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ABSTRACT. Biological molecules interact with silica (SiO2) surfaces with binding affinities 

that greatly vary depending on their physical chemical properties. However, the quantitative 

characterization of biological compounds adsorbed on silica surfaces, especially of compounds 

involved in fast, reversible interactions, has been challenging and the driving forces are not well 

understood. Here, we show how carbon-13 NMR spin relaxation provides quantitative atomic-

detail information about the transient molecular binding to pristine silica surfaces, represented by 

colloidally dispersed silica nanoparticles (SNPs). Based on the quantitative analysis of almost 

two dozen biological molecules, we find that the addition of N-methyl motifs systematically 

increases molecular binding affinities to silica in a nearly quantitatively predictable manner. 

Among the studied compounds are many methylated nucleosides, which is common in 

epigenetic signaling in nucleic acids. The quantitative understanding of N-methylation may open 

up new ways to detect and separate methylated nucleic acids or even regulate their cellular 

functions. 
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Deciphering molecular adsorption to silica surfaces is key to the better understanding of 

numerous phenomena and processes encountered in basic research and industry, such as 

bioanalysis,1 chromatography,2 heterogenous catalysis,3 contamination control,4 biomedical 

engineering,5 and targeted drug delivery.6 Pristine silica surfaces display both siloxane (Si–O–Si) 

and silanol (Si–OH) groups, whereby the latter undergo partial deprotonation at (near-)neutral 

pH, leading to an overall negative surface charge.7 Experimental and computational studies have 

identified several physical-chemical determinants of molecule-silica interactions. For example, 

positively charged molecules often possess increased affinity for pristine (negatively charged) 

silica surfaces via electrostatic attraction, but other interactions, such as hydrogen bonding, van 

der Waals forces, and hydrophobic effects, can also make significant contributions to molecular 

adsorption.8-11  

Current knowledge is still limited and far from being able to explain or predict the 

molecular adsorption behavior of many kinds of molecules. Existing methods often do not 

provide quantitative binding properties and atomic resolution information or they only report on 

a small subset of molecules with specific optical or chemical properties. Most methods are best 

suited to study strong interactions, sometimes under harsh conditions (e.g. isothermal titration 

calorimetry,12 electron microscopy,13 and X-ray absorption14), but less so for weak, reversible, 

and highly dynamic interactions with KD’s in the sub-mM and μM range. These weaker 

reversible interactions can be highly relevant in practice.15 Several recent solution NMR-based 

studies have provided useful new insights using translational diffusion filtering, relaxation 

dispersion, or saturation transfer experiments.16-18 Most previous studies focused on relatively 

few compounds, such as water, ethanol, NO, CO2, benzene, pyridines, and some of the naturally 

occurring amino acids.19-24 By contrast, very little is known about the binding properties of many 
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other biological compounds, including metabolites and building blocks of biomacromolecules 

that play key roles in biology. Such incomplete coverage has prevented the broader 

understanding of specific driving forces of molecule-silica interactions.25  

We recently demonstrated that silica nanoparticles (SNPs) can substantially affect NMR 

signals of certain metabolite molecules in solution, which was utilized to assist the 

characterization of complex metabolomics mixtures.26 These effects are caused by transient 

interactions of metabolites with the much larger and, hence, much more slowly tumbling 

nanoparticles. It leads to the retardation of the rotational tumbling of the interacting metabolites 

and thereby expedites their transverse spin relaxation, but without affecting the NMR peak 

positions. This causes NMR line broadening or even to the complete disappearance of 

resonances allowing molecule-specific identification and quantification of molecule-nanoparticle 

interactions. When applying this SNP-assisted NMR method to human urine, as an example of a 

complex mixture consisting of several hundred different metabolites, positively charged 

metabolites that interact with SNPs via electrostatic attraction could be readily identified. 

Interestingly, certain neutral metabolites also showed interactions with SNPs, in particular 

metabolites with an amine carrying one or several methyl groups. Metabolites that contained this 

type of “N-methyl motif” included carnitine, 1-methylhistidine, and trigonelline.26 In another 

NMR-based metabolomics study, two other N-methyl carrying molecules were identified, 

namely choline and creatinine, because of their strong interactions with silica surfaces leading to 

irreversible adsorption.27 These qualitative observations suggest a silicaphilic nature of N-methyl 

group-containing molecules, a phenomenon that hitherto has not been systematically and 

quantitatively investigated and which is the subject of this work. 
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N-methyl motifs are also common in naturally occurring nucleic acids.28-29 In cells, both 

DNA and RNA can be enzymatically methylated and de-methylated enabling control of the flow 

of genetic information by epigenetic modifications.30-31 Common forms of methylation in nucleic 

acids are N6-methyladenosine,32 5-methylcytosine,33 N6,N6-dimethyladenosine,34 N7-

methylguanosine,35 and N1-methyladenosine,36 many of which involve one or several N-methyl 

motifs that are germane to the current study. Considering the important biological functions of 

nucleic acid methylation, a central question is: what physical-chemical properties determine their 

function, for example, for specific enzyme recognition?37 A recent study suggested that the 

subtle change in polarity and hydrophobicity may play a crucial role in the molecular recognition 

of N6-methylated adenine by its protein binding partner, the YTH domain, through a non-

covalent interaction described as an “aromatic cage”.38 In order to obtain a mechanistic 

understanding of these processes, sensitive and quantitative experimental approaches are needed 

that are capable of detecting the effect of methylation on nucleic acid interactions.  

In this letter, we utilize high-resolution solution NMR to quantitatively study the 

molecular adsorption behavior before and after methylation to pristine silica surfaces. The SNPs 

used here have a narrow size distribution with 20 nm mean diameter.26 The proposed strategy 

involves the preparation of two samples for each molecule of interest, namely one in the 

presence of SNPs and the other without. By measuring the difference of 13C NMR transverse 

spin relaxation in both types of samples, their SNP-interaction strengths can then be 

quantitatively determined and used to characterize the effect of the degree of N-methylation.11 

We first assessed the dependence of the silica-binding affinity on the degree of N-

methylation by selecting a cohort of molecules as model compounds, namely glycine (GLY), N-

methylglycine, also known as sarcosine (SAR), N,N-dimethylglycine (DMG), and N,N,N-
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trimethyl glycine (TMG, also known as betaine). They share the same molecular skeleton and 

only vary in the number of methyl groups directly attached to the same nitrogen atom, which can 

be 0, 1, 2, or 3. At neutral pH (7.0 ± 0.1) and the same ionic strength (20 mM sodium phosphate 

buffer), these compounds existed almost exclusively in their zwitterionic forms (see Table S1 in 

the Supporting Information (SI) for their pKa values), displaying a negative charge on the 

deprotonated carboxyl group and a positive charge on the protonated amine or the quaternary 

ammonium. Therefore, the affinity changes observed here for different degrees of N-methylation 

are not due to changes in electrostatic attraction.  

In the absence of SNPs, 1D 1H NMR resonances of the methylene (–CH2–) groups of all 

four compounds in aqueous solution (at 2.0 mM concentration each) have very similar intensities 

and linewidths. By contrast, the addition of SNPs (to 0.84 μM final SNP concentration) 

generates a differential line-broadening effect, from weakest for GLY to strongest for TMG, 

which rather nicely follows the degree of N-methylation (Figure 1A). Importantly, line-

broadening and the absence of changes in resonance positions observed here, which is indicative 

of fast exchange dynamics, is consistent with previous findings for SNP interactions with free 

amino acids,11 intrinsically disordered polypeptides,39-40 and globular proteins.41-42  

To accurately quantify the binding strength, we measured the 13C NMR transverse 

relaxation rates (R2) for the same set of samples using a 1H-13C HSQC-based proton-decoupled 

CPMG pulse sequence at 13C natural abundance (1.1%). The difference of R2 rates for each 13C 

in the presence and absence of SNPs, denoted as ΔR2, serves as a site-specific and highly 

sensitive measure of the fraction or population of molecules adsorbed to the surface of 

nanoparticles. From a microscopic point of view, a molecule interacting with a SNP via a 

specific group of atoms, leads to a reduction of its overall molecular tumbling thereby expediting 
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R2 relaxation (Figure 1B). It can be shown that  ∆𝑅2 ≅ 𝑝𝑏𝑅2
𝑏  where 𝑅2

𝑏  (>1000 s–1) is the 

transverse relaxation rate of a 13C spin rigidly anchored on the surface of a 20 nm spherical SNP, 

provided that the exchange rate constant kex fulfills 1/P >> kex >> 𝑅2
𝑏 where P is the tumbling 

correlation time of the free molecule. pb is the SNP-bound population and 𝑅2
𝑏 can be estimated 

from the Stokes-Einstein-Debye relationship (see SI).11 pb can thus be directly determined from 

𝑝𝑏 ≅ ∆𝑅2 𝑅2
𝑏⁄  , where ΔR2 is the experimental differential transverse relaxation rate. Application 

to GLY, SAR, DMG, and TMG yields ΔR2 values of 0.16, 0.76, 2.47, and 6.28 s−1, respectively 

(Table 1), which means that the bound population of TMG is about 2.5-fold higher than that of 

DMG and 8-fold higher than SAR, whereas GLY barely interacts with silica. This trend is fully 

corroborated by the 13C-ΔR2 values of the methyl (–CH3) carbons (Table 1). Consistent with the 

orthogonal and more qualitative information from 1H NMR spectra (Figure 1A), it clearly shows 

the silicaphilic effect of the N-methyl motif.  

For a more quantitative understanding of the binding behavior of molecules X to a 

nanoparticle P, we assume that each nanoparticle has a total of N distinct binding sites to which 

molecules X can bind independently with an association constant K in a non-cooperative fashion. 

Hence, a nanoparticle P can adopt states P, PX, PX2, …, PXN where state PXn can be realized in 

 possible ways. The concentrations of the different states of P can then be expressed as: 
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  (2) 

where on the last line of Eq. (2) x = [X] ≈ [X]free >> [X]bound  and  K ∙ x << 1 were assumed. It 

shows that the bound population pb is proportional to both the free nanoparticle concentration, 

the number of binding sites N, and equilibrium constant K. It follows for the ratio of the 

association constants of two different types of molecules X and Y under the assumption that the 

number of binding sites N per nanoparticle is the same:  

  (3) 
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where ΔΔGPX is the free energy difference between the nanoparticle-bound and free state, R is 

the gas constant, and T is the absolute temperature. Eq. (5) allows the determination of the 

contribution of ligand modification, such as the addition of an N-methyl group, to the free energy 

of nanoparticle binding. Table 2 shows the results of the application of Eq. (5) to the 

experimental NMR data of GLY, SAR, DMG, and TMG. The addition of an N-methyl group to 

GLY has the largest effect on strengthening SNP affinity (–3.87 kJ/mol), whereas subsequent 

additions of N-methyl groups have a slightly smaller effect (–2.93 and –2.28 kJ/mol) with an 

average of –3.03 ± 0.80 kJ/mol per N-methyl group. The results show that the effect from 

multiple methyl groups is sizeable and in first order approximation additive allowing a maximal 

change of ΔΔG = –9.10 kJ/mol from GLY to TMG.  

Next, we applied the same 13C spin relaxation approach to a total of 13 RNA nucleosides 

and their methylated derivatives as well as to N6-methyladenosine-5’-monophosphate (m6AMP). 

They essentially cover the complete collection of naturally occurring forms of nucleobase 

methylation found in RNA. Samples were prepared at 12 ± 1 mM compound concentration, 

either with or without the presence of 3.36 μM SNPs (see SI). A broad range of ΔR2 values were 

observed for these compounds, which are summarized in Figure 2 and SI, highlighting their 

variable binding affinities to silica surface.  

Basic nucleosides in their native (non-methylated) forms, encompassing adenosine (A), 

guanosine (G), cytidine (C), uridine (U) and inosine (I, commonly found in tRNA), all have very 

limited interaction propensity with SNP surfaces (ΔR2 < 3 s–1). In sharp contrast, the N-

methylated forms of these nucleosides all manifest significant and systematic increase in their 

ΔR2 values, indicative of elevated binding affinity. Among these compounds, 1-methyladenosine 

(m1A), N7-methylguanosine (m7G), and N3-methylcytosine (m3C) fall into the same category 
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because the covalently bonded methyl groups change their net charge from 0 to +1. Considering 

that their ΔR2 values are among the largest (Figure 2), this can be attributed, at least in part, to 

the prominent role of electrostatic attraction towards the negatively charged SNP surface.  

By contrast, for N6-methyladenosine (m6A), N6,N6-dimethyladenosine (m6
2A), and 4-

methylcytidine (m4C), which bear a net charge of 0, charge-charge Coulomb interactions can be 

excluded as the driving force for their interactions with SNPs. Still, all three compounds display 

considerable affinity to silica surfaces, which we attribute to the mere presence of the N-methyl 

motif. Averaged ΔR2 values over all resolved carbon sites also reveal the systematic increase in 

the silica-binding affinities for A (average ΔR2 = 1.4 s–1), m6A (5.5 s–1), and m6
2A (13.8 s–1), 

which reflects the cumulative effect from multiple N-methyl groups similar to GLY, SAR, DMG, 

and TMG. Analogous effects were also detected for DNA nucleosides, as exemplified by the 

increased silica affinity of N6-methyl-2’-deoxyadenosine (m6dA, average ΔR2 = 18.3 s–1) 

compared to its unmodified counterpart (4.4 s–1).  

Addition of an N-methyl group has a mean binding free energy ΔΔG, according to Eq. 

(5), for the neutral m6A/A, m6
2A/m6A, m4C/C, m6dA/dA, and N3-methylyridine (m3U)/U pairs of 

–3.05 ± 0.50 kJ/mol. This value is remarkably close to those of GLY, SAR, DMG, and TMG of 

–3.03 ± 0.80 kJ/mol (Table S2). Hence, the mean free energy gain for pristine silica-surface 

binding per N-methyl group in the absence of change of net charge is ΔΔG = –3.04 ± 0.57 

kJ/mol. In the case of m3U vs. U, the ΔR2 values are considerably smaller in absolute terms, but 

the fold change of the bound population is fully consistent with the rest of the molecules. The 

low silica affinity of m3U/U may be a consequence of the two ketones flanking the nitrogen atom 

and their strong solvation propensity in water counteracting the surface-binding tendency of the 

N-methyl motif. Reduced affinity is also observed for 5-methyluridine (m5U) where methylation 
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occurs at a carbon rather than a nitrogen site (Table S2). Clearly, the effect of C-methylation on 

nanoparticle binding deserves further investigations using the methods described here.  

The site-specific methylation in m1A, m7G, and m3C alters the net molecular charge from 

0 to +1 with respect to their parent molecules A, G, and C leading to significantly larger ΔΔG 

values of –8.43, –9.08, and –6.19 kJ/mol, respectively. Compared to –3.04 kJ/mol found for N-

methylation without charge change, the combined contributions of electrostatic attraction and 

possibly other interactions are directly revealed. Likewise, when comparing m6AMP (average 

ΔR2 = 1.5 s–1) to m6A (5.6 s–1), the reduced silica-binding affinity with a ΔΔG = +3.26 kJ/mol 

can be largely attributed to electrostatic repulsion with respect to the anionic silica surface due to 

its –2 net charge state. We conclude that the N-methyl motif has a strong silicaphilic propensity 

and enhances molecular binding to pristine silica surfaces, while at the same time other driving 

forces, especially electrostatics, contribute to the interaction strengths in either a synergistic or an 

opposing manner. These findings should help the design of new molecules with targeted binding 

free energies to SNP surfaces.  

Strong evidence has emerged of the widespread functional role of N-methylation in 

biological molecules, including DNA, RNA, and proteins.43-44 However, their mode of 

interaction with the surroundings has remained largely open. Due to their bulkiness, N-methyl 

groups can introduce local steric hinderance. For example, in the case of m6A, it favors single 

over double-stranded stranded RNA making the RNA better accessible to protein recognition.45-

46 By changing the local chemical properties, methylation has also a profound effect on the 

interaction strength with binding partners as has been quantitatively demonstrated by 13C NMR 

spin relaxation for the case of SNPs.  
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The NMR relaxation method fulfills a clear need as a versatile experimental approach 

that is sensitive to weak and dynamic binding events providing such information throughout 

different parts of a molecule. The method can be applied to an extraordinary wide range of 

molecules containing CH, CH2, or CH3 groups and is thereby not limited, for example, to 

systems with specific optical properties. It can also be used to investigate molecules interacting 

with other large surface structures that can have a biological or synthetic origin, including large 

proteins, nucleic acids or membranes, and other types of nanoparticles and other nanostructures. 

When experimental conditions such as temperature, concentration, and pH are carefully 

controlled, the ΔR2 values provide quantitative bound population information, as shown here, 

making direct comparisons among different molecules possible for the extraction of binding free 

energy differences. The site-resolved ΔR2 values even offer a glimpse of intramolecular binding 

orientations and points of contact. In particular, atoms that preferentially make direct contact 

with the SNP surface have larger ΔR2 values, whereas atoms that are flexibly linked to the 

primary atom contacts and are on average further away from the surface can undergo tethering, 

thereby experiencing a decrease in ΔR2. For example, the ribose rings of RNA nucleosides 

generally have a smaller ΔR2 than 13C atoms of the base (Table S3), suggesting that the ribose 

undergoes tethering whereas the nucleobases directly interact with the nanoparticle surface. The 

conversion of the NMR relaxation data to ΔΔG values assumes that the dynamics of the bound 

states of molecules is independent of their methylation state. Recently, NMR ΔR2 were was used 

together with 13C-DEST to model the global dynamics of phenol when bound to ceria 

nanoparticle catalysts.17,47  

In summary, it has been demonstrated by quantitative NMR spin relaxation how N-

methylation significantly promotes the silicaphilic propensity of metabolites. Remarkably, of 



 14 

nearly two dozen molecules studied here we did not encounter a single violation to this behavior. 

We find that the trimethylated forms have the strongest affinity, followed by dimethylated and 

monomethylated forms. This empirical rule helps both simplify and quantify our understanding 

of adsorption of this class of compounds to silica surfaces, which can guide the design and 

synthesis48-49 of new molecules with predefined nanoparticle affinities by shifting the 

equilibrium from mostly free molecules to higher population bound states. These rules can also 

find fruitful applications for nanoparticle-assisted metabolomics50 or the separation of nucleic 

acid samples in vitro based on their degree of methylation.51 In the long term, it may be even 

feasible to generalize and adapt the binding properties of nucleic acids methylated at specific 

positions,52 including the ones characterized here, for the regulation of biological pathways in 

vivo to control the recognition between nucleosides and enzymes, receptors, membranes, and 

their assemblies, in their native biological environment. 

 

 

Figures and Tables 
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Figure 1. (A) Effect of degree of N-methylation of GLY to SAR, DMG, and TMG on their 

interaction propensities with silica nanoparticles. Superposition of experimental 1H NMR spectra 

of the –CH2– proton resonances of the four compounds in the presence (darker colors) and 

absence (lighter colors) of SNPs shows differential dependence of spectral line-broadening 

accompanied by a decrease of peak amplitudes, which directly reflect the binding affinity on the 

degree of N-methylation.  (B) Illustration of the measurement of the bound population, pb, of 

molecules with different degrees of N-methylation to silica nanoparticles by solution NMR 

transverse spin relaxation. Molecules that transiently interact with silica nanoparticles (large blue 

sphere) experience faster transverse NMR spin relaxation, causing a larger linewidth that can be 

accurately measured as an effective relaxation rate and compared with the corresponding 

relaxation rate in the absence of nanoparticles (see main text and SI). 
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Figure 2. Mapping of experimentally determined site-specific differences, ΔR2, of 13C-R2 spin 

relaxation rates in the presence and absence of SNPs on the structures of 13 different RNA 

nucleosides. The absolute ΔR2 values, which are a measure of the change in binding affinity 

(Eqs. (3), (S4)), are depicted as color-coded solid circles, from very low (yellow, weak binding) 

to high (dark red, strong binding) values. Gray circles indicate that the corresponding carbon 

resonance either disappeared due to rapid relaxation (e.g. methyl groups of m1A, m6A, and 

m6
2A) or overlapped with other resonances (including water) and thus could not be accurately 

quantified. Nucleosides grouped together inside a gray box share the same nucleobase, and blue 

boxes highlight nucleosides in their non-methylated forms. 
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Table 1. Enhanced methylene and methyl 13C-R2 spin relaxation of GLY, SAR, DMG, and TMG 

via interactions with silica nanoparticles.  

Compound 

Methylene –CH2– 13C-R2 (s–1) a Methyl –CH3 13C-R2 (s–1) a 

no SNPs 
with 

SNPs 
ΔR2 no SNPs 

with 

SNPs 
ΔR2 

GLY 0.63 0.79 0.16 ± 0.04 - - - 

SAR 1.42 2.18 0.76 ± 0.23 1.59 2.04 0.45 ± 0.08 

DMG 0.90 3.37 2.47 ± 0.28 0.79 2.94 2.15 ± 0.08 

TMG 0.54 6.82 6.28 ± 0.23 0.52 4.14 3.63 ± 0.16 

[a] Errors estimated by error propagation are only reported for ΔR2.   
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Table 2. Effect of N-methyl group additions on nanoparticle binding of GLY, SAR, DMG, and 

TMG expressed as free energy changes ΔΔGPX-PY (kJ/mol)  

ΔΔG 

(kJ/mol) 

GLY 

(0) a 

SAR 

(1) 

DMG 

(2) 

TMG 

(3) 

GLY (0) a 0 3.87 6.87 9.10 

SAR (1) –3.87 0 2.93 5.23 

DMG (2) –6.87 –2.93 0 2.28 

TMG (3) –9.10 –5.23 –2.28 0 

a The numbers in parentheses indicate the number of N-methyl groups attached to the nitrogen.  
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