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ABSTRACT: In this work, thermal condensation of alanine
adsorbed on fumed silica nanoparticles is investigated using
thermal analysis and multiple spectroscopic techniques, including
infrared (IR), Raman, and nuclear magnetic resonance (NMR)
spectroscopies. Thermal analysis shows that adsorbed alanine can
undergo thermal condensation, forming peptide bonds within a
short time period and at a lower temperature (∼170 °C) on
fumed silica nanoparticle surfaces than that in bulk (∼210 °C).
Spectroscopic results further show that alanine is converted to
alanine anhydride with a yield of 98.8% during thermal
condensation. After comparing peptide formation on solution-
derived colloidal silica nanoparticles, it is found that fumed silica
nanoparticles show much better efficiency and selectivity than
solution-derived colloidal silica nanoparticles for synthesizing
alanine anhydride. Furthermore, Raman spectroscopy provides evidence that the high efficiency for fumed silica nanoparticles is
likely related to their unique surface features: the intrinsic high population of strained ring structures present at the surface. This
work indicates the great potential of fumed silica nanoparticles in synthesizing peptides with high efficiency and selectivity.

KEYWORDS: fumed silica nanoparticles, alanine, alanine anhydride, adsorption, thermal transformation, NMR spectroscopy,
Raman spectroscopy

■ INTRODUCTION

The adsorption and transformation of biomolecules on surfaces
of inorganic materials have attracted considerable attention in
recent years since it is of major significance in prebiotic
chemistry, bio-nanotechnology, and drug delivery research.1−8

A number of studies in recent decades have demonstrated that
formation of peptide bonds at relatively low temperatures in the
absence of any activating agents can be realized when gently
heating amino acids adsorbed at the interfaces of inorganic
oxides such as silica, alumina, or minerals.9−13 There has been
considerable interest in solving: “the origin of the first peptide”
in prebiotic chemistry, with some recent studies illustrating that
mineral surfaces might have served as catalysts for peptide bond
formation, making possible the synthesis of the first small
oligopeptides.14 The surface-catalyzed peptide bond formation
reaction is of particular interest in synthetic biochemistry and
shows great potential in synthesizing different kinds of
peptides.2,12,15 Researchers have developed some strategies to
synthesize peptides by manipulating the condensation of amino
acids adsorbed on surfaces of inorganic materials. Generally,
single-cycle heating yields primarily the cyclic anhydrides (or
diketopiperazines, DKPs) and this has been considered a way
to selectively synthesize substituted DKPs.10,12 Some amino

acids can also form oligomers when multiple wetting and drying
cycles are used, and this has been proposed as a pathway for
forming peptides at the very early stages of life.16−18 However,
according to the literature, very few inorganic materials have
ever been discovered and demonstrated to possess a unique
surface that would facilitate the peptide synthesis with a high
selectivity and a high yield.
Among all the inorganic oxide materials, silica is one of the

most abundant minerals on earth and it has been extensively
studied for decades due to its diverse properties, such as
multiple structural forms and biocompatibility.19,20 It has a
number of applications ranging from nanostructured materials
to catalysts to acting as a medium for drug delivery.20,21

Amorphous silica nanomaterials, including fumed silica,
mesoporous silica, and colloidal silica nanoparticles, are one
class of synthetic silica materials, featuring small particle sizes
and high surface areas.22−24 They have been studied extensively
from experimental synthesis to structural characterization to
biomedical applications.20,21,25−27 The adsorption and thermal
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condensation of amino acids on silica nanomaterials have
attracted considerable attention during recent years to
understand the interaction between biomolecules and nano-
particles, including the varying toxicity of different silica
nanoparticle types.8,10,11,28−35

While there are considerable experimental studies on ligand-
capped mesoporous and colloidal si l ica nanopar-
ticles,28,31,33,34,36 relatively less effort has been put into
understanding the behaviors of amino acids as capping ligands
on fumed silica nanoparticles.10,11,29,32,37 Fumed silica (Cab-O-
Sil) nanoparticles are one class of synthetic nanomaterials
composed of an amorphous structure with extensively high
surface area and nanoscale size.22 They are prepared at high
temperature by hydrolyzing silicon tetrachloride vapor in a
flame followed by rapid quenching to room temperature. Many
studies have been carried out on the surface chemistry at fumed
silica nanoparticle interfaces because of the considerable utility
of high surface area amorphous silicates.25,38−45 These studies
have shown that the surface chemistry of fumed silica
nanoparticles is very different from mesoporous and colloidal
silica nanoparticles due to the presence of metastable strained
ring structures in fumed silica that result from the fast
quenching during the synthesis of the material in a flame.
This unique property has been found to closely relate with the
high surface reactivity of the fumed silica nanoparticles.46,47

In our previous work, we have carried out a thorough
investigation of alanine adsorption on fumed silica nano-
particles using a combination of thermal analysis and solid-state
NMR spectroscopy.32 It was found that both the protonated
amine group and the carboxyl group of alanine interact with the
silanol group directly via hydrogen bonding when the sample is
kept dry. Here, we focus on investigating the peptide bond
formation reaction during the thermal condensation of alanine
on fumed silica nanoparticles. Combining multiple spectro-
scopic techniques, including infrared (IR) and nuclear magnetic
resonance (NMR) spectroscopy, it was discovered that alanine
adsorbed on fumed silica nanoparticle surfaces is able to form a
cyclic peptide, alanine anhydride, at ∼170 °C with a high
selectivity and a high yield of approximately 100%. This has not
been achieved in previous efforts. This significant finding
indicates the great potential of fumed silica nanoparticles in
synthesizing peptides on solid surfaces with high yield. A recent
report has demonstrated that a programmable condition can be
used to synthesize oligopeptides with a yield ∼50%.18
Compared to that study, the method presented in this work
shows an improved efficiency for peptide bond formation with
a near 100% efficiency. To further unravel the mechanism of
such high-selectivity and high-yield peptide formation on fumed
silica nanoparticles, we carried out a comparative study of
fumed and colloidal silica nanoparticles, and the results indicate
that the high efficiency is very likely related to the intrinsic
strained ring structures present at the interfaces of fumed silica
nanoparticles that are not abundant in colloidal forms. This
provides clear experimental evidence toward understanding the
mechanism of “surface-catalyzed” peptide bond formation
reactions on silica surfaces, since relatively less effort has
been put forth on this topic compared to the extensive
investigations on adsorption of amino acids on silicas.

■ EXPERIMENTAL SECTION
Materials. Fumed silica nanoparticles (∼7 nm) with a BET

(Brunauer, Emmett, and Teller) surface area of 395 ± 25 m2/g,
tetraethoxysilane (TEOS, 98% purity), ethanol (absolute, >99.8%),

and pure L-alanine (99% purity) were purchased from Sigma-Aldrich.
U-[13C/15N]-L-alanine was purchased from Cambridge Isotopes Inc.,
and the stable isotope enrichment levels are 97−99%. All materials
were used as received. In the following paragraphs, silica or SiO2 refers
to silica nanoparticles unless otherwise specified. Ala/FSN and
13C/15N-Ala/FSN will refer to natural abundance alanine and
13C/15N-labeled alanine adsorbed on fumed silica nanoparticles,
respectively.

Adsorption of Alanine on Fumed Silica Nanoparticles.
Fumed silica nanoparticles were first heated to 500 °C overnight to
remove impurities on the surface. In a typical adsorption procedure, 75
mg of fumed silica nanoparticles were mixed with different amounts of
L-alanine in 5.0 mL of DI water, and the mixture was stirred at room
temperature for over 3 h to ensure that the adsorption reached
equilibrium. Nanoparticles were then separated by centrifugation at
6000 rpm for 1 h and dried under vacuum at room temperature
overnight. Samples were prepared from solutions of various
concentrations and are noted as Ala/FSN-xM, respectively, where x
refers to the alanine concentration in the adsorption solutions (in mol·
L−1).

In this work, 13C/15N-Ala/FSN-0.03M was prepared for solid-state
NMR investigations. A 120.0 mg portion of fumed silica nanoparticles
was mixed with 21.6 mg of 13C/15N-L-alanine in 8.0 mL of DI water,
and the pH value remained constant at 6.7. The suspension was then
stirred for over 3 h to reach equilibrium. The mixture was then
centrifuged at 6000 rpm for 1 h, and the remaining powders were
allowed to vacuum-dry at room temperature overnight. The 13C/15N-
Ala/FSN samples were then packed first in a NMR rotor and further
vacuum-dried with the cap removed (0.001 mbar) for 1 month in
order to remove the physisorbed water. NMR investigations on dried
samples were carried out immediately after completion of the drying
process. No obvious rehydration was found in this work during the
course of solid-state NMR experiments.

For preparation of Ala/FSN-0.03M for thermal condensation
studies, 300 mg of fumed silica nanoparticles were mixed with 53.5
mg of L-alanine in 20.0 mL of DI water, and the mixture was stirred at
room temperature for over 3 h.

Synthesis of Colloidal Silica Nanoparticles. Colloidal silica
nanoparticles (CSN) with a size of ∼38 nm were synthesized using the
well-established method developed by Stöber et al.48 Briefly, 0.17 M
tetraethoxysilane was hydrolyzed and condensed in a 100.0 mL
ethanol solution with 0.5 M NH3 and 2.0 M H2O for 12 h at room
temperature. The formed silica nanoparticles were then dialyzed
against ultrapure water and stored at a final concentration of 1.6 mg/
mL.

Adsorption of Alanine on Colloidal Silica Nanoparticles. A
1.0 mg portion of pure L-alanine was added to a 100 mL solution of
colloidal silica nanoparticles ([CSN] ∼ 1.6 mg/mL) and the solution
was stirred in excess of 3 h to reach equilibrium. Colloidal silica
nanoparticles with alanine adsorbed on the surface (Ala/CSN) were
obtained after drying from the solution at room temperature.

Thermal Condensation. Dried silica nanoparticles with alanine
adsorbed on the surface were incubated (heated) in an oven at 170 °C
for 3 h. After incubation, the peptides were washed with DI water
followed by centrifugation at 14 000 rpm for 30 min. The supernatant
fluid was collected and dried to obtain the solid powder. The resulting
solid powder was dissolved in a 700 μL of H2O/D2O (90/10) solution
and transferred to a 5 mm NMR tube. Solid-state NMR spectroscopy
was used to probe the thermal condensation of alanine on fumed silica
nanoparticles. Briefly, 13C/15N-Ala/FSN-0.03M was first packed in the
rotor followed by incubation at 170 °C for 3 h with the rotor cap
removed. The rotor was then cooled down to room temperature and
sealed for solid-state NMR characterization.

Thermal Analysis. Thermal gravimetric analysis (TGA) experi-
ments were performed with a TGA2950 (TA Instrument Inc.)
instrument under dry N2 flow (30 mL/min for furnace and 30 mL/
min for balance). For each experiment, 5−10 mg of sample was used
and a heating rate of 5 °C/min was utilized. Before each experiment,
the sample was kept under a nitrogen flow for a minimum of 10 min to
obtain a stable baseline.
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Infrared (IR) Spectroscopy. IR spectra were recorded using a
PerkinElmer FTIR spectrometer with a diamond ATR accessory. The
instrument carries a MIR light source of 300−8000 cm−1, an OptKBr
beam splitter (400−7800 cm−1), and a LiTaO3 detector (370−15 700
cm−1). The spectra were collected with a spectral window of 400−
4000 cm−1, a resolution of 4 cm−1, and 32 scans.
Raman Spectroscopy. Raman spectroscopy was performed on a

home-built system utilizing a 532 nm laser and triple-grating
monochromator (SpectraPro 300i, Action Research). The laser beam
was focused onto the sample through a Mitutoyo M Plan Apo 50×
objective with 0.42 NA. All spectra were collected with a laser power of
50 mW, an exposure time of 30 s, and 10 scans.
Transmission Electron Microscopy (TEM). The size and

morphology of the silica nanoparticles were characterized using a
Philips CM200-FEG high-resolution transmission electron microscope
(TEM) operating at a bias voltage of 200 kV. The TEM samples were
prepared by dipping carbon-coated copper grids in silica nanoparticle
dispersion and drying them in air for a minimum of 2 h.
Solid-State Nuclear Magnetic Resonance (NMR) Spectros-

copy. Solid-state NMR spectroscopy experiments were performed on
a Varian VNMRS 400 MHz spectrometer with a 1.6 mm triple-
resonance probe operating in triple-resonance (1H/13C/15N) mode at
a MAS speed of 35 kHz. 1H → 13C and 1H → 15N cross-polarization
magic-angle-spinning (CP-MAS) experiments and two-dimensional
(2D) 1H−13C heteronuclear correlation (HETCOR) and 1H−15N
HETCOR NMR experiments were applied to characterize all samples.
The CP condition for 1H → 13C CP-MAS NMR experiments
consisted of a 1.6 μs 1H π/2 pulse, followed by a 1.0 ms/2.0 ms
ramped (13%) 1H spin-lock pulse with 75 kHz rf field strength. The
experiments were performed with a 25 kHz sweep width, a recycle
delay of 3.0 s, and a two-pulse phase-modulated49 (TPPM) 1H
decoupling level with 156 kHz rf field strength. The CP condition for
1H → 15N CP-MAS NMR experiments consisted of a 1.6 μs 1H π/2
pulse, followed by a 1.0 ms/2.0 ms ramped (10%) 1H spin-lock pulse
with 95 kHz rf field strength. The experiments were performed with a
25 kHz sweep width, a recycle delay of 3.0 s, and the same 1H
decoupling conditions described above. A contact time of 1.0 ms was
applied in 1H → 13C and 1H → 15N CP-MAS NMR experiments for
pure alanine, while a contact of 2.0 ms was applied for 13C/15N-Ala/
FSN-0.03M. 2D 1H−13C HETCOR and 2D 1H−15N HETCOR NMR
experiments were carried out on 13C/15N-Ala/FSN samples. The
experimental CP condition and TPPM 1H decoupling parameters for
2D HETCOR NMR experiments were identical to 1D CP-MAS NMR
experiments with the exception of contact times. The 2D 1H−13C
HETCOR NMR experiment was performed with a contact time of 2.0
ms, a recycle delay of 3.0 s, sweep widths of 25 kHz and 10 kHz for
direct and indirect dimensions, respectively, and 32 complex t1 points.
2D 1H−15N HETCOR NMR experiment was performed with a
contact time of 2.0 ms, a recycle delay of 3.0 s, a sweep width of 10
kHz for both dimensions, and 32 complex t1 points.
In all experiments, the chemical shifts of 1H, 13C, and 15N were

indirectly referenced to adamantane (1H, 1.63 ppm; 13C, 38.6 ppm)

and glycine (15N, 32.6 ppm), respectively.50,51 The line-broadening
(lb) was set to 25 Hz for 1H → 13C CP-MAS spectra, 1H → 15N CP-
MAS spectra, and 2D 1H−13C HETCOR spectra and to 50 Hz for 2D
1H−15N HETCOR spectra.

Solution NMR Spectroscopy. Solution NMR spectroscopy
experiments were performed on a VNMRS 500 MHz spectrometer
with a 5 mm triple-resonance probe operating in triple-resonance
(1H/13C/15N) mode. 1H NMR spectra were collected with a sweep
width of 8012.8 Hz, an acquisition time of 2.045s, a recycle delay of 5.0
s, and 512 scans. 1H−13C HSQC spectra were collected with a recycle
delay of 1.0 s, sweep widths of 8012.8 and 25141.4 Hz for direct and
indirect dimensions, respectively, and 256 complex t1 points.

■ RESULTS AND DISCUSSION

Morphology and Structure of Amorphous Silica
Nanoparticles. Amorphous silica nanoparticles are typically
prepared by two main methods: high-temperature flame
pyrolysis to form so-called fumed silica nanoparticles and
condensation of tetraethyl orthosilicate in aqueous solution or
under hydrothermal conditions to form colloidal (Stöber) or
mesoporous silica nanoparticles. Both fumed and colloidal silica
nanoparticles were investigated to compare their efficiency of
surface catalysis in forming peptide bonds for alanine. Fumed
silica nanoparticles are obtained by hydrolyzing silicon
tetrachloride vapor in a flame followed by rapid quenching to
room temperature. This process generates small primary
particles with diameters from a few to tens of nanometers
and are best described as ramified, chainlike aggregates (Figure
1A). The fumed silica nanoparticles used in this study possess
an average particle size ∼7 nm according to the manufacturer.
Colloidal silica nanoparticles are synthesized according to the
Stöber method and are nonaggregated, monodisperse spherical
nanoparticles (Figure 1B). The average size of the Stöber silica
nanoparticles is determined to be ∼38 nm in diameter. Because
of the much smaller size of primary particles, fumed silica
nanoparticles feature a high surface area up to ∼390 m2/g
compared to the synthesized colloidal silica nanoparticle whose
surface area is only ∼60 m2/g.
Raman spectroscopy was applied to investigate the surface

structures of the two types of silica nanoparticles, and the
spectra are shown in Figure 1C. Comparison between fumed
silica and Stöber silica nanoparticles indicates that their surface
properties are different. For fumed silica nanoparticles, two
significant bands at ∼490 cm−1 (D1) and 605 cm−1 (D2) are
observed that can be attributed to four- and three-membered
siloxane rings, respectively.45 There is also a broad band
centered at ∼450 cm−1 attributed to the five-member and larger

Figure 1. TEM images of (A) fumed silica nanoparticles and (B) colloidal silica nanoparticles. (C) Raman spectra of silica nanoparticles: (a) fumed
silica and (b) colloidal silica nanoparticles.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b04887
ACS Appl. Mater. Interfaces 2017, 9, 17653−17661

17655

http://dx.doi.org/10.1021/acsami.7b04887


siloxane rings. Stöber silica nanoparticles have a prominent
band at ∼490 cm−1 but no well-resolved band at ∼605 cm−1,
indicating the absence of three-membered rings at the surface.
This result is in good agreement with a previous experimental
finding.46 The relatively large population of strained three-
membered rings on fumed silica nanoparticle surfaces is due to
the rapid quenching of silica materials at very high temperatures
during the synthesis in a flame. This process freezes the silica
structure in some strained structures, such as three-member
rings, and this is also observed for Aerosil fumed silica with
particle diameters of 14 and 40 nm.45 Stöber silica nanoparticles
are synthesized in solution via continuous condensation
reactions, and they are principally composed of unstrained
four-membered and larger rings that are more stable and less
reactive. The absence of three-membered ring is also
characteristic of other solution-derived silica nanoparticles,
including mesoporous silica and silica gels.52

Thermal Condensation of Alanine on Fumed Silica
Nanoparticles. Amino acids can undergo thermal condensa-
tion in bulk and on surfaces of inorganic materials such as silica,
aluminum, and minerals.11,12,14 Differential thermal gravimetric
(DTG) analysis is used as a primary technique here to
characterize the thermal behavior of variable samples. It shows a
rate of mass loss versus temperature during the heating of
samples. According to the previous studies,32 for bulk alanine,
no obvious thermal event was detected below 200 °C, and one
broad peak composed of multiple components appeared
around 270 °C. The thermal condensation process (∼210
°C) is overlapped by other thermal events like decomposition
and is not easily recognized. However, for alanine adsorbed on
fumed silica nanoparticles, a well-distinguished peak is observed
around 170 °C at a heating rate of 5 °C/min, which is due to
the thermal condensation of alanine forming peptide bonds.
The other peaks observed above 220 °C correspond to a
complicated thermal degradation process with the elimination
of NH3 and CO2 similar to bulk alanine and will not be further
discussed in this paper. Table 1 summarizes the thermal

condensation results as a function of initial alanine concen-
tration in the prepared solutions. With the increasing amount of
alanine on the surface, the temperature of thermal con-
densation had little change, indicating that the adsorbed alanine
is the main species contributing to the thermal condensation.
Here, we focus primarily on Ala/FSN-0.03M, since it was
shown to be a monolayer adsorbed sample [Figure S1,
Supporting Information (SI)].32 By lowering the heating rate
from 5 to 1 °C/min, the thermal condensation peak was
detected at an even lower temperature around 149 °C (Figure
2A). This finding indicates that the fumed silica nanoparticle
surfaces are able to catalyze the formation of peptide bond and

lower dramatically the thermal condensation temperature of
alanine. The product of thermal condensation is very likely
alanine anhydride, since it has been proposed previously that a
single-cycle heating yields primarily the cyclic anhydrides (or
DKPs). The thermal analysis results of alanine anhydride and
alanine anhydride adsorbed on fumed silica nanoparticles
(alanine anhydride/FSN-0.03M) support this assumption, since
the onset temperature of alanine anhydride (∼213 °C)
degradation agrees well with the onset temperature of thermal
degradation (∼213 °C) for alanine adsorbed on fumed silica
nanoparticles (Figure 2). However, it is in fact difficult to
provide convincing evidence identifying the product of thermal
condensation on the basis of thermal analysis only. Hence,
additional techniques such as NMR spectroscopy and IR
spectroscopy were used in this study to further characterize the
product produced.
NMR and IR spectroscopies were applied as advanced

techniques for investigating the thermal condensation of
alanine on the fumed silica nanoparticle surfaces. 1H → 13C
and 1H → 15N CP-MAS solid-state NMR experiments were
performed on isotope-labeled samples (13C/15N-Ala/FSN-
0.03M) following thermal condensation, and the results are
shown in Figure 3. After thermal incubation at 170 °C for 3 h,
the intensities of the 13C resonance at 176.0 ppm and 15N
resonance at 43.3 ppm decreased and two new resonances
appear due to peptide bond formation during thermal
condensation. The 13C resonance at 171.1 ppm and 15N
resonance at 120.2 ppm were assigned to the carbonyl group
and the amide group of the formed peptide, respectively
(Figure 3d). The 13C resonance of the carbonyl group is
consistent with the 13C resonance of the carbonyl group of
alanine anhydride (Figure 3b), indicating the formation of
alanine anhydride. Furthermore, the intensity of the carboxyl

Table 1. Summary of Alanine Adsorption and Thermal
Condensation on Fumed Silica Nanoparticles from Thermal
Analysis29

DTG peak values (°C)

alanine concn (M) peak I peak II adsorbed alanine (%)

0.01 2.8
0.03 171 280 4.2
0.05 171 279 5.0
0.08 172 269 7.0
0.10 173 263 8.7
0.15 171 253 10.5

Figure 2. (A) DTG curves for Ala/FSN-0.03M (black) and alanine
anhydride (red) with two different heating rates (5 and 1 °C/min).
(B) DTG curves for Ala/FSN-0.03M (black), alanine anhydride (red),
and alanine anhydride/FSN-0.03M (green) with a heating rate of 5
°C/min.
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group decreased after thermal condensation, showing a small
broad peak overlaid with the strong carbonyl peak assigned to
the peptide. This indicates that the vast majority of adsorbed
alanine was converted to peptides. This point was further
confirmed by 15N solid-state NMR spectroscopy, where a weak
15N signal for NH3

+ groups and a strong signal for peptide
amide bonds were observed following thermal condensation.
The 15N resonance of the amide group in the formed peptide
shows ∼3 ppm difference compared to the 15N resonance of
the amide group for crystalline alanine dipeptide (∼123
ppm).53 However, it has a similar 15N resonance to the
amide group of alanine residue in silk protein (∼120 ppm) that
is involved in strong hydrogen bonding.54 This indicates that
the formed peptide may interact with the silica surfaces via
amide groups forming hydrogen bonds to the silica surface.
According to 2D 1H−13C and 2D 1H−15N HETCOR NMR
spectra (Figure S2, SI), the 1H resonance of the amide group
was detected at 6.4 ppm while the 1H resonances of α-CH and
β-CH3 are at 3.2 and 1.2 ppm, respectively. This smaller 1H
resonance of amide proton provides further evidence that
amide protons are involved in a hydrogen bond network with
the silica surfaces.36 In CP-MAS spectra, a considerable CP
signal was observed for unreacted alanine. However, the CP-
MAS spectroscopy is not quantitative, and a stronger than
expected signal could be observed for the unreacted alanine
because it exhibits a higher degree of rigidity compared to the
formed peptide. Furthermore, for in situ solid-state NMR
characterization, the sample was packed tightly in the rotor,
where water could not evaporate freely during the thermal
incubation. As a result, the thermal condensation reaction
might be slower in the NMR rotor and it needs more time to
complete compared to that in an open space.
Similar to the results from solid-state NMR, IR spectroscopy

also shows alanine anhydride formed during thermal
condensation (Figure 4, Table 2). The band for OC−O
stretching (1624 cm−1) disappeared and two well-defined
bands appear at 1668 and 1689 cm−1, which are assigned to the
CO stretching of amide I.55,56 This result indicates that
alanine did undergo thermal condensation at the interfaces and
form a peptide bond. Further, after comparing the spectra of
Ala/FSN-0.03M following thermal incubation with the pure
alanine anhydride, it is compelling to find that vibrational bands

identified from two spectra are very similar, indicating that the
formed peptide is alanine anhydride, in agreement with the
solid-state NMR interpretation.
The product formed during the thermal condensation was

then washed off the fumed silica nanoparticle surfaces and
characterized by solution NMR spectroscopy. According to the
1H NMR spectra shown in Figure 5, the 1H resonances and
splitting patterns of the formed peptide are identical to those of
pure alanine anhydride (Figure 5a). This result provides strong
evidence that the peptide formed during the thermal
condensation is alanine anhydride and that almost all of the
adsorbed alanine was converted to alanine anhydride, one of
the simplest cyclic peptides. This finding was further confirmed
by 1H−13C HSQC NMR spectra that indicated that the formed
peptide is alanine anhydride (see Figure S3, SI). In summary,
this combination of experiments has shown that fumed silica
nanoparticle surfaces are able to serve as catalysts for converting
alanine to alanine anhydride via thermal condensation,
significantly lowering the reaction temperature (Figure 6).
Moreover, the alanine anhydride yield is estimated to be 98.8%
from the 1H NMR spectrum (Figure S4, SI), indicating the high
efficiency and selectivity of fumed silica nanoparticles in
catalyzing peptide bond formation. It is also worth noting
here that a very small amount of unreacted alanine and minor

Figure 3. 1H → 13C and 1H → 15N CP-MAS spectra of (a) 13C/15N-
alanine, (b) alanine anhydride, (c) 13C/15N-Ala/FSN-0.03M, and (d)
13C/15N-Ala/FSN-0.03M incubated at 170 °C for 3 h. The spectra of
13C/15N-alanine and 13C/15N-Ala/FSN-0.03M are shown in black,
while the spectra of alanine anhydride and 13C/15N-Ala/FSN-0.03M
incubated at 170 °C for 3 h are shown in red.

Figure 4. FTIR spectra of (a) fumed silica nanoparticles, (b) alanine,
(c) Ala/FSN-0.03M, (d) Ala/FSN-0.03M incubated at 170 °C for 3 h,
(e) product washed off nanoparticles after thermal incubation, and (f)
alanine anhydride. The spectra of Ala/FSN-0.03M incubated at 170 °C
for 3 h, product washed off nanoparticles after thermal incubation, and
alanine anhydride are shown in red.

Table 2. Assignments of FTIR Bands55,56

band position (cm‑1) assignments

1689 amide I CO stretching
1668 amide I CO stretching
1624, 1615 OC−O stretching
1587 NH3

+ stretching
1513 NH3

+ stretching
1473 ring stretching
1455 CH3 stretching
1412 CH3 stretching
1362 OC−O stretching
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degradation indicated by the multiplicity of 1H resonances were
observed in the 1H NMR spectrum (see Figure S4, SI).
Comparison Between Fumed Silica Nanoparticles and

Colloidal Silica Nanoparticles on Surface-Catalyzed
Peptide Bond Formation Reaction. From the present
study on thermal condensation of alanine on fumed silica
nanoparticles, it is illustrated that fumed silica nanoparticles
have exceptionally high efficiency for surface-catalyzed peptide
bond formation reaction. Here, a simple question then arises:
Do other types of amorphous silica nanomaterials have the
same property? To answer this question, we decided to
investigate another type of the most common silica nanoma-
terials, colloidal silica nanoparticles. The colloidal silica
nanoparticles were synthesized following the classical Stöber
method, and they possess a well-defined spherical shape with an
average diameter around 38 nm. The surface area is much lower
than that of fumed silica nanoparticles, resulting in a much
lower amount of adsorbed alanine on the surfaces. The TGA
profile indicates that the adsorbed alanine is less than 2 wt %,
and the DTG curve does not exhibit a clear peak around 170
°C attributed to the peptide bond formation reaction (see
Figure S5, SI). Figure 5d shows the 1H NMR spectrum of the
product from the thermal condensation on Stöber silica
nanoparticles. The multiple small 1H resonances at 4.2 ppm
indicate the formation of alanine anhydride, but the yield is low
(∼51.2%). The vast majority of adsorbed alanine still remained
unreacted on the surface, as indicated by the well-defined 1H

resonance at 3.8 ppm. This result is further supported by IR
spectroscopy showing that the alanine is the main species
present on the colloidal silica nanoparticle surfaces after
thermal condensation (Figure S6, SI). On the basis of the
comparison between the surface-catalyzed peptide bond
formation reaction on the fumed silica nanoparticles and
colloidal silica nanoparticles, it is concluded that fumed silica
nanoparticles possess a better efficiency than colloidal silica
nanoparticles in forming the peptide bond, and it has an
efficiency of 98.8% and a high selectivity in the case of
synthesizing alanine anhydride from alanine.

Catalytic Property of Fumed Silica Nanoparticle
Surfaces in Peptide Bond Formation. It has been
demonstrated that some amino acids are able to undergo
thermal condensation in the presence of inorganic oxides or
mineral surfaces, such as silica, alumina, or clay, since the
phenomenon was first discovered in 1978.1−3 In this work, we
showed a good example in which alanine can undergo thermal
condensation on fumed silica nanoparticles, forming peptide
bonds. More significantly, the formed peptide is almost pure
alanine anhydride, the product of alanine dimerization. Though
this type of surface-catalyzed peptide bond formation reaction
has been shown many times during the past decades, the
mechanism of the catalysis still remains unclear. However, two
things appear to be certain for the surface-catalyzed peptide
bond formation reaction: first, the peptide bond formation
reaction from amino acids is thermodynamically unfavored in
aqueous solutions;57 however, it can be achieved in the
adsorbed state on surfaces where the water activity is low.14

Second, keeping water activity low is the driving force for the
condensation reaction, because it releases water as a product. In
this part of the discussion, we focus on understanding the role
of the silica nanoparticle surfaces in catalyzing the peptide bond
formation by combining the findings from previous research
and the results we obtained in this work. Additionally, we also
discuss the possible reasons for the high efficiency of fumed
silica nanoparticles. In the discussion, DKP will be used to
stand for alanine anhydride, since it is frequently used to
indicate the cyclized form of alanine.
Since the formation of alanine DKP involves the formation of

two peptide bonds, a possible two-step reaction mechanism has
been proposed:

+ → − +
Δ

Ala Ala Ala Ala H O(g)2 (I)

− → +
Δ

Ala Ala DKP H O(g)2 (II)

In step I, adsorbed alanine forms linear alanine dipeptide and it
reacts further by cyclization to DKP in step II. Previous studies
on glycine adsorbed on silica have shown that the cyclization
happens at a lower temperature than its initial linear
dimerization.9 So it might be the same case for alanine here
in this work, where the linear alanine dipeptide is formed and it
would immediately undergo further cyclization to DKP at
elevated temperature.
According to the DTG results, the adsorbed alanine is the

primary reservoir for DKP formation at ∼170 °C with a heating
rate of 5 °C/min, since the crystalline alanine shows no
significant thermal event below 200 °C. Furthermore, the little
change in temperatures of thermal condensation with the
increasing amount of alanine on surfaces also indicates that the
adsorbed alanine is the main contributor for the condensation
reaction. On the basis of this finding, understanding the

Figure 5. 1H NMR spectra of (a) alanine, (b) alanine anhydride, (c)
peptide formed on fumed silica nanoparticles (red), and (d) peptide
formed on colloidal silica nanoparticles (blue).

Figure 6. Schematic representation of thermal condensation of alanine
at 170 °C forming alanine anhydride on fumed silica nanoparticles.
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mechanism of DKP formation lies with unraveling the
interaction between adsorbed alanine and surface groups and
the behavior of adsorbed alanine at the interfaces during
thermal incubation. For the interaction between adsorbed
alanine and surface groups, solid-state NMR spectroscopy has
provided some clues regarding the binding state of alanine, and
more details can be found in our previous work.32 At very low
water activity levels, the reorientation of adsorbed alanine is
restricted to some degree and it interacts with surface silanol
groups via the carboxyl group and protonated amine group
(NH3

+). This is likely the model describing the surface
chemistry at the very early stage of thermal incubation, when
the sample is being heated up to 100 °C, since most
physisorbed water is removed from the surfaces of nano-
particles. In the following thermal incubation with the
temperature increasing up to 170 °C, the mobility of the
adsorbed alanine increases, since the alanine−surface inter-
action may be broken and re-formed during this stage. This
thermally driven reorientation makes alanine molecules interact
frequently with each other at the interfaces. Surface silanol
groups are also able to serve as the active sites for interacting
with both carboxylate groups and amine groups, which may
lower the energy barrier for the subsequent peptide bond
formation reaction between alanine molecules. When the
temperature reaches the point of overcoming the energy barrier
of the peptide bond formation reaction (∼170 °C with a
heating rate of 5 °C in this work), the condensation is triggered
and the peptide bond forms. This proposed mechanism may
give an explanation for forming the peptide bond at a lower
temperature on silica nanoparticle surfaces, including fumed
silica nanoparticles and colloidal silica nanoparticles, compared
to that in the bulk.
To further understand the reason for the ultrahigh efficiency

for fumed silica nanoparticles, Raman spectra of alanine
adsorbed on fumed silica nanoparticles after incubation at
170 °C for 3 h were collected and compared to spectra of the
fumed silica nanoparticles (Figure 7B). Adsorbed alanine is not

present in crystalline form, since no characteristic resonances
were found for alanine in crystalline form (Figure S7, SI). After
thermal incubation, alanine converts to alanine anhydride at the
interface of fumed silica nanoparticles (Figure 7A), where the
amine group and carboxylate group form the amide bond. The
formed alanine anhydride is believed to exhibit weaker
interactions with surface silanol groups compared to alanine.32

As a result, the formed alanine anhydride was barely detected in
the spectra. However, the D1 and D2 bands of silica surface
groups are clearly observed. The spectra were normalized to the
amplitude of the band centered at ∼800 cm−1 to carry out a
quantitative analysis. This protocol is suitable and reliable
because the band at ∼800 cm−1, assigned to the symmetric
stretching vibration of the Si−O−Si group, is very stable and
this protocol has been proven in previous studies.45,58,59 The
intensity of the D2 band showed a significant decrease, while
the intensity of the D1 band did not vary to any appreciable
extent. Since the D2 band is assigned primarily to the three-
membered siloxane ring structure, this result indicates that the
content of three-membered siloxane rings decreased during the
processing and thermal condensation. It has been suggested
recently, due to electron paramagnetic resonance (EPR), that
the surface three-membered siloxane rings of fumed silica can
form radicals via homolytic cleavage of siloxane bonds that can
further generate hydroxyl radicals when hydrolyzed.46 On the
basis of this finding, it may be reasonable to propose that
surface radicals may be generated on fumed silica nanoparticle
surfaces during processing and then catalyze the peptide bond
formation reaction significantly. The contribution of radicals to
the high efficiency of fumed silica nanoparticles still remains
uncertain and it needs more investigation; however, it is
important to note here that fumed silica nanoparticles, in
contrast to colloidal silica nanoparticles, have a considerable
amount of surface three-membered siloxane rings, which can
potentially serve as a reservoir for surface radicals. In addition, a
recent simulation study has proposed another mechanism in
which strained siloxane rings react first with carboxylic acids,
forming a −Si−O−C(O)− surface mixed anhydride, and the
surface mixed anhydride undergoes further reaction with
amines to from peptide bonds.60 For more details on the
mechanism, we will continue our investigation and address
more details in our future reports.

■ CONCLUSION
In this work, we carried out a thorough investigation on the
thermal condensation of alanine on fumed silica nanoparticles.
It is found that the adsorbed alanine can undergo a surface-
catalyzed thermal condensation at around 170 °C, forming
alanine anhydride with a very high yield of 98.8%. This finding
suggests a potential way of synthesizing peptides with high
efficiency and high selectivity at inorganic nanostructured
interfaces. To further understand the fundamental origin of
such high-selectivity and high-yield peptide formation on fumed
silica nanoparticles, a comparative study was carried out
between fumed silica nanoparticles and colloidal silica nano-
particles. It is found that the high efficiency for fumed silica
nanoparticles is likely related to the intrinsic strained ring
structures present on the nanoparticles surfaces. In addition, in
this work, NMR, IR, and Raman spectroscopies have been
successfully applied to characterize the alanine−silica interfaces,
which demonstrates that these techniques can be used in the
future for more bioinorganic interface research.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.7b04887.

The amount of alanine adsorbed on silica as a function of
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Figure 7. (A) Raman spectra of (a) Ala/FSN-0.03M, (b) Ala/FSN-
0.03M after thermal incubation at 170 °C for 3 h, (c) Ala/CSN, and
(d) Ala/CSN after thermal incubation at 170 °C for 3 h. The spectra
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spectra of fumed silica (solid line) and Ala/FSN-0.03M after thermal
incubation at 170 °C for 3 h (dashed line). The spectra were
normalized using the peak area of the Si−O−Si band at ∼800 cm−1.
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