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Designed Synthesis of Organosilica Nanoparticles for Enzymatic
Biodiesel Production

Mohammad Kalantari, Meihua Yu,* Manasi Jambhrunkar, Yang Liu, Yannan Yang, Xiaodan Huang
and Chengzhong Yu*

Porous nanomaterials are of great significance in enzyme immobilization by addressing the intrinsic issues of the native form
of enzymes, such as low enzymatic activity and reusability. In this work, we report the successful fabrication of benzene-
bridged dendritic mesoporous organosilica nanoparticles (BDMONs) with highly enriched benzene groups in the pore
channel wall by a delayed addition method. The developed BDMONs were explored as nano-carriers for lipase
immobilization. This platform exhibited a specific activity 6.5 times higher than that of the free enzyme with an excellent
reusability, enhanced thermal and pH stability. It is demonstrated that both the hydrophobic benzene groups and dendritic
large-pores are responsible for the superior performance of immobilized lipase by comparing with dendritic mesoporous
silica nanoparticles, ethane-bridged dendritic mesoporous organosilica nanoparticles, and benzene-bridged MONs without
large-pores. In particular, the designed nanobiocatalyst functions better than free enzyme in the transesterification of corn
oil to produce biodiesel; showing 93% conversion in the first cycle while retaining 94% of the initial catalytic ability after 5

cycles.

Introduction

Lipase-mediated transesterification reaction is regarded as an
extremely promising process to produce biodiesel with high-purity
products under mild and environmentally friendly conditions.? Yet,
the application of native lipase is limited mainly by the poor catalytic
performance.2 Over the past few decades, nanomaterials have
played a key part to address critical hindrances of fundamental
research and also a variety of promising applications, such as
detection,3 4 supercapacitors,> self-assembly of biomolecules,® and
solar energy conversion,” LEDs.2 In particular, immobilization of
lipase on desired nanomaterials has been developed as an elegant
approach to improve the activity of immobilized lipase.® Through the
interaction with a hydrophobic carrier such as hydrophobically
modified silica,’® periodic mesoporous organosilica,* graphene
oxide,12 13 or carbon dots!4, the configuration of lipase molecule is
altered, making the active site more accessible and thus enhancing
the activity. It is also well-documented that the activity of
immobilized lipase enhances along with the increase of hydrophobic
property of the carrier.l® Meantime, the architecture of catalyst
carriers also plays a crucial role
improvement.’®> In this regard, dendritic mesoporous silica
nanoparticles (DMSNs) with large central-radial pore channels and

in the catalytic activity

highly accessible internal surface areas have been lately developed
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as an excellent platform for a wide range of applications.16-18
Immobilized metallic-based (e.g., ruthenium,!® tantalum hydride,2°
and gold?!) and enzyme-based (e.g. horseradish peroxidase??)
catalysts on DMSNs have shown outstanding activity and stability
attributed to their unique dendritic architecture. The open structure
of DMSNs not only facilitates the accessibility of substrate to the
catalyst but also protects catalyst species embedded in the pore
channels against harsh conditions.?3 24 Very recently, we report the
physical adsorption of lipase on octadecylalkyl modified DMSNs.25
High content C18 terminal chains on the pore surface of DMSNs
created an ideal hydrophobic environment and induced interfacial
activation of lipase, leading to a specific activity 5.2 times higher than
that of free enzyme. However, the high content C18 end groups
cause steric hindrance for chemical grafting lipase to overcome
leaching problems.26 Thus, simultaneous control over a highly
hydrophobic wall composition, a modifiable external surface, and an
easily accessible pore structure are of great importance to further
improve the catalytic performance of chemically immobilized lipase.

Mesoporous organosilica nanoparticles (MONs) with various
organic bridge groups incorporated inside the silica framework have
been successfully synthesized to enhance the functionality of silica
materials.?’” The surface of MONs can be modified with different
functional moieties through the free hydroxyl groups on their pore
surfaces to introduce functional moieties and host biomolecules.?8 2°
Benzene group grafted silica foam demonstrated higher lipase
activity compared with those modified with other organic groups,°
suggesting that a benzene-bridged carrier could be an ideal platform
for lipase immobilization. Shi group recently advanced hollow
benzene-bridged MONs (BMONs) based on a hard-templating
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approach.30-32 The prepared particles are highly dispersed, however,
the organic content (7 wt% carbon) is limited for hyperactivation of
lipase. Later, Yang and co-workers developed a biphasic synthesis
approach to synthesize small-sized BMONs with a relatively large
pore size of 7.6 nm but a limited mesopore volume (<0.3 cm3 g1).33
Therefore, it is an ongoing challenge to develop BMONs concurrently
with a large-pore dendritic structure, high pore volumes and high
hydrophobic contents for lipase immobilization.

Herein, we report the successful fabrication of monodispersed
benzene-bridged DMONs with exceptional hydrophobic contents.
Our success relies on a designed delayed addition strategy in which
(BTEB)) s
introduced 15 min after inorganic precursor tetraethyl orthosilicate
(TEOS) into a basic aqueous solution, containing triethanolamine

organic  precursor (1,2-bis(triethoxysilyl)benzene

(TEA) as catalysts, cetyltrimethylammonium bromide (CTAB) and
sodium salicylate (NaSal) as templating surfactants (Fig. 1A). This
approach provides enough time to form primary dendritic
mesoporous silica nanoparticles (Fig. 1B) acting as nucleation sites
for subsequent co-condensation of silica sources derived from BTEB
and remaining TEOQS, leading to the formation of benzene groups
enriched dendritic pore channels (Fig. 1C). In the conventional
method, BTEB and TEOS are added into the reaction solution
simultaneously, which results in the formation of aggregated
nanoparticles with irregular shape, dendritic-like pore channels on
the surface and much lower benzene groups in the wall (Fig. 1D).
After surfactant removal and post-modification of trimethoxysilane
aldehyde (TMSA) (Fig. 1E), monodispersed BDMONSs are covalently
bound with lipases to avoid leaching of enzymes (Fig. 1F), which show
a superior catalytic activity (6.5 times higher than that of the free
enzyme), outstanding reusability, enhanced thermal and pH stability.
In addition, by comparison with the performance of dendritic
mesoporous silica nanoparticles (DMSNs), BDMONSs with small pores
and  ethane-bridged  dendritic
nanoparticles (EDMONSs), it is concluded that the extraordinary

mesoporous  organosilica
performance of immobilized lipase on BDMONSs relies on the
increased hydrophobic content and uniform dendritic structure. This
designed nanobiocatalysis shows a great potential in the production
of biodiesel with 93% conversion activity and high reusability (94%

M
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X B
HO
+TEOS BTEB
GHy Br 15 min later

HaG(HzChis—N*-CHs D
CHg ;
+TEOS/BTEB
HOL o~ OH i e o e e
OH

Surfactants removal §

@ silica/surfactants

Silica

)

Experimental
Chemicals

All chemicals were used as received without further purification.
CTAB, TEA, NaSal, TEOS, BTEB, 1,2-bis(triethoxysilyl)ethane (BTEE),
hydrogen chloride, toluene, ethanol, methanol, lipase from Candida
rugosa, 4-nitrophenyl palmitate (pNPP) and corn oil were purchased
from Sigma-Aldrich. TMSA was purchased from United Chemicals
Technologies. Doubly distilled water obtained from a laboratory
purification system was used for all experiments.

Synthesis of BDMONSs

In a typical synthesis, TEA (34 mg) was dissolved in distilled water
(12.5 ml) at 80 °C. After intensive stirring for 30 min, CTAB (190 mg)
and NaSal (42 mg) were added and the solution was kept stirring for
1 h. TEOS (1.34 ml) was added to the solution under stirring for 15
min, followed by the addition of BTEB (1.17 ml, molar ratio of BTEB
to TEOS was 0.5). The reaction solution was kept stirring for 18 h. The
precipitates were collected by centrifugation at 20000 rpm for 15
min and then washed three times with ethanol to remove the
residual reactants. The as-synthesized samples were extracted at
70°C for 6 h in acidic ethanol (3 mL of 37% HCl in 50 ml of absolute
ethanol) for three times to remove the template CTAB. For
comparison, other BDMONSs were prepared with a molar ratio of
BTEB to TEOS was 0.67, 1 or 1.5, while keeping the total silica sources
molar and all other synthesis parameters constant. In another
experiment, TEOS and BTEB with a molar ratio of 0.5 were added to
the reaction solution at the same time. To further investigate the
effect of shorter and longer time delays, BTEB was added to the
reaction solution 5 min and 30 min after addition of TEOS while the
molar ratio of BTEB to TEOS was 0.5 and all other synthesis
parameters kept unchanged. The final products were denoted as
BDMONSs-x-y, where x and y indicate the time gap between the
addition of TEOS and BTEB and the molar ratio of BTEB to TEQS,
respectively (please see Table S1).

Synthesis of DMSNs

For the preparation of dendritic mesoporous silica nanoparticles
(DMSNSs), the as-synthesized BDMONs-15-1 sample was calcined at
600 °C in air for 6 h to remove organic contents and surfactants.

+
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Fig. 1 Schematic illustration of the proposed mechanism of the delayed addition method for synthesis of BDMONs and subsequent lipase immobilization on BDMONSs.
(A) Surfactants and catalyst; (B) Primary dendritic mesoporous silica nanoparticles; (C) BDMONs with benzene groups enriched dendritic pore channels; (D) Aggregated
BDMONSs obtained by the conventional approach with same time addition of BTEB and TEOS into the reaction solution. (E) BDMONSs after surfactant removal and post-
modification of TMSA; (F) BDMONSs with covalently bond lipase.
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Synthesis of BONs-SP

For the synthesis of small-pore BDMONSs, the above procedure for
preparation of BDMONs-15-1 was followed except that NaSal was
not used in the reaction system.

Synthesis of EDMONs-15-1

Ethane-bridged dendritic mesoporous organosilica nanoparticles
(EDMONSs) were synthesized following the procedure described
above to prepare BDMONs-15-1 except for that same molar amount
of BTEE was used as organosilica precursor instead of BTEB and the
amount of NaSal was increased to 84 mg.

Materials Characterizations

Transmission electron microscopy (TEM) and corresponding element
mapping experiments were carried out on a HT7700-EXALENS
operated at 200 kV. The samples for TEM were dispersed in toluene
by sonication and then supported onto a holey carbon film on a
copper grid. Field emission scanning electron microscopy (SEM)
images were obtained on a JEOL 7800 microscope operated at 1 kV.
For SEM measurements, the samples were dissolved in toluene and
then dropped to the aluminium foil pieces and attached to
conductive carbon film on SEM mounts. The nitrogen adsorption-
desorption isotherms were measured at 77 K on a nitrogen
adsorption device (Micromeritics ASAP Tristar |l 3020). The samples
were degassed under vacuum for 18 h at 110 °C before analysis. The
Brunauer-Emmet-Teller (BET) method was used to estimate the
specific surface area. The pore distribution was derived from the
adsorption branch of the isotherms using the Barret-Joyner-Halanda
(BJH) method. Elemental analysis (EA) was carried out by a CHNS-O
Analyzer (Flash EA1112 Series, Thermo Electron Corporation). X-ray
photoelectron spectra (XPS) were collected on a Kratos Axis Ultra X-
ray photoelectron spectrometer (PerkinElmer). Fourier transform
infrared (FTIR) spectra were conducted on a Thermo Nicolet Nexus
6700 FTIR spectrometer equipped with a Diamond ATR (attenuated
total reflection) Crystal. For each spectrum, 64 scans were collected
at a resolution of 4 cm™! over the range 400-4000 cm™1. To evaluate
the inner pore surface hydrophobicity/hydrophilicity, the adsorption
of water and hexane vapor was carried out at 25 °C.3* Briefly, the
powder sample (20 mg) was placed in a glass bottle without a lid and
heated to 110 °C under a high vacuum of 0.9 mbar to remove all
impurities for 3 h. After cooling the glass bottle (with a lid) to room
temperature, the glass bottle (without a lid) was kept in contact with
the water or hexane vapor for sufficient time at 25 °C. The adsorption
capacity of the sample was estimated according to the mass change
of the sample after the adsorption process using a digital
microbalance (Model YP/1002, with a sensitivity of 0.1 mg). All
adsorption experiments were performed in triplicate to ensure the

This journal is © The Royal Society of Chemistry 20xx
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reproducibility of the data. 2°Si cross-polarization magic-angle
spinning (CP-MAS) and 13C CP-MAS NMR spectra were recorded on a
Bruker Avance Ill spectrometer with a 7T magnet, Zirconia rotor,
4mm, rotated at 5 kHz.

Time-dependent study of the formation of BDMONs-0-0.5 and
BDMONSs-15-0.5

TEM analysis was used at different reaction times to monitor the
structural evaluation of particles. In a typical experiment, one drop
of the reaction mixture was collected at different reaction times (15,
30, 45, and 60 min, 3, 6, and 18 h), centrifuged, and washed with
ethanol prior to TEM analysis. For both samples, the time was
counted after the addition of TEOS to the reaction mixture.

Preparation of Aldehyde-functionalized Nanoparticles

In a typical experiment, particles (150 mg were vacuum dehydrated
at 120°C for 6 h and then suspended in dry toluene (20 mL). The
mixture was refluxed for 1 h at 110°C, followed by the addition
trimethoxysilane aldehyde (1.05 mmol). The product was collected
after 18 h by centrifugation at 20000 rpm for 10 min and then
washed with ethanol for three times. The final samples were dried in
the hood at room temperature overnight.

Lipase immobilization

To covalently immobilize lipase on nanoparticles, lipase solution (5
ml, 0.1 mg mlin 100 mM sodium phosphate, pH 7.4) was added to
aldehyde functionalized particle solution (5 ml, 2 mg ml-1in 100 mM
sodium phosphate, pH 7.4) and shook at 25 °C, 200 rpm. After 17 h,
the suspension was centrifuged at 5000 rpm for 5 min and washed
three times with sodium phosphate (100 mM, pH 7.4). The lipase
concentration in supernatants was determined by the Bradford
method. The amount of immobilized enzyme was measured and
calculated by subtracting the amount of lipase in supernatant from
the initial lipase content used for the immobilization.2*

Lipase activity assay

The hydrolysis of 4-nitrophenyl palmitate (pNPP) in sodium
phosphate buffer (100 mM, pH 7.4) was applied to measure the
activities of the free and immobilized lipases.3> In a typical
experiment, immobilized lipase solution in sodium phosphate buffer
(100 mM, pH 7.4) was placed in a cuvette. After attainment a
constant absorbance at 410 nm, the pNPP substrate solution (150 pl,
10 mM in 2-propanol) was added and the increase of the absorbance
at 410 nm was recorded using UV-Vis spectrophotometric
instrument (UV-2450, Shimadzu Company) to monitor the intensity
observation, representative the release rate of p-nitrophenol (pNP)

for approximately ten minutes against a reference with the same
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volume and amount of buffer and enzyme solution. For the free
lipase, the same amount of lipase was mixed with the reaction media
under the assay conditions. The activity was calculated using
following equation:

(AA = AApygni) XV
&
in which, 4A, AApink, V, and ¢ are the change of absorbance at 410

Activity =

nm (a.u. min), change of absorbance without lipase (a.u. mins), the
volume of the assay (ml), and extinction coefficient (a.u. ml mol?
min-1), respectively.3®¢ The change of absorbance for a blank run
without lipase was almost zero and the volume of the assay was
identical for both tests. The relative activity was defined as the ratio
of specific activity of immobilized lipase to the specific activity of free
lipase.

Reusability assay

The reusability of the immobilized lipases was studied by repeating
use of immobilized enzymes to catalyse the hydrolysis reaction of
pNPP under the activity assay conditions mentioned above. The
duration of each cycle was 10 min. After each activity assay,
immobilized lipases were separated from the reaction system by
centrifugation, washed three times with buffer solution to remove
all of the substrate and products from the sample and applied in the
next activity measurement with fresh substrates. The relative activity
was defined as the ratio of the residual activity to the initial activity.

Thermal stability assay

The effect of temperature on the activity of the free and immobilized
lipases was studied by incubating in phosphate buffer (100 mM, pH
7.4) at temperatures ranging from 30 to 70 °C for 60 min followed by
measuring the enzymatic activity. The relative activity was defined as
the ratio of the residual activity to the initial value measured at 30
°C, pH 7.4 (the initial activity was defined as 100%).

pH stability assay

The effect of pH on the activity of the free and immobilized enzymes
was determined by incubating at room temperature in phosphate
buffer (100 mM) at pH ranging from 3 to 9 for 10 min followed by
determination of enzymatic activity. The relative activity was defined
as the ratio of the residual activity to the initial value measured at 30
°C, pH 8 (the initial activity was defined as 100%).

Biodiesel production

Free and immobilized lipases were used for biodiesel production by
transesterification of corn oil with methanol. The reactions were
conducted at 40 °C on a shaking incubator at 120 rpm. A typical
reaction mixture consisted of corn oil (3 ml), 1.5 ml of distilled water,
a weighed amount of the biocatalysis (containing 5 mg of lipase) or
free lipase (5 mg), and a two-step addition of methanol with 250 pl
of methanol in each step.37 After 24 h, the residual methanol in the
reaction mixture was removed with the help of a rotary evaporator
at 70 °C for 2 h, and then glycerol was separated from the reaction
mixture by centrifugation at 10000 rpm for 10 min. The conversion
of corn oil to methyl esters was measured by DGU-20A3 high-
performance liquid chromatography (HPLC) (Shimadzu, Tokyo,

4| J. Name., 2012, 00, 1-3

Japan) instrument equipped with an auto-injector and ultraviolet
detector of 210 nm. The column was Restek Viva C18 set at an
isothermal oven temperature of 54 °C. The mobile phase was 100%
Acetonitrile and 0.05% of TFA with a flow of 0.15 mL/min. Biodiesel
yield was calculated by summing the areas of methyl esters present
in the reaction mixture and on the basis of calibration curves built up
with standards FAME.

Reusability assay for biodiesel production

To evaluate the reusability of immobilized lipase in repeated use, the
immobilized lipase was separated by centrifugation and washed with
buffer. The recovered immobilized enzymes were applied to the next
batch of transesterification using fresh substrates. The assay
conditions were the same as those mentioned above. The relative
conversion was defined as the ratio of the residual conversion
capability to the initial conversion capability.

Results and discussion

Benzene-bridged dendritic mesoporous organosilica nanoparticles
(BDMONSs) were synthesized by a delayed method shown in Fig. 1. To
further control organic group content, BTEB to TEOS molar ratio (y)
was adjusted from 0.5 to 1. The final products after surfactant
extraction were denoted as BDMONs-x-y, where x and y indicate the
time gap between the addition of TEOS and BTEB and the molar ratio
of BTEB to TEOS, respectively (see details in Experimental section and
Table S1).

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to characterize the morphologies and
structures of synthesized particles. Low-magnification SEM images
(Fig. 2a-c) of BDMONSs-15-y reveal that all samples are spherical in
shape with a uniform size of around 196, 195, and 198 nm (y=0.5,
0.67, and 1, respectively). The opening pores on the surface of
particles and dendritic structures can also be clearly seen from high-
magnification SEM images (Fig. 2e-g). From the TEM images of
BDMONSs-15-y (Fig. 2i-k), it can be evidently observed that these
particles have dendritic pore structure and an excellent dispersity. In
other synthesis conditions such as increasing BTEB to TEOS molar
ratio to 1.5 (Fig.S1) or shorter/longer delay time (Fig.52), the
dispersed dendritic structure with large opening pores was lost.
Thus, the obtained samples were not included in the following
studies. Nitrogen sorption analysis was carried out to explore the
porosity of BDMONs-15-y. All nitrogen adsorption isotherms of
BDMONs-15-y (Fig. 3a) show a type IV curve. The corresponding pore
size distribution curves (Fig. 3b) exhibit a similar peak centered at
13.9 nm for BDMONs-15-0.5, BDMONs-15-0.67 and BDMONs-15-1.
The BET surface area and the total pore volume are measured to be
552 m2g1and 0.90 cm3 gl for BDMONSs-0.5, 729 m2gland 1.11 cm?3
glfor BDMONs-0.67, and 677 m2 gl and 1.09 cm3 g1 for BDMONs-1,
respectively (Table 1). To understand the influence of BTEB addition
time point on particle structures, BDMONSs-0-0.5 was prepared under
the conventional approach by simultaneous addition of TEOS and
organic precursors.28 31, 32, 3840 BDMONSs-0-0.5 show big clusters
formed by the irregular shape of particles (around 110 nm in size)

This journal is © The Royal Society of Chemistry 20xx
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with some dendritic-like pore channels on the surface (Fig. 2d, h, and

1). The nitrogen sorption analysis of BDMONs-0-0.5 shows a broad
pore size distribution curve centered at 14.0 nm (Fig. 3b). The BET
surface area and the total pore volume of BDMONs-0-0.5 is 426 m?

g1, and 0.91 cm3 g1, respectively (Table 1).

g :

Fig. 2 SEM (a-h) and TEM (i-l) images of BDMONs-15-0.5 (a, e, and i), BDMONs-15-
0.67 (b, f, and j), BDMONs-15-1 (c, g, and k), and BDMONs-0-0.5 (d, h, and I). Scale
bar is 100 nm.
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Fig. 3 (a) N2 sorption isotherms and (b) pore size distribution curves of BDMONs-
15-0.5, BDMONs-15-0.67, BDMONSs-15-1, and BDMONs-0-0.5.

Table 1. Textural properties, chemical composition and detailed immobilization
results for nanoparticles.

Sample D2 dy® Seer?  Vpd Cea® Cyps A¢®
BDMONs-
196 13.9 552 0.9 23.240.3 38.810.2 5.7
15-0.5
BDMONs-
195 13.9 729 1.11 27.4+0.4 40.5+0.4 6.3
15-0.67
BDMONs-
15-1 198 13.9 677 1.09 29.9+0.3 40.3+0.3 6.5
BDMONs-
0-0.5 NA 14.0 426 0.91 23.4+0.2 22.4+0.5 4.9
DMSNs 165 16.5 577 1.05 0 0 0.75
BONs-SP 76 3.6 478 1.09 29.840.2 40.2+0.3 5.4
EDMONSs-
15-1 201 16.4 249 0.44 10.8+0.1 15.0+0.4 4.1

a) Average particle size (nm); Y Pore diameter calculated by BJH method from the
adsorption branch (nm); <) BET surface area (m2g1); 9 Total pore volume (cm3g?);
e) Carbon weight percentage estimated by EA; ) Carbon weight percentage
estimated by XPS; & Relative activity.

This journal is © The Royal Society of Chemistry 20xx
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To gain information on the distribution of organic contents in
BDMONSs-x-y, samples were characterized by elemental analysis (EA)
and X-ray photoelectron spectroscopy (XPS). As expected, with
increasing the initial molar ratio of BTEB to TEQS, the total carbon
content in bulk sample measured from EA rises from 23.2+0.3% for
BDMONs-15-0.5 to 27.4+0.4 and 29.9+0.3 wt% for BDMONs-15-0.67
and BDMONSs-15-1, respectively (Table 1). The carbon contents on
sample surface determined from XPS are 38.8+0.2%, 40.5+0.4%, and
40.3+0.3% in BDMONSs-15-y (y =0.5, 0.67, and 1, respectively), higher
than those values in bulk samples. These results suggest that
BDMONSs-15-y samples have enriched benzene groups on the
surface. In contrast, the carbon content of BDMONs-0-0.5 measured
by EA (23.4£0.2%) and XPS (22.4+0.5%) is very close but much lower
than those of BDMONSs-15-y (Table 1), indicative of the fairly uniform
distribution of benzene groups for BDMONSs-0-0.5 sample but lack of
organic groups in the pore channels.

Water and hexane vapor adsorption experiments were carried out
to estimate surface hydrophobicity of samples.3* The molar ratio of
adsorbed water to hexane (1) of BDMONs-15-y sample is similar with
0.0083+0.002, 0.0078+0.002 and 0.0074+0.002 for BDMONSs-15-0.5,
BDMONs-15-0.67 and BDMONSs-15-1 respectively, demonstrating
hydrophobic nature of mesopore surface for all samples (A<0.5).10
Comparing to BDMONs-15-y samples, BDMONs-0-0.5 show an
increased A value, suggesting less hydrophobic groups. These results
are consistent with carbon content results from XPS.

BDMONSs-15-1 with a relatively higher carbon content was chosen
for further characterization to confirm organic groups in the
framework. The dark-field scanning transmission electron
microscopy (DF-STEM) and energy dispersive spectroscopy (EDS)
elemental mapping of Si, O, and C elements in the framework of
BDMONs-15-1 (Fig. 4a-d) evidently demonstrates the uniform
distribution of C in the hybrid framework. In the 3C cross-
polarization magic angle spinning (CPMAS) nuclear magnetic
resonance NMR spectrum of BDMONs-15-1, distinct resonances at
132 ppm indicate the presence of benzene group (Fig. 4e).28 The 2°Si
MAS NMR spectrum confirms the presence of both inorganic and
organic moieties in BDMONs-15-1 (Fig. 4f). The two resonances at -
105 and -114 ppm are assigned to the Qs (Si(OSi)3(OH)) and Qa4
(Si(OSi)a) sites, originated from TEOS, while resonances at -66, —-74,
and -83 ppm correspond to T; (C-Si(OSi)(OH),), T2 (C-Si(OSi),(OH)),
and T3 (C-Si(OSi)s) sites, respectively, representing the successful
integration of benzene groups into the framework (Fig. 4f).28 To gain
insight on the organic content of BDMONs-15-1, the integrated peak
area measurements on a percentage basis for Q and T signals were
conducted. The ratio of [(Ti+T2+T3)l/[(T1+T2+T3)+(Q1+Q;)] of
BDMONSs-15-1 is calculated to be around 0.60, suggesting a high
content of the incorporated organic groups.?® It can be concluded
that the delayed addition approach plays a crucial role in the
fabrication of BDMONs with desired high hydrophobic pore
channels.

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 (a) Dark-field STEM image, (b-d) corresponding EDS mapping of Si, O and C
elements in the framework of BDMONs-15-1; (e) 3C CPMAS and (f) 2°Si HPDEC
NMR spectra of BDMONs-15-1.

Chemical shift (ppm)

To shed light on the key role of addition time gap between two
silica sources on the formation of well-defined spherical and uniform
particles, time-dependent experiments were conducted for the
synthesis of BDMONs-0-0.5 and BDMONs-15-0.5 (see the
experimental part for details). TEM analysis was applied to monitor
the structural evolution over the reaction time (Fig. S3). For sample
BDMONSs-0-0.5, nonporous amorphous silica seeds (~10 nm) are
observed at 15 min reaction (Fig. S3 al), which develop into
aggregated larger particles (~50 nm, Fig. S3 bl) at 30 min. By
extending reaction time to 1h, small dendritic mesopores can be
seen on the surface of aggregated nanoparticles (Fig. S3 c1), and the
dendritic-like pores are more distinct at the reaction time of 3h (Fig.
S3 d1). There is no significant change in structure afterward (Fig. S3
el and f1). For BDMONs-15-0.5, well-defined dendritic mesoporous
silica nanoparticles have already formed with a particle size of
around 100 nm and opening large pore size of ~12 nm at the reaction
time of 15 min before addition of BTEB (Fig. S3 a2). It is suggested
that because of the high miscibility and strong electrostatic
attraction between Sal- and CTA* micelles,38 the hydrophobic part of
Sal- moves into the hydrophobic region of micelles and increases the
packing parameter (g) which induces the micelles structural
transition toward vesicular/lamellar structure and eventually form
the central radial structure.*! After adding BTEB, the particle size
steadily increases from 110 nm at 30 min (Fig. S3 b2) to 120 nm at 1h
(Fig. S3 ¢2) and the wall thickness tends to be thicker (around 5 nm
vs 7 nm) as reflected by the higher contrast under TEM observation,
indicating the further deposition and assembly of organic/inorganic
silica sources. By prolonging the reaction time, the dispersity of
dendritic particles improves and the particle size reaches 161 nm at
3h (Fig. S3 d2), 173 nm at 6h (Fig. S3 e2) and finally 196 nm at 18h
(Fig. S3 f2).

For the conventional method with BTEB and TEOS added to the
reaction solution at the same time, it was witnessed that small oil
drops were formed by BTEB because of its strongly hydrophobic
nature as well as slow hydrolysis and condensation rate under basic
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conditions.#2 TEOS is intrinsically hydrophobic, thus TEOS mixed with
BTEB will preferentially stay inside the oil phase at the beginning of
the reaction; supported by the observation that a longer time was
required to form a white solution compared to delayed synthesis
approach with a similar amount of TEOS. As reaction time prolongs,
the hydrolysed organosilica species will forms that own lower charge
density than inorganic silica species derived from TEOS and
consequently hinders the interaction between negatively charged
silica species and positively charged Sal-/CTA* templates under basic
condition.3® That is the reason why crosslinked amorphous
organosilica is formed without defined mesostructure within the first
1 h. It takes a longer time to generate hydrolysed silica species with
sufficient net negative charge to assemble with Sal-/CTA* surfactants
into porous hybrid structures, but with aggregated ill-defined
morphology. In contrast, well-defined dendritic spherical structures
are formed as early as 15 min after addition of TEOS in the delay
method, which act as seeds for the accumulation of silica silicate
anions derived from small remaining TEOS and BTEB sources added
at 30 min. The reported study on particle growth stated that as the
hydrolysis and condensation time of silica sources increased, the final
product tended to form larger and less homogeneous particles.3 It
can be concluded that pre-hydrolysis and condensation time of
inorganic silica sources can be utilized to control the final hybrid
organosilica shape and organic group distribution in the particles.
Lipase with a size of 3.3x4.2x5 nm,2> mostly used for biofuel
production, was immobilized on BDMONs through a covalent
method to avoid the leaching problems during reuse process.*
Aldehyde groups were first grafted on the surface of BDMONSs (Fig.
1E), which was then reacted with the free amino groups of the lipase
molecules to form covalent bonds (Fig. 1F). To examine covalent
binding of lipase on aldehyde-functionalized BDMONs samples,
BDMONSs-15-1
immobilization was monitored using FT-IR analysis. As shown in Fig.
S4, Aldehyde-BDMONSs-15-1 displays peaks at 935 and 1060 cmt
which are associated with stretching vibration modes of Si—OH and
Si—0-Si, respectively.*> The peaks at 2980 and 1150 cm-are assigned

before and after modification and lipase

to stretching vibration modes of C—H and Si—C of the benzene group,
respectively.*® The characteristic peaks appearing at 1380 and 1600
cm! can be attributed to stretching vibration modes of C=C.%¢ The
peak at 1725 cm is associated with the stretching vibrations of C=0
bond in aldehyde groups, representing the successful aldehyde
modification for Aldehyde-BDMONs-15-1 sample.*” For pure lipase,
the bands at 1530 and 1650 cm? are characteristic of the stretching
vibrations of amide | and Il bands, respectively.*® The FTIR spectrum
of Lipase-Aldehyde-BDMONSs-15-1 shows the absorption peak at
1680 cm* which is characteristic of the stretching vibrations modes
of the C=N bond, authorizing the successful covalent attachment of
lipase molecules on the particles via formation of amide bonds
between aldehyde groups (Fig. 1F) on the surface of particles and
amino groups of enzyme molecules.*” It should be noted that in this
study a comparatively similar low lipase loading of 50 mg g (see
details in the experimental section) was designed for all materials to
simplify the assessment of the surface chemistry effect on the
catalytic performance and stability of the immobilized lipase.

This journal is © The Royal Society of Chemistry 20xx
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The hydrolytic reaction of pNPP was carried out as the model
reaction to evaluate the enzymatic activity of the free and
immobilized lipases, based on the catalytic activity curves of tested
samples (Fig. S5) and activity calculation equation (see details in
Experimental part). Relative activity of 5.7, 6.3, 6.5, and 4.9 is
achieved for BDMONs-15-0.5, BDMONs-15-0.67, BDMONs-15-1, and
BDMONs-0-0.5, respectively (Fig. 5a). Compared to the free lipase,
all nanobiocatalyst systems display significantly enhanced activities,
contributed by “interfacial activation” of lipase via the hydrophobic
property of BDMONs.? BDMONs-15-y samples show much higher
catalytic activity than BDMONSs-0-0.5, due to the
hydrophobic benzene groups in the wall of pore channels for lipase
hydrophobic lid opening.10 11 25 |n addition, BDMONSs-15-y with
dispersed properties may enhance the substrate diffusion into the
dendritic mesopores and accessibility to enzymes, compared to

increased

aggregated BDMONSs-0-0.5.1> The slight promotion of immobilized
lipase activity with increasing molar ratio of BTEB to TEOS could be
explained by the slightly increased benzene group contents. The
relative activities of all BDMONSs-15-y samples are higher than those
in previous reports (see Table S2) highlighting the superior
performance of designed BDMONSs for hyperactivation of lipase.

Reusability is the key advantage of the immobilized lipase over the
free one.*® To evaluate the reusability, the samples were used in five
cycles for the hydrolysis of pNPP. As presented in Fig. 5b, all samples
show an exceptional reusability performance, retaining 99% of initial
activity after 5 cycles, highlighting the advantage of the covalent
attachment method to eliminate the lipase leakage during the reuse
process of these lipase immobilized nanocatalysts.

Thermal and pH stabilities are the critical requirement for
industrial application of enzymes.* 4° Fig. 5¢ presents the thermal
stability performance of free lipase and lipase immobilized on
BDMONSs-15-1. The activity of free lipase sharply decreases for
temperatures over 50 °C, maintaining only 3% of its original activity
at 70°C. On the contrary, immobilized lipase on BDMONs-15-1 shows
a significantly improved thermal stability performance under the
same conditions, 57% activity retention after incubation at 70 °C,
proposing that lipase molecules fitted within the pores of BDMONs-
15-1 are more sheltered against higher temperatures.3% As shown in
Fig. 5d, the pH stability curves of free and immobilized enzymes
display a similar trend and a same maximum activity at pH 8.0
(relative activity was measured to be 6.52 times higher than that of
free enzyme). However, the immobilized lipase show higher stability
towards alkaline or acidic conditions compared to free lipase (e.g.
0.97 vs 0.9 at pH 9.0 and 0.15 vs 0.02 at pH 3.0), contributed by the
protection of enzymes immobilized within pores against harsh
conditions.3®

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Activity performance of free and immobilized lipases. The relative activity
was defined as the ratio of the activity of immobilized lipase to the activity of free
enzyme. (b) Reusability performance of immobilized lipases. The relative activity
was defined as the ratio of the residual activity to the initial activity. (c) Thermal
and (d) pH stability performance of free and immobilized lipases. For thermal
stability, the relative activity is defined as the ratio of the residual activity to the
initial value measured at 30 °C (the initial activity is defined as 100%). For pH
stability, the relative activity is defined as the ratio of the residual activity to the
initial value measured at pH 8 (the initial activity is defined as 100%).

To understand the reasons for superior performance of lipase

immobilized on BDMONs-15-1, several control carriers were
prepared for comparison. BDMONSs-15-1 was subjected to
calcination to evaluate the effect of nanoenvironment

hydrophobicity on the lipase activity. Calcined sample named as
DMSNs possesses similar structure as BDMONs-15-1 but with pure
inorganic silica composition (Fig. S6 and Table 1). With a similar
loading capacity of lipase (50 mg g1), lipase immobilized on DMSNs
show a relative activity of only 0.75 (Fig. 5a and Table 1). The sharp
decline of activity compared to that for BDMONSs-15-1 is correlated
with the conformational change of lipase in a hydrophilic
nanoenvironment in which active site is partially covered by the lid
with reduced activity.1° In comparison with BDMONs-15-1, DMSNs
demonstrate much weaker thermal and pH stability protection of
lipase (Fig. 5¢ and d), evidently the crucial role of hydrophobic
microenvironment for enhancement of catalytic activity and stability
of immobilized lipase molecules under harsh conditions.

To explore the contribution of dendritic large pores on the
the lipase,

organosilica nanoparticles with a small pore of 3.6 nm (Fig. S7 and

performance of immobilized benzene-bridged
Table 1) were synthesized without the addition of co-surfactant
NaSal while keeping the other synthesis parameters same as
BDMONSs-15-1 (see experimental section for more details). The final

product after surfactant extraction was denoted as BONs-SP. The
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relative activity is measured to be 5.4 (Fig. 5a and Table 1), lower
than that for BDMONSs-15-1 with similar carbon contents (Table 1),
indicating the advantageous effect of immobilization of lipase inside
the hydrophobic dendritic large pores over immobilization on the
external surface of BONs-SP to induce the lid opening.2> As shown in
Fig. 5¢ and d, BONs-SP improve the thermal and pH stability of
immobilized lipase but is not comparable to BDMONs-15-1. These
results suggest that a dendritic structure is beneficial for superior
protection of immobilized lipase against harsh conditions. In terms
of activity promotion, hydrophobic benzene groups obviously
contribute more than dendritic structure.

To verify the advantages of benzene groups in silica framework
over other organic groups (such as ethane groups), EDMONs-15-1
was prepared simply by substituting BTEB by BTEE (see experimental
section for more details). EDMONs-15-1 also possess dendritic
structure, spherical morphology, and a relatively bigger pore size of
16.4 nm (Fig. S8 and Table 1). The measured bulk and surface carbon
contents (10.8+0.1 wt% and 15.0+0.4 wt%, respectively) were lower
than those for BDMONs-15-1, as the same molar amount of BTEE
contributes less carbon amount than BTEB. The relative activity of
lipase immobilized on EDMONs-15-1 is measured to be 4.1 (Fig. 5a),
much lower than that for BDMONs-15-1 (see Table 1), suggesting
that our intentional choice of BTEB as the organosilica precursor
plays a key role to create an exceptional organic content to open the
lipase lid wider than BTEE for further improved activity. The thermal
and pH stability performance of the EDMONs-15-1 sample is
improved compared to free enzyme but is weaker than that for
BDMONSs-15-1 (Fig. 5¢ and d). Above experiments collectively reveal
that superior performance of BDMONs-15-1 in promoting lipase
activity and stability is risen from its unique features such as dendritic
structure, dispersity, and more importantly tailored high
hydrophobic content.

Immobilized lipase on BDMONSs-15-1 show the best performance
among the samples, hence was further used to catalyse the
transesterification reaction of corn oil. As expected, BDMONs-15-1
exhibits significantly higher conversion of soybean oil to biodiesel
(93%, Fig. 6) in comparison to free enzyme (14%). Fig. 6 also
represents the excellent reusability performance of immobilized
lipase in BDMONSs-15-1, retaining 94% of its original conversion
capability after running 5 cycles, which is attributed to the full
recovery of the biocatalysis as well as the chemical attachment of
leakage during

lipase on the particles, inhibiting enzyme

experiments.50 51
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Fig. 6 Reusability performance of lipase immobilized on BDMONs-15-1 for
biodiesel production.

Conclusions

In summary, an innovative delayed addition method has developed
to fabricate monodispersed BDMONSs with enriched benzene groups
in the channel wall for lipase immobilization. It is demonstrated that
the exceptional hydrophobic content and unique dendritic large
pores of BDMONSs are essential keys to create immobilized lipase
with superior activity, excellent reusability and enhance thermal/pH
stability for biodiesel production. The advanced nanobiocatalysis
system obtained from this work is of great promise in biocatalysis
applications.
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