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ABSTRACT: Enhancing molecular interaction is critical for improving the
immobilization and stability of proteins on TiO, surfaces. In this work,
mesoporous TiO, materials with varied pore geometries were decorated with
phenyl phosphoric acid (PPA), followed by a thermal treatment to obtain
chemically heterogeneous C—TiO, samples without changing the geometry and
crystalline structure, which can keep the advantages of both carbon and TiO,.
The molecular interaction force between the protein and the surfaces was
measured using atomic force microscopy by decomposing from the total
adhesion forces, showing that the surface chemistry determines the interaction
strength and depends on the amount of partial carbon coverage on the TiO,
surface (~40—80%). Samples with 58.3% carbon coverage provide the
strongest molecular interaction force, consistent with the observation from
the detected friction force. Surface-enhanced Raman scattering and electro-
chemical biosensor measurements for these C—TiO, materials were further
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None  43.4% 50.9% 58.3% 79.8%

conducted to illustrate their practical implications, implying their promising applications such as in protein detection and biosensing.

1. INTRODUCTION

The development of nano-biomaterials with high conductivity,
high stability, and good biocompatibility has become an active
research topic in the past decades."”” Among many materials,
titanium oxide (TiO,) is particularly promising because of its
structural stability and excellent biocompatibility.”* It has been
used in a large variety of applications and is found suitable in
manufacturing nano-biomaterials. However, TiO, materials
have problems of low detection sensitivity and a weak signal
for protein detection because TiO, is a semiconductor material
with low conductivity. Besides, the stability of the immobilized
biomolecules on surfaces is also important in evaluating the
performance of biomaterials.”® How to achieve a high loading
coupled with good stability of biomolecules is another
important research topic.7 However, when using TiO,
materials, the hydroxyl groups (—OH) on their surface make
it easy to form a strongly bounded hydration layer, leading to
difficulties to immobilize biomolecules via weak van der Waals
interactions.””

To improve the performance of TiO,, surface modifications
have been used to increase the conductivity and enhance the
immobilization and stability of biomolecules on the surface. It
has been found that surface chemical modifications, such as
covalent bonding, cross-linking, and grafting, can be used to
increase the immobilization and stability of the biomole-
cules.'”"" However, some unexpected side effects such as
weakening of the biomolecule response'” or irreversible
deactivation may occur."” Previous research has shown that
the pore structure of the TiO, surface is highly important for
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the immobilization and stability of biomolecules.”'*'* There-
fore, surface modification may weaken its positive effect.
Hence, a surface modification that enhances stability while
maintaining the geometric properties of TiO, is highly
desirable.

Of different materials that can be used to modify the surface
of TiO,, carbon is particularly important, improving the
electrochemical activity and conductiv1'ty.16’17 For example,
surface modification to form hybrid TiO,—carbon materials
has been used to improve the conductivity of TiO,."*~* These
hybrid materials may show simultaneously both the electron
conductivity of carbon and the corrosion resistance of metal
oxides. However, in most of the previous works, the carbon-
modified TiO, was fully covered by carbon, potentially
reducing the advantages of TiO,, and the immobilization and
stability of the biomolecules on the surface were decreased.”"**
Therefore, a partial or heterogeneous coverage by carbon of
the TiO, surface can be an effective way to maintain the
combined advantages of both carbon and TiO,. Much research
has been conducted to study hybrid TiO,—carbon and its
biological performance®~>° but with the focus on the electric
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conductivity. It is still unclear, however, how the nature of the
carbon coverage will quantitatively affect the immobilization
and stability of biomolecules and what is the intrinsic
mechanism behind the stability enhancement offered by
TiO, when covered with carbon. For example, some studies
indicate that the structural parameters of the materials have a
significant impact on the immobilization and stability of the
biomolecules,”'**® while others indicate that the surface
charges and surface modification have a dominating impact.”’
Therefore, understanding which factors and how they affect
the immobilization and stability of the biomolecules is needed.

To evaluate the immobilization and stability is of great
importance. Principally, both the immobilization and stability
of biomolecules on the surface are determined by inter- and
intramolecular interactions. It is not adequate to evaluate the
interactions of biomolecules with the solid-surface based on
the adsorption capacity, electrical signals, and so forth in the
macroscale to determine the interaction strength. Determi-
nation of the interactions at the microscale is needed. In our
previous work, we did propose an atomic force microscopy
(AFM)-based method to quantify the force between a single
protein molecule and the TiO, surfaces.”**° However, how to
apply this method to study the effect of surface chemical
properties of TiO, and from that identify the key impactors
affecting the immobilization and stability of the biomolecules is
still not yet clear.

In this study, our main purpose is to investigate the effect of
the geometrical topography and surface chemistry of TiO, on
the immobilization and stability of biomolecules by quantifying
the interaction strength of biomolecules on the TiO, surface.
In the current study, mesoporous TiO, materials featuring
different pore structures and modified with carbon by PPA did
serve as the model support and lysozyme was chosen as the
model of the adsorbed protein. We study how the coverage of
carbon on the TiO, surface changes the molecular interaction
forces in the AFM-measured adhesion force and which factors
(e.g, geometry, modification) are dominant in affecting the
molecular interaction force to provide us knowledge of
enhancing the immobilization and stability of biomolecules
on the surface. The friction force was further conducted to
verify the effect of carbon on the molecular interaction force.
Meanwhile, the surface-enhanced Raman scattering (SERS)
and electrochemical biosensor measurements were further
used to illustrate the practical implications of these C—TiO,
materials for protein detection and biosensing.

2. EXPERIMENTAL SECTION

2.1. Materials. Lysozyme was purchased from BioDee BioTech
Co. Ltd. (Beijing, China). Phenyl phosphoric acid (PPA, C;H,0,P)
and 16-mercaptohexadecanoic acid (HS(CH,),sCOOH) were
purchased from Sigma-Aldrich Trading Co. Ltd. (Shanghai, China).
N,N-Dimethyl formamide (N,N-DMF, anhydrous), triethylamine
(C¢HsN), and trifluoroacetic anhydride (C,F¢O;) were purchased
from J&K Scientific Ltd. (Shanghai, China). Dichloromethane
(CH,Cl,) was purchased from Sinopharm Chemical Reagent Co.
Ltd, (Shanghai, China). Deionized water was used in all the
experiments.

2.2. Carbon Modification of Mesoporous TiO,. The
mesoporous TiO, materials were fabricated from the potassium
dititanate (K,Ti,O;) fibers as described in our previous work.>"**
The ion exchanging products (H,Ti,O5) were sintered at 300, 500,
600, and 700 °C, respectively, with a heating rate of 2 °C-min™" for 2
h and then naturally cooled to the room temperature in the furnace.
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These prepared mesoporous TiO, samples were named as T300,
T500, T600, and T700, respectively.

Different agents can be used for carbon modification, among which
the silane coupling agent is the most conventional modifier. However,
it has been pointed out that the silicone-based coupling agent
molecules are very sensitive to water on the TiO, surface and are
highly prone to self-agglomeration, weakening the modification
effect.”® The organic phosphine-based coupling molecules (such as
phenyl phosphoric acid, PPA) show high resistance to the water
effect. Considering the mesoporous TiO, materials with strong
hydrophilicity, it is more suitable to use an organic phosphine
coupling agent to adjust its surface properties, and in this work, PPA
was chosen as the modifier. The modification processes were divided
into two steps: (a) grafting of PPA onto TiO, to obtain a PPA
surface-modified sample PPA—TiO,; (b) thermal treatment of PPA—
TiO, to obtain a carbon surface-modified sample C—TiO,.
Specifically, 1.131 g of PPA and 3 g of mesoporous TiO, were
dissolved in the 60 mL of dichloromethane at room temperature with
violent stirring. After stirring for 24 h, the sediments were obtained
with filtration and washed with the acetone-deionized water
(volumetric ratio of 1:1) three times to remove the residual PPA/
dichloromethane, and then the products were dried in a desiccator at
100 °C. Finally, PPA—T300, PPA—T500, PPA—T600, and PPA—
T700 were sintered at 500 °C with a heating rate of 2 °C:min~" and
kept for 6 h under the N, atmosphere. The final modification
products were designated as C—T300, C—T500, C—T600, and C—
T700.

2.3. Characterization. The mesoporous TiO, and C-TiO,
samples were transferred into a clean vial for N, adsorption—
desorption measurements (Micromeritics TriStar II 3020). The
crystalline phases were determined with a Raman spectrometer
(HORIBA LabRAM HR 800) equipped with a He-Cd laser. The
weight loss of the samples was detected with the thermogravimetric
analysis (TGA, Model SDT 2960).

2.4. Lysozyme Adsorption Assays. Approximately 20 mL of
lysozyme solution (1 mgmL™") was obtained by dissolving the
protein in the 0.05 M, pH = 10.0 buffer solution. A series of
mesoporous TiO, (T300, TS00, T600, T700) and C—TiO, (C—
T300, C—T500, C—T600, C—T700) samples (200 mg) were
suspended in the protein solution in closed centrifuge tubes. The
mixtures in the centrifuge tubes were shaken at 30 °C at 180 rpm for
72 h to ensure reaching the equilibrium. To obtain the amounts of
lysozyme molecules adsorbed on the mesoporous TiO, and C—TiO,
at equilibrium, the adsorption mixture was transferred to the
microcentrifuge tubes and spun at 8000 rpm for 10 min, and the
supernatant concentration of lysozyme was determined by measuring
the lysozyme absorbance with a UV—vis spectrophotometer at 4 =
280 nm. The amount of lysozyme bound to TiO, was calculated from
the difference in the initial and final protein concentrations.

2.5. Protein Immobilization on Self-Assembled Monolayer-
Functionalized AFM Tip. The AFM (model: NPG-10, Si;N,, tip
radius as 20 nm) tips, coated with gold, were immersed in SO mL of 1
mM HS(CH,);;COOH solution (the volumetric fraction of a 50%
ethanol solution) and maintained under dark conditions in an
incubator at 37 °C for 12 h. Then, the tips were washed with ethanol
three times and dried with nitrogen. After that, the tips were
immersed in a mixture of N,N-DMF (9.58 mL), triethylamine (0.28
mL), and trifluoroacetic anhydride (0.14 mL) for approximately 20
min.>* After that, the tips were washed with dichloromethane three
times and dried with nitrogen. At last, the tips were immersed in the 5
mg-mL™" lysozyme buffer solution for 12 h, washed with the buffer
solution, and dried with nitrogen.

2.6. AFM Measurements. The adhesion force measurements
were performed with AFM (Bruker, Dimension ICON) in contact
mode at room temperature. The lysozyme-modified tips with normal
spring constants between 0.06 and 0.35 N-m ™" were used throughout
the experiments, and the scan rate was 1.00 Hz. The normal spring
constant of the tip was calibrated using the deflection sensitivity of the
supported cantilever to transform the normal load signals from volts
(V) into the true normal load (N). The calibration of tips was
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performed with the thermal tune method in air over a sapphire
substrate at room temperature. The adhesion forces were measured
with the force—distance curve approach, and 50 force—distance curves
at the maximal adhesion force upon retraction were recorded at
multiple randomly chosen spots for analysis.

The friction force measurement was performed under the same
applied load of 1V, using lateral force images, derived from trace and
retrace tracks of 2 X 2 ym? under the tip at a 90° scan angle to the
cantilevers long the axis (scan rate: 1 Hz). The average lateral force
was given in terms of an output voltage signal, which is half-difference
of the average lateral deflection signal on the photodetector of the
forward and reverse traces. The friction results presented here are the
average of five measurements at independent multiple sample
positions.

2.7. SERS Measurements. TiO, and C—TiO, samples chosen as
the substrates for Raman spectroscopic studies were separately soaked
in the S X 10™* M Cyt C solution [0.1 M phosphate buffer saline
solution, pH = 7.2] at 4 °C for 2 h. The SERS spectrum was obtained
using a HORIBA-Jobin Yvon system (HORIBA LabRAM HR800)
with a 514 nm air-cooled Ar* laser line. The laser power was
controlled at ~5 mW. The typical spectral collection condition was
set to be 20 s of exposure time and two accumulations.

3. RESULTS AND DISCUSSION

3.1. Mesoporous TiO, and C-TiO, Characterization.
The carbon heterogeneous modification process included the
grafting of PPA onto TiO, to obtain PPA—TiO, and the
thermal treatment to obtain C—TiO, as illustrated in Figure 1.

2,2.%,2 e
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Lot 4

- = o8 o=
Mesoporous TiO, Assembly efe o o e Heat C-TiO,
PPA/TIO, treatment
PPA ; : HO 9“ 0.--;1’\" "0;/*’\:.)"
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Figure 1. Schematic representation of the surface modification of
mesoporous TiO, employing PPA as a modifier.

The selected modifier PPA was grafted onto the sample surface
by bonding its phosphoric-based group with the hydroxyl
group on the TiO, surfaces,” and the hydroxyl group of TiO,
was replaced with the carbon after the thermal treatment.
Figure 2a shows Raman spectra (ranging from 100 to 1200
cm™') of the mesoporous TiO, and the corresponding C—
TiO, samples. All of the samples exhibit the characteristic
bands at the frequencies of 144.6, 397.7, 515.7, and 640.8 cm™!

(marked with a solid square in Figure 2a), which represent the
pure anatase TiO, nanocrystals both for mesoporous-TiO, and
C—TiO, samples. Figure 2b shows the local-Raman spectra
(ranging from 1200 to 2000 cm™') in order to identify the
existence and type of carbon on the C—TiO, samples. The G-
band at approximately 1600 cm™" is usually assigned to the Epg
phonon of C sp” atoms, and the D-band at approximately 1340
cm™' is a breathing mode of k-point phonons of Ay,
symmetry,”® which implies that the D-band and G-band
represent the peaks of amorphous and graphene types of
carbon, respectively. These observations demonstrated the
coexistence of amorphous carbon and graphene on the surface
of C=TiO,. No such peak can be observed for the mesoporous
TiO,. Meanwhile, the results from the Fourier transform
infrared (FT-IR) spectra demonstrated the PPA could be self-
assembled into the TiO, surface and the organic composition
of benzene can be transformed into carbon (Figure Sla).
Three peaks (O 1s, Ti 2p, and C 1s) were observed in the X-
ray photoelectron spectroscopy (XPS) pattern of C—TiO,
(Figure S1b), and the percentages of Ti, O, and C elements
were 22.4, 56.4, and 21.2%, respectively, which indicated that
the modification species did not completely cover the TiO,
surface. The values of the isoelectric point (IEP) for the
mesoporous TiO, and C—TiO, samples were obtained from
the zeta potential pH titration curves (Figure S2), and the
results are about 4.5 for mesoporous TiO, but 3.5 for C—TiO,
as listed in Table 1. The reduction of IEPs is due to the
existence of the surface carbon incorporation after modifica-
tion, which may alter electrophoretic mobility.

Table 1. Structural Parameters and IEPs of Mesoporous
TiO, and C—TiO, Measured by BET and Zeta Potential
Measurements

sample “B, nm S, migt  V,, cmg! “Ep
T300/C—T300 8.6/8.0 216.4/213.4 0.40/0.40 4.4/3.3
T500/C—T500 15.5/15.1 96.7/96.1 0.37/0.36 4.7/3.4
T600/C—T600 24.4/24.0 59.3/59.3 0.37/0.36 4.5/3.5
T700/C-T700 31.9/32.4 28.8/28.5 0.20/0.20 4.5/3.5

“f: pore size, nm. bST, BET surface areas, mz-g_l. “V: pore volume,
cm®g ", YIEP: isoelectric point.

It is well known that the hydrophilicity of TiO, is due to the
high concentration of hydroxyl groups on the surfaces, and the
densities of the hydroxyl groups on the mesoporous TiO, and
C—TiO, surfaces can be determined based on TGA measure-
ments. In this work, TGA under the N, flow was conducted for

(a)

(b)

T Anatase

C-T600

Intensity, a.u.

Intensity, a.u.

G-band

D-band —— C-1700 =——"1700
— CT600 =—"T600
e C-TS00 = T500

— C-T300 =——T300

%

Raman shift, cm™

T T T T T T T T T T
100 200 300 400 S00 600 700 800 900 1000 1100 1200

15|0l) lGIOO 17I00 18I00

Raman shifts/ cm™

1200 13'00 14'00 1900

Figure 2. (a) Raman spectrum of mesoporous TiO, and C—TiO, specimens ranging from 100 to 1200 cm™". (b) Local-Raman spectrum of C—

TiO, and mesoporous TiO, specimens ranging from 1200 to 2000 cm™ .
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Figure 3. (a) TGA experiments of mesoporous TiO, and C—TiO, samples sintered at different temperatures. (b) N, adsorption—desorption
isotherms and (c) pore size distribution curves of sintered mesoporous TiO, and corresponding C—TiO, samples.

both mesoporous TiO, and C-TiO, with different pore
structures. The results are shown in Figure 3a. Here, the total
weight losses were attributed to the weight of water molecules
adsorbed on TiO, surfaces and the hydroxyl group on TiO,
surfaces, which can also be regarded as the determination of
the densities of the hydroxyl group on TiO, surfaces. As shown
in Figure 3, the values of distinct reduction in the total weight
loss for T300, T500, T600, and T700 were approximately 12.1,
4.2, 1.7, and 1.2%, respectively. It indicates different densities
of the hydroxyl groups for different TiO, samples, and T300
prepared at low temperature has the highest value among the
four mesoporous TiO, samples. Therefore, the density of the
hydroxyl groups decreases with the increase of calcination
temperature. Meanwhile, the values of distinct reduction in the
total weight loss for C—T300, C—T500, C—T600, and C—
T700 were approximately 9.1, 3.8, 1.4, and 0.8%, respectively.
Therefore, the density of the hydroxyl groups on the C—TiO,
was decreased after the carbon modification compared with
that for mesoporous TiO,. As the reduction of the hydroxyl
groups will mitigate the water adsorption, the carbon
modification can also be considered as one kind of hydro-
phobic treatment.

TiO, is hydrophilic and carbon is hydrophobic. In order to
further verify whether the surface modification is heteroge-
neous instead of full-coverage, the hydrophilic H,O and
hydrophobic CCl, were chosen as the mixed solvents to
investigate and compare the dispersibilities of the mesoporous-
TiO, and C-TiO,. The investigation shows that the
mesoporous-TiO, sample was only suspended in H,O, whereas
the C—TiO, sample was suspended in both H,O and CCIl,
(Figure S3). It indicates again that this carbon modification
forms a heterogeneous surface, exposing both the hydrophobic
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and hydrophilic parts. The content of PPA obtained by X-ray
fluorescence (XRF) listed in Table S1 showed that the content
of P,Og in PPA—TiO, was basically the same as that in C—
TiO, after heat treatment, indicating that there is no volatile
loss of phosphorus during the heat treatment. Hence, the
carbon coverages on C—TiO, were estimated through the
amount of phosphorus and calculated from the XRF data
(Table S1) after the grafting of PPA at room temperature. The
results showed that the TiO, surface is occupied by the carbon
species with a value of 43.4%, which further verified that this
modification is heterogeneous.

The N, adsorption—desorption isotherm is displayed in
Figure 3b, for both the mesoporous TiO, and the
corresponding C—TiO, samples, showing a typical isotherm
of type-IV and indicating the presence of well-developed
mesopores in those samples. The average pore size (f in nm),
BET surface area (Sy in m*g™'), and the pore volume (V,, in
cm’-g ') are summarized in Table 1. The average pore sizes for
T300, T500, T600, and T700 are around 8.6, 15.5, 24.4, and
31.9 nm, respectively, and increase with increasing the calcined
temperature in preparation. On the contrary, the BET surface
area decreases significantly from 216.4 m*g~" for T300 to 59.3
m*g ™! for T700, and the pore volume also decreases but not
remarkably. This indicates that the decrease of the surface area
is not from the pore collapse.

Compared to the mesoporous TiO,, the structure
parameters of the C—TiO, samples are unchanged, as listed
in Table 1. The overlap of the pore-size distributions in Figure
3c further indicates the same pore structures of mesoporous-
TiO, and C-TiO,. Meanwhile, the scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) results (see Figure S4, TSO0 as an example) also
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Figure 4. Linear relationships between the adsorption amount of lysozyme on (a) mesoporous TiO,, (b) C—TiO, samples and the effective surface
area, respectively; the linear relationships between the adhesion force of lysozyme on (c) mesoporous TiO,, (d) C—TiO, samples and the contact
area, respectively; insets: typical force—distance curves for lysozyme on (c) TiO, (T700 as an example) and (d) C—TiO, (C—T700 as an
example); adhesion force of lysozyme interacting with (e) mesoporous TiO,; (f) C—TiO, per unit area vs the number of adsorbed lysozyme

molecules per unit area.

indicated that both the PPA modification and thermal
treatment for carbon forming would not change the pore
structure of TiO,. Therefore, combined with the results above,
we can conclude that the modification only changes the surface
chemistry without influencing the geometric and crystal
structures of the materials.

3.2. Quantification of the Adsorption Capacity. To
study the protein interaction with heterogeneous carbon
modification in C—TiO, where both the adsorption capacity
and adhesion force needed to be measured, lysozyme was
chosen as a model protein because it is a rigid globular protein
and stabilized during the adsorption without changing the
conformation at various conditions. The equilibrium adsorp-
tion amounts of lysozyme (q. in mgg~') on T300, TS00,
T600, and T700 were measured with the values of 78.3, 63.2,
54.2, and 39.2 mg-g~', respectively, and those on C—T300, C—
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TS500, C—T600, and C—T700 are 88.5, 72.1, 61.2, and 42.3
mg-g~', respectively. Comparing the adsorption capacities of
lysozyme adsorbed on either TiO, or C—TiO, with different
geometrical structures, it shows that various pore structures
provide different surface areas and thus vary the adsorption of
lysozyme. For example, T300 (or C—T300) possesses the
largest surface area and then achieves the highest adsorption
capacity, whereas T700 (or C—T700) with the smallest surface
area achieves the lowest adsorption capacity. The different
adsorption capacities for TiO, and C—TiO, with the same
pore structures may be related to the surface chemical
properties. For further comparison and analysis, the adsorption
amounts of lysozyme on TiO, and C—TiO, per unit surface
area were estimated.

In order to obtain the adsorption amounts of lysozyme per
unit surface area, the BET surface areas (St in m*g™") of these
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mesoporous TiO, and C—TiO, were deducted by the surface
areas provided by the size smaller than the size of lysozyme to
obtain the effective surface area (St in m*g™"). In this work,
the effective size of the lysozyme was equal to its geometric
size because the pH condition was under the pI of lysozyme,
that is, lysozyme was neutral. Then, we established the
relationship between St and g, as shown in Figure 4a,b. The
linear relationships show that the adsorption amount per unit
area is proportional to the effective surface area provided by
the samples. The values of q./St were converted to Num./S7t
by dividing by the molecular weight of lysozyme and
multiplying by Avogadro’s number. The values of Num./St
are 2.41 x 10%, 2.92 x 10%, 3.84 x 10', and 5.71 X 10'¢
molecule-number-m™ for T300, T500, T600, and T700,
respectively. For C—T300, C—T500, C—T600, and C—T700,
the values of Num./S}; are 2.76 X 10 3.35 x 10%, 4.34 X
10%, and 6.22 X 10'¢ molecule-number-m ™, respectively.

It was found that the adsorption amount per unit area of
lysozyme on C—TiO, is larger than that on the mesoporous
TiO,. Based on the foregoing section, the effective surface area
of C-TiO, was almost the same before the surface
modification, that is, the modification did not change the
surface pore structure, and thus the change of the adsorption
amount per unit area should result from the change of the
surface chemical properties. This observation can be explained
based on following three reasons: (1) the TiO, surface with
the hydroxyl groups presented on the TiO, surface adsorbs
enzymes only with weak van der Waals interactions,”” while
the hydroxyl groups increase the hydration of TiO,, hindering
lysozyme moving close to the surface.”® Therefore, the higher
the density of hydroxyl groups, the lower the adsorption
capacity. As the modification with carbon decreases the density
of hydroxyl groups presented on the TiO, surface, the
adsorption amount per unit area on C—TiO, is higher. (2)
The zeta potential measurements showed that the IEP of
mesoporous TiO, decreased after the carbon modification,
indicating that C—TiO, carries negative charges, resulting in
relatively strong electrostatic interactions with lysozyme. Thus,
the adsorption increases. (3) As discussed in the foregoing
section, the carbon modification is also a partially hydrophobic
treatment, and the hydrophobic surface is more attractive for
protein adsorption,” leading to a higher adsorption capacity.

3.3. Quantification of the Adhesion Force. The
adhesion forces on the mesoporous TiO, and C—TiO, were
measured by the immobilization of lysozyme clusters on the
AFM-tips. The statistical distributions are shown in Figure S5.
The adhesion force (F, in nN), which represents the total
force between the protein clusters and the TiO, surface,
corresponds to the maximum force jump during retraction
according to the force—distance curves, as shown in Figure
4c,d as the insets for the typical examples of T700 and C—
T700, respectively. In detail, the detected F, of lysozyme with
T300, T500, T600, and T700 are 1.67, 2.78, 4.68, and 10.10
nN, respectively; and those with C—T300, C—T500, C—T 600,
and C—T700 are 3.57, 6.51, 10.40, and 22.51 nN, respectively.
The value of the adhesion force measured by AFM is related to
the contact area between the AFM-tip and the surface, and the
contact areas can be calculated with the Hertz and Johnson—
Kendall-Roberts theories.*” The calculated contact areas (S,
in m?) of the lysozyme interacting with T300, T500, T600, and
T700 are 0.82 X 1071, 1.15 x 107, 1.63 X 107, and 2.72 X
107 m?, respectively. However, the values of S are 1.36 X
10716, 2,03 X 10716, 2.78 X 107, and 4.65 X 107'¢ m? for

9328

lysozyme with C—T300, C—T500, C—T600, and C—T700,
respectively.

The linear relationships between F, and S_ for the systems of
lysozyme interacting with mesoporous-TiO, (Figure 4c) and
C—TiO, (Figure 4d) were established, respectively. F,/S. (nN-
m™2) was obtained for T300, T500, T600, and T700 with the
values of 2.04 X 10'¢, 2.41 x 10'¢,2.87 x 10'¢, and 3.71 X 10'°
nN-m~2, respectively. For C—T300, C—T500, C—T600, and
C—T700, the F,/S, (nN-m™) values are 2.62 X 10'¢, 3.20 X
10%, 3.74 x 10%, and 4.84 X 10'° nN-m 2, respectively. It was
found that the adhesion force per unit contact area between
lysozyme and TiO, increased after the carbon modification,
which is consistent with the increased adsorption amount per
unit area discussed in the foregoing section.

3.4. Quantification of the Molecular Interaction
Force. The force of a single protein molecule with TiO,
(i.e,, molecular interaction force) was obtained based on the
adhesion force per unit contact area measured with AFM (F,/
S. in nN-m™2) combined with the protein adsorption amount
per unit area (Num./S} in molecule-number-m™2). Therefore,
the molecular interaction force was acquired by decomposing
the adhesion forces of the protein clusters with the surfaces,
instead of directly measuring a single protein molecule with the
surfaces, which gives an average force and can, therefore, reflect
the effect of the overall solid surface at the nanoscale. The
relationships between Num./St and F,/S. for mesoporous
TiO, and C—TiO, are shown in Figure 4ef. The slopes in
Figure 4e,f represent the adhesion force of one single lysozyme
molecule interacting with mesoporous-TiO, and C-TiO,,
corresponding to the values of 0.65 and 0.78 nN, respectively.
The results showed that the forces of one single lysozyme
molecule with mesoporous TiO, and C—TiO, were constant,
which is independent of the pore structures. This observation
is consistent with our previous work,”” and it also indicates
that the pore structures cannot be the intrinsic dominant
impactor to determine the immobilization and stability of the
proteins, as the strong force indicates strong interaction of
lysozyme with the solid surface and thus the high stability. The
comparison also shows that the force of lysozyme with C—
TiO, is larger than that with mesoporous TiO,. It is reasonable
as the carbon modification is one kind of hydrophobic
treatment, and the hydrophobic surface achieves high
attraction interaction with protein because of the hydrophobic
force.”"*?*"** It indicates that the surface carbon modification
played an important role in the interaction between the protein
and the solid surfaces, and the carbon modification can
enhance the interaction strength, that is, the immobilization
and stability of the protein.

Meanwhile, we aim at developing a new method to construct
effective coarse-grained (CG) potentials at the mesoscale
between molecules and complex surfaces using data from these
quantified-AFM measurements. Then, these detected molec-
ular interaction forces, based on the AFM measurements, will
be used to develop CG potentials in our future work.

3.5. Effect of the Carbon Coverage on the Molecular
Interaction Forces. Based on the above investigation, the
molecular interaction force of lysozyme interacting with TiO,/
C—TiO, represented one kind of average force. However, the
TiO, surface modified with carbon shows a heterogeneous
surface exposing both carbon and TiO,, and it is hard to
distinguish the contribution from the part of carbon or TiO,.
In order to investigate that, different amounts of the carbon
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spectra of Cyt C on the TiO, and C—TiO, substrates.

were modified on the TiO, surface to study the effect of the
carbon on the molecular interaction force.

Different amounts of carbon modified on the TiO, surfaces
were obtained by changing the stirring temperature when
grafting PPA onto the TiO, surface with T500 as an example.
The amount of the PPA grafting on the TiO, surface increased
with the increase of the stirring temperature (see Table S1),
leading to the increase of the carbon coverage on the TiO,
surface after the calcination treatments. After the modification,
the pore structures of this C—TS00 with different carbon
coverages were almost the same according to the overlap pore
size distributions (see Figure S6). The SEM and mapping
results further indicated the unchanged pore structures and
uniform carbon distribution (see Figure S7). The Raman
results indicate that the intensities of the graphene increased
with increasing the carbon coverages, implying increased
electrotransfer properties of C—TiO, too (see Figure S8).

Herein, the different carbon coverages on C—TiO, were
estimated through the amount of phosphorous and calculated
according to the XRF data (see Table S1). As shown in Figure
Sa, with the increase of the pretreatment temperature, the
amount of the carbon on the TiO, surface was increased,
leading to high carbon coverage. With the treatment at room
temperature and 90, 120, and 150 °C, the TiO, surface is
occupied by the carbon species with values of 43.4, 50.9, 58.3,
and 79.8%, respectively. These further assert that the treatment
can be regarded as a carbon heterogeneous surface
modification.

Based on the measured adsorption capacity of lysozyme
onto these C—TiO, with different carbon coverages and the
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adhesion forces by AFM (see Table S2), F,/S. and Num./S}
were obtained. The relationships between F,/S. and Num./St
for lysozyme onto the C—TiO, with different carbon coverages
were established, where the slope represents the corresponding
force of a single lysozyme molecule interacting with the
heterogeneous C—TiO, surface (see Figure S9). The
molecular interaction forces of lysozyme with heterogeneous
C—TiO, are about 0.86, 0.98, and 0.82 nN for the carbon
coverages of 50.9, 58.3, and 79.8%, respectively (see Figure
Sb). As the molecular interaction force of lysozyme depends
on the carbon coverage, this force of lysozyme with the
heterogeneous C—TiO, was determined by the contributions
of interacting with both TiO, and carbon.

However, it was found that the molecular interaction force
increased and then decreased with the increase of the carbon
coverage, as shown in Figure Sb. The molecular interaction
force was found to be the largest with the carbon coverage of
58.3% with a value of 0.98 nN. When the carbon coverage
further increased to 79.8%, the molecular interaction force
decreased to 0.82 nN. It indicates that the molecular
interaction force is not proportional to the carbon coverage.

For further analysis, the IEPs of these C—TiO, were also
measured according to the zeta potentials (see Figure S10),
and measured values of 3.48, 3.34, 2.89, and 3.16 corresponded
to the carbon coverages with 43.4, 50.9, 58.3, and 79.8%,
respectively. Those for TiO, and carbon are 4.45 and 3.70,
respectively. The values of IEPs decreased and then increased
with the increase of the carbon coverage, and C—TiO, with the
carbon coverage of 58.3% reaches the lowest value, indicating
the largest negative charges for C—TiO, with 58.3% carbon
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coverage. According to the Derjaguin—Landau—Verwey—
Overbeek theory considering both the electrostatic and van
der Waals forces, the increase of charges can result in a
stronger electrostatic interaction (ie, molecular interaction
force) between protein and surfaces,” leading to the force
being the largest for C—TiO, with 58.3% carbon coverage. The
molecular interaction force can directly reflect the immobiliza-
tion and stability of protein, and thus, the C—TiO, samples
with the heterogeneous surface exposing about 58.3% carbon
and TiO, surfaces can achieve high immobilization and
stability of the protein with the surfaces.

3.6. Verification of Molecular Interaction Force by
the AFM Friction. The friction experiment of AFM
measurements can also represent the interaction strength
between the fluid and solid surface.’>** In order to verify the
effect of carbon coverages on the molecular interaction force,
the friction force between lysozyme and C—TiO, with different
carbon coverages was measured. As shown in Figure 6a, the
friction force increased and then decreased with increasing the
carbon coverages, which is consistent with the results of the
molecular interaction forces. The largest friction force was
found for C—TiO, with the carbon coverage of 58.3%,
corresponding to that with the largest molecular interaction
force. Meanwhile, both the molecular and friction forces
decreased when the carbon coverage increased from 58.3 to
79.8%. It is because the larger molecular interaction force
requires more energy to break the interaction to separate the
lysozyme-tip from the C—TiO, surface, which can strengthen
the friction force. The further increased carbon can reduce the
frictional property of C—TiO,, leading to the decreased friction
and molecular interaction forces. It also implies that the further
increased coverage of carbon can increase the contact
probability of the protein with carbon, which can diminish
the immobilization and stability of protein, leading to the
decreased molecular interaction force.

3.7. Further Applications. The heterogeneous C—TiO,
materials keep the advantages of both carbon and TiO,, and
the molecular interaction force becomes stronger compared to
TiO,. This implies that such C—TiO, materials will own high
immobilization and stability of biomolecules as well as high
conductivity and can be promising in different applications. In
order to illustrate the potential applications of these C—TiO,,
SERS detection and electrochemical biosensors were inves-
tigated. For the protein detection, SERS has shown its great
advantages in terms of spectral sensitivity and multiplexing for
protein detections, where Cyt C is a widely used electron-
transfer protein. In this work, Cyt C was used as a typical
model protein for SERS measurement. It was found that all the
band intensities of Cyt C on C—TiO, are stronger compared
with those on TiO,, indicating the enhancement of the
electrotransfer properties for C—TiO,. The reason can be that
the modification forms the graphene types of carbon, and the
existence of graphene enhances the SERS performance.” For
biosensors, GOx is an important model system because it is
critical for the detection of diabetes. The GOx immobilized on
C—-TiO, and TiO, and then the GOx/TiO, and GOx/C—
TiO, were chosen as the sensor electrodes, respectively. It was
found that the response current for GOx/C—TiO, was found
larger than that for GOx/TiO,, indicating a better electro-
transfer property of GOx with C—TiO, (see Figure S11). The
above investigations implied that these C—TiO, materials are
promising in practical applications such as in protein detection
and biosensing, and further work will be done in the future.

4. CONCLUSIONS

In this work, the effect of partial coverage of carbon on the
mesoporous TiO, surface on the molecular interaction forces
was studied quantitatively and systematically based on the
AFM measurements. The heterogeneous carbon modification
can remove hydroxyl groups from the TiO, surface, without
any changes on the geometric and crystalline structures of the
TiO,. The total adsorption capacity and adhesion force of
lysozyme molecule with C—TiO, are higher than that for the
original (unmodified) TiO,, and the force of a single lysozyme
with heterogeneous C—TiO, is also stronger than that of
unmodified TiO,. The stronger interaction resulted from two
parts: one is the electrostatic force due to the decreased IEPs
of C—TiO, after modification; the other is the hydrophobic
interaction of C—TiO, with protein due to the carbon
modification. The molecular interaction force is independent
of the pore structures but does depend on the varied carbon
coverages on the C—TiO, surface; it increased and then
decreased with the increase of the carbon coverage on the
TiO, surface, and the carbon coverage with 58.3% achieves the
largest molecular and friction forces, where the immobilization
and stability of protein is expected to be the best. The carbon
coverage with 58.3% was found to be the best coverage degree
for the TiO,—protein system studied in this work. Further
investigations of C—TiO, in the SERS measurements and
electrochemical biosensors indicate that these C—TiO,
samples with partial coverage can simultaneously keep the
advantages of both the hydrophobic carbon and hydrophilic
TiO, and can, therefore, be a good candidate in the
applications of protein detection and biosensing.
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