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ABSTRACT: Investigating the interface between biomolecules and nanoparticles has attracted considerable attention in recent
years since it has great significance in numerous fields including nanotechnology, biomineralization, cancer therapy, and origin of
life. In this paper, we present a thorough solid-state NMR study on alanine adsorption and thermal condensation on fumed silica
nanoparticles. The structure and dynamics at the interface between alanine and fumed silica nanoparticles were probed with a
combination of 'H, "*C, and "*N one- and two-dimensional (2D) magic angle spinning (MAS) solid-state NMR methods at
different alanine surface coverages and hydration levels. It is illustrated at high surface coverages both crystalline and adsorbed
states of alanine exist in the samples while only adsorbed alanine is observed at low surface coverage (approximately a
monolayer). At high hydration levels, the adsorbed alanine exhibits enhanced mobility, and both the carboxyl and amine group
interact with mobile water molecules on the silica nanoparticle surface. At low hydration levels, the adsorbed alanine interacts
with surface silanols via the protonated amine group and the carboxylate group. The thermal condensation of alanine on fumed
silica nanoparticles was also investigated, and the results indicate that alanine can undergo thermal condensation at ~170 °C at
the interface of fumed silica nanoparticles as confirmed by a battery of *C and "N 2D MAS solid-state NMR experiments. By
combining the adsorption and thermal condensation results, a possible mechanism for the silica surface-catalyzed thermal
condensation reaction of alanine is proposed.

B INTRODUCTION low temperatures in the absence of any activating agents when
gently heating amino acids at the interface of inorganic oxides
such as silica, alumina, and other minerals.'*" Among all the
bioinorganic systems, the amino acid/silica system is the
simplest and most practical system and constitutes the first step
in understanding more complicated bioinorganic systems such
as peptide/silica and protein/silica systems.

Silica (SiO,) is one of the most common inorganic materials

The interaction of biomolecules at the surface of inorganic
materials has attracted considerable attention in recent years
since it has a significant impact on drug delivery research,
bionanotechnology, and bionanocomposite materials.'
Understanding the adsorption and binding mechanism of
biomolecules at the biomolecule—inorganic interfaces is of
major significance for developing novel bioinorganic composite

systems for biomedical applications.”'® Investigating the on Earth and has been extensively investigated for decades due
thermal condensation of biomolecular species on inorganic to its diverse properties such as polymorphism and
oxide surfaces is of great interest since mineral surfaces biocompatibility. It has widespread applications ranging from
potentially served as catalysts for peptide bond formation in
prebiotic chemistry and could have been involved in the Received: October 19, 2015
synthesis of the first small oligopeptides.'" Considerable studies Revised: ~ October 22, 2015
have demonstrated peptide bond formation occurs at relatively Published: October 23, 2015
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structural materials to catalysis and as a medium for drug
delivery.”>'*~"” Fumed silica is one class of synthetic silica
materials produced at high temperature by hydrolyzing silicon
tetrachloride vapor in a flame followed by rapid quenching to
room temperature."® Because of this synthetic approach, the
resulting silica particles exhibit a nonporous amorphous
structure with nanoscale size and an extensively high surface
area. The surface chemistry of fumed silica has been well
investigated for decades because of the considerable utility of
such high surface area amorphous materials in a range of
applications.*~*°

Amino acids serve as the basic building blocks to form
peptides and proteins. Understanding the amino acid/inorganic
interface is thought to be one of the key steps for
understanding how peptides and proteins bind and interact
with inorganic surfaces.” Furthermore, in the field of prebiotic
chemistry research, it was proposed long ago and is continually
investigated that mineral surfaces could have played a crucial
role in catalyzing polymerization reactions of amino acids
forming the first oligopeptides and proteins.'”'**'™** Thus,
understanding biocatalytic reactions at silica and other mineral
surfaces may help unravel the mystery of the origin of life.""

Solid-state NMR spectroscopy is a premier technique for
elucidating molecular level detail regarding the interactions
between biomolecules and inorganic surfaces.”>°”** In the
present work, the adsorption and thermal condensation of
alanine on fumed silica nanoparticles surfaces are explored with
solid-state NMR spectroscopy. Solid-state NMR spectroscopy
is an excellent characterization method for obtaining structural
information at a molecular level and is being increasingly used
for monitoring surface chemistry.”*~>* Considerable solid-state
NMR studies on amino acid/silica systems including alanine/
silica have been carried out. Ben Shir et al. investigated the
binding and dynamics of glycine and alanine on SBA-15 and
MCM-41 surfaces by using rotational-echo double-reso-
nance’®”” (REDOR) NMR.>"*** They found that the
adsorption of alanine on amorphous silica surfaces occurs via
direct interaction of its charged amine group with silica surface
silanols. Amitay-Rosen et al. applied *H MAS NMR to
understand the structural and dynamical state of water and
alanine molecules adsorbed on SBA-15 surfaces at different
degrees of surface hydration.”” In the latter study, two distinct
alanine populations were identified at the interface where one is
dynamically undergoing exchange between bound and free
states while the other is statically bonded to the surface. They
also revealed that a small amount of interfacial water molecules
made alanine exhibit a solution-like environment with isotropic
mobility.

In the present work, a combination of 'H high-speed MAS
NMR spectroscopy, ‘H — *C and 'H — "N cross-polarization
magic-angle-spinning’**” (CP-MAS), and two-dimensional
(2D) 'H-"3C and 'H—"N heteronuclear correlation (HET-
COR) NMR spectroscopy is implemented to investigate the
behavior of alanine molecules on fumed silica nanoparticles.
The adsorption species of alanine on fumed silica surfaces were
observed directly by CP-MAS NMR spectroscopy in contrast
with previous studies for alanine adsorption on other silica
surfaces.>"** In the present study, the adsorption of alanine on
the surfaces at high and low hydrated levels was thoroughly
investigated, and a possible adsorption mechanism is proposed.
Lastly, it is shown that alanine can undergo thermal
condensation on fumed silica nanoparticles forming peptide
bonds at ~170 °C. Based on the adsorption and thermal

condensation results, a mechanism for silica surface-catalyzed
thermal condensation of amino acids is proposed where surface
silanol groups are involved in the reaction.

B EXPERIMENTAL SECTION

Materials. Fumed silica nanoparticles (~7 nm) with BET
(Brunauer, Emmett, and Teller) surface area of 395 + 25 m?/g
and natural abundance pure vr-alanine (99% purity) were
purchased from Sigma-Aldrich. U-["*C/'*N]-L-Alanine was
purchased from Cambridge Isotopes, Inc. All materials were
used as received and stable isotope enrichment levels of labeled
compounds are 97—99%. In the following, silica or SiO, refers
to fumed silica nanoparticles unless otherwise specified. Ala/
SiO, and '3C/'*N-Ala/SiO, will refer to natural abundance
alanine and "*C/"*N-labeled alanine adsorbed on fumed silica
nanoparticles, respectively.

Adsorption of Alanine on Fumed Silica Nanoparticles.
Fumed silica nanoparticles were initially heated to 500 °C
overnight to remove impurities on the surface. In a typical
adsorption procedure, 75 mg of fumed silica nanoparticles was
mixed with L-alanine in 5.0 mL of DI water, and the mixture
was then stirred at room temperature for over 3 h to ensure the
adsorption reached equilibrium. Nanoparticles were then
separated by centrifugation at 6000 rpm for 1 h and dried
under vacuum at room temperature overnight. The samples
prepared from solutions of various concentrations are noted as
Ala/SiO,-x M, where x refers to the alanine concentration in
the adsorption solutions (in mol L™"). In this work, *C/**N-
Ala/Si0,-0.03 M and "*C/"*N-Ala/Si0,-0.10 M samples were
prepared for solid-state NMR investigations. Briefly, two sets of
120.0 mg fumed silica nanoparticles were mixed with 21.6 and
72.0 mg of *C/"N-L-alanine in 8.0 mL of DI water, and the
pH values of both solutions were maintained at 6.7. The
suspensions were then stirred for over 3 h to reach equilibrium.
The two mixtures were then centrifuged at 6000 rpm for 1 h,
and the remaining powders were allowed to vacuum-dry at
room temperature overnight. The as-prepared samples were
noted as “hydrated” samples. To prepare “dry” samples, the
BC/*N-Ala/SiO, samples were packed in NMR rotors and
then further vacuum-dried with cap removed (0.001 mbar) for
one month. The NMR investigations on dried samples were
carried out immediately after drying. No obvious rehydration
was found in this work during the course of solid-state NMR
experiments, indicating that the rotor sealing is quite good.

Thermal Condensation of Alanine on Fumed Silica
Nanoparticles. Solid-state NMR spectroscopy was used for
studying alanine thermal condensation on fumed silica
nanoparticles. *C/**N-Ala/Si0,-0.03 M was first packed in
the rotor followed by incubation at 170 °C for 3 h with rotor
cap removed. The rotor was then cooled down to room
temperature and sealed for NMR characterization.

Thermal Analysis. Thermal gravimetric analysis (TGA)
experiments were performed with a TA2910 (TA Instruments
Inc.) instrument under dry N, flow (30 mL/min for furnace
and 30 mL/min for balance). For each experiment, 7—10 mg of
sample was used and a heating rate of 5 °C/min was applied.
Before each experiment, the sample was kept under a nitrogen
flow for 10 min to remove any physisorbed water and obtain a
stable baseline.

Solid-State NMR Spectroscopy. Solid-state NMR spectra
were collected on a Varian VNMRS 400 MHz spectrometer
with a 1.6 mm triple-resonance probe operating in triple-
resonance (IH/13C/15N) mode at a MAS speed of 35 kHz. 'H

DOI: 10.1021/acs.jpcc.5b10236
J. Phys. Chem. C 2015, 119, 25663—-25672


http://dx.doi.org/10.1021/acs.jpcc.5b10236

The Journal of Physical Chemistry C

high-speed MAS NMR data were collected with the DEPTH
sequence,”’ 'H — *C and 'H — "N CP-MAS experiments,
two-dimensional (2D) 'H—13C heteronuclear correlation
(HETCOR), and 'H—"*N HETCOR NMR experiments were
performed to characterize all samples. 'H MAS NMR
experiments were conducted with a 1.6 us 'H 7/2 pulse, a
recycle delay of 5.0 s, and a 10 kHz sweep width at a spinning
speed of 35 kHz. The CP condition for '"H — *C CP-MAS
NMR experiments consisted of a 1.6 us 'H z/2 pulse, followed
by a 1.0 ms ramped (13%) 'H spin-lock pulse of 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-
modulated*' (TPPM) 'H decoupling level of 156 kHz for all
samples. The CP condition for 'H — "N CP-MAS NMR
experiments consisted of a 1.6 us 'H /2 pulse, followed by a
1.0 ms ramped (10%) 'H spin-lock pulse of 95 kHz rf field
strength. The experiments were performed with a 25 kHz
sweep width, a recycle delay of 3.0 s, and a 'H decoupling level
of 156 kHz. A contact time of 1.0 ms was applied in 'H — *C
and 'H — N CP-MAS NMR experiments for pure alanine
and C/"*N-Ala/Si0,-0.10 M while a contact of 2.0 ms was
applied for *C/"*N-Ala/Si0,-0.03 M.

2D 'H-"C HETCOR and 2D 'H-"N HETCOR NMR
experiments were carried out on two 13’C/ISN—Ala/SiOZ
samples. The experimental CP condition and TPPM 'H
decoupling parameters for 2D HETCOR NMR experiments
were identical to 1D CP-MAS NMR experiments with the
exception of contact times. 2D 'H-"C HETCOR NMR
experiments were performed with contact times of 2.0 and 0.25
ms, a recycle delay of 3.0 s, sweep widths of 25 and 10 kHz for
direct and indirect dimensions, respectively, and 32 complex t,
points. 2D 'H-""N HETCOR NMR experiments were
performed with different contact times (0.25, 1, and 2 ms), a
recycle delay of 3.0 s, a sweep width of 10 kHz for both
dimensions, and 32 complex ¢, points.

In all experiments, the chemical shifts of 'H, '*C, and "*N
were indirectly referenced to adamantane 'H (1.63 ppm),
adamantane *C (38.6 ppm), and glycine “N (31.6 ppm),
respectively.*”*’ The line-broadening (Ib) factor was set to 25
Hz for '"H — C CP-MAS spectra, 'H - "N CP-MAS
spectra, 2D 'H—"C HETCOR spectra, and 50 Hz for 2D
"H-""N HETCOR spectra.

B RESULTS AND DISCUSSION

Adsorption Behavior of Alanine on Fumed Silica
Nanoparticles. The adsorption of alanine on silica surfaces
has been well studied,*”*"**** and some factors such as initial
concentration of alanine in the adsorption solution and pH
values of adsorption solution have been shown to impact the
amount of adsorbed alanine at the silica interface. In this paper,
we use TGA to investigate the influence of initial aqueous
alanine concentration on the content of adsorbed alanine at the
surface of fumed silica nanoparticles, and the results are
summarized in Table 1. The amount of adsorbed alanine is
calculated from the TGA weight loss curves between 100 and
600 °C since the water contributes to the weight loss below 100
°C.® Figure 1 shows the amount of alanine adsorbed on fumed
silica nanoparticles as a function of initial aqueous alanine
concentration. With increasing the initial concentration, the
amount of adsorbed alanine increases correspondingly.
Furthermore, the adsorption of alanine fits well to a Langmuir
isotherm in the low initial concentration range (<0.05 M).
However, at high initial concentrations (>0.08 M), the

Table 1. Summary of TGA Results for Alanine Adsorption
on Fumed Silica Nanoparticles

[alanine] (M) weight loss (%) adsorbed alanine (molecules/nm?)

0.01 2.8 0.50 + 0.03
0.03 42 0.76 + 0.05
0.0S 5.0 0.91 + 0.06
0.08 7.0 1.31 + 0.08
0.10 8.7 1.65 + 0.10
0.15 10.5 2.02 + 0.13

Figure 1. Amount of alanine adsorbed on fumed silica nanoparticles as
a function of initial aqueous alanine concentration at room
temperature and near neutral pH (pH = 6.7).

adsorption behavior is linear and cannot be properly fit to a
Langmuir isotherm. This is probably due to the incomplete
separation between liquid and solid phases or the formation of
multilayers on the surface similar to previous observations for
lysine adsorption on fumed silica nanoparticles.*®

Adsorption Mechanism of Alanine on Fumed Silica
Nanoparticles. Solid-state NMR spectroscopy is a powerful
tool for elucidating surface chemistry at nanomaterial interfaces.
Here, a combination of solid-state NMR experiments is
performed to investigate the adsorption mechanism of alanine
on fumed silica nanoparticles surfaces. In previous studies, the
protonation state of the amine group of alanine on mesoporous
silica was investigated by using N{'H} separated local field*’
(SLF) experiments combined with PMLG-5 homonuclear
decoupling.”” These results indicated that the amine group of
alanine was protonated (NH,") with a 'H resonance at ~7.4
ppm that facilitated the binding to silica surface groups.’’ In
this work, the bulk alanine and adsorbed alanine on fumed silica
nanoparticles were found in zwitterionic forms since the 'H
resonance of NH;* was clearly detected for all species with a
similar chemical shift observed (Figure S1).*' Furthermore, two
'"H resonances were seen for methyl protons in the “hydrated”
state: one at 1.4 ppm corresponding to alanine in an aqueous
environment and one at 1.2 ppm corresponding to alanine
interacting with the silica nanoparticles (Figure S1). This was
confirmed in the “dry” state where the 'H resonance at 1.4 ppm
disappears presumably due to the restriction of reorientational
motion of alanine at low hydration level.* The alanine
molecules become less mobile when interacting with the dry
nanoparticle surface. A 'H resonance at 1.7 ppm was detected
for dry samples that is due to the isolated silanol group on the
fumed silica nanoparticle surface.'® This result is consistent
with those obtained by Amitay-Rosen et al.”’

In Figures 2 and 3, the 'H - ¥C and 'H — N CP-MAS
NMR spectra of bulk U-[3C/!*N]-L-alanine and *C/*N-Ala/
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Figure 2. 'H — '3C CP-MAS NMR spectra of U-[*C/!*N]-L-alanine,
13C/IS'N-Ala/SiOZ—O.lO M (“hydrated” and “dry”), and 1BC/15N-Ala/
S8i0,-0.03 M (“hydrated” and “dry”).

Figure 3. 'H — "N CP-MAS NMR spectra of U-[*C/!*N]-L-alanine,
13’C/15’N-Ala/SiOZ—O.1O M (“hydrated” and “dry”), and 1BC/15N-Ala/
§8i0,-0.03 M (“hydrated” and “dry”).

SiO, samples are displayed with all peak assignments
summarized in Table 2. Bulk U-["*C/"*N]-L-alanine is in the
crystalline state exhibiting three sharp '*C resonances for the
carboxyl group (177.8 ppm), a-CH (51.1 ppm), and $-CH,
(20.6 ppm) and one "*N resonance for the NH;" (42.3 ppm)
illustrating that alanine is in its zwitterionic form. The splitting
for the carboxyl group is due to the "*C—"3C J-coupling with
the neighboring a-"*CH. These resonances were also detected
for 3C/'®N-Ala/Si0,-0.10 M, indicating crystalline alanine
exists in the samples at this surface coverage. In addition to
crystalline alanine, three unique "*C resonances at 176.0, 51.8,
and 16.2 ppm and one additional N resonance are observed in

the spectra and are assigned to the carboxyl group, a-CH, f-
CH;, and NH;* of adsorbed alanine, respectively. The
resonances broaden considerably following drying since the
adsorbed alanine becomes more rigid. The broadening effect is
due to chemical shift heterogeneity and illustrates that the
alanine nanoparticle surface environment is disordered. The
large change (4.4 ppm) in "*C chemical shift to lower ppm
observed for the -CH; for adsorbed alanine is likely due to
methyl packing differences between the crystalline and
adsorbed forms. Chemical shifts to higher ppm are typically
observed for more restricted methyl packing environments in
alanine-containing peptides.”” The methyl packing is expected
to be less restrictive on the silica nanoparticle surface.

The crystalline alanine was found to disappear when
lowering the concentration of alanine in the adsorption
solution. In the 'H — “C and 'H = N CP-MAS NMR
spectra of '3C/'N-Ala/Si0,-0.03 M, the characteristic
resonances of crystalline alanine were not detected, and only
adsorbed alanine was observed at the silica nanoparticle
interface (see Figures 2 and 3). The *C and "N resonances
of adsorbed alanine appeared at identical isotropic chemical
shifts to those of *C/"*N-Ala/Si0,-0.10 M. Furthermore, the
broadening effect of the adsorbed state was clearly observed for
“dry” *C/"N-Ala/Si0,-0.03 M, demonstrating the adsorbed
species is highly disordered as evidenced by the heterogeneous
line broadening. Based on results of 'H — *C CP-MAS NMR
and 'H — N CP-MAS NMR experiments, it is convincing to
argue that at high surface coverage (**C/'*N-Ala/Si0,-0.10 M)
both crystalline and adsorbed states of alanine exist on the
nanoparticle surfaces while only the adsorbed alanine state is
present at low surface coverage (*C/"*N-Ala/Si0,-0.03 M).

To further elucidate the interaction of alanine molecules with
the surface groups on fumed silica nanoparticles, 2D "H—"C
and 'H-""N HETCOR NMR experiments were performed.
The 2D 'H-"*C and 'H-""N HETCOR NMR spectra of
“hydrated” and “dry” "*C/N-Ala/Si0,-0.10 M are shown in
Figures 4 and S along with the 'H traces for specific *C and
>N chemical shifts. For both “hydrated” and “dry” "*C/"*N-
Ala/Si0,-0.10 M samples, the 'H-"C and 'H-"*N correla-
tions for crystalline alanine are identical. The *C resonances at
177.8, 51.1, and 20.6 ppm assigned to the carboxyl group, a-
CH, and p-CH; of crystalline alanine clearly show three
correlations with 'H resonances at 0.9, 3.4, and 8.2 ppm
corresponding to the B-CH; a-CH, and the NH;" in
interaction with the carboxylate of a neighboring molecule
through COO—HN hydrogen bonds in the crystalline state,
respectively. The "N resonance at 42.3 ppm assigned to the
NH;* of crystalline alanine also shows three correlations with
these 'H resonances in the two states. However, some
differences for '"H—">C and '"H—"N correlations were found
for adsorbed alanine after comparing the “hydrated” state and

Table 2. Summary of "*C and >N Chemical Shifts of U-[**C/**N]-L-Alanine and *C/"N-Ala/SiO, Samples”

13C ISN
samples —-CO,~ a-CH p-CH,4 NH,"
U-[BC/*N]-L-alanine 177.8 511 20.6 423
13C/"N-Ala/Si0,-0.10 M (hydrated) 177.8, 176.3 51.1, 51.8 20.6, 16.2 42.3,43.3
13C/N-Ala/Si0,-0.10 M (dry) 177.8, 176.0 51.1, 51.8 20.6, 16.2 42.3,43.3
13C/'SN-Ala/Si0,-0.03 M (hydrated) 176.0 51.8 16.2 43.3
BC/"N-Ala/Si0,-0.03 M (dry) 176.0 51.8 16.2 43.3

“Chemical shifts are reported in ppm from TMS.
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Figure 4. '"H — *C 2D-HETCOR MAS NMR spectra of (A) “hydrated” *C/"*N-Ala/Si0,-0.10 M and (B) “dry” '*C/'*N-Ala/Si0,-0.10 M.
Experiments were conducted with a 2.0 ms contact time at 400 MHz and a MAS frequency of 35 kHz.

Figure 5. '"H — N 2D-HETCOR MAS NMR spectra of (A) “hydrated” '*C/'*N-Ala/Si0,-0.10 M and (B) “dry” '*C/"*N-Ala/Si0,-0.10 M.
Experiments were conducted with a 1.0 ms contact time at 400 MHz and a MAS frequency of 35 kHz.

the “dry” state, indicating that the binding behaviors of alanine
molecules on the surfaces are different in the two states. In the
“hydrated” state, the *C resonance at 176.3 ppm assigned to
the carboxyl group of adsorbed alanine shows two clear
correlations with 'H resonances at 4.8 and 1.2 ppm. The "N
resonance at 43.3 ppm is assigned to the NH;" of adsorbed
alanine and shows one strong correlation with a 'H resonance
at 5.4 ppm. The 'H resonance at 4.8 ppm is assigned to surface
bound water whose behavior is similar to bulk, isotropic water,
and the 'H resonance at 1.2 ppm was assigned to f-CH; of

adsorbed alanine. The 'H resonance at 5.4 ppm could be due to
the interaction between water and NH;" of free alanine that are
not bound to the silica nanoparticle surface. These results
indicate that the carboxyl group and the NH;" of adsorbed
alanine both interact with the interfacial water via a fast-
exchange process in the “hydrated” state. After drying, the
carboxyl group and the NH;" of adsorbed alanine show
distinguishable correlations with the 'H resonance at 7.6 ppm
that are assigned to the hydrogen bonding protons that
interacts with surface silanol groups.””** This indicates that the

DOI: 10.1021/acs.jpcc.5b10236
J. Phys. Chem. C 2015, 119, 25663—-25672


http://dx.doi.org/10.1021/acs.jpcc.5b10236

The Journal of Physical Chemistry C

Figure 6. 'H — *C 2D-HETCOR MAS NMR spectra of (A) “hydrated” *C/'*N-Ala/Si0,-0.03 M and (B) “dry” *C/"N-Ala/Si0,-0.03 M.
Experiments were conducted with a 2.0 ms contact time at 400 MHz with MAS frequency of 35 kHz.

Figure 7. '"H — N 2D-HETCOR MAS NMR spectra of (A) “hydrated” *C/"*N-Ala/Si0,-0.03 M and (B) “dry” *C/"N-Ala/Si0,-0.03 M.
Experiments were conducted with a 2.0 ms contact time at 400 MHz with MAS frequency of 35 kHz.

protonated amine group and the carboxyl group likely interacts
with silanol groups by forming hydrogen bonds on the silica
nanoparticle surfaces in the “dry” state.

2D 'H-"C and 2D 'H-"N HETCOR NMR of the
“hydrated” and “dry” '*C/"N-Ala/Si0,-0.03 M are shown in
Figures 6 and 7. Since only adsorbed alanine was detected on
surfaces for '*C/'®N-Ala/Si0,-0.03 M, the 'H-3C and
"H-"N correlations shown in the spectra can offer more

insight into the adsorbed state of alanine on fumed silica

nanoparticle surfaces. Similar to the findings for *C/"*N-Ala/
Si0,-0.10 M, in the “hydrated” state, the carboxyl group and
the NH;" interact with interfacial water at ~4.6 ppm, indicating
the alanine molecules are mobile interacting with free water at
the interfaces. In the “dry” state, a clear strong 'H contact is
observed at ~7.6 ppm for the carboxyl group, indicating they
interact with silanols. To further get a more detailed picture of
the adsorption on surfaces, we performed HETCOR NMR
experiments with variable mixing time, and the results are

DOI: 10.1021/acs.jpcc.5b10236
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Figure 8. 'H — 3C (A) and 'H — N (B) 2D-HETCOR MAS
NMR spectra of “dry” *C/"*N-Ala/Si0,-0.03 M with contact times of
2.0 and 0.25 ms. Experiments were conducted at 400 MHz with MAS
frequency of 35 kHz.

shown in Figure 8. Since the 2D 'H-"C and 2D 'H-"N
HETCOR NMR experiments are dipolar-based experiments, in
which magnetization is transferred through space, long-range
correlations can be detected by applying a longer CP contact
time. With a mixing time of 2.0 ms, all '"H-"C and 'H-""N
correlations can be seen clearly. However, applying a mixing
time of 0.25 ms offers a chance to see only short-distance
correlations, which makes it possible to determine the groups
that interact with the NH;" interacting at silanol groups ("H
resonance at ~7.6 ppm). Based on the 2D 'H-"C and 2D
'"H-""N HETCOR NMR spectra with a mixing time of 0.25
ms, a weak correlation to 'H resonance at 7.6 ppm was
detected for the carboxyl group of alanine while a strong
correlation to the same 'H resonance (7.6 ppm) was seen
clearly for the protonated amine groups of adsorbed alanine.
This result provides convincing evidence that both protonated
amine group and the carboxyl group of alanine interacts with
the silanol group directly via hydrogen bonds at low hydration
level (see Figure 9).

Figure 9. Schematic representation of alanine adsorption on fumed
silica nanoparticles surfaces in “hydrated” and “dry” state.

Two Ala/SiO, samples with different surface coverages ratios
(C/"N-Ala/Si0,-0.03 M and "*C/“N-Ala/Si0,-0.10 M)
were prepared and characterized in this work. At a high surface
coverage (0.10 M), both crystalline and adsorbed states of
alanine were observed on the fumed silica nanoparticle surfaces
while only the adsorbed state was detected at a low surface
coverage (0.03 M). Based on the 2D '"H-"*C and 2D 'H-""N
HETCOR NMR and 'H MAS NMR results, the carboxyl group
and protonated amine group of alanine were found to interact
with interfacial water via a fast-exchange process in the
“hydrated” state. After additional drying, adsorbed alanine
molecules become more restricted and show strong interactions
with the surface silanol groups via hydrogen bonding between
silanol groups and the carboxyl groups and protonated amine
groups. Furthermore, according to the variable mixing time
HETCOR experiments, the carboxyl group is found to likely
interact with the protonated amine group of neighboring
alanine molecules and the surface silanol group. As a
consequence, this result may provide some evidence for
understanding the mechanism of thermal condensation reaction
of amino acids forming peptide bonds catalyzed by the surfaces
of silica nanoparticles as discussed below.

Thermal Condensation of Alanine on Fumed Silica
Nanoparticles. Amino acids can undergo thermal condensa-
tion at the interface of inorganic materials such as silica,
alumina, and other minerals.'>*°7>® In this work, differential
thermal gravimetric (DTG) analysis and solid-state NMR
spectroscopy were used to investigate the thermal condensation
of alanine at the interfaces of fumed silica nanoparticles. Figure
10 shows the DTG profiles of bulk alanine and Ala/SiO, as a
function of alanine concentration. For bulk alanine, no thermal
event occurs below 200 °C while one broad peak was detected
around 270 °C with a shoulder at 250 °C. For Ala/SiO,, a well-

Figure 10. DTG curves of bulk alanine (dashed, red) and Ala/SiO,
(solid, black) samples as a function of initial concentration of amino
acids in the adsorption solutions.
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distinguished peak was observed at 172 °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 reactions
with the elimination of NH; and CO, similar to bulk alanine
and will not be further discussed in this paper.”> This result
indicates that alanine can undergo thermal condensation on
fumed silica nanoparticle surfaces. Furthermore, the temper-
ature of thermal condensation was found to be independent of
the alanine concentration (Table 3), indicating that the

Table 3. Summary of Amino Acids Adsorption and
Condensation on Fumed Silica Nanoparticles from TGA
Analysis

DTG peak values (°C)

[alanine] (M) peak I peak II absorbed 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

adsorbed alanine is the main species contributing to the
thermal condensation. Lowering the heating rate can drop the
thermal condensation to even lower temperatures.” The
thermal condensation was detected ~149 °C at a heating rate
of 1 °C/min (Figure S2) compared to 172 °C for the 5 °C/min
heating rate.

'H - C and '"H — N CP-MAS NMR spectroscopy was
performed on isotope-labeled samples following thermal
condensation, and the results are shown in Figures 11 and

Figure 11. 'H — C CP MAS spectra of (A) U-["*C/"*N]-L-alanine,
(B) BC/™N-Ala/Si0,-0.03 M, and (C) *C/'N-Ala/Si0,-0.03 M
incubated at 170 °C for 3 h.

12, respectively. *C/"*N-Ala/Si0,-0.03 M was incubated at
170 °C for 3 h, followed by solid-state NMR characterization.
After incubation, the intensities of the '*C resonance at 176.0
ppm and "N resonance at 43.3 ppm decreased, and two new
resonances appear due to peptide bond formation during
thermal condensation. The "*C resonance at 171.1 ppm and
>N resonance at 120.2 ppm were assigned to the carbonyl
group and the amide group of the formed peptides,
respectively. The "*C resonance of the carbonyl group is
consistent with the *C resonance of the carbonyl group of
crystalline alanine dipeptide®” and alanine anhydride (Figure
S$3), indicating the formation of a peptide bond. Furthermore,

Figure 12. 'H — N CP MAS spectra of (A) U-["*C/"*N]-L-alanine,
(B) BC/™N-Ala/Si0,-0.03 M, and (C) *C/N-Ala/Si0,-0.03 M
incubated at 170 °C for 3 h.

the intensity of the carboxyl group decreased after thermal
condensation, showing a small broad peak overlaid with the
strong carbonyl peak assigned to the peptide (Figure 11B,C).
This indicates that a considerable fraction of adsorbed alanine is
converted to a peptide product.

The amide group '*N chemical shift of the formed peptide
shows ~3 ppm difference compared to the N resonance of
the amide group for crystalline alanine dipeptide (~123
ppm).”* However, it has a similar N resonance to the
amide group of alanine residue in silk protein (~120 ppm) that
is involved in strong hydrogen bonding.” This indicates that
the formed peptide may interact with the silica surfaces via
amide groups forming hydrogen bonds to the silica surface.
Similar to discussion above from *C CP-MAS NMR, a weak
signal of "*N resonance for NH;" groups and a strong signal for
peptide amide bond also supports that a considerable fraction
adsorbed alanine is converted to peptide following thermal
condensation. According to 2D 'H—"C and 2D 'H-"N
HETCOR NMR spectra (Figure S4), the 'H resonance of
amide group was detected at 6.4 ppm while the 'H resonances
of a-CH and f-CHj are at 3.2 and 1.2 ppm, respectively. This
smaller 'H resonance of amide proton provides evidence that
amide protons are involved in a hydrogen bond network with
the silica surfaces.> Combined with DTG results, solid-state
NMR results provide strong evidence that adsorbed alanine can
undergo thermal condensation on the surfaces at ~170 °C,
forming a peptide bond. This result indicates that the fumed
silica nanoparticles surface can catalyze the thermal con-
densation reaction of alanine adsorbed at the interfaces.
Furthermore, the mechanism of the surface-catalyzed reaction
is probably correlated with the adsorption mechanism proposed
above, where surface silanol groups play crucial roles interacting
with both carboxyl groups and protonated amine groups of
alanine molecules at the silica interface.

B CONCLUSION

Alanine adsorption and thermal condensation on fumed silica
nanoparticles were thoroughly investigated with 'H, *C, and
BN multinuclear, multidimensional MAS solid-state NMR
spectroscopy. Three species of alanine were detected on fumed
silica nanoparticles under different conditions: (1) crystalline
and adsorbed alanine at high surface coverage; (2) freely
rotating and reorientating adsorbed alanine interacting with
mobile interfacial water at high hydration level; (3)
reorientation restricted adsorbed alanine interacting with
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surface silanol groups via the carboxyl group and protonated
amine group (NH;") under dry conditions at low surface
coverage. Furthermore, DTG and solid-state NMR results show
that the adsorbed alanine can undergo thermal condensation
forming peptide bonds at ~170 °C at the interface of fumed
silica nanoparticles. These results provide some new insights for
understanding the mechanism of surface-catalyzed thermal
condensation reaction of amino acids at silica surfaces. Solid-
state NMR shows great potential for obtaining structural
information at the atomic/molecular level for surface chemistry
research. Here we show one demonstration where advanced
solid-state NMR techniques are able to elucidate the interfacial
interactions as well as structural and reaction mechanism of
surface bonded molecules for the alanine-fumed silica nano-
particle system. We continue to make use of these solid-state
NMR techniques to further probe the interactions of other
amino acid/inorganic interfaces and more complex system such
as peptide/protein—inorganic systems and expect these
approaches to provide powerful insight into the interaction
between biomolecules and nanoparticle surfaces in the future.
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