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M
esoporous silica (MPS) thin film
made by self-assembly of the tri-
block copolymer (poly(ethylene

oxide) (PEO)�poly(propylene oxide)
(PPO)�poly(ethylene oxide) (PEO)) with hy-
drolyzed silicate precursors has generated
substantial interests.1�4 Different mesopo-
rous materials were investigated in applica-
tions such as high surface area catalysis,5�8

molecular sieves,9�12 gas sensors,13 opto-
electronic devices,14�17 and drug
delivery.18�22 Due to its well-defined pore
network and surface reactivity, mesoporous
silica was extensively studied for the ab-
sorption and separation of biological
molecules.23�25 The principal methodology
for the synthesis of mesoporous silica is fo-
cused on evaporation-induced self-
assembly (EISA).26 Starting with homoge-
neous, hydro-alcoholic solutions of soluble
silicate (TEOS, tetraethoxysilane) and a
structure-directing polymer, the preferen-
tial evaporation of the solvent after dip or
spin coating drives silica/copolymer self-
assembly into a uniform thin film
nanophase by increasing the concentration
of polymer to exceed the critical micelle
concentration. After removing the organic
template by calcination, mesoporous films
with narrow nanoscale pore size distribu-
tion and high ratio of surface area to pore
volume are formed.

We have previously demonstrated the
use of mesoporous silica surfaces as a size
exclusion method for harvesting the pep-
tides and small proteins.27�30 The identifica-

tion of circulating biomarkers holds great
potential for noninvasive approaches in
early detection and prognosis, as well as
for the monitoring of therapeutic
efficiency.31�35 The circulating low molecu-
lar weight proteome (LMWP), composed of
small proteins shed from tissues and cells or
peptide fragments derived from the pro-
teolytic degradation of larger proteins, has
been associated with the pathological con-
dition in patients.36�38 Despite these poten-
tial clinical applications, the use of matrix-
assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI TOF MS)
to profile the LMWP from
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ABSTRACT We present a fast, efficient, and reliable system based on mesoporous silica chips to specifically

fractionate and enrich the low molecular weight proteome. Mesoporous silica thin films with tunable features at

the nanoscale were fabricated using the triblock copolymer template pathway. Using different templates and

concentrations in the precursor solution, various pore size distributions, pore structures, and connectivity were

obtained and applied for selective recovery of low mass proteins. In combination with mass spectrometry and

statistic analysis, we demonstrated the correlation between the nanophase characteristics of the mesoporous silica

thin films and the specificity and efficacy of low mass proteome harvesting. In addition, to overcome the

limitations of the prefunctionalization method in polymer selection, plasma ashing was used for the first time

for the treatment of the mesoporous silica surface prior to chemical modification. Surface charge modifications

by different functional groups resulted in a selective capture of the low molecular weight proteins from serum

sample. In conclusion, our study demonstrates that the ability to tune the physicochemical properties of

mesoporous silica surfaces, for a selective enrichment of the low molecular weight proteome from complex

biological fluids, has the potential to promote proteomic biomarker discovery.

KEYWORDS: mesoporous silica thin film · low molecular weight
proteome · nanotexture · chemical modification · mass spectrometry · early
diagnostics
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biological fluids remains a major technical challenge
due to the large dynamic range of protein and peptide
concentrations in serum.39 Without sample pretreat-
ment, the highly abundant proteins impede the detec-
tion of low-abundance species in serum/plasma. Cur-
rent proteomic-based approaches, such as two-
dimensional polyacrylamide gel electrophoresis (2D-
PAGE) and shotgun proteomics methods, are labor-
intensive and low throughput, offering limited suitabil-
ity for clinical applications.40�42 Therefore, more
effective strategies are needed to isolate circulating
LMWP and allow the high throughput screening of clini-
cal samples.

In the present study, to improve both selectivity
and sensitivity of peptide recovery for the specific tar-
get in clinical use, we designed and characterized a
large set of MPS thin films with various pore nanotex-
tures and surface modifications to enhance the capac-
ity and efficiency of low-abundance LMWP enrichment.
One of the promising characteristics of MPS thin films
is the variety of achievable pore configuration, which
mainly depends on the molecular weight of the block
copolymer, the ratio of the hydrophilic (PEO) to hydro-
phobic (PPO) block volume in the amphiphilic polymer,
and the proportion of the polymer in the starting ma-
terial.3 We selected four typical triblock copolymers
with different molecular weights and compositions:
PEO5�PPO70�PEO5 (Pluronic L121),
PEO20�PPO70�PEO20 (Pluronic P123),
PEO106�PPO70�PEO106 (Pluronic F127),
PEO13�PPO30�PEO13 (Pluronic L64). These were used
as the synthetic templates to form the MPS thin films
with diversified pore size and structural properties. Fur-
thermore, the addition of a hydrophobic polymer to
the precursor solution modifies the ratio of hydropho-
bic/hydrophilic blocks and thus enlarges the MPS pore
size. In this study, poly(propylene glycol) (PPG) was
used as a swelling agent to extend pore size up to 7
nm and increase porosity to 67% for the thin film pre-
pared with L121. By tuning the amount of Pluronic F127
copolymer in solution, the periodic nanostructure can
be transformed from a three-dimensional (3D) cubic or
a 3D hexagonal to a two-dimensional (2D) hexagonal
framework. Furthermore, to achieve selective electro-
static harvesting of LMW proteins, we conjugated sev-
eral organic trialkoxysilanes on the MPS surface. The
conventional approaches to synthesize hybrid
organic�inorganic nanocomposites, including one-pot
synthesis43�47 and postgrafting method,5,48�50 are not
suitable for our MPS application because of either their
low loading content (postgrafting) or the limited selec-
tion of polymer templates (one-spot). Herein, we im-
proved the method of conjugating various organosi-
lane compounds on the mesoporous silica chips. On the
basis of the postgrafting approach, plasma ashing was
used for the first time for the treatment of the mesopo-
rous silica surface prior to chemical modification. The

results show the improvement of functional group
loading and the compatibility of this method for all syn-
thetic templates and organosilanes.

The study presented in this paper reveals the poten-
tial of the MPS-based technology to provide a power-
ful alternative to conventional methods for LMWP en-
richment from complex biological fluids. Because of the
ability to tune the material properties, the capability
for low-cost production, the simplicity and rapidity of
sample processing, and the greatly reduced sample re-
quirements for analysis, this novel nanotechnology will
substantially impact the field of proteomic biomarker
research and clinical proteomic assessment.

RESULTS AND DISCUSSION
Fabrication and Characterization of Mesoporous Silica Thin

Films. Most of the procedures used for the synthesis of
mesoporous silica films are similar to the ones de-
scribed by Zhao et al.2 The primary objective of this
study was to tailor MPS thin film pore morphology and
internal structure by adjusting synthetic parameters
and to explore their efficacy for the specific harvesting
of LMWP species from human serum. A consistent pro-
teomic profiling approach requires that the MPS-based
serum fractionation be performed with a well-defined,
high purity substrate possessing good thermal stability
as well as uniform nanostructure and film thickness
throughout the entire mesoporous silica layer. The
preparation of the precursor solution, involving the co-
operative assembly of a polymer surfactant and soluble
silicate species, plays a dominant role in determining
the molecular organization of the final product (see
Supporting Information Table 1 for molar ratios of start-
ing materials for each block copolymer used). To pre-
vent shrinkage of the MPS, the deposited film thickness
did not exceed 1 �m. This was accomplished by main-
taining the molar ratio of ethanol to silicate between 12
and 14 and water to silicate at less than 6. The pH of
the precursor solution was kept in the range of 1.2 to
1.5 in order to avoid the precipitation of silicate and to
achieve equilibrium between the condensation of sili-
cate onto the polymer micelles and its hydrolysis in so-
lution. Porosity and pore structure were adjusted by
changing the molar ratio of the polymers in the mix-
ture. Spin coating, superior to other deposition tech-
niques for achieving uniform thickness and porosity,
was used to form the MPS thin films on a silicon sub-
strate. Because of the weak interaction between mol-
ecules during the self-assembly process, substantial
non-uniformity of mesoporous silca products can re-
sult from inadequately controlled synthesis.3 Experi-
mental parameters, such as aging time of the precur-
sor solution, coating speed during solution deposition,
and calcination temperature can impact the final fea-
tures of the mesoporous structure. To investigate the
effect on pore geometry and connectivity, we adjusted
the amphiphilic structure of the block copolymers and

A
RT

IC
LE

VOL. 4 ▪ NO. 1 ▪ HU ET AL. www.acsnano.org440



their concentration in the precursor solution, with all
other process parameters kept constant.

We characterized pore architectures and physico-
chemical properties of MPS thin films with ellipsome-
try, one-dimentional X-ray diffraction (1D-XRD), N2 ad-
sorption/desorption, transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), and sur-
face contact angle goniometry. The overall purity and
the atomic silicon-to-oxygen ratio of the MPS thin films
prepared with L121 are illustrated with the Si 2p, O 1s,
and C 1s regions of the XPS spectra (Figure 1). The weak
signal for the C 1s region demonstrates the minimal hy-
drocarbon contamination on the film surface. Both the
Si 2p and O 1s regions present a sharp and symmetric
single peak at binding energies around 101.4 and 530.7
eV, respectively, which strongly points to a silica frame-
work with high condensation. By calculating the areas
under the peaks for Si 2p and O 1s, an atomic silicon-to-
oxygen ratio of 1:2.004 was obtained, further confirm-
ing the high purity of MPS thin films. The nearly but not
perfectly symmetric shape of the O 1s peak is because
the observed peak is a actually a combination of two
sets of peaksOthe dominant one came from Si�O and
the subordinated one was obtained from the Si�OH
group on the silica wall (see Figure S.1). Similar XPS re-
sults were acquired for MPS thin films synthesized using
the different polymer templates.

Serum Fractionation on Mesoporous Silica Thin Films. The
protocol for serum fractionation using the MPS thin
films is described in the Methods. Briefly, the serum
sample is spotted on the MPS chip and incubated at
room temperature for 30 min. LMW molecules are
trapped in the pores, while the larger proteins are re-
moved from the surface after multiple washings with
deionized water. The captured molecules are eluted
from the pores using an acidic solution and analyzed
by MALDI TOF MS (see Supporting Information Figure
S.2). Since all peptides and proteins become positively
charged after being eluted with 1% TFA, we use the
positive mode in MOLDI for a more sensitive detection
of protein signals. Figure 2a,b shows the MS spectra of
the unprocessed serum sample for peptides in the
range of 900 to 10 000 Da and for proteins in the range
of 3000 to 70 000 Da, respectively. These spectra illus-
trate the signal suppression in the LMW region due to
the presence of highly abundant, high molecular
weight (HMW) proteins such as albumin. Figure 2c,d de-
picts the MS spectra of the serum sample after fraction-
ation by the MPS thin films synthesized using L121
and swelling agent PPG at a molar ratio of 1:0.5. Deple-
tion of the large molecules and the enrichment of the
LMW components resulted in a significant improve-
ment of MS detection in the low mass range. As a con-
trol, the same serum sample was applied onto a nonpo-
rous pure silica surface to evaluate the advantage of
MPS thin films for LMWP recovery. As can be seen in Fig-
ure 2e,f, there was no significant harvesting of pep-

tides or proteins with the nonporous silica. Thus, it can
be concluded that it was the mesoporous architecture
and not the silica surface affinity that constitutes the
predominate factor in the enrichment of LMWP.

Reproducibility of Serum Fractionation on Mesoporous Silica
Thin Films. Concerns have been raised about analytical
bias generated by sample handling and sample pre-
treatmnent procedures in the proteomic profiling
studies.51�53 Therefore, fractionation reproducibility
and reliability are mandatory for any further develop-
ment of reliable proteomic and peptidomic screening
techniques for clinical applications.54,55 To assess the
consistency of our on-chip fractionation strategy, we
screened six replicates with six aliquots of the same hu-
man serum sample using MPS thin films prepared by
L121�PPG with a molar ratio of 1:0.5. The MS profiles
for recovered species in the ranges of peptide and
proteins are, respectively, displayed in Figure S.3a,b
in the Supporting Information. The general variabil-
ity of the peak signals is illustrated on the histogram
displaying the repartition of the coefficients of varia-
tion (CV) measured for each detected peak (Figure
3a). The average CV was estimated at 13.1%, which
demonstrated a high reproducibility for the de-
tected peaks over a wide mass range of 800 to
20 000 Da. The regression curve and equation com-
paring the peak intensities recovered from the repli-
cates are illustrated in Figure 3b and exhibit a coef-
ficient of regression R2 � 0.988. These results
confirmed that the on-chip serum fractionation did
not induce any significant variability in the sample
and demonstrated the reliability of our MPS chips in
the pretreatment of complex biological samples.

Effect of Pore Structure and Distributional Architecture on
LMWP Recovery. One main advantage of block copoly-
mers with high molecular weight is their ability to form
a variety of structures by tuning experimental condi-

Figure 1. Purity of MPS thin films. XPS core level spectra used to ana-
lyze the relative amounts of C, Si, and O on the surface of a mesopo-
rous silica thin film prepared with Pluronic L121. The tabulated atomic
concentration of each element is shown in the lower right.
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tions during MPS thin film synthesis. The structural

transformation of the mesoporous arrangement was

carried out by tuning the concentration of the template

polymer. Increasing the concentration of the template

polymer resulted in a reduced interfacial curvature be-

tween the phases of the water, the copolymer, and the

silicate, consequently initiating the inter-related pro-

gression from a spherical to a cylindrical structure. Plu-

ronic F127, with its high molecular weight, possesses

this high degree of structural periodicity. In this study,

the concentrations of all starting materials, except F127,

were kept constant. Figure 4 demonstrates the changes

in the nanostructure of the MPS by characterization

through XRD pattern, TEM imaging, and N2 adsorption/

desorption analysis. When the F127 concentration in

the precursor solution was kept at 4.0 � 10�3 M, the fi-

nal MPS thin film acquired a 3D cubic structure with re-

flection peaks at (100) and (110) and a low intensity

peak at (220) as indicated by the XRD pattern (Figure

4a) and further verified through TEM imaging (inset of

Figure 4a). N2 adsorption/desorption curves were gen-

erated using a Quantachrome Autosorb-3b BET surface

analyzer (inset of Figure 4b), and the pore size distribu-

tion was calculated using the Barrett�Joyner�Halenda

(BJH) method56 (Figure 4b). The adsorption/desorption

isotherms describe a type IV isotherm with a H2 hyster-

esis loop (sloping adsorption branch and nearly verti-

cal desorption branch), indicating a nanoporous struc-

ture with interconnecting channels. Inflection points

appearing at 0.40 � P/P0 � 0.75 in the figure indicated

the formation of ink-bottle shape nanopores. Increasing

the F127 concentration to 6.0 � 10�3 M yields a 3D

honeycomb-like nanostructure hexagonally arranged

on the substrate, as confirmed by XRD, with peaks at

(200) and (400) (Figure 4c), and TEM imaging (Figure 4c

inset). The adsorption/desorption isotherms, depicted

with the pore size distribution in the inset of Figure 4d,

vary slightly from the similar adsorption�desorption

type VI isotherms described for the lower concentra-

tion F127 MPS thin films due to the increased internal

pore connectivity. A further increase of the F127 con-

centration to 8.0 � 10�3 M resulted in a 2D hexagonal

nanostructure parallel to the substrate surface as con-

firmed by the sharp peaks at (100) and (300) in the XRD

Figure 2. Peptide enrichment using the mesoporous silica thin film chips. MALDI MS profiles in both the low mass range
(900 to 10 000 Da) and the high mass range (3000 to 70 000 Da) before (a,b) and after (c,d) serum processing on the meso-
porous silica thin films. The molecular recovery is significantly reduced when using blank nonporous silica surfaces (e,f).

Figure 3. Reproducibility of on-chip enrichment. (a) Coeffi-
cient of variation (CV) distribution of MS intensities for de-
tected peaks. The average CV is indicated. (b) Linear regres-
sion analysis of average intensities of detected MS peak in
each replicate compared to replicate 1. The equation and the
coefficient of determination (R2) are presented.
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pattern (Figure 4e) and TEM imaging (Figure 4e inset).
The adsorption/desorption isotherms (Figure 4f inset)
display a narrow hysteresis loop, indicating lower inter-
pore connectivity. The similar pore size distributions of
the three different nanostructures, with average pore
sizes around 3.7 nm, illustrate that the change of pore

size was minimally dependent on the molar ratios of
the starting materials.

We investigated the effect of the structural varia-
tion of the mesoporous F127 nanochips (3D cubic, hon-
eycomb hexagonal, and 2D hexagonal) on the enrich-
ment of LMW species. The three different

Figure 4. Physical characterizations of MPS thin films. XRD patterns (a,c,e), TEM (inset a,c,e), and N2 adsorption/desorption analysis
(pore size distribution in b,d,f, isotherms in the insets of b,d,f) of the structural transformation of mesoporous thin films prepared us-
ing Pluronic F127 at different concentrations in the precursor solution: 4.0 � 10�3 M (a,b), 6.0 � 10�3 M (c,d), and 8.0 � 10�2 M
(e,f).
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nanostructures possess similar pore size distributions
(3.7 to 3.9 nm) and exhibit the same molecular cutoff,
demonstrating the same size exclusion property (see
Supporting Information Figure S.4). For both 3D nanop-
orous morphologies, the increased pore connectivity
and the reduced steric hindrance imposed on the diffu-
sion of peptides and proteins resulted in higher recov-
ery efficacy. The dramatic difference between 3D nano-
structures and 2D hexagonal framework in the MS
profiles for peptides recovery in the range of
800�10 000 Da is shown in Figure 5a�c. The average
CV for 3D cubic structure (Figure 5d) or 3D honey-
comb hexagonal structure (Figure 5e) is significantly
lower than the average CV of the 2D hexagonal archi-
tecture (Figure 5f), which shows a broader CV distribu-
tion. These results indicate that the serum fractionation
on the MPS thin film with a 3D nanotexture possesses
a comparatively lower variability because of the greater
pore connectivity of 3D structures. In addition, to dem-
onstrate the differential harvesting capacity of the dif-
ferent pore architecture, we fractionated a solution of
known molecular standards (see Supporting Informa-

tion Table 2) on the 3D cubic and 3D hexagonal MPS.
As shown in Figure 6, there is selective peptide enrich-
ment as illustrated by the significant increase of the
capture of ACTH and insulin peptides on the hexago-
nal surface while substance P and �-endorphin pep-
tides are specifically recovered from the cubic MPS.

Effect of Selecting Polymer Template on LMWP Recovery. An-
other factor that influences the interfacial curvature be-
tween the polymer and the other solution compo-
nents (TEOS, water, etc.), and thus determines the
nanostructure and the pore size, is the hydrophilic/
hydrophobic volume ratio of the copolymer. Triblock
copolymers with different hydrophobic (PPO) to hydro-
philic (PEO) volume ratios were selected to synthesize
MPS thin films with different pore sizes and nanostruc-
tures and subsequently investigated for their LMWP
harvesting efficacy. Block copolymer compositions with
longer PPO block lengths lead to increased pore size.
Longer PEO block lengths for a given PPO block length
(L121 versus P123 versus F127) lead to the formation of
more ordered periodic nanostructures.3 L-type (liquid
phase) block copolymers (such as L64 and L121) with

Figure 5. Effect of pore structural transformation on LMWP recovery from F127 chips. The MALDI profiles for the (a) 3D cubic, (b) 3D
honeycomb hexagonal, and (c) 2D hexagonal nanoscale morphologies. The coefficient of variation (CV) distributions of MS peak intensi-
ties for each of the MALDI profiles is also shown (d�f). The average CV and the number of detected peaks are indicated in each histogram.

Figure 6. Selective recovery with different nanostructures. Bar graph of the intensity of detection illustrating the selective
peptides recovery on 3D cubic and 3D hexagonal F127 proteomic chips (Cub and Hex, respectively). The different structural
modifications present a selective enrichment.
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lower PEO block lengths offer increased porosity due
to their greater deforming performance but more cha-
otic nanostructure. Figure S.5 in the Supporting Infor-
mation displays XRD patterns with the scanning trans-
mission electron microscopy (STEM) imaging (insets)
performed for MPS thin films prepared from P123, F127,
L64, and L121�PPG (with molar ratio of 1:0.5) detail-
ing their internal nanoscale organization. N2

adsorption�desorption isotherms were measured to
assess pore size distribution and total surface area of
the MPS thin films. The BJH pore size distributions for
chips prepared by P123 (Figure 7a) and L121 (Figure 7b)
are provided, each depicting low pore size dispersion
as denoted by their sharp distribution peaks, along with
their adsorption/desorption isotherms (insets). Figure
7a shows type IV adsorption/desorption isotherms with
well-defined H2 hysteresis loops. The MPS thin films
prepared using P123 and F127 possess similar mean
pore size (�3.7 nm) due to their identical PPO block vol-
ume, but the MPS prepared with P123 possesses a
poor connectivity indicated by its narrow hysteresis
loop. Shown in Figure 7b for chips prepared with L121,
the pore diameter distribution peaks shift from 5.82 to
6.79 nm with increasing amounts of the swelling agent.

Their adsorption/desorption isotherms were also type
IV but with a H1 hysteresis loop attributed to cylindri-
cally shaped pores. Addition of PPG did not result in any
change in the loop shape, indicating that the inner
pore connectivity is not altered by the swelling agent.
Although the MPS thin films prepared with L64 possess
similar adsorption/desorption isotherms with L121, its
shorter hydrophobic chain (PPO) led to nanopores with
smaller pore size (�3.2 nm). The contact angles of MPS
thin film surfaces were tested by captive bubble con-
tact angle goniometry to characterize the hydrophilic-
ity of the chips (Supporting Information Figure S.6).

The relatively higher hydrophobicity, smaller pore
volume, and poor pore connectivity of the P123 chip
presented limited harvesting capability compared to
F127 chip with similar pore size (see Supporting Infor-
mation Figure S.7). With the largest average pore size
and the highest surface hydrophilicity, the mesoporous
silica chip produced using L121�PPG captured pep-
tides and proteins in a wider molecular mass range. The
chips with small pore size prepared with F127 and L64
preferentially enriched the peptides in the lower mass
range. To assess this size-dependent ability of the me-
soporous silica chips to capture LMWP, a hierarchical
clustering analysis of peptides extracted from four dif-
ferent mesoporous silica chips with various pore sizes
was performed (Figure 8). The clustering algorithm
clearly separates the samples into two major clusters
representing specific proteomic patterns for smallest
pore and largest pore chips. The high intensity of
smaller LMWP was obtained with the chips prepared
with L64 and F127 due to their preferred pore sizes, 3.20
and 3.71 nm, respectively. However, the periodic pore
structure and uniform small pore size provided by F127
chips demonstrate a more homogeneous enrichment
pattern. The mesoporous silica chips prepared by L121
with the pore sizes enlarged using the swelling agent
(molar ratios of 50 to 100% PPG to template polymer)
offer an increased selective capture of peptides and
proteins with higher molecular weight. The larger pore
size presented by the L121 with 100% PPG resulted in a
more efficient recovery as illustrated by the higher in-
tensity of the enrichment pattern observed on the hier-
archical clustering.

Improvement of Chemical Modification on MPS Thin Film and
Their Effect on Specific LMWP Recovery. Another approach to
improve the enrichment capacity of the MPS chips is to
resolve the complexity of biological samples by separat-
ing peptides of interest according to their chemical
properties. We have developed MPS chips conjugated
with chemical functional groups to provide cationic and
anionic surfaces. Postgrafting is a straightforward
method to add organic groups onto the surface of the
pores. MPS possesses many silanol (Si�OH) groups on
the surface that can act as convenient anchoring points
for organic functionalization. However, high tempera-
ture during calcination process may cause a portion of

Figure 7. Pore size tuned with polymer templates. Pore size
distribution of mesoporous silica thin films prepared with
different triblock copolymer templates and the correspond-
ing adsorption/desorption isotherm (inset): (a) P123; (b)
L121 and L121 with swelling agent (PPG) at molar ratios of
0.5 and 1.0.
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surface silanol groups to be extensively dehydrated, re-

sulting in a substrate incompatible with conjugating or-

ganosilane groups. Therefore, more research groups fo-

cus their attention on one-spot synthesis. This

technology involves co-condensation of tetraalkoxysi-

lanes and organotrialkoxysilanes in the presence of sur-

factants during synthesis, resulting in higher organic

content and a more homogeneous organic distribu-

tion in the material. However, co-condensation in one-

spot synthesis also caused several difficulties in addition

to the control of the main parameters related to the

EISA process. For instance, homogeneous solubility of

the organic functionalities with silicate precursor in the

medium limits the selection of surface modification. On

the other hand, one-spot synthesis has a limited inter-

est in our study due to the restricted selection of poly-

mer templates, which must own a different melting

point than organotrialkoxysilanes. The participation of

organosilane into nanostructured films may also lead to

significant damage in the silica network.

To break through the aforementioned limitations,

we used oxygen plasma ashing to treat the surface of

the mesoporous silica chip before the postgrafting.

Plasma ashing is a well-known technique for removing

the photoresist in semiconductor manufacturing.

Herein the oxygen plasma restored the defective points

(Si�H or Si�(CH3)x) on the MPS surface, generated

high-density Si�OH groups, and improved the hydro-

philicity (Supporting Information Figures S.8 and S.9). A

comparison of XPS intensity in Figure 9a is presented

for C content on the APTES-modified chips before and

Figure 8. Effect of pore size on LMWP recovery. The super-
vised hierarchical clustering analysis of peak intensities for
samples fractionated using chips prepared with F127, L64,
L121 � 50% PPG, and L121 � 100% PPG. Red indicates peak
intensities higher than the median value, green is for peak
intensities lower than the median value, and black repre-
sents peak intensities equal to the median value. Each row
represents an individual mass peak (MALDI MS peak), and
each column represents a mesoporous thin film chip pro-
duced using a specific triblock copolymer.

Figure 9. XPS spectra of mesoporous silica chips with APTES
modification. (a) Comparison of C content in XPS on the me-
soporous silica chips before and after APTES modification.
(b) Comparison of N content in XPS on the mesoporous silica
chips modified with one-spot synthesis (black curve), modi-
fied with postgrafting without pretreatment (red curve) and
modified with postgrafting with oxygen plasma treatment
(blue curve).
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after chemical modification. The significant increase of

C 1s peak for the chips after modification, resulting from

the alkyl chain on APTES, validates the efficacy of post-

grafting on the chip surface treated with oxygen

plasma. Figure 9b exhibits the comparison for N 1s

peak on the three mesoporous silica chips APTES-

modified under different method (black curve, N 1s on

the chips after one-spot modification; red curve, N 1s on

the chips after postgrafting without any pretreatment;

blue curve, N 1s on the chips after postgrafting method

with pretreatment by oxygen plasma). The difference

for N 1s peak around the binding energy of 397 eV

clearly implies the efficacy of oxygen plasma in graft-

ing the functional groups on the pore surface. The chip

that received an oxygen plasma pretreatment is ca-

pable of conjugating four times the amino content than

a chip without any surface treatment. Although the in-

tensities for N 1s peaks are similar, the chip carried by

postgrafting with oxygen plasma pretreatment con-

sisted of a sharper and more symmetric single peak at

binding energies around 397 eV, which strongly points

to a loading of APTES with high condensation on the

pore surface. By the same approach, the functional

groups with negative charge, such as thiol, carboxyl,

and epoxy, can be conjugated on all the chips in our

study with abundant loading (Supporting Information

Figures S.10 and S.11). The thickness and porosities for

all MPS chips with chemical modification changed

slightly due to the conjugation of a thin layer of func-

tional groups, while their nanostructure remained the

same as reflected by XRD and TEM.

In order to qualitatively study the electrostatic ef-

fect on selective on-chip enrichment, we mixed 26 stan-

dard peptides and proteins with a wide range of molec-

ular weights and isoelectric points. MS analysis of the

proteomic standard solutions fractionated on MPS

chips prepared with L121 and conjugated with the

chemical functional groups is presented in Figure 10.

The positively charged and negatively charged pep-

tides and LMW proteins are captured on the anionic

and the cationic chips, respectively. HMW proteins re-

main excluded from the chips independently from their

charge. For example, albumin has a net negative charge

and remains excluded from the cationic chip (Support-

ing Information Figure S.12). The quantitative compari-

son of multiple MPS chips in recovering the peptides

with positive net charge is displayed in Figure 11a. The

chips with negative charge and the chips without any

modification (with a minor negative charge originally)

exhibit significantly higher enrichment for those pep-

tides than the chips modified with APTES (�NH2). Con-

versely, the positively charged MPS chips possess ex-

ceptional capability to recover those peptides with

negative net charge, as demonstrated in Figure 11b,

while �-endorphin does not show a significant change

due to its PI around 6. These results and the identical

molecular cutoff offer displayed by the chips demon-

strate the dual properties of the functionalized MSC: (1)

the size dependent depletion of HMW proteins by the

porous surface; (2) the specific enrichment of differen-

tially charged LMW peptides.

CONCLUSIONS
Evidence is mounting that the low molecular weight

region of the circulatory proteome is a rich source of diag-

nostic biomarkers for the early detection of disease. In

this study, we fabricated a series of mesoporous silica thin

films with a variety of nanotextures and comprehen-

sively explored their use in selective capturing and enrich-

ing the peptides and LMW proteins from human serum.

Figure 10. Effects of chips functionalization on the LMW enrichment. MALDI MS profiles of selectively captured peptides on
the chemically modified chips. Positively and negatively charged mesoporous thin films specifically enrich negative and posi-
tive peptides, respectively.
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Different MPS thin film periodic nanostructures,
formed using high molecular weight triblock copoly-
mers such as Pluronic F127 with similar pore size distri-
butions, were obtained by tuning the polymer concen-
tration in the precursor solution. The 3D cubic and
honeycomb hexagonal nanostructures, possessing
more desirable nanopore interconnectivity and more
accessible nanopore morphology, exhibited superior
performance in selectively enriching LMW peptides
than the 2D hexagonal structure, even though they
share similar pore size distributions and the same mo-
lecular cutoff for serum fractionation. Precisely con-
trolled variations in pore size were achieved through
the use of copolymers with differing hydrophobic block
lengths. The effect of pore size on the peptides and
LMW proteins’ recovery efficacy was investigated us-
ing MPS thin films prepared from four Pluronic surfac-
tants (F127, P123, L64, L121, and L121 plus swelling

agent) with different volume ratios of the hydrophilic
and hydrophobic components to form pore sizes of 3,
4, 6, and 7 nm, respectively. Although all of these MPS
chips possess a 3D nanostructure, the wide range of
pore sizes led to the recovery of a different repertoire
of peptides and proteins from the same serum sample
via size and shape exclusion. We also streamlined the
conjugation of organo-silane on MPS chips by introduc-
ing oxygen plasma ashing to pretreat the chip surface.
Besides the depletion of HMW proteins, the results
demonstrated that the structural design and the chemi-
cal functionalization of the MPS further increased the
specificity of peptide enrichment. The individual or in-
tegral use of different MPS thin films with carefully tai-
lored characteristics provides a novel platform for the
rapid and efficient analysis of the LMWP in human se-
rum and may be implemented for the discovery of
novel proteomic biomarkers.

METHODS
Fabrication of Mesoporous Silica Thin Films. As listed in Table 1 in

the Supporting Information, the molar ratios of starting materi-
als are slightly different for various surfactants. A typical prepara-
tion of the coating sol was carried out as follows: the required
amount of TEOS was dissolved in the mixture of ethanol, distilled
water, and 2 M HCl and stirred for 1 h at 75 °C to form a clear sili-
cate sol. Separately, a portion of surfactant was dissolved in eth-
anol by stirring at room temperature. In the case of applying the

swelling agent, the amount of PPG solution was put into the sur-
factant solution with vigorous stirring at room temperature.
The coating solution was prepared by mixing the silicate sol
into the triblock copolymer solution followed by stirring of the
resulting sol for 2 h at room temperature. The pH of the mixture
solution remained around 1.5. The coating sol was deposited
on a Si(100) wafter by spin coating at the spin rate of 2500 rpm
for 20 s. To increase the degree of polymerization of the silica
framework in the films and to further improve their thermal sta-

Figure 11. Charge-specific recovery for the chips with different surface functions. Bar graph of the MS intensity of detection
of selectively captured peptides on the functionalized chips. According to their iso-electric point, the peptides are posi-
tively or negatively charged at pH 7.0. (a) Positive peptides ((1) des-Arg1-Bradykinin, (2) Bradykinin, (3) substance P-amide,
(4) Neurotensin, (5) ACTH(1�17), (6) ACTH(7�38)) are specifically enriched on the negatively charged surfaces. (b) Negative
peptides ((7) Glu1-fibrinopeptide B, (8) �-endorphin, (9) ACTH(18�39), (10) insulin, (11) EGF, (12) insulin-like GFII) are specif-
ically enriched on the positively charged surfaces.
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bility, the as-deposited films were heated at 80 °C for 12 h. The
films were calcinated at 425 °C to remove the organic surfactant.
The temperature was raised at a heating rate of 1 °C/min, and
the furnace was heated at 425 °C for 5 h. The films produced
were transparent and crackless.

Chemical Modification. Oxygen plasma ashing was performed
in a Plasma Asher (March Plasma System) to pretreat the MPS
chip surface. The treatment was carried out with an O2 flow rate
at 80 sccm and a power of 300 W for 10 min. Then the chips
were silanated in a 3% organosilane in a methanol/DI water
(19:1) solution for 72 h at room temperature in a N2 glovebox. Af-
ter this, they were rinsed sequentially with methanol and DI wa-
ter. Finally, the chips were cured at 110 °C for 15 min in a fan-
operated oven.

Characterization Techniques. We utilized several characterization
techniques to study the spin-coated mesoporous silica thin films.
By using a variable angle spectroscopic ellipsometer (J. A. Wool-
lam Co. M-2000DI) and modeling with WVASE32 software, the
thickness of thin films and their porosities were measured in
Cauchy and effective medium approximation (EMA) models, re-
spectively. Ellipsometric optical quantities, the phase (�) and am-
plitude (	) were carried by requiring spectra for 65, 70, and 75°
incidence angles using wavelengths from 300 to 1800 nm. In the
Cauchy model, the top layer’s thickness, reflective index, and
model fit parameters An, Bn, and Cn were determined by fitting
experimental data with the model and minimizing the mean
square error (usually less than 10). Using the EMA model, the
films’ porosities were calculated by assuming a certain volume
of void in the pure silica and setting the top layer’s thickness ob-
tained by the Cauchy model as the constant. X-ray diffraction
(XRD) patterns were obtained on Philips X’Pert-MPD system with
Cu K� ray (45 kV, 40 mA); 
�2
 scanning was recorded from all
spin-coated films at 1 s/0.001° step over the angle range from 0.2
to 6°. Scanning transmission electron microscopy (STEM; FEI
Technai; FEI Co.) was used in acquiring micrographs of the plane
view of mesoporous silica thin films at high tension of 200 kV.
Contact angles of film surface were measured by goniometer
with captive bubble contact angle measurement. N2 adsorption/
desorption analysis was applied in measuring surface area and
pore size distribution. Quantachrome was used to record the N2

adsorption/desorption isotherm at 77 K on the full range of rela-
tive P/P0 pressures. Brunauer�Emmett�Teller (BET) surface ar-
eas were determined over a relative pressure range of 0.05 to 0.3.
Nanopore size distributions were calculated from the desorp-
tion branch of the isotherms using Barrett�Joyner�Halenda
(BJH) method. XPS spectra were recorded using a X-ray photo-
electron spectrometer (Kratos Axis Ultra), utilizing a monochro-
mated Al K� X-ray source (h� � 1486.5 eV), hydrid optics (em-
ploying a magnetic and electrostatic lens simultaneously), and a
multichannel plate and delay line detector coupled to a hemi-
spherical analyzer. The photoelectron’s take off angle was 90°. All
spectra were recorded using an aperture slot of 300 � 700 �m,
and high-resolution spectra were collected with a pass energy of
20 eV. The pressure in the analysis chamber was typically 2 �
10�9 Torr during data acquisition. Kratos XPS analysis software
was used to determine the stoichiometry of samples from cor-
rected peak areas and employing Kratos sensitivity factors for
each element of interest.

Serum Fractionation. For each experiment, a 10 �L sample of se-
rum was pipetted onto the porous surface of the wafer square.
The samples were incubated for 30 min at 25 °C (room tempera-
ture) in a wet chamber (100% humidity) to prevent sample
evaporation. The samples were washed five times with 15 �L of
sterile, deionized water. Peptides and proteins were eluted from
the pores using a 1:1 (v/v) mixture of acetonitrile and 0.1% triflu-
oroacetic acid (TFA) (Sigma).

Mass Spectrometry. A matrix solution of 5 mg/mL �-cyano-4-
hydroxycinnamic acid (CHCA, Sigma) in a 1:1 mixture of acetoni-
trile and 0.1% TFA (v/v) or a saturated solution of trans-3,5-
dimethoxy-4-hydroxycinnamic acid (SA, Sigma) in 2:1 mixture
of acetonitrile and water (v/v) containing 0.1% TFA was used for
LMW and HMW analysis, respectively. Each of the samples was
mixed with the appropriate matrix in a ratio of 1:3 and spotted
in duplicate onto the MALDI plate.

Mass spectra were acquired on a Voyager-DE-STR MALDI-
TOF (Applied Biosystems, Framingham, MA) mass spectrometer
in linear positive-ion mode, using a 337 nm nitrogen laser.
Samples were evaluated at two m/z ranges. For the peptides
and LMW proteins with the m/z of 800�10 000 Da, we used
�-CHCA as the matrix. Settings were optimized at an accelera-
tion voltage 20 kV, grid voltage of 19 kV, guide wire voltage of
1 kV, delay time of 180 ns, and low-mass gate of 800. Three hun-
dred laser shots crossed spot were averaged for each mass spec-
trum. For HMW proteins, parallel analysis using SA (sinapinic
acid) as the matrix and detection range of 3000�100 000 Da
was performed. The instrument was optimized at acceleration
voltage 25 kV, grid voltage of 23.25 kV, guide wire voltage of 6.25
kV, delay time of 500 ns, and low mass gate of 3000.

The spectra were calibrated externally using the ProteoMass
standards of peptides and proteins (Sigma) in each mass range.
The raw spectra were processed with the Voyager Data Explorer
software version 4.0 (Applied Biosystems).

Statistical Analysis. The raw spectra were processed with the
Voyager Data Explorer software version 4.0 (Applied Biosys-
tems), and the data were exported to SpecAlign software for
pretreatment.57,58 All spectra were aligned using the PAFFT cor-
relation method, and intensities were normalized to total ion cur-
rent (TIC). The peak detection was performed with a height ra-
tio of 2 with 0.3% of the mass window, the baseline was
corrected, and the negative values were removed prior to
analysis.

Hierarchical clustering was performed using Cluster soft-
ware and visualized with MapleTree software.59 MALDI MS data
(m/z peak intensities) were log-transformed, normalized, and
median centered. Pearson correlation was used to calculate the
distance between the samples, and complete linkage clustering
was performed. An independent student t test was used for com-
parison between groups (n � 2 groups) for each detected MS
peak prior to supervised hierarchical clustering analysis. A P
value of 0.02 or lower was considered significant to select differ-
entially harvested peptides and proteins among the different
mesoporous proteomic chips (large pores vs small pores).
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