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ABSTRACT

The adsorption of amino acids on silica surfaces has attracted considerable interest since it has a broad
range of applications in various fields such as drug delivery, solid-phase peptide synthesis and
biocompatible materials synthesis. In this work, we systematically study lysine adsorption on fumed
silica nanoparticles with thermal analysis and solid-state NMR. Thermal-gravimetric analysis (TGA)
results show that the adsorption behavior of lysine in low concentration aqueous solutions is well
described by the Langmuir isotherm. With ultrafast magic-angle-spinning (MAS) "H NMR and multi-
nuclear and multi-dimensional *C and °N solid-state NMR, we successfully determine the protonation
state of bulk lysine and find that lysine is adsorbed on silica nanoparticles surfaces through the side-
chain amine groups. Density functional theory (DFT) calculations carried out on lysine and lysine-
silanol complex structures further confirm that the side-chain amine groups interact with the silica
surface hydroxyl groups via strong hydrogen bonding. Furthermore, we find that lysine preferentially
has monolayer coverage on silica surfaces in high salt concentration solutions because of the ionic

complexes formed with surface bound lysine molecules.
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INTRODUCTION

The nature of interactions between biomolecules and the surfaces of inorganic materials has
attracted considerable attention since it is of great significance in many promising fields, such as
prebiotic chemistry'~, bio-nanotechnology®” and drug delivery'®'*. For instance, some minerals have

2,15
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been shown to catalyze peptide synthesis, providing a new explanation on the origin of life.
addition, some biomolecules with pharmaceutical properties can be adsorbed at specific inorganic
material interfaces and then released in vivo in a well-controlled way.'"'* Adsorption of amino acids and
peptides on silica surfaces is one specific class of such bioorganic-inorganic interface systems. Silica
was extensively studied and utilized for various applications such as catalysis, solar cells and even

cancer therapy.*!'"'®

Fumed silica (Cab-O-Sil) is one class of synthetic silica materials with a high
surface area.'” It is produced at high temperature by hydrolyzing silicon tetrachloride vapor in a flame
followed by rapid quenching to room temperature. Due to this, it acquires some unique characteristics
such as amorphous structure, nanoscale size and an extensively high surface area. The studies of surface
chemistry at fumed silica interfaces have been carried out for decades because of the considerable utility
of high surface area amorphous silicates.'”*

Lysine (Lys) has been used in a large number of studies due to its unique structure, where there is
one single side chain amine group. It is this side chain amine group that makes lysine the simplest basic
amino acid compared with the other two basic amino acids, arginine and histidine. Due to this, lysine

26-28

has been used in synthesizing a range of nanomaterials. Recently, Yokoi et al discovered that lysine

is a good ligand in synthesizing ultra-small silica nanoparticles (<10 nm) that show great potential in

future nanotechnology applications.27 Figure 1 shows the summary of different L-lysine forms and the

29-31

charged state of a silica surface at variable pH values. The structure of bulk lysine has not been

clearly defined but the structure of lysine mono-hydrochloride dihydrate was determined by X-ray

diffraction (XRD) and neutron scattering techniques.***>
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Considerable work has been done to understand the interaction between amino acids and silica
surfaces where the focus was on alanine and glycine adsorption.’*** Considerably less work has been

performed to study lysine adsorption on silica surfaces.’"*!**

The main techniques that have been used
to study the adsorption behavior of lysine on surfaces of inorganic materials are IR spectroscopy and
thermal analysis. By using IR spectroscopy, it is easy to determine the protonation state of lysine on

surfaces at variable pH values.>"*!

Thermal analysis, including thermal-gravimetric analysis (TGA) and
differential scanning calorimetry (DSC), has also been applied to study the thermal transformation of
lysine molecules on surfaces.*® To date, solid-state NMR techniques have not been used to study lysine
adsorption and thermal transformation of lysine molecules at silica interfaces. Compared with thermal
analysis, solid-state NMR is able to provide molecular and atomic level details.” Many solid-state NMR
methods and techniques have been developed and applied to study the interaction between amino acids
and silica surfaces.**?"**® Schmidt et al. used rotational-echo double-resonance (REDOR) NMR to
investigate the adsorbed state and the local dynamics of alanine molecules on silica surface and they
proposed that alanine is more mobile when hydrated.** Also, Vega et al. used “H NMR to study the
dynamics of water and alanine molecules adsorbed on silica surfaces.*®

In the present work, we applied solid-state NMR techniques including ultrafast magic-angle-
spinning’’ (MAS) '"H NMR and multi-nuclear and multi-dimensional '*C and '>’N'NMR to determine the
structure of bulk lysine and investigate lysine adsorbed on fumed silica nanoparticles. Furthermore, in
order to elucidate the interaction between lysine and silanol groups on silica surfaces, we performed
density functional ‘[heory48’49 (DFT) calculations for 'H, "*C, "N chemical shifts of lysine-silanol

complex species and geometries. The combination of NMR experiments with DFT calculations allows

us to propose structural models for lysine interacting at silica nanoparticle interfaces.
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EXPERIMENTAL SECTION

Materials. Fumed silica nanoparticles (~7 nm) with BET (Brunauer, Emmett and Teller) surface
area of 395 + 25 m?/ g and pure L-lysine (99% purity) were purchased from Sigma-Aldrich. U-[N,"C]-
L-lysine-:2HCI was purchased from Cambridge. Isotopes. Inc. All materials were used as received and
the stable isotope enrichment levels of labeled compounds are 98%. U-["°N,"*C]-L-lysine-2NaCl was
prepared by crystallizing in DI water after adjusting to pH~10 with 1.0 M NaOH.

Sample Preparation. Fumed silica nanoparticles used in the study were initially heated up to 500 °C
for 24 hours to remove free water and impurities on the surface. In a typical adsorption procedure, 150
mg of fumed silica nanoparticles was immersed in a 10.0 mL aqueous solution of L-lysine with varying
concentrations and the solution was stirred at room temperature for 3 hours to ensure the adsorption
reached equilibrium. The solid was then separated by centrifugation and carefully dried under vacuum
at 30 °C for over 15 hours. The samples prepared from solutions of various concentrations were noted
as Lys/Si0,-xM, where x refers to the lysine concentration in the adsorption solution (in mol-L™). Since
all experiments were carried out in pure DI water, the pH values of all the solutions are around 10.0
(10.0 £ 0.3), corresponding to the isoelectric pH value of lysine in pure water.

To prepare "°C, ’N-L-lysine adsorbed fumed silica samples, 60.0 mg fumed silica nanoparticles and
9.0 mg B, 15N-L—lysine-2HC1 (0.01 M) were mixed in DI water and the solution pH was adjusted to
10.0 with 1.0 M NaOH. The volume of the final solution is 4.0 mL and the suspension was then stirred
for 3 hours to reach equilibrium. The mixture was then centrifuged and the remaining powder was
allowed to vacuum dry at 30 °C for over 15 hours.

Thermal-gravimetric Analysis (TGA). TGA experiments were performed on Lys/SiO,-xM
samples with a TA2910 (TA Instrument Inc.) under N, flow (60 mL/min for furnace and 40 mL/min for
balance). The heating rate was 5 °C/min and for each experiment, 7-10 mg of sample was used. Before
each experiment, the sample was kept under a N, flow for 10 min to remove most of the physisorbed

water and obtain a stable baseline.
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Solid-state NMR Spectroscopy. 'H>"C and '"H>"N cross-polarization magic-angle-

3051 (CP-MAS) NMR experiments, two-dimensional (2D) BeBe through-space correlation

spinning
NMR experiments with dipolar-assisted rotational resonance®>> (DARR), 2D "*C-"C through-bond
double-quantum (DQ)/single-quantum (SQ) refocused incredible natural abundance double quantum
transfer NMR e:xperime:n‘[554’55 (INADEQUATE) and 2D "*N-"*C heteronuclear correlation (HETCOR)
NMR experiments were performed on Varian VNMRS 400 MHz spectrometer. For the U-["°N,"*C]-L-
lysine-2HCI and natural abundance Lys/SiO, samples, 2D *C-">C correlation experiments and CP-MAS
NMR experiments were collected with a 4.0 mm triple resonance probe operating in triple resonance
(‘"H/"C/"°N) mode at a MAS speed of 10 kHz. The CP condition for 'H>'*C CP-MAS NMR
experiments consisted of a 4.0 ps 'H /2 pulse, followed by a 2.0 ms ramped (8 %) 'H spin-lock pulse
of 62.5 kHz radio frequency (rf) field strength. The experiments were performed with a 50 kHz sweep
width, a recycle delay of 3.0 s and two-pulse phase-modulated®® (TPPM) 'H decoupling level of 65 kHz.
The CP condition for 'H>'°N CP-MAS NMR experiments consisted of a 3.25 us 'H 7/2 pulse, followed
by a 1.0 ms ramped (10 %) '"H spin-lock pulse of 75 kHz rf field strength. The experiments were
performed with a 50 kHz sweep width, a recycle delay of 3.0 s and 'H decoupling level of 80 kHz. For
the °C, ""N-labeled Lys/SiO, samples, CP-MAS NMR experiments and 2D "’N-"*C HETCOR NMR
experiments were collected with a 3.2 mm triple resonance probe operating in triple resonance
(‘"H/"*C/**N) mode at a MAS speed of 10 kHz. For '"H>"C CP-MAS NMR experiments, the CP
condition consisted of a 2.5 ps "H /2 pulse, followed by a 1.0 ms ramped (8 %) "H spin-lock pulse of
100 kHz rf field strength. The experiments were performed with a 50 kHz sweep width, a recycle delay
of 3.0 s and 'H decoupling level of 90 kHz. For '"H->'°N CP-MAS NMR experiments, the CP condition
consisted of 2.5 ps 'H /2 pulse, followed by a 1.0 ms ramped (12 %) 'H spin-lock pulse of 55 kHz rf
field strength. The experiments were performed with a 25 kHz sweep width, a recycle delay of 5.0 s and
'H decoupling level of 90 kHz. 2D "*C-"*C through-space correlation NMR experiments, 2D *C-"C
INADEQUATE and 2D '"N-"*C HETCOR NMR experiments were used for assigning resonances (see

supporting information for data and experimental details).
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'H MAS NMR experiments and 2D '"H-">C HETCOR NMR experiments were carried out on Varian
VNMRS 800 MHz with a 1.6 mm triple resonance probe operating in double resonance ('H/"*C) mode.
'H MAS NMR experiments were collected with 2.0 ps 'H n/2 pulse, 25 kHz sweep width at 30 kHz
MAS. 2D 'H-"*C HETCOR NMR experiments were done at spinning speed of 35 kHz. The 'H>"C cp
condition consisted of a 2.6 us 'H m/2 pulse, followed by a ramped (10 %) "H spin-lock pulse of 100
kHz rf field strength of variable contact time (0.25 ms, 2.0 ms). The sweep widths of direct dimension
and indirect dimension are 50 kHz and 25 kHz respectively with 32 complex ¢, points. The recycle delay
was 3.0 s and TPPM 'H decoupling with a rf field strength of 110 kHz was used during acquisition.

Ultrafast '"H MAS NMR experiments and 'H-'H back-to-back’™ (BABA) dipolar DQ/SQ
correlation NMR experiments were carried out on a Bruker AVIII 850 MHz spectrometer equipped with
a 1.3 mm double resonance probe (‘H/">C) at a MAS speed of 67 kHz. The experiments were done with
one rotor period BABA for excitation and reconversion, a 1.5 us 'H /2 pulse, relaxation delay of 5.0 s
and 128 complex ¢; points. In all experiments, the chemical shifts of 'H, °C and "N were indirectly
referenced to adamantane 'H (1.63 ppm), adamantane BC (38.6 ppm) and glycine PN (31.6 ppm),
respectively.

DFT Calculation. Both geometry optimization and NMR chemical shifts calculation were
performed with B3LYP DFT method using 6-31G+(d, p) basis sets in Gaussian09.% It is well
demonstrated that the B3LYP/6-31G+(d, p) level can provide reliable NMR chemical shift results.**®°
To reduce the computational cost, we used a silanol (HOSiH3) molecule instead of using a complete
silica surface model. In the calculations, bulk lysine and lysine/silanol complex species (Figure 2a, 2b.)
were geometrical optimized first and then the optimized structures were used in NMR chemical shift
calculations. NMR chemical shifts calculations were performed using the Gauge-Including Atomic
Orbital®®®” (GIAO) method and 'H, "*C and "N chemical shift values were analyzed. In BC and °N
data analysis, we applied two extrapolated curves for BC and PN respectively to transform all

calculated chemical shielding values to chemical shift values. This method is demonstrated to be more
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63,64

accurate than simply using a standard reference. For 'H, the calculated chemical shifts were

referenced to 'H chemical shift of tetramethylsilane (TMS) calculated with the same basis set.

RESULTS AND DISCUSSION

Protonation State of L-Lysine in the Solid State. The '"H MAS NMR spectra of natural abundance
bulk lysine at different MAS speeds are shown in Figure 3A and the 2D '"H-'H dipolar DQ/SQ NMR
spectrum collected with the BABA pulse sequence is shown in Figure 3B. With increasing spinning
speed, the resolution of the 'H MAS NMR spectrum for bulk lysine is improved dramatically with well-
resolved resonances observed for the spectrum collected with a 67 kHz MAS speed. According to 2D
'H-">*C HETCOR NMR spectrum (Figure S1), the resonances at 3.6 ppm and 2.2 ppm were assigned to
a-CH and &-CH, respectively and that the broad component at 1.5 ppm is a combination of $-CHy, y-
CH,, 3-CHo,. It is difficult to determine the protonation states of the amine groups in bulk lysine from
the "H MAS and 2D 'H-"*C HETCOR NMR experiments. 'H-'H DQ/SQ NMR experiment with a MAS
speed of 67 kHz was applied to better assign the 'H spectrum. In the 'H-"H DQ/SQ NMR spectrum, the
resonance at 3.6 ppm was assigned to o-CH since it has no on diagonal resonance and this result is
consistent with the 2D "H-"*C HETCOR NMR result. The resonance at 8.4 ppm was assigned to o-NH;"
because only strong DQ correlation to a-CH was observed with no obvious DQ correlation to e-CH,
(dashed circle). The result indicates that e-NH; is not protonated in bulk lysine and it has a relatively
small resonance that is probably convoluted by the broad component in the 0-2 ppm region of the
spectrum. DFT calculation further suggests that the e-NH, resonance probably appears around 0.7 ppm.
The protonation state of lysine in its bulk form is as proposed in Fig 3A and takes on the zwitterion form
observed for most amino acids such as alanine and glycine.

Adsorption Behavior of Lysine on Fumed Silica Nanoparticles. TGA is an accurate technique to
measure the amount of adsorbed lysine on fumed silica nanoparticles. Since all adsorbed amino acids
will completely decompose when heating to 600°C, we can quantify the amount of lysine on the surface

from TGA curves. Figure 4A shows the TGA curves for lysine/silica samples prepared from solutions
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with different initial lysine concentrations. Clearly, with increasing initial concentration, the surface
coverage increases. The quantitative results of TGA are presented in Table 1. As expected, it shows that
the adsorbed amount of lysine increases when increasing the initial lysine concentration in solution. The
adsorption behavior of lysine molecules is described in Figure 4B. We applied Langmuir isotherm to fit
the data, showing that at low concentration, the adsorption behavior of lysine fits well to a Langmuir
isotherm but the fitting deviates at high concentration (Figure 4B). This is mostly because at high
concentration, the adsorption behavior of lysine not only depends on the state of the surface, but also on
the interaction between lysine molecules. Based on the Langmuir isotherm fitting result for the first 5
points, ideally, the maximum amount of adsorbed lysine is 2.3 + 0.2 molecule/nm” and the equilibrium
constant is 32.2 + 8.6 M.

Adsorption State of Lysine on Fumed Silica Nanoparticles. 'H>"C and 'H>'°N CP-MAS NMR
experiments were applied in this work to investigate the adsorption state of lysine at interfaces of
nanoparticles. Figure 5 shows the 'H>"C and '"H>'°N CP-MAS NMR spectra of three different lysine
samples and two lysine/silica samples. The 1C and "N resonance assignments are shown in Table 2.
Based on the carbon and nitrogen NMR spectra and Table 2, several conclusions can be drawn. First,
lysine has three different protonation states. For natural abundance lysine, it was shown from the 2D 'H-
'H dipolar DQ/SQ NMR spectrum that the e-NH; is deprotonated and the a-NH; is protonated (Figure
3). The "°C resonances at 177 ppm, 55 ppm and 44 ppm were assigned to carboxyl group, a-CH and &-
CH, respectively and the '°N resonances at 39 ppm and 24 ppm were assigned to a-NH;" and e-NH,
respectively based on INADEQUATE and 2D '"N-"?C HETCOR NMR experiments, respectively
(Figure S2, Figure S3). For B, 15N-Lysine-2HC1, the '°N resonances of both amine groups have large
downfield shifts due to protonation and hydrogen bonding interaction with CI". In addition, the "*C
resonance of the carboxyl group shifts upfield by 6 ppm to 171 ppm, indicating that the carboxyl group
is protonated. For *C, '"N-Lysine-:2NaCl, the ">C resonances of the carboxyl group and o-CH are
identical to those of natural abundance lysine, indicating the carboxyl group is deprotonated and the a-

NH,; is protonated. However, two resonances are found in &-CH; region with one at 40 ppm and the
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other at 43 ppm, indicating that there is a mixture of protonated and deprotonated components. The
proposed structure of each sample is presented in Table 2.

Comparing the lysine spectra with Lysine/SiO; spectra, it is found that for both the Lys/Si0,-0.01M
and the °C, 15N-Lysine/ Si0, the "*C resonances of the carboxyl group and a-CH and the >N resonance
of a-NH, are almost identical to those of natural abundance lysine, indicating the carboxyl group is
deprotonated and the o-NH, is protonated (a-NH;"). However, the "*C resonance of &-CH, has an
identical value as that of *C, ""N-Lysine-2HCI and "N resonance of &-NH, has an 8 ppm downfield
shift compared with that of natural abundance lysine, indicating that the e-NH, is protonated, forming a
strong hydrogen bonding interaction with the surface silanol groups. To prove this hypothesis, we
further applied 2D 'H-">C HETCOR NMR experiment (Figure 7) to investigate the correlation between
silanol groups and adsorbed lysine. The results of the HETCOR NMR experiment are discussed in the
preceding paragraph. It is also worth mentioning that one extra resonance at 182 ppm is found in
carboxyl group region for '*C, ’N-Lysine/SiO,. This is probably due to a small amount of NaCl present
in the sample, forming a lysine/NaCl complex.®®

The "H MAS spectra of natural abundance pure lysine and °C, ""N-Lysine/SiO, at a MAS speed of
67 kHz are shown in Figure 6. It is found that 'H resonances of a-CH and e-CH; for adsorbed lysine
have small offsets compared to those of bulk lysine. This is probably due to the change of structure and
protonation state during the adsorption. The broad resonance at around 7.0 ppm is assigned to the
protonated amine groups (s-NH;") interacting with the surface silanol groups at the silica nanoparticle
interface. Figure 7 shows the 2D 'H-"*C HETCOR NMR spectrum of B, 15N-Lysine/Si02 with
different CP contact times (0.25 ms, 2.0 ms). Since 2D 'H-">C HETCOR NMR experiment is a dipolar-
based experiment, where magnetization is transferred through space, long-range correlations can be
detected by applying a relatively long CP contact time. In addition to seeing the expected direct 'H-">C
correlations, the correlation shown around 7.4 ppm in 'H dimension of the spectrum with a 2.0 ms

contact time is assigned to the correlation between silanol group and the e-CH, of adsorbed lysine. This
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result provides strong evidence that the side-chain amine group of adsorbed lysine interacts with silanol
groups on silica surfaces.

The *C, ""N-Lysine/SiO, sample prepared in this work involves sodium chloride introduced by the
pH adjustment process with NaOH during adsorption. The NaCl is difficult to remove since the
solubility of lysine in water is similar to that of sodium chloride. To understand if sodium chloride will
impact the lysine adsorption on silica surfaces, we carried out several experiments with natural
abundance lysine that is initially salt free and applied 'H>'"°C CP-MAS NMR spectroscopy to
characterize the state of adsorbed lysine. The results are shown in Figure 8 for (a) Lys/SiO,-0.01M
sample, (b) Lys/Si0,-0.10M sample and (c) the sample prepared in a similar way as Lys/Si0,-0.10M
sample with 0.20 M NaCl (Lys/Si0,-0.10M/NaCl). Based on the NMR results, it is easy to determine
that salt free Lys/SiO,-0.10M sample shows a small peak at 164 ppm that was not observed in the
spectra of both Lys/Si0,-0.01M sample and Lys/Si0,-0.10M/NaCl sample. The resonance at 164 ppm
is assigned to carbonyl carbon of carbamates since primary amines are known to be able to react with
CO; to form alkyl-ammonium and alkylcarbamates according to a reaction shown in Figure 8.°*%*° The
formed carbamates can interact with adsorbed lysine in the salt free system by forming hydrogen
bonding with protonated o-NH;", making it detectable by "H>"*C CP-MAS NMR spectroscopy. The
reason why this small resonance is not observed in both Lys/Si0,-0.01M/NaCl and Lys/SiO,-
0.10M/NaCl samples is because lysine molecules form a monolayer on silica nanoparticles while they
form multilayers for Lys/SiO,-0.10M. As a result, all amine groups of adsorbed lysine are protonated,
preventing them from reacting with CO, in air. After introducing NaCl into Lys/SiO,-0.10M, both
sodium ions and chloride ions can break the hydrogen bonding system formed by carbamates and a-
NH;" of adsorbed lysine, making the small peak disappear. This point also agrees with the TGA result
where the surface coverage of sample (c) is about 1.60 molecules/nm”. This is lower than the surface
coverage of Lys/SiO,-0.10M sample (1.82 molecules/nm?). According to these two results, we conclude

that sodium chloride decreased the amounts of adsorbed lysine and it prevented lysine from forming
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multilayers on silica surfaces. The sample (c) is in fact a monolayer sample, where the surface coverage
of lysine reaches the maximum for monolayer adsorption (~1.60 molecules/nm?).

DFT Calculation. To elucidate the adsorption state of lysine on silica surfaces and to determine the
exact complex structure lysine forms with surface silanol group, we applied DFT calculations.
Generally, we optimized structures and calculated the chemical shifts for bulk lysine and a possible
lysine/silanol complex determined from NMR experiments (Figure 9). In this work, we extrapolated
curves for °C and "N to convert all calculated chemical shielding values to chemical shift values. The
extrapolated equation for °C chemical shifts was derived based on the experimental and calculated *C
chemical shift values of bulk lysine since the structure of bulk lysine was elucidated in this work.
Extrapolated equation of '°N chemical shift was obtained from Alexandra Dos et al’s work®** since
they studied the structure of poly-L-lysine systematically by "N NMR and DFT calculations. The
extrapolated equations of '*C and '°N chemical shifts are as follows:

BC: Spxtmapotate= -1.123%* 6cq1 +206.1 ppm

PN: Sgxmapotate= -0.778% G +212.9 ppm
By using these equations, all calculated >C and "N chemical shielding values were converted to
chemical shift values and are presented in Table 4. It is found that the N-H distance in hydrogen
bonding system is 1.807 A for Lys-H-OSiHs, corresponding to hydrogen bonding energy of 42.01
kJ/mol (see Table S1). From chemical shift calculations, the a-NH; protons of bulk lysine have three
different chemical shifts at 11.6, 1.9, 0.5 ppm due to the asymmetry of the protons. After averaging the
calculated chemical shifts, the average value (4.7 ppm) is still far off the experiment result. This is
probably due to the fact that the a-NH;" group may interact with other groups like carboxylate group
and CI” ions or the model used for calculation is not reliable enough to get reliable a-NH;" "H chemical
shifts.”' For other groups, the 'H chemical shifts are very close to the experimental results. For Lys-H-
OSiH;, &-NH;3" group shows calculated chemical shifts of 7.5, 1.1, 0.7 ppm where the hydrogen bonding
proton has a chemical shift of 7.5 ppm. Considering the slow free rotation of the e-NH;" group due to

the strong hydrogen binding, the calculation result is consistent with experimental result (7.4 ppm).
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Moreover, the calculated *C chemical shift of e-CH, for Lys-H-OSiH; is only 1 ppm off the
experimental data and the calculated "N chemical shift of a-NH;" and &-NH;" have 2 ppm and 4 ppm
off the experimental data respectively for Lys-H-OSiH;. Combining the calculated and experimental
results, it is convincing to argue that the lysine side-chain amine group is the dominant hydrogen-
bonding interaction with surface silanol groups at silica nanoparticles and Lys-H-OSiH3; complex is the
most probable structure. Combined with NMR experiment results, the proposed favorable model for
lysine adsorption on fume silica nanoparticles surfaces is presented in Figure 9.
CONCLUSION

The structure of bulk lysine and lysine adsorbed on fumed silica nanoparticles were thoroughly
investigated by ultrafast MAS 'H, *C and "N solid-state NMR spectroscopy. Bulk L-lysine has
protonated o-NH;" and deprotonated &-NH,. Lysine adsorbed on fumed silica nanoparticles from
solution interacts with silica surfaces through hydrogen bonding between side-chain amine groups and
surface silanol groups. Combined with DFT calculations, we further proposed that the Lys-H-OSiH;
complex is the favorable model for the lysine adsorption state on silica surfaces. The proposed model
can be used to elucidate the mechanism of synthesizing ultra-small silica nanoparticles (~10 nm) with
lysine as capping ligands and it is of use to researchers interested in surface functionalization and
modification. Also, the agreement of DFT calculations of NMR chemical shifts with the corresponding
experimental values is good in general, which means the combination of solid-state NMR and DFT
chemical shift calculations can indeed be used to study surface chemistry at the interface of
biomolecules and nanoparticles.
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Table 1. Effect of Initial Concentration of Solution on
Lysine Adsorption on Fumed Silica Nanoparticles from
TGA

. Free water Lysine Total adsorbed Surface coverage
[Lysine]

(wt %) (wt %) amount (wt %) (molecules/nmz2)
0.01M 1.16 5.85 7.01 0.7
0.03M 1.39 9.06 10.45 1.1
0.05M 113 11.85 12.98 1.4
0.08 M 1.34 13.51 14.85 1.7
0.10 M 1.63 14.62 16.25 1.8
0.12M 1.48 15.99 17.47 2.0
0.15M 2.12 17.74 19.86 2.3

Table 1
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Table 2. 13C and >N Chemical Shifts of Lysine and Lysine/SiO, Samples 2

o-NHz &-NHz

Sample c=0 Ca Cp Cy Cs Ce Ja-NHs*  /e-NHs*

Structure

Natural Abundance Lysine 177 55 35 22 32 44 39 24 NH2(CH2)4CH(NH3+*)COO-
13C, 15N-Lysine-2HCI 171 53 31,26 21,23 25,26 40 45 40 CI'NH3*(CHz)4CH(NHs* CI)COOH
. NH2(CH2)4+CH(NH3*)COO-Cl-
13C, 15N- .
C, 15N-Lysine-2NaCl 177 55 33 22 31,25 43,40 NHa+(CHz)sCH(NH*)COO-
Lys/ Si02-0.01M 176 55 30 23 27 40 - - SiO-NH3+*(CH2)4CH(NH3+*)COO-

13, 15N-Lysine/SiO; 176,182 55 30 23 27 40 39 32 Si0-NH3+*(CHz2)sCH(NH3+)COO-

©CoO~NOUTA,WNPE

11 * Chemical shifts are reported in ppm.

I Table 2
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Table 3. Calculated 1H, 13C and 15N Chemical Shielding Values and Extrapolated Chemical Shifts for Lysine
and Lysine/silanol Complex from DFT Calculations?2

Lysine LysH*-0SiH3
Calculated Experiment Calculated Extrapolated Experiment 116
c=0 26.0 177 26.0 177 177 @ R,
a-CH 133.0 55 1332 57 55 of \r
15C B-CH. 154.3 35 154.5 33 30 07T N 06
y-CHz 162.2 22 162.4 24 23 '
5-CH, 155.4 32 158.4 28 27 18" s
&-CH> 145.3 44 146.7 41 40 T“Z
N o-NHz* 226.3 39 226.7 37 39 L6 Mo 21
£-NH:/ £-NH3* 232.7 24 227.8 36 32 CH,
o-CH 28 36 2.8 - 36 »’1
B-CH2 1.8 1.8 1.8 - 15 T3 Ny 07
y-CH: 1.2 15 1.2 - 12 - M
1H 8-CH: 1.5 2.0 1.6 - 1.5 | 11
&-CHz 2.8 22 2.7 - 26 Siem,
- H
o-NHs* 11.6,1.9,0.5 8.4 11.6,1.9, 0.6 - 8.4 AN
&-NH,/ e-NHs* 0.7 - 7.5,1.1,0.7 - 7.4 :

* Chemical shifts are reported in ppm.

Table 3
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pl=9.90
pK4=2.20 pK2=9.10 | PpKs=10.80
L-Lysine |\ op,2:2 LysH* SlysHI  Lys®
()
Silica ® === S > OO0
PzC=1.7~35
O
LysH,*" : +H3NMOH (Dicationic Form)
NH3*
%0
LysH*: +HaN\/\/\HQ‘O (Cationic Form)
NH3*
%
"HaN \/\/\H\O (Zwitterionic Form A)
NH2
LysH:
Do
H,N \/\/\H\o (Zwitterionic Form B)
NH3"
o’@
Lys™: H2N \/\/\H\o (Anionic Form)
NH,
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Figure Captions

Figure 1. Summary of different L-lysine forms and charged states of silica surface as a function of pH values.*!

Figure 2. Bulk lysine and lysine/silanol complex models used in DFT calculations: A) Lysine, B) Lys-H-OSiH;.

Figure 3. A)'H NMR spectra of natural abundance bulk lysine at MAS speeds of 30 kHz and 67 kHz at a 'H Larmor frequency of 800
MHz and 850 MHz, respectively. B) 'H-'"H BABA NMR spectrum of natural abundance bulk lysine at spinning speed of 67 kHz at a 'H
Larmor frequency of 850 MHz.

Figure 4. A) TGA curves of lysine/silica samples as a function of initial concentration of lysine in the adsorption solution. B) The amount
of lysine adsorbed on silica as a function of initial concentration of lysine at room temperature and pH=10.0.

Figure 5. Top: 'H>"*C CP-MAS NMR spectra of (a) bulk lysine, (b) *C, *'N-Lysine-2HCI, (c) "*C, "’N-Lysine-2NaCl, (d) Lys/SiO,-
0.01M and (e) °C, *N-Lysine/SiO, (0.01 M). The spectra were collected with a MAS speed of 10 kHz, a relaxation delay time of 3 s and a
contact time of 1.0 ms. Bottom: 'H->'"N CP-MAS NMR spectra of (a) bulk lysine, (b) '*C, ’N-lysine-2HCI and (c) "*C, '*N-Lysine/SiO,
(0.01 M). The spectra were collected with a MAS speed of 10 kHz, a relaxation delay time of 3 s and a contact time of 1.0 ms. Both
'"H->"C and 'H>'’N CP-MAS NMR experiments were carried out at a 'H Larmor frequency of 400 MHz with a 4.0 mm triple resonance
probe operating in triple resonance (‘H/**C/"*N) mode and a 3.2 mm triple resonance probe operating in triple resonance (‘H/"*C/"*N)
mode, respectively.

Figure 6. "H NMR spectra of (a) natural abundance bulk lysine and (b) °C, '’N-Lysine/SiO, at a MAS speed of 67 kHz. Spectra were
collected at a 'H Larmor frequency of 850 MHz.

Figure 7. 'H-">C 2D-HETCOR NMR spectrum of "*C, "*N-Lysine/SiO, with different mixing times (0.25 ms, 2.0 ms). Experiments were
done at a "H Larmor frequency of 800 MHz with a 1.6 mm triple resonance probe operating in double resonance (‘H/"*C) mode and a
MAS speed of 35 kHz.

Figure 8. 'H>"C CP-MAS NMR spectra of (a) Lys/SiO,-0.01M and (b) Lys/SiO,-0.10M, (c) Lys/Si0,-0.10M/NaCl. The experiments
were carried out at a 'H Larmor frequency of 400 MHz with a 4.0 mm triple resonance probe operating in triple resonance (‘H/"*C/"*N)
mode, a contact time of 1.0 ms and a MAS speed of 10 kHz.

Figure 9. Schematic of the favorable model for lysine adsorption on fume silica nanoparticles surfaces.
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