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Abstract

Metabolomics aims at a complete characterization of all metabolites in biological samples both in 

terms of their identities and concentrations. Because changes of metabolites and their 

concentrations are a direct reflection of cellular activity, it allows a better understanding of cellular 

processes and function. Although NMR spectroscopy is routinely applied to complex biological 

mixtures without purification, overlapping NMR peaks often pose a challenge for the 

comprehensive and accurate identification of the underlying metabolites. To address this problem, 

we present a novel nanoparticle-based strategy that differentiates between metabolites based on 

their electric charge. By adding electrically charged silica nanoparticles to the solution NMR 

sample, metabolites of opposite charge bind to the nanoparticles and their NMR signals are 

weakened or entirely suppressed due to peak broadening caused by the slow rotational tumbling of 

the nanometer sized nanoparticles. Comparison of the edited with the original spectrum facilitates 

analysis significantly and reduces ambiguities in the identification of metabolites. This method 

makes NMR directly sensitive to the detection of molecular charges at constant pH as is 

demonstrated here both for model mixtures and human urine. The simplicity of the approach 

should make it useful for a wide range of metabolomics applications.
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Introduction

Over the past decade, metabolomics has made great progress in its quest to comprehensively 

study complex biological systems from a small molecule perspective.1–3 Metabolomics 

focuses on the systematic characterization of individual components of the metabolome in 

biological systems at the level of biofluids, cells, tissues, and whole organisms.4–6 

Identification and quantification the metabolites are important, since they reflect a real-time 

snapshot of many cellular activities.7

NMR spectroscopy is one of two key experimental analysis methods in metabolomics due to 

its high spectral resolution, its global detection capability, excellent reproducibility, and ease 

of sample preparation. However, depending on the complexity of the mixture, ambiguities in 

peak assignments and metabolite identities can exist in 1D NMR and 2D NMR 

experiments.8 Presently, one of the most powerful approaches for resolving such ambiguities 

relies on 2D TOCSY-type experiments,9 which provide chemical connectivity information 

between multiple nuclear spins. This information can be used to deconvolute the NMR 

signals of individual mixture components in complex mixtures.10 Moreover, once individual 

mixture components have been deconvoluted, TOCSY spectra provide useful topology 

information toward de novo structure elucidation of mixture components.11

Targeted sample preparation approaches have been proposed to resolve peak ambiguities and 

to simplify the spectra in metabolomics applications. For example, the addition of 

paramagnetic ions, such as gadolinium and other lanthanides, can cause differential line 

broadening or the disappearance of peaks of certain metabolites through paramagnetic 

relaxation, but such effects depend on a number of factors that are not easily predictable.12 

Another approach specifically targets metabolites that contain carboxyl groups by having 

them react with 15N cholamine isotope tags. The modified metabolites, which are detectable 

by 15N NMR, can be identified provided that a customized NMR library of tagged 

metabolite products is available.13

Here, we present a strategy that monitors the modulation and disappearance of NMR signals 

of metabolites that strongly interact with electrically charged silica nanoparticles (SNPs). 

SNP colloid is directly mixed to the solution NMR metabolite sample forming a stable, 
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solution-like dispersion. Nanoparticles with diameters in the tens of nanometer range have 

very slow rotational tumbling correlation times in the microsecond range.14 As a result, the 

tumbling rates of those metabolites that interact with the nanoparticles are slowed down by 

several orders of magnitude in a solution. This causes rapid transverse spin relaxation of 

these metabolites, which is manifested in dramatic line broadening and diminished peak 

amplitudes or complete peak disappearance. Comparison of the NMR spectra of 

nanoparticle-free and nanoparticle-containing metabolite samples allows the straightforward 

identification of NMR signals that belong to the subset of metabolites with opposite charge 

to the charge of the SNPs facilitating the analysis of both 1D and 2D NMR spectra. We 

demonstrate the SNP-editing approach with both anionic and cationic SNPs.

EXPERIMENTAL SECTION

Chemicals and Materials

A pooled urine sample from healthy humans was obtained from (Innovative Research, Inc., 

Novi, MI). The following metabolites were obtained for the preparation of model mixtures: 

citric acid monohydrate (C6H8O7•H2O, 99%), N,N-dimethylglycine (C4H9O2N, 99%), D-

glucose (C6H12O6, 99.5%), L-glutamic acid (C5H9NO4, 98.5%), L-histidine (C6H9N3O2, 

98.5%), sodium lactate (C3H5NaO3, 98%), sodium phosphate dibasic (Na2HPO4, 99.0%), 

sodium phosphate monobasic (NaH2PO4, 99.0%), and 3-(Trimethylsilyl)-1-propanesulfonic 

acid sodium salt (DSS) were obtained from Sigma-Aldrich. L-alanine (C3H7NO2, 98.5%), 

L-arginine (C6H14N4O2, 98.5%), L-asparagine monohydrate (C4H8N2O3•H2O, 98.5%), L-

glutamine (C5H10N2O3, 98.5%), L-lysine hydrochloride (C6H14N2O2•HCl, 98.5%), and L-

valine (C5H11NO2, 98.5%) were purchased from Fisher BioReagents. Deuterium oxide 

(D2O, 99.0%) was purchased from Cambridge Isotope Laboratory, Inc., Andover, MA. 

Amicon Ultra-15® Centrifugal Filter Units (3k and 10k NMWL) was purchased from Merck 

Millipore Ltd., Darmstadt, Germany.

Nanoparticle Preparation and Characterization

Bindzil® 2040 silica nanoparticles (anionic SNPs) were obtained from Eka Chemicals. The 

surface of these SNPs is terminated by silanol (Si-OH) groups, which experience partial 

deprotonation leading to a negative charge at neutral pH condition. Buffer exchange using a 

10k NMWL Amicon filter unit was done for 1 mL SNP colloid by repeatedly (at least 5 

times) adding 10 mL 20 mM pH 7.0 sodium phosphate buffer dissolved in D2O followed by 

centrifugation at 4300 rpm for 30 min to increase concentration. Finally, the volume of 

concentrated SNPs was adjusted back to 1 mL using the same phosphate buffer, with a 

recovery rate of 70%, quantified by gravimetric analysis after completely solvent 

evaporation. The particle concentration was estimated to be 50 μM. LUDOX® CL silica 

nanoparticles (cationic SNPs) were purchased from Sigma-Aldrich. According to the 

product description, the surface of the particles is covered with a monolayer of alumina that 

results in the positive surface charge. Cationic SNP stock colloid (pH 4.0) was extensively 

dialyzed into 100 mM NaCl in H2O and the pH was adjusted to 5.5 using 0.5 M NaOH. The 

particle concentration was estimated to be 28 μM. The ζ-potentials of anionic and cationic 

SNPs were measured to be -23.0 ± 7.4 mV and +35.7 ± 6.9 mV (average ± standard 
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deviation), respectively, using a Malvern Zetasizer Nano ZS at 25 °C (see Supporting 

Information).

Model Mixture Preparation

A model mixture of common metabolites consisting of unlabeled alanine, arginine, citric 

acid, dimethylglycine, glucose, histidine, lactic acid, lysine, shikimic acid, and valine with a 

uniform concentration of 2 mM was prepared in 20 mM sodium phosphate buffer at pH 7.0 

in D2O for experiments involving anionic SNPs. A two-fold diluted model mixture (1 mM) 

in D2O at pH 5.0 was used for cationic SNPs to maintain nanoparticle stability and prevent 

agglomeration.

Protein removal of Human Urine

1 mL urine sample was thawed at 4 °C and filtrated using a 3k NMWL Amicon filter unit at 

4300 rpm for 20 min at 4 °C. The filter was washed twice with 2 mL nanopure water each 

time and all of the filtrates were pooled together before they were lyophilized and stored as a 

powder at −80 °C. The powder sample was dissolved in 1100 μL 20 mM sodium phosphate 

buffer at pH 7.0. The nanoparticle-free sample was made of 550 μL urine sample with 50 μL 

phosphate buffer. The SNP-containing sample was made of 550 μL urine sample with 50 μL 

anionic SNPs. Both samples also contained 100 μM DSS.

NMR Sample preparation

Anionic and cationic SNPs (or pure buffer for control samples) were gently mixed with the 

reconstituted model mixture and/or urine metabolomics samples to a final volume of 600 μL 

before being placed in a 5 mm NMR tube for NMR data collection. The final particle 

concentration of anionic SNPs was estimated to be 8 μM for the model mixture and 4 μM for 

the urine sample, while approximately 4 μM cationic SNPs was used in the model mixture.

NMR data collection

All NMR spectra were collected on a Bruker AVANCE 850 MHz spectrometer equipped 

with a cryogenically cooled probe at 298 K. 1D 1H NMR spectra of the model mixture were 

collected with 32,768 complex points, 16 ppm spectral width with 64 scans (for anionic 

SNPs) to 256 scans (for cationic SNPs). 2D 13C-1H heteronuclear single quantum coherence 

(HSQC) spectra of the model mixture were collected with 512x1500 (N1xN2) complex 

points, 8012.820 Hz in the 1H dimension and 32193.432 in the 13C dimension with 16 scans 

(for anionic SNPs) or 32 scans (for cationic SNPs). 1024 and 3072 data points (N1xN2) were 

collected with 32 scans for the urine sample. The transmitter frequency offsets were 4.70 

ppm and 80 ppm in the 1H and 13C dimension, respectively.

NMR data analysis

All NMR data were zero-filled, Fourier transformed, and phase- and baseline-corrected. 

1D 1H NMR spectra were processed using the ACD/1D NMR manager version 12.0 

(Advanced Chemistry Development, Inc.). 2D NMR spectra were processed using 

NMRPipe.15 To identify metabolites in the 1D and 2D NMR spectra the COLMAR16,17 

databases were queried.
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Results

NMR spectral data of the model mixture

Ten compounds were chosen as a representative set of metabolites with different electrical 

charge properties (see Experimental Section). Figure 1 shows the 1D 1H NMR and 

2D 13C-1H HSQC spectra of the model mixture in the absence (left) and the presence (right) 

of anionic SNPs. In the absence of SNPs, the 1D spectrum display a certain level of peak 

overlap, which becomes resolved by the addition of SNPs. For example, arginine overlaps 

with other metabolites including lysine, histidine, glucose, and dimethyglycine. The addition 

of anionic SNPs leads to the removal of all arginine peaks, which simplifies the analysis and 

quantitation of the other metabolites. To quantify the effect of SNP addition, the average 

signal-to-noise ratios of all unique peaks of each metabolite were measured with and without 

SNPs, and their ratios (SNP-free:SNP-containing) were converted into a suppression factor 

(Table S1). The only positively charged metabolites arginine, lysine, and histidine rank as 

the top 3 compounds in terms of peak suppression. Since histidine has a side chain pKa of 

6.0 with a pI value of 7.59, at pH 7.0 it is only partially charged and hence it interacts with 

the SNPs not as strongly as arginine or lysine, which is consistent with the results in Table 

S1. The model mixture also demonstrates that other compounds, such as valine, with local 

charges, but zero net charge, can also be partially suppressed. In addition, we observed that 

anionic SNPs have a tendency to interact with compounds containing clusters of 

hydrophobic methyl groups (dimethylglycine and valine). None of the negatively charged 

metabolites were perturbed by the addition of SNPs. The spectral simplification induced by 

the nanoparticles is also obvious in the 2D 13C-1H HSQC spectrum with the suppressed 

peaks marked by small rectangles (Figure 1). All cross-peaks of the positively charged 

metabolites are suppressed entirely beyond detection limit, while the cross-peaks of the 

partially charged metabolites remain observable. The latter resonances do not show any 

noticeable chemical shift changes due to the addition the nanoparticles provided that the pH 

is not changed. Only very weak line broadening is observed for the non-interacting 

metabolites, which might be due to a slight increase in the overall viscosity of the mixture 

leading to somewhat slower rotational tumbling behavior.

NNR spectral data of the urine sample

Human urine has served in metabolomics studies as an archetype among biofluids. It has 

been used for biomarker identification,18 disease classification19 and drug toxicity 

evaluation.20 It was chosen here because of its challenging metabolome displaying a high 

level of complexity. Our COLMAR 13C-1H HSQC web server21 was used for automatic 

peak assignment.16 The spectrum of SNP-free urine sample was compared to the one with 

anionic SNPs added, highlighting those cross-peaks stemming from compounds that were 

suppressed by the presence of nanoparticles (Table 1). Three representative spectral regions 

that show the spectral changes induced by the SNPs are depicted in Figure 3. The peak 

assignments of these metabolites were independently verified using 13C-1H TOCSY-HSQC 

and 1H-1H TOCSY NMR spectra.22 Three of these metabolites are positively charged, three 

of them have no net charge and possess tertiary amine groups and the other four metabolites 

possess a quaternary amine group. Negatively charged acidic metabolites, such as lactic 

acid, citric acid, and acetic acid were not perturbed. Zwitterions, such as amino acids, were 
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only suppressed when they have a net positive charge. Many of the metabolites observed in 

the human urine 2D 13C-1H HSQC spectrum were observed in previous urine NMR-

metabolomics studies.23 Metabolites that have only one or two cross-peaks, such as 

methylguanidine or dimethylglycine can be easily misassigned due to peak overlaps. 

Therefore, their SNP-based identification on the basis of their positive charge helps their 

unambiguous identification. As for the model mixture, no noticeable chemical shift changes 

were observed when the SNPs were added and some very weak line broadening is possibly 

due to overall increased viscosity.

Discussion

A new direction to probe metabolite properties using nanoparticles

It has been reported that uncharged hydrophobic metabolites have a lower concentration in 

living cells due to their lower solubility and higher chance of leakage out of the membrane. 

Studying charged metabolites can potentially contribute to a better understanding of 

metabolic homeostasis.24 NMR spectroscopy is exquisitely sensitive to local magnetic fields 

reflected in chemical shifts, but it is much less sensitive to electric charges (pH titration 

experiments represent a notable exception).25 An electrophoretic NMR technique has been 

proposed that focuses on the charge properties of molecules using a specially designed NMR 

apparatus.26,27 However, for complex biological mixtures with hundreds of small molecules, 

this approach does not provide the necessary resolution. Therefore, existing charge 

information about molecules of interest cannot be easily used for the interpretation of NMR 

spectra of complex mixtures without change of pH.

With the introduction of charged nanoparticles described in this work, the net charge of 

metabolites is directly reflected in the NMR spectra through the appearance and 

disappearance of NMR cross-peaks. Differentiation between metabolites based on their 

electric charge is possible, if the following two conditions are fulfilled: 1) SNP-bound 

metabolites are restricted in their rotational Brownian diffusion causing the quenching of 

their NMR signals; 2) the nanoparticles neither contribute to the NMR spectrum nor perturb 

the NMR peaks of molecules that do not interact with them. The SNP-based strategy 

presented here does not require new or modified hardware.

Interactions between nanoparticles and metabolites in a biological system

Progress in nanoparticle research shows promise in many different areas, including 

biomedical imaging, disease diagnosis and treatment, such as targeted magnetic resonance 

imaging (MRI),28 photoacoustic imaging,29 point-of-care diagnosis using a “lab-on-the-

chip”,30 drug delivery,31 and photo-based physical therapy.32 However, the toxicity of 

nanoparticles has always been a practical concern and its impact on nucleic acids,33,34 

proteins35,36 or even intact cells37,38 have been discussed. Yet, very little is known about the 

effects of metabolome-nanoparticle interactions. In this work, the presence of specific 

interactions between nanoparticles and certain types of metabolites was established for 

human urine by NMR. Considering the abundance of many of these metabolites in other 

biofluids and biological systems, it is likely that in these systems SNPs interact with 

metabolites in the same way. The fact that changes in the pattern of the metabolome can 
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modulate and disrupt biological pathways and biomolecular activities suggests that such 

effects might be relevant for toxicity evaluation of biomedical applications of nanomaterials. 

Conversely, the interaction of nanoparticles with charged small molecules could be used to 

detoxify and purify biological as well as artificial chemical mixtures.

In the present work, anionic SNPs were used whose silanol (Si-OH) groups on the surface 

are partially deprotonated at neutral pH leading to a negative net charge,39 which is 

stabilized by the presence of counterions. Two categories of metabolites were found here to 

have a strong tendency to bind to anionic SNPs. The first category consists of metabolites 

with a net positive charge experiencing an attractive electrostatic interaction to the 

negatively charged SNPs. The positively charged metabolites often contain a neutral basic 

group, which after proton acceptance becomes positively charged. Examples include lysine, 

arginine and histidines whose NMR peaks became suppressed after binding to the much 

larger nanoparticles. In addition, metabolites with a quaternary nitrogen that has a positive 

charge also belong to this category, such as choline, betaines, and trigonelline. The second 

category consists of metabolites that are neutral, but which have multiple methyl groups. 

Especially those molecules with multiple methyl groups that are connected to tertiary amine 

group have a relatively strong tendency to bind to SNPs. Similar observations were made for 

single-stranded DNA bound to negatively charged nanoparticles where the nitrogen atoms of 

each nucleotide were proposed as the binding sites.40 The addition of charged nanoparticles 

to an NMR sample can be likened to the conversion of the NMR sample into an affinity 

column analogous to solid-phase extraction whereby the resins are micro- or nano-sized 

silica particles. We focused on silica nanoparticles in this work, but quantum dots or other 

nanoparticles, such as gold or silver based nanoparticles, are likely to work as well.

To test whether our approach also works with an opposite role of charges, namely with 

cationic SNPs interacting with anionic metabolites, cationic SNPs were added to the model 

mixture. As can be seen in Figure 4, the NMR signals of the negatively charged metabolites 

of the mixture, namely citric acid, lactic acid, and shikimic acid were either entirely 

suppressed or strongly weakened (less than 5% peak intensity left). Non-charged metabolites 

showed some line-broadening effects, similar to the anionic SNP case, which might be due a 

moderate increase in overall viscosity of the SNP solution.

The challenge of spectral interpretation in NMR-based metabolomics

NMR-based metabolomics studies benefit from the possibility to do conduct metabolomics 

studies with little or no separation prior to doing the NMR experiments. Such an untargeted 

approach allows one to keep the metabolome as intact as possible, which is important for 

many studies. On the downside, the resulting NMR spectra, especially 1D spectra, can be 

overcrowded so that peak identification becomes notably hard. The 2D 1H-13C HSQC 

experiment belongs to the most popular approaches in 2D NMR-based metabolomics, 

because the cross-peaks are greatly dispersed along the second dimension. Nevertheless, 

spectral regions can still exist with significant spectral overlap. For example, in the region c) 

of Figure 3 many peaks are so close to each other that they cannot be discriminated. 

However, the presence of cationic SNPs causes the disappearance of a subset of cross-peaks 

significantly facilitating the analysis of the remaining ones. Since the 13C-1H HSQC 
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spectrum does not provide information which cross-peaks belong to the same molecule, it is 

possible that two cross-peaks that belong to two different metabolites, not contained in NMR 

databases, are assigned to a single metabolite in the databases that happens to have two 

cross-peaks at approximately the same positions. Since the interaction of a metabolite with 

SNPs leads to the removal of all cross-peaks belonging to the metabolite, disappearance of 

only one of the two cross-peaks implies that the two cross-peaks cannot belong to the same 

metabolite. In this way, the addition of SNPs can disambiguate tentative peak assignments 

both in 1D and 2D NMR spectra. For example, the NMR peaks of arginine are often very 

close to or overlap with those of other metabolites of a complex mixture. When querying the 

spectrum against the database, arginine could not be identified. By contrast, when querying 

only the subgroup of peaks that in the presence of the SNPs were suppressed, arginine could 

be identified with a matching ratio of 0.8 and the uniqueness of 3/5 (one of the broad 

multiplets of a CH2 group was too weak to observe). On the other hand, metabolites that 

were identified based on the complete cross-peak list of the SNP-free sample, but not based 

on the two complementary groups of cross-peaks (suppressed vs. unaltered) are likely false 

positive hits requiring further analysis.

Conclusion

Metabolomics is a research field where nanomaterials have yet to make a significant impact. 

Here, we introduced a strategy for NMR-based metabolomics by the selective, charge-based 

editing of the NMR spectra of the metabolites through the addition of charged nanoparticles. 

This represents a fast, easy, and cost-effective alternative to other metabolite separation 

approaches. It allows one to highlight subset of metabolites in a complex mixture depending 

on molecular properties including their net charge. Specifically, combining the NMR results 

from a nanoparticle-free sample, a sample with anionic, and one with cationic nanoparticles 

permits the unambiguous distinction and identification of neutral, negatively charged, and 

positively charged metabolites.

The approach presented here bridging metabolomics with nanoscience provides benefits on 

different levels. NMR has traditionally not been considered as a sensitive detector of 

molecular electric charges, but the present application demonstrates how such information 

can be readily obtained. Additionally, NMR-based metabolomics has been limited by 

ambiguous peak assignments. With the help of charged nanoparticles, complicated NMR 

spectra, such as ones from urine samples, become simpler promising their more accurate and 

more efficient interpretation. Last but not the least, this study also casts light on the 

possibility of heterogeneous interactions between metabolites and nanoparticles in living 

organism by changing the composition of the metabolome with potential implications for 

biological function. We expect that the nanoparticle-based editing approach will prove 

useful for the analysis of a wide range of complex mixtures in metabolomics and elsewhere.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) TEM image and (b) size distribution of near-spherical anionic silica nanoparticles (SNPs) 

after being vacuum dried and concentrated on a copper grid. Their size distribution was 

determined to be 19.5 ± 5.3 nm. ζ-potentials of (c) anionic SNPs at pH 5.5 and (d) cationic 

SNPs at pH 7.0 were measured to be −23.0 ± 7.4 mV and +35.7 ± 6.9 mV, respectively.
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Figure 2. 
1D 1H and 2D 13C-1H HSQC spectra of ten-compound model mixture a) without and b) 

with anionic SNPs. Red and blue squares highlight the cross-peaks that are suppressed by 

the presence of SNPs.
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Figure 3. 
Effect of anionic SNPs on 2D 13C-1H HSQC NMR spectrum of human urine sample. Three 

representative spectral regions demonstrate the cross-peak suppression by SNP addition. Red 

boxes indicate missing cross-peaks in the spectrum without SNPs (a, c, e) and with SNPs (b, 

d, f).
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Figure 4. 
2D 13C-1H HSQC spectra of ten-compound model mixture a) without and b) with cationic 

SNPs. Red and blue squares highlight the cross-peaks that are suppressed by the presence of 

SNPs.
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Table 1

List of metabolites with attenuated peaks in anionic SNP-containing urine sample.

NP suppressed Charge Nitrogen number

1-Methylhistidine 0 1

1-Methylguanidine 1 3

Betaine 0 1

Carnitine 0 1

Creatinine 0 3

Dimethylamine 1 1

Dimethylglycine 0 1

Lysine 1 2

Trigonelline 0 1

Trimethylamine N-oxide 0 1
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Table 2

Effect of anionic SNPs on detection of amino acids in human urine sample.a

Amino acid Charge Suppressed

Alanine 0 No

Arginine +1 Yes

Asparagine 0 No

Aspartic acid −1 No

Glutamic acid −1 No

Glutamine 0 No

Glycine 0 No

Lysine +1 Yes

Serine 0 No

Threonine 0 No

Tyrosine 0 No

Valine 0 No

a
Metabolites whose NMR spectrum was suppressed by SNPs in the urine sample. Other amino acids were either not present or below the detection 

limit.
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