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ABSTRACT A phospho-directed nanoreactor with multiple functions is reported. Alumina-functionalized
macroporous ordered silica foams (AI-MOSF) have been developed with large pore size, high pore volume
(1.6 cm*/g), and a surface area of 186 m%/g rich in coordination unsaturated Al species, which can be used
as phospho-directed nanoreactors for integrated in situ digestion and in situ phosphoisolation. By directly
adding AI-MOSF to the conventional in-solution digestion system, both enzymes and proteins are quickly
enriched in the macropores of the reactor to achieve a fast proteolysis without increasing the enzyme/
protein concentration or using a preimmobilization process, thus the digestion time and the cost can be
greatly reduced. Meanwhile, due to the chemo-affinity between alumina and phosphor groups, the AI-MOSF
reactor can in situ isolate specific products of the enzymatic reaction (i.e., phosphopeptides) and release
the nonspecific peptides to the solution. This strategy is simple, efficient, and successfully applied in the
detection of phosphoproteins in real samples.
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anomaterials with designed struc-
tures and functions have been
widely used in a range of biologi-
cal applications.” 3 With the development
of state-of-the-art nanotechniques,** vari-
ous nanoreactors with high-throughput
and ultrasensitivity have been fabricated
and have found applications in sensors,®~°
drug delivery,'®'" and crystal growth.'>'3
Currently, many micro/nanoreactors are de-
signed to meet the urgent demand of effi-
cient enzymatic reactions,'*” 22 which is
fundamentally important to understand the
life bioactivities in confined organelle and
also a key procedure in the mass spectrom-
etry (MS)-based proteomics.?® Despite the
tremendous recent success, the function of
developed nanoreactors in modern pro-
teomics is focused principally on accelerat-
ing the enzymatic reaction kinetics and thus
it is difficult to achieve multiple functions.
A new concept of nanoreactor with inte-
grated multi-functions and universal appli-
cations needs to be developed in terms of
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the rising challenges in the large-scale pro-
teomic research toward proteins with spe-
cific chemo groups in the post-translational
modifications (PTMs).2+2°

As one of the most important PTMs, re-
versible protein phosphorylation regulates
a majority of biological processes.?®~2% Nu-
merous efforts have been dedicated to in-
vestigate phosphoprotein through MS tech-
nique as a primary choice.?® Various
phosphorylated proteins exist in cells; how-
ever, the characterization of substoichio-
metric phosphorylation is still a challeng-
ing task. Many phosphoproteins are hard to
be digested and analyzed®*>° because
many of them targeted for phosphoryla-
tion remain at very low concentrations
physiologically and complex in nature.®' Al-
though substantial progress has been made
in phosphopeptide enrichment, 2932734
most of current strategies require multiple
procedures including time-consuming and
labor-intensive predigestion of phosphop-
roteins, then enrichment and post-isolation

of target phosphopeptides. An advanced nano-

reactor that can combine the above func-
tions in one pot is thus of great importance,
which has not been reported until now.
Mesoporous materials have been dem-
onstrated to be good candidates for
nanoreactors.'®3>3¢ Benefiting from their
relatively large pore sizes and high pore vol-
umes, mesoporous materials were em-
ployed to preimmobilize high concentra-
tion of enzymes (or proteins) within the
nanopores to fasten the enzymatic reac-
tion rate and reduce the digestion time.
However, the success is at the expense of
increasing the amount of expensive en-
zymes/proteins, and such a preimmobili-
zation process is also not convenient for
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practical operations. More impor-
tantly, because pure silica does not -
have desired interactions with the
target chemo groups in proteins
with specific PTMs or specific pep-
tides, such nanoreactors cannot
achieve multi-functions without ra-
tional surface modification.'®3>:3¢
Previously, we reported the syn-
thesis of macroporous ordered silica
foams (MOSF) via a supra-assembly
approach using cooperative self- )
assembled vesicles as building W gy S
blocks.?” The formation of MOSFs is
governed by the surface area minimi-
zation rule, similar to the packing
model of bubble-like soft materials.>®
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Scheme 1. (A) lllustration of the structure and mechanism of the AlI-MOSF nanoreactor. (B) Com-

By surface modification of MOSF with
TiO, species, functionalized Ti-MOSF
materials with large surface area and quantities of bind-
ing sites were demonstrated to be effective in the en-
richment of phosphopeptides.®® It is hypothesized that,
by further taking advantage of the very large
macropores, MOSF materials with designed surface
properties can be used as a nanoreactor with enhanced
functions in PTM study.

Herein, we report the synthesis and characteriza-
tion of AI-MOSF based on the surface modification of
MOSF materials by alumina, which can be used as a
multi-functional phospho-directed nanoreactor
(Scheme 1A). As shown in Scheme 1B, by directly add-
ing AI-MOSF into a standard digestion system (without
increasing the amount of enzymes), the digestion of
proteins and the enrichment of phosphopeptides as
well as further isolation process can be completed in
one pot within 30 min, in great contrast to conventional
methods where in-solution predigestions (generally
6—24 h) and multiple procedures for subsequent en-
richment and isolation processes are needed. The
mechanism of phospho-directed nanoreactors is shown
in Scheme 1A. AI-MOSF with very large pores and high
pore volumes (1.6 cm?/g) has ultrafast immobilization
kinetics and high capacity for both enzymes and pro-
teins. After adding AI-MOSF to the conventional diges-
tion system, enzymes/proteins can be in situ enriched in
the nanopores of AI-MOSF promptly with a high local
concentration to undergo a fast nanodigestion. At the
same time, due to the chemo-affinity between alumina
and phosphate groups, the specific phosphopeptides
can be in situ adsorbed in the AI-MOSF, while the non-
specific digestion products (non-phosphopeptides)
were mainly released to the solutions. As a result, the
enriched phosphopeptides can be simply detected. Fur-
thermore, the AI-MOSF nanoreactor can be applied to
achieve a very low detection limit in the analysis of
complex samples.
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RESULTS AND DISCUSSION

Figure 1 displays the scanning electron microscopy
(SEM) images of MOSF and AI-MOSF materials.
Macropores with ~100 nm diameter can be clearly ob-
served for both materials, indicating that the foam-like
structure of MOSF can be well-preserved after surface
modification with alumina. Under SEM observation, no
aggregated alumina are found in AI-MOSF materials,
suggesting that the alumina species exist in a well-
dispersed state in AI-MOSF. The final Si/Al molar ratio
is 5/1 according to the energy-dispersive X-ray (EDX)
spectrometry analysis results. The nitrogen sorption
analysis is carried out for both MOSF and AI-MOSF ma-
terials shown in Figure SI-1 in the Supporting Informa-
tion. The surface area and pore volume of MOSF mate-
rials are 276 m%/g and 2.2 cm®/g, respectively. After
functionalization with alumina, AI-MOSF materials pos-
sess a surface area of 186 m?/g and a pore volume of 1.6
cm?/g. The decrease in surface area and pore volume
of AI-MOSF can be attributed to the incorporation of
AlLOs (with a relatively higher density of ~3.9 cm?/qg)
within the SiO, matrix (with a relatively lower density of
~2.2 cm?3/g). The pore size distribution curves calcu-
lated from the adsorption branch using the
Broekhoff—de Boer (BdB) model show a maximum at
~75 and 70 nm for MOSF and AI-MOSF, respectively
(Figure SI-2 in the Supporting Information). Although

parison between the overall strategy of our approach (upper) and traditional pathways (below).

&

Figure 1. SEM images of the wasp-nest-like MOSF materials (a) and Al-

MOSF nanoreactors (b).
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Figure 2. Solid-state MAS 2’Al NMR spectrum of AI-MOSF
nanoreactors before and after calcinations.

the macropore size cannot be accurately measured by
the N, sorption analysis, it is still possible to estimate
that the macroporous structure of MOSF is well-
preserved after alumina modification process, in agree-
ment with the SEM observations.

Solid state Al nuclear magnetic resonance (NMR)
spectra of AI-MOSF materials both before and after bak-
ing treatment at 500 °C are displayed in Figure 2. For
both materials, three distinct peaks with maxima cen-
tered at 4, 32, and 56 ppm are observed, which can be
assigned to octahedral, pentahedral, and tetrahedral Al
species, respectively.*®*' The obtained spectra for both
materials are clearly different from that for a conven-
tional y-Al,O5 because the spectrum of the latter shows
predominately octahedral and tetrahedral Al species,
while no contribution from pentahedral Al species is
observed.*®*' Meanwhile, the chemical shift of the tet-
rahedral Al peak (56 ppm) is lower than that of bulk
v-Al,O; (65 ppm) and close to that of tetrahedral Al spe-
cies in zeolites and amorphous silica—alumina compos-
ites, suggesting the formation of Al—0O—Si bonds re-
sulting from the incorporation of Al atoms within the
SiO, framework of MOSF.*°~42 After deconvolution, the
percentages of pentahedral and tetrahedral Al species
in terms of the total aluminum species for AI-MOSF be-
fore baking are determined to be 6.50 and 12.85%, re-
spectively. After the baking treatment at 500 °C for 5 h,
the percentages of pentahedral and tetrahedral Al spe-
cies increase to 22.85 and 35.51%, respectively. It is con-
cluded that, due to the dehydration of alumina and fur-
ther Si—O—Al bond formation at high temperature,
the baking process is advantageous for the generation
of high percentages of Al species with unsaturated co-
ordination states, which is crucial for the following
phosphopeptide enrichment. 393

The { potentials of both MOSF and AI-MOSF materi-
als are also measured in the ammonium bicarbonate so-
lution (25 mM, pH ~8). As shown in Figure 3, the { po-
tential of MOSF is measured to be —33.9 mV, whereas
for AI-MOSF, the { potential is increased to —6.8 mV, in
accordance with previous reports for the surface modi-
fication of silica with alumina species.***° In addition,
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Figure 3. Zeta potential distributions of MOSF and Al-
MOSF.

only one narrow peak is observed for AI-MOSF (—6.8
mV), and the peak at —33.9 mV for MOSF cannot be ob-
served after alumina modification, considering that alu-
mina has a higher isoelectric point (pl) of ~9.8 com-
pared to silica (pl ~2).*> The above observations as well
as the SEM, N, sorption, and ?’Al NMR results have
shown that the pure silica surface of MOSF has been
successfully functionalized into alumina species for Al-
MOSF, and AI-MOSF has very large pore size, high pore
volume, and a large area of functionalized surface with
coordination of unsaturated Al species.

To further study the potential of AI-MOSF as a
nanoreactor in the enzymatic reaction, the immobi-
lization and the capacity of protein/enzyme in Al-
MOSF were studied. For a phosphoprotein, B-casein,
~98% of the maximum adsorption amount can be
achieved in less than 1 min (as shown in Figure 4a).
Moreover, the immobilization capacity of B-casein
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Figure 4. Adsorption of (a) proteins and (b) enzymes into

Al-MOSF nanoreactors as a function of time.
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Figure 5. Mass spectra of proteolysis products from (a) 30 min Al-MOSF-catalyzed B-casein (20 ng/p.L) digestion, (b) 30 min
in-solution B-casein (20 ng/pL) digestion, (c) 12 h in-solution B-casein (20 ng/pL) digestion; and mass spectra of the sepa-
rated nanoreactors obtained from 30 min Al-MOSF-catalyzed (d) 20 ng/p.L, (e) 2 ng/p.L B-casein, (f) 20 ng/pL «-casein diges-
tion. The peaks marked with an asterisk are for phosphopeptides, while # represents the non-phosphopeptides. Detailed in-
formation of the identified phosphopeptides can be found in Table SI-1 in the Supporting Information.

is 350 mg (g AI-MOSF) . In the case of trypsin, an
enzyme generally used to digest proteins, the immo-
bilization capacity adsorbed in AI-MOSF is 460 mg
(g AI-MOSF)~ . Similarly, the maximum immobiliza-
tion capacity is obtained within 1 min (Figure 4b). In
a typical digest system, the concentration of the pro-
tein (B-casein) is as low as 0.02 mg/mL. It is not con-
venient to measure the immobilization capacity of
B-casein in AI-MOSF at such a low concentration.
Nevertheless, considering the large immobilization
capacity of B-casein in AI-MOSF (350 mg/g) mea-
sured at a higher B-casein concentration (1 mg/mL),
it can be roughly estimated that an AI-MOSF concen-
tration of ~0.06 mg/mL should be used. In our fur-
ther digest experiments, the AI-MOSF concentration
is increased to 0.13 mg/mL in order to immobilize
the maximum amount of proteins into AI-MOSF (see
Methods section). Assuming that the majority of
B-casein can be quickly absorbed from in-solution
into the macropores of AI-MOSF, a concentration in-
crease of ~4800 times can be calculated. Because
the immobilization capacity of trypsin in AI-MOSF is
also high (460 mg/g) and the weight ratio of trypsin
to B-casein is 1:30, the relatively smaller amount of
trypsin can also be adsorbed quickly into AI-MOSF. It
is expected that the in situ enrichment of proteins
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and enzymes into AI-MOSF may greatly enhance
the effective collision between biomolecules and in-
crease the enzymatic reaction kinetics. Moreover,
the high surface area of functionalized Al-MOSF can
be used to selectively capture phosphopeptides af-
ter digestion. Thus, AI-MOSF can be used as a multi-
functional nanoreactor in not only enzymatic reac-
tion but also the selectively enrichment of
phosphopeptides.

The performance of the AI-MOSF nanoreactor
with multiple functions has been tested by the
analysis of B-casein using the matrix-assisted laser
desorption/ionization time-of-flight mass spectrom-
etry (MALDI-TOF MS). First, we studied the function
of the AI-MOSF nanoreactor to accelerate the protein di-
gestion. Figure 5a—c displays the peptide mass finger-
printing (PMF) spectra of B-casein digest (20 ng/p.L)
with different methods. As shown in Figure 5a, 10
peptides are observed after digestion by directly
adding AI-MOSF (0.13 mg/mL) in the digestion sys-
tem for 30 min. For comparison, only three peptides
are observed in the case of the standard in-solution
digestion for 30 min (Figure 5b). For the standard
overnight (12 h) in-solution digestion, seven pep-
tides are detected in the mass spectrum (Figure 5c).
By comparing the above results, it is confirmed that
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Figure 6. PMF spectra of 20 ng/p.L bovine milk from (a) in-solution digested in 24 h and (b) separated

Al-MOSF nanoreactors after nanodigestion and phosphoisolation for 30 min; the peaks marked with
asterisk are for phosphopeptides, while # represents the non-phosphopeptides.
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Al-MOSF can be used as a nanoreactor to largely en-
hance the digestion efficiency and greatly reduce
the digestion time.

Besides the highly efficient proteolysis, the Al-
MOSF can also perform in situ specific enrichment to-
ward phosphopeptides meanwhile considering the
chemo-affinity of coordination unsaturated alumina
species toward the phospho groups.*® After the ef-
fective digestion, AI-MOSF was separated and de-
tected by the MALDI-TOF MS. As shown in Figure 5d,
three phosphopeptides obtained from B-casein with
mass/charge (m/z) of 2061.7, 2556.2, and 3122.2
dominate the mass spectrum. The tetraphosphory-
lated peptide signal (m/z of 3122.3) takes a majority
place in the mass spectrum, and the dephosphory-
lated fragments of tetraphosphorylated peptide (m/z
of 3042.2, 2962.2) can also be observed. The results
show that a multi-functional nanoreactor combining
ultrafast digestion and specific enrichment of target
peptides can be realized, which largely reduce the
reaction time and show great potentials in the high-
throughput proteomic research. The multi-functions
of AI-MOSF were further investigated in the detec-
tion of B-casein at a low concentration of 2 ng/pL.
As shown in the mass spectrum (Figure 5e), the peak
at m/z of 3122.2 as well as the dephosphorylated
fragments (m/z of 3042.2) can be observed with a
high signal-to-noise. The concept of using Al-MOSF
as a multi-functional
nanoreactor in the phosphoprotein analysis is fur-
ther testified by the detection of another phospho-
rylated protein a-casein. Similarly, the in situ diges-
tion of the a-casein (20 ng/pL) and phophopeptide
enrichment are completed in the nanoreactor within
30 min. The mass spectrum displays that nine phos-
phopeptides including single and multiple phospho-

METHODS

Chemicals. Tetramethoxysilane (TMOS), EO,,PO7,EOy, [de-
noted P123, where EO is poly(ethylene oxide) and PO is
poly(propylene oxide)], aluminum isopropoxide and ammo-
nium bicarbonate were purchased from Aldrich. Trypsin
(from bovine pancreas), a-casein (from bovine milk, 90%),
and B-casein (from bovine milk, 90%) were obtained from
Sigma. 2,5-Dihydroxybenzoic acid (DHB, 99.9%), acetonitrile

\\&) VOL.3 = NO. 11 = QIAN ET AL.

Figure 6a presents a MALDI
mass spectrum of the sample
treated by the 24 h tryptic di-
gestion. Only two weak signals of phosphopeptides at
m/z of 2061.8 and 3122.2 appear together with abun-
dant non-phosphopeptide signals. However, by adding
Al-MOSF into the bovine milk digest solution for only
30 min, we can see that all of the nine dominating peaks
observed in Figure 6b are attributed to phosphory-
lated peptides, including six peptides generated from
a-casein and the other three from B-casein. The above
results have demonstrated the strong potential of Al-
MOSF nanoreacror toward the phospho-analysis of a
complex sample.

CONCLUSIONS

In summary, an alumina-functionalized
macroporous material AI-MOSF has been success-
fully synthesized and used as a phospho-directed
nanoreactor with multiple functions, which combine
the in situ proteolysis and enrichment via one simple
integrated step but with high efficiency. By directly
adding AI-MOSF to the conventional digestion sys-
tem, the proteins/enzymes can be enriched in the
nanopores quickly to greatly reduce the digestion
time. Meanwhile, the specific phosphopeptides are
enriched in the nanoreactor due to the chemo-
affinity between phospho groups and alumina. As a
result, our strategy using AlI-MOSF nanoreactor pro-
vides a simple, cheap, and efficient solution com-
pared to previous methods. The phospho-directed
nanoreactor has been demonstrated to be effective
for not only standard phosphoproteins but also bio-
complex samples. It is anticipated that, by the ratio-
nal design of functional macroporous materials, ver-
satile nanoreactors with enhanced multi-functions
and desired selectivity can be fabricated, which may
find applications in enzymatic catalysis and modern
proteomics.

(ACN, 99.9%), and trifluoroacetic acid (TFA, 99.8%) were pur-
chased from Merck. All reagents were used as received with-
out further purification. Deionized water (18.4 M() - cm) used
for all experiments was obtained from a Milli-Q system (Milli-
pore, Bedford, MA).

Synthesis and Characterization of Materials. Pure silica MOSF mate-
rials were synthesized according to our previous report.” Typi-
cally, the synthesis was carried out at 35 °C in a buffer solution
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(pH of 5) with TMOS as a silica source and P123 as a template.
The final MOSF products were obtained after calcination at 550
°C for 5 h. For the modification of MOSF with alumina, 0.3 g of
aluminum isopropoxide was dissolved in 30 mL of toluene. Then
0.1 g of calcined MOSF was added, dispersed, and refluxed at
110 °C for 8 h. The mixture was then filtered and washed by tolu-
ene and ethanol three times. The resulting materials were dried
and baked at 500 °C in air for 5 h to obtain the final AI-MOSF
material.

Scanning electron microscopy (SEM) images were re-
corded on a JEOL 6400 microscope operating at 10 kV, and
the samples were coated with gold. The element molar ratio
was measured by the energy-dispersive X-ray (EDX) spectros-
copy. Nitrogen sorption isotherms of samples were obtained
by a Quantachrome’s Quadrasorb S| analyzer at 77 K. Before
the measurements, the samples were degassed at 180 °C for
6 h in vacuum. The magic angle spinning (MAS) Al NMR
spectra were recorded on a Bruker DSX 300 NMR spectrom-
eter operating at a resonance frequency of 78.2 MHz (0.3 ps
as a pulse width). A { potential meter (Malvern Zetasizer
Nano) was used to measure the { potentials of materials at
298 K in pH = 8 ammonium bicarbonate buffer solution.

Immobilization of Proteins/Enzymes into Al-MOSF. For the immobili-
zation test, 2.0 mg of AI-MOSF was added into 4 mL of protein so-
lution (1 mg/mL) in the ammonium bicarbonate buffer (25 mM,
pH ~8.0). The mixture was stirred at 298 K for different time to
reach the adsorption maximum. The adsorbed amount was mea-
sured using a difference method with protein concentrations de-
termined before and after adsorption by UV absorption at 280
nm on a V-550 UV/vis spectrophotometer.

Digestion and Isolation of Phospho Species for MALDI-TOF MS Analysis.
For in-solution digestion, 1 mg of a-casein or B-casein was dis-
solved in 1 mL of ammonium bicarbonate (25 mM, pH ~8) sepa-
rately, denatured at 100 °C for 5 min and digested for overnight
(12—24 h) at 37 °C with an enzyme to protein ratio of 1:30 (w/w).
For the digestion in the presence of AI-MOSF, 2 uL of 20 mg/mL
Al-MOSF was directly added into 300 L of a-casein or B-casein
in-solution digestion system (20 ng/pL or 2 ng/plL) and incu-
bated at 37 °C for 30 min. For the biosample, 30 p.L of bovine
milk was diluted in 900 pL of NH;HCOs aqueous solution at 25
mM. This solution was then centrifugated at 16 000 rpm for 15
min, and the supernatant was collected for tryptic digestion.

After the digestion, the mixture was centrifugated to sepa-
rate the deposits and the supernatant followed by MALDI-TOF
MS detection of two parts individually. The deposits were
washed by a solution of 0.1% TFA (50% ACN/water) 20 p.L two
times. Finally, 10 pL of 0.1% TFA (50% ACN/water) was added to
the deposits, and the suspension (1 pL) was directly deposited
on the MALDI plate. After evaporation of the solvent, 0.5 p.L of
DHB (10 mg/mL in 50% ACN/water, 1% H3PO,) was added and
dried at room temperature. The MALDI-TOF MS experiments
were performed on a Bruker Microflex equipped with a nitro-
gen laser operated at 337 nm. The data analysis and peptide se-
quence were performed using the flex Analysis software from
Bruker.
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