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group should be observed resulting in binding to silica. For
Arg, depending on the blocked groups, different strengths of
interaction are expected.
To facilitate the elucidation of the interaction mechanism

between aa and a silica surface, thermodynamic studies by
means of flow microcalorimetry (FMC) were used to in situ
monitor the enthalpy of the interactions. Compared to other
microcalorimetric techniques, FMC can be used to simulate a
packed bed chromatographic system at microscale. FMC can
dissect the subprocesses involved in the interaction between
molecules and surface and, as a consequence, be used to
discriminate between different energy contributions.47−49 The
FMC used in this study can detect power changes with a

magnitude of 10−7 W, resulting in an energy resolution in the
order of 10−9 J, enabling analysis of very weak interac
tions.47−49 The FMC is ideally complemented with zonal
elution chromatography (ZE) to provide fundamental data for
molecular dynamic (MD) simulation.45 For MD simulation the
atomistic model of silica and corresponding force field
parameters from a database by Emami et al. was used.28 To
investigate the adsorption behavior, the Q3 silica surface model
(see Supporting Information Figure S1 and text therein for
more details) was chosen. It considers 4.7 silanol groups per
nm2 of surface, of which 14% are deprotonated at a pH of 7.4.
For the experiments all aa variants were purchased and
designed for simulation (Figure S2 and Figure S3).

Figure 1. (a) Heat exchange profile of 10 mM L alanine ethyl (A ethyl) ester and 10 mM L alanine tert butyl ester (A tbutyl) obtained from FMC
experiments. Injection loop, 30 μL; mobile phase: 1.5 mL h−1 H2O, pH 7.4. (b) Retention factors (Rf) of alanine variants (50 mM) calculated from
measured retention time in relation to a nonbinding tracer (1 g L−1 uracil) using zonal elution experiments. Injection, 20 μL; mobile phase, 2 mL
min−1 of 10 mM TRIS, pH 7.4. Error bars indicate standard deviation resulting from three runs per experiment. (c) PMF profile for the interaction
between different capped and noncapped alanines to the silica surface as obtained from umbrella sampling simulation. (d) Binding affinity of
different alanine species calculated by integrating (see eq S1) the PMF curves.

Figure 2. Histograms of the distances of the C and N termini of L alanine (a), acetyl L alanine (b), L alanine ethyl ester (c), and L alanine tert butyl
ester (d) from the silica surface when the aa are adsorbed on silica as obtained from the MD simulation. In magenta and blue are the amino and
carboxy groups of the backbone, respectively. For more details on the “distances” calculated here, see Figure S4 of the Supporting Information and
text therein.
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Different capped alanines were investigated for the influence
of the backbone amino and carboxy group inherited in every
aa. For the zwitterionic Ala, there was no detectable heat signal
in FMC, suggesting no interaction between alanine and silica.
This is supported by ZE experiments in which Ala elutes at the
same time as the tracer (Figure 1B, Table S1). This behavior
can be explained by the MD data where the distances of the
centers of mass of the different alanine side groups from the
silica surface were calculated via simulation. For more details
on the “distances” calculated here, see Figure S4 of the
Supporting Information and text therein. For noncapped Ala,
the amino group can be near the surface, while the carboxy
group is pendent (Figure 2A). Two peaks for the amino group
at 0.6 and 0.8 nm indicate different conformations. The amino
group of Ala can interact via electrostatic interactions or H
bonds with the water on the surface.50 Solid state NMR
investigation suggests that the interaction of L alanine with
hydrated silica most likely happens with water (mobile phase)
molecules on the surface, resulting in washing out of the silica
in a dynamic setup.50 Ben Shir et al. found an N−Si distance of
0.4−0.42 nm for L alanine and glycine on silica and declared it
as direct binding as no molecule such as water would fit
between the molecules.51−53 The potentials of mean force
(PMF, Figure 1C) profiles were calculated by umbrella
sampling (US). By integrating the PMF profiles, the binding
affinity was calculated showing no binding affinity (Figure 1D).
For the Ac A derivative FMC also showed a small

exothermic peak, which can be associated with salt effects on
the silica surface due to pH adjustment (Figure S5). Therefore,
silica and Ac A do not interact. The MD data support the
assumption of no binding: the integration of the PMF profiles
showed no binding affinity for Ac A with silica (Figure 1C,D).
In the case of Ac A, the amino group is blocked, and the aa
bears a total net charge of −1. As can be seen in the histogram,
both groups are far from the surface with very broad
distributions, indicating no relevance for the adsorption to
silica (Figure 2B). However, ZE experiments indicate electro

static repulsion of Ac A from the silica surface. The negative
charge of the aa results in faster run times through the column
than the tracer solution. This observation points out the
mitigating effect of the negatively charged carboxy group on
the interaction of aa and silica (Table S1).
For both carboxy capped derivatives A ethyl and A tbutyl

only exothermic peaks with net heats of −6.2 ± 0.21 and −8.9
± 0.31 mJ, respectively, were observed in the FMC (Figure 1A,
Table S2), indicating adsorption to silica, as the occurrence of
interactions of an exothermal nature contributes majorly to the
adsorptive process enthalpy.49 The interaction event is
supported by the ZE experiments, which show a retention
factor of >7 (Figure 1B, Table S1). In chromatography, a
retention factor of 1 means a slight interaction with the
column. A retention factor of 20 means strong interactions
because the analyte is spending a lot of time interacting with
the resin. Retention factors > 20 are problematic because it
means extremely long run times and poor sensitivity due to
peak broadening.54 The retention can be explained by the
overall net charge of +1 for both aa. Integration of the PMF
profiles from simulation further validated the interaction
(Figure 1C,D). A second exothermic peak for A ethyl with
1.0 ± 0.32 mJ and for A tbutyl with 0.78 ± 0.29 mJ
overlapping the binding peak indicates the rearrangement of
both aa derivatives following the binding process. The signal is
aligned at a time beyond aa pulse residence time at the FMC
cell (around 480 s after heat signal start), compatible with the
establishment of a favorable arrangement of the adsorbed aa at
the surface. The energy for this rearrangement would be given
by the decrease of enthalpy from the first to the second
observed exothermic event.49 This behavior can be explained
by steric hindrance by the capping groups (Figure S6 and
Figure S7). However, this hindrance does not affect the
retention time in chromatography significantly and therefore
has only a little to no effect on the interaction between aa and
silica.

Figure 3. (a) Heat exchange profile of different capped arginine (10 mM) obtained from FMC experiments. Injection loop, 30 μL; mobile phase,
1.5 mL h−1 H2O, pH 7.4. (b) Retention factors (Rf) of arginine variants (50 mM) calculated from measured retention time in relation to a
nonbinding tracer (1 g L−1 uracil) using zonal elution experiments. Injection, 20 μL; mobile phase, 2 mL min−1 of 10 mM TRIS, pH 7.4. Error bars
indicate standard deviation resulting from three runs per experiment. (c) PMF profile for the interaction between different capped and noncapped
arginines (Args) to the silica surface as obtained from umbrella sampling simulation. (d) Binding affinity of different Arg species calculated by
integrating (see eq S1) the PMF curves.
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The most interesting effect the FMC shows is the missing of
an initial endothermic peak. According to literature, the FMC
profile characteristic for ion exchange involves a first
endothermic peak related to the desolvation entropic process
overlapped with an exothermic peak related to the electrostatic
interaction itself. The missing of the endothermic peak
indicates a reduced contribution from desolvation subprocess
to adsorption, essential to an ion exchange binding mecha
nism, and suggests ion pairing as a possible mechanism.36

MD simulations indicate a contribution of the methylated
carboxy group as well as the amino group to the interaction
with silica surfaces. The interaction contribution is indicated
by two superimposed histograms at around 0.75−0.80 nm
(Figure 2C,D). Furthermore, ZE experiments with 200 mM
sorbitol as H bond competitor and 1 M NaCl revealed the
electrostatic nature of the binding. While there was no
influence on the retention using sorbitol, NaCl negated the
interaction of A ethyl and A tbutyl (Figure S8). Snapshots of
the simulations illustrate the spatial location of the different
alanine derivatives to silica (Figure S9). Both the simulation
and ZE experiments show the same trend for binding affinities:
A ethyl ∼ A tbutyl > Ala > Ac A.
FMC and ZE experiments combined with MD simulation

elucidated the influence of the aa C and N termini on the
interaction of Ala. Given these findings, Arg with a strongly
positive guanidinium side group was investigated for the
additional interaction effects of the functional side group in
combination with the backbone groups.35,36,55

In FMC the tendency R OMe > Ac R OMe > Arg > Ac R
for binding enthalpy was observed (Table S3). The same trend
was found in ZE experiments and MD simulation in terms of
affinity (Figure 3). Considering that electrostatic interactions
are the dominating forces for interaction, the charges of the aa
can explain the trend. R OMe bears a net charge of +2 and has
the highest affinity. As shown for Ala, the amino group of the
backbone can interact with the surface in addition to the
guanidine side chain. The net heats of the single exothermic
event for the binding of Arg and R OMe are −2.81 ± 0.08 and
−10.31 ± 0.92 mJ (Figure 3B, Table S3), respectively. Both

the ZE experiments with Rf,R‑OMe = 27 ± 3.3 being four times
that of Rf,Arg = 7.25 ± 0.06 and integration of PMF profiles
from simulation support the findings of the FMC. In the case
of noncapped Arg, MD shows both positively charged amino
and guanidine groups are at distances of 0.60 and 0.65 nm,
respectively, from the silica surface during adsorption, whereas
the negatively charged carboxy group is pendent (Figure 4A).
MD indicates direct binding of the guanidine group to the
surface.51−53 For R OMe, when the carboxy group is capped,
all three functional groups can be near the surface (Figure 4C
and Figure S10). The positive amino and guanidine groups can
interact at distances of 0.8 and 0.7 nm from the surface,
respectively, while the capped carboxy group could interact
through H bonds between the carbonyl group (CO) and
surface silanol groups.35,37,38

In contrast, when the amino group is capped and the
zwitterionic Ac R is used, ZE experiments indicate a low
affinity; a significantly lower Rf of 0.29 ± 0.00 was measured
compared to Arg (Figure 3B, Table S4). Ac R has an overall
neutral charge due to its zwitterionic state and low affinity
comparable to Ala, and other zwitterionic aa are ex
pected.45,55,56 Low affinity is supported by the FMC signal;
the exothermic event (binding) with −5.0 ± 0.14 mJ and the
endothermic event (more consistent with elution) with 4.3 ±
0.20 mJ are about the same size, resulting in a net heat of
−0.74 ± 0.09 mJ (Table S3 and Figure S11). Further proof can
be found in the MD simulations. For Ac R the broad peaks and
the greater distances of all groups to the surface indicate very
loose binding. The histogram for Ac R indicates that the
adsorption is mainly mediated by the guanidine side group of
the Ac R and the negative carboxy group is pendent (Figure
4B). This result is clear evidence for the interaction of amino
acids with silica through amine groups. The fact that in FMC
for Ac R binding and elution could be observed with a negative
total neat heat and the Rf is still somewhat higher than for the
comparable zwitterionic Ala indicates the interaction of the
guanidine group with silica is stronger than the α amino group
of the aa backbone with silica. These observations demonstrate
again the influence of the negatively charged carboxy group on

Figure 4. Histograms of the distances of the C and N termini of L arginine (a), acetyl L arginine (b), L arginine methyl ester (c), and acetyl L
arginine methyl ester (d) from the silica surface when the aa are adsorbed on silica as obtained from the MD simulation. In magenta and blue are
the amino and carboxy groups of the backbone, respectively. In turquoise is the guanidine side group. For more details on the “distances” calculated
here, see Figure S4 of the Supporting Information and text therein.
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