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Abstract 14 

Despite the intensive research on protein adsorption in mesoporous materials, the effect of 15 

(de)hydration and confinement on the adsorbed protein’s stability and activity is poorly 16 

understood. In this paper, we study the effect of differences in structural features (pore size) 17 

and drying time on the adsorption and structural stability of horse heart myoglobin (hhMb) 18 

on mesoporous titanium dioxide. Infrared spectroscopy (DRIFT) and thermal analysis (TGA) 19 

coupled to a quadrupole mass spectrometer (TGA-MS) were used to evaluate the impact of 20 

the confinement in different pores and hydration on the myoglobin secondary structure. 21 
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Electron paramagnetic spectroscopy (EPR) was applied to identify the changes in the heme 1 

and its close surrounding. The peroxidase-like activity of myoglobin toward 2,2’-azino-bis(3-2 

ethylbenzthiazoline-6-sulfonic acid) (ABTS) in the presence of hydrogen peroxide allowed to 3 

detect changes in the protein activity after adsorption in pores with different sizes and drying 4 

for different periods of time. The results show a clear effect of the pore size and drying time 5 

on the secondary structure of hhMb, which is confirmed by differences induced in the catalytic 6 

activity of the adsorbed proteins. Therefore, we recommend to evaluate the effect of both 7 

hydration and confinement in future application involving biomolecule adsorption in porous 8 

matrices. 9 

Introduction  10 

Immobilization of proteins and enzymes (catalytic active proteins) in mesoporous material is 11 

a well-known strategy to improve their stability in different applications1–3. The protein 12 

stability is in this context defined as the protein ability to retain its native folded conformation 13 

upon adsorption in the mesoporous material. In 2001 Eggers and Valentine identified two 14 

main factors responsible for enhanced protein stability upon adsorption in a porous network: 15 

the space constriction and the water structure changes4,5.  16 

It is widely accepted that the reduced volume inside the pores stabilizes the native folded 17 

state of the proteins6–8. The degree of this stabilization is strongly dependent on the ratio 18 

between the protein dimension and the pore size9. In fact, the mobility and the 3-dimensional 19 

structure of the incorporated biomolecule depends on the number of contact points and 20 

strengths of interaction with the pore walls, and thus on the space availability inside the 21 

pores1. A recent work indicates that a 4-5 ratio between the pore size and the protein 22 

diameter is optimal if one wants full coverage of the inner surface in a reasonable time10. 23 



3 
 

However, conflicting reports exist whether the pores should be much larger than the protein 1 

dimensions or of similar size to achieve the highest protein stability upon adsorption. In 2 

addition, divergent results have been reported on the effect of pore confinement on protein 3 

activity. In fact, enhanced catalytic activity has been observed for myoglobin upon adsorption 4 

in mesoporous silica (6 nm pores)11 and mesoporous silica sheets (6 and 8 nm pores)12. On the 5 

contrary, reduced activities have been observed for myoglobin13 and cellulase14 upon 6 

adsorption in SBA-15 with different pore sizes.   7 

On the other hand, very little is known about how (de)hydration influences the stability of 8 

proteins confined in a porous network15. Nevertheless, this is of fundamental importance as 9 

the total confinement effect on the protein stability may be dependent on changes of protein 10 

hydration inside the pores16,17. Furthermore, it has been shown that the hydration and the 11 

availability of water in the proximity of enzymes have a large effect on both their structure 12 

and activity18. 13 

Zhang described it as follows, “proteins are like fish in that they need water to survive, without 14 

they lose vitality and become unable to carry out their functions”19. Hence, any attempt toward 15 

incorporation of proteins in a porous material should be carried out with attention for the 16 

hydration of the biomolecule20. This assumption has been confirmed by Ravindra et al., who 17 

identified both hydration and space confinement as factors determining the stability of 18 

proteins upon adsorption in mesoporous silica21. In addition, a recent study shows the 19 

influence of hydration on the sidechains and backbone of ubiquitin immobilized in 20 

mesoporous MCM materials22. 21 
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Nevertheless, in the field of protein immobilization, with the exception of a few papers, the 1 

(de)hydration effect is mostly ignored and only the impact of the volume reduction has been 2 

considered.  3 

Even though it has been reported that the magnitude of the confinement effect is strongly 4 

dependent on the structure of the pore network9,23, the attention has mostly been focused 5 

on proteins incorporated in silica supports. This is a clear hiatus since much more promising 6 

mesoporous materials have been proposed as supports for protein incorporation in 7 

application like e.g. biosensors to avoid the limited electric properties of silica24. Titanium 8 

dioxide (titania) is one of the most used non-silica substrates for biomolecule incorporation25–9 

31. The physicochemical properties of this semiconductor (e.g. charge transfer and 10 

photocatalytic activity) and its biomechanical stability make it a suitable substrate for 11 

innovative applications32–34. Moreover, our recently reported approach to tune the pore size 12 

of mesoporous TiO2 with a narrow pore-size distribution35 allows adsorption of proteins in a 13 

designed confined space.  14 

Therefore, to obtain a deeper understanding on the impact of protein confinement in 15 

mesoporous titania, we describe in this paper the effect of confinement and (de)hydration on 16 

protein stability and activity after incorporation of horse heart myoglobin (hhMb) in 17 

mesoporous TiO2 with pore size of 8 (MT8) and 17 nm (MT17). HhMb is a relatively small globin 18 

protein with a maximum diameter of ca 5 nm36 containing a single iron protoporphyrin IX as 19 

the prosthetic group (heme) in a hydrophobic pocket37. Its protein fold consists of eight α-20 

helices that are organized in a canonical 3-over-3 sandwich and that are labelled with letters 21 

A to H from the N- to the C-terminus. We chose hhMb as a test protein because of its high 22 

stability and solubility in water and its commercial availability. 23 
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The stability and activity of the hhMb upon adsorption and after different drying times are 1 

thoroughly studied using standard and advanced characterization tools. Specific attention is 2 

given to the changes in the structure of hhMb by using Infrared (DRIFT) spectroscopy in 3 

combination with thermal analysis (TGA) coupled to a quadrupole mass spectrometer (TGA-4 

MS). In-depth information about the effect of (de)hydration and confinement on the heme 5 

center will be provided by electron paramagnetic resonance spectroscopy (EPR). Moreover, 6 

the chemical activity of the hhMb upon incorporation and its possible correlation with the 7 

pore size and drying time has been evaluated through its peroxidase activity toward 2,2’-8 

azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)12.  9 

We aim at clarifying the coinciding effect of structural properties (space confinement and/or 10 

surface chemistry) and (de)hydration on the protein stability and activity upon adsorption in 11 

a (designed) porous titania network. In addition, we intend to reveal the effect of the 12 

incorporation-induced structural rearrangements on the protein activity and relate it to the 13 

differences in (de)hydration and confinement.  14 

Experimental 15 

Materials  16 

Myoglobin from equine heart (lyophilized powders, ≥90%, CAS: 100684-32-0), titanium (IV) 17 

butoxide (≥97%, CAS: 5593-70-4), acetic acid (≥99%, CAS: 64-19-7), nitric acid (70% v/v, CAS: 18 

7697-37-2), sulfuric acid (95% v/v, CAS: 7664-93-9), HEPES buffer (≥95.5%, CAS: 7365-45-9), 19 

ethanol (≥99%, CAS: 64-17-5) and Poly(ethylene glycol)-block-poly(propylene glycol)-block-20 

poly(ethylene glycol) (P123, CAS:9003-11-6) were purchased from Sigma Aldrich and used 21 

without further purifications.  22 
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Synthesis of Mesoporous TiO2 1 

The mesoporous substrates with different pore sizes were obtained by changing the inorganic 2 

acids added to the synthesis mixture as described in our recent publication35. Briefly, titanium 3 

butoxide was used as a precursor and dissolved in an aqueous acetic acid solution (20% v/v), 4 

then 4 g of P123 was added as template and HCl and H2SO4 were used to tune the pore size. 5 

After hydrothermal treatment at 120 oC, the samples were collected, washed with distilled 6 

water, dried and calcined at 450 oC in air for 4 h, the calcination temperature was reached 7 

with a heating rate of 1 oC/min. 8 

Immobilization of hhMb 9 

In a typical experiment, 10 mg of mesoporous TiO2 with pores of 8 (MT8) and 17 nm (MT17) 10 

was dissolved in 3 mL of a 10 mM HEPES buffer solution at pH 7, then the mixture was 11 

sonicated (30 s) in order to avoid particles agglomeration. Afterwards, 1 mL of a solution 12 

containing a 10 mM HEPES buffer and hhMb at pH 7 was added in order to reach a final protein 13 

concentration of 0.25 mg/mL. The experimental parameters for hhMb incorporation were 14 

chosen according to our previously reported results on the impact of buffer solution on 15 

protein adsorption38. 16 

The final mixed solution was shaken at room temperature for 96 h at 300 rpm on a 3500 17 

Advanced Orbital Shaker. The adsorption was monitored at different time intervals by 18 

transferring 1 mL of solution in an Eppendorf tube and centrifuging it for 5 min at 4000 rpm. 19 

The amount of adsorbed proteins was calculated by analyzing the supernatant by UV-vis 20 

spectroscopy at the maximum of the Soret band of hhMb (λmax= 408 nm) with a double beam 21 

Thermo Electron Evolution 500 UV-vis spectrophotometer. A 10 mM HEPES buffer solution 22 

was used as a reference. The experimentally determined molar extinction coefficient (ε= 129 23 
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µM-1cm-1) was used in the Lambert-Beer law to calculate the concentration from the 1 

measured UV-vis absorption.  2 

After the 96 h incorporation, the samples (hhMb-MT8 and hhMb-MT17) were filtrated and 3 

washed three times with fresh buffer solution to remove possible non-adsorbed molecules. 4 

After each washing step, the solution was analyzed by UV-vis to detect possible protein 5 

leaching from the surface. In order to evaluate the hydration effect, the mesoporous TiO2 with 6 

adsorbed hhMb was dried for 15 min (hhMb-MT8_15 and hhMb-MT17_15) and 2 h (hhMb-7 

MT8_120 and hhMb-MT17_120) in an oven at 20 oC, immediately after washing. In this 8 

manuscript, the naming of the samples is as follows: MTx is mesoporous titania with pore 9 

diameter x nm, hhMb-MTx_y indicates incorporation of hhMb in MTx titania and drying for y 10 

minutes in an oven at 20 oC. 11 

Catalytic Assay 12 

The catalytic activity of hhMb is usually evaluated through the peroxidase activity, attributed 13 

to the heme group, toward ABTS in the presence of H2O2. 14 

The assay solution was prepared dissolving 10 mg of hhMb-MT8 and hhMb-MT17 (with 15 

different drying time) in 2 mL HEPES solution at pH 7. All samples with incorporated hhMb 16 

were used immediately after the drying step in the oven. Afterwards, 1.5 mL of 1 mM H2O2 17 

and 0.5 mL of 0.5 mM ABTS were added. Then, the final solution was shaken at 300 rpm at 18 

room temperature for 24h. The interconversion of ABTS (λmax= 340 nm) into its radical cation 19 

ABTS•+ (λmax= 414 nm)39 was monitored in different time intervals by UV-vis spectroscopy 20 

analysis of the supernatant after centrifugation, as explained above. To validate the ABTS 21 

assay, blank tests were performed dissolving 10 mg of the titania materials without adsorbed 22 

proteins (MT8 and MT17) in 2 mL HEPES and then adding H2O2 and ABTS as described.  23 

Characterization  24 
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The N2 sorption analysis was performed using a Quantachrome Quadrasorb SI automated gas 1 

adsorption system with an AS-6 degasser. Before starting the measurement, TiO2 samples 2 

with (hhMb-MT) and without (HEPES-MT) adsorbed hhMb were outgassed at 25 oC for 16 h. 3 

Then, the analysis was performed at -196 oC. The Brunauer-Elmet-Teller (BET) multipoint 4 

method was used to calculate the specific surface area (SBET). The total pore volume (Total VP) 5 

was calculated from the adsorption at P/P0 0.95. 6 

The DRIFT spectra were acquired using a Nicolet 6700 FT-IR spectrometer. The samples were 7 

mixed (2 wt %) with dry KBr and pure KBr was used as reference. For each sample, 200 scans 8 

were averaged and a resolution of 4 cm-1 was applied. The error on the amide band I/II ratio 9 

was calculated by collecting the DRIFT spectrum of three different samples. The second 10 

derivative of the spectra was calculated using the Savitsky-Golay algorithm for a 13 data point 11 

window using the spectra analysis software OMNIC40. In addition, the in-situ DRIFT spectra of 12 

the support materials were collected using a DTGS detector after degassing in vacuum and 13 

heating at 150 oC in-situ for 30 min. Moreover, water sorption measurements were performed 14 

using a Quantachrome iQ automated gas sorption system with the manifold heated to 50 oC. 15 

The samples were degassed under high vacuum conditions at 150 oC for 16 h, before 16 

measuring the water isotherms at 22 oC. The UV-vis DR analysis was performed on a Thermo 17 

Electron Evolution 500 UV-vis spectrophotometer equipped with an integrating sphere. The 18 

samples were diluted to 2% weight with dried KBr and pure KBr was used as a reference. The 19 

spectra were acquired in the range 350-700 nm with a scan speed of 120 nm/min. Zeta 20 

potential measurements were performed using a Zetasizer Nano ZS from Malvern Panalytical 21 

with a He-Ne laser (633 nm). The samples (1 g/L) were analyzed in a folded capillary cell 22 

(polycarbonate) with gold coated electrodes. An aqueous sodium chloride solution (10 mM) 23 

was used as medium. The temperature was kept constant at 25 oC. 24 
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X-band continuous wave (CW) EPR measurements were performed on a Bruker ESP300E 1 

spectrometer with a microwave (mw) frequency of ~9.44 GHz. The spectrometer is equipped 2 

with a liquid Helium cryostat (Oxford Inc.), allowing to operate from room temperature down 3 

to 2.5 K. The EPR spectra were recorded at 10 K with a modulation frequency of 100 kHz, a 4 

modulation amplitude of 0.5 mT and a microwave power of 0.5 mW. To avoid paramagnetic 5 

oxygen as a background signal, a vacuum pump was attached to the EPR tube during the 6 

measurements. The EPR spectra are simulated using the MATLAB toolbox Easyspin41. 7 

A high resolution (precision of 0.05% wt) vertical thermobalance Q5000IR (TA instrument) 8 

coupled to a ThermostarTM GSD 301T quadrupole mass spectrometer (Pfeiffer Vacuum) was 9 

used for TGA-MS analysis of hhMb-MT8_15 (12.7860 mg), hhMb-MT8_120 (15.0160 mg), 10 

hhMb-MT17_15 (6.9970 mg) and hhMb-MT17_120 (8.1510 mg). The HRTGA-MS coupling is 11 

featured with a temperature-controlled gas line (quartz capillary, length= 1.2 m, 250 oC). 12 

The outlet port of thermobalance and the inlet port of the mass spectrometer are separately 13 

heated to avoid cold spots. TGA-MS analysis was performed in a He atmosphere (60 mL/min) 14 

at a heating rate of 20 oC/min from 25 oC to 625 oC. Mass spectra were continuously collected 15 

(3 mass spectra/min) in El mode, full scan mode, within a mass range of 10-200 amu. 16 

Results and Discussion 17 

Surface Characterization of MT8 and MT17 18 

The protein-surface interactions have a large impact on the conformation of the adsorbed 19 

molecules and they are strongly dependent on the properties of the solid surface, e.g. 20 

hydration, charge and morphology42–44. Therefore, in order to avoid misguided interpretation 21 

of the experimental results due to differences in the surface chemistry of the two titania 22 

materials, we first report on several surface features of MT8 and MT17 prior to describing 23 
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their differences in hhMb adsorption, stability and activity. Here we focus on the surface 1 

charge, hydrophilicity and chemistry. We refer to our previously published work for details 2 

about the structural characteristics35.  3 

The in-situ DRIFT spectra (vacuum at 150 oC for 30 min) of MT8 and MT17 (Figure 1) show at 4 

high wavenumber a broad band extending from ca 3600 cm-1 to approximately 2600 cm-1 5 

attributed to the surface hydroxyl groups and vibrations of un-dissociated water, and a well-6 

defined peak at 3660 cm-1 attributed to the isolated or weakly interacting surface hydroxyl 7 

groups45.  8 

 9 

Fig. 1. In-situ DRIFT spectra of MT8 (solid line) and MT17 (dashed line). The samples were degassed and heated at 15 0oC for 10 
30 minutes before measuring. 11 

It is important to note that even though no substantial differences are observed in this region 12 

between the two samples, clear differences are present below 1700 cm-1. The in-situ DRIFT 13 

spectra show a complex pattern of bands originating from interaction with water and the 14 

presence of carbonate-like species on the surface of MT8 (the latter having peaks at 1578 and 15 

1513 cm-1)46. Moreover, sulfate anions can be observed on the surface of MT17 (peaks at 16 

1302, 1130 and 1040 cm-1) as already discussed in our previous work on the synthesis of 17 

mesoporous TiO2
35. Surface contaminants are difficult to avoid when preparing materials with 18 
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different pore properties (e.g. different pore size) as additives need to be applied, but their 1 

presence on the surface have been reported to influence hydration and dehydration of 2 

specific surface species47. Nevertheless, the water sorption isotherms (Figure S1, Supporting 3 

Information) show similar monolayer capacity for MT17 and MT8 at low P/P0. This is important 4 

as the hydrophilicity of the substrate surface is a crucial factor in determining the activity of 5 

the adsorbed proteins48. In addition, the zeta potential measurements (Figure S2, Supporting 6 

Information), although showing different points of zero charge, indicate similar surface charge 7 

for MT17 and MT8 at pH 7 (the applied pH of protein incorporation).  8 

Overall, the results suggest that, although local differences in interaction and hydration 9 

cannot be excluded due to the presence of carbonate and sulfate species on MT8 and MT17, 10 

respectively, the two samples exhibit similar water sorption behavior and surface charge (at 11 

the applied pH). 12 

Therefore, although an impact caused by local dissimilarities in surface chemistry cannot be 13 

excluded, differences in the hhMb adsorption and stability are expected to be due mainly to 14 

the different confinement (pore size) and (de)hydration experienced by the proteins. 15 

Adsorption of hhMb onto the Mesoporous Titania: Formation of hhMb-MT8 and hhMb-16 

MT17 17 

Figure 2 shows the adsorption isotherms representing the adsorption of hhMb on MT8 and 18 

MT17 (µmol of hhMb per m2 of mesoporous TiO2) as a function of time. 19 
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 1 

Fig. 2. Adsorption isotherm of incorporating hhMb on MT17 (●) and MT8 (Δ) in HEPES buffer 10mM pH 7. The error bars were calculated on 2 

a set of three measurements. 3 

MT17 shows the most efficient protein adsorption (about 90% of proteins are incorporated 4 

within 6 h). The MT8 sample shows a less efficient uptake, although still 80% of the hhMb 5 

proteins are adsorbed over 72 h. The enhanced loading capacity for samples with larger pores 6 

has been previously reported to originate from a more efficient protein diffusion into the 7 

pores49,50. No protein desorption was observed during the washing steps performed at the 8 

end of the isotherms. 9 

The successful incorporation of hhMb into the mesoporous TiO2 is confirmed by the N2 10 

sorption data (Table 1 and Fig. S3, Supporting Information). The pore volume (VP) reduction 11 

upon adsorption can be compared to the volume of the incorporated hhMb (assuming a molar 12 

volume of hhMb of ca 1.3x104 cc/mol)51. Nevertheless, it has to be noted that some volume is 13 

also taken by differences in the remaining water and HEPES that is left in the samples (HEPES-14 

MT17 and HEPES-MT8), as degassing was only performed at 25 oC. The difference in volume 15 

reduction (HEPES compared to hhMb), in addition to the small decrease of the BET surface 16 

area (SBET), suggests that hhMb diffuses and adsorbs inside the pore network52. This is 17 

confirmed by the t-plot analysis of the N2 sorption isotherms of the two materials before 18 
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(HEPES-MT17 and HEPES-MT8) and after (hhMb-MT17 and hhMb-MT8) hhMb adsorption. In 1 

fact, the t-plot shows that the loss of external surface area (Sex) of the material represents only 2 

30% of the loss of the total surface area upon protein adsorption. 3 

Tab. 1. Results of the N2 sorption analysis of MT8 and MT17 after being dissolved in free (no hhMb) buffer solution (HEPES-MT) and upon 4 

adsorption of hhMb (hhMb-MT17 and hhMb-MT8). All samples were degassed at 25 OC for 16 h. 5 

 6 

 7 

 8 

 9 

 10 

* Calculated using the t-plot analysis 11 

When varying the amount of the mesoporous TiO2 relative to the concentration of hhMb, a 12 

Langmuir isotherm-like curve is observed for both hhMb-MT8 and hhMb-MT17 (Figure S4, 13 

Supporting Information) suggesting mainly a monolayer coverage. However, as shown by 14 

Latour, most of the protein adsorption processes do not fulfill the prerequisites for a Langmuir 15 

adsorption process53, as changes in the conformation and reorientation, as well as the 16 

interaction between the adsorbed proteins, significantly  deviate from the dynamic 17 

equilibrium adsorption process. 18 

Effect of (de)hydration and Confinement on the hhMb Structure. 19 

FT-IR spectroscopy is a valuable tool for the investigation of the secondary structure of the 20 

protein54, and it has been previously used to detect conformational changes of proteins upon 21 

adsorption in mesoporous TiO2
55,56. The amide band I and II of the DRIFT spectra of the 22 

different samples are shown in Figure 3. The amide band I (mainly due to the C=O stretching 23 

mode) and the amide band II (combination of NH in-plane bending and CN stretching) of hhMb 24 

Sample SBET (m2/g) Sex (m2/g)* Smeso (m2/g)* Total VP (cc/g) 

MT17 140 36 104 0.60 

HEPES-MT17 125  30 95 0.58  

hhMb-MT17 108  25 83 0.48  

MT8 133 27 106 0.31 

HEPES-MT8 121 22 99 0.30 

hhMb-MT8 108  18 90 0.22  



14 
 

are located at 1660 cm-1 and 1542 cm-1, respectively57. The intensity ratio between the 1 

maxima of the amide band I and II in lyophilized hhMb powder is 1.1±0.1 in according to what 2 

is reported for hhMb in solution44. The enhanced intensity ratio (1.3±0.2) of the two bands for 3 

hhMb-MT8_15 and hhMb-MT17_15 is an indication of differences in the structure of the 4 

adsorbed proteins when compared with the lyophilized hhMb58. In addition, the ratio of the 5 

amide I/II band increases further for hhMb-MT8_120 (1.5±0.2) and hhMb-MT17_120 6 

(1.6±0.2), suggesting more extended structural rearrangements of the protein backbone when 7 

the drying time increases. However, a simultaneous influence of the spectral contribution of 8 

adsorbed water (peak at 1630 cm-1) on the ratio between the amide band I and II in the 9 

different samples cannot be excluded. 10 

 11 

Fig. 3. Magnification of the DRIFT spectra in the region of the amide bands I and II (offset 0.05) of lyophilized hhMb powder (a), hhMb-12 

MT17_15 (b), hhMb-MT17_120 (c), hhMb-MT8_15 (d) and hhMb-MT8_120 (e) after washing and drying at 20 OC. 13 

The IR region of the amide band I is sensitive to conformational changes due to the C=O 14 

stretching mode, which is dependent on the strength of the hydrogen bonds between the 15 

carboxyl and the amino groups of the peptide structure. Therefore, this band is composed of 16 

a superposition of signals originating from the different contributions of α-helices, β-sheets 17 

and random coils. Hence, analysis of the amide band has been described as a valid tool to 18 
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monitor the folding/unfolding of a protein58–60. This can be done by curve fitting (i.e. 1 

deconvolution of the spectrum), but it relies on arbitrary deconvolution parameters and the 2 

procedure often leads to incorrect spectral interpretation40. Therefore, a more qualitative 3 

approach in which the second derivative of the IR spectrum is considered is often preferred. 4 

This derivative spectrum allows to easily assess changes in the amide band I that are less clear 5 

in the IR spectrum. However, it has to be noted, as already discussed, that this region of the 6 

DRIFT spectra is influenced by the contribution of the adsorbed water, and thus only 7 

qualitative analysis of the secondary structure can be performed. 8 

We calculated the second derivative of the amide I band of the different samples (Figure 4) to 9 

further investigate possible structural changes of hhMb caused by the differences in 10 

confinement and (de)hydration.  11 

       12 

                                       13 

Fig. 4. Second derivative DRIFT spectra of the amide band I of lyophilized hhMb powder (dotted line) and of hhMb-MT8_15 (A, solid line), 14 

hhMb-MT8_120 (B, solid line), hhMb-MT17_15 (C, solid line) and hhMb-MT17_120 (D, solid line) after washing and drying at 20 oC. 15 
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The second derivative of the amide band I of lyophilized hhMb reveals the two secondary 1 

structural features of this protein: α-helices (band at 1657 cm-1) and peaks in the region 1670-2 

1720 cm-1 attributed to the random-coils61. As the structure of hhMb is composed of 70-80% 3 

α-helix and 20-30% of random coil, with no β-sheet structure62, the α-helical band at 1657 cm-4 

1 is of particular interest. This minimum appears in the same position for all the four samples 5 

with incorporated proteins, although distorted in hhMb-MT8_120 (where a small shift is also 6 

detected) and hhMb-MT17_120. This suggests an important influence of the (de)hydration on 7 

the structure of the adsorbed hhMb since the α-helical structure seems to be better preserved 8 

for shorter drying times. 9 

However, all samples present remarkable spectral changes compared to the lyophilized 10 

protein in the range assigned to the random-coil structure. In particular, the second derivative 11 

analysis of the amide band I evidences structural changes as a consequence of the adsorption 12 

into the mesoporous TiO2. In addition, the changes in the region 1690-1696 cm-1 and 1620-13 

1640 cm-1 (although this region has to be carefully evaluated as it might be influenced by the 14 

contribution of the adsorbed water) suggest the formation of β-sheets similarly to what is 15 

observed for hhMb adsorbed on silica60. This is expected as the majority of the proteins 16 

undergoes conformational changes to some extent when adsorbing on a solid surface63,64 to 17 

minimize the interaction energy with the solid surface. In particular, in case of globular 18 

proteins as hhMb, the loss of α-helix motives has been reported for albumin upon adsorption 19 

on a gold surface43 and hemoglobin interacting with silica65. In the latter, the interaction 20 

between amino acids on the α-helices and the hydroxyl surface groups is proposed to be 21 

responsible for the transition between α-helix and β-sheet. 22 
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Therefore, the second derivative DRIFT analysis hints to changes in the secondary structure, 1 

particularly in the random-coil portion, of hhMb mainly due to the confinement of the protein 2 

inside the pores of mesoporous TiO2. The type of structural rearrangements depends, 3 

however, on both the pore size and (de)hydration. In addition, important differences are 4 

observed between samples dried for different times with hhMb-MT8_15 and hhMb-MT17_15 5 

presenting better preserved α-helix structures. This suggests an important effect of the water 6 

content inside the pores on the hhMb secondary structure, which is in line with earlier 7 

observations on the effect of surface hydration on the structure of apomyoglobin in 8 

nanoporous organosilica sol-gel glasses66. However, it is reasonable to assume that no 9 

structural water holding together the hhMb structure is removed during the drying time as 10 

this would have a strong impact on the DRIFT spectra. In particular, dehydration of the protein 11 

would lead to a serious loss of α-helix motives (up to 90%) and a shift of the α-helix band in 12 

the second derivative spectra towards higher wavenumbers67,68.  13 

Nevertheless, differences in the structure of hhMb upon adsorption in MT8 and MT17 due to 14 

local differences in the surface chemistry of the two titania materials (see Fig. 1) cannot be 15 

excluded. 16 

As the protein stability can also be determined by studying its disruption69, we performed 17 

TGA-MS to further investigate the effect of hydration and confinement on the hhMb structure. 18 

The results indicate that the thermal degradation of hhMb adsorbed into mesoporous TiO2 is 19 

influenced by  both the pore size and the drying time.  20 
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 1 

Fig. 5.TGA/DTG profiles of hhMb-MT8_15 (solid, yellow line), hhMb-MT8_120 (green, dashed line), hhMb-MT17_15 (red, dotted line) and 2 

hhMb-MT17_120 (black, dashed dotted line). All samples were analyzed after washing and drying at 20 OC 3 

Four different weight losses are observed in the DTG-TGA profiles of all samples (Figure 5). 4 

The mass spectroscopic analysis (Fig. S5-8, Supporting Information) attributes the two weight 5 

losses below 200 oC to the adsorbed water (characteristic mass-to-charge ratio (m/e) 17 and 6 

18 in TGA-MS). The shift and low intensity observed in the second DTG peak maximum (158 7 

oC and 170 oC for hhMb-MT8 and hhMb-MT17, respectively) is likely due to the difference in 8 

water interaction with the surface47, as confirmed by the DTG profiles of the samples without 9 

adsorbed hhMb (Fig. S9, Supporting Information) 10 

The two weight losses above 250 oC are attributed to the pyrolysis of hhMb70. All samples 11 

show a prominent DTG peak at about 330 oC. It is important to note, that for the material with 12 

the largest pores (hhMb-MT17_15/120), this peak is slightly shifted toward higher 13 

temperature (334 oC) when compared to 328 oC to hhMb-MT8-15/120. 14 

Even though 20% less proteins were absorbed in the 8 nm pore size material (hhMb-MT8), the 15 

weight loss shown by the TGA profiles in the range 200-400 oC is similar for hhMb-MT8_15 16 

and hhMb-MT17_15 (2.0%). On the other hand, higher weight loss values are observed in the 17 

TGA curves of hhMb-MT8_120 (2.3%) and hhMb-MT17_120 (3.0%) despite the fact that the 18 
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only difference is a longer drying time and thus the same amount of proteins are present in 1 

the material as in case of the short drying time. This suggests that depending on the drying 2 

time, different degradation pathways occur induced by the differences in (de)hydration of the 3 

adsorbed hhMb. The main products observed in the mass kinematograms of all samples in 4 

this temperature range are H2O (m/e 17 and 18), CO2 (m/e 44) and CH2O (m/e 30). Water at 5 

enhanced temperature has to be considered as a result of thermal degradation, e.g. 6 

elimination reactions.  7 

In addition, clear differences in the relative amount of different side products are observed in 8 

the region between 200 and 400oC, depending on both the pore size and the drying time. In 9 

particular, the most abundant side products detected in the kinematograms of hhMb-MT8_15 10 

and hhMb-MT8_120 are small hydrocarbons with m/e 27, 39 and 41 (probably C2 and C3 11 

fragments) and C2H5O (m/e 45). The amount of those fragments is different between hhMb-12 

MT8_15 and hhMb-MT8_120, suggesting an influence of the drying time on the hhMb 13 

degradation. The same side products are observed for hhMb-MT17_120 (Figure S8, 14 

Supporting Information), although in lower concentration. On the contrary, fragment ions 15 

with m/e 41 and 45 are only detected in the kinematogram of hhMb-MT17_15 (Figure S7, 16 

Supporting Information).  17 

A second weight loss is observed for all samples in the range 400-600 oC. Again, the TGA curve 18 

shows similar weight losses for hhMb-MT8_15 and hhMb-MT17_15 (1.5%), while more 19 

prominent weight losses are observed for hhMb-MT8_120 (2.3%) and hhMb-MT17_120 20 

(2.8%).  21 

The mass spectroscopic analysis reveals that the main residues for all samples are CO2 and 22 

CH2O. In addition, other side products (m/e 27 up to m/e 64) similar to those discussed 23 
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previously are still detected. It is important to note that fragment ions with higher mass (m/e 1 

> 70) are observed for all samples. Those ions probably arise from partial fragmentation of the 2 

peptide chain and strongly contribute to the weight losses shown in the TGA profiles. 3 

Of particular interest are the two ions with m/e 48 and 64 detected in the kinematograms 4 

assigned to SO and CH3SOH arising from the fragmentation of the two methionine of hhMb71. 5 

They are visible in different temperature ranges for the different materials. In case of hhMb-6 

MT8_120 they only appear below 400 oC (328 oC), while in case of hhMb-MT17_15 and hhMb-7 

MT17_120 they are solely observed above 400 oC. Moreover, in hhMb-MT8_15 these signals 8 

are absent. 9 

The differences observed in the TGA-MS are a valuable proof of the influence of both 10 

(de)hydration and confinement on the structural rearrangement of hhMb72. In particular, the 11 

smaller weight losses observed for hhMb-MT8_15 and hhMb-MT17_15 above 250 oC suggest 12 

a different degradation and, thus, a different folding and/or interaction with titania of the 13 

hhMb after drying for shorter time. Similarly, the different products detected for these two 14 

samples indicate different mechanisms of thermal degradation of hhMb upon incorporation 15 

in pores with different sizes. This agrees with NMR findings that water (hydration and internal 16 

water molecules) and hydrogen bonds play an essential role in the different routes through 17 

which protein (un)folding occurs73. Furthermore, Monte Carlo simulations show that 18 

confinement reduces the entropy of the unfolded state by limiting the conformational space 19 

available to the unfolded ensemble74, explaining the different unfolding pathways and hence 20 

thermal degradation pathways that will occur in MT8 and MT17. 21 

The interplay of confinement and (de)hydration effects in the stability of hhMb is also 22 

confirmed by the second derivative DRIFT analysis, showing that the partial loss of ordered α-23 
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helical content of hhMb upon longer drying times occurs to a different extent and via 1 

formation of other types of structures in hhMb-MT8_120 and hhMb-MT17_120 (see Figure 2 

4).  3 

As stated above, the protein unfolding upon incorporation in a porous substrate depends also 4 

on the interactions between the protein and the pore wall. In its native state, hhMb has a 5 

hydrophilic surface with the hydrophobic segments buried inside the globular structure. As a 6 

consequence of the adsorption inside the pores the external hydrophilic residues might 7 

interact with the OH groups of the TiO2 surface, leading to a partial rearrangement of the 8 

external amino-acid residues of hhMb accountable for the differences observed in the DRIFT 9 

spectra of lyophilized hhMb powder and of hhMb incorporated samples.  10 

Clearly, such rearrangement is expected to be strongly prevented by the space constriction 11 

upon adsorption in MT8. However, hhMb has a maximum diameter of 5 nm, smaller than the 12 

pore diameter of MT8. Therefore, the differences in hydration of hhMb-MT8_15 and hhMb-13 

MT8_120 can play a key role in local changes and resulting differences in thermal behavior. In 14 

large pore materials, such as MT17, more extensive rearrangements of the protein can take 15 

place upon drying as more “space” is present in the porous structure. Hence, small changes in 16 

the D- and/or H-helix orientations, on which the two methionine residues are situated, might 17 

be at the basis of the altered thermal degradation in the MT17 irrespective of the 18 

(de)hydration. One possible scenario is the small D-helix, positioned next to the flexible CD-19 

loop at the surface of the protein, being one of the domains that is easily influenced by contact 20 

with the titania surface. Furthermore, although both (de)hydration and confinement clearly 21 

play a role, their impact seems to be different. Once again, we stress that impact of the 22 

different surface chemistry between MT8 and MT17 materials cannot be ruled out and it 23 
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might enhance the difference in the structure of the adsorbed hhMb in the two titania 1 

materials.  2 

To further investigate the effect of confinement and (de)hydration on the hhMb structure, we 3 

performed UV-vis DR (Figure S10, Supporting Information). Although a blue shift of the Soret 4 

peak may point to changes in the physical environment of the heme, resulting from unfolding 5 

of the hhMb structure75,76,  the UV-vis DR data have to be interpreted with care, since there is 6 

overlap with the tail of the absorption peak of the MT8 and MT17 materials, which could lead 7 

to an apparent shift. 8 

A much better insight in the heme pocket region can be obtained from EPR. This technique 9 

provides a sensitive measure to changes in the heme group and heme coordination. The aquo-10 

met form of hhMb consists of a high-spin (HS) ferric heme iron atom which is six-coordinated 11 

by the proximal F8His and a distal water molecule. The aquo-met form of hhMb can be 12 

described by an effective S = 1/2 system with g-values 𝑔𝑥,𝑦
𝑒𝑓𝑓

 = 5.92 and 𝑔𝑧
𝑒𝑓𝑓

 = 1.997.77 Removal 13 

of the heme-bound water molecule or a change in the heme environment leads to shifts, 14 

splitting or broadening of the HS component in the low-field part of the EPR spectrum. 15 

Replacement of the distal water by a strong base, such as hydroxide or an imidazole, gives rise 16 

to a low-spin (LS) ferric state with a different EPR signature. 17 

Figure 7 represents the EPR spectra of the powders hhMb-MT8_15/120 and hhMb-18 

MT17_15/120. All spectra show the main characteristic features of the HS (S = 5/2) ferric heme 19 

in the aquo-met form and those of a LS form.  20 

 21 
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                                        1 

Fig.6: Normalized CW-EPR spectra of the incorporated TiO2 powders hhMb-MT8_15 (a), hhMb-MT8_120 (b), hhMb-MT17_15 (c) and hhMb-2 

MT17_15 (d). * indicates the non-heme iron Fe3+ and ** the Cu (II) background signal. 3 

The spectra shown in Figure 6 are very similar, indicating that the incorporated protein 4 

molecules exhibit no major differences in protein structure near the heme center for the 5 

different hybrid materials. Nevertheless, hhMb-MT17_15/120 shows a slightly broader signal 6 

in the low-field part of the HS contribution than hhMb-MT8_15/120 (Figure S11, Supporting 7 

Information). The latter in turn exhibits somewhat more broadening EPR spectrum as found 8 

for a frozen solution of hhMb (Figure S11, Supporting Information). The broadening of the EPR 9 

signal points to a larger variation of the zero-field splitting parameters that stems from an 10 

increased local variability in the heme environment and thus subtle local changes in the 11 

protein structure. The line width follows the confinement trend: more peak broadening for 12 

the titania with larger pore size (larger conformational space). Furthermore, drying for 2 h 13 

does not cause loss of the axially bound water molecule on the heme iron, since this would 14 

lead to much more severe line deformation and splitting of the lines. The mild drying 15 

conditions probably prevent the loss of the bound axial water ligand. Even though the DRIFT 16 

spectra indicate structural changes for both drying times (Figure 4), EPR shows that these 17 

changes do not affect the heme-pocket. The decrease and alteration of the random coil 18 

structure appear to be occurring far enough from the heme to not influence the heme-pocket 19 
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region of the HS form. The loop areas in hhMb are shown in Figure S12, Supporting 1 

Information. 2 

Furthermore, a clear EPR signal due to a low-spin (LS) ferric heme center is detected at gz ~ 3 

2.97 and gy ~ 2.254 in all samples (Figure 6, Figure S13, 14, Supporting Information, shows the 4 

spectrum of the LS form in detail together with its simulation). We have shown earlier that 5 

this indicates that in a fraction of the proteins, the heme-bound water molecule is replaced 6 

by ligation of the distal His-64 located on helix E to the heme iron atom38. The formation of 7 

this bis-histidine ligated form is promoted by the interaction of the protein with the titania 8 

material38. Via spectral simulations the relative contribution of the HS and LS heme forms to 9 

the EPR spectra can be determined (Figure S13, 14, Supporting Information). The contribution 10 

of the LS heme iron form comprises about 39% of the spectrum for all powders in spite of the 11 

apparent weak intensities of these LS signals. The LS form is not found in the EPR spectra of 12 

the frozen solution and is related to confinement effects as showed earlier38. The shift of the 13 

E-helix may be related to particular altered structures observed in the FT-IR spectra. 14 

In the high-field part of the EPR spectra of Figure 6, extra signals are observed, that are also 15 

found in pure titania MT8 (Figure S15, Supporting Information). This part mainly contains 16 

contributions of oxygen-containing radical, like O2
- (g > 2) and of Ti3+ (g < 2) in the mesoporous 17 

titania, generated from the calcination at high temperature (>300 oC)78. 18 

Peroxidase Activity of Incorporated hhMb 19 

As the preservation of the protein activity upon adsorption is a key issue in protein 20 

incorporation, it is of fundamental importance to investigate the possible effect of 21 

confinement and (de)hydration on the activity of the adsorbed hhMb. 22 
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The one-electron oxidation of ABTS into the radical-cation ABTS•+ by hhMb in presence of 1 

hydrogen peroxide has already been used to test the catalytic activity of incorporated 2 

proteins11,12. The reaction occurs via the heme in three different steps39, starting with 3 

oxidation of iron (III) to an oxoiron(IV)-porphyrin π-cation by hydrogen peroxide and the 4 

subsequent two-step reduction to oxoiron(IV) (1st step) and Fe(III) (2nd step), forming two 5 

molecules of ABTS•+. The blank tests performed with titania materials without adsorbed hhMb 6 

(MT8 and MT17) show no ABTS conversion in absence of the proteins. The values for the 7 

turnover number kcat (µmol ABTS•+ produced per second per µmol of hhMb) show differences 8 

in activity for hhMb depending on both the pore size and the drying time (Figure 8). 9 

  10 

Fig. 8. Plot of kcat as a function of the pore size and the drying time. The error bars were calculated on a set of three measurements. 11 

As the catalytic constant was calculated per mass of hhMb, the different values cannot be 12 

related to differences in the amount of adsorbed hhMb. It has to be noted that the hhMb 13 

activity in all samples is strongly reduced when compared with the activity of the proteins free 14 

in solution (kcat ≈ 10-2 s-1, data not shown). The decrease of the catalytic activity is a common 15 

phenomenon for incorporated proteins due to inaccessibility of part of the proteins inside the 16 

pores79 or partially deactivation upon adsorption on the solid surface80. Furthermore, a limited 17 

diffusion of the substrate towards the protein and/or diminished accessibility of the heme 18 

pocket, not due to structural alterations of the heme itself, could also be responsible for the 19 
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observed decrease in activity. In case of MT8 and MT17, the different surface chemistry (see 1 

Fig. 1) might also play a role although the surfaces of the two samples present comparable 2 

water sorption capacity. 3 

Therefore, the substantially different values of kcat observed must be connected to the 4 

different hydration and confinement experienced by the proteins. In fact, the differences 5 

between hhMb-MT8_15 (3x10-4 s-1) and hhMb-MT17_15 (8x10-5 s-1) and between hhMb-6 

MT8_120 (2x10-4 s-1) and hhMb-MT17_120 (5x10-5 s-1) are expected to be due to the different 7 

confinement. This is in agreement with previous results showing enhanced activity for 8 

proteins encapsulated in small pores14,81,82. In fact, the better catalytic activity observed for 9 

hhMb adsorbed in smaller pores (hhMb-MT8_15 and hhMb-MT8_120) might be due to the 10 

better accessibility of the hhMb, which is not able to diffuse in the inner part of the pore 11 

network81,82, allowing easier diffusion of the substrate to the heme. This is in agreement with 12 

the lower protein loading in MT8 materials (Figure 1). 13 

On the other hand, the somewhat smaller differences between the catalytic activity of hhMb-14 

MT8_15 and hhMb-MT8_120 and between hhMb-MT17_15 and hhMb-MT17_120 are likely 15 

due to the structural differences induced by the changes in hydration.It shows that drying-16 

induced structural changes are not reversible. Indeed, for the catalytic assay, the samples are 17 

dissolved in HEPES buffer. If the dehydration effect would be reversible upon rehydration, the 18 

same activity would be found for the materials with 15 min or 2 h drying.  This is supported by 19 

the higher catalytic activity observed for non-dried samples (hhMb-MT8_0 and hhMb-20 

MT17_0). It has to be noted that, with the exception of EPR, the techniques we used to 21 

characterize the hhMb structure upon adsorption and drying require dry samples. Therefore 22 

the non-dried samples are only used here to further evidence the importance of the hydration. 23 
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The here observed importance of hydration is in agreement with the reported improved 1 

protein activity and enhanced resistance to extreme pH values when proteins are entrapped 2 

in strongly hydrated material83. Possibly, the drying-induced structural changes in hhMb affect 3 

the diffusion pathways and overall accessibility of the heme center, since EPR results indicate 4 

that the active heme center seems to be less affected (see EPR analysis). 5 

Conclusion 6 

Changes in conformation are expected when a protein adsorbs into a porous network due to 7 

the materials properties (i.e. surface chemistry and pore size), differences in (de)hydration 8 

and protein properties. Here we focused on the impact of (de)hydration and pore size via 9 

investigation with a complementary set of techniques. Although the two titania materials used 10 

in this work present differences in surface chemistry, inducing local differences in the water 11 

content and interaction, the two surfaces present similar water sorption capacity and charge 12 

(at the applied pH), making them suitable substrates to study the impact of hydration and 13 

confinement on the protein structure 14 

The different techniques evidence that both (de)hydration and confinement induce changes 15 

in the proteins, although their impact is different. The use of EPR and DRIFT allows to exclude 16 

that the water molecules from the heme cavity or structural water holding together the hhMb 17 

secondary structure are removed during the drying time. Therefore, it is reasonable to assume 18 

that the water molecules removed during the drying time are desorbing from both the titania 19 

surface and the hydration shell of hhMb. However, it is difficult to quantify the contribution 20 

of each.  21 

In fact, an exact calculation of the water content is not straightforward if not misleading. First, 22 

although the water amount can be calculated for the materials without adsorbed proteins, 23 
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there is no evidence of the origin of the water molecules loss observed in the TGA (hydration 1 

shell of hhMb or titania surface). Second, the adsorption of hhMb might lead to a different 2 

water content in the titania materials as a consequence of the presence of the protein inside 3 

the pores and its interaction with the pore walls. In addition, the local differences in the water 4 

content on the two titania materials might lead to a different water evaporation from the 5 

surface. This could however not be characterized with the current techniques. 6 

On the other hand it has to be considered that also water from the hydration shell is likely to 7 

be removed during the drying step. This is strengthened by the differences in the external 8 

loops conformation of the hhMb structure (DRIFT). In fact, if the hydration shell of hhMb 9 

becomes thinner (as a consequence of drying), it is possible for the hydrophilic external loops 10 

to have stronger or more extended interactions with the titania surface hydroxyl groups, 11 

causing the conformation differences, although more detailed studies are required to confirm 12 

this and identify their exact nature. 13 

However, as clearly shown by TGA-MS and the ABTS assay, the drying time has a strong impact 14 

on the protein degradation and on the protein activity, suggesting evaporation of water from 15 

the interface between protein and titania (protein hydration shell and/or titania surface) and 16 

an influence of such water loss on the hhMb outer structure and/or conformation. 17 

Since the heme region is essential for the catalytic function and only experienced very minor 18 

impact, the observed differences in peroxidase activity will be primarily due to a change in the 19 

accessibility of the proteins to the substrate, caused by the peripheral structural changes and 20 

pore confinement. Earlier studies suggested that smaller pore sizes lead to less deep 21 

penetration of the proteins in the pore network of the material and, hence, a better 22 

accessibility of the proteins to substrates. This is confirmed in our study, as the smaller pore 23 
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size, loaded with proteins, shows higher activity. Furthermore, it is clear that more extensive 1 

drying reduces the activity of the protein irreversibly, probably due to the higher substrate 2 

hindrance due to partial rearrangement in the pore. 3 

 In conclusion, even if the (de)hydration effect has been mostly ignored, our results clearly 4 

show its impact on the properties of the adsorbed hhMb. Further studies are required to fully 5 

understand this phenomenon and different mesoporous substrate and proteins have to be 6 

investigated to asses to which extent the effect is depending on the type of host material and 7 

biomolecule.  8 

This paper clearly proves that the effect of both (de)hydration and confinement has to be 9 

considered for the future applicability of the immobilized biomolecule, since they affect 10 

activity and structure of the biomolecule.  11 

Supporting Information 12 

Surface characterization of MT8 and MT17 13 

Langmuir model isotherms for the adsorption of hhMb in MT17 and MT8.  14 

Mass kinematograms relative to the thermal decomposition of hhMb in hhMb-MT8_15, 15 

hhMb-MT8_120, hhMb-MT17_15 and hhMb-MT17_120, DTG profiles of MT8 and MT17, UV-16 

vis DR spectra of lyophilized hhMb, hhMb-MT8_15, hhMb-MT8_120, hhMb-MT17_15 and 17 

hhMb-MT17_120. Low-field area of the normalized CW-EPR spectra. Protein structure. 18 

Normalized EPR spectra and simulations. 19 
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