΔD is less than 10-7 times per change of Hz in 34 
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the resonant frequency (ΔF).30 The change in ΔF of the quartz crystals is linearly dependent 1 

on the mass of material (Δm) deposited onto the crystal: 2 

                                                              ∆𝐹𝐹 = −  
𝑛𝑛∆𝑚𝑚
𝐶𝐶

                                                          𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 1 

where n is the number of overtones and C is a constant (17.7 ng Hz-1 cm-2 for a 5 MHz AT 3 

cut crystal from Q-Sense). Equation 1 can be rewritten to relate the layer thickness (x) to the 4 

change in the observed resonant frequency of the crystal (ΔF) and the density of the film 5 

(ρ):29 6 

                                                      𝑥𝑥 =  −(2.12 × 10−4)
∆𝐹𝐹
𝜌𝜌

                                            𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 2 

The surface area of the crystal can be estimated to be approximately 20% larger after 7 

enzyme deposition.20 The densities of protein and polyelectrolyte layers have been previously 8 

assumed to be approximately 1.3 ± 0.1 g cm-3 and 1.2 ± 0.1 g cm-3, respectively.20 For 9 

estimating the maximum theoretical film thickness of the hybrid polyelectrolyte/protein film, 10 

a film density of 1.2 ± 0.1 g cm-3 was assumed. 11 

 12 

Enzyme Adsorption onto Smooth, Non-Porous Surfaces 13 

Glass slides (22 mm × 22 mm) were treated with piranha solution, Milli-Q water and 14 

ethanol in the same way as the QCM crystals prior to adsorption experiments. A 15 

PEI/[PSS/PAH]2 precursor film was first deposited by immersing the glass slides or the 16 

silicon wafers into the respective polyelectrolyte solutions for 5 min. After the deposition of 17 

each layer, excess polyelectrolyte was removed by rinsing with excess Tris buffer (pH 7.2). 18 

BCA or NCA was then adsorbed onto microscopic glass slides to form multilayered 19 

enzyme films similar to the films that were prepared on the QCM crystals. Both sides of the 20 

glass slides were exposed to the polyelectrolyte solutions.  21 

 22 

Enzyme Immobilization onto Flat Sheet Membranes 23 

PP membrane coupons were placed onto a glass substrate. Polyelectrolyte solutions 24 

were coated onto the active side of the membrane surface using a commercial paintbrush 25 

(Woolworths Ltd, Bella Vista, New South Wales, Australia) to spread the solution evenly 26 

across the membrane. Each polyelectrolyte solution was left on the surface of the membranes 27 

for 3 min before rinsing with excess Tris buffer (pH 7.2).  28 

 29 

Enzyme Immobilization with MS Nanoparticles 30 
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To investigate the effect of the MS nanoparticles on the adsorption and the activity of 1 

the NCA, fresh glass slides or membrane coupons were coated sequentially as 2 

[MS/NCA/PAH]2/MS/NCA after the deposition of the precursor film. The membranes were 3 

contacted with the MS particles or the NCA solution for 20 min before washing with buffer 4 

and then contacted with PAH for 5 min before washing with buffer. The film that was formed 5 

is denoted as the MSNCA film. The quantity of enzyme that was adsorbed was determined by 6 

analyzing the supernatant using UV-Vis spectrophotometry on a Varian Cary 1E UV-Vis 7 

spectrophotometer (Agilent Technologies, Mulgrave, VIC, Australia) with 10 mm quartz 8 

cuvettes (Starna Pty Ltd, Baulkham Hills, NSW, Australia) at a wavelength of 280 nm. 9 

 10 

Electron Microscopy 11 

 The MS nanoparticles were imaged by transmission electron microscopy (TEM) using 12 

a FEI Tecnai TF20 microscope at a voltage of 200 kV after being placed onto Formvar-13 

coated copper grids and dried in air. 14 

The glass slides and the membrane coupons containing adsorbed enzyme were dried 15 

under a nitrogen stream, gold sputter-coated and analyzed using a Phillips XL30 FEG field 16 

emission scanning electron microscope (FESEM) at a voltage of 2.0 kV to determine the 17 

surface morphologies of the glass slides before and after protein adsorption. A wetted 18 

membrane coupon containing the adsorbed MS nanoparticles was immersed in liquid 19 

nitrogen for 5 min and then fractured for an analysis of the membrane cross-section.  20 

 21 

Characterization of the Flat Sheet Membranes 22 

The liquid entry pressure (LEP) of the membranes was measured by placing a 23 

membrane coupon of 4.8 cm in diameter within a dead-end filtration cell (Sterlitech HP4750, 24 

Kent, WA, USA) that had an active filtration area of 3.2 cm in diameter. The cell was 25 

pressurized with air and increased in 50 kPa steps every 5 min to determine the pressure that 26 

was sufficient to force water through the membrane. Water flux tests were then conducted for 27 

the different membranes at a constant pressure (greater than the LEP) to determine the 28 

permeability of the membrane. The membranes were then air dried after the water flux tests 29 

for 72 h. Contact angle measurements were performed on the dry membranes using a 30 

FTÅ200 dynamic contact angle analyzer (First Ten Ångstroms, Portsmouth, VA, USA). 31 

 32 

Characterization of Enzyme Activity 33 
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The enzymatic activity of the adsorbed BCA on the glass slides was initially 1 

determined based on the rate that the adsorbed BCA converted p-NPA to p-NP. Solutions of 2 

p-NPA in acetonitrile (2.5 mg mL-1) were mixed with Tris buffer (pH 7.2) at a volumetric 3 

ratio of 1:9 for the activity assays.10, 31 CA-coated glass slides were incubated within a 20 mL 4 

aliquot of p-NPA solution, and a small volume of the mixture was extracted at set timepoints 5 

and analyzed by UV-Vis spectrophotometry at 348 nm to determine the total concentration of 6 

p-NP and p-nitrophenoxide in solution32 for calculating the rate of p-NPA hydrolysis.  7 

The activity of the immobilized enzymes on the glass slides and the membranes were 8 

also quantified for their ability to hydrate CO2 into HCO3
-, based on the method provided by 9 

Vinoba and co-workers.8, 9 A saturated CO2 solution was prepared by passing a CO2 gas 10 

stream into a bottle of Milli-Q water at 25°C for 1 h. Approximately 40 mL of Tris buffer 11 

(pH 6.4) was added to 100 mL of the saturated CO2 solution before the enzyme-coated glass 12 

slide or the membrane coupon was immersed into the mixture. The mixture was stirred for 1 13 

min followed by the removal of the glass slide or the membrane coupon before the addition 14 

of 20 mL of CaCl2·2H2O solution (5.3% w/v) and 10 mL of NaOH solution (1 M) to quench 15 

the reaction and precipitate the Ca(HCO3)2 as CaCO3. The precipitated CaCO3 was then 16 

filtered, dried in an oven at 80°C overnight and weighed to determine the quantity of CO2 17 

that had been hydrated based on the quantity of CaCO3 produced. 18 

A separate activity test was set up for the determination of the free NCA activity in 19 

solution. A sample of 2% NCA in Tris buffer (pH 7.2) was sequentially diluted to various 20 

levels of dilution, and 1 mL aliquots of diluted NCA was added to different batches of 100 21 

mL saturated CO2 solution and stirred for 1 min before adding 20 mL of CaCl2·2H2O solution 22 

(5.3% w/v) and 10 mL of NaOH solution (1 M) to quench the reaction. The precipitated 23 

CaCO3 was then filtered and dried before determining the quantity of CaCO3 that was 24 

produced.  25 

Control experiments were conducted to determine the quantity of CaCO3 that was 26 

produced in the absence of any enzyme. Any incremental CaCO3 that was produced in the 27 

presence of CA was then attributed to the hydration activity of the enzyme. 28 

Free NCA samples and membrane samples containing adsorbed NCA were also 29 

directly compared for their pH stability via incubation either in a 0.2 M KCl solution 30 

(adjusted to pH 12 with NaOH) or in Tris buffer (pH 7.2) for 72 h at 4°C. This stability is 31 

important as most carbon dioxide absorption systems operate at pH greater than 10. 32 

 33 
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Results and Discussion 1 

Enzyme Adsorption and Multilayer Film Formation 2 

Zeta-potential measurements of PAH/CA and PSS/CA layers deposited onto silica 3 

spheres at pH 7.2 confirmed that both BCA and NCA are negatively charged (Figure 1). 4 

However, the inability of either enzyme to reverse the surface zeta potential when applied 5 

after the positively charged PAH layer indicates that these proteins possess only a weak net 6 

negative charge at the measurement pH of 7.2. This weak net negative charge is consistent 7 

with the reported isoelectric points for commercial BCA, which range from pH 4.9 to pH 8 

6.7.33 9 

 10 

Figure 1. Zeta-potential measurements for PAH/BCA, PSS/BCA, PAH/NCA and PSS/NCA 11 
bilayers prepared in a Tris buffer solution at pH 7.2. The odd numbered layers (1, 3 and 5) 12 
represent PAH or PSS layers, while the even numbered layers (2, 4 and 6) represent BCA or 13 
NCA layers. 14 

 15 
The lack of surface charge inversion prevents the uniform addition of extra PSS/CA or 16 

PAH/CA bilayers sequentially beyond the first bilayer, as stepwise growth in multilayer film 17 

formation requires a complete reversal in the surface charge.29 This is demonstrated by the 18 

limiting changes in zeta-potential for successive PSS/CA and PAH/CA bilayers in Figure 1. 19 
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Consistent with these data, QCM investigations showed that CA was readily adsorbed onto 1 

PAH or PSS, but the subsequent deposition of PAH onto a PAH/CA film or PSS onto a 2 

PSS/CA film resulted in no further mass being added onto the quartz crystal, similar to what 3 

was observed elsewhere for an invertase/poly(dimethyldiallylammonium chloride) system.34 4 

 5 

CA films were also prepared on a QCM crystal to determine the adsorption of BCA 6 

onto alternating PAH and PSS layers, as a BCA/PSS/BCA/PAH/BCA film (Figure 2a) and a 7 

PSS/BCA/PAH/BCA/PSS/BCA film (Figure 2b). However, for both cases, the rate of decrease 8 

in frequency slowed after repeated depositions of CA, which was again consistent with the ζ-9 

potential results. The quantity of BCA deposited onto PAH layers was greater than that 10 

deposited onto PSS layers, reflecting the stronger electrostatic attraction forces between the 11 

negatively charged BCA and the positively charged PAH. The ΔD:ΔF ratios were consistently 12 

of the order 10-8 Hz-1, which reflects that Equation 1 is valid for estimating the mass of 13 

polyelectrolyte being deposited onto the quartz crystal surface. 14 

 15 
Figure 2. Real-time QCM investigations of the deposition of (a) 16 
PSS/BCA/PAH/BCA/PSS/BCA, (b) PAH/BCA/PSS/BCA/PAH/BCA, (c) 17 
[BCA/PSS/PAH]2/BCA, and (d) [NCA/PSS/PAH]2/NCA multilayers. 18 
 19 



12 
 

However, the deposition of BCA/PSS/PAH (Figure 2c) or NCA/PSS/PAH (Figure 2d) 1 

in repeating trilayers gave a better indication of consistent film formation in comparison to the 2 

films that were fabricated in Figures 2a or 2b. A frequency decrease of 226 ± 11 Hz per layer of 3 

NCA was observed for a [NCA/PSS/PAH]2/NCA film (Figure 2d), which translates into an 4 

NCA coverage of 790 ± 30 ng cm-2. This value is significantly greater than the single layer 5 

enzyme loading obtained from a covalent coupling of the same enzyme to a surface (less than 6 

100 ng cm-2).7, 35 This value was also higher than the 280 ng cm-2 of CA that was deposited as 7 

PEI/CA bilayers in prior work (the type of CA that was used was unspecified).21 8 

 9 

Figure 3. (a) TEM image of the MS nanoparticles before deposition. SEM images of MS 10 
nanoparticles on silicon wafers after (b) one layer, (c) two layers, (d) three layers of coating. 11 
Scale bars in (b-d) are 2 µm. 12 

 13 

To increase the quantity of enzyme being immobilized onto the films, MS particles with 14 

an average size of 115 nm (Figure 3a) were synthesized and used to load NCA in films of 15 

[MS/NCA/PAH]2/MS/NCA onto either a glass plate or a silicon wafer (Figures 3 b, c, d). The 16 

quantity of NCA adsorbed in this case was determined from the difference in the UV 17 

absorbance of the NCA solution before and after contact with the glass substrate. Each coating 18 
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of NCA was found to add 190 ± 20 μg cm-2 of NCA to the MS layer on the film (Figure 4), 1 

which is approximately 140 times greater than the adsorption of NCA onto PAH. 2 

 3 

Figure 4. Quantity of NCA adsorbed onto each MS nanoparticle layer deposited onto the film. 4 

 5 

These significantly increased enzyme loadings are indicative of the mesoporous 6 

nanoparticles with their high surface areas allowing for large polymer/protein loadings.25 In 7 

comparison, the concentration of NCA in the supernatant did not change significantly during 8 

the fabrication of the [NCA/PSS/PAH]2NCA film, which is consistent with the lower quantities 9 

of enzyme adsorbed onto PAH as compared to the MS nanoparticles. 10 

 11 

Multilayer Film Characterization  12 

The total thickness of the multilayered protein films can significantly influence the mass 13 

transfer performance in membrane contactor applications. Ideally, the deposited polyelectrolyte 14 

layers will cover the pores of the top surface (typically 100 nm in diameter) to reduce pore 15 

wetting, but their thickness should not result in a significant resistance to the flow of carbon 16 

dioxide across the membrane. The total film thickness of the three enzyme layers in addition to 17 

the precursor film can be calculated based on Equation 2. These film thicknesses are shown in 18 

Table 1: 19 

 20 
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Table 1. Maximum Polyelectrolyte Film Thicknesses 1 

Polyelectrolyte Film Maximum Film Thickness (nm) 

PSS/BCA/PAH/BCA/PSS/BCAa 19 ± 1 

BCA/PSS/BCA/PAH/BCAa 14 ± 1 

[BCA/PSS/PAH]2/BCAa 38 ± 4 

[NCA/PSS/PAH]2/NCAa 154 ± 8 

[MS/NCA/PAH]2/MS/NCAb 337 ± 67 
aThese results were obtained from QCM measurements. bThis result was obtained from a cross-sectional SEM 2 
analysis of a fractured silicon wafer. 3 
 4 

The thickness of the PSS/BCA/PAH/BCA/PSS/BCA and the 5 

BCA/PSS/BCA/PAH/BCA films are similar to the protein bilayer thicknesses and the 6 

PAH/PSS bilayer thicknesses that have been described elsewhere.21, 29 The 7 

[BCA/PSS/PAH]2/BCA films were two to three times thicker than the 8 

PSS/BCA/PAH/BCA/PSS/BCA or the BCA/PSS/BCA/PAH/BCA films, which can be 9 

attributed to more BCA adsorbing onto a PAH precursor layer than onto a PSS precursor 10 

layer, as evidenced in the QCM analyses from Figure 2. The average frequency change was 11 

9.2 ± 2.5 Hz when BCA was adsorbed onto PSS, which is approximately half of the 17 ± 5 12 

Hz exhibited by the adsorption of BCA onto PAH. 13 

The thickness of the [NCA/PSS/PAH]2/NCA films was four times greater than the 14 

equivalent thickness of the [BCA/PSS/PAH]2/BCA films. This reflects the greater mass of 15 

NCA and other proteins that adsorb onto the quartz crystal at every deposition step (Figure 16 

2). The [MS/NCA/PAH]2/MS/NCA film is thicker again as a result of the addition of the MS 17 

nanoparticles, which are approximately 115 nm in diameter. A film thickness of 18 

approximately 337 ± 67 nm indicates that there is multilayer coverage of the nanoparticles on 19 

the surface of the silicon wafer.  20 

 21 

Enzyme Activity Assays 22 

Within experimental error, the resulting [BCA/PSS/PAH]2/BCA films exhibited a 23 

uniform p-NP production rate of 0.10 ± 0.01 μmol min-1 cm-2. This p-NP production rate was 24 

irrespective of the number of BCA layers that were adsorbed (Figure 5). However, the 25 

PSS/BCA/PAH/BCA/PSS/BCA and the BCA/PSS/BCA/PAH/BCA films showed that the 26 

BCA adsorbed preferentially more onto PAH than PSS. The similar p-NPA hydrolysis rates 27 

(instead of an increased enzymatic activity upon the deposition of more enzyme layers19) 28 
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suggest that the hydrophilic PAH and PSS layers were sufficiently non-porous to limit the 1 

diffusion of the large hydrophobic p-NPA molecules to the lower layers of immobilized 2 

BCA.  3 

 4 

Figure 5. Enzymatic activity of [BCA/PSS/PAH]2/BCA, PSS/BCA/PAH/BCA/PSS/BCA 5 
and BCA/PSS/BCA/PAH/BCA films in the hydrolysis of p-NPA. 6 

 7 

However, CO2 is a small uncharged molecule that will be able to penetrate the 8 

polyelectrolyte multilayers more readily. Thus, it is necessary to evaluate the contribution of 9 

each immobilized CA layer to the overall total enzymatic activity using CO2 hydration 10 

assays. Glass slides were prepared with up to three adsorbed layers of CA as 11 

[CA/PSS/PAH]2/CA films and assayed for their CO2 hydration activities. 12 

A calibration curve was first prepared for determining the CO2 hydration activity of 13 

the free NCA in a saturated CO2 solution. The activity of the free NCA is shown to be 14 

approximately 2.7 μmol min-1 μg-1 of NCA (Figure 6). However, the specific activity of the 15 

NCA decreased to 2.1 μmol min-1 μg-1 after it was stored at pH 12 over a period of 72 h at 16 

4°C (Figure 6). A number of other researchers have also shown that CA loses activity upon 17 

exposure to high pH.1, 24 However, the residual activity recorded here (78%) is significantly 18 

greater than that observed in this earlier work. Sharma and Bhattacharya1 observe residual 19 

activities of between 24 and 57% across four CA varieties after exposure for only 6 h at pH 20 

10, presumably at ambient temperature. Similarly, Zhang et al.24 observe a residual activity of 21 

63% for a commercial enzyme when tested at pH 10.5 and 4°C.  22 
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 1 

Figure 6. CO2 hydration rate as a function of the quantity of free NCA added to solution. The 2 
filled diamond symbols (♦) indicate the rate for fresh NCA solution, while the open 3 
squares() indicate the rate of hydration for NCA that was incubated for 72 hours at pH 12 4 
and 4°C. 5 

 6 

Figure 7. CO2 hydration activity as a function of the number of CA layers on glass. 7 

 8 

Figure 7 shows that the overall CO2 hydration activity of the [BCA/PSS/PAH]2/BCA 9 

film was approximately 0.52 ± 0.09 μmol min-1 cm-2 per layer of adsorbed BCA. This CO2 10 

hydration activity is approximately 5 times greater than the p-NPA hydrolysis activity, which 11 

is consistent with the CO2 hydration to p-NPA hydrolysis activity ratios that have been 12 

reported elsewhere.32 This activity ratio reflects the limitations of the p-NPA diffusion within 13 

the film. Moreover, in contrast with the p-NPA analyses, the CA activity increases linearly 14 
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with the deposition of further layers when hydrating CO2, regardless of the type of CA that 1 

was used (Figure 7). This linear trend indicates that the dissolved CO2 is able to readily 2 

penetrate through the PAH/PSS bilayers to the lower levels of the film for reaction. It is 3 

probable that the activity eventually plateaus with increasing CA layers because of diffusion 4 

rate limitations, as was observed in activity assays of immobilized peroxidase enzymes.19 5 

The CO2 hydration activity of the film prepared with NCA was observed to be 2.6 ± 6 

0.7 μmol min-1 cm-2 per layer of adsorbed NCA, which was approximately 5 times greater 7 

than that of the BCA film. The specific activity of the NCA in terms of the mass of adsorbed 8 

NCA was 3.5 μmol min-1 μg-1, which is comparable within experimental error to the specific 9 

activity of the free NCA at 2.7 μmol min-1 μg-1. This indicates that there is no significant loss 10 

of activity upon immobilisation onto the plate.   11 

The addition of the MS nanoparticles onto the glass plate further boosts the CO2 12 

hydration activity to 13 ± 4 μmol min-1 cm-2 per layer of adsorbed NCA. However, given that 13 

the adsorption of NCA was as high as 190 μg cm-2 NCA (Figure 4), this CO2 hydration 14 

activity translates to a specific NCA activity of 0.067 μmol min-1 μg-1. This specific activity 15 

is a decrease of 97.5% in comparison with the specific activity of the free enzyme at 2.7 μmol 16 

min-1 μg-1 NCA. Therefore, there is a loss of enzymatic activity when the NCA is 17 

immobilized onto the nanoparticles, which was not observed for immobilization upon the 18 

glass plate. Similar losses in enzymatic activity have been reported previously for both 19 

nonporous nanoparticles24 and porous nanoparticles.39 In the present case, the decline in the 20 

specific enzyme activity is likely to be the result of the added diffusional resistance for the 21 

CO2 molecules39 when entering the pores of the MS nanoparticles. 22 

 23 

Membrane Characterization 24 

When coated on the surface of a porous polypropylene membrane, the MS particles 25 

continue to outperform a simple multilayer film, in this case by a factor of four (Figure 8) at 26 

an average rate of 19 ± 4 μmol cm-2 min-1 per layer in comparison with the multilayer film 27 

performance at 5.3 ± 0.8 μmol cm-2 min-1 per layer. The enzymatic activity on the membrane 28 

is approximately double that of the activity on the flat glass plate (Figure 7). This increased 29 

enzymatic activity is consistent with the data in Figure 4, which also shows a doubling in 30 

NCA adsorption from 190 to 440 μg cm-2 when the plate is replaced with a membrane. This 31 

increase in enzyme activity probably reflects some penetration of the enzyme layers into the 32 

porous structure.  33 
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These hydration rates compare well to the flux rates determined for CO2 absorption 1 

within membrane contactors described in the literature. The flux rates for the absorption of 2 

CO2 into monoethanolamine through a porous PP contactor range from 1.5 to 30 μmol cm-2 3 

min-1.40, 41 The CO2 flux is generally lower for solvents with slower reaction kinetics such as 4 

potassium carbonate, where promotion with CA would be of value. Capannelli et al.42 report 5 

a flux of approximately 4 μmol cm-2 min-1 for a 1 M K2CO3 solution, versus  50 μmol cm-2 6 

min-1 for the same concentration of piperazine and 30 μmol cm-2 min-1 for monoethanolamine.  7 

 8 

Figure 8. CO2 hydration activity as a function of the number of NCA layers on the PP 9 
membranes. 10 
 11 

Incubation of the membrane films for 72 h at pH 12 leads to a loss of activity, but 70 12 

to 80% of the residual activity is retained, relative to films incubated in Tris Buffer at pH 7.2 13 

for the same period (Figure 9). This is consistent with the data recorded for the free enzyme 14 

(Figure 6), indicating that the enzyme is more tolerant of high pH conditions than other 15 

strains that have been presented in the literature.1, 24  16 

 17 
 18 
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 1 
Figure 9. The enzymatic activity of the immobilized membrane films both after incubation 2 
for 72h at pH 7.2 (grey bars) and at pH 12 (white bars) at 4°C. These films were prepared as 3 
[NCA/PSS/PAH]2NCA films (denoted as NCA) and [MS/NCA/PAH]2MS/NCA (denoted as 4 
MSNCA), respectively. 5 
 6 

SEM images of the PP membrane surfaces and cross sections before and after LbL 7 

treatment (Figure 10) show clear evidence of the multilayer films and MS spheres on the 8 

surface. Figure 10b shows that the [NCA/PSS/PAH]2NCA layers form a flat dense film43 that 9 

is akin to the formation of nanofiltration-type barriers caused by the interactions between 10 

PAH and PSS.44 Figures 10c and 10d also show that the MS spheres assemble uniformly onto 11 

the membrane surface. However, there is little evidence of deep penetration into the porous 12 

substructure.  (Figures 10e and 10f). The multilayer film thicknesses on the membrane 13 

surface are of the order of 300-500 nm, consistent with that observed for the flat plate (Table 14 

1).  This means that the mass transfer resistance through the membrane itself should not be 15 

significantly compromised. 16 

Figure 10d indicates that there has been little degradation of the MS spheres after 17 

storage at pH 12 for 72 h. However, it should be noted that silica materials will dissolve in an 18 

alkaline environment over a long period of time. The instability of silica materials at high pH 19 

could limit the use of the MS nanoparticles in carbon capture applications operating under 20 

high pH conditions. 21 

 22 

 23 

 24 
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 4 

 5 

 6 

 7 

 8 

Figure 10. The PP membrane surface (a) before LbL treatment, (b) after LbL treatment with 9 
[NCA/PSS/PAH]2NCA, (c) after LbL treatment with [MS/NCA/PAH]2MS/NCA and storage 10 
at pH 7.2 for 72 h, (d) after LbL treatment with [MS/NCA/PAH]2MS/NCA and storage at pH 11 
12 for 72 h. The PP membrane cross-section (e) after LbL treatment with 12 
[NCA/PSS/PAH]2NCA, (f) after LbL treatment with [MS/NCA/PAH]2MS/NCA. The black 13 
bars in (e) and (f) indicate the approximate thickness of the LBL films.  14 

It is well known that the pores of the membrane must remain filled with gas to 15 

maintain effective mass transfer rates in a membrane contactor,45 and a reduction of the local 16 

pore diameter could assist in preventing the wetting of the pore volume with solvent.46, 47 17 

Conversely, the deposition of CA and other polyelectrolytes on the membrane surface could 18 

reduce the contact angle and so enhance wetting. In the present case, the pressure required to 19 

force water through the membrane (the liquid entry pressure) was recorded experimentally, as 20 

an indication of these competing effects (Table 2): 21 

 22 

Table 2. Characterization of the PP membrane before and after LbL treatment 23 

Membrane  Contact Angle (°)  Liquid Entry 
Pressure (kPa)  

Water Flux (kg m-2 h-1) 
at 575 kPa  

PP (clean)  96 ± 2 < 525 9.4 ± 0.6   
PP (LbL with NCA)  60 ± 2 < 550  2.25 ± 0.08  

PP (LbL with 
MSNCA) 

52 ± 1 < 575 0.53 ± 0.02 

    
Table 2 indicates that the LbL treatment caused the membrane surface to become 24 

more hydrophilic, as evidenced by the contact angle measurements. However, an increased 25 

pressure was required to force water through the thin film that was fabricated on the 26 

membrane, and the water flux was also observed to decline, particularly after LbL treatment 27 

with the MSNCA film. This confirms that the average pore size has been reduced 28 

significantly, as is evident from the images in Figure 9. The tighter pore size will reduce pore 29 
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wetting, but may also increase the resistance to the mass transfer of carbon dioxide across the 1 

membrane. A compromise between these two competing effects will be required. 2 

 3 

Conclusions 4 

This work has shown that carbonic anhydrase can be readily applied to the surface of 5 

a porous polymeric membrane as a uniform thin film. The use of LbL techniques leads to 6 

enzyme loadings that are significantly greater than those previously obtained using covalent 7 

coupling. The diffusion of CO2 through these multilayers was unhindered, as evidenced by 8 

the uniform increase in CO2 hydration activity with each successive CA layer. The use of a 9 

thermostable microbial enzyme (NCA) leads to higher loadings and to greater enzymatic 10 

efficiency. The addition of MS nanoparticles to the polyelectrolyte film prior to enzyme 11 

adsorption increases the CO2 hydration rates by eightfold relative to the bovine enzyme film. 12 

However, the specific activity of the NCA decreased sharply upon immobilization onto the 13 

MS nanoparticles, which may be indicative of diffusional resistances for CO2 molecules 14 

entering the pores of the nanoparticles for reaction.  15 

While it can be observed that the overall CO2 hydration rates increased when the 16 

enzyme was adsorbed onto a membrane, the flux through the membrane declined, which may 17 

lead to additional mass transfer resistance in a full scale membrane module. These results 18 

show potential towards the development of new membrane materials for use as membrane 19 

contactors in CO2 absorption processes. However, the activity of these membranes was only 20 

quantified in a stirred solution pre-saturated with carbon dioxide, where mass transfer 21 

limitations are avoided. The results need to be validated by work at a larger scale in a gas-22 

liquid membrane contactor format at realistic pH levels and over a longer period of time. This 23 

is the focus of our ongoing work. 24 
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