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ABSTRACT: The adsorption of metabolites to the surface of
nanomaterials is a growing area of interest in the field of
bionanointeractions. Like its more-established protein counterpart,
it is thought that the metabolite corona has a key role in the
uptake, distribution, and toxicity of nanomaterials in organisms.
Previous research has demonstrated that nanomaterials obtain a
unique metabolite fingerprint when exposed to biological matrices;
however, there have been some concerns raised over the
reproducibility of bionanointeraction research due to challenges
in dispersion of nanomaterials and their stability. As such, this
work investigates a much-overlooked aspect of this field, i.e.,
sample preparation, which is vital to the accurate, reproducible,
and informative analysis of the metabolite corona. The impact of
elution buffer pH, volume, and ionic strength on the metabolite corona composition acquired by uncapped and polyvinylpyrrolidone
(PVP)-capped TiO2 from mixtures of cationic and anionic metabolites was studied. We demonstrate the temporal evolution of the
TiO2 metabolite corona and the recovery of the metabolite corona, which resulted from a complex biological matrix, in this case
human plasma. This work also demonstrates that it is vital to optimize sample preparation for each nanomaterial being investigated,
as the metabolite recovery from Fe3O4 and Dispex-capped TiO2 nanomaterials is significantly reduced compared to the
aforementioned uncapped and PVP-capped TiO2 nanomaterials. These are important findings for future bionanointeraction studies,
which is a rapidly emerging area of research in nanoscience.

KEYWORDS: capillary electrophoresis, mass spectrometry, nanoparticles, nanomaterials, sample preparation, metabolite corona

1. INTRODUCTION

The field of bionanointeractions explores how biological
molecules in the environment interact with nanomaterials
(NMs) and has been an intense area of research for more than
a decade.1,2 This field has been dominated by investigation of
the protein corona, the name given to the layer of proteins that
adsorb to the surface of NMs. It has been demonstrated that
these proteins have a profound effect upon the uptake,
distribution, and biological pathways activated in response to
NM exposures to humans, other animals, and plants.1,3,4

However, the diversity of other molecules found in biological
matrices has for the most part been overlooked, although there
is growing evidence that other biomolecules such as nucleic
acids,5,6 lipids,7,8 and metabolites9−12 are also recruited into
the corona, making the term biomolecular corona a more
representative name for the complexity of the biomolecules
interacting with NMs. This biomolecular corona has been
demonstrated to influence the stability, biodistribution, and
toxicity of NMs in human/environmental health and disease.1,3

Thus, it has become an important field of research to help
understand how NMs impact the health and wellbeing of

humans and the environment into which NMs are released
either intentionally or through waste mismanagement.
In recent years, there has been increasing interest in the role

of metabolites in the biomolecular corona.9−13 These
metabolites are orders of magnitude smaller than proteins,
being typically less than 1000 Da; however, as with proteins,
they can interact with intercellular and intracellular receptors
and thus have the potential to impact the distribution and
toxicity of NMs.12,13 Early studies investigating lipids, a subset
of the metabolome, have shown that they influence the
biological response to NMs.14 As with the protein corona, it
has also been shown that NMs adsorb a unique metabolite
fingerprint9−12 that is matrix specific7,9,12 and that NM surface
chemistry provides specificity to the composition of metabolite
coronas.15 It has also been demonstrated that proteins in the
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corona impact the adsorption of metabolites.10 As such there is
a significant need for further research to understand the
mechanisms of metabolite binding to NMs and their impact on
the stability, dissolution, and biological interactions of the
metabolite corona.
In recent years, there have been concerns over the

reproducibility and reporting of NM-based research16,17 with
specific concerns being raised over the reproducibility of
protein corona studies due to incomplete reporting of the
sample preparation, extraction, and analysis steps.18 It is also
recognized that sample preparation is frequently overlooked in
the broader field of metabolomics despite it being a crucial
aspect for reproducibility and sensitivity.19 As a result, sample
preparation is key to understanding the hurdles posed to the
isolation and analysis of the metabolites from the NM corona
in these early stages of development and optimization of the
methodologies and workflow for investigation of this aspect of
bionanointeractions. In the case of the protein corona,
relatively few studies have systematically investigated the
impact of sample preparation and approaches used for recovery
of proteins from the protein corona on the identified corona
composition,20−23 despite a number of approaches being used
such as on-particle,20,21 in-solution,20,21 in-gel21 digests or
sucrose cushion22 to strip the corona from the NMs for
proteomics analysis. As a result, no single method dominates
the protein corona field and the vast majority of studies did not
consider validation of the methods used to ensure maximum
recovery and reproducibility of protein corona character-
ization. This may have resulted in bias being introduced into
studies where some proteins were preferentially isolated and
analyzed, leading to an inaccurate representation of the content
of the protein corona and the correlations between NM
properties and acquired corona compositions.3

In the case of the metabolite corona, there is a higher
proportion of studies investigating the impact of test
conditions due to the smaller body of research to date.
Grintzalis et al. investigated amino-capped polystyrene
particles and evaluated the recovery of metabolites using a
single molecule, SDS. In this work, fine tuning of the extraction
method was required to minimize experimental variance;
however, this was limited to a single NM and single metabolite
molecule and thus may not scale up to general applicability.11

Pink et al. dissolved the particles to recover everything bound
to the NMs (copper oxide, titanium dioxide, zinc oxide,
zirconium dioxide, and carbon black) though no recovery
study was reported.9 Lee et al. carried out an extensive
program to determine the recovery of lipids from three
different NMs and demonstrated a recovery greater than 80%
for their optimized method for TiO2 NMs and cellulose
nanofibril particles but only 50% for polystyrene, with lipid-
dependent recovery observed.7 This offers two key insights: a
singular extraction method may not apply across all NMs, and
it will also be essential to screen for more than one metabolite
species in a recovery study to ensure a broad applicability.
In the current work, a solvent-based elution protocol was

initially developed using two TiO2 NMs, namely, uncapped
and polyvinylpyrrolidone (PVP)-capped TiO2, which were
shown in previous work10 to adsorb the most cationic and
anionic metabolites from standard mixtures. Different solvents,
pH, and elution periods were assessed using the uncapped
(cations) and PVP-capped (anions) TiO2 NMs in order to
assess the impact of these parameters on recovery, and then, an
optimized protocol was applied to two other NMs (Dispex-

capped TiO2 NMs and uncapped Fe3O4 NMs) to assess its
general applicability. The metabolites selected for this work are
all highly charged and polar metabolites covering amino acids,
amines, sugar phosphates, organic acids, and nucleotides.
These encompass monomers of proteins and nucleic acids,
which are known to adsorb to NMs9−11 in addition to other
metabolites encompassing a wide chemical space, which have
either previously been seen to adsorb to NMs or cover key
metabolite classes. Due to the highly charged and polar nature
of the metabolites, they were analyzed using sheathless
capillary zone electrophoresis mass spectrometry (CE-
MS).24,25 This approach is well-suited for the selective and
sensitive profiling of polar ionogenic compounds in a wide
range of matrices26,27 and has been successfully applied to NM
research28 and protein21,29 and metabolite corona10,29 analysis,
with recent work showing excellent reproducibility for
metabolomics.30 This work offers a basis for future studies
investigating the polar metabolites present in the biomolecular
corona acquired by NMs in complex biofluids, enabling high
reproducibility and high recoveries, to ensure that accurate and
reliable metabolite corona analysis can be performed.

2. MATERIALS AND METHODS
Metabolite standards were supplied by Sigma-Aldrich (St Louis, MO,
USA), Fluka (Steinheim, Germany), Cortecnet (Voisins Le
Bretonneux, France), Cambridge Isotope Laboratories (Andover,
MA, USA), Calbiochem (Nottingham, UK), Alfa Aesar (Ward Hill,
MA, USA), and Roth (Karlsruhe, Germany). Centrifugal ultrafilters
(3 kDa cutoff membrane) were purchased from Merck. Acetic acid
(99−100%) was purchased from VWR (Amsterdam, The Nether-
lands). Water used in this work was acquired from a Milli-Q
Advantage A10 water purification system (Millipore, Amsterdam-
Zuidoost, The Netherlands). For quantification, three internal
standards (ISTDs) were used for cationic analysis, including DL-
methionine sulfone, N-methyl-d3-L-histidine, and L-d4-lysine (2−4
μM final concentration), and two ISTDs were used for anionic
profiling, including D-13C6-glucose-6-phosphate and 2,2,4,4-d4-citric
acid (40 μM final concentration). Pooled human plasma, anti-
coagulated with EDTA, was obtained from Sanquin Blood Bank
(Leiden, The Netherlands).

Three anatase titanium dioxide (TiO2) NMs with the same primary
particle size (13 nm) but different capping states (uncapped, denoted
as TiO2-un), PVP-capped (denoted as TiO2-PVP), and Dispex
AA4040 capped (denoted as TiO2-DISPEX)) were sourced from
Promethean Particles Ltd. (Nottingham, UK). Uncapped Fe3O4 NMs
with a primary particle size of 100 nm were also purchased from
Promethean Particles Ltd.

2.1. NM Characterization
This study builds upon our previous investigation of the interaction
characteristics between polar metabolites and NMs. The emphasis of
the current work is the evaluation of elution procedures for better
recovery of compounds bound to NMs. The three anatase titanium
dioxide NMs were used in our previous studies and have been
characterized in terms of their core size by hydrodynamic size and
zeta potential by dynamic light scattering (DLS).10,21,31 DLS
characterization of the uncapped Fe3O4 NMs was performed in
MilliQ water.

2.2. Incubation of NMs with Metabolite Standards in
Water
Two standard mixes of metabolites (45 cations and 7 anions) were
selected and prepared for incubation experiments. Incubation
experiments were conducted in water using a fixed NM concentration
(1 mg/mL). All metabolites in the two mixes are detailed in Tables S1
and S2, and physical and chemical properties are obtained from the
human metabolome database.32 The preparation of some of the
standard solutions involved the addition of formic acid, ammonia,
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and/or methanol. Hence, to eliminate any potential interferences
caused by undesired chemical components, the standard solutions
were first added to clean Eppendorf tubes intended for incubation,
and the solvents evaporated in a SpeedVac concentrator (Labconco,
Kansas, MO, USA) before the experiments. The stocks of NMs were
subjected to sonication in a water bath (Branson 5510) for 2 min
prior to addition into the incubation mixes. In parallel to incubation
with the presence of NMs, control samples were prepared to evaluate
the stability of the standards under the same incubation conditions.
Incubation was conducted with an incubating microplate shaker
(VWR, The Netherlands) at 37 °C with mixing at 800 RPM.
Calibration curves for compounds were constructed for quantitative
studies over the range of 0.25−3.125 μM for cations and 1−12.5 μM
for anions in water unless otherwise noted.
Into the Eppendorf tubes pre-coated with standards, corresponding

amounts of NM solutions and water were added and the vials were
vortexed for 2 min in a VX-2500 Multi-Tube Vortexer (VWR, The
Netherlands) before the samples were placed into the incubating
microplate shaker. The final incubation mix contained a fixed
concentration of NM at 1 mg/mL. Two different TiO2 NMs, based
on their adsorption capability for cationic and anionic compounds
separately as determined in our previous studies,10 were selected for
screening of the optimal wash procedures. For incubation experiments
with cations, TiO2-un was used as a model NM with the final
concentration of cationic compounds being 2.5 μM. To demonstrate
the time-dependent interaction characteristics between NMs and
metabolites, the cationic incubation experiments were investigated
closely over different incubation durations, namely 0, 30, 60, and 90
min. For incubation studies with anions, TiO2-PVP was chosen as a
representative NM with anionic compounds present in the mix at 10
μM. The final volume for incubation experiments was 300 μL. After
incubation, the samples were immediately centrifuged at 21,000 g at 4
°C for 10 min. The supernatant was transferred and filtered through
centrifugal filters with a 3 kDa cutoff membrane (Merck Millipore,
Billericia, MA, USA), after which 75 μL of the filtrate was taken and
the solvent evaporated to dryness. The dried samples were stored at
−20 °C prior to analysis. All samples were prepared in triplicate.

2.3. Influence of pH of Elution Buffers on Metabolite
Recovery

After transferring the supernatant out of the incubation mix, the
residual liquid was removed from the NM pellets. The optimization of
elution procedures was conducted separately for cations and anions.
The elution of cationic metabolites made use of a 10 mM ammonium
formate solution, with its pH value adjusted to 3, 4, 9, and 10 with
either formic acid or ammonia. For the elution optimization of
anionic metabolites, two different solutions were used, namely, 10
mM ammonium formate (pH 4, 9, and 10) and 10 mM ammonium
bicarbonate (pH 10.9) on the basis of the useful ranges of different
buffers. The elution was realized by adding 300 μL of the
aforementioned solutions followed by rigorous pellet dispersion
with a bullet blender (Next Advance, Inc. Troy, NY) for 2 min and
sonication in a water bath at room temperature for 4 min. Afterwards,
the samples were subjected to a 15 s vortex before they were
centrifuged at 21,000 g at 4 °C for 10 min. The following steps were
the same as described in the previous section (Section 2.2), including
supernatant transfer, centrifugal ultrafiltration, and solvent evapo-
ration.
Once the optimized conditions were determined, their effects were

further tested with the other two NMs, namely, TiO2-DISPEX and
uncapped Fe3O4. The incubation experiments in the step utilized both
cations and anions in the same incubation mix, with their
concentrations being 2.5 and 5 μM, respectively, while the final
concentration of NMs remained unchanged. After the supernatant
was transferred for further processing and residual liquid was removed
from the pellets, the elution was achieved with the addition of both
elution solutions in a two-step elution process, where the optimized
cation elution was performed first followed by the optimized anion
elution in sequence. After both elute fractions were ultrafiltered, equal
volumes (the same as the incubation supernatant) from each filtrate

were collected and combined followed by solvent evaporation and
storage at −20 °C before analysis. For the analysis of samples
acquired from various NMs, a pooled QC sample was generated by
combining 5 μL of every reconstituted sample and analyzed
repeatedly across the CE-MS sequence.

2.4. Influence of the Volume and Ionic Strength of Elution
Solutions on Anion Recovery
To investigate whether a larger volume of elution solution could affect
the recovery of anions, 300 and 600 μL of 10 mM ammonium formate
solutions (pH 10.0) were chosen for comparison for their elution
effects of anions from TiO2-PVP pellets after incubating with a 10 μM
concentration of the anion standards. The difference in the elution
volumes was compensated for by collecting twice the volume of
elution fraction filtrate after ultrafiltration when eluting with 600 μL
compared to that obtained from elution with 300 μL. The solvents
were then evaporated to dryness and stored at −20 °C.

In order to examine the effect of the ionic strength of elution
solutions on the recovery of anionic compounds, the NM pellets after
incubation were subjected to elution with either a 10 mM ammonium
formate or a 50 mM ammonium formate solution of the same pH
(10.0). To induce more adsorption of anions to NMs, a lower final
concentration of anions (5 μM) was used for this evaluation. The
handling of the incubation supernatant and elution fractions was as
described above.

2.5. Incubation of NMs and Cationic Metabolites with
Intact Human Plasma
To investigate whether the proposed elution procedure is applicable
for NMs incubated with the presence of more complex biological
matrices, incubation experiments were conducted with three different
NMs, namely, uncapped TiO2, TiO2-DISPEX, and Fe3O4 NMs, using
intact human plasma as a model matrix (Table S3). All the tubes used
for incubation study were first spiked with cationic standards as
described in Section 2.2, and the solvent was evaporated to dryness.
The subsequent incubation mix consisted of 5 μL of human plasma,
water, and different types of NMs (1 mg/mL)/no NM (control
group) with a final volume of 300 μL. To enable more accurate
pipetting of human plasma, the pooled plasma was initially diluted 10
times with water. The subsequent procedures including vortex,
incubation, and centrifugation were performed as previously described
(Section 2.2). After centrifugation, 250 μL of the supernatant was
transferred to clean Eppendorf tubes where 200 μL of methanol, 50
μL of ISTD solutions (containing 6 μM DL-methionine sulfone, N-
methyl-d3-L-histidine, and L-d4-lysine in methanol), and 250 μL of
CHCl3 were later added. The samples were subjected to vortex for 2
min followed by centrifugation at 21,000 g at 4 °C for 10 min. Then,
450 μL of the supernatant after centrifugation was then transferred to
centrifugal filters with a 3 kDa cutoff membrane. Following this, 330
μL of filtrate was obtained and placed in clean vials for solvent
evaporation.

For metabolite elution, the process was similar to that described for
incubation experiments without biological matrices, featuring the
addition of elution solution, pellet dispersion, sonication, and
centrifugation. However, the acquired supernatant was subjected to
the same liquid−liquid extraction as its incubation supernatant. For
the analysis of the samples, 35 μL of water was added to each dried
sample and thoroughly vortexed before 5 μL was taken from each
sample (except for calibration curve samples) and combined as the
QC sample, which was analyzed for every six samples in the CE-MS
sequence.

2.6. Analysis of Metabolites by Sheathless CE-MS
The separation of the prepared samples was conducted with a CESI
8000 Plus instrument from SCIEX (Brea, CA, USA) with an OptiMS
CESI cartridge (30 μm ID × 91 cm bare fused silica capillary)
thermostatted at 25 °C. The coupling of the CE instrument to an
SCIEX TripleTOF 6600 MS system was achieved with a NANOSpray
III source. Electrospray ionization (ESI) was performed in positive
ion mode for cations and negative ion mode for anions, with the
porous tip of the capillary positioned 3−4 mm from the entrance of
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the MS inlet. Detailed descriptions of the analytical methods
employed were provided in previous studies.10,29,33 Optimal IonSpray
Voltage Floating values were determined with manual tuning to be in
the range of 1350−1550 V for ESI-MS positive ion mode and 1400−
1600 V for negative ion mode. The conditioning of new capillaries
and rinsing between runs were performed as previously described.10,29

The dried samples (except for samples prepared with plasma) were
reconstituted in 35 μL of ISTD solutions, and 20 μL of supernatants
after centrifugation at 21,000 g at 4 °C for 10 min were placed into
nanoVials (SCIEX). The sample tray was thermostatted at 10 °C. All
samples were injected hydrodynamically (at 2 psi for 20 s for cations
and 15 s for anions, corresponding to 0.7% of the capillary volume or
about 4.6 nL and 0.5% and 3.5 nL, respectively) and separated with
10% acetic acid (pH 2.2) as the background electrolyte. A voltage of
30 kV was used for electrophoretic separation, and an inner pressure
of 1 psi was applied during the separation of anions. Full scan MS data
acquisition covered the mass range from 65 to 1000 m/z.

2.7. Data Analysis

The peak integration and concentration quantification was conducted
within MultiQuant 3.0.3 (SCIEX, Brea, CA, USA). Paired t-test and
ANOVA analyses were conducted in GraphPad Prism version 8.1.1
for comparing metabolite adsorption and elution fraction develop-
ment. For samples prepared with human plasma, the peak areas were
first integrated in MultiQuant and QC samples were checked for their
relative standard deviation (RSD) values. Only compounds with RSD
values below 30% were subjected to multivariate analyses in SIMCA
(Simca 17, Umetrics, Umeå, Sweden). The cases were missing, values
were seen within replicates, the mean was used as a replacement, and
this only occurred twice during this work where the detected
concentration was very low.

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Characterization

The TiO2 NMs have been characterized in our previous work
on both the protein and metabolite corona,10,21,31 and their
properties are detailed in Table 1 alongside the particle that is
new to this work, Fe3O4, which was characterized at 4 mg/mL
in deionized MilliQ water. The Fe3O4 retains a size similar to
the primary manufactured size of the particles though with a
relatively large degree of polydispersity. The TiO2 NMs
however show significant aggregation and agglomeration,
though this also may reflect the nonspheroid shape of the
particles, which is a limiting factor of DLS.

3.2. Metabolite Stability

A key aspect to corona studies is the incubation of NMs in a
biological matrix typically at human body temperature for an
extended period of time. A potential risk associated with this is
that the metabolites may undergo thermal or photo
degradation and thus skew the resulting metabolite corona
interpretation. In this work, for the cations, all 45 were
incubated at 2.5 μM for 90 min at 37 °C, and then,
concentrations were quantified using CE-MS. Across all
cations, the average percentage of total remaining after 90
min was 100.09 ± 2.81%, demonstrating excellent stability
across the range of metabolites (data not shown). The seven
anions were incubated at 10 μM for 60 min at 37 °C; shorter

time periods were used, as their stability is a known issue, and a
higher concentration is used due to the difficulty in ionizing
these metabolites. After the incubation, on average 100.98 ±
1.64% of the anions remained present, again demonstrating
excellent stability over the time course of a typical incubation.
Both sets of metabolites showed only variation that would be
accepted as analytical variation in the measurements, with an
average RSD for all cation triplicates of 2.03% and anions of
2.8%. These findings suggest that the metabolites do not
degrade during a typical incubation experiment, meaning that
future studies on the metabolite corona can mirror the
incubation settings of a typical protein corona analysis with
confidence or even perform protein and metabolite analysis
together to quantify both the protein and metabolite corona of
the same sample.
3.3. Influence of pH of Elution Solutions on Metabolite
Recovery

The pH of wash/elution solutions is a well-known property
impacting the recovery of metabolites from particles in
particular during solid-phase extraction34,35 and affects column
chemistries in liquid chromatography.36 Given that both these
technologies are based upon particle chemistries in much the
same way as the corona is formed around NMs, investigating
similar methods for metabolite recovery is vital. In this study, a
CE-MS compatible solvent, 10 mM ammonium formate, was
tested at four pH levels for cations (i.e., pH 3, 4, 9, and 10) and
for anions (pH 4, 9, 10, and 10.9). Initially, the methods were
tested using the uncapped TiO2 and PVP-capped TiO2 NMs
separately, to allow a greater range of method variables to be
tested. It is therefore imperative to use NMs that adsorb many
metabolites for this screening process in order to better
illustrate the ability of the elution solutions to remove a wide
range of metabolites from the NMs.

3.3.1. Cation Recovery. It is evident that the pH of the
elution solution plays a clear role in the recovery of metabolites
recruited to the metabolite corona (Figure 1). The two basic
pHs studied, pH 9 and 10, performed the worst with on
average 45.4 and 48.1% recovery, respectively, of the 23
metabolites evaluated. Specifically, only six cations had no
significant differences between pH values evaluated (p > 0.05).
The two acidic pHs (pH 3 and 4) returned significantly higher
recoveries (p < 0.05 to p < 0.0001) than either of the basic pHs
for 15 cations. This is likely due to the high pH levels leading
to a higher proportion of charged metabolites; thus, they
remain adsorbed to the surface of the NMs. The acidic pHs are
more likely to produce neutral forms of the analytes, thus
disrupting the chemical bonding between the metabolite and
NM surface, therefore enhancing their desorption from the
NMs.34,35 The performance of the two acidic solvents was very
similar to the average recovery being 70.7 and 68.4 for pH 3
and 4, respectively. The solvent buffered to pH 3 performed up
to 2 times better for some of the lowest recovery metabolites,
SAM and SAH, and over all metabolites allowed for a more
reproducible analysis with the average RSD at pH 3 being 4.6%
vs 6.3% for the pH 4 solution. Due to the high rates of recovery

Table 1. Physical Characteristics of Study Nanomaterial Dispersions at 5 mg/mL in MilliQ Water

nanomaterial hydrodynamic diameter (nm) polydispersity index zeta potential (mV) electrophoretic mobility (μm cm Vs)

TiO2-un 922.3 ± 81.3 0.07 ± 0.05 24.2 ± 1.3 1.9 ± 0.1
TiO2-DISPEX 17,578.7 ± 793.4 0.27 ± 0.16 24.85 ± 1.5 2.0 ± 0.1
TiO2-PVP 2076.2 ± 666.7 0.58 ± 0.32 84 ± 1.1 0.65 ± 0.1
Fe3O4 136.8 ± 2.1 0.24 ± 0.01 −46.7 ± 1.7 −3.7 ± 0.1
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and reproducibility for the cations using pH 3, no further
optimization was performed for the recovery of cationic
metabolites.
3.3.2. Anion Recovery. As with the cations, the recovery

of anions is equally dependent upon the pH of the elution
solution (Figure 2). Due to the pKa of the anions, it is expected

that a higher pH wash will return higher recovery rates for
these metabolites. This is reflected in the data generated from
this experiment, whereby only the acidic pH, pH 4.0,
demonstrated very poor recoveries of the anions with isocitric
acid, GMP, and IMP not being recovered at all and no anion
having an average recovery >10%. Every metabolite had a
significantly lower (p < 0.0001) recovery at pH 4.0 than under
the other three conditions tested. As a result, the other three
pHs evaluated were basic at pH 9.0, 10.0, and 10.9 to alleviate
the issues of low recovery at acidic pH. The basic conditions
performed similarly across the seven anions with glucose-6-
phosphate having a significantly greater (p < 0.001) recovery at
pH 10.0 compared to 9.0 and 10.9 and pH 10.9 showing a
significantly greater (p < 0.01) recovery for guanosine
monophosphate (GMP) than pH 9.0. There is also a general
trend, as seen in Figure 2, that pH 10.0 performs slightly better

across the range of metabolites, and as such, this was chosen
for the subsequent anion experimentation.
There also arise interesting comparisons between the

isomers present in the anion mixture; looking solely at the
pH 10.0 data, there are significant differences between citric
and isocitric acid (p < 0.01) with a 1.9 fold difference in
recovery and G-1-P and G-6-P (p < 0.05) also have a 1.9 fold
difference in recovery. These reflect the differences seen in the
adsorption of these metabolites to the metabolite corona as
was shown in previous work.10 This suggests that the
mechanism behind the adsorption of these isomers differs
and warrants further work to understand the mechanism of
their adsorption and how this may impact the uptake,
distribution, and toxicity of NMs.10

3.4. Influence of the Volume and Ionic Strength of Elution
Solutions on Anion Recovery

Due to the relatively low anion recoveries observed at the
optimal solvent pH 10.0, further properties of the elution
solvent were optimized. Initially, the volume was investigated
to ensure that an adequate volume was present to fully
resolubilize the anionic metabolites; however, using a 600 μL
volume did not reliably increase recoveries of the anions
compared to the initial 300 μL used previously (Table S4).
The only noticeable differences to be observed were for
glucose-1-phosphate and glucose-6-phosphate where the
amount of metabolite recovered improved by up to 20%.
However, this came at the expense of recovery reproducibility
where the RSD increased to >20%, making the method too
unreliable to carry forward. Thus, 300 μL of solvent was used
for subsequent analysis.
The last property of the elution buffer to be evaluated was

the ionic strength, which, alongside pH, affects the charge state
of the metabolite (Figure 3). Here, 10 mM ammonium

formate was compared to 50 mM ammonium formate for the
seven anions. As can be seen in Figure 3, the higher ionic
strength significantly increased (p < 0.05) the recovery of
GMP, IMP, and glucose-6-phosphate. The overall average
recovery increased from 63.3 to 69.8% with the higher ionic
strength elution solution. However, the increased ionic
strength of the buffer could potentially lead to very unstable
currents, which can impact migration time stability, spray
stability, and subsequently peak area reproducibility, while also
potentially reducing the longevity of the capillary. As such, the
remaining anionic work presenting in this study continues to
use a 10 mM solution. However, for a non-CE-based analysis

Figure 1. Effect of elution buffer pH on recovery of cations from
corona acquired by uncapped TiO2 NMs.

Figure 2. Effect of elution buffer pH on recovery of anions from PVP-
capped TiO2 NMs. ** = p < 0.01; *** = p < 0.001.

Figure 3. Recovery of anions from PVP-capped TiO2 with different
ionic strength elution buffers. * = p < 0.05; *** = p < 0.001.
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such as liquid chromatography or gas chromatography, this
higher ionic strength buffer may be a more optimal approach,
as those methods do not rely upon electrical conductivity.
3.5. Temporal Evolution of the Metabolite Corona

It is well established that over time the protein corona
composition undergoes dynamic changes whereby high
abundance, low affinity proteins are exchanged for high
affinity, low abundance proteins.37−39 In the current work,
the newly developed metabolite corona isolation method is
applied to determine if and how the metabolite corona
undergoes dynamic changes over a time course experiment.
Here, cations were incubated for 0, 30, 60, and 90 min with
uncapped TiO2 NMs and the metabolite corona composition
was quantified (Table 2). Due to the small number of anions

evaluated in this work, their temporal evolution was not
evaluated. Of the 45 cations investigated, 9 showed significant
variation over the length of the experiment. Interestingly, the
rate of flux within the corona varied depending upon the
metabolite in question. A number of metabolites showed an
increase in corona composition concentration after just 30
min, whereby 3-methoxytyramine, O-acetyl-L-serine, and
serotonin levels increased by 5, 52, and 81%, respectively,
demonstrating that corona evolution begins almost immedi-
ately following the formation of the metabolite corona. These
findings reflect what is already known for the protein corona,
and it is the first demonstration of temporal evolution of the
metabolite corona. Other metabolites such as 5-hydroxylysine,
ornithine, tyramine, arginine, anserine, and methoxy-L-tyrosine
only started to show changes following an additional 30 min of
incubation, gaining 61, 33, 17, 26, 13, and 4%, respectively,
over the course of 1 h. This could suggest that these
metabolites have a lower affinity for the uncapped TiO2 NM
surface, or it is possible that they require the rapidly adsorbing
metabolites to sufficiently change the surface chemistry of the
NMs in order to promote their adsorption. Alongside the
different rates of exchange, the desorption extent of each
metabolite varied greatly over the full 90 min span, and the
range of change over 90 min was 11−91%, not only indicating
that the metabolite corona contains a unique metabolite
fingerprint, which is well described in the literature,7,9−11 but

also suggesting that the rate and extent of change of
metabolites in the corona is unique to the metabolite and
NM in question, and as noted above, it will also be affected by
the pH and ionic strength of the incubation medium or
biofluid. Further work to assess binding energies or the impact
of addition of new metabolites to the incubation mixes is
required to determine the precise mechanisms involved in the
recruitment of the metabolite corona, i.e., direct interaction
with the NM surface or interaction with another metabolite
already attached to the NM surface as part of the initially
acquired metabolite corona.
3.6. Application to Other Nanomaterials

In order to determine if the method developed and optimized
for recovery and quantification of cationic and anionic
metabolites acquired by uncapped TiO2 and TiO2-PVP,
respectively, was applicable to other NMs, further two NMs
were analyzed, namely, Dispex-capped TiO2 and Fe3O4. These
NMs were chosen in order to evaluate the difference in
recovery based upon particle surface chemistry, uncapped
versus Dispex-capped, and NM composition TiO2 versus
Fe3O4.
Initially, the recovery of the cationic metabolites was

assessed using the pH-optimized 10 mM ammonium formate.
To ensure that the results were not skewed by faltering
recovery due to only a minimal amount for metabolite
adsorbed to the NM corona, only metabolites where at least
20% of the available metabolite adsorbed to one of the three
NMs were included in the analysis. It is apparent from Figure 4

that there are clear differences in recovery performance
between the three NMs. The recovery of cations from the
uncapped TiO2 NMs for which this method was optimized
performed significantly better (p < 0.05) than the Dispex-
capped TiO2 NMs for five of the cations. The method proved
to have significantly greater recoveries (p < 0.05) for uncapped
TiO2 compared to Fe3O4 for 55% of the cations. The recovery
for TiO2-DISPEX and Fe3O4 was only significantly (p < 0.05)
better than the uncapped TiO2 NMs for a total of four cations;
the recovery from TiO2-DISPEX significantly (p < 0.05) out-
performed Fe3O4 for 73% of the cations. The fact that the

Table 2. Significant Percentage Change in Metabolite
Corona of Uncapped TiO2 NMs, Determined from the
Total Quantification at Each Time Point, Evaluated over 90
mina

time period (min)

metabolite 0−30 0−60 0−90 30−60 30−90 60−90

3-methoxytyramine 5% ns 74% 72% ns ns
DL-5-hydroxy lysine Ns 61% ns 53% ns ns
L-anserine Ns ns ns 13% 9% ns
methoxy-L-tyrosine Ns ns 11% 4% ns ns
O-acetyl-L-serine 52% 74% 85% 45% ns ns
ornithine Ns 33% ns 27% ns ns
serotonin 81% ns 91% 76% 88% 49%
tyramine Ns 17% 15% 15% ns ns
arginine Ns 26% ns 19% ns ns

aPercentages represent significant changes (p < 0.05) in metabolite
concentration in the corona, positive numbers represent an increase in
concentration, a negative value demonstrates a drop in concentration,
and ns denotes that any changes observed were not significant.

Figure 4. Comparison of the recovery of cations from the three NMs
using a recovery method for cations previously optimized using the
uncapped TiO2 NMs.
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recoveries from the two TiO2 NMs are better than those from
Fe3O4 suggests that the core material plays a significant role in
the recovery, while the surface chemistry also seems to be
significant in the recovery of metabolites from the corona
based upon the uncapped vs Dispex-capped TiO2.
Interestingly, in the case of the anions (Figure 5), the

differences between the PVP and Dispex-capped TiO2 NMs

were less pronounced; however, this could be a property of the
small number of anions being studied and the similarity of
their chemical properties. However, the recovery of the three
sugar phosphates from the Fe3O4 NMs was significantly lower
(p < 0.001) than that from the two TiO2 NMs. It is also
interesting to note that the differences between the citric and
isocitric acid remain for the two TiO2 NMs, whereas for Fe3O4,
the recovery of the isocitric was better than that of citrate.
However, with the G-1-P and G-6-P, the isomer patterns were
retained across all three NMs. This finding adds further

evidence that the adsorption and desorption kinetics of
isomers may also help to elucidate the mechanism of
metabolite corona formation.
The significant differences in the recovery efficiencies across

all the assessed NMs highlight the importance of performing
extensive method optimization for each NM being investigated
in a metabolite corona study. To assume that the recovery of
one metabolite or one NM can be applied to others runs the
significant risk of skewing the data and leading to misinter-
pretation of the NM metabolite corona. For example, it is
possible that an apparent lower concentration of metabolites in
a NM corona could be due to a less-efficient recovery of the
corona rather than a genuine difference in the corona
composition.
3.7. Incubation of NMs and Cationic Metabolites with
Intact Human Plasma

In all biological matrices, polar metabolites coexist with other
components, such as lipids and proteins, and it has been shown
that the difference in matrices could lead to varying interaction
characteristics between NMs and polar metabolites.10 In light
of the coexistence of lipids and proteins in the NM coronas
formed in biological matrices,21,40,41 it is of great importance to
evaluate the effectiveness of the proposed elution procedure in
recovering polar metabolites from the more complex
“biomolecule corona”. In this work, intact pooled human
plasma was chosen to provide a biological environment, and
the cationic standard solution was spiked into the incubation
mix for evaluation of the effectiveness of the wash procedure to
recover the cations.
Two experimental set-ups were included for this evaluation,

detailed in Table S3, and based on the concentration
differences of the incubation components, the two groups
are referred to as the low-concentration group and high-
concentration group separately. The collected data were first
compiled, and the fluctuation of metabolite responses,
expressed as RSD, was calculated. It was revealed that 44 of
the 45 cations from the QC samples showed RSD values below
25% acquired from the low-composition group, and 42 of 45

Figure 5. Comparison of the recovery of anions from the three NMs
using the recovery method for anions previously optimized using the
PVP-capped TiO2 NMs.

Figure 6. PCA plot generated for normalized peak areas of cations observed in the incubation experiment with 1 mg/mL NM, 2.5 μM cation mix,
and 5 μL of human plasma. The ISTD used for normalization is N-methyl-d3-L-histidine. The quality of the analysis is represented by the quality
control (QC) samples clustering in the unsupervised PCA-X plot model.
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cations met this requirement in the high-composition group.
Before conducting multivariate analyses using the SIMCA
software, it was noticed that, despite the overall stability of
peak areas across the sequence, the responses of ISTDs in a
few samples were much lower than the rest. To eliminate such
fluctuations, peak areas were normalized with N-methyl-d3-L-
histidine and the obtained peak area ratios were subjected to
further data analysis with SIMCA. The imported area ratios
were first subjected to Pareto scaling, and the number of
significant components was determined with Autofit. As shown
in the principal component analysis (PCA) plot (Figure 6), the
QC samples were clustered in the center, suggesting excellent
analytical stability throughout the sequence, while supernatant
samples (unbound cations) and elution samples (metabolites
recovered from the NMs) were spread on opposing sides of
the QCs, indicating their clear differences. Notably, the
supernatant samples from control samples and Fe3O4 NM
incubation mix are clustering closely, reflecting the relatively
low adsorption of metabolites to the Fe3O4 NM, which is in
accordance with the results acquired when incubated in H2O.
On the other hand, localization was demonstrated for TiO2
and TiO2-DISPEX NMs in the supernatant and elution
fraction samples, respectively, which can be attributed to the
NM structural similarity. The same separation pattern was also
observed for the high-composition group (Figure S1).
In our previous work, the differences among NM (polar)

metabolite coronas have mainly been illustrated based on the
extent of metabolite depletion from the supernatant after
incubation.10 To check whether the elution fractions also show
NM-dependent behaviors using the proposed recovery process,
PCA plots with all the elution fraction samples from both
plasma-included incubation experiments were generated
(Figure 7). As can be seen from the plots, the three groups
of elution fractions were clustered and positioned similarly in
both incubation experiments, which suggests that the proposed
elution procedure can retain NM-specific information in the
elution fractions despite the change of the experimental
composition of the exposure biofluid. Subsequently, partial
least squares discriminant analysis (PLS-DA) was conducted
and variable importance in projection (VIP) scores were

summarized to pinpoint compounds that led to such
separation. For both plasma-included incubation studies, two
groups of highly similar compounds were responsible for the
separation observed with PLS-DA plots (VIP value > 1, Table
S5), with one extra cation confirmed for the low-composition
NM incubation. Interestingly, among all the compounds with a
VIP score over 1.0, both groups contained seven compounds
that are arginine or arginine derivatives, with wash samples
from TiO2 NM incubations showing significantly higher
absolute recovery (p < 0.01) for almost all of them (with the
exception of NG-hydroxyarginine in the high-composition
incubation). The Fe3O4 NM, of the three NMs assessed,
demonstrated the lowest overall absolute recovery in the
elution fraction samples, which is in perfect alignment with its
highest overall absolute amounts remaining in the supernatant
after incubation. The results presented here not only
emphasize the usefulness of the proposed elution procedure,
but more importantly, they also offer a unique approach in
studying NM-dependent metabolite coronas.

4. CONCLUSIONS

This study is the first to demonstrate the importance of careful
methodical sample preparation for the isolation of the
metabolite corona acquired by NMs. We demonstrate that
both the pH and ionic strength of the elution buffer have
significant effects on the recovery of both cations and anions.
The method developed and optimized for uncapped TiO2
NMs was used to demonstrate that the metabolite corona
undergoes dynamic evolution over time suggesting that the
incubation period in metabolite corona studies may have
important implications on the outcome of the study. We also
show that it is important to perform suitable method
development and optimization of separation conditions (buffer
pH, ionic strength, and incubation time) for each nanomaterial
in a particular study as both the elemental composition and
surface chemistry impact the ability to reliably isolate the
metabolites that have adsorbed into the NM corona. Full
documentation of all steps and conditions and their impact on
recovery is also recommended to facilitate repeatability and
replication.

Figure 7. PCA plots generated for only the elution fraction samples obtained for two different incubation schemes. (A) Incubation mix contains 1
mg/mL NM, 2.5 μM cation mix, and 5 μL of human plasma. (B) Incubation mix contains 5 mg/mL NM, 12.5 μM cations, and 10 μL of human
plasma. Ammonium formate (10 mM) was used for eluting after incubation in both experiments.
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