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The mesocellular silica foam (MCF) surface has been functionalized with -OH, —-C3HgH, —-C3HgNH>,
-C3HgNHCONH,;, and -C3HgCOOH biomimetic groups. Thereby the non-covalent interaction between
protein and support surface is generated and tailored in virtue of the surface modification and varied
pH of adsorption medium. The adsorption kinetics, adsorption thermodynamics, protein distribution and
adsorption reversibility have been discussed in relation to the surface-protein interfacial interactions
and protein-protein lateral interactions. It is found that between lysozyme and MCF surfaces, the electro-
static force, hydrophobic interaction, m—r overlapping, and some hydrogen bonding are similarly effective
driving forces for protein adsorption. But depending on the nature of interfacial interactions, the effects
of protein-protein repulsion on the lysozyme adsorption are diversified. The biomimetic modification of
inorganic support surface counteracts in part the inhibition effects of protein-protein repulsion on protein
adsorption, thus favoring the adsorption capacity. The adsorption of lysozyme on MCF supports causes no

Keywords:

Protein adsorption
Mesocellular silica foam
Biomimetic modification
Non-covalent interactions
Bio-inorganic hybrids

visible loss of enzymatic activity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Mesoporous silicas, discovered in early 1990s and developed
vigorously since then [1-7], offer the possibility of entrapping large
biomolecules within their nano-sized pores [8-10]. Mesoporous
materials not only have highly ordered pore structures with uni-
form pore diameters and large surface areas, but they also are liable
to chemical modification and functionalization. These properties,
combined with good chemical stability, make them competent can-
didates for designed biocatalysts, protein-separation devices, drug
delivery systems, and biosensors. Considering the different applica-
tions, the protein adsorption heterogeneities including adsorption
capacity, permanent or reversible feature, and protein distribution
on the mesoporous host are needed. For example, rapid permanent
monolayer adsorption is preferred for a biocatalyst, while as little
as possible irreversible adsorption of proteins on chromatographic
supports is required for bio-separation. Thus, understanding the
features of protein adsorption in mesoporous silica is of great inter-
est and significance.

The major factors that might influence protein adsorption in
mesoporous hosts involve the spatial factors and interfacial interac-
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tions. Morphologies (spheres, films, monoliths, rod-like or fibrous
agglomerates) and particle sizes usually make impact on adsorp-
tion as spatial factor [8,11-17]. In addition, three-dimensional
structures always have more accessible pores for proteins than
one-dimensional structures [18]. Generally, a certain pore size, nei-
ther too small to exclude large proteins nor too large to drain
proteins easily, can reach the highest adsorption capacity [19].
The interfacial interactions between proteins and support sur-
faces are more complex than spatial factors. Interfacial interactions
between proteins and mesoporous silica mainly contain covalent
and non-covalent interactions. Usually, the host-guest covalent
interactions which result from fierce interfacial chemical reactions
and format a new molecule lead to irreversible adsorption of pro-
teins [20]. The non-covalent interactions extensively existing in
the bio-macromolecules such as DNA and proteins, which lead to
the formation of the host-guest or guest-guest clusters, are sup-
posed to play an important role in protein adsorption. The typical
non-covalent forces include hydrogen bonding, electrostatic forces,
hydrophobic interactions, and some specific non-covalent interac-
tions [21]. So the charge feature and hydrophobicity of support
surface, isoelectric point and surface property of protein, as well as
pH and ion strength of adsorption solution might all independently
or dependently influence the interfacial non-covalent interactions
[22,23]. Several publications reported the effects of electrostatic
interactions on protein adsorption [13,15,24-27], while some
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others involved the roles of hydrophobicity, hydrogen bonding, and
protein-protein lateral interactions [28-31]. The adsorption behav-
iors of proteins, together with other organic molecules, on silica
surface have been reviewed recently by Parida et al. [32].

Mesocellular siliceous foam (MCF) with mesocellular pores con-
nected by mesoporous windows is chosen as host for lysozyme in
this work. The ultra-large pore size and three-dimensional inter-
connected pore structure of MCF are supposed to cause less spatial
restriction to proteins than one-dimensional channels of MCM-41
and SBA-15. So it should be more appropriate to survey interfacial
interactions in protein-MCF hybrid systems. Only few publications
about protein adsorption on MCF have been reported till now, how-
ever [11,33,34]. Han et al. demonstrated MCF could serve as com-
bined size-exclusion and ion-exchange supports [11], and used MCF
to immobilize chloroperoxidase for the first time [33]. Recently,
CALB was successfully entrapped in hydrophobic MCF by pressure-
driven method, displaying excellent catalytic performance [34].

The interfacial non-covalent interactions in lysozyme-MCF
hybrids are generated and tailored in this work through modifying
MCF surface with —-OH, -C3HgH, -C3HgNH;, -C3HgNHCONH,, and
-C3HgCOOH groups and varying the pH of adsorption medium. The
electrostatic interactions could be derived from the unprotonated
terminal -Si-OH, -COOH, protonated terminal -NH; or -NHCONH,
on solid surface with charged protein. Hydrophobic interactions are
from terminal alkyls on solid surface and side chains of amino acid
residues in protein. Hydrogen bonding interaction occurs between
-Si-OH, -COOH, -NH, on support surface and -NH, or -COOH
in protein. The - overlapping interactions could be expected
between surface -NHCONH, and the surfacial peptide bonds in
protein.

Lysozyme (EC 3.2.1.17), present in such places as chicken egg
white, human tears, fish serum and insect saliva, is an enzyme
that attacks bacterial cell walls. It could catalyze the hydrolysis of
glycosidic bonds of muramic acids in mureins, and is also capa-
ble of degrading chitin. So lysozyme is widely used in medicine
and food industry for its high antifunga, antibacterial and antivi-
ral efficiency [35]. Lysozyme, with its structure well determined, is
a prolate spheroid protein with two characteristic cross-sections
of 3.0nm x4.5nm and 3.0nm x 3.0nm, a molecular weight of
14.4kDa, and a pl of 11 [24]. Lysozyme is stable between pH 1.5
and 12, which grants lysozyme a fine model protein for interfacial
adsorption in a wide range of pH.

2. Experimental
2.1. Materials

Pluronic P123 (Mav=5800, Aldrich), 1,3,5-trimethylbenzene
(TMB) (98%, Fluka), n-propyltriethoxysilane (PTOS) (98%, Jingzhou
Jianghan Fine Chemical Co., Ltd.), 3-aminopropyltriethoxysilane
(APTS) (98.5%, Jingzhou Jianghan Fine Chemical Co., Ltd.), 3-
ureidopropyltriethoxysilane (UPTS) (50% in methanol, Jingzhou
Jianghan Fine Chemical Co., Ltd.), 4-(triethoxysilyl)butyronitrile
(TSBN) (98%, Aldrich), tetraethoxysilane (TEOS) (Beijing Chemical
Factory), toluene (Beijing Chemical Factory), and benzophenone
(Beijing Chemical Factory) are all of analytical-grade purity and
used as received (if no further statement). Hen egg white lysozyme
(2 x crystallized, lyophilized, 20,000 units/mg of protein) is from
Sinopharm Chemical Reagent Co., Ltd. (stored at 0-4 °C) and Micro-
coccus lysodeikticus dried cells from Sigma.

2.2. Preparation and modification of MCF

MCF was synthesized following the reported procedure [34]
with some modifications. 4 g of P123 was dissolved in the mixture

solution of 65 mL of deionized water and 10 mL of 12 M aqueous
HCI. 2.96 g of TMB was added. The solution was stirred vigorously
at 40°C for 2h. 8.95g of TEOS was slowly introduced, followed
by aging at 40°C for 20 h. 46.0 mg of NH4F in 5mL of deionized
water was then added, agitated for another 30s. The agitation
here is important for the formation of pores with a uniform nar-
row rather than a bimodal distribution. The mixture was then
kept at 100°C in a Teflon autoclave for 48 h. The white solid was
filtered, washed with deionized water and ethanol, dried at ambi-
ent temperature. After calcination at 550°C for 6h to remove
P123, MCF was activated in the following procedure [36]: (1)
immerse 3.0g of MCF into a mixture solution of aqueous HCl
and MeOH (1:1, V/V) (40mL) at room temperature for 30 min.
Rinse the silica three times with deionized water. (2) Immerse
the silica into 25 mL of concentrated H,SO4 (98%) at room tem-
perature for 30 min. Rinse the silica well with deionized water.
It is important to remove all HSO4 residues from the solid in
order to make a uniform silane monolayer. (3) Boil the silica for
30min in 150 mL of deionized water. The resulting solid was fil-
tered, dried at room temperature for 12h and then at 100°C
for 2 h, to give activated MCF, denoted MCF-OH. Triethoxysilanes
(Et0)3Si—X (X=C3H6H, C3HgNH,, C3HgNHCONH, and C3H6CN)
were used to generate different silica surfaces. Typically [37], 1.0g
of MCF-OH, which was pre-treated in 150°C oven for 2 h before
its usage, was suspended in 40 mL of toluene (99.7%, dehydrated
by refluxing the mixture of 500 mL toluene, 1g Na, and 5 mg ben-
zophenone as visual indicator for approximately 5 h). Then 5 mmol
of triethoxysilane (calculated from the maximum grafting amount
based on assumption of 5 x 1018 molecules/m? in fully dense mono-
layer coverage) was added. The mixture was refluxed at 108°C
for 24 h. The white solid was filtered, washed with diethyl ether,
and dried in air. The samples were denoted MCF-X, where X is
the functional group on the surface. MCF-C3HgCOOH was pro-
duced by refluxing MCF-C3HgCN in aqueous HCI (35.5wt.%) for
24,

2.3. Characterization

Nitrogen sorption isotherms were measured at 77K using
a Quantachrome Autosorb-1 system. The pore size distribu-
tion was calculated using the BJH (Barrett-Joyner—-Halenda)
method. The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) method based on the adsorption
branch. FT-IR spectra were recorded on a Bruker Vector 22 spec-
trometer at 1 cm~! resolution, the samples being pressed into disks
with KBr. The FT-IR spectra in the amide I region (1600-1700 cm~')
were analyzed using Lorentz curve-fitting (by Origin 7.0) method.
The frequencies of the band centers found in the spectra were used
as stating parameters and a value of 16 for roughly validating the
width of peaks. In most instances, the discrepancies between the
component frequencies obtained from the spectral and curve fit-
ting were below 3cm~!. All component peaks were assigned to
the specific secondary structure components according to refer-
ences [38,39]. The band at 1633 + 2 cm~! was assigned to B-sheet,
1656 + 2 cm~! to a-helix, 1668 + 2 cm~! to B-turns, 1622 + 2 cm™!,
1644+2cm~1, and 1682+ 2 cm~! to random coils and others. The
secondary structure contents were calculated from the areas of
the individual assigned bands and their fraction of total area in
the amide I region. Scanning electron micrographs (SEM) were
taken on a Cambridge S-250MK3 microscope. Transmission elec-
tron micrographs (TEM) were taken on a FEI Tecnai 20 electron
microscope operating at 200kV. CHN element analysis was car-
ried out on an Elementar Vario EL IIl elemental analyzer. The UV
absorption data were collected on a Shimadzu UV-2501 spectrom-
eter.
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2.4. Lysozyme adsorption and desorption

25 mM buffer solutions with different pH were first prepared,
citric acid-dibasic sodium phosphate buffer for pH 4.8, potassium
dihydrogen phosphate-dibasic sodium phosphate buffer for pH 6.8,
and sodium carbonate-sodium bicarbonate buffer for pH 10.0 and
12.0. Aseries of standard lysozyme solutions with the concentration
ranging from 0.2 to 6.0 mg/mL were prepared by dissolving differ-
ent amounts of lysozyme in the above-mentioned buffer solutions.
In the adsorption experiment dealing with adsorption capac-
ity and kinetics, 15mg of the MCF-X (X=0OH, C3HgH, C3HgNH>,
C3HgNHCONH,, and C3HgCOOH) adsorbent was immerged in 10 mL
of 1mg/mL lysozyme solution and was oscillated at 298 K for
180h with a speed of 130r/min. The mixture was sampled at
different intervals and centrifuged at 5000r/min for 10 min to
monitor the lysozyme concentration in supernatant. Then the
supernatant liquid was re-mixed with the adsorbent by vortex. The
adsorbed amount of lysozyme on MCFs was calculated by subtract-
ing the lysozyme in supernatant from the total lysozyme amount.
The lysozyme amount was determined by the UV absorption at
280 nm. The resulting MCF materials with lysozyme adsorbed are
denoted MCF-X-Lz (X =0H, C3HgH, C3HgNH,, C3HgNHCONH,, and
C3HgCOOH). In the pseudo-isotherm experiments for protein dis-
tribution, 15 mg of the MCF-X adsorbent was immerged in 5 mL of
0.2-6.0 mg/mL lysozyme solution, respectively, and was oscillated
for 24 h. In the desorption experiments, 15 mg of the MCF-X adsor-
bent was first immerged in 5 mL of 0.6 mg/mL lysozyme solutions
for 24 h at pH 6.8 and 10, respectively. After measuring the adsorp-
tion amount, the washed adsorbent was immerged in blank buffers
at the same pH as in the adsorption solution for 24 h to measure the
percentage leaching of lysozyme.

2.5. Activity assay

9mg of M. lysodeikticus cell was added in 30 mL of 0.1 M, pH 6.2
phosphate buffers and stirred slowly for 10 min at room tempera-
ture to prepare the cell suspension. The cell suspension should be
used in 1 h later than preparation. 5 mg of native lysozyme was dis-
solved in 100 mL of pH 6.2 phosphate buffers to obtained 50 pg/mL
enzyme solution. At room temperature (25°C), 100 pL of enzyme
solution was mixed with 2.6 mL of cell suspension by vortex for
3s and its absorbance at 450 nm was immediately collected at
15 s intervals. In the activity assay of adsorbed lysozyme (adsorp-
tion at pH 10), 10mg of MCF-X-Lz (X=0H, C3HgH, C3HgNH,,
C3HgNHCONH,, and C3HgCOOH) was suspended in 100 mL of pH
6.2 buffer by vortex for 5s. Then 100 p.L of MCF-X-Lz solution was
immediately taken out and mixed with 2.6 mL of cell suspension.
100 L of pH 6.2 buffers and 100 p.L of MCF-OH solution were used
respectively as blank. The lysozyme activity was calculated from
the slope of the time course by linear regression of data points.
One activity unit (U) is equivalent to an absorbance decrease of
0.001 units/min. The activity of each sample was measured for three
times and the results showed good reproducibility.

Table 1
Textural properties of activated and functionalized MCF materials.

Fig. 1. SEM (A) and TEM (B) images of MCF-OH.

3. Results and discussion
3.1. Adsorbent characterization

MCF was synthesized and then activated using standard activa-
tion procedure [36] for silica surface to generate more active silanol
groups. Functional group X (X=C3HgH, C3HgNH,, C3HgNHCONH,
and C3HgCOOH) were selected to modify the silica surface respec-
tively by post-synthesis grafting. The SEM image of MCF-OH
(Fig. 1A) displays sphere particles in the majority with 3-5pum
diameters. A minority of ellipsoidal particles with silica bridges
could also be observed. The TEM image (Fig. 1B) illustrates ordered
cells with uniform diameters of about 20 nm. The MCF materials all
show nitrogen sorption isotherms typical of type IV (Fig. 2A). The
cell and window size distributions calculated from the adsorption
and desorption branch, respectively, are shaped hardly distinctly

Supports Specific surface area (m?/g) Pore size (nm) Pore volume (cm?/g) The density of functional
groups (number/nm?)
Cell diameter (nm) Window diameter (nm)
MCF-OH 727 17.9 9.7 23 42
MCF-C3Hg-H 438 16.7 9.7 1.5 0.8
MCF-C3Hg-NH, 423 17.0 9.6 1.5 2.4
MCF-C3Hg-NHCONH; 285 17.8 7.8 0.8 5.8
MCF-C3Hg-COOH 521 16.9 9.8 1.8 0.9
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Fig. 2. Nitrogen sorption isotherms (A) and pore size distributions (B) of MCF-OH
(a); MCF-CsHgH (b); MCF-C3HgNH; (c); MCF-C3HgNHCONH; (d); MCF-C3HgCOOH
(e).

from each other as shown in Fig. 2B. The textural properties of MCF
materials are summarized in Table 1. The cell diameter at maximum
distribution, calculated as 17.9 nm, is consistent well with observed
from TEM image for MCF-OH. The window size of MCF-OH is deter-
mined as 9.7 nm. The grafting of functional groups reduces the
cell size to around 17.0 nm but makes no obvious effects on the
window size of MCF-X except for MCF-C3HgNHCONH,. Different
from observed for other MCF-X materials, the window diameter
of MCF-C3HgNHCONH, decreases by about 2 nm. The observed
reductions of surface area, pore volume and pore size of function-
alized MCFs are supposed to originate from the attachment of the
desired organic groups to the pore surfaces. According to the rela-

tive content of Q2, Q3, and Q* moieties estimated from the integral
areas of 29Si MAS NMR signals at —89, —99, and —109 ppm, the
molecular formula of MCF-OH is written as Hp 3191 02.160Si, giving a
silanol group density of 4.2 nm~2. Based on the content of nitrogen
or carbon (if no nitrogen atom in the grafted functional groups)
element, the chain density of surface functional groups was esti-
mated and shown in Table 1. The coverage of -Si—-C3HgNHCONH,
is estimated to be nearly complete from the chain density, while
the coverage of -Si-C3HgH and -Si-C3HgCOOH is lower than 1 tak-
ing into consideration that not all silane moieties are grafted to the
MCF surface in T3 linkage. The higher content of functional group in
MCF-C3HgNHCONH, accounts for the more loss of surface area and
pore volume. The dominating moieties on the surface of function-
alized MCF under various pH conditions were analyzed according
to pKa of the corresponding functional groups and are shown in
Table 2. The surface charge characters of different supports could be
further qualitatively determined. The MCF-OH surface is negatively
charged and MCF-C3HgNHCONH, surface is positively charged
at all pH values investigated. MCF-C3HgNH, surface is positively
charged at pH of 4.8 and 6.8 but approaches neutral at pH of 10.0 and
12.0. The MCF-C3HgCOOH surface is approximately neutral at a pH
of 4.8 but negatively charged at higher pH values. The -C3HgH group
on MCF-C3HgH is not charged. But the MCF-C3HgH surface might
be partially negatively charged because of the residual ungrafted
Si-OH.

3.2. Adsorption kinetics of lysozyme on MCF materials

The protein adsorption in nanoporous supports is a complex
phenomenon involving multiple steps that occur simultaneously:
(1) transport to the surfaces by diffusion, which could be generally
enhanced through mixing and shearing action. (2) Pore diffusion,
the rate-limiting step when strong interfacial interactions occur
(the protein adsorbed to the binding sites remains fixed), and
hence mainly depending on the relative size of pores and pro-
tein molecules. (3) Adsorption/desorption at the surface, affected
by the nature of surface—protein interactions, and described by an
interfacial chemical reaction and its related kinetic adsorption and
desorption mechanisms. (4) Surface diffusion, influenced mainly
by the surface-protein interactions, negligible in the case of strong
adsorption (no desorption occurs). (5) Conformational alteration of
proteins in contact with the interface, and interactions with other
adsorbed protein molecules. As the MCF-X materials involved in
this work have similar pore structures, the distinction of adsorp-
tion process is supposed to be mainly caused by the occurrence of
interfacial interactions. The roles of surface-protein interactions,
protein-protein interactions, and conformation alteration of pro-
teins in contact with the interface in the adsorption kinetics are
thus to be discussed principally.

Fig. 3 shows the adsorption rate of lysozyme as a function of time
on different MCF supports when the silica/lysozyme is 1.5 (w/w)
under pH of 4.8, 6.8, 10, and 12, respectively. The kinetic behaviors
of lysozyme adsorption are basically similar on different supports
under various pH conditions in that they all display distinct stages.
In the first stage, the adsorption amount reaches a plateau rapidly

Table 2

Surface moieties of functionalized MCF materials dominant at different pH conditions.

Supports Functional groups pH 4.8 pH 6.8 pH 10.0 pH 12.0
MCF-OH [-SiO~]/[-SiOH] 1018 1038 107 10°
MCF-C3Hg-NH, [-NH3*]/[-NH,] 1056 1036 100-37 10— 16
MCF-C3Hg-NHCONH, [[-NHCONH> JH*]/[-NHCONH, | 1094 1074 1042 1022
MCF-C3Hg-COOH [~COO~]/[-COOH] 10003 102 1032 1052

pKa (Si-OH)=3.6, pKa (-C3Hg~COOH) = 4.8, pKa (—~C3Hg-NH,) = 10.4, pKa (—~C3Hg~NHCONH, ) = 14.2.
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Fig. 3. Adsorption rate of lysozyme at various pH as a function of time on MCF-OH (M); MCF-C3HgH (®); MCF-C3HgNH; (A ); MCF-C3HgNHCONH, (v); MCF-C3HgCOOH (4).

generally within 10 h. But the adsorption amount at the plateau
(maximal amount achieved in the first stage) exhibits great diver-
sity depending on the surface groups and pH. So does the change
trend of adsorption rate in the second stage (after the plateau). At
pH 4.8, the lysozyme adsorption on MCF-C3HgCOOH shows a rapid
initial rate indicating high lysozyme-support affinity, and then
turns slow. The initial adsorption rate on MCF-C3HgH is similar to
on MCF-OH. But following the plateau step the adsorption amount
on MCF-C3HgH exhibits an obvious increase with time. There
is almost no impressive adsorption occurring on MCF-C3HgNH,
and MCF-C3HgNHCONH,. The increase of pH from 4.8 to 6.8 ele-
vates the initial adsorption rates on MCF-OH and MCF-C3HgH.
A gradual adsorption takes place on MCF-C3HgNHCONH,. At pH
10, the lysozyme adsorption on MCF-C3HgNHCONH, exhibits a
higher initial rate than observed at lower pH. The adsorption
amounts on MCF-C3HgNHCONH, and MCF-C3HgNH, both show

Table 3

gradual increase with time in the second stage. Increasing pH fur-
ther to 12, the initial adsorption rates on MCF-OH, MCF-C3HgH,
and MCF-C3HgCOOH are reduced. But the adsorption on either
MCF-C3HgNH, or MCF-C3HgNHCONH, is improved. The initial
adsorption amount on MCF-C3HgNHCONH, even becomes the
highest one, different from observed under other pH. Except for
on MCF-OH, the adsorption on each support occurs continuously
following the initial stage. The observed difference in the initial
adsorption rate should be well explained by the nature of the
interfacial surface-protein interactions predicted in Table 3. The
charge repulsion results in slower adsorption rate, while either
charge attraction, hydrophobic interaction, or certain hydrogen
bonding serve as driving forces for lysozyme adsorption, as can be
clearly observed in Fig. 3. It is surprising that the hydrogen bond-
ing between surface -C3HgNH, and lysozyme seems not strong
enough to efficiently drive lysozyme adsorption. At pH 12, the

Theoretical analysis of possible surface-protein interactions dominant at various pH conditions on different supports?.

pH MCF-OH MCF-C3Hg-H MCF-C3Hg-NH>

MCF-C3Hg-NHCONH; MCF-C3Hg-COOH

4.8 Charge attraction
6.8 Charge attraction
10.0 Charge attraction
12.0 Charge repulsion

Hydrophobic affinity
Hydrophobic affinity
Hydrophobic affinity
Hydrophobic affinity

Charge repulsion
Charge repulsion

Hydrogen bonding

Hydrogen bonding + charge repulsion

Charge repulsion + -1 overlap
Charge repulsion + -1 overlap
Charge repulsion + -1 overlap
Charge attraction +—1r overlap

Hydrogen bonding + charge attraction
Charge attraction
Charge attraction
Charge repulsion

2 Based on the charge characters of support surfaces shown in Table 2 and lysozyme. The net charges of lysozyme molecules at pH 4.8, 6.8, 10, and 12 is +10, +8, +6, and

—4, respectively, according to Ref. [50].
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adsorption rate on MCF-C3HgNHj, is even slower than on MCF-OH
and MCF-C3HgCOOH where charge repulsion exists.

The dependence of initial adsorption rate on the nature of
surface—protein interfacial interaction is observed more clearly
in Fig. 4. It can be seen from Fig. 4 that the initial adsorp-
tion rate increases along with pH for MCF-C3HgNHCONH, and
changes hardly for MCF-C3HgNH,, while shows maximums for
other supports. As shown in Table 3, the dominant interfacial
interaction for MCF-OH and lysozyme is the electrostatic attrac-
tion between negatively charged surface and positively charged
protein at a pH lower than 11 (pl of Lz), and then turns to elec-
trostatic repulsion at pH 12. As a result, the initial adsorption
rate on MCF-OH displays a decrease when the adsorption pH
increases from 10 to 12. Similar is the initial adsorption rate on
MCF-C3HgCOOH. In the MCF-C3HgCOOH and lysozyme system, the
dominant surface-protein interaction transforms from hydrogen
bonding at pH 4.8 to charge attraction at pH 6.8 and 10, and finally to
charge repulsion at pH 12. The change of initial adsorption rate with
pH on MCF-C3HgH is similar to MCF-OH. The observed similarity
originates from the interference of electrostatic forces because the
coverage of —C3HgH is much less than 1. For MCF-C3HgNHCONHS,,
the surface-protein electrostatic repulsion dominates at pH 4.8
and 6.8, resulting in similar slow adsorption rates. Although the
surface-protein charge repulsion is still present at pH 10, the
-1 overlapping between the -NHCO- moiety in -C3HgNHCONH,
group and the peptide bonds in proteins becomes dominant, result-
ing in a distinct increase in the initial adsorption rate. The surface
charge of lysozyme decreases at a pH close to pl, which causes
the weakening of the surface-protein charge repulsion. The affinity
between the MCF-C3HgNHCONH, surface and lysozyme is, there-
fore, strong enough to counteract the charge repulsion at pH 10.
The charge attraction of surface-protein contributes to the further
increase in adsorption rate at pH 12. For MCF-C3HgNH>, although
the surface-protein interaction transforms from charge repulsion
to hydrogen bonding at pH> 10, no obvious increase in initial
adsorption rate is observed, which implies that the hydrogen bond-
ing between lysozyme and MCF-C3HgNHs is not sufficient or strong
enough to drive lysozyme adsorption.

The support-protein interactions predicted according to the
charge characters of support and lysozyme surfaces (Table 3) well
account for the dependence of adsorption kinetics on pH. But it
has to be noted that the initial adsorption rates on MCF-OH at pH
4.8 is an exception. As can be observed from Fig. 4, the adsorption
rate on MCF-OH (MCF-C3HgH alike) is severely influenced by the
adsorption pH even when the nature of surface-protein interaction

is the same electrostatic attraction. The adsorption rate at pH 4.8 is
much slower than pH 10. This kind of pH effects is consistent with
reported previously by Vinu et al. [15,24]. They proposed that the
lateral repulsion between lysozyme molecules greatly reduce the
adsorption amount. It has been reported that the area per molecule
of lysozyme in solution having a pH near the isoelectric point is
similar to that in its crystallized state (13.5 nm?2), whereas it dou-
bles to 26.6 nm? in a solution pH of 4 [40]. The adsorption rate on
MCF-OH decreases by more than one half when pH changes from 10
to 4.8 as shown in Fig. 4. However, this pH effect appears more evi-
dent when the surface-protein charge attraction predominates. On
MCF-C3HgCOOH where hydrogen bonding additionally contributes
to the lysozyme adsorption, the dependence of adsorption rate on
pH gets lessened. The initial adsorption rate changes hardly with
pH on MCF-C3HgNH, where Van der Waals (hydrogen bonding) is
dominant for driving force. This dependent role of protein-protein
lateral repulsion in the adsorption could rationally be explained by
the surface diffusion of lysozyme. Moreover, the surface diffusion
and protein-protein repulsion could also account for the adsorption
amount change following the initial adsorption in Fig. 3. When the
surface—protein interaction is stronger, electrostatic force for exam-
ple, the surface diffusion of the protein already adsorbed is slowed
down, or even no surface diffusion occurs. So no slow adsorption
is clearly observed. But when the Van der Waals force is involved
in the adsorption, the surface diffusion of protein gets easier. The
slow adsorption proceeding from the surface diffusion of protein
explains the observed gradual increase in the adsorption amount
following the initial rapid adsorption.

3.3. Adsorption equilibrium of lysozyme on MCF materials

The adsorption isotherms determined at pH 6.8 and 10 are
illustrated in Figs. 5 and 6, respectively. As shown in Fig. 5,
the adsorption isotherms of lysozyme at pH 6.8 on MCF-OH,
MCF-C3HgH, and MCF-C3HgCOOH display L-type characteristic
of a high affinity between lysozyme and the adsorbent sur-
face. The high surface-protein affinity results in a sharp initial
rise of adsorption amount. The adsorption on MCF-C3HgNH, or
MCF-C3HgNHCONH; shows an S-type isotherm typical of weak
surface—protein affinity, consistent with the fact that the charge
repulsion predominates over the surface-protein interactions.
When increasing the adsorption pH from 6.8 to 10, the adsorption
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isotherm on MCF-C3HgNHCONH, changes to an L-type displaying
a sharp initial rise (Fig. 6), in accordance with the transformation
of surface-protein repulsion to high affinity by m-m overlap-
ping. Although the surface-protein interaction turns to hydrogen
bonding from charge repulsion for MCF-C3HgNH>, the adsorption
isotherm still shows an S-type representing a weak surface—protein
affinity. For MCF-OH, MCF-C3HgH and MCF-C3HgCOOH, the quasi-
steady adsorption amounts increase with pH changed from 6.8 to
10 due to the reduction of protein-protein repulsions.

As can be distinguished from Fig. 6, the lysozyme adsorp-
tion on MCF-C3HgNHCONHj is difficult to achieve a steady state
in comparison with the adsorption on other supports. This is
probably due to the roles of dependent conformational alter-
ation of proteins. It is well known that the -7 overlapping is
more orientational and direction-selective than electrostatic force,
hydrophobic interaction and hydrogen bonding. The occurrence
of m—1r overlapping requires oriented close-up or contact of pro-
teins to support surfaces. To be adsorbed by -1 overlapping, the
proteins have to experience conformational change on the sur-
face, accounting for the prolongation of adsorption equilibrium on
MCF-C3HgNHCONH,.

Describing the L-type isotherms by pseudo-Langmuir sorption
model (1) [24] and S-type isotherm by Freundlich model (2), the fit-
ting plots are shown in Fig. 5 and Fig. 6 together with experimental

data points:

I KC 1)
I'm 1+KC
I = KgCl/n (2)

wherein K and Kg are Langmuir and Freundlich parameters, respec-
tively, C is the lysozyme concentration in solution, I'y, is the
monolayer adsorption capacity, I" is the adsorbed amount deter-
mined experimentally, and n is non-linear coefficient. From the
simulated plots, the corresponding parameters are estimated and
given in Tables 4 and 5. Generally, the experimental points at pH
10 are fitted better than at pH 6.8. The experimental points for
MCF-0OH, MCF-C3HgH, and MCF-C3HgCOOH at pH 10 are described
by Langmuir equation better than for MCF-C3HgNHCONH,. The
deviation of simulated Langmuir plots from experimental data at
high coverage for MCF-C3HgNHCONHj is attributed to the adsorp-
tion retardation by lysozyme conformational alterations. Because
the adsorbed amount continuously changes with time without
exhibiting a clear plateau in some cases (as can be seen in Fig. 3),
a genuine steady state is hard to reach. So the Iy, is actually
an adsorbed amount in quasi-steady state where the change of
adsorbed amount with time or lysozyme concentration turns into
gentle. As shown in Tables 4 and 5, elevating the adsorption pH from
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Table 4
Langmuir and Freundlich constants for adsorption isotherms at 298 K at pH 6.8.

Supports Langmuir model

Im (x1072 gm—2) K (Lg™) R?
MCF-OH 0.66 29.00 0.7306
MCF-CsHg-H 0.85 83.08 0.9914
MCF-C3Hg-COOH 1.23 40.66 0.8349
Supports Freundlich model

K}: n R2

MCF-C3Hg-NHCONH; 0.114 2.529 0.6888
MCF-C3Hg-NH; 0.052 1.519 0.7113

6.8 to 10, the quasi-steady adsorption amounts increase obviously.
But the increments for MCF-OH and MCF-C3HgH are higher than
for MCF-C3HgCOOH. The observations, quite similar to the change
of initial adsorption rate with pH on the corresponding support,
illuminates that the biomimetic modification of inorganic surface
counteracts partly the inhibition effect of protein-protein lateral
repulsion on the adsorption. The parameters K; or Kr at 288, 298,
308, and 318K are also estimated from the sorption isotherms at
pH 10 (Fig. 6) and given in Table 5.

Besides advanced techniques like calorimetry, microcalorime-
try, mass spectrophotometry and photon correlation spectroscopy
for thermodynamic studies [32], the classical van't Hoff equation (3)
could also be used in a certain temperature range to calculate the
thermodynamic parameters. The enthalpy and entropy alterations
for interfacial interaction could be obtained by linearly plotting
the logarithm of the equilibrium constant with inversed temper-
ature. Non-linear van’t Hoff behavior often occurs in the protein
adsorption. The non-linearity is in part due to the protein structure
change, which results in an increase in the conformational entropy
at higher temperatures [41]. In this work, the resulting InK; (or
In K¢) shows a good linear relationship with 1/T maybe due to the
good thermostability of lysozyme. The denaturation temperature
of lysozyme is 72 °C and the lysozyme secondary structure is kept

unchanged till about 60 °C according to the investigation by circular
dichroism spectra [42]:

_AS_AH

InK = R RT (3)

The AH,q, in the lysozyme sorption on various supports accords
well with the nature of surface-protein interaction. The high affinity
of MCF-OH, MCF-C3HgH or MCF-C3HgCOOH to lysozyme results
in an exothermic sorption, while the adsorption of lysozyme on
MCF-C3HgNHCONH, and MCF-C3HgNH, appears endothermic.
But all the thermal effects are feeble as a result of non-covalent
surface-protein interactions. The negative AS indicates a slight
increase in the system order after surface-protein binding. For
MCF-C3HgNHCONH, and MCF-C3HgNH,, the entropy increase
may result from the gain in configurational entropy for the for-
mation of orientational - overlapping and dehydrating apolar
patches on the lysozyme surface due to protein aggregates [39].

It is interesting to note that the hydrophobic affinity, m- over-
lapping, and hydrogen bonds exhibit great difference in driving
lysozyme adsorption, although they are all Van der Waals. The
hydrophobic affinity, -1 overlapping, and the hydrogen bonding
between —-C3HgCOOH and lysozyme favor the lysozyme adsorption
concerning both of the adsorption kinetics and sorption isotherms.
But the hydrogen bonding between MCF-C3HgNH, surface and
lysozyme work less on the lysozyme adsorption. The significant
role of - overlapping could rationally be associated with the
extensive presence of peptide linkages on lysozyme surface. The
hydrophobic affinity enough to drive the adsorption of lysozyme
on MCF-C3HgH could be related to the appropriately hydropho-
bic lysozyme surface. The general distribution of side chains in
protein usually conforms closely to the pattern observed in myo-
globin in that all of the ionizable groups and most of the polar
side chains are distributed over the molecule surface, while the
majority of the apolar side chains lie within its interior [43]. But for
most small globular proteins, the apolar atoms occupy between 40
and 60% of the water-accessible surface area, which gives the pro-
teins relatively high surface hydrophobicity [43]. For lysozyme, the

Table 5
Langmuir and Freundlich constants for adsorption isotherms at different temperatures at pH 10 and the thermodynamic parameters for protein adsorption.
Supports T (K) Langmuir model AH,gs (kJmol-1) AS,gs (Jmol~1K-1) R
I (103 gm-2) Ki(Lg™) R
MCF-OH 288 1.29 65.00 0.8535 —-18 -29 0.9146
298 1.29 61.30 0.9117
308 1.52 34.95 0.9040
318 1.92 35.59 0.9649
MCF-CsHg-H 288 1.63 173.73 0.9844 -19 -24 0.9456
298 1.81 112.83 0.8894
308 2.04 85.39 0.8834
318 2.59 83.82 0.9472
MCF-C3Hg—NHCONH, 288 1.56 6.59 0.9442 +25 +102 —0.9798
298 1.57 8.65 0.9244
308 1.70 11.86 0.9365
318 2.59 17.68 0.9072
MCF-C3Hg-COOH 288 1.15 70.22 0.9208 -11 -3 0.9587
298 1.56 67.04 0.8518
308 1.42 51.25 0.9467
318 2.55 47.39 0.8962
Supports T (K) Freundlich model AH_gs (kjmol~1) AS,gs (Jmol~1K-1) R
Kr n R?
MCF-C3Hg-NH, 288 0.051 0.739 0.9930 +43 +123 -0.9307
298 0.054 0.858 0.9227
308 0.105 1.168 0.9809
318 0.276 1.081 0.9892
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Fig. 7. Partial reversibility of lysozyme adsorption on different supports.

apolar residues cover 59% [44] of the protein surface, which con-
sists of hydrophobic tryptophan, isolcuci, and valine residues [45].
The hydrogen bonding interaction between the terminal -NH, on
support surface and polar arginine and lysine residues [45] on the
exterior surface of lysozyme seems relatively difficult, resulting in
a less affinity and a slower initial adsorption rate.

3.4. Distribution and adsorption reversibility of lysozyme on MCF
materials

According to the sorption isotherms discussed above, the dis-
tribution states of lysozyme on the supports with different surface
modifications are depicted as follows. Lysozyme is distributed on
MCF-C3HgNH; in protein aggregates at either pH 6.8 or 10, while
in monolayer on MCF-OH, MCF-C3HgH, and MCF-C3HgCOOH.
The density of lysozyme in monolayer increases with pH on
MCF-0OH, MCF-C3HgH, and MCF-C3HgCOOH. The lysozyme on
MCF-C3HgNHCONH, transforms from multilayer aggregate to
monolayer distribution as pH increases.

The lysozyme molecules adsorbed at pH 6.8 and 10 on the
MCF supports with different surface modifications were leached
in buffer to investigate the adsorption reversibility. The observed
percentage desorption in each case indicates the adsorption of
lysozyme is only partially reversible. The lysozyme is leached in
a ratio of less than 8%, as shown in Fig. 7. Under the same adsorp-
tion and desorption condition, the percentage desorption ratio of
lysozyme in the tested candidates shows a little diversity depending
on the distribution states, surface-protein interactions, as well as
protein-protein interactions. Generally, the lysozyme adsorbed in
multilayer aggregate is more readily to be leached. For example, the
lysozyme adsorbed on MCF-C3HgNH; at pH 10 shows the highest
percentage desorption. The existence of charge repulsion between
MCF-C3HgNHCONH,; and lysozyme results in higher desorption.
Although lysozyme is all distributed in monolayer on MCF-OH,
MCF-C3HgH, and MCF-C3HgCOOH at pH 6.8 and 10, the adsorption
at pH 6.8 is more reversible because of the larger contribution of
protein-protein repulsion. Relatively high is the percentage desorp-
tion on MCF-C3HgH at pH 6.8, where the protein-protein repulsion
rivals the surface-protein hydrophobic affinity.

3.5. FT-IR investigation of lysozyme secondary structure

Infrared spectroscopy is a useful technique to monitor the
structural changes when the proteins were immobilized on the

supports [46]. The amide I band (1600-1700cm~!) arises from
the a-helix, B-sheet, B-turn, and random coil in protein con-
formation. The amide Il band (1500-1600cm™!) is related to a
combination of C-N stretching and N-H bending vibrations of
the protein backbone. Both of amide I and II image the sec-
ondary structure of proteins [24,47]. Fig. 8 shows the FT-IR spectra
of lysozyme adsorbed on the functionalized MCF supports. For
comparison, the spectra for pristine support and lysozyme are
also illustrated. The IR bands characteristic of amide I and II are
clearly observed at 1652 and 1536cm™!, respectively. The shift
of 1536-1558cm~! observed on either MCF-C3HgNHCONH, or
MCF-C3HgCOOH is supposed to originate from the interference of
-NHCONH,; and -COO~ groups on MCF surfaces. The -NHCONH,
has IR absorptions at 1650 and 1558 cm~'. The envelope of surface
-NHCONHj, absorption causes the observed shift. The deprotoniza-
tion of —COOH in the adsorption (pH 10) shifts its absorption
from 1718 to 1610-1560cm~'. The resulting strong absorption
covers the information of amide II of protein. To discuss the
structural changes quantitatively, curve-fitting was performed on
the FT-IR bands in amide I regions. The curve-fitting results are
shown in Fig. 8 (right). Because of the interference of -COO~
and -NHCONH, groups, the curve-fitting was only performed on
the lysozyme native and adsorbed on MCF-OH, MCF-C3HgH and
MCF-C3HgNH,. In comparison to native lysozyme, the adsorp-
tion causes a negligible change in the contents of a-helix and
[B-sheet (within 2%), indicating that the secondary structure of
lysozyme is well retained. This is consistent with previous results by
hydrogen-deuterium exchange combined with mass spectrometry
(HDX-MS) and differential scanning calorimetry (DSC) experi-
ments [48]. It has been suggested [39,49] that soft proteins such as
bovine serum albumin (BSA) and immunoglobulin G (1gG) unfold
partially upon adsorption, while lysozyme, which has a much
stronger inter coherence (hard protein), shows less structural alter-
ation.

3.6. Activity investigation of lysozyme

The enzymatic activity of lysozyme was investigated using the
standard kinetic lysis of M. lysodeikticus cells by measuring the tur-
bidity decrease [35]. Measurement of the absorbance at 450 nm
(A450) was taken for 20 min at 15s intervals and the collected
values were plotted as a function of time (Fig. 9). The activity
of lysozyme was calculated from the slope of the linear regres-
sion. As shown in Fig. 9, the cell suspension without lysozyme
introduced (curve f for buffer and curve g for MCF-OH) shows
no change during the 20-min measurement course. The decrease
in A450 for native lysozyme (Lz) is linear in the initial 180s.
For the immobilized lysozyme, all the curves (curve a, b, d and
e) except that for MCF-C3HgNH;,-Lz (curve c) show reverse S-
shape. The slow decrease in A450 in the first 3-4 min is related
to the diffusion process of lysozyme from the MCF surface to cell
solution. The activity should be calculated from linear regression
in the following 180s. From the A450 versus time curves, the
expressed activities (U/mg MCF-X-Lz) were estimated (shown in
Fig. 9) well consistent with the adsorption amount of lysozyme
on the corresponding supports at pH 10. The relative activity,
defined the ratio of the specific activity (U/mg Lz) of adsorbed
lysozyme to the specific activity of native lysozyme, are 100%,
96%, 95% and 96%, respectively, for MCF-OH-Lz, MCF-C3HgH-Lz,
MCF-C3HgNHCONH,-Lz, and MCF-C3HgCOOH-Lz, meaning that
lysozyme keeps full activity in the adsorption-desorption-catalytic
process. For MCF-C3HgNH,-Lz, the absorbance shows almost no
change (curve c), which is supposed to result from the low lysozyme
adsorption amount and low percentage desorption (<1% at pH
6.2).
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4. Conclusion

In summary, the adsorption characteristics of lysozyme on
MCF materials have been investigated by tuning the non-covalent
interfacial interactions through biomimetic modification of inor-
ganic surfaces. The adsorption rate and adsorption capacity depend
mainly on the nature of protein-support interfacial interactions.
The protein-protein repulsions make impact on the lysozyme
adsorption not independently of surface-protein interactions. It
is worthy to note that the biomimetic modification of inor-
ganic support surface counteracts in part the inhibition effects of
protein-protein repulsion on protein adsorption, thus favoring the
adsorption capacity. The non-orientational interfacial forces make
for easier achievement of quasi-steady state or quasi equilibrium in
adsorption isotherms. The lysozyme adsorption on modified MCFs
is partially reversible, making no damage on the protein secondary
structure and enzymatic activity, which is preferred by the appli-
cations in bio-catalysis, protein separation, and bio-sensing. Our
findings in this work are believed to provide great insights for
tuning protein adsorption heterogeneities, which is significantly
crucial to generate the desired adsorption for protein immobiliza-
tion, bioreactors, bio-sensors, or bio-separation.
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