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a variety of applications, such as drug 
delivery or biocatalysis accessible.[2] In 
addition, mesoporous silica offers a wide 
variety of transport characteristics achieved 
by introducing organic functions into 
the silica framework. Those silica hybrid 
materials are a common motive in sepa-
ration processes, drug delivery, or sensor 
technology.[3] Key properties, such as high 
specific surface area, stability, adjustable 
pore geometries, as well as high diversity 
regarding surface chemistry allow their 
application in such diverse areas.[4]

Especially the responsive, so-called 
smart, organo–silica materials have been 
established as a new fascinating field of 
research over the last decades.[5] Using 
responsive polymers, gates are created in 
silica nanopores which react to triggers, 
such as light,[6] pH,[7] or temperature[8] and 
thus control pore accessibility, transport, 
or the release of drugs.[9] Applications for 
mesoporous silica strongly depend on 
charge generation and the corresponding 
gating behavior of the mesopores, which 
result from interactions with pH adjusted 
solutions.

Controlled polymerization and thus pre-
cise control on pore filling and charge den-
sity in nanopores has been demonstrated 

by atom transfer radical polymerization, reversible addition-
fragmentation chain transfer, or surface initiated photoiniferter 
polymerization.[10] Only very recently it has been shown that 
not only the amount of polymer but also the architecture of 
the polymer chains can be controlled and block-cooligomers in 
pores can be generated.[10a,11] Thereby, pH responsive polymers 

Functionalized ordered mesoporous materials are relevant in technologies, 
such as drug release, sensing, and separation. To design functionality, 
the silica framework can be functionalized with responsive molecules 
or polymers. Often, the pH value in those hybrid materials determines 
performance. Even though pH/pKa differences between polymers in 
bulk solutions and nanoscale confinement have been observed, the 
influence of confinement on pH- and pore filling dependent polyelectrolyte 
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Here, mesoporous silica films are functionalized with (2-dimethylamino)
ethyl methacrylate) (DMAEMA) and 2-(methacryloyloxy)ethyl phosphate 
(MEP) oligomers using photoiniferter initiated polymerization. This 
approach allows a controlled and environmentally friendly mesopore 
functionalization in water. The obtained oligomer functionalized pores 
are tunable with respect to pore filling. For both, poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA) and poly(2-(methacryloxy)ethyl 
phosphate) (PMEP), the charge generation inside mesopore confinement 
is significantly delayed toward harsher pH conditions resulting in pKa 
shifts of 1–2 pH units. Polymer amount and ionic strength show to 
further influence the pKa of PDMAEMA in mesopores. The technological 
importance of the pH value in confinement and its effect on enzyme 
stabilization is demonstrated. Lipase from Aspergillus oryzae loses its 
activity upon encapsulation in silica nanoparticles at pH values where the 
enzyme is stable in bulk solution.
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1. Introduction

Mesoporous silica materials have been established in var-
ious technologies, such as water management or biomedical 
applications.[1] Its high and tunable stability makes silica 
an ideal host for active ingredients or enzymes. Rendering  
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are most extensively investigated.[5c,12] A wide range of pH 
responsive polymers, such as poly(vinylpyridine) (PVP), poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA), poly(acrylic 
acid) (PAA) are reported. Additionally multicharged polymers, 
such as (2-(methacryloyloxy)ethyl phosphate) (MEP), car-
boxybetaine methyl acrylate (CBMA) or block copolymers of 
PDMAEMA-b-PMEP have been polymerized in nanoporous 
materials and their gating properties have been studied in  
detail.[5d,e,9c,d,10a,11–13] They have also been proven to be particu-
larly suitable for drug-release applications, as differences in the 
physiological pH value can be used and no additional external 
stimulus is required.[14] Due to the importance and the influence 
of spatial confinement on the pH-value and thus on the perfor-
mance of silica hybrid material mesopores it is essential to be able 
to understand and predict the charge density in nanoscale pores. 
Although within the last years several studies have observed 
pH differences between nanoscale confinement and bulk 
solutions,[5d,15] it is not yet possible to exactly predict or measure 
pKa values in functional mesopores. Very recently Szleifer and 
co-workers have theoretically investigated protonation equilibria 
of PMEP brushes in nanochannels in detail.[9b] Additionally, Vilà 
et al. showed by cyclic voltammetry measurements the influence 
of pH and ionic strength toward transport through unmodified 
mesoporous silica films.[16] Inspired by those studies and the rel-
evance of pH in various applications we herein experimentally 
address mesopore charge generation of weak polyelectrolyte 
oligomer filled silica mesopores in dependence of solution pH 
through electrochemical cyclic voltammetry studies. The use 
of cyclic voltammetry together with probe molecules, such as,  
[Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+ is a well-established method to 
investigate perm selectivity of mesoporous silica materials and 
has been employed for more than a decade.[16,17] As polymers 
we choose PMEP and PDMAEMA, representing a negatively, 

and positively chargeable polyelectrolyte, demonstrate their 
controlled polymerization in silica mesopores (pores <16 nm) 
and present a green chemistry approach using sun light as 
light source and water as solvent. The mesoporous silica films 
are structurally equivalent to SBA-15 silica nanoparticles that  
are commonly used as drug or enzyme carriers.[2b,18] Using lipase 
from Aspergillus oryzae, we also show an exemplified impact 
of confinement-based pH-shift as the enzyme activity is lost 
through encapsulation in mesoporous silica nanoparticles under 
conditions in which the enzyme is actually stable in solution.

2. Mesoporous Silica Thin Film Preparation

To investigate solution pH-dependent charge density and 
thus pKa in spatial confinement mesoporous silica thin films 
were functionalized with the pH responsive polymers polydi-
methylaminoethyl methacrylate and poly 2-(methacryloyloxy)
ethyl phosphate (Figure 1). Mesoporous silica thin films with 
two different pore sizes were used, generated through vari-
ation of the Pluronic F127 template concentration, adapting 
a method from Dunphy et al. to film preparation by evapo-
ration induced self-assembly and dip-coating.[4d] Transmis-
sion electron microscopy (TEM) images (Figure 1) show the 
enlarged pore openings of ≈12 nm for the so-called big pore 
(BP) films, produced with higher Pluronic F127 template 
concentration, while the structure for a film produced with a 
lower template concentration results in small pore (SP) open-
ings of ≈3 nm. The mesoporous silica films were produced 
through dip coating with a withdrawal speed of 2 mm s−1, 
leading to significantly different film thicknesses of around 
200 nm for SP films and 500–600 nm for BP films. In addi-
tion to the film thickness the porosity of the SP and BP films 
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Figure 1. TEM images and schematic illustration of the different mesoporous silica films used in this study (left side SP films, right side BP films). 
Bottom: Schematic illustration of the polymer modification, of mesoporous silica with photoiniferter initiated polymerization using MEP and DMAEMA 
as monomers. The schematic illustration of the film structure is simplified, see Figure 2a.
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were determined by ellipsometry using the effective medium 
approximation.[19] As systematically investigated in a previous 
study, porosity is not affected by withdrawal speed and film 
thickness[20] and was here determined to be in the range of 
68 vol% for BP films and in the range of 40–50 vol% for SP 
films (Tables S1 and S2, Supporting Information).

3. Polymer Functionalization of Mesoporous  
Silica Thin Films

To explore the influence of spatial confinement on charging of 
mesopores and thus on the apparent pKa value of weak poly-
electrolyte functionalized mesopores PDMAEMA and PMEP 
functionalized mesopores were prepared. DMAEMA was chosen 
as positively charged monomer, while the negatively chargeable 
MEP was chosen since theoretical data on pKa shifts are avail-
able from Gilles et al.,[9b] and because it can carry two charges per 
repetition unit allowing to investigate complex charge situation 
within the spatial confinement of mesopores. (N,N(diethylamino) 
dithiocarbamoyl benzyl(trimethoxy)silane (SBDC) as photoinif-
erter was covalently grafted to the silica mesopore wall following 
a previously reported and well-established procedure allowing 
a controlled polymerization in nanoconfined pores.[10a,b,11] 

This grafting process resulted into a photoiniferter density of 
0.7 molecules*nm−2 as already reported in a previous study.[11] 
Besides initiator density the polymer distribution is essential for 
subsequent transport and pH investigations. Figure 2a) shows a 
BP mesoporous silica thin film which was functionalized with 
PMEP, transferred from an indium tin oxide (ITO)-coated glass 
substrate to a polyethylene terephthalate (PET) foil, following a 
procedure by Lin et al.,[21] subsequently characterized by TEM 
and energy-dispersive X-ray spectroscopy (EDX) mapping of thin 
microtome cuts. Through combination of TEM and EDX it was 
possible to individually visualize the sulfur atoms of the SBDC 
iniferter (blue color, Figure 2b) and the phosphorous of the 
PMEP (Figure 2b, green color). The image clearly shows a mix-
ture of blue and green inside the mesoporous film, indicating 
rather short chains and the presence of the iniferter SBDC as 
well after PMEP functionalization. In contrast to the mesopore 
walls the outer surface of the mesoporous silica film the pre-
dominant color is green indicating longer oligomer chains and 
thus a larger relative amount of phosphorous as compared to 
inside the mesopores. Simultaneously this indicates that the 
iniferter end group appears to diffuse into the solution resulting 
in a reduced concentration of detected sulfur. This dilution of 
terminating end group would lead to reduced control over the 
polymerization on the outer film surface.

Adv. Mater. Interfaces 2020, 7, 1901914

Figure 2. a) HAADF-TEM image of the cross-section of an SP mesoporous silica thin film. b) EDX Mapping of the cross section of a PMEP modified 
mesoporous silica SP film (green color: phosphorous; blue color: sulfur). c,d) Black spheres correspond to polymer amount in SP films; red spheres 
correspond to polymer amount in BP films; -P correspond to CO2-Plasma treated films. c) Polymer amounts achieved by variation of polymerization 
conditions using PMEP as monomer in water. d) Polymer amounts achieved by variation of polymerization conditions using PMEP as monomer in 
DMF. The schematic illustration of the film structure is simplified, see (a).
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Additionally, Figure 2d shows the increase of the PMEP 
amount with increasing irradiation time using SP films. The 
time dependence applies to SP mesoporous silica films with 
photoiniferter grafted on top as well as inside the mesoporous 
film and to mesoporous films which have been subjected 
to a CO2-plasma treatment after SBDC grafting, removing 
the organic moieties on the outer mesoporous film surface 
(named “-P” in Figure 2c,d). The polymer amount was deter-
mined by ATR-IR measurements comparing the polymer CO 
vibrational band (1720 cm−1) to the Si–OH vibrational band 
(950 cm−1) originating from the mesoporous silica film sup-
ported on glass substrates. Regardless of the polymerization 
solvent (dimethylformamide (DMF) and H2O were investi-
gated in depth) the polymer amount did increase already for 
short polymerization time between 5 and 10 min under the 
applied reaction conditions. For the SP films (black spheres 
in Figure 2d,c) a maximum CO vibrational band intensity 
and thus a maximum PMEP amount was obtained at around 
2.5% relative to the Si–OH band at 950 cm−1, while the BP 
films reached up to 5% in DMF and in water even up to 20%. 
As shown in Tables S1 and S2 (Supporting Information) the 
porosity and polymer pore filling of the mesopores was deter-
mined by ellipsometry measurements using a one layer fit-
ting model. The SP films showed porosities of 40–50 vol%. 
Applying polymerization times of 5 and 10 min pore fillings 
of 50–60 vol% were obtained. This correlates with ATR-IR 
measurements, showing very similar CO band intensities 
of 2.5% for those two samples (Figure 2c). Even higher pore 
fillings could be achieved using the very porous (70 vol%) BP 
films. After 10 min of irradiation the mesopores were filled 
by 80 vol%. Besides polymerization time the concentration 
of the monomer in the polymerization solution can be easily 
adjusted. A DMF solution of 0.6 m MEP was irradiated 10 min 
using a BP and a SP film (Figure S2, Supporting Information). 
The polymer amount for the SP film did only increase mar-
ginally compared to the otherwise applied 0.125 m MEP con-
centration. On the other hand, using the BP film the polymer 
amount did almost triple using 0.6 m MEP resulting in a rel-
ative polymer CO stretching band intensity of 7% as com-
pared to the 2.5% using a 0.125 m MEP concentration.

With diminishing natural resources sustainability of chem-
ical reactions should be improved. Ionic methacrylates are 
well soluble in water, whereas SBDC or its analogon BDC are 
not water soluble. Through surface attachment this problem 
is easily avoided, since the iniferter is homogeneously distrib-
uted along the silica film, and covalently attached. The com-
bination of SBDC functionalized mesoporous silica films and 
MEP dissolved in water did allow to perform a homogeneous 
polymerization with the same degree of control (Figure 2c) 
compared to conventional solvents, such as DMF (Figure 2d). 
In addition, it was possible to produce responsive hybrid 
materials by subjecting the iniferter modified mesoporous 
silica film in a water solution in the sun light which did 
lead to large amounts of PMEP on SP and BP mesoporous 
silica films with CO stretching band as high as 120% rela-
tive to the Si–OH band of the glass substrate. By combining 
water and sun light it has thus been possible to enhance 
the ecological footprint in regards to two key parameters of 
polymerizations.

4. pH-Dependent Mesopore Accessibility:  
pH in Confinement

pH-dependent mesopore accessibility was studied with cyclic 
voltammetry measurements while titrating the solution pH. 
The different charged states of PMEP grafted silica mesopores 
and thus their permselectivity toward positively charged ions are 
illustrated in Figure 3a). At acidic solution pH the mesopore is 
expected to be neutral and gradual increase of the solution pH 
value leads to the MEP monomers carrying one negative charge 
per monomer (monomer pKa1 = 4.5) and finally two charges 
per monomer (pKa2 = 7.7).[9b] The pH dependent cyclic voltam-
mograms for PMEP functionalized mesoporous Silica films 
are shown in Figures S4–S6 (Supporting Information). Meas-
urements were conducted with solution pH values ranging 
from 2 to 11 (Figure 2b) and using [Ru(NH3)6]2+/3+ as probe 
molecule to investigate the gating behavior toward cations. 
Measuring time was adjusted to below 10 min to guarantee 
stability.[22] The obtained peak current density (jp) values were 
plotted against the adjusted solution pH value and subjected to 
an empirical Boltzmann-fit (for details see Tables S3–S5, Sup-
porting Information). The resulting turning point of the fit was 
set equal to the pKa value of the MEP polymer modification 
(Figure 3c). Using this method different polymerization times 
as well as BP and SP films were investigated and resulted in 
a median mesopore pKa1 value of 6.9 ± 0.5, corresponding to 
a higher pKa shift of 2.5 pH units compared to solution pKa. 
This shift is even higher than predicted in theoretical studies 
by Gilles et al. who observed a shift of 1.2 pH units for the first 
pKa value (apparent pKa1 = 5.81, pKa2 = 9.67).[9b] The observed 
difference might result from differences between the here pre-
sented experimental study and the used parameters within the 
theoretical study by Gilles et al.,[9b] such as a slight difference in 
polymer chain length and background electrolyte. In addition, 
our experimental results clearly do not show a 2nd increase 
of the jp values in the range of pKa2. This might be due to an 
even further shifted 2nd pKa of PMEP in the mesoporous silica 
and thus even the solution with the highest pH of 11 was not 
sufficiently basic to generate the second PMEP charge, or the 
charge generation of both forms are merged and are not dis-
tinguishable from each other. The signal broadening observed 
for basic pH values indicates strong electrostatic interactions 
between the PMEP and the countercharged [Ru(NH3)6]2+/3+ 
probe molecule. Due to the limited pH-stability of silica at pH 
values >9 samples with even higher basic pH-values could not 
be investigated.

To investigate the effect of positive charge generation within 
the spatial confinement of silica mesopores, PDMAEMA 
was selected. PDMAEMA represents an ideal second can-
didate for this model since it is a widely used polymer in the 
context of responsive surface modifications.[10d,23] The pH-
dependent charging and the corresponding gating behavior of 
PDMAEMA modified mesoporous silica is shown in Figure 4a. 
Each DMAEMA repetition unit can generate one positive 
charge. Since DMAEMA is orthogonally charged to eventually 
remaining silanol groups from the mesopore walls, the silanol 
groups may reduce the obtained jp values. By performing cyclic 
voltammetry measurements using the negatively charged 
[Fe(CN)6]3−/4− probe molecule, the observed preconcentration at 
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acidic pH (Figure 4c,d jp@pH 1.8 >> jp@pH 10.4) can clearly be 
attributed to the positive DMAEMA charges. The pH response 
and thus the ionic pore accessibility of PDMAEMA modified 
SP film was investigated by gradually changing the solution 
pH, which is shown in Figure 4b). As shown in Figure S15 
(Supporting Information) during the short measurement times 
applied at extreme pH values the film remains stable and can be 
reversibly switched between the charged and uncharged state. 
Starting at basic solution pH of 10.4, at which PDMAEMA are 
expected to be mostly neutral a peak current density (jp) of only 
30 µA cm−2 is detected, indicating that barely any probe mole-
cules are infiltrating the mesopores reaching the below located 
electrode. Upon pH variation toward acidic solution pH the jp 
gradually increases by a factor of >20 to reach a current peak 
density of 700 µA cm−2 at pH 1.8. In addition, the redox peak 
potential shifts slightly, which indicates electrostatic attraction 
between the functionalized mesopore and the countercharged 
probe molecules. The charge transition occurs over a very 
broad pH range of almost 5 pH units, which is, in accordance 
with the theoretical studies by Szleifer and co-workers,[5d] attrib-
uted to the nanoscale confinement. Performing a Boltzmann 
Fit (Table S6, Supporting Information) (red line in Figure 4c), 
of the obtained jp values plotted against the measurement solu-
tion pH, an apparent pKa of 7.7 is determined (red dashed line 
Figure 4c). This indicates a shift of the DMAEMA pKa com-
pared to the one of DMAEMA in bulk solution (pKa = 8.4) of 
almost 1 pH unit toward more acidic pH. Performing this type 
of experiment for different polymerization conditions did lead 

to pKa values of 7.6–7.9 (Figures S9 and S10, Supporting Infor-
mation) indicating a slightly stronger pKa shift with increasing 
polymer amount. Although a change in the polymer amount 
did lead to distinguishable pKa values it has to be noted that the 
variation is not very pronounced and difficult to separate from 
the error of pKa determination. Based on previous findings 
this only minor influence of polymer amount variation has to 
be expected since the chain length variation of oligomers in SP 
mesoporous systems between a median filled pore (≈50%) and 
highly filled pores (>90%) is not larger than 2–3 repetition units 
as determined in a previous study.[10b,11] Additionally, since the 
mesopore necks are only ≈3 nm wide and very probably par-
tially blocked by polymer regardless of the polymer amount and 
pore filling degree ions that enter the pore are in the range of 
the Debye screening length and thus subjected to the strong 
influence of the electric double layer.[15] To reduce or to enhance 
the influence of the electric double layer two different param-
eters of this model system were further investigated: As a first 
approach pore size of the mesoporous silica films was varied 
in the sub 20 nm domain comparing SP and BP films as men-
tioned above. As a second parameter the ionic strength of the 
pH solution was reduced from 150 × 10−3 m to 30 × 10−3 m 
which leads to an increase of the electric double layer from  
≈0.9 to ≈1.8 nm.

In Figure S14 (Supporting Information), the pH-dependent 
permselectivity of SP and BP films with different polymer 
amounts or ionic strength are depicted. Figure S14a, Supporting 
Information) shows the obtained peak current density of a SP 
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Figure 3. a) Schematic illustration of cation selectivity for a PMEP modified mesoporous silica film for different charge states. b) Cyclic voltammo-
grams of a PMEP modified mesoporous silica film at different pH values using 1 × 10−3 m [Ru(NH3)6]2+/3+ as probe molecule. Scanrate 100 mVs−1. 
c) jp values obtained from measurements in Figure 2b) plotted against the measurement solution pH. PMEP pka values indicated with blue dashed 
line and apparent pka value, obtained from Boltzmann Fit, indicated with red dashed line. The schematic illustration of the film structure is simplified, 
see Figure 2a.



www.advancedsciencenews.com
www.advmatinterfaces.de

1901914 (6 of 10) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

film with 1.5 % CO vibrational band intensity (Figure S14a,  
black spheres, Supporting Information) and 4.1% (Figure S14a, 
blue spheres, Supporting Information) in dependence of the 
solution pH. A significant shift between the black and blue 
curve in Figure S14a (Supporting Information) is observed. In 
addition, the peak current density of the higher PDMAEMA 
amount (Figure S14a, blue spheres, Supporting Information) 
starts to increase at slightly higher pH values as compared to 
the lower PDMAEMA amount (Figure S14a, black spheres, 
Supporting Information). The obtained pKa values of 7.9 and 
7.6, respectively, correspond to this observation and indicate 
the effect and correlation of spatial confinement and polymer 
amount/pore filling. The observed trends are in accordance 
with theoretical results[9b] related to PMEP modified nano-
channels and show that higher charge densities in nanoscale 
confinement are energetically less favored and thus more dif-
ficult to establish as compared to bulk solution. This explains 
the observed pKa-shift with increasing PDMAEMA amount by 
0.3 pH units toward more acidic conditions.

The BP films were investigated in a similar experiment. The 
pH-dependent peak current density depicted in Figure S14b  
(Supporting Information) correspond again to different 
PDMAEMA amounts CO vibrational band intensity of 4.9% 
(Figure S14b, black spheres, Supporting Information) and 
15.7% (Figure S14b, blue spheres, Supporting Information). 
The difference in the pH-dependent peak current density upon 
increasing relative PDMAEMA amount is much less pronounced 
as compared to the smaller mesopores (Figure S14a, Supporting 

Information). Nevertheless, two different pKa values of 7.3 and 
7.5 for the lower and higher PDMAEMA amount were obtained. 
Two conclusions can be drawn from the comparison between 
PDMAEMA amounts and pore sizes: The maximum current den-
sity increases with increasing relative amount of PDMAEMA in 
the mesopores by a factor of 3 in the case of the SP films and 
by almost a factor of 5 for the BP films at acidic pH. This shows 
that with increasing PDMAEMA amount the number of charges 
increases resulting in an increase of electrostatically attracted 
counter charged probe molecules which are not hindered to enter 
the pores albeit the increasing pore filling. This observation is in  
agreement with previous work of our group related to strong poly-
electrolyte poly([2-(methacryloyloxy)ethyl]trimethyl ammonium 
chloride) (PMETAC) and polycarboxybetaine methyl acrylate 
(PCBMA).[7a,10b,24] As a second conclusion, the overall median pKa 
shift for the BP films with two different PDMAEMA amounts is 
larger (7.4) than for the SP films (7.7). For the investigated porous 
systems (SP and BP films) with variable polymer amounts, 
according to CO vibrational band intensities (1.5–15.7%) influ-
ences the apparent pKa of PDMAEMA by a smaller degree than 
the PDMAEMA being subjected to nanoconfinement.

Finally, the ionic strength of the phosphate buffered saline 
(PBS) background electrolyte was varied. PDMAEMA was 
grafted to the BP mesoporous silica film containing ≈16% 
PDMAEMA. The resulting film has been subjected to cyclic 
voltammetry measurements between pH values of 1.5–11 using 
a 1x PBS (corresponds to 150 × 10−3 m) and a 0.2x PBS (corre-
sponds to 30 × 10−3 m) solution as background electrolyte. The 
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Figure 4. a) Schematic illustration of cation selectivity for a DMAEMA modified mesoporous silica film for different charge states. b) Cyclic voltam-
mograms of a PMEP modified mesoporous silica film at different pH values using 1 × 10−3 m [Fe(CN)6]3−/4− as probe molecule. Scanrate 100 mVs−1. 
c) jp values obtained from measurements in b) plotted against the measurement solution pH. DMAEMA pKa value indicated with blue dashed line 
and apparent pka value, obtained from Boltzmann Fit, indicated with red dashed line. The schematic illustration of the film structure is simplified, 
see Figure 2a.
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concentration of the [Fe(CN)6]3−/4− probe molecule has been 
kept constant at 1 × 10−3 m. As shown in Figure S8c (Supporting 
Information) the pH-dependent PDMAEMA charge generation 
within the mesoporous film is further shifted to higher (more 
basic) pH-values in case of lower ionic strength (Figure S14c, 
red dots, Supporting Information) of 30 × 10−3 m as compared 
to an ionic strength of 150 × 10−3 m. For better comparison the 
peak current density values are plotted relative to the highest 
measured current density peak within the pH-dependent series, 

e.g., 
p@pH

p@pH 2.5

j

j
. Up to a pH of above 8 the pH-dependent peak 

current densities between 150 × 10−3 m and 30 × 10−3 m ionic 
strength are comparable and are independent of pH. At a pH of 
7.5 an increase of peak current density up to 50% of the max-
imum (highest) value at pH 2 is observed for the 150 × 10−3 m 
measurement solution. In presence of a 30 × 10−3 m background 
PBS electrolyte a peak current density of 50% of the maximum 
detected value at pH 2 is reached at a slightly more acidic pH-
value of 7.0 (Figure S14c, red, Supporting Information). This 
shift within the pH-dependent peak current density of 0.5 pH 
units remains up to a relative peak current density value of 
75% of the maximum peak current density at pH 2 and is also 
reflected in the apparent pKa values. For the measurements  
at 30 × 10−3 m ionic strength the PDMAEMA shifts to 7.1 

compared to 150 × 10−3 m ionic strength that has been oth-
erwise used in this study (apparent pka 7.5). The variation of 
the ionic strength from the background electrolyte leads to an 
expansion of the Debye screening length, which should result 
in a lower concentration of ions within the mesopores. This is 
probably the reason for a stronger pKa shift in the measure-
ments with an ionic strength of 30 × 10−3 m as compared to an 
ionic strength of 150 × 10−3 m.

5. Enzyme Encapsulation in Mesoporous  
Silica Particles

The pore accessibility investigations of polyelectrolyte modified 
mesoporous silica films indicate pKa shifts of at least 1 pH unit 
toward more acidic (PDMAEMA) or more basic (PMEP) pH 
conditions. The direction of the shift is determined by the type 
of the molecule charge incorporated in the silica mesopores 
and is directed toward harsher pH conditions. A shift of 1 pH 
unit corresponds to a theoretical increase of the [H+] concen-
tration by 10-fold. This should not be neglected, while investi-
gating pH sensitive processes, such as protein binding or drug 
delivery inside or outside of mesoporous silica, as shown in the 
encapsulation of lipase from Aspergillus oryzae (Figure 5 top).  

Adv. Mater. Interfaces 2020, 7, 1901914

Figure 5. Top: Schematic illustration of enzyme adsorption on the mesoporous silica particles (SBA-15 and SBA-NH2 as well as TEOS and BTSE 
based particles). Bottom: Mean value using the different types of mesoporous silica particles of lipase activity and protein concentration detected in 
the pellets and the supernatant, respectively.
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Enzyme encapsulations were studied in different types of 
mesoporous silica nanoparticles SBA-15 (Santa Barbara amor-
phous silica-15) and SBA-NH2 as well as TEOS (tetraethoxy-
ortho silane) and BTSE (1,2-bis(triethoxysilyl)ethane) based 
particles before and after calcination. Due to lipase´s isoelectric 
point of about 5, highest lipase encapsulation efficiencies were 
obtained at buffered pH values of 4. Here, enzyme loadings of 
about 500 mg lipase per gram silica were determined by meas-
uring the protein content in supernatant and particle pellet. 
However, lipase activity of encapsulated enzyme was reduced 
significantly: a maximum of 20% of successfully encapsulated 
lipase remained active (Figure 5 bottom). Accordingly, large 
parts of the enzyme were denatured upon encapsulation into 
the mesoporous silica. The lipase itself was stable under the 
terms of immobilization as measured lipase activities in the 
supernatant largely corresponded to determined protein con-
centrations (Figure 5 bottom). Furthermore, it is unlikely that 
the presence of charges on the silica surface was responsible 
for the activity loss.[25] Accordingly, it can be assumed that the 
nanoconfinement and its influence on the apparent pH value 
inside the mesopores as well as the resulting shift on the pKa 
value of encapsulated molecules affected the lipase stability. 
Low lipase activities could be a result of a lower pH value in 
the pore as a significant lipase stability difference between  
pH 3 and 4 occurs.

6. Conclusion

In order to investigate ion accessibility with the aid of cyclic 
voltammetry, mesopore filling between 50 and 80 vol% of 
polymer functionalized mesoporous thin films were used. 
By measuring the preconcentration of the metal complexes 
[Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+ at an electrode below the 
hybrid silica film, it was possible to investigate the charge 
generation in dependence of the measurement solution pH 
value. The results obtained show significant shifts in the pKa 
values of the polyelectrolytes PDMAEMA and PMEP. Those 
differences between pKa(bulk) and pKa(confinement) are due 
to the nature of nanoconfinement that has a significant influ-
ence on the pH value in, e.g., nanopores. A pKa shift of 1  
as observed for PDMAEMA functionalized mesopores indicates 
a 10 times higher proton concentration inside the mesopores 
than in the adjusted pH value of the bulk solution. In order to 
investigate further influences on the charge situation in nano-
confinement, measurements were carried out in the lower and 
middle size range of the mesopore scale (8–16 nm). It was 
found that the importance of pore size in this region decreases 
with increasing polymer content of the hybrid material. A 
measurable but small influence on the pKa value could also 
be achieved by varying the ionic strength of the measurement 
solution, which can be explained by the widening of the Debye 
screening length.

In addition, the application relevance of the pH confinement 
effects could be demonstrated. The high degree of denaturing 
of the lipase from Aspergillus oryzae took place by encapsula-
tion in mesoporous silica nanoparticles at a solution pH of 
4, a pH at which the enzyme is stable in bulk solution. The 
influences on polyelectrolytes and enzymes in silica mesopores 

shown here illustrate the importance of confinement affecting 
pH. If fully understood, those confinement effects can be 
used as another tool to precisely design responsive nanopores. 
In any case, these effect must not be neglected when using 
mesoporous materials in protic media.

7. Experimental Section
Preparation of 1x PBS Buffer Solution: In 1000 mL distilled water 

8.00 g (136.9 mmol) NaCl, 0.20 g (2.7 mmol) KCl, 1.42 g Na2HPO4 
(10.0 mmol), 0.27 g (2.0 mmol) KH2PO4 were dissolved and the 
solution was stirred for 24 h before being used for cyclic voltammetry 
measurements.

Preparation of Mesoporous Silica Thin Films: The mesoporous silica 
films were prepared via sol–gel chemistry using tetraethoxysilane 
(TEOS) as an inorganic precursor. The sol contained an amphiphilic 
triblock copolymer, Pluronic F127 (BioReagent, Sigma-Aldrich, 
13 800 g mol−1) in different ratios, which undergoes micellization 
upon solvent evaporation resulting in the formation of a porous 
inorganic network. A typical synthesis of films with 8 nm (or 16 nm) 
pores used 1.37 g (2.61 g) of Pluronic F127, which was dissolved in 
33.8 mL (24.0 mL) of absolute ethanol and 5.22 mL of H2O, 0.33 mL 
of 37% HCl (6.4 mL of 0.05 m HCl). After which, 6.55 mL (4.88 mL) 
of TEOS was added to the mixture, and the solution was then stirred 
overnight under ambient conditions before being used to prepare films 
through evaporation-induced self-assembly (EISA). Dip-coating was 
performed in a climate-controlled chamber at a temperature of 23 °C 
and a relative humidity of 50%, at a withdrawal speed of 2 mm s−1. After 
aging the films for 1 h at 50% relative humidity and at 23 °C they were 
subjected to the following thermal treatment: Two 1 h steps at 60 and 
130 °C followed by heating to 350 °C with a heating rate of 1 °C min−1. 
Finally, the films were stabilized at 350 °C for 2 h before cooling to room 
temperature.

Surface Grafting of N,N-(diethylamino)dithiocarbamoylbenzyl 
(trimethoxy)silane) (SBDC): The iniferter SBDC synthesis and grafting 
was performed according to previous literature protocols.[10f,11]

1.71 g (10.0 mmol) Sodium N,N-diethyldithiocarbamate trihydrate 
(STC) was recrystallized from Methanol and dried under high vacuum. 
Under Schlenk condition the purified STC was dissolved in 10 mL dry 
THF and added dropwise to a stirred solution of 2.12 g (8.59 mmol) 
p-(chloromethyl)-phenyltrimethoxysilane in 10 mL dry THF. After stirring 
for 16 h at room temperature the precipitated NaCl was filtered off and 
the resulting mixture dried under reduced pressure. The obtained crude 
product was purified using a “Kugelrohr”-destillation apparature at 
160 °C to yield pure SBDC as a yellow oil (yield: 78%).

1H NMR (300 MHz, CDCl3): δ 7,60 (d, J = 8,1 Hz, 2H), 7,42 
(d, J = 7,9 Hz, 2H), 4,56 (s, 2H), 4,05 (q, J = 7,1 Hz, 2H), 3,73 
(q, J = 7,0 Hz, 2H), 3,62 (s, 9H), 1,29 (t, J = 7,1 Hz, 6H).

The prepared mesoporous silica films were postgrafted with SBDC 
under an inert atmosphere. SBDC 7.2 mg (0.02 mmol) was dissolved in 
absolute toluene (20.0 mL). The mixture was heated to 80 °C for 60 min 
in the presence of the mesoporous films. The films were subsequently 
extracted through multiple washings with toluene.

PMEP Modification of Mesoporous Silica Films: For the surface-
functionalization with PMEP a 0.125 m/0.6 m monomer solution of MEP 
(0.55/2.5 g in 20 mL distilled H2O) was prepared. To this solution a 
SBDC functionalized mesoporous silica film on a waver or ITO-coated 
glass substrate was added before the mixture was sealed with a rubber 
septum and deoxygenated by nitrogen bubbling for 20 min before 
irradiation using a Bio-Link BLX by Vilber Lourmat (t = 10–15 min, 
λ = 365 nm, P = 40 W). The substrates were then extracted in a distilled 
water bath overnight.

PDMAEMA Modification of Mesoporous Silica Films: DMAEMA 
(1.0 mL, 5.9 mmol) was dissolved in DMF (8 mL) and the reaction 
mixture was deoxygenated by nitrogen bubbling under light protection 
for 5 min. The deoxygenated monomer solution was transferred 
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under nitrogen atmosphere to a sealed flask containing the  
SBDC-functionalized mesoporous films on an ITO-coated glass 
substrate. After addition of the monomer solution the flask was 
irradiated using a Bio-Link BLX by Vilber Lourmat (t = 10 min, 
λ = 365 nm, P = 40 W). The films were extracted in THF at least 3 
times to remove any physisorbed material before drying under ambient 
conditions for further characterization.

Cyclic Voltammetry: The electrochemical pore accessibility properties 
of the mesoporous silica thin films were investigated by cyclic 
voltammetry. [Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+ were used as negatively- 
and positively charged probe molecules, respectively. Measurements 
were recorded using a Metrohm Autolab PGSTAT302N potentiostat. 
Mesoporous films prepared on ITO-coated glass substrates were 
characterized using a 1 × 10−3 m solution of either [Fe(CN)6]3−/4− 
(0.31 mg mL−1) or [Ru(NH3)6]2+/3+ (0.27 mg mL−1) in a 1x (0.15 m), 1/3x 
(0.05 m) or 1/5x (0.03 m) PBS electrolyte solution. The pH-dependent 
ionic permselectivity was investigated by adjusting the solution pH 
between pH 2 and pH 12 by the addition of either aqueous 1 m NaOH 
or 3 m HCl to the prepared solutions. The pH was determined using 
pH-meter pH110 (VWR). A three-electrode setup was used with an Ag/
AgCl reference electrode (BASi RE-6), a graphite counter electrode, and 
the mesoporous film carrying ITO-coated glass substrate as working 
electrode. The measured electrode coated with mesoporous film was 
0.21 cm2. Each pH was measured using a scan rate sequence of 200, 
100, 25, 300, 1000 or 500, and 200 mV s−1, with each scan rate cycled 3 
times. If equilibrium was not reached after the first scan cycle, a second 
has been performed immediately after. All cyclic voltammograms shown 
correspond to a scan rate of 100 mV s−1.
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